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(57) Abstract: Provided are new nickel./zirconium-mediated coupling reactions useful in the synthesis of ketone-containing com-
pounds, e.g., halichondrin natural products and related molecules. A feature of the present disclosure is the use of a nickel(I) catalyst in
tandem with a nickel (II) catalyst in the Ni/Zr-mediated coupling reactions. Without wishing to be bound by any particular theory, the
nickel (I) catalyst selectively activates the electrophilic coupling partner (i.e., the compound of Formula (A)), and the nickel(1l) catalyst
selectively activates the nucleophilic coupling partner (i.e., a thioester of Formula (B)). This dual catalyst system leads to improved
coupling efficiency and eliminates the need for a large excess of one of the coupling partners (i.e., a compound of Formula (A) or (B)).
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KETONE SYNTHESIS AND APPLICATIONS

BACKGROUND OF THE INVENTION
{0081} Halichondrins are polyether natural products, onginally isolated from the marine
scavenger Halichondria okador by Uemura, Hirata, and coworkers. See, e.g., Uemura, B
Takahashi, K, Yamamoto, T, Katayama, C.; Tanaka, I, Okumura, Y, Hirata, Y. J Ame
Chem. Soc. 1988, 107 4796 Hirata, Y., Uemura, D Pure Appl. Chem. 1986, 58, 701
Neveral additional members, including halistatin, were isolated from various manuaeg
scavengers. This class of natural products displays interesting structural diversity, such as the
oxidation state of the carbons of the C8-C14 polyeyele, and the length of the catbon
backbone. Thus, this class of natural products is sub-grouped into the norhalichondrin series
{e.g., norhalichondrin A, B, and C), the halichondrin series {e.g., halichondrin A, B, C}, and
the homohalichondrin series (e.g., homchalichondrin A, B, C) {(see Figure {1} Except
halichondrin A, all the members have been isolated from natural sources. Due to theiwr
intriguing structural architecture and extraordinary antitumor activity, halichondrins have

received much attention from the scientific community.

SUMMARY OF THE INVENTION
{3082] Described herein are new nickel/zirconium-mediated coupling reactions useful in the
synthesis of ketone-containing compounds, e.g., halichondrin natural products and related
molecules. As described herein, a feature of the present disclosure 13 the use of a nuckel(d)
catalyst in tandem with a nickel{1l} catalyst in the Ni/Zr-mediated coupling reactions.
Without wishing 1o be bound by a particular theory, the nickel(l) catalyst selectively activates
the electrophilic coupling partner (7.e., the compound of Formula (A)), and the nickel(l}
catalyst selectively activates the rnucleophilic coupling partner (i.e., a thicester of Formula
{B)). In certatn embodiments, this dual catalyst system leads to improved coupling efficiency
and eliminates the need for an excess of one of the coupling partners (i.e., a compound of
Formula (A} or (B}). This is particularty advantageous in reactions involving synthetically
complex coupling partners, such as those used in the synthesis of complex natural products.
100031 Tu one aspect, the present disclosure provides methods for prepaning ketones using a
Ni/Zr-mediated coupling reaction, as outlined in Scheme /4. These coupling reactions can be
applied to the synthesis of halichondrins {e.g., halichondrin A, B, C; homohalichondnin A, B,
C; norhalichondrin A, B, C}, and analogs thereof. The coupling reactions described herein

can also be applied to the synthesis of compounds described in, e g, U.S. Publication No.
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2017/0137437, published May 18, 2017; International Publication No. WO 2016/003975,
published January 7, 2016; U.S. Publication No. 2018/0230164, published August 16, 2018;
International Publication No. WO 2016/176560, published November 3, 2016, US.
Publication No. 2018/0155361, published June 7, 2018, International Publication No. WO
2018/187331, published October 11, 2018; U.S. Patent No. 9,938,288, tssued Aprid 10, 201§;
International Publication No. WO 2019/009956, published January 10, 2019; International
Publication No. WO 2019/099646, published May 23, 2019; and International Publication
No. 2019/010363, published January 10, 2019; the entire contents of each of which is

incorporated herein by reference.
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{0084} Application of Ni/Zr-mediated coupling reactions provided herein to the preparation
of corapounds in the halichondnin series {e.g., halichondnin A, B, C, and analogs thereof) 13
cutlined in Scheme 24, for example. This strategy involves coupling of a “left half” building
block with a “right half” bullding block via a Ni/Zr-mediated coupling reaction described

herein.

Scheme 24
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{000S] Application of Ni/Zr-mediated coupling reactions provided herein to the preparation

of compounds in the homoehalichondrin series (e.g., homohalichondrin A, B, C, and analogs
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thereot} is cutlined in Scheme 285, for example. This strategy involves coupling of a “left

hatt” building block with a “right hall” building block via a Nv/Zr-mediated coupling reaction

described herein.

Scheme 2B
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100061 Application of Ni/Zr-mediated couphng reactions provided herein to the preparation

of compounds in the norhalichondrin series {e.g., norhalichondrin A, B, C

C, and analogs

thercof) 15 outlined 1o Scheme 20, for exarople. This strategy involves coupling of a “left

half” building block with a “right half” building block via a Ni/Zr-mediated coupling reaction

described herain,

Scheme 20
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{60871 Application of Ni/Zr-mediated coupling reactions provided herein to the preparation
of additional halichondnin analogs 1s outlined 1n Scheme 20, for example. This strategy
involves coupling of a “left half” building block with a “right half” building block via a
Ni/Zr-mediated coupling reaction described herein. Compounds of Formula (H3-2-1) are
described in, e.g., International Publication No. W 2019/099646, published May 23, 2019,
the entire contents of which is incorporated herein by reference. Compounds of Formula (H3-
2-1) are also useful as synthetic intermediates in the synthesis of compounds described in,
>.¢., International Publication Nos. WO 2019/010363, published Fanuary 10, 2019, WO
2018/187331, published October 11, 2018; and WO 2019/099646, published May 23, 2019;

the entire contents of each of which is incorporated herein by reference.

Scheme 213
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{0088] The present disclosure also provides compounds {f.e., intermediates) useful in the
methods provided herein. In certain embodiments, the compounds provided herein are useful
as synthetic intermediates en roude to halichondring and analogs thereof. All compounds
described herein are included as emodiments of the invention. Furthermore, the present
disclosure provides reagents and catalysts useful in the methods described herein. All
reagents and catalysts described herein are included as embodiments of the invention.

{0009] The present disclosure also provides reaction mixtures comprising one of more
compounds, reagents, catalysts, and/or solvents described herein. All reaction mixtures
described herein are included as embodiments of the invention. The present disclosure also

provides kits comprising oue or more reagents, catalysts, and/or compounds described herein,
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{00190 The details of certain embodiments of the invention are set forth in the Detailed
Description of Certain Embodiments, as described below. Other features, objects, and
advantages of the invention will be apparent from the Definitions, Examples, Figures, and

Claims.

DDEFINITIONS
{0011} Definmtions of specific functional groups and chemical termos are described in wore
detail below. The chemical elements are identified in accordance with the Periodic Table of

the Blements, CAS version, Handbook of Chemistry and Physics, 7S Bd., inside cover, and

,
specific functional groups are generally defined as described therein. Additionally, general
principles of organic chemusiry, as well as specific functional rooieties and reactivity, are
described tn Organic Chemistry, Thomas Sorrell, University Science Books, Sausalito, 1999,
Smitth and March, March 's Advanced Ovganic Chemistry, 5% Edition, John Wiley & Sons,
Inc., New York, 2001; Larock, Comprehensive Urganic Transformations, VCH Publishers,
Inc., New York, 198%; and Carruthers, Some Modern Methods of Organic Synthesis, 3%
Edition, Cambndge Umversity Press, Cambridge, 1987,

{0612} Compounds described herein can comprise one or more asymmetric centers, and thus
can exist in various sterectsomente forms, e.g., enantiomers and/or diastereomers. For
example, the compounds described herein can be in the form of an individual enantiomer,
digstereomer or geometiric isomer, or can be in the form of a mixture of stereoisomers,
including racemic mixtures and mixtures enriched in one or more sterecisomer. Isomers can
be 1solated from mixtures by methods known to those skilled in the art, including chiral high
pressure hiquid chromatography (HPLC) and the formation and crystallization of chiral salts;
or preferred isomers can be prepared by asymmetric syntheses. See, for example, Jacques ef
al., Enantiomers, Racemaies and Kesolufions (Wiley Interscience, New York, 1981); Wilen
et ail., Tetrahedron 33:2725 (1977}, Eliel, E.L. Stercochemisiry of Carbon Compounds
(MeGraw-Hill, NY, 1962), and Wilen, S H,

Resolutions p. 268 (E L. Eliel, Ed | Univ. of Notre Dame Press, Notre Dame, IN 1972}, The

Tables of Resolving Agents and Optical

invention additionally encompasses compounds as individual 1somers substastiaily free of
other isomers, and alternatively, as mixtures of various isomers.

{3613} Unless otherwise stated, structures depicted herein are also meant to include
compounds that differ only in the presence of one or more tsotopically enriched atoms. For
exarmple, compounds having the present structures except for the replacement of hydrogen by
18}’:?

deuterium or tritium, replacement of F with or the replacement of 1*C with PC or ¥C
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are within the scope of the disclosure. Such compounds are useful, for example, as analytical
tools or probes in biclogical assays.

{0014} When a range of values is listed, it is intended t0 encompass each value and sub-range
within the range. For example “Cis alloyl” 18 intended to encompass, Cy, Cs, Ca, Cy, Cs, s,
Cras, Cras, Crg, Cra, G, Crws, Cous, Coag, oz, Cag, Cios, Cang, Cans, Caos, and Csug alloyl
{0015} The term “aliphatic” refers to alkyl, alkenyl, alkynyl, and carbocyclic groups.
Lilkewise, the term “heteroaliphatic” refers 1o heteroalkyl, heteroalkenyi, heteroalkynyl, and
heterocyclic groups.

{0816} The term “alkyl” refers to a radical of a straight-chain or branched saturated
fydrocarbon group having from 1 to 10 carbon atoms (“Crie alkyl”™). In some embodiments,
an alkyl group has 1 to 9 carbon atoms ("Cr.e alkyl”). In some embodirnents, an alkyl group
has 1 to 8 carbon atoms (“Ci.q alkyl”}. In some embodiments, an alkyl group has 1 1o 7
carbon atoms (“Ci.r alkyl”). In some embodiments, an alkyl group has 1 to 6 carbon atoms
{"Ci. alkyl”}. In some embodiments, an alkyl group has 1 to § carbon atoms (“Crs alkyl™}).
In some embodiments, an alkyl group has 1 t0 4 carbon atoms (“Cig alkyl”). In some
embodiments, an alkyl group has 1 to 3 carbon atoms ("Cias alkyl”). In some embodiments,
an alkyl group has 1 to 2 carbon atoms ("Ci.z alkyl”). In some embodiments, an altkyl group
has 1 carbon atom (“Cy alkyl”). In some embodiments, an alkyl group has 2 1o 6 carbon
atoms (“Crs alkyl”). Examples of Cis alkyl groups include methyl (Cy), ethyl (Cq), propyl
{(Cs) {e.g., n-propvl, tsopropyl), butyl (Cy) {e.g., n-butvl, tert-butyl, sec-butyl, 1so-butyl},
pentyl (Cs) (e.g., n-pentyl, 3-pentanyl, amvi, necpentyl, 3-methyl-2-butanyl, tertiary amvl},
and hexyl (Co) {e.g., n-hexyl). Additional examples of altkyl groups include n-heptyl {T4), v-
actyl {Cg), and the like. Unless otherwise specified, each instance of an alkyl group is
independently unsubstituted (an “unsubstituted alkyl”} or substituted {3 “substituted alioyl”)
with oue or more substituents {e.g., halogen, such as F). In certain embodimeunts, the alkyl
group is an unsubstituied Cio alkyl (such as unsubstituted Crs allkyl, e g, —CH; (Me),
unsubstituted ethyl (Et), unsubstituted propyl (Pr, e 2., unsubstituted n-propyl {n-Pr},
unsubstituted isopropyl (i-Pry}, unsubstituted butyl (By, e.g., unsubstituted n-butyl (n-Bu),
unsubstituted teri-butyl (tert-Bu or t+-Bu}, unsubstituted sec-butyl {sec-Bu), unsubstituted
isobutyl (1-Bu}}). In certain embodiments, the alkyl group is a substituted Crao alkyl (such as
substituted Cre alkyl, e.g., ~CFs5, Bn).

{6017} The term “haloalkyl” is a substituted alkyl group, wherein one or more of the
hydrogen atoms are independently replaced by a halogen, e.g., fluoro, brome, chloro, or 1odo.

In some embodiments, the haloalkyl moiety has 1 to 8 carbon atoms ("Cis haloalkyl™}. In
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some embodiments, the haloalkyl motety has 1 to 6 carbon atoms (“Ci.s haloalky!”). In some
embodiments, the haloalkyl motety has 1 to 4 carbon atoms (*Ci4 haloaltkyl”). Tn some
embodiments, the halocalkyl motety has 1 t0 3 carbon atoms ("Ci.2 halealkyl™). In some
embodiments, the haloalkyl motety has 1 to 2 carbon atowss ("Ci.; haloalkyl”). Exaroples of
haloaltkyl groups include —~CHE,, ~CHF, ~CF;, ~CHCFs, —CFCF;, ~UF,CEFCFs, —~CCls,
—CF(Ch, —CF:Cl, and the like.

{0618} The term “heteroalloyl” refers to an alkyi group, which further includes at feast one
hetercatom {e.g., 1, 2, 3, or 4 hetercatoms} selected from oxygen, nitrogen, or sulfur within
{7.e., inserted between adjacent carbon atoms of} and/or placed at oue or wore terminal
position{s) of the parent chain. In certain ernbodiments, a heteroalkyl group refersto a
saturated group having frow 1 to 10 carbon atoms and 1 or more heteroators within the
parent chain (“heteroCr10 alkyl™). In some embodiments, a hetercatkyl group s a saturated
group having 1 to 9 carbon atoms and 1 or more hetercatoms within the parent chain
{"“heteroCrs altkyl”). In some embodiments, a heteroalkyl group is a saturated group having 1
to 8 carbon atoms and | or more hetercatoms within the parent chain (CheteroCre alkyl”). In
some embodiments, a heteroalky! group is a saturated group havisg 1 to 7 carbon atoms and
I or more hetercatoms within the parent chain (“heteroC1.7 alkyl”}. In some embodiments, a
heteroalloy! group is a saturated group having T to 6 carbon atoms and 1 or more hetercatoms
within the parent chain (“heteroCrs alkyl”). In some embodiments, a heteroalkyl group is a
saturated group having 1 to § carbon atoms and 1 or 2 hetercatoms within the parent chato
{(“hetero{1.s alkyl™}. In some embodiments, a heteroalkyl group is a saturated group having 1
to 4 carbon atoms and 1 or 2 hetercatoms within the parent chain (CheteroCrs alloyl™). In
some embodiments, a heteroalkyl group is a saturated group having 1 to 3 carbon atoms and
I heteroatom within the parent chain (C“heteroCs allyl”). In some embodiments, a
heteroalkyl group s a saturated group having 1 to 2 carbon atoms and 1 heteroatom within
the parent chain (“heteroC iy alkyl”). In some embodiments, a heteroallkyl group is 4 saturated
group having 1 carbou atony and 1 heteroatom (“heteroCh altkyl”). In some embodiments, a
heteroalkyl group is a saturated group having 2 to © carbon atoms and 1 or 2 hetercatoms
within the parent chain (“heteroCr.g alkyl”). Unless otherwise specified, each instance of a
hetercalkyl group 1s independently unsubstituted (an “unsubstituted heteroalkvl™) or
substituted (a “substituted heteroalkyl”) with one or more substituents. In certain
embodiments, the heteroalkyl group is an unsubstituted heteroCrap alkyl. In certain

embodiments, the heteroaltky! group 1s a substituted heteroCio alkyl,
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{0019 The term “alkenyl” refers to a radical of a straight-chain or branched hydrocarbon
group having from 2 to 10 carbon atoms and one or more carbon~carbon double bonds {e.g.,
1,2, 3, or 4 double bonds}). In some embodiments, an alkeny! group has 2 t0 9 carbon atoms
{“Cr.0 alkeny!™). In some embodiments, an alkenyl group has 2 to 8 carbon atoms ("Cag
alkenyl”}. In some embodiments, an alkenyi group has 2 to 7 carbon atoms {"Cr.r alkenyi™).
In some embodiments, an alkenyl group has 2 to 6 carbon atoms (“Crs alkenvl”). In some
embodiments, an alkenyl group has 2 to 5 carbon atoms (“Ca.s alkenyl™). In some
embodiments, an alkenyl group has 2 to 4 carbon atoms (“Ca. altkenyl”). In some
embodiments, an alkenyl group has 2 1o 3 carbon atoms (“Ca.z alkenyl”). In some
embodiments, an alkenyl group has 2 carbon atoras ("C; alkenyl™). The one or more carbon-
carbon double bonds can be internal (such as n 2-butenyl} or terroinal (such as in T-butenyl).

Y

Examples of Cz.4 alkenyl groups inclade ethenyl (Cs}, 1-propenyl {(Cs), 2Z-propenyl! (Cs}, 1-
butenyl {4}, 2-butenyl {Cs}, butadienyl (Cy), and the like. Examples of Cre alkenyl groups
include the aforementioned Co. altkenyl groups as well as pentenvl {Cs), pentadienyl (Cs),
hexenyl (Ce), and the like. Additional examples of alkenyl include heptenyl {Cr), octenyl
{Cs), octatrienyl {Cg), and the hike. Unless otherwise specified, each instance of an atkenyi
group 1s independently unsubstituted {an “unsubstituted alkeny!”} or substituted (a
“substituted alkenyl”} with one or more substituenis. In certain embodiments, the alkenyl
group is an unsubstituted Crao alkenyl In certain embodiments, the alkenvl groupis a
substituted Couro alkenyl In an alkenyl group, a C=C double bond for which the

kY Ymay be an (&3 or (£)-

sterecchemistry 1s not specified {e.g., ~CH=CHCH: or
double bond.

{0028} The term “heteroalkenyl” refers to an alkenyl group, which further includes at least
one hetercatom {e.g., 1, 2, 3, or 4 hetercatoms) selected from oxygen, nitrogen, or sulfur
within {7.e., inserted between adjacent carbon atoms of} and/or placed at oue or more terminal
position{s} of the parent chain. In certain embodiments, a heteroalkenyl group refers to a
group having from 2 to 10 carbon atoms, at least one double bond, and 1 or more heteroatoms
within the parent chain (“heteroCz.e alkenvl™). In some embodiments, a heteroalkenyl group
has 2 to 9 carbon atoms at least one double bond, and 1 or more heteroatoms within the
parent chain (“heteroCr.o alkenyl™}). In some embodiments, a hetercalkenyl group has 2 t0 8

carbon atoms, at least one double bond, and 1 or more hetercatoms within the parent chain

3

heteroCrg alkenyl”). In some embodiments, a hetercalkenyl group has 2 to 7 carbon atoms,

(;
AN

at least one double bond, and 1 or more hetercatoms within the parent chain (“heteroCs.
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alkenyt”}. In some embodiments, a heteroalkenyi group has 2 to 6 carbon atoms, at least one
double bound, and 1 or more heteroatoms within the parent chain (“heteroCre alkenyl™) To
some embaodiments, a hetercalkenyt group has 2 10 5 carbon atoms, at least one double bond,
and 1 or 2 hetercatoms within the parent chan (“heteroCr.s alkenyl™). In some embodiments,
a heteroaikeny! group has 2 to 4 carbon atoms, at least one double bond, and T or 2
heteroatoms within the parent chain (“heteroCsr.4 alkenyl”). In some embodiments, a
heteroalkenyl group has 2 1o 3 carbon atoms, at feast one double bond, and 1 hetercatom
within the parent chain (“hetero{2.2 alkenyl”). In some embodiments, a heteroalkenyl group
has 2 to 6 carbon atoms, at least one double bond, and 1 or 2 heteroatoms within the parent
chain (“heteroCz alkenyl™). Unless otherwise specified, each instance of a heteroalkenyl
group 15 independently unsubstituted {(an “unsubstituted heteroalkeny!”} or substituted {(a
“substituted heteroalkeny!”} with one or more substituents. In certain embodiments, the
hetercalkenyl group 1s an unsubstituted heteroCr.po alkenyl o certain embodiments, the
heteroalkenyi group is a substituted heteroCr.io alkenyl.

{0021} The term “alkynyl” refers to a radical of a straight-chain or branched hydrocarbon
group having from 2 to 10 carbon atoms and one or more carbon~-carbon triple bonds {e.g., 1,
2, 3, or 4 triple bonds} ("Coao alkynyl”}. In some embodiments, an alkynyvl group has 210 @
carbon atoms {“Cre alkynvl™). In some embodiments, an alkyoyl group has 2 to & carbon
atoms (“Ca.s alkynyl”} In some embodiments, an alkynyl group has 2 to 7 carbon atoms (“Ca.
v altkynyl™}. In some embodiments, an alkyoyl group has 2 10 6 carbon atoms (“Cu.e alkynyl”).
In some embodiments, an alkynyl group has 2 to 5 carbon atoms (“Ca.s alkynyl”). In some
embodiments, an alkynyl group has 2 to 4 carbon atoras ("Crug alkynyl™) To sowe
embodiments, an alkynyl group has 2 to 3 carbon atoms (“Crs alkynyl”). In some
embodiments, an alkynyl group has 2 carbon atoms (“Cy alkynyl”). The one or more carbon-
carbou triple bonds can be internal (such as in 2-butynyh) or terminal (such as in 1-butynyl}.
Examples of Crg alkynyl groups include, without Lmtation, ethyuyl (o), Tpropyoyt (Gs), 2-
propynyl {Ca), T-butynyl (Cy), 2-butynyl {(C4), and the like. Examples of Cr alkenyl groups
include the atorementioned Cous alkynyl groups as well as pentynyl (Cs), hexynyl (Cs), and
the like. Additional examples of alkynyl tnclude heptynyi (Cr), octynyl (Cs), and the like.
Unless otherwise specified, each instance of an atkynyl group 1s independently unsubstituted
{an “unsubstituted alkynyl™) or substituted (a “substituted alkyoyl”) with one or mwore
substituents. In certain embodiments, the alkynyl group is an unsubstituted Cz.1p alkynyl. In

certain embodiments, the alkynyl group is a substituied Couo alkyoyl
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{0022] The term “hetercalkynyl” refers to an altkynyl group, which further includes at feast
one heteroatom {e.g., 1, 2, 3, or 4 heteroatoms) selected from oxygen, nitrogen, or sulfur
within {7 e., inserted between adjacent carbon atoms of} and/or placed at one or more terminal
position{s} of the parent chain. In certain embodiments, a heteroalkynyl group refers to a
group having from 2 to 10 carbon atoms, at least one triple bond, and 1 or more heteroatoms
within the parent chain (“heteroCz.10 alkynyl”}. In some embodiments, a heteroaltkynyl group
has 2 t0 9 carbon atoms, at least one triple bond, and 1 or more heteroatoms within the parent
chain (“heteroCa alkynyl”). In some embodiments, a heteroalkynyl group has 2 1o 8§ carbon
atoms, at least one triple bond, and 1 or more heteroatoms within the parent chain heteroCa.
s atkynyl”). In some embodiments, a heteroalkynyl group has 2 to 7 carbon atoms, at least
one triple bond, and 1 or wore hetercatoms within the parent chatn (“heteroCr.y allyuyl”) In
some embaodiments, a hetercalkynyl group has 2 to 6 carbon atoms, at least one triple bond,
and 1 or more heteroatoms within the parent chain heteroCos alkynyl™). In some
embodiments, a heteroalkyny! group has 2 to 5 carbon atoms, at least one triple bond, and 1
or 2 hetercatoms within the parent chain {(“heteroCa.s alkynyl”). In some embodiments, a
heteroalkynyl group has 2 to 4 carbon atoms, at least one triple bond, and 1 or 2 heteroatoms
within the parent chain (“heteroCrs alkyny!”). In some embodiments, a hetercalkynyl group
has 2 to 3 carbon atoms, at least one triple bond, and 1 heteroatom within the parent chain
{"“heteroCs3 alkynyl”}. In some embodiments, a heteroalkynyl group has 2 to & carbon atoms,
at feast one iriple bond, and 1 or 2 heteroatoms withio the parent chain (“heteroCr.s alkynyl™).
Unless otherwise specified, each instance of a hetercalkynyl group is independently
unsubstituted {an “unsubstituted heteroalkynyl”) or substituted (2 “substituted
heterpalkyny!”) with one or more substituents. In certain embodiments, the heteroalkynyl
group 1s an unsubsiituted heteroCrao alkyoyl. In certain embodiments, the hetercalkynyl
group is a substituted heteroChras atkynyl

{00231 The term “carbocyclyl” or “carbocyclic” refers to a radical of a non-aromatic cyclic
hydrocarbon group having from 3 to 14 ring carbon atoms (“Usag carboeyelyl”) and zero
heteroatoms in the non-aromatic ring system. In some embodiments, a carbocyclyl group has
3 to 10 ring carbon atoms ("Cs.ae carbocvelyl”). In some embodiments, a carboeyelyl group
has 3 to 8 ring carbon atoms ("Cax carboeyelyl™). In some embodiments, a carboceyelyl group
has 3 to 7 ring carbon atows (“Csr carbocyely!™). In some embodiments, a carboeyclyl group
has 3 to O ring carbon atoms (“Cis carbocyclyl”). In some embodiments, a carbocyelyt group
has 4 to 6 ring carbon atoms (“Cae carboeyelyl”). In some embodiments, a carboeyelyl group

has 5 to 6 ring carbon atoms (“Cs.s carbocyclyl”). In some embodiments, a carbocyelyl group
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has 5 to 10 ring carbon atoms (“Cs.ao carbocyelyl"y. Exemplary Cs carboceyelyl groups
wnclude, without limitation, cyclopropyl (Cs), cyclopropenyt (Cs), eyclobutyl {Cs),
cyciobutenyi (Ca), cyclopentyl {Cs), cyclopentenyl (Cs), cyclohexyl {Cs), cyclohexenyl (Cs),
cyclohexadienyl (Ce), and the like Exemplary Cs.p carbocyelyl groups include, without
Himitation, the aforementioned Ci.s carbocyclyl groups as well as cycloheptyl (Cq),
cycloheptenyl {C7), eycloheptadienyl {Co), cycloheptatrienyl (Cr), eyclooctyl (Cy},
cyclooctenyi {Cr), bicyelof2 2. Tiheptanyl {Cr), bicyclof2.2 2 joctanyl {Cs}, and the like.
Exemplary Ca.ao carboceyclyl groups include, without limitation, the aforementioned Cix
carboeyelvl groups as well as eyclononyl (Co), cyclononenyl {(Co), evelodecyt (Tl
cyclodecenyi {Cig), octahydro-1H-indenyl {Cy), decahydronaphthalenyl (Cio),
spirof4 Sidecanyi (Cio), and the like. As the foregoing examples tllustrate, wn certain
embodiments, the carbocyelyl group is either monocyclic ("monocyclic carbocycelivl™) or
polyeyche {e.g., containing a fused, bridged or spiro ring system such as a bieyclic systern
{"bicyclic carbocycelyl™) or tricyclic system (“tricyclic carbocyelyl”) ) and can be saturated or
can contain one or more carbon-carbon double or triple bonds. “Carbocyelyl” also includes
ring systems wherein the carbocyclyl ring, as defined above, 1s fused with one or more aryl or
heterocaryl groups wherein the potnt of attachment s on the carbocyelyl ring, and in such
instances, the number of carbons continue to designate the nurber of carbons in the
carbocyclic ring system. Unless otherwise specified, each instance of a carbocyelyl group is
independently unsubstituted (an “unsubstituted carbocyelyl”} or substituted (a “substituted
carbocyelyl”y with one or more substituents. In certain embodiments, the carbocyelyl group is
an unsubstituted Csopq carboovelyl, In certain embodiments, the carbocyelyl group is a
substituted Cs.14 carbocycelyl.

{30241 In some embodiments, “carbocyelyl” 1s a monocyelic, saturated carboceycelyl group
having from 3 to 14 ring carbon atoms (“Cs.g cycloalkyl”). In some embodiments, a
cycloalkyl group has 3 to 10 nog carbon atoms (“Caao cycloalkyl”) In some embodiments, a
cycloallyl group has 3 to 8 ring carbon atoms ("Cs.g eyvcloallyl”). In some embodiments, a
cycloalkyl group has 3 to 6 ring carbon atoms {("Cs.6 cycloalkyl”). In some embodiments, a
cycloalkyl group has 4 to 6 ring carbon atoms ("Ca.s cycloalkyl”). In some embodiments, a
cyveloalkyl group has S to 6 ring carbon atoms (“Cs.s cycloalkyl”). In some embodiments, a
cycloalkyl group has S to 10 nog carbon atoms (“Csao cycloalkyl”) Examples of Cse
cycloalkyl groups include cvclopentyl (Cs) and cyclohexyl (Cs). Examples of Cs. cycloalkyl
groups include the aforementioned Cs.s cycloalkyl groups as well as cyclopropyl (Cs) and

cyvclobutyl {Cy). Examples of Us.g cyveloalkyl groups include the aforementioned Cis
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cycioalkyl groups as well as cycloheptyl {(Cr) and cyclooctyl {TUs). Unless otherwise specified,
each wnstance of a eycloalkyl group is independently unsubstituted (an “vusubstituted
cycloalkyl”} or substituted {a “substituted cycloalkyl”™) with one or more substituents. In
certain embodiments, the cycloalkyl group is an unsubstituted Cs.ys cycloalkyl. In certain
embodiments, the cycloalloyl group 18 a substituted Csas oycloalkyl,

{0025} The term “heterocyclyl” or “heterocyclic” refers to a radical of a 3- to 14-membered
non-aromatic ring system having ring carbon atoms and 1 to 4 ring heteroatoms, wherein
gach hetercatom is independently selected from nitrogen, oxygen, and sulfur (3-14
membered heterocyclvl™). In heterocyclyl groups that coutain one of more piirogen atoms,
the point of attachment can be a carbon or nitrogen atom, as valency permits. A heterocyclyl
group can either be monocyclic ("monocyclic heterocyclyt”y or polyeyelic {e.g., a tused,
bridged or spiro ring system such as a bicyclic system {(“bicyclic heterocyclyl”} or tricyclic
system (“tricyclic heterocyclyl™)), and can be saturated or can contain one or more carbon-
carbon double or triple bonds. Heterocyclyl polyeyelic ring systems can include one or more
heteroatoms in one or both rings. “Heterocycelyl” also includes ring systems wherein the
heterocyclyl ring, as defined above, is fused with one or more carboeyelyl groups wherein the
point of attachment is either on the carbocyclyl or heteroeyelyl ring, or ning systems wherein
the heterocyclyl ring, as defined above, is fused with one or more aryl or heteroary! groups,
wherein the point of attachient is on the heterocyelyl ring, and in such instances, the number
of ring members continue to designate the number of ring members in the heterocyclyl ring
system. Unless otherwise specified, each instance of heterocyelvl is independently
unsubstituted {(an “vosubstituted heterocyelyl™) or substituted (a “substituted heterocyclyl”)
with one or more substituents. In certain embodiments, the heterocyclyl group is an
unsubstituted 3-14 membered heterocyelyl In certain embodiments, the heterocyelyl group is
a substituted 3-14 membered heterocycivl.

10026} Tu some embodiments, a heterocyelyl group s a 5-10 membered non-aromatic ring
system having ring carbon atoms and 1-4 ring heteroatoms, wherein each heteroatom is
independently selected from nitrogen, oxygen, and sulfur (°5-10 membered heterocyelyl™). In
some embodiments, a heterocyciyl group is a 5-8 membered non-aromatic ring system having
ring carbon atoms and 1-4 ring heteroatoms, wherein gach heteroatom 1s independently
selected from nitrogen, oxygen, and sulfur (“5-8 membered heterocyclyl”). In some
embodiments, a heterocyclyl group is a 5-6 membered non-aromatic ring system having ring
carbon atoms and 1-4 ring heteroatoms, wherein each heteroatom 1s independently selected

from nitrogen, oxygen, and sulfur (“5-6 membered heterocyelyl™). In some embaodiments, the
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5-6 membered heterocyelyl has 1-3 ring heteroatoms selected from nitrogen, oxygen, and
sulfur. To some embodiments, the 5-6 membered heterocyclyl has 1-2 ring heteroatorns
selected from nitrogen, oxygen, and sulfur. In some embodiments, the 5-6 membered
heterocyelyl has 1 ring hetercatom selected from nitrogen, oxygen, and sulfur,

{00271 Exemplary 3-membered heterocyelyl groups containing 1 heteroatom include, without
fimitation, azirdinyl, oxiranyl, and thitranyl. Exemplary 4-membered heterocyelyl groups
containing 1 heteroatom include, without hmitation, azetidinyl, oxetanyl, and thietanyl.
Exemplary S-membered heterocyclyl groups containing 1 hetercatom include, without
Hmitation, tetrahydrofuranyl, dihydrofuranyl, tetrahydrothiophenyl, dibhydrothiophenyi,
pyrrolidinyl, dihydropyrrolyl, and pyrrolyl-2,S-dione. Exemplary S-merabered heterocyclyl
groups contatning 2 hetercatoms include, without hmiutation, dioxolanyl, oxathiolanyl and
dithiolanyl. Exemplary S-membered heterocyclyl groups containing 3 heteroatoms inciude,
without limitation, triazolinyl, oxadiazolinyl, and thadiazolinyl. Exemplary 6-membered
heterocyelyl groups containing | hetercatom include, without limitation, piperidinyi,
tetrahvdropyranyl, dihydropyridinyl, and thianyl. Exemplary 6-mernbered heterocyclyl
groups coniaining 2 hetercatoms include, without Hmitation, piperazinyl, morpholiny,
dithianyl, and dioxanyl. Exemplary 6-membered heterocycly! groups containing 3
heteroatoms inchude, without limitation, triazinyl. Exemplary 7-membered heterccyclyl
groups containing 1 heteroatom include, without limitation, azepanyl, oxepanyl and
thiepanyl. Exemplary 8-membered heterocyclyl groups containing 1 heteroatom include,
without limitation, azocanyi, oxecanyl and thiccanyl. Exemplary bicyclic heterocyclyi groups
include, without limitation, indolinyl, isoindohinyl, dihydrobenzofuranyt,
dihydrobenzothienyl, tetrahydrobenzothienyl, tetrahydrobenzofuranyl, tetrahvdroindolyl,
tetrahvdroquinolinyl, tetrahydrasoguinolinyl, decahydroguinolinyl, decahydroisoquinolinyi,
octahydrochromenyl, octahydrotsochromenyl, decahvdronaphthyridinyl, decahydro-1,8-
naphthyridinyl, octabydropyrrolo]3,2-bipyrrole, indolioyl, phtbalirdyl, naphthalinaidyl,
chromanyl, chromenyl, TH-benzo[e]{ 1 4]diazepinyl, 1,4,5,7-tetrahydropyranol3,4-bipyrrolvi,
$,6-dihydro-4H-furo[3,2-blpyrrolyl, 6,7-dihydro-SH-ture[3,2-bipyranyl, 5,7-dihydro-4H-
thienol2,3-clpyranyl, 2 3-dihydro-1H-pyrrolof2 3-blpyridinyt, 2,3-dihydrofurof2,3-
blpyridinyl, 45,6, 7-tetrahydro-1H-pyrrole| 2, 3-blpyridinyl, 4,5,6, 7-tetrahydroturo]3,2-
clpyridiny, 4,5,6,7-tetrabydrothieno|3,2-blpyridinyl, 1,23 4-tetrahydro-1,6-naphthyridinyvl,
and the like.

{3028 The term “aryl” refers to a radical of a monocychic or polyeyelic {e.g., bicychc or

tricyclicy 4n+2 aromatic ring system {e.g, having 6, 10, or 14 w® electrons shared in a cyclic
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array} having 0-14 ring carbon atoms and zero hetercatoms provided in the aromatic ring
system {(“Ceoas aryl”) Tu some embodiments, au aryl group has 6 ring carbon atoms ("Ce
arvl”; e.g., phenyl} In some embodiments, an aryl group has 10 ring carbor atoms (“Cio
aryl”; e.g., naphthyl such as T-vaphthyl and Z-naphthvl). In some embodiments, an aryl group
has 14 ring carbon atoms (“Cus aryl”; e.g., anthracyl). “Aryl” also includes ring systems
wherein the aryl ring, as defined above, 15 fused with one or more carboevelyl or heterocyelyl
groups wherein the radical or potnt of attachment 1s on the arvl ring, and in such iustances,
the number of carbon atoms continue to designate the number of carbon atoms in the aryl ring
system. Unless otherwise specified, each instance of an aryl group is independently
unsubstituted (an “unsubstituted aryl”} or substituted (a “substituted arvl”) with one or more
substituents. In certain embodiments, the aryl group is an unsubstituted Ceos aryl. In certain
embodiments, the arvl group is a substituted Cs.14 aryl.

{00291 The term “heteroaryl” refers to a radical of a 5-14 membered monocyclic or
polycyelic {e.g., bicyclic, tricyclic} 4n+2 aromatic ring system {e.g., having 6, 10, or 14 =
electrons shared in a cyclic array} having ring carbon atoms and 1-4 ring hetercatoms
provided in the aromatic ring system, wherein each heteroatom 1s independently selected
from nitrogen, oxygen, and sulfur ("5-14 membered heteroaryl™}. In hetercaryl groups that
contain one or more nitrogen atoms, the point of attachment can be a carbon or mitrogen
atom, as valency permits. Heteroary polyeychic ring systerus can include one or more
hetercatoms in one or both rings. “Heteroaryl” includes ring systems wherein the heteroaryl
ring, as defined above, is fused with one or more carbocyelyl or heterocyelyi groups wherein
the point of attachiment 15 on the heteroaryl ring, and in such instances, the number of ring
members continue to designate the number of ring members 1n the heteroaryl ring system.
“Hetercaryl” also includes ring systems wherein the heteroaryl ring, as defined above, is
fused with one or more aryl groups wheretn the pownt of attachment s either on the aryl ot
heteroary! ring, and in such instances, the number of ring members designates the number of
ring merbers 1o the fused polyeyclic (aryl/heteroaryl) niog system. Polyeyclic heteroaryl
groups wherein one ring does not contain a hetercatom {e.g., indolyl, quinolinvl, carbazolytl,
and the like} the point of attachment can be on etther ring, i.e., either the ring bearing a
heteroatom (e.g., 2~-indolyl} or the ring that does not contain a hetercatom {e.g., S-indolyl}.
{6030} In some embodiments, a heteroaryl group is a 5-10 membered aromatic ring system
having ring carbon atoms and 1-4 ring hetercatoms provided 1un the aromatic ring system,

wherein each heteroatonm is independently selected from nitrogen, oxygen, and sulfur ("5-10
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membered heteroaryl”). In some embodiments, a hetercarvl group is a 53-8 membered
aromatic ring system haviog ring carbon atoms and 1-4 ring heteroatoms provided in the
aromatic ring system, wherein each hetercatom is independently selected from nitrogen,
oxygen, and sulfur (53-8 mewbered hetercaryl”). o some embodiments, a heteroaryl group 13
a 5-6 membered aromatic ring system having ring carbon atoms and 1-4 ring heteroators
provided in the aromatic ring system, wherein each hetercatom is independently selected
from nitfrogen, oxygen, and sulfur {“5-6 membered heteroaryt”). In some embodiments, the 5-
6 membered heteroaryl has 1-3 ring hetercatoms selected from nitrogen, oxygen, and sulfur.
In some embodiments, the 5-6 membered beteroaryl has 1-2 ring heteroatoms selected fromw
mitrogen, oxygen, and sulfur. In some embodiments, the 5-6 membered heteroaryl has 1 ring
heteroatorn selected from nitrogen, oxygen, and sulfur. Unless otherwise specified, each
instance of a hetercaryl group is independently unsubstituted {an “unsubstituted heteroaryl™}
or substituted {a “substituted heteroary!”) with one or more substituents. In certain
embodiments, the heteroaryl group is an unsubstituted 5-14 membered heteroary!. In certain
embodiments, the heteroaryl group 1s a substituted 5-14 membered heteroaryt,

{0031} Exemplary S-membered hetercaryl groups containing 1 heteroaton include, without
Hiitation, pyrrolyl, furanyl, and thiophenyl. Exemplary 5-membered heteroaryl groups
containing 2 heteroatoms include, without hmiutation, imidazolyl, pyrazolvl, oxazolyi,
isoxazolyl, thiazolyl, and 1sothiarolyl. Exemplary S-membered heteroaryl groups containing
3 heteroatoms include, without limitation, triazolyl, oxadiazolyl, and thiadiazolyl. Exemplary
S-membered hetercaryl groups containing 4 hetercatoms include, without hmitation,
tetrazolyl. Exemplary 6-mermbered heteroaryl groups containing 1 hetercatom wclude,
without limitation, pyridinyl. Exemplary 6-membered heteroaryl groups containing 2
heteroators wclude, without mitation, pyndazinyl, pyrinudinyl, and pyrazinyl. Exemplary
t-membered heteroaryl groups contatning 3 or 4 heteroatoms nchade, without limitation,
irtazinyl and tetrazinyl, respectively. Exemplary 7-membered heteroaryl groups containing 1
heteroatom include, without limitation, azepinyl, oxepinyl, and thieptoyl. Exemplary 5,6~
bicyclic heteroaryl groups include, without imitation, indolyl, isoindolyl, indazolyl,
benzotriazolyl, benzothiophenyl, iscbenzothiophenyl, benzofuranyl, benzoisoturanyi,
benzimidazolyl, benzoxarolyl, benzisoxazolyl, benzoxadiazolyl, benzthiazolyl,
benzisothiazolyl, benzthiadiazolyl, tndolizinyl, and purinyl. Exemplary 6,6-bicyche
heteroary! groups include, without limitation, naphthyridinyl, pteridinyl, quinolinyl

k2

soguinolinyl, cinnolinyl, quinoxalinyl, phthalazinyl, and quivazolinyl. Exemplary tricyehe
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heteroary! groups include, without limitation, phenanthridinyl, dibenzofuranyl, carbazolyl,
acridinyl, phenothiazinyl, phenoxazinyl, and phenazinyl.

{0032] The term “unsaturated bond” refers to a double or triple bond.

{0033] The term “unsaturated” or “partially unsaturated” refers to a moiety that includes at
ieast one double or triple bond.

{3034} The term “saturated” refers to a moiety that does not contain a double or triple bond,
i.e., the motety ouly contains single bonds.

{0035] Affixing the suftix “-ene” to a group indicates the group is a divalent motety, e.g.,
alkyiene is the divalent motety of alkyl, alkenylene is the divalent moiety of alkenyl,
alkynylene is the divalent moiety of alkynyl, hetercalkylene is the divalent moiety of
heteroalkyl, hetercalkenylene 1s the divalent moety of heteroatkenyl, beteroalkynylene is the
divalent maiety of heterocalkynvl, carbocyclyiene is the divalent moiety of carboeycelyl,
heterocyelviene is the divalent moiety of heterocyelyl, arviene is the divalent morety of aryl,
and hetercarylene is the divalent moiety of heteroaryl.

{0036} A group is optionally substituted undess expressly provided otherwise. The term
“optionally substituted” refers to betng substituted or unsubstituted. In certain embodiments,
alkyl, alkenyl, alkynyl, hetercalkyl, hetercalkenyl, heteroalkynyl, carbocyelyl, heterocyclyl,
aryl, and heteroaryl groups are optionally substituted. “Optionally substituted” refers to a
group which may be substituted or unsubstituted {e.g., “substituted” or “unsubstituted” alkyl,
“substituted” or “unsubstituted” alkenvl, “substituted” or “unsubstituted” alkyayi,
“substituted” or “unsubstituted” heteroallkyl, “substituted” or “unsubstituted” heteroalkenyi,
“substituted” or “unsubstituted” heteroalkynyl, “substituted” or “unsubstituted” carboeycelyl,
“substituted” or “unsubstituted” heterocyclvl, “substituted” or “unsubstituted” aryl or
“substituted” or “unsubstituted” heteroaryl group). In general, the term “substituted” means
that at least one hydrogen present on a group is replaced with a permissible substituent, e.g., a
substituent which upon substitution results in a stable compound, ¢.g., a compound which
does not spontaneously underge transformation such as by rearrangement, cychization,
elimination, or other reaction. Unless otherwise indicated, a “substituted” group has a
substituent at one or more substitutable positions of the group, and when more than cue
position in any given structure s substituted, the substituent is either the same or different at
each position. The term “substituted” 13 contemplated to include substitution with all
permissible substituents of organic compounds, and includes any of the substituents described
herein that results 1o the formation of a stable compound. The present disclosure

contemplates any and all such combinations in order to arrive at a stable compound. For
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purposes of this invention, heteroatoms such as nitrogen may have hydrogen substituents
and/or any suitable substituent as described herein which satisfy the valencies of the
heteroatoms and results in the formation of a stable moiety. The invention is not intended to
be limited in any manner by the exemplary substituents described herein.

{00371 Exemplary carbon atom substituents inchude, but are not limited to, halogen, —CN,
—NOa, —N3, —SOzH, —SO-H, —OH, —OR¥® —ON(R ), —N(R),, -NR™) X", -N(ORER®,
=8H, ~SR¥, ~88R* ~C{=0R*® ~COH, ~CHO, ~C{OR% ), ~CORY, ~OC{(=0R®,
—OCOR® —C(=0NR®p, ~OC(=OIN{R ), -NRPC(=0IR® —NR®CQ,R®,

—~C{=NRINER™ Y, —~OCENRPINERY p, —WNRPCENRMINGRYY,, —C(=0NRWSORY,
~NRPSOR™ ~SONRY Y, ~8S00R® ~SO:0R® ~080HR®, ~S=0R™ ~OS(=0)R®,
—Si{R* ), —OSHRY) —CESINERD Y., —C{=018RY, ~C(=8)8R™ —SC(=S)8R™,
~SC(=0)SRY, ~OC(=0)SR*®, ~S8C{=0YORY, ~SCEGRY, ~PEOYRYY,, ~P(=0)0OR® ),
—OP(={R™), ~OP(=ONORS ), —PEONRP L), ~OPEOINIR ), ~NRPP(=0)R®),,
—NR¥P(=0)OR®):, —NRPP(=OXNR® Yy ), —PR*}2, —P{OR ), —P(R™1"X",
“PORS) X, ~PR™), ~POR® ), ~OP(R™ Yy, ~OPR) "X, ~OP(ORY ), ~OP(OR™); "X,
—OP(R ), —~OP{OR™ ), —B{R")p, —B{OR"*})z, -BR™(OR"), Ci.10 alkyl, Ci.10 perhaloalkyl,
Crao alkenyl, Coag alkynyl, heteroCilio alkyl, heteroCaie alkenyl, heteroCryg alkynyl, Csae
carbocycelyl, 3-14 membered heterocyclyl, Ce.14 aryl, and 5-14 membered heteroaryl, wherein
gach allyl, alkenyl, alkynyl, heteroalkyl, hetercalkenyl, hetercalkyoyl, carboevelyl,
heterocyelyl, arvl, and heteroaryl is independently substituted with 0, 1, 2, 3, 4, or 5 R™
groups; wherein X7 18 a counterion;

or two geminal hydrogens on a carbon atom are replaced with the group =0, =8,
=NN(RP Y, =NNRPCE=ORY, =NNRPC(=OYOR¥, =NNRYS(=0)R*® =NRY" or =NOR®™;

each instance of R™ is, independently, selected from Ci.io alkyl, Ci.io perhaloalkyl,
Crao alkenyl, Caae alkynyl, heteroCilio alkyl, heteroCra0 alkenyl, heteroCrao alkynyt, Ciae
carbocyelyl, 3-14 membered heterocyclyl, Ceaig arvl, and 5-14 membered heterocaryl, or two
R® groups are joined to form a 3-14 membered heterocyelyl or 5-14 membered heteroaryl
ring, wherein each aitkyl, alkenyl, alkynyl, hetercalkyi, heteroalkenyl, heteroalkynvi,
carboeyelyl, heterocvelyl, aryl, and heteroaryl 1s independently substituted with 0, 1, 2, 3, 4,
or 5 R% groups;

each instance of R™ is, independently, selected from hydrogen, —OH, —~OR™,
~N{R*p, ~CN, ~CEORY, ~CEOINRS),, ~COR™, ~8R®E, ~C(=NRYIR®,
—C{ENRENERS )Y, —SONR ), —SORE, —SO,0R®, —SOR™ —C{=SIN{R*),, —C(=0)8SR™,
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—CESYSR™, —PEOHRY,, —PEOHORT p, —PEONNR ), Cras alkyl, Chrag perhaloalkyl,
Cr.ao alkenyl, Coae alloynvi, heteroCio alkyl, heteroCalio atkenyl, heteroCr.y oalkynyl, Caae
carboeyelyl, 3-14 membered heterocyclyl, Cs.14 arvl, and 5-14 membered hetercarvl, or two
R aroups are joined to form a 3-14 membered heterocyelyl or 5-14 membered heteroaryl
ring, wheretn each alkyl, alkenyl, alkynyl, hetercalkyi, heteroalkenyl, heteroalkynyi,
carbocyclyl, heterocyelyl, arvl, and heteroaryl 1s independently substituted with 0, 1, 2, 3, 4,
or 5 R™ groups; wherein X7 is a counterion;

each instance of R is, independently, selected from hydrogen, Crao alkyvl, Crae
perhaloalioyl, Crae alkenyl, Coae alkyovl, beteroCiae alkyl, heteroCr.io alkenyl, heteroCaao
alkynyl, Cs.0 carboceyelyl, 3-14 membered heterocyelyl, Csag aryl, and 5-14 membered
heteroaryl, or two R groups are joined to form a 3-14 membered heterocyeivi or S-14
membered heteroaryl ring, wherein each alkyl, atkenyl, alkynyl, heteroalivl, hetercalkenyl,
hetercalkyuyl, carbocyelyl, heterocyclyl, aryl, and heteroaryl is independently substituted
with 0, 1,2, 3, 4, or 5 R* groups;

each instance of R% is5, independently, selected from halogen, —CN, —NO», —Na,
~SOuH, ~8SOsH, ~OH, ~OR®, ~ONRS),, ~NERYy,, ~NERD X7, -NOR®RY -85, ~SR*,
—8SR®, —C(=0R™, —COxH, —COR®, —OC(=0)R¥, —OCO:R™, —C(=0N(RY);,
~OQCE=0INR ), ~NRECEOIR®, -NRICOR®, ~NRICEONR,, ~CENRHOR®,
—OCENRIR®, —OC(=NRHORS, —CENRONERY,, —OCENRTNR Y,
~NRACENREONRS,, ~NRISOR®, ~SONRYY,, S8R, ~SOH0R%, ~OSHR®,
—SEOMRE, —Si(R% ), —OSiR%), ~CESHNERYy,, ~C(=0ISRT, —C(=8)SR®, ~SC(=8)SR*
=P(=ONOR" ), ~PEONRT), ~OPEOHR® ), ~OPEONHOR™ )y, Crs alkyl, Cig perhaloalicyl,
Chrs alkenyl, Crs altkynyl, heteroCius alkyl, heteroCr.g alkenyl, heteroCrs alkynvl, Ui
carbocyelyl, 3-10 membered heterocyclyl, Ce.io aryl, 5~10 mewmbered hetercaryl, wheretn
gach allyl, alkenyl, alkynyl, heteroalkyl, hetercalkenyl, hetercalkyoyl, carboevelyl,
heterocyelvl, aryl, and heteroaryl s independently substituted with 0, 1,2, 3, 4, or SR#
groups, of two geminal R% substituents can be joined to form =0 or =8; wherein X isa
counterion;

each instance of R™ 19, independently, selected from Ci alkyl, Ciue perhaloalkyl, Cos
alkenvl, Cr.s alkynvl, heteroCie alkyl, heteroCag alkenyl, heteroCas alkynyl, Caag
carboeyelvl, Caopo aryl, 3-10 membered heterocyclvl, and 3-10 membered hetercaryl, wherein
each alkyl, alkenyl, alkynyl, heteroalkyl, heteroalkenyl, hetercalkynyl, carbocyelyl,
heterocyelyl, arvl, and hetercaryt 13 independently substituted with 0, 1, 2, 3, 4, or S RS

groups;
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each instance of R™ is, independently, selected from hydrogen, Cis alkyl, Crs
perhaloalkyl, Ca alkenyl, Co alkynyl, heteroC s alkyl, heteroCr.s alkenvl, heteroCrs
alkynvl, Cs.e carbooyelyl, 3-10 membered heterocyelyl, Usao aryl and 5-10 membered
hetercaryt, or two RY groups are joined to form a 3-10 membered heterocyelyl or 5-10
membered heteroaryl ring, wherein each alkyl, atkenyl, alkynyl, heteroalkyl, hetercalkenyl,
heteroalkynyl, carboceyelyl, heterocyelyl, aryl) and hetercaryl is independently substituted
with ¢, 1, 2, 3, 4, or 5 R®¥ groups; and
each instance of R8 1y independently, halogen, —CN, —NG», —N3, —SO:H, —SO3H,

~OH, ~0C6 alkyl, ~ON(Curs alkyl)a, ~"N{Crs alkylh, ~N{Crs alkyDa"™X7, ~NH{Cis
alkyly: "X, ~NH{Crw alkyl) X7, =NH3 X7, =MN{OC 1.6 alkyl {Crs alkyl), ~N{OHNC 1 alkyl),

~NF{OH), ~SH, ~8C 5 alkyl, =8S8{Crs alkyl), ~C{=0XCre alkyl), ~COH, ~COx{Ci
alloyl), ~OCEOKHCrg alkyly, —OCOHCrg alkyly, —CEOINH,, —CEOIN{C L alkyl),
~QC{=0INH(C e alkyl), ~NHC(=OWCs alkyl), ~N(Crs alkyDCEON Cs alil),
—NHCOCrs alkyl), -NHC(EOIN(C 6 atkyl )y, -NHCEMNH(C 6 alkyl}, -NHCEOINH,,
—C{=NHIXNC 6 alkyl), ~OCENHNC L allyl), “OCENHYOC 1 alkyl, ~CENHINC 16
alkyl), ~CENHINH(C s alkyl), ~CE=NHINH), ~OCENHINGC 16 alkyl ),
—OC(ENHINH(Cs alkyl), ~OCENHINH:, -NHCENHIN(C g alkyl ), -NHC(=NH )N,
=NHSO{(Ch alkyly, ~SCaN({Cig alkyly, ~SONH{C ¢ alkyl), ~SO:NHy, ~SO2{Cs atkyl),
—SO:20(C 16 alkyl), —“O802{Crs alkyl), —SO(Crs alkyl), —SH{(Ciw alkyi‘;;, =081{C1.6 alkyl)s

~C{=SIN(C g atkyl ), CESINE{C 1 alloyl), CESIND, ~CEOS(Cre allyl), ~CESSChs
alkyl, —SCESISCrg alkyl, —PEONOC 6 alkyl ), —PEONC 6 altkyl)s, —OPEONCre alkyl)s,
~OPEOHOC 16 alkylh, Crs allkyl, s perhaloalkyl, Cos alkenyl, Cre alkynyl, heteroCrs
alkyl, heteroCre alkenyl, heteroCo alkynyl, Cs.io0 carboceycelvl, Caao aryt, 3-10 membered
heterocyelyl, 5-10 membered heteroaryl; or two geroinal R substituents can be joined to

form =0 or =8, wherein X i3 a counterion.

{0038] In certain embodiments, carbon atom substituents include: halogen, —~UN, —NO;, —~Njs,
=NH, -SsH, ~0OH, OC 16 alkyl, ~ON(Ci6 alkyly, ~N{Cis alkylly, ~N{(Cis alkylyy "X,

NH(C e alkyl X, —NHg(LH; alkyly' X", ~NH "X, ~N(OC 1 alkyl {(C 1 alkyl),
“NEOHYXC 16 alkyl), ~NH(OH), ~SH, ~SC s aliyl, ~S8(Crug atkyty, ~CE=0)Cre atkyl),
~COH, —CO0x{(C1s alkyl), ~OC{=0)Crs alkyl), ~OCOAC ¢ alkyl), —C(=0)NH,
~C(=0IN(C e alkyly, ~OCENIHC 1 alkyl), ~NHCEOWC s alkyl), ~N(Crag
alkyC(E=0W Crg alkyl), “NHCO(C s alkyl), ~NHCEOIN(C s aliovl ), ~NHCO(=0INH(C 16
alikyl), ~NHC (=0, ~CENIOC e alkyl), ~OCENHNC 1e alkyl), ~OCENIOC 1
alkyl, ~C(=NHIN(C 1. aikyl)s, ~CENHINH(C 16 alkyly, ~CENHINH,, ~OC(=NHIN(C 14
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alkylys, “OCENHINEC 6 alkyly, "OCENHINS,, -NHCENHIN(C 6 alkyl),
~NHC(ENHINH,, ~NHSO2{Crs alkyly, ~SOaN(Cis alkylly, ~SONH{Cy6 alkyl), ~SO2NH:,
=8O Crs alkyl), —STHO(Crs alkyl), “O80HChrs alkyl), —SO{C1s alkyl), —Si{Crs alkyl)s,
~OSH{C s alloyl)s ~CESIN(C e alkyl)y, CESINHC 16 alkyl)y, CERINH,, ~C{EGYS(Che
alkyly, ~CE=SH8Cs alkyl, ~8CESSC s alkyl, ~PEOWOC s alkyly, ~PEONCLs alkyihn,
—OP(=0YCre alkyllz, “OP(E0X0C 16 alkyl), Cis alkyl, Cie perhaloalkyl, Cre alkenyl, Cas
alkyoyl, heteroCU s alkyl, heteroCr.s altkenyl, heteroChg alkoyayl, Ciupp carbocyelyl, Cono aryd,
3-10 membered heterocyclyl, 5-10 membered heteroaryl, or two genunal substituents can be
joined to form =0 or =8, wherein X is a counterion.
{3039 The term “hale” or “halogen” refers to fluorine (fluore, —F), chlorine {chloro, —Cl),
bromine (bromo, ~Br), or iodine (odo, ~1).
{00401 The term “hydroxyl” or “hydroxy” refers to the group —OH. The term “substituted
hydroxyl” or “substituted hydroxyl,” by extension, refers to a hydroxyl group wherein the
oxygen atom directly attached to the parent molecule is substituted with a group other than
hydrogen, and includes groups selected from —OR™, —ON(R™Y;, ~0C(=0)SR®,
~OCEOIR® ~OCORY, ~OCEOINRD®Y,, ~OCENRPR® ~OC(=NROR®,
—OC(E=NRPINERM Y, —~OS(=0)R®, —~0SOR™, —OSIR™};, —OP(R™ h, ~OP(R<);"X
~OP(OR®Y,, ~OR(ORF 1Y, ~OP=0)RY,, ~OPEONOR™ Y, and ~OPEONNER™ L)y,
wherein X7, R¥ R® and R are as defined herein.
{3041 The term “aming” refers to the group —NH,. The term “substituted amine,” by
extension, refers 1o a monosubstituted amino, a disubstituted aming, or a trisubstituted amino.

43

In certain embodiments, the “substituted amino” is a monosubstituted amino or a
disubstituted aming group.

{30421 The term “monosubstituted amino” refers to an amino group wherein the nitrogen
atom directly attached to the parent molecule 1s substituted with one hydrogen and one group
other than hydrogen, and includes groups selected from ~NH{R®™), ~NHC{=0)R*,
SNHCOR®, -NHCEOINERD Y, ~NHOENRIOINRYY,, ~NHSCR®S -NHPEOHORS ),
and ~NHP{=O}N{R ), wherein R® R and R* are as defined herein, and wherein R™ of
the group ~NH{R) is not hydrogen.

{0043} The term “disubstituted aming” refers 1o an amino group wherein the nitrogen atom
directly attached to the parent molecule is subsiituted with two groups other than hydrogen,
and includes groups selected from —NR™Y, ~NRPC(=0R® -NRPCOR*,
“NRPCEOINR ), ~NRECENRPINRYY,, ~NR™PSORY, ~NRPP(=0YOR), and
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—NRPP=OWNER™ L p, wherein R* R™, and R™ are as defined herein, with the proviso that
the nitrogen atorn directly attached to the parent molecule s not substituted with hydrogen.
{0044] The term “trisubstituted amino” refers to an aming group wherein the nitrogen atom
directly attached to the parent molecule 15 substituted with three groups, and includes groups
selected from —N{R™); and ~N(R™), "X, wherein R and X are as defined herein.

[6045] The term “sulfonyl” refers to a group selected from —SONR™ Y, -SQ,R® and —
S(HOR® wherein R™ and R are as defined herein.

{0046} The term “sulfinvl” refers to the group —S(=0RY, wherein R™ is as defined herein.
{0847] The term “acyl” refers to a group having the general formula ~C(=0R™,
—C(=OYORM, —C=0-0-C(=0RY, —C(=0)SRM, —C=0INR ), ~C(=SIR™,
~CE=SINR MY, ~CESORM, ~CESSR™M, ~CENRADREL ~CENRIHORY,
—C{=NRMSRY and —~CENRYINERY Y, wherein R is hydrogen; halogen; substituted or
unsubstituted hydroxyl; substituted or ynsubstituted thiol, substituted or unsubstituted amino;
substituted or unsubstituted acyl, cyclic or acyclic, substituted or unsubstituted, branched or
unbranched aliphatic; cyelic or acyclic, substituted or unsubstituted, branched or unbranched
heteroaliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched alioyl;
cychic or acyelic, substituted or unsubstituted, branched or unbranched alkenyl; substituted or
unsubstituted alkynyl, substituted or unsubstituted arvl, substituted or unsubstituted
heteroaryl, aliphaticoxy, hetercaliphaticoxy, alkyloxy, heteroalkyloxy, aryloxy,
heteroarvioxy, aliphaticthioxy, heterocaliphaticthioxy, alkylthioxy, hetercalkvlthioxy,
arvithioxy, heteroarvithioxy, mono- or di- aliphaticamino, mong- or di- hetercaliphaticamino,
mono- or di- alkylamino, mono- ot di- heteroalkylamino, mono- or di-arylamino, or mono- of
di-heternarylamino; or two R groups taken together form a $- to 6-membered heterocyclic
ring. Exemplary acyl groups include aldehydes (—CHGO), carboxylic acids (-COxH), ketones,
acyl halides, esters, amides, imines, carbonates, carbamates, and ureas. Acyl substituents
include, but are not limited to, any of the substituents described herein, that result in the
formation of a stable motety {e.g., aliphatic, alkyl, atkenyl, alkynyl, heteroaliphatic,
heterocycelie, aryl, heteroaryl, acyl, oxo, imino, thiooxo, cyano, 1socyane, amino, azido, nitro,
hydroxyl, thiol, halo, aliphaticamino, hetercaliphaticamino, alkylamino, hetercallcylamino,
arvlamine, heteroarylamino, alkylaryl, arvialkyl, aliphaticoxy, hetercaliphaticoxy, atkyloxy,
hetercalkyloxy, aryloxy, hetercaryloxy, aliphaticthioxy, heteroaliphaticthioxy, atkyithioxy,
heteroalkylthioxy, arylthioxy, heteroarylthioxy, acyloxy, and the like, each of which may or

may not be further substituted).
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{0048] The term “carbonyl” refers a group wherein the carbon directly attached to the parent
molecule is sp? hybridized, and is substituted with an oxygen, nitrogen or sulfur atom, e.g., a
group selected from ketones {e.g., ~C{=0IR™), carboxylic acids (e.g., ~CO:H}, aldehydes (-~
CHO), esters {e.g., —“COR® —C(=0)8R® —C(=S)SR™), amides {e.g., “C(=0NR®), -
CEQINRMSOR™ -CESINRM™Y), and imines (e.g, ~CENRMIR® -CENRMIORS, -
C=NR"™IN(R"};), wherein R® and R™ are as defined herein.

{3049} The term “silyl” refers to the group ~Si{R™)s, wherein R* is as defined herein.

{0038} The term “oxo” refers to the group =0, and the term “thiooxo” refers to the group =S,
{0051] Nitrogen atoms can be substituted or unsubstituted as valency permits, and include
primary, secondary, tertiary, and quaternary nitrogen atoms. Exemplary nitrogen atom
substituents include, but are not limited to, hydrogen, —OH, —OR™, —N{R*},, —CN,
—C{=0IR®, —C=0INRSY,, ~COR™ SR, ~C(=NRPR® —~C(=NREORS,
=CENREINER S, ~SONR ), ~80:R, -S0,0R™, ~SORY, ~CE=SN(R )y, ~C=0)8RY,
—CESYSR™, —PEOKORT ), —PEONRY Y, —PEONNR 1), Cras alkyl, Chrag perhaloalkyl,
Cr.i0 alkenyl, Coupp alkynvl, heteroCiaoalkyl, heteroCrnalkenyl, heteroCariealkynyl, Cipo
carboeyelyl, 3-14 membered heterocycelyl, Co.ia arvl, and 5-14 membered heteroarvl, or two
R groups attached to an N atom are joined to form a 3-14 membered heterocyclyl or 5-14
membered heteroaryl ring, wherein each alkyl, atkenyl, alkynyl, heteroalkyl, hetercalkenyl,
heteroalkynyl, carboceyelyl, heterocyelyl, aryl) and hetercaryl is independently substituted
with 0, 1,2, 3, 4, or 5 R™ groups, and wherein R¥® R™ R and R™ are as defined above.
{00521 In certain embodiments, the substituent present on the nitrogen atom is an nitrogen
protecting group {also referred to herein as an “amino protecting group”). Nitrogen protecting

groups include, but are not limited to, —OH, ~OR™, —N(R" ), —C(=0R¥ —C{=0CINER"),,

=8OR, ~SO,0RY, —SORM, ~C{ESINRS )y, ~C(=0)SR™, ~C(=8)8R™, U0 atkyl {e.g.,
aratkyl, heteroaralkoyl), Coie alkenyl, Coe alkynyl, heteroCrae alkyl, heteroCaae atkenyl,
heteroCr.io alkynyl, Cs.io carboceyelvi, 3-14 membered heterocyciyl, Co.yq aryl, and 5-14
membered heteroaryl groups, wherein each alkyl, alkenvl, alkynyl, hetercalkyl,
heteroalkenyi, heteroalkynyl, carbocyclyl, heterocyclyl, aralkyl, aryl, and heteroaryl is
independently substituted with 0, 1, 2, 3, 4, or 5 R® groups, and wherein R®, R®, R and R
are as defined herein. Nitrogen protecting groups are well known in the art and wclude those
described in detail in Profecting Groups in Organic Svithesis, T W. Greene and P. G M.

Wuts, 3™ edition, John Wiley & Sons, 1999, incorporated herein by reference
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{00583 For example, nitrogen protecting groups such as amide groups {e.g., ~C(=0R™)
include, but are not limited to, formamide, acetamide, chloroacetamide, trichlorcacetamide,
trifluorcacetamide, phenylacetamide, 3-phenyipropanamide, picolinamide, 3-
pyridylearboxamide, N-benzoylphenylalanyl denivative, benzamide, p-phenylbenzarnide, o-
nitophenviacetanide, o-nitrophenoxyacetamide, acetoacetamide, (N~
dithiobenzyloxyacylaminolacetanude, 3-{p-hydroxyphenyljpropanamide, 3-(o-
nitrophenyhpropanamide, 2-methyl-2-{o-nitrophenoxy jpropanamide, 2-methyi-2-{c-
phenylazophenoxypropanamide, 4-chlorobutanamide, 3-methyl-3-nitrobutanamide, o-
nitrocinnamide, N-acetylmethionine derivative, o-uitrobenzamide and o-
{benzoyloxymethylibenzamide.

{3054] Nitrogen protecting groups such as carbamate groups {e.g., ~CEOIOR®) include, but
are not limited to, methyl carbamate, ethyl carbamate, 9-flucrenvimethy! carbamate (Fmoc),
9-(2-sutfo)luorenylmethyl carbamate, 9-(2,7-dibromo)finorcenylmethyl carbawate, 2,7-di-t-
butvl-{9-(10,10-dioxo-10,10,10, 10-tetrahydrothioxanthyl Yimethyl catbamate (DBD-Tmoc),
4-methoxyphenacyl carbamate (Phenoc), 2,2 2-trichloroethyl carbamate (Troc), 2-
trimethylsitylethyt carbamate {Teoc), 2Z-phenylethyi carbamate (W7}, 1-(1-adamantyi}-1-
methylethyl carbamate {Adpoc), 1, 1-dimethyl-2-haloethyl carbamate, 1, 1-dimethyl-2,2-
dibromoethyl carbamate (DB-t-BOC), 1,1-dimethyl-2,2,2-trichloroethyl carbamate
{(TCBOC), -methyl-1-(4-biphenvlyhethyl carbamate (Bpec}, 1-(3,5-di-t-butylphenyl}-1-
methylethyl carbamate (-Bumeoc), 2-(2'- and 4'-pyridyliethyl carbamate (Pyoc), 2-(N,N-
dicyclohexyicarboxamido)ethyl carbamate, t-butyl carbamate (BOC or Boc}, 1-adamantyl
carbamate {Adoc), vinyl carbamate (Voc), allyl carbamate (Alloc), 1-isopropylaliyi
carbamate (Ipaoc), cinnamyl catbamate (Coc), 4-nitrocinnamyl carbamate (Noc}, &-quinolyl
carbamate, N-hydroxypiperidinyl catbamate, alkyldithio carbamate, benzyl carbamate (Chz},
p-methoxybenzyl carbamate (Moz), p-nitobenzyl carbamate, p-bromobenzyl carbamate, p-
chlorobenzyl carbamate, 2 4-dichiorobenzyl carbamate, 4-methylsulfinylbenzyi carbamate
{Magz), S-anthryimethyl carbamate, diphenyimethyl carbamate, 2-methvlihioethyl carbamate,
2-methyisulfonylethyl carbamate, 2-(p-toluenesulfonyllethyl carbamate, [2-(1,3-
dithianyh}jmethyl carbamate (Dmoc), 4-methylthiophenyl carbamate (Mipc), 2,4~
dimethylthiophenyl carbamate (Bmpe), 2-phosphonicethyl carbamate (Peoc), 2-
triphenylphosphonioisopropyl carbamate (Ppoc), 1, I-dimethyl-2-cyancethyl carbamate, -
chloro-p-acyloxybenzyl cartbamate, p-(dihydroxyborylibenzyi carbamate, 5-

benzisoxazolyimethyt carbamate, 2-{trittuoromethyl}-6-chromonylmethyl carbamate (Teroc),
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m-nitrophenyl carbamate, 3,5-dimethoxybenzy! carbamate, o-nitrobenzyl carbamate, 3,4~
dimethoxy-6-uitrobenzyl carbamate, phenyl{o-nitrophenyhimethyl carbamate, t-amyl
carbamate, S-benzyi thiocarbamate, p-cyanobenzyi carbamate, cyclobutyl carbamate,
cyclohexyl carbamate, cyclopentyl carbamate, cyclopropylmethyl carbamate, p-
decyloxybenzyl carbamate, 2, 2-dimethoxyacylvinyl carbamate, o-{N,N-
dimethylcarboxamidojbenzyl carbamate, 1, 1-dimethyl-3-{(N N-dimethylcarboxamidojpropyl
carbamate, 1,1-dimethyipropynyl carbamate, &{2-pyndylmethyl carbamate, 2-furanyimethyl
carbamate, 2-iodoethyl carbamate, 1soborynd carbamate, 1sobutyl carbamate, isoricotiny!
carbamate, p~(p’-methoxyphenylazoibenzyl carbamate, 1-methyieyclobutyl carbamate, 1-
methyleyclohexyl carbamate, -methyl-1-cyclopropylimethyl carbamate, 1-methyl-1-(3,5-
dimethoxyphenyhethyl carbamate, 1-methyl-1-{p-phenylazophenyliethyl carbamate, 1-
methyl-1-phenvlethyl carbamate, 1-methyl-1-(4-pyridyliethyl carbamate, phenyl cartbamate,
p-{phenylazolbenzyl carbamate, 2.4,6-tri-t-butylphenyl carbamate, 4-
{trimethylammonium benzyl carbamate, and 2,4,6-trimethylbenzyl cartbamate.

{0055] Nitrogen protecting groups such as sulfonamide groups {e.g., —5(=03R*) include, but
are not imited to, p-toluenesulfonamide (Ts), benzenesulfonamide, 2.3,0-trimethyl-4-
methoxybenzenesulfonamide (Mtr), 2,4, 6-trimethoxybenzenesulfonamide (Mib}, 2,6~
dimethyi-4-methoxybenzenesulfonamide (Pme), 2,3,5,0-tetramethyi-4-
methoxybenzenesulfonamide (Mie), 4-methoxybenzenesulfonamide (Mbs), 2,4,6-
trimethyibenzenesulfonamide (Mis), 2,6-dimethoxy-4~-methylbenzenesulfonamide (1Mds),
2,2.5,7 8-pentamethyichroman-6-sulfonamide (Pmc), methanesulfonamide (Ms}), -
trimethyisiiylethanesulfonamide (SES), 9-anthracenesulfonamide, 4-(4"8'-
dimethoxynaphthylmethyhbenzenesulfonamide (DNMBS), benzylsulfonamide,
triflucromethylsulfonamide, and phenacylsulfonamide.

10056} Other nitrogen protecting groups include, but are not limited to, phenothiazinyl-(10)-
acyl dertvative, N -p-toluenesulfonviaminoacyl dertvative, N'-phenylaminothicacyl
derivative, N-benzoyiphenylalanvl derivative, N-acetylmethionine derivative, 4,5-diphenyl-3-
oxazolin-2-one, N-phthalimude, N-dithiasuccinimide (Dis), N-2,3-diphenyimalermide, N-2,5-
dimethvipyrrole, N-1,1,4 4-tetramethvldisilylazacyclopentane adduct (STABASE), 5-
substituted | 3-dimethyl-13 S-triazacyclohexan-2-one, S-substituted 1,3-dibenzyi-1,3,5-
triazacyclohexan-2-one, 1-substituted 3,5-dinitro~4-pyridone, Nomethylamine, N-allylamine,
N-{2-(trirnethylsilyl jethoxyimethylamine (SEM}, N-3-acetoxypropvlamine, N-{1-isopropyi-

4-pitro-2~-ox0-3-pyroolin-3-yhamine, quaternary ammonium salis, N-benzylamine, N-di{4-
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methoxyphenyhmethylamine, N-S-dibenzosubervlamine, Netriphenvimethylamine (Tr), N-
[{4-methoxyphenyhdiphenylmethylfamine (MMTr), N-9-phenytfluorenylarnne (PhF), N-
2,7-dichloro-S-fluorenyimethyleneamine, N-ferrocenyimethylamine (Fem), N-2-
picolylamino N -oxide, N-1, I-dimethylthiomethyleneamine, N-benzyvlideneamine, Np-
methoxybenzylideneamine, N-diphenvimethyleneamine, N-{{2~
pyridvhmesitylimethylenecanune, N-(N' N -dimethyvlaminomethylenejamine, NN~
isopropylidenediamine, N-p-nitrobenzylideneamine, N-salicylideneamine, N-5-
chlorosalicylideneamine, N-{5-chloro-2-hydroxyphenyliphenylmethvieneamine, N-
cyclohexyhidenearnne, N-(5,S-dirnethyl-3-oxo-1-cvclohexenyhamine, N-boraune derivative,
N-diphenylborinic acid derivative, N-{phenyl{pentaacylchromium- or tungstenjacyljamine,
N-copper chelate, N-zine chelate, N-uitroamine, N-niiroscamine, amine N-oxide,
diphenyiphosphinamide (Dpp), dimethylthiophosphinamide (Mpt),
diphenvithiophosphunamide (Ppt}, diallyl phosphoramidates, dibenzyl phosphoramidate,
diphenyl phosphoramidate, benzenesulfenamide, o-nitrobenzenesuifenamide (Nps), 2,4~
dinitrobenzenesulfenamide, pentachiorobenzenesulfenamide, 2-nitro-4-
methoxybenzenesulfenamide, tiphenyimethyisulfenamide, and 3-nitropyridinesulfenamide
(Npys). In certain embodiments, a nmitrogen protecting group is benzyl (Bn), tert-
butvloxycarbonyl (BOCY, carbobenayloxy {(Chz), 9-flurenyimethyloxyearbonyl (Fmoe),
trifluorcacetyl, triphenyimethyl, acetyl (Ac), benzoyl (Bz), p-methoxybenzyl (PMB), 3.4~
dimethoxybenzyl (DMPM}, p-methoxyphenyl (PMP), 2.2, 2-trichlorcethyvloxyearbonyl
{Trocy, triphenvimethyl {Tr)}, tosyl {Ts}, brosyl (Bs), nosyl (Ns}, mesyl (Ms}, tniflvl {T1), or
dansyl {Ds).

{00571 In certain embodiments, the substituent present on an oxXygen atom 1S an oxXygen
protecting group {also referred to herein as an “hydroxyl protecting group”). Oxygen
protecting groups include, but are not limited to, ~R¥ ~N(R™Y,, ~C(=0)SR¥ ~C(=0R*,
~CORE ~C=OINR™Y,, ~CENRPIR® -C(=NRWIOR® ~C(=NR®NR®Y,, ~S(=R*,
~SHRM -SHR® ), PR, ~PRER X7, ~POR®Y),, ~POR™ )X, ~P(=03R¥Y,,
—P(=0)}OR*Y,, and —P(=0}N{R") 1), wherein X7, R® R™ and R are as defined herein.
Oxygen protecting groups are well known i the art and include those described in detail in
FProtecting Groups in Organic Syathesis, T. W. Greene and P. G. M. Wauts, 3 edition, John
Wiley & Sons, 1999, incorporated herein by reference.

{0058} Exemplary oxygen protecting groups include, but are not limited to, methyl,
methoxylmethyl (MOM), methylthiomethyl (MTM), t-butylthiomethyl,
{phenyldimethyisitylimethoxymethyl (SMOM]}, benzyioxymethyvl (BOM), p-
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methoxybenzyloxymethy! (PMBM), (4-methoxyphenoxymethyl (p-AOM), guaiacolmethyl
{GUM), t-butoxymethyl, 4~pentenyloxymethyl (POM), siloxymethyl, 2-
methoxyethoxymethyl (MEM}, 2.2 2-trichloroethoxymethyl, bis(2-chloroethoxymethyl, 2-
{trivoethylsilylethoxymethyl (SEMOR), tetrahydropyranyl (THP), 3~
bromotetrabydropyranyl, tetrabydrothiopyranyl, T-methoxyeyclohexyl, 4-
methoxytetrahydropyranyl (MTHP), 4-methoxytetrahydrothiopyranyl, 4-
methoxyietrahydrothiopyranyl §,8-dioxide, 1-[{2-chloro-4-methyDphenyli-4-
methoxypipenidin-4-yl ({CTMP), 1 4-dioxan-2-v, tetrahvdrofuranyl, tetrabydrothiofuranyl,
2.3,3a,4,5,6,7 Ta-octahydro-7 8 8-trimethyl-4, 7-methancbenzofuran-2-vl, 1-cthoxyethyi, 1-
{2-chloroethoxyjethyl, 1-methyl-1-methoxyethyl, 1-methyl-1-benzyloxyethyl, I-methyl-1-
benzyloxy-2-fluoroethyl, 2,2 2-trichloroethyl, 2-tmimethylsiiyiethyl, 2-(phenviselenyljethyi, t-
butyl, ailyl, p-chlorophenvl, p-methoxyphenyl, 2 4-dinitrophenyl, benzyi (Bn}, p-
methoxybenzyl, 3 4-dimethoxybenzyl, o-nitrobenzyl, p-nitrobenzyl, p-halobenayl, 2.6~
dichlorobenzyl, p-cyanobenzyl, p-phenylbenzyl, 2-picolyl, 4-picolvl, 3-methyl-2-picolyl N-
oxido, diphenylmethyl, p,p’-dinitrobenzhvdryl, 5-dibenzosuberyl, triphenylmethyl, o-
naphthyldiphenyimethyl, p-methoxyphenvidiphenylmethyl, di{p-~
methoxyphenyliphenyimethyl, tri{p-methoxyphenylmethyl, 4-{4°-
bromophenacyloxyphenyiidiphenylmethyl, 4,4° 47-t518(4,5-
dichlorophthalimidophenylyaethyl, 4,4 4"-trnis{levulinoyloxyphenyhmethyl, 4,4',4"-
tris(benzoyioxyphenyhimethyl, 3-(imidazol-1-ylibis{4' 4" -dimethoxyphenylyuethyl, 1,1-
bis{(4-methoxyphenyl)-1-pyrenylmethyl, 9-anthryl, 9-(9-phenvlixanthenyl, 9-(%-phenyl-10-
oxoanthryl, 1,3-benzodithiolan-2-yi, benzisothiazolyl $,S-dioxide, trimethylsilyl {TMS),
triethylsilvl (TES}, tniisopropyisilyl (TIPS), dimethylisopropylsilvl (IPDMS),
diethylisopropyisilyl (DEIPS), dimethyithexylsidyl, t-butyldimethylsidyl {TBDMS), t-
butyldiphenylsilyl (TBDPR), tribenzylsiivl, tri-p-xvivisiivl, triphenyisiivl,
diphenvimethvlailyl (DPMS), t-butyimethoxyphenyisilyl (TBMBPS), formate, benzoylformate,
acetate, chloroacetate, dichioroacetiate, trichloroacetate, irithioroacetate, methoxyacetate,
triphenylmethoxyacetate, phenoxyacetate, p-chlorophenoxyacetate, 3-phenylpropionate, 4-
oxopentanoate (levulinate), 4,4-(ethvlenedithio)pentancate (levulinoyldithioaceial}, pivaloate,
adarmantoate, crotonate, 4-methoxycrotonate, benroate, p-phenyibenzoate, 2.4,6-
irimethyibenzoate (mesitoate), methyl carbonate, 9-flucrenyimethyl carbonate (Frooc), ethyl
carbonate, 2,2, 2-trichloroethyl carbonate (Troc), 2-(trimethylsilyijethyl carbonate (TMSECH,
2-{phenylsulfouyl} ethyl carbonate (Psec), 2-{inphenyiphosphomo) ethyl carbonate (Peoc),

isobutyl carbonate, vinyl carbonate, allyi carbonate, t-butvl carbonate (BOC or Bog), p-
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nitrophenyl carbonate, benzyl carbonate, p-methoxybenzyl carbonate, 3,4-dimethoxybenzyl
carbonate, o-nitrobenzyl carbonate, p-rutrobenazyl carbonate, S-benzyl thiocarbonate, 4-
ethoxy-1-napththyl carbonate, methyl dithiocarbonate, 2-icdobenzoate, 4-azidobutyrate, 4-
nitro~4-methyipestanoate, o~{dibromomethyibenzoate, 2-formylbenzenesulfonate, 2-
{methyithiomethoxy)ethyl, 4-{methylthiomethoxy)butyrate, 2-

{methylthiomethoxymethyl thenzoate, 2 6-dichloro-4-methylphenoxyacetate, 2,6-dichloro-4-
(1,1,3,3-tetramethyibutyhphenoxyacetate, 2,4-bis(1, 1-dimethylpropyl)phenoxyacetate,
chlorodiphenylacetate, isobutyrate, monosuccinoate, (E}-2-methyi-2-butenoate, o-
{methoxyacyhbenzoate, a-naphthoate, witrate, allkyl NN N N~
tetramethylphosphorodiamidate, atkyl N-phenvylcarbamate, borate, dimethyiphosphinothioyl,
alkyl 2 4-dinttrophenylsuifenate, sulfate, methanesul{onate (mesylate), benevisulfonate, and
tosylate {Ts). In certain embodiments, an oxygen protecting group is silyl. In certain
embodiments, an oxygen protecting group is t-butyldiphenyisiivl (TBDPS), t-
butvidimethylsilyl (TBDMS), triisoprovisityl (TIPS}, tripheavisityl (TPS), tnethvisilyl (TES),
trimethyisityl (TMS), tritsopropyistloxymethyl (TOM), acetyl (Ac), benzoyl (Bz), allyl
carbounate, 2,2, 2-trichloroethyi carbonate (Troc}, 2-trimethylsilyiethyl carbonate,
methoxymethyl (MOM), L-ethoxvethyl (EE), 2-methyoxy-2-propyl (MOP), 2,2,2-
trichloroethoxyethyl, Z-methoxyethoxymethyl (MEM), Z-ttimethyisiiylethoxymethyl (SEM),
methylthiomethyl (MTM), tetrahydropyranyl {THP), tetrahydrofuranyl (THF), p-
methoxyphenyl (PMP), triphenyimethyl (11}, methoxvirityl (MMT), dimethoxytrityl (DMT},
allyl, p-methoxybenzyl (PMB, MPM), f-butyl, benzyl (Bn}, alivl, or pivalovl (Piv).

10059} Tu certain embodiments, the substituent present on a sulfur atom 1s a sulfur protecting
group {also referred to as a “thiol protecting group™}. Sulfur protecting groups include, but
are not linsited to, ~R®, ~N(R®Y, ~CEOISRY, ~CEORY, ~CORE ~CEOINRP Y,
~CENRIIRA, -CENRPOR®, ~CENRYINGRDY,, ~S=0RY ~80,R™ -Si{R™);,
=PR®Y, ~P{RER X, ~POR" ), ~P(OR“) X7, ~P=0OHR™),, ~PEQHOR™),, and
~PEOWNERD™Y b, wherein R®, R and R are as defined herein. Sulfur protecting groups
are well known in the art and include those described in detail in Profecting Groups in
Organic Synthesis, T W Greene and P. G, M. Wuts, 3 edition, John Wiley & Sons, 1999,
incorporated herein by reference. In certain embodiments, a sulfur protecting group is
acetamidomethyl, -butyl, 3-nitro-2-pyridine sulfenyl, 2-pyridine-sulfenyl, or
triphenylmethyl.

{0068} A “counterton” or “anionic counterion” is a negatively charged group associated with

a positively charged group in order to maintain electronic neutrality. An anionic counterion
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may be monovalent (.e., including one formal negative charge). An anionic counterion may
also be rmultivalent (i e., wehuding wore than oune formal negative charge), such as divalent or
trivalent. Exemplary counterions include halide ions {e.g., ¥, CI7, By, Iy, NOs™, ClQy™, OH™,
HPOy™, HCO™ HSGY, sulfonate 1ons {(e.g, methansulfonate, tnfluoromethanesulfonate, p—-
toluenesulfonate, benzenesulfonate, 10-camphor sulfonate, naphthalene-2-sulfonate,
naphthalene—1—sulfonic acid-5-sulfonate, ethan—i-sulfonic acid—2—sulfonate, and the like},
carboxylate ions {e.g., acetate, propancate, benzoate, glycerate, lactate, tarirate, glycolate,
ghuconate, and the like), BFy", PFy, PFs™, AsFq™, SbFs, B{3, 5-{CF3pCeHs}s], B(CsFsk™,
BPhy™, AWOC(CFs )17, and carborane anions {e.g., CBuHy™ or (HCBuMesBe ) )
Exemplary counterions which may be multivalent include CO:*", HPO,Y, PO/ BG4,
S0n77, 8,047, carboxylate anions {e.g., tartrate, citrate, fumarate, maleate, malate, malonate,
gluconate, succinate, glutarate, adipate, pimelate, suberate, azelate, sebacate, salicylate,
phthalates, aspartate, glutamate, and the like), and carboranes.

{0061} The term “leaving group” is given tis ordinary meaning in the art of synthetic organic
chenustry and refers to an atom or a group capable of being displaced by a nucleophile. See,
for example, Smith, March Advanced Organic Chennisiry 6th ed. (501-502). Examples of
suttable leaving groups include, but are not limited to, halogen (such as F, Cl, Br, or |
{iodine}), alkoxycarbonyioxy, arvioxyearbonyloxy, alkanesulfonyloxy, arenesulfonyioxy,
alkyi-carbonyloxy {e.g., acetoxy), aryicarbonyloxy, arvioxy, methoxy, N,O-
dimethythydroxylamino, pixyl, and haloformates. In some cases, the leaving group is a
sulfonic acid ester, such as toluenesulfonate (tosylate, -OTs), methanesulfonate {mesylate, -
OMs), p-bromobenzenesulfonyloxy (brosylate, ~OBs), -OS(=0R{CF, kCF: (nonatlate, -ONT),
or trifluoromethanesulfonate (riflate, ~O7TT). In some cases, the leaving group is a brosylate,
such as p-bromobenzenesulfonyloxy. In some cases, the leaving group 1$ a nosylate, such as
Z-nitrobenzenesulfonyloxy. The leaving group may also be a phosphineoxide {e.g., formed
during a Mitsunobu reaction) or an internal leaving group such as an epoxide or cychic
sulfate. Other non-limiting examples of leaving groups are water, ammonia, alcohols, ether
moieties, thioether moteties, zinge halides, magnesium moteties, diazonium salts, and copper
moteties. Further exemplary leaving groups include, but are not imited to, halo {e.g., chloro,
bromo, iodo) and activated substituted hydroxyl groups {e.g., ~OC(=0)SR* -OC{=0R™, —
OCOR®, —OC(=0IN(R"™Y),, _0(:(::NR%)R%, ~OCENRMOR® —QCE=NRIINRY,, —
OS(=0IR™, ~OSOR® PR, ~OPR ), ~OP(=0)RY, ~OP(=0NR™),, -
OPE0HOR®Y,, —OPEORNRYY, and —OP(::G)(NR“‘); wherein R® R and R are as

defined herein).
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{00621 As used herein, use of the phrase “at least one instance” refers to 1, 2, 3, 4, or more
wnstances, but also encompasses a range, e.g., for example, from 1 1o 4, from 1 to 3, from 1o
2, from 2 t0 4, from 2 to 3, or from 3 to 4 instances, inclusive.

100631 A “non-hydrogen group” refers to any group that 18 defined for a particular variable

that is not hydrogen.

{3064] The following definitions are more general terms used throughout the present
application.

{0065] As used herein, the term “salt” refers to any and all salts, and encompasses
pharmaceutically acceptable salts. The term “pharmaceutically acceptable salt” refers to those
salts which are, within the scope of sound medical judgment, suitable for use 1 contact with
the tissues of humans and lower animals without undue toxicity, irritation, allergic response,
and the like, and are commensurate with a reasonable benefit/nisk ratio. Pharmaceutically
acceptable salts are well known in the art. For example, Berge er oo/, describe
pharmaceutically acceptable salts in detatl in J. Pharmacentical Sciences, 1977, 66, 1-19,
incorporated herein by reference. Pharmaceutically accepiable salts of the compounds of thig
invention include those derived from suitable inorganic and organic acids and bases.
Examples of pharmaceutically acceptable, nontoxie acid addition salts are salts of an amino
group formed with inorganic acids, such as hydrochloric acid, hydrobromic acid, phosphoric
acid, sulfurnic acid, and perchiorie acid or with organic acids, such as acetic acid, oxalic acid,
maleic acid, tartaric acid, citric acid, succinic acid, or malonic acid or by using other methods
konown tn the art such as ion exchange. Other pharmaceutically acceptable salts include
adipate, alginate, ascorbate, aspartate, benzenesulfonate, benzoate, bisulfate, borate, butyrate,
camphorate, camphorsulfonate, ciirate, cyclopentanepropionate, digluconate, dodecylsuifate,
ethanesulfonate, formate, fumarate, gluccheptonate, glycerophosphate, gluconate,
hemisuifate, heptanoate, hexanoate, hyvdroiodide, 2-hydroxy-ethanesulfonate, lactobionate,
iactate, laurate, fauryl sulfate, malate, maleate, malonate, methanesulfonate, 2-
naphthalenesuifonate, nicotinate, nitrate, oleate, oxalate, palmitate, pamoate, pectinate,
persulfate, 3-phenyipropionate, phosphate, picrate, pivalate, propionate, stearate, succinate,
sulfate, tartrate, thiocyanate, p-toluenesuifonate, undecanoate, valerate salts, and the like.
Salts derived {rom appropriate bases include alkali metal, alkaline earth metal, ammonium,
and N™(Ci.4 alkyl ) salts. Representative alkali or alkaline earth metal salts include sodium,
fithium, potassium, calciom, magnesium, and the like Further pharmaceutically acceptable

salts include, when appropriate, nontoxic ammonium, quaternary ammonium, and amine
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cations formed using counterions such as halide, hydroxide, carboxylate, sulfate, phosphate,
nitrate, lower alkyl sulfonate, and aryl sulfonate.

{00661 It 1s also to be understood that compounds that have the same molecular formula but
differ 1o the nature ot sequence of bonding of their atorns or the arrangement of their atorus o
space are termed “isomers”. Isomers that differ in the arrangement of their atoms in space are
termed “stereoisomers”,

{30671 Stereoisomers that are not mirror images of one another are termed “diastereomers”
and those that are non-superimposable mirror images of each other are termed “enantiomers”.
When a corapound has an asymmetric center, for example, i s bonded to four different
groups, a pair of enantiomers is possible. An enantiomer can be characterized by the absolute
configuration of s asymmetric center and 1s described by the R- and S-sequencing rules of
Cahn and Prelog, or by the manner in which the molecule rotates the plane of polarized light
and designated as dextrorotatory or levorotatory {i.e., as () or {—}-isomers respectively), A
chiral compound can exist as either individual enantiomer or as a mixture thereof. A mixture
containing equal proportions of the enantiomers 15 called a “racemic mixture”.

{30681 The term “small molecule” refers to molecules, whether naturally-occurring or
artificially created {e.g., via chemical synthesis) that have a relatively low molecular weight.
Typically, a small molecule is an organic compound (7.e., it contains carbon}. The small
molecule may contain multiple carbon-carbon bonds, stercocenters, and other functional
groups {e.g., amines, hydroxyl, catbonyls, and heterccyclic rings, efc.). In certain
embodiments, the molecular weight of a small molecule is not more than about 1,000 g/mol,
not more than about 300 g/iwol, not more than about 800 gfel, not more than about 700
g¢/mol, not more than about 600 g/mol, not more than about 500 g/mol, not more than about

400 g/mol, not more than about 300 g/mol, not more than about 200 g/mol, or not more than

,
about 100 g/mol. In certain embodiments, the molecular weight of a small molecule 1s at least
about 100 g/mol, at least about 200 g/mol, at least about 300 g/mol, at least about 400 g/mol,
at least about S00 g/mol, at least about 600 g/mol, at teast about 700 g/mol, at least about 800
¢/mol, or at feast about 900 g/mol, or at least about 1,000 g/mol. Combinations of the above
ranges {e.2., at least about 200 g/mol and not more than about 500 g/mol) are also possible. In
certain embodiments, the small molecule is a therapeutically active agent such as a drug {e.g.,
a molecule approved by the US. Food and Drug Administration as provided 1o the Code of
Federal Regulations (C.F R}

{36691 The term “catalysis,” “catalyze,” or “catalytic” refers to the increase inrate of a

chemical reaction due to the participation of a substance called a “catalyst.” In certain
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embodiments, the amount and nature of a catalyst remains essentially unchanged during a
reaction. In certain embodiments, a catalyst 15 regenerated, or the nature of a catalyst is
essentially restored after a reaction. A catalyst may participate in multiple chemical
transformations. The effect of a catalvst may vary due to the presence of other substances
koown as inhibitors or poisons {which reduce the catalytic activity) or promoters (which
increase the activity). Catalyzed reactions have lower activation energy {rate-limiting free
energy of activation) than the corresponding uncatalyzed reaction, resulting in a higher
reaction rate at the same temperature. Catalysts may affect the reaction environment
favorably, bind to the reagents to polarize bonds, form specific wutermediates that are not
typically produced by a uncatalyzed reaction, or cause dissociation of reagents to reactive
forms.

{00701 The term “solvent” refers to a substance that dissolves one or more solutes, resulting
in a solution. A solvent may serve as a medium for any reaction or transformation described
herein. The solvent may dissolve one or more reactants or reagents in a reaction mixture. The
solvent may facilitate the mixing of one or more reagents or reactants in a reaction mixture.
The solvent may also serve to tncrease or decrease the rate of a reaction relative to the
reaction in a different solvent. Solvents can be polar or non-polar, protic or aprotic. Common
organic solvents useful in the methods described herein include, but are not himitted to,
acetone, acetonitrile, benzene, benzonitrile, 1-butanol, 2-butanone, butyl acetate, fert-butyl
methyl ether, carbon disulfide carbon tetrachlonde, chlorobenzene, 1-chlorobutane,
chloroform, cyclohexane, cyclopentane, 1,2-dichlorobenzene, 1,2-dichiorcethane,
dichloromethane (DCM), M A-dimethylacetamide N N-dimethylformannde (DME), 13-
dimethyi-3.4,5,6-tetrahydro-2-pyrimidinons (DMPU), 1,4-dioxane, 1,3-dioxane, diethylether,
2-ethoxyethyl ether, ethyl acetate, ethyl alcohol, ethylene glycol, dimethyl ether, heptane, #-
hexane, hexaves, hexamethylphosphoramide (HMPA), 2Z-methoxyethanol, 2~-methoxyethyl
acetate, methyl alcohol, 2-methylbutane, 4-methyl-2-pentanone, 2-methyl-1-propanol, 2-
methyi-2-propanol, 1-methyl-2-pyrrolidinone, dimethylsuifoxide (IDMSQO), nitromethane, 1-
octanol, pentane, 3-pentanone, I-propanol, 2-propanol, pyridine, tetrachioroethylene,
tetrahyrdofuran {(THEF), 2-methyltetrahydrofuran, toluene, trichlorobenzene, 1,1,2-
trichlorotrifluorocthane, 2,2 4-trimethylpentane, trimethvlamine, triethylamine, ¥ N-

dissopropylethylamine, dusopropylamine, water, o-xylene, and p-xylene.
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BriEy DESCRIPTION OF THE DRAWINGS
{00671} The accompanying drawings, which constitute a part of this specification, illustrate
several embodiments of the invention and together with the description, serve to explain the
principles of the invention.
{0072} figure [ shows a ketone coupling used for model studies.
{0073} Figure 2 shows representative bidentate- and tridentate-ligands, and (Mestpy Ni'l-
and py-(Me)mid Ni'"Clh-catalysts.
10874] Figure 3 shows a proposed catalytic cycle of Ni*
10075] Ligre 4 shows a proposed catalytic cycle of Nifl
{8076] Figure 5 shows a proposed role of CpaZr'VCl.
{30771 Figure & shows a use of the new ketone coupling in the synthesis of halichoudnn

analogs.

PETAILED DESCRIPTION OF CERTAIN EMBODIMENTS
{0078 Provided herein are Ni/Zr-mediated coupling reactions usetul in the preparation of
ketone-containing compounds. As described herein, a feature of the present disclosure 15 the
use of a nickel(1} catalyst in tandem with a nickel{1I} catalyst in the Ni/Zr-mediated coupling
reactions. Without wishing to be bound by a particular theory, the nickel{I} catalyst
selectively activates the electrophilic coupling partuer (e, the compound of Formuia (A)),
and the nickel(Il) catalyst selectively activates the nucleophilic coupling partner (ie., a
thioester of Formnida (B)). In certain emboduments, this dual catalyst system leads to
improved coupling efficiency and eliminates the need for a large excess of one of the
coupling partners (i.e., a cornpound of Formula (A) or {B)). The Nv/Zr-mediated coupling
reactions provided herein are therefore particularly usefis for reactions involving complex
coupling partoers, e.g., in the synthesis of complex natural products such as halichondrins
and analogs thereof.
{3079} Therefore, also provided herein are methods for the preparation of halichondrins {e.g.,
halichondrin A, B, C; homohalichondrin A, B, C; norhalichondrin A, B, ) and analogs
thereof. For example, in certain embodiments, methods provided herein are usetul in the
synthesis of compounds described in, e.g., International Publication Nos. WO 2019/010363,
published January 10, 2019, WO 2018/18733 1, published October 11, 2018, and WO
2019/099646, published May 23, 2019; the entire contents of each of which 15 incorporated

herein by reference.
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{0080} The present disclosure also provides compounds (7.e., intermediates} useful in the
methods provided herein. In certatn embodiments, the compounds provided herein are useful
as synthetic intermediates en route to halichondring and analogs thereof. All compounds
described herein are included as emodiments of the invention. Furthermore, the present
disclosure provides reagents and catalysts useful in the methods described herein. All
reagents and catalysts described herein are included as embodiments of the invention.

{3081} The present disclosure also provides reaction mixtures comprising one or more
compounds, reagents, catalysts, and/or solvents described herein. All reaction mixtures
described herein are included as embodiments of the invention. The present disclosure also

provides kits comprising one or more reagents, catalysts, and/or compounds described herein.

Ni/é&r-Medinted Coupling Reactions

{0082} Tu one aspect, provided herein are nickel/zirconium-mediated coupling reactions
{"Ni/Zr-mediated coupling reactions”) involving coupling of a thivester and an alkyl halide
{e.g., alkyl 10dide, alkyl bromide, alkyl chloride, efc.} or alkyl-leaving group {e.g., atkyl
sulfonate) {Scheme {4},

{0083} The coupling reactions may be intermolecular or intramolecular (.., in Scheme (4,
R* and R® are optionally joined by a linker). In certain embodiments, the compound of
Formuia (A} is a primary or secondary alkyl halide (X' = halogen), and the compound of

Formula (B) is an alkyl thicester (R® = optionally substituted alkyl}, as shown in Scheme /8.

Scheme 14

Nigh @ pgia)

1 O zirconium G
. X + Jl\ o
A ®
R RIS TR coupling RAT VR
) & &

Scheme IR

wdie) and wion

O zirconium
RA'] IX" + N RB»] 2o RA 1
\F ‘ REg” K CoUping 2
QA2 RB2 wE2 QA” B2 R
(A—'i) (B—’i) (C-“i)
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{0084] As represented in Scheme 14, provided herein are methods for preparing a compound
of Formula (C):
Q
RA“AE\ RB
(G,

or a salt thereof, the methods comprising reacting a compound of Formula (A):

A),
or a salt thereof, with a compound of Formula (B}
o
RSS/L:\RB
{8,
ot a salt thereof, in the presence of a nickel{T) complex, a mickel{Il} complex, and & zirconium
complex; wherein:

R4 is optionally substituted alkyl;

RF i5 optionally substituted alkyl, optionally substituted alkenyl, optionally
substituted alkynyl, optionally substituted aryl, optionally substituted carbocyelyl, optionally
substituted hetercaryl, or optionally substituted heterocyclyl;

optionally wherein R® and R¥ are joined together via a linker, wherein the linker is
selected from the group consisting of optionally substituted alkylene, optionally substituted
heteroalkylene, optionally substituted alkenylene, optionally substituted hetercalkenylene,
optionally substituted alkynylene, optionally substituted heteroalkynylene, optionally
substituted arylene, optionally substituted hetercarylene, optionally substituted
carbocyclylene, optionally substituted heterocyclyiene, optionally substituted acylene, and
contbinations thereof,

X' is halogen or a leaving group; and

R® i3 optionally substituted alkyl, optionally substituted carbocyelyl, optionally
substituted aryl, optionally substituted heterocyelyl, or optionally substituted hetercaryl.
10085} In certain embodiments, R is a small molecule or part of a small molecule. In certain
embodiments, R” is a small molecule or part of a small molecule. Small molecules
encompass complex small molecules, such as natural products, pharmaceutical agents, and

fragments thereof, and intermediates thereto.
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{00861 As generally defined herein, a “linker” is a group comprising optionally substituted
alkyiene, optionally substituted heteroalkylene, optionally substituted alkenylene, optionally
substituted hetercatkenylene, optionally substituted alkynylene, optionally substituted
hetercalkyuylene, optionally substituted arviene, optionally substituted hetercarylene,
optionally substituted carbocyclylene, optionally substituted heterocyclylene, optionally
substituted acylene, optionally substituted heteroatoms, or any combination thereof
{30871 In certain embodiments, the compound of Fornmia (A} is of Formula (A1)
RA1 X']
~
Az
(A-1),
or a salt thereof, the compound of Formula (B} ts of Formula (B-1):
O

i RB1
R
pid B2

{(B-1),

or a salt thereof;, and the compound of Formula (C) 1s of Formula {(C-1}):

or & salt thereof, wherein:

X' is halogen or a leaving group;

R% is optionally substituted alkyl, optionally substituted carbocyelyl, optionaily
substituted arvl, optionally substituted heterocyclyl, or optionally substituted hetercaryl;

ALURM RP and R¥ is independently hydrogen, optionally

each instance of R
substituted alkoyl, optionally substituted alkenyl, optionally substituted alkyayl, optionally
substituted aryl, optionally substituted carbocyclvl, optionally substituted heteroaryl, or
optionally substituted heterocyelyl; optionally wherein R*! and R™ are joined together via a
linker.

10088] In certain embodiments, R 15 a small molecule or part of a small molecule. In certain
embodiments, R®! and R’ are independently small molecules or parts of small molecules.
Small molecules encompass complex small molecules, such as natural products,

pharmaceuntical agents, and fragments thereof, and intermediates thereto.
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{00891 The Ni/Zr-mediated coupling reactions provided herein may be performed in an

wtramolecular fashion to yield cyclic ketones as shown 1 Scheme [0

Scheme 1O

O
S =3
X1 R S //O ; and au RA ! J—[\JR_B 2
RB2 Ni) 2% N S RB2
k | zirconium /; 5
H RA1 RB’} ‘: e ;‘ 3
‘ T . = : :
| ; intramolecular ) ;
" coupiing

{00981 As shown in Scheme I(, provided herein are methods for preparing a compound of

Formula (C-2);

Treeert (an)*

e (ABY),
or a salt thereof, in the presence of a nickel(I} complex, a nickel(I) complex, and a zirconium
complex; wherein:

R and R are optionally substituted alkyl, optionally substituted alkeny!, optionally
substituted alkynyl, optionally substituted aryl, optionally substituted carbocyelyl, optionally
substituted hetercaryl, or optionally substituted heterocyclyl;

X' is halogen or a leaving group;

R* is optionally substituted alkyl, optionally substituted carboeyelyl, optionaily
substituted arvl, optionally substituted heterocyclyl, or optionally substituted hetercaryl; and

N [
t i

.- represents g linker,
{00911 As described herein, a feature of the present disclosure is the use of a nickel{I) catalyst
in conjunction with a nickel(Il) catalyst. Without wishing to be bound by any particular

theory, the nickel() catalyst selectively activates the compound of Formula (A} and the
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nickel{1l} catalyst selectively activates the compound of Formula (B). In certain

the need for an excess of one of the coupling partners (7.¢., a compound of Formula (&) or
{(B)). This improvement can be important for reactions wovolving coupling partners that are
structurally complex, expensive, and/or difficult to access {e.g., in the synthesis of
halichondring and analogs thereof).

{30921 In certain embodiments, in a Ni/Zr-mediated coupling described herein, the compound
of Formula (A} is present in a range trom about 1 equivalent to about 1.3 equivalents with
respect 1o the compound of Formula (B). In certain embodiments, the compound of Formula
{Ayispresentin about 1, 105, 1.1, 115, 1.2, 125, or 1.3 equivalents with respect to the
compound of Formula (B). In certain embodiments, the coropound of Formula (A) and the
compound of Formula (B) are present in approximately 1.1 molar ratio.

{0093 In certain embodiments, the corpound of Formula (O} 15 1solated in 80% yield or
greater when any of the aforementioned ratios of coupling partners is used. In certain
embodiments, the compound of Formula (C) 1s 1solated in approximately 85% vield or
greater. In certain embodiments, the compound of Formula (C) 15 1solated 10 approximately
90% vyield or greater. In certain embodiments, the compound of Formula (C) is isolated in
approxtmately 95% vield or greater. In certain embodiments, the compound of Formula (C)
is isolated 1n approximately 98% yield or greater.

{3094} As described herein, the Nv/Zr-mediated coupling reactions are carried out in the
presence of a nickel(1} complex, a nickel{1l} complex, and a zircontum complex. The
nickel{1) and muckel{IT} complexes {e.g., vickel salt, nickel complex, nickel catalyst, or nickel
pre~catalyst) may be any known or available complexes in the art.

{0095] In certain embodiments, the nickel(l) complex 13 of the formula; NiXe{ligand);
wherein X 13 halogen. In certain embodiments, “ligand” is a tridentate ligand o certain

embodiments, the ligand is a tripyridyl ligand. In certain embodiments, the nickel(I) complex

o

i ; 5 RC
\:ﬁN“waw"}x R

is of the formula:

wherein;
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X is a halogen;

each instance of p 1s wdependently § or an integer from 1-4, wnclusive;

each instance of R" is independently hydrogen, halogen, —~CIN, ~NQOg, ~Ns, optionally
substituted alioyl, optionally substituted alkenyl, optionally substituted alkyayl, optionally
substituted aryl, optionally substituted hetercaryi, optionally substituted carbocyclyl,
optionally substituted heterocyelyl, optionally substituted acyl, -N{R™}2, ~ORY, or SR>

each instance of RN is independently hydrogen, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkynvl, optionally substituted aryl, optionally
substituted heteroaryl, optionally substituted carbocyelyl, optionally substituted heterocyceivl,
optionally substituted acyl, or a nitrogen protecting group; or two RN bonded to the same
nitrogen atom are taken together with the intervening ators to form optionally substituted
heterocyclyt or optionally substituted heteroaryl;

each instance of R is independently hydrogen, optionally substituted alkyl,
optionally substituted alkenyi, optionally substituted alkynyl, optionally substituted aryl,
optionally substituted heteroaryl, optionally substituted carboceyelyl, optionally substituted
heterocyciyl, opticnally substituted acyl, or an oxygen protecting group; and

each instance of R is independently hydrogen, optionally substituted alkyl,
optionally substituted allenyi, optionally substituted alloyayl, optionally substituted arvi,
optionally substituted heteroaryl, optionally substituted carboceyelyl, optionally substituted

heterocyciyl, optionally substituted acyi, or a sulfur protecting group.

{00961 In certain embodiments, the nickel{1} complex is of the formula;

Me

F(Mentpye NI
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{6098} In certain embodiments, the nickel{I} complex is of one of the following formulae:

{0099} In certain embodiments, the nickel(I) complex is used after being formed by

complexation of a nicke] source and the “ligand” 0 solution. In certain embodiments, the
nickel source is of the formula: NiXs; wherein X is halogen. In certain embodiments, the
nickel source 15 NiBr, Nily, or NiCly. In certain embodiments, the nickel source 18 Nilz. In
certain embodiments, the “ligand” 1s of the following tormula:

iRc)p

C
(R Yo (R )p
\/j , or g salt thereof.

{00106} In certain embodiments, the “ligand” is of the formula:

{00101} For example, in certain embodiments, the “ligand” is of the formula:
Me

v
Me I i Me

R N SN
| i
2N =
[(Mexipyl, or a salt thereof.

{36102} In certain embodiments, the “ligand” 15 of one of the following formulae:
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{00103} In certain embodiments, the “ligand” is one of the following tridentate ligands:

73 L 8
S e, \

: N N ) £ v‘j\ & PN
CLl Lo Py v 0 Y T

H ¥ § :

ARy N L S § BN Nod
SOl Y Y NTTRE Nl Hmed’ N Nd

BPY 1?" H

oy A =
Mehipr R« M R¥a M

{00104} In certain embodiments, the ligand 1s a bidentate ligand. In certain embodiments, the
“ligand” is one of the following bidentate ligands:

=By =Bu

H 3‘7222222\
¢
2 = PR 3,,““’,
[ ) [’y 7 RN
NV : S ‘_33 4 !.-‘
N N (\«W p
sitbbpy st ® o= Mg
= R
(R s RN
/m
/j (R
{00105} In certain embodiments, the “ligand” is of the formula . For
Re

N

Wl

100186] In certain embodiments, the nuckel(D) complex 1s present in a catalytic amount. In

Hpy-

example, in certain embodiments, the “ligand” s of the formula:

(Me)nmid}i

certain embodiments, the nickel(I) complex s present at approximately 0.001-0.1 mol%, 0.1~
I mol%, 1-5 moi%, 5-10 mol%, 1-10 mol%, 5-20 mol®s, 10-20 mol%, 20-30 mol%, 20-40
moi%, 30-40 mol%, 40-30 mol%, 50-60 mol%, 60-70 moi%, 70-80 mol®s, or 80-90 mol®
with respect to a compound of Formula (A} and/or {(B) in the reaction mixture. In certain
embodiments, the nickel{1} complex is present in from about 0.1-10 mol% with respect to the
compound of Formula (A) and/or the compound of Formula (B). In certain embodiments, the
rickel(1) complex 1s present in about 1 mol% with respect to the compound of Formula (A)
and/or the compound of Formula (B). In certain embodiments, the nickel{I} complex is
present tn from about 1-30 mol%s the corpound of Formula (A) and/or the compound of
Formuia (B). In certain embodiments, the nickel(I) complex is present in about 20 mol% with

respect to the compound of Formula (A) and/or the compound of Formula (B). In certain
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embodiments, the nickel{1} complex is present in a stoichiometric or excess amount relative
to a compound of Formula (&) and/or (B) in the reaction rorxture. To certain embodiments,
approximately 1 equivalent of nickel({} complex is present (i.¢., stoichiometric). In other
embodiments, greater than 1 equivalent of nickel{I) complex is present (i.e., excess).

{0G107] In certain embodiments, the nickel{l) complex is present in a catalytic amount. In
certain embodiments, the nickel(T) complex 1s present at approximately 0.001-0.1 mol%, 0.1-
I mol%, 1-5 mol%, 5-10 mol%, 1-10 mol%s, 5-20 mol®, 10-20 mol®, 20-30 moi®e, 20-40
mol%s, 30-40 moi%, 40-50 mol%s, 50-60 mol%, 60-70 mai%, 70-80 mol%, or 80-90 mol%e
with respect to a compound of Formula (A) 11 the reaction rowxture. In certain embodiments,
the nickel(I} complex is present in from about 0.1-10 mol% with respect to the compound of
Formula (A). In certain embodiments, the nickel{I} complex s present 1n about 1 mol®s with
respect to the compound of Formuia (A}, In certain embodiments, the nickel(l) complex is
present in from about 1-30 mol®s the corupound of Formula (A). In certain embodiments, the
nickel{1y complex is present in about 20 mol% with respect to the compound of Formula (A).
i certain emnbodiments, the nickel(l} complex 15 present in a stoichiometric or excess amount
relative 10 a compound of Formula (A} in the reaction mixture. In certain embodiments,
approximately 1 equivalent of nickel(I} coraplex is present (i.¢., stoichiometric). In other
embodiments, greater than 1 equivalent of nickel{I} complex is present (i.e., excess}.

{00108} In certain embodiments, the nickel{I) complex 1s of the formula: NidGe(ligand),
wherein X is halogen. In certain embodiments, “ligand” 15 a bidentate ligand. In certain

embodiments, the nickel{ ) complex is of the formula:

R%p RN
N
Q}—Q AR
By JN"‘J
“*Nr’
X’ X

wherein:

each instance of X is a halogen;

p is O or an integer from 1-4, inclusive;

sis 0, 1, or 2;

each instance of R® is independently hvdrogen, halogen, ~CN, ~N(h, Nz, optionally
substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl, optionally
substituted arvl, optionally substituted heteroaryl, optionally substituted carbocyelyl,

optionally substituted heterocyclyl, optionally substituted acyl, -NEY),, ~ORY, or -8R
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each instance of R° is independently hvdrogen, halogen, ~CN, ~NO», ~Ns, optionally
substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl, optionally
substituted arvl, optionally substituted hetercaryl, optionally substituted carbocyclyl,
optionally substituted heterocyclyl, optionally substituted acyl, —-N{RN),, —~ORP, or —8R5L

each instance of R™is independently hydrogen, optionally substituted allyl, optionally
substituted alkenvl, optionally substituted alkynyl, optionally substituted aryl, optionally
substituted beteroaryl, optionally substituted carbocyclvl, optionally substituted heterocyclvl,
optionally substituted acyl, or a nitrogen protecting group; or two RY bonded to the same
nitrogen atom are taken together with the wtervening atoms to form optionally substituted
heterocyelyl or optionally substituted heteroaryl;

each instance of RY is independently hydrogen, optionally substituted alkyl,
optionally substituted alkenyl, optionally substituted alkynvl, optionally substituted arvi,
optionally substituted heteroaryl, optionally substituted carbocycelyl, optionally substituted
heterocyelvl, optionally substituted acyl, or an oxygen protecting group; and

each instance of R™ is independently hydrogen, optionally substituted alkyl,
optionally substituted alkenyi, optionally substituted alkynvl, optionally substituted arvl,
optionally substituted heteroaryl, optionally substituted carboceyclvl, optionally substituted
heterocyelvl, optionally substituted acyl, or a sulfur protecting group.

{00109} For example, in certain embodiments, the rmickel(Il} complex 18 of the formula:

Me
- N
Was
»

o M ol
Hoy-(Me)imid s Ni"Ch1.

{38118] In certain embodiments, the nickel(I} complex is of one of the following formulae:
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{00112} In certatn embodiments, the nickel{It) complex is used after being formed by

complexation of a nickel source and the “ligand” 1n solution. In certain embodiments, the
nickel source is of the formula: NiXy, wherein X is halogen. In certain embodiments, the
nickel source 15 NiBrz, Nibz, or NiCly. In certain embodiments, the nickel source 1s NiCh. In

(R%p RN

N Ne
Q}—g :ijm(R“)s
N v

Me
N

oo

{00113} In certain embodiments, the “ligand” 18 a tridentate higand. In certain embodiments,

certain embodiments, the “higand” 15 of the formula: or example, in

certain embodiments, the “ligand” is of the formula: [{py-(Mennudj].
the “ligand” is a tripyridyl ligand. In certain embodiments, the “ligand” is of the following
formula;

(R)p
Y,
e N | Ry
<Rc>p~—i~\&,\, rj\{;-"m“)p

, oF a salt thereof.

{00114} In certain embodiments, the “ligand” is of the formula:

s I .
RO i SN I\P :j, RC
~N 1
- o , of a sait thereof,
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{00115} For example, in certain embodiments, the “ligand” is of the formula:

Me
a4
Me N \N X Me
' ..f‘N Y\l P

F{(Meltpyl, or a salt thereof.

{00116} In certain embodiments, the “ligand” is one of the following tndentate higands:

{36118} In certain embodiments, the “ligand” 15 one of the following bidentate higands:

ev?&s e atH
N FE
i .-"
[ j ”““ ﬁ 'AY \s
"\’a,’ w*‘“““ N, “‘“‘\\ “““&\ e 5
A N Y
cHbby py-{Mapmid R« Me

N
R Fen

o Prsd

{36119] In certain embodiments, the nickel(I} complex is present in a catalytic amount. Ip
certain embodiments, the nickel{IT} complex 1s present at approximately 0.001-0.1 mol%s,

0 1-1 mol®e, 1-5 mol%e, 5-10 molSe, 1-10 mol®e, 5-20 moi%, 10-20 mol%, 20-30 mol%, 20-
40 mol®s, 30-40 mol%, 40-50 maol®, 58-60 mol%, 60-70 mol®s, 70-80 mol®s, or 80-80 mol%
with respect to a compound of Formula {A) and/or (B} in the reaction mixture. T certain
embodiments, the nickel(I) complex is present at from about 0.1-10 mol% with respect to the
compound of Formula (A) and/or the compound of Forroula (B) In certain embodiments, the

sickel{1l} complex is present at about 1 mol% with respect to the compound of Formula (A}

and/or the compound of Formula (B). In certain embodiments, the mckel{IT) complex is
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present at from about 1-20 mol% with respect to the compound of Formula {(A) and/or the
compound of Formula (B) In certain embodiments, the nickel(I) coraplex is present at about
5 moi% with respect to the compound of Formula (A} and/or the compound of Formula (B},
In certain embodiments, the mckel(H) complex 1s present in a stoichiometric or excess
amount relative to a compound of Formula (A} and/or (B} in the reaction mixture. In certain
embodiments, approximately 1 equivalent of nickel(IT) complex is present (i.e.,
stoichiometric). In other embodiments, greater than 1 equivalent of nickel{ll} complex is
present (Lo, excess),

I00128] In certain embodiments, the nuckel(I) complex is present in a catalviic amount. In
certain embodiments, the nickel(Tl) complex is present at approximately 0.001-0.1 mol%,
0.1-1 mol%, 1-5 mol%, 5-10 mol%, 1-10 mol%, 5-20 moi®s, 10-20 mol®s, 20-30 mol®s, 20-
40 mol%, 30-40 moi®e, 40-50 mol%, 50-060 mol%s, 60-70 mol%:, 70-80 moi%, or 80-90 mol%s
with respect to a compound of Formula (B) in the reaction nuxiure. In certain embodiments,
the nickel(1} complex is present at from about 0.1-10 mol% with respect to the compound of
Formula (B). In certain embodiments, the nickel(Il) complex is present at about 1 mol% with
respect to the compound of Formula (B). In certain embodiments, the nickel{1I} complex is
present at from about 1-20 mol% with respect to the compound of Formula (B). In certain
embodiments, the nickel{ ) complex is present at about 5 mol% with respect o the
compound of Formula (B). In certain embodiments, the nickel(l} complex 15 presentin a
stoichiometric or excess amouut refative to a compound of Formula (B} in the reaction
mixture. In certain embodiments, approximately 1 equivalent of nickel{ll} complex is present
{1.e., stoichiometric). In other erabodiments, greater than 1 equivalent of nickel{Il) complex is
present (i.e., excess).

{30121} As described above, the Ni/Zr-mediated coupling reactions are carried out in the
presence of a zircontum complex. In certain embodiments, the zirconium complex is a
zivcomum{IV) complex. In certain embodiments, the wirconium complex 18 of the formula
{igand}drXy, wherein n is the number of ligands {e.g, 0, 1, 2, 3, 4}, and X is halogen {e.g,
Ci, Br, §, or F). In certain embodiments, i is 2; and each ligand 1s independently optionally
substituted cyclopentadienyl. In certain embodiments, n 15 2; and each ligand 13
cyvelopentadienyl. In certain embodiments, each X is chlorine.

I00122] In certain embodiments, the zircomum complex 18 CpafirXa. In certain ewbodiments,
the zirconium complex is CprCh.

{06123] In certain embodiments, the zirconium complex is

Bis{cyclopentadienyljzirconium{IV} dichloride {Cp22rCly),
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Bis{cyclopentadienyl)dimethylzirconium{IV), Bis{cyciopentadienyljzircontum{IV}) chioride
hydride, Bisthutyleyclopentadienylyzivconium{1V}) dichloride,
Dimethylbis{pentamethylcyclopentadienyDzirconium(iV),
Bis{methvleyclopentadienyDzirconiom(IV) dichloride, Dichlorofrac-
ethyienebis(indenylzirconium{(IV), Bis{cyclopentadienylzircontum{IV} dibydride, or
Dichlorofrac-ethylenebis{4,5,6,7-tetrahydro-1-indenylyjzircomum{IV}.

{36124] In certain embodiments, the zirconium complex is present in a catalytic amount. In
certain embodiments, the zirconium complex is present in between 0.001-0.1 mol%%, 0.1-1
mol¥%, 1-5 mol%, 5-10 mol%, 1-10 mol%, 5-20 mol%, 18-20 mol®s, 20-30 mol%, 30-40
mol%, 40-50 moi%, 50-60 mol%, 60-70 mol®s, 70-80 mols, or 80-90 mol%s with respect to
a compound of Formula (A) or (B) in the reaction mixture. In certain embodiments, the
zirconium complex is present in a stoichiometric or excess amount relative to a compound of
Formula (A) or (B) 1o the reaction mixture. fu certain embodiments, approxiately 1
equivalent of zirconium complex s present (7.e., stoichiometric). In other embodiments,
greater than 1 equivalent of zircontum complex s present {(i.e., excess). In certain
embodiments, the zirconium complex is present in about T to about 5 equivalents with respect
to the compound of Formula (A) or the compound of Formula (B). In certain embodiments,
the zirconium complex s present in about 0.1, 0.2, 03,04, 05, 06,07, 08,09, 1.0, 1.1,
V2,03, 14 15 2 25 3, 35,4,4.5, or S equivalents with respect to the compound of
Formula (A} or the compound of Formuia (B). I certain embodiments, the zirconium
complex is present in about 1 equivalent with respect to the compound of Formula (A} or the
compound of Formula (B).

{00125} In certain embodiments, a Ni/Zr-mediated coupling reaction provided herein is
performed in the presence of one or more additional reagents or catalysts, such as a reducing
metal. Any reducing metal can be used 1 the coupling described herein. In certatn
embodiments, the reducing metal is zinc or manganese. The zine or manganese may be
present in a catalytic, stoichiometric, or excess amount. In certain embodiments, the zinc or
manganese 18 present in excess {i.e., greater than 1 equivalent) with respect to a compound of
Formula (A} or Formula (B). In certain embodiments, between 1 and 10 equivalents of zinc
or manganese 15 used. In certain embodiments, approximately 1.0, 15,2, 2.5 3,35, 4,45, 5,
55,6,65,7,7.5,8,85,9 95 or 10 equivalents of zine or manganese 1s present. In certain
embodiments, approximately 6 equivalents of zinc or manganese is used. In certain

embodiments, approximately 3 equivalents of zine or manganese 1s used.

46



WO 2022/019921 PCT/US2020/043501

{00126} In certain embodiments, the reducing metal is zinc. In certain embodiments, the
reducing metal 1 manganese. In certain embodiments, zine metal 1s used (7.e., zinc(0}). In
certain embodiments, manganese metal is used (7.e., manganese(0}). In certain embodiments,
the reaction 1s carried out in the presence of zine powder, zine foil, zinc beads, or any other
form of zinc metal. In certain embodiments, a zinc salt is empioyed such as zing acetate, zinc
sulfate, zine chlornide, zine bromide, zing iodide, zine fluoride, zine sulfide, or zine phosphate.
{38127} In certain embodiments, the coupling reaction ts carried out in the presence of one or
more reagents which help activate zinc metal in the reaction {e.g., by clearing the surface of
zine oxade). In certain embodiments, the reaction is carried out in the presence of a
trialkvlsiiyl halide {e. g, triethylsilyl chloride (TESCH)). This reagent may be presentin a
catalvtic, stoichiometric, or excess amount with respect to a compound of Formula (A) or
Formula (B} In certain embodiments, approximately 1.5,2,2.5,3,3.5,4,45,5,55,6, 7,8,
9, or 10 equivalents of this reagent is present with respect to a compound of Formula (A) or
Formuia (B). In certain embodiments, approximately 1.5 equivalents of this reagent is present
with respect to a compound of Formula {(A) or Formula (B).

{30128} In certain embodiments, the Ni/Zr-mediated coupling is carried out in the presence
of one or more additional reagents (7.e., in addition to nickel, zirconium, and zing; or in
addition to nickel, zirconium, and manganese}.

{00129} In certain embodiments, the Ni/Zr-mediated coupling reaction is carried out in the
presence of a base or proton scavenger. In certain embodiments, the base s a pyridine base.
In certain embodiments, the base 1s 2,6-di~fert-butyl pyridine. In certain embodiments, the
base is 2,6-lutidine. In certain embodiments, the base 18 2,6-di~feri-butyl-d-methylpyadine. In
certain embodiments, the base is used in a stoichiometric or excess amount with respect o a
compound of Formula (A) or Formula (B). In certain embodiments, approximately 1
equivalent to 10 equivalents of the base or proton scavenger is employed with respect to a
compound of Formula (A) or Formula (B). In certain erobodiroents, approximately 1.0, 1.5, 2,
2.5,3,35,4,45,5,55,6,7, 8, 9, or 10 equivalents of the base or proton scavenger is
present with respect to a compound of Formula (A) or Formula (B). In certain embodiments,
approximately 2.5 equivalents of the base or proton scavenger is employed with respectio a
compound of Formula (A} or Formula (B).

I00138] In certain embodiments, the Nv/Zr-mediated coupling described herein s carried out
in a solvent. Any solvent may be used, and the scope of the method is not limited to any
particular solvent or mixture of solvents. The solvent roay be polar or non-polar, protic or

aprotic, or a combination of solvents {e.g., co-solvents). Examples of useful organic solvents
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are provided herein. In certain embodiments, the solvent comprises N V-dimethylacetamide
{(DMA)} In certain embodiments, the solvent comprises 1, 2-dimethoxyethane (DME). In
certain embodiments, the solvent is a BMA/DME mixture (e.g, 1:1}.

{00131} In certain embodiments, the solvent comprises 1,3-dimethyl-2-imidazolidinone
(DM} In certain ewbodiments, the coupling reaction is carried out in a DMVtetrahydrofuran
{THF) mixture. In certain emnbodiments, the coupling reaction 1s carried out in a DMVethyl
acetate {Et0Ac) mixture,

{00132] In certain embodiments, the coupling reaction is carried out in a DMUDME mixture
{e.g., 11}, In certain embodiments, the coupling reaction is carried out in approximately 1.1
DMI/DME.

{30133] The Ni/Zr-mediated coupling reactions described herein may be carried out at any
concentration in solvent. Concentration refers to the molar concentration (mol/L) of a
coupling parttoers {e.g., compounds of Formula (A) or (B)) in a solvent. In certain
embodiments, the concentration is approximately 0.05, 0.1, 02,03, 064,05,06,07, 08 or
0.9 M. In certain embodiments, the concentration is about 0.2 M. In certain embodiments, the
concentration is approximately 0.5 M. In certain embodiments, the concentration is greater
than I M. In certain embodiments, the concentration is less than 0.1 M.

{00134} The Nv/Zr-mediated coupling reactions described herein can be camied out at any
temperature. In certain embodiments, the reaction is carried out at arocund room temperature
{(i.e., between 18 and 24 °C). In certain embodiments, the reaction is carried out below room
temperature {e.g., between 0 °C and room temperature). In certain embodiments, the reaction
is carried out at above room temperature {e.g., between room terperature and 100 °CY In
certain embodiments, the reaction is carried out at a temperature ranging from approximately
room temperature to approximately 100 °C. In certain embodiments, the reaction 18 carried
out at a temperature ranging from approximately room temperature to approximately 50 °C.
{30135] In certain embodiments, the reaction 1s carried out in the presence of a nickel(T)
complex, a nickel(Il) complex, a zirconium complex, and a reducing metal.

{00136] In certain embodiments, the reaction is carried out in the presence of a nickel (I}
complex of the formula: NiXe{ligand); a nickel (1I} complex of the formula: NiXse{ligand); a
zirconium complex of the formula: (ligand}ZrXs; and zinc or manganese metal.

I00137] In certain embodiments, the reaction s carried out 1n the presence of the nickel (I
complex: (MeytpyeNi'l; the nickel(il} complex: {py-{Me)imidjeNi"Cly; the zirconium

complex: Cp22rCly; and zine or manganese metal,
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{00138] In certain embodiments, the reaction is carried cut in the presence of the nickel (I}
complex: (MehtpysNi'L the nickel() complex: (py-(Me)imid)eNi'Cly; the zirconium
complex: CpaZrCl; and zine metal,

{00139] In certain embodiments, the reaction is carried cut in the presence of approximately
1 mol% the nickel (1) complex: (MentpysNi'l; approximately 1 rool% of the nickel¢Il)
complex: (py-(MelmidjeNi®Cly, approximately 1 equivalent of the zirconium complex:
CpafrCly; and approximately 3 equivalents of zine metal. In certain embodiments, the
reaction is carried out in a mixture of DMA/DME. In certain embodiments, the reaction is
carried out at around room temperature,

{001408] In certain embodiments, the reaction is carried cut in the presence of approximately
1 mol% the nickel (1) complex: (MentpysNi'l; approximately 1 mol% of the nickel¢Il)
complex: (py-(MelmidjeNi®Cly, approximately 1 equivalent of the zirconium complex:
CpZrCly; and approximately 3 equivalents of zine metal, in a nmuxture of DMA/DME {(e.g.,
1 DMA/DBME; 0.5 M at around room temperature.

{00141] In certain embodiments, the reaction 18 carried out in the presence of a nickel(D)
complex, a nickel{1l} complex, a zirconium complex, a reducing metal, and a base or proton
scavenger.

{36142] In certain embodiments, the reaction is carried out in the presence of a nickel (1)
complex of the formula: NiXe(ligand}; a nickel (II} complex of the formula: NiXoe{ligand); a
zirconium complex of the formula: (ligandhZrXs; zine or manganese metal; and a base or
profon scavenger.

{00143} In certain embodiments, the reaction is carried out in the presence of the nickel {I)
complex: (Me)tpyeNi'l the nickel{fl} complex: (py-{Me)imid)eNi"'Cls; the zirconium
complex: Cprdr(Cl; zine or manganese metal; and a base or proton scavenger.

{30144} In certain embodiments, the reaction is carried out in the presence of the nickel {I)
complex: (Me)tpyeNi'l the nickel{fl} complex: (py-{Me)imid)eNi"'Cls; the zirconium
complex: Cppdr(Cly; zine metal; and 2 6-di~reri-butyl-4-methylpyridine.

{00145] In certain embodiments, the reaction is carried out in the presence of approximately
20 mot%s the nickel (1) complex: (Me)stpysNi'L, approximately 5 mol% of the nickel(ID)
complex: {py-{Me)imidy»Ni"Cls; approximately 1 equivalent of the zirconium complex:
CprZiCly; approximately 6 equivalents of zine roetal; and approximately 2.5 equivalents of

2,6-di~tert-butyi-d-methylpyridine. In certain embodiments, the reaction is carried outin a
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mixture of DMA/DME. In certain emboduments, the reaction is carried out at arcund room
tempersature,

{00146] In certain embodiments, the reaction is carried out in the presence of approximately
20 mot¥s the nickel (1) complex: (Me)stpysNi'L, approximately 5 mol% of the nickel(ID)
complex: {py-{Me)imidy»Ni"Cls; approximately 1 equivalent of the zirconium complex:
CprZiCly; approximately 6 equivalents of zine roetal, and approximately 2.5 equivalents of
2,6-di~tert-butyi-d-methylpyridine, in a mixture of DMA/DME (e.g., 1.1 DMA/DME; 0.2 M3

at around room temperature.

Synthesis of Halichondrins and Analogs

{00147] The Ni/Zr-mediated coupling reactions provided herein can be applied to the
synthesis of halichondrins {e.g., halichondrin A, B, C; homohalichondrin A, B, C,
norhalichondrin A, B, ) and analogs thereof. In certain embodiments, methods are useful in
the synthesis of compounds of Formuila (H3-A), such as Compound (1}. In certain
embodiments, the methods comprise the steps of! (1) coupling a “left half” building block
with a “right half” building block via a Ni/Zr-mediated coupling reaction provided herein;
optionally followed by (2) eyclizing the resulting coupling product {e.g., acid-mediated
cyclization); and optionally followed by any necessary synthetic transformations to arrive at a

desired product.

Synthesis of Halichondrins

{30148} The Ni/Zr-mediated coupling reactions provided herein can be applied to the
preparation of halichondrins {e.g., halichondrin A, B, C} and analogs thereof. For example, as
shown i Scheme 24, coupling of a left half of Formula (1-2-14) with a right half of Formula
{R-2-F) via a Ni/Zr-mediated coupling vields a ketone of Formula (H-2-11), cyclization of
which provides a corapound of Formula (H-2-I), which 15 a halichondrin or an analog

thereof, or an intermediate thereto.
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Scheme 24
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{30149} In certain embodiments, the compound of Formula (A} is of Formula (R-2-1}; the
compound of Formula (B) is of Formula (L-2-14); and the compound of Formula {C) is of
the Formula (H-2-11) Accordingly, provided herein is a method of prepaning a compound of

Formula (H-2-11):
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or a salt or sterecisomer thereof, with a compound of Formula (B-2-1}:

RP@"’\«"\Q' "
T ;;_”S

- RS /% A

RS F;8

(R-2-1),

or a salt or sierecisomer thereof, in the presence of a nickel{l) complex, a nickel{IT} complex,
and a zirconium complex, wherein:

R is optionally substituted alkyl, optionally substituted carbocyclyl, optionally
substituted aryl, optionally substituted heterocyclyl, or optionally substituted heteroaryl;

X' is halogen or a leaving group;

RY R? R’ and R are each independently hydrogen, halogen, or optionally substituted
alkyi;

each instance of R* is independently hydrogen, halogen, or opticnally substituted
alkyi, or two R groups are taken together to form: * ;

each instance of R® is independently hydrogen, halogen, or optionally substituted

N

alkyl, or two R® groups are taken together to form: % ; :

RFLRP RY RM™ and R are each independently hydrogen, optionally substituted
alkyl, optionally substituted acyl, or an oxygen protecting group,;

R™ is hydrogen or -OR™, wherein R™ is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen protecting group, and

RY is hydrogen or -ORY® wherein RY" is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen profecting group;

optionally wherein R and RY? are joined together with their intervening atoms to
form optionally substituted heterocyclyl
{001308] In certain embodiments, the step of coupling to provide a compound of Formula (H-
2-Ih is a Ni/Zr-mediated coupling reaction provided herein. Any reagents or conditions

provided herein for the Ni/Zr-mediated coupling may be used in the coupling.
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{00151} Additional methods for converting compounds of Fornula (H-2-11) into compounds
of Formula (H-2-1} {e.2., halichondrins and avalogs thereof) can be found 1o International

Publication No. WO 2019/010363, published January 10, 2019, which is incorporated herein
by reference. For example, in certain embodiments, the rethod described above may further

comprise a step of cyelizing a compound of Formula (H-2-[1 )

RE

\ORPﬁl

R3

ERR
o
A
o]
cund

”\5’\
RPSOy s Q7 e
EER“

e, R’
RE;'R%‘

or a salt or stereotsomer thereof] to vield a compound of Formula (H-2-1):

(H-2-11),

(H-2-1),

or a salt or stereoisomer thereof

Synthesin of Homohalichondrins

{00152} The Ni/Zr-mediated coupling reactions provided herein can be applied to the
preparation of homohalichondrins {(e.g., homohalichoudrin A, B, C), and analogs thereof. For
example, as shown in Scheme 25, coupling of a feft half of Formula (L.-2-16) with a right half

of Formula (R-2-1) via a Ni/Zr-mediated coupling yields a ketone of Formula (HH-2-11),
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cyclization of which provides a compound of Formula (HH-2-1), which isa

homohalichondnn natural product or an analog thereof, or an intermediate thereto,

Scheme 2R
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{00153} In certain embodiments, the compound of Forrmula (A) 15 of Formula (R-2-1); the
compound of Formula (8) 15 of Formula (1-2-16); and the compound of Formula (C) 1s of

the Formula (HH-2-1}. Provided herein is a method of preparing a compound of Formula
(HH-2-11)

(HH-2-TD),
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or a salt or sterecisomer thereof, the method comprising coupling a compound of Formula

(L-2-16):

o

.-,1 O
o_-; o &\J\
...... N 12y Q/R
O/

(L-2-16),
or a salt or stereotsomer thereof, with a compound of Formula (R-2-1};

X . R

(R-2-1),
or g salt or sterecisomer thereof, in the presence of a muckel(d) complex, a nickel{Il) complex,
and a zircontum complex, wherein:

R% is optionally substituted alkyl, optionally substituted carbocyelyl, optionaily
substituted arvl, optionally substituted heterocyclyl, or optionally substituted hetercaryl;

X' is halogen or a leaving group,

R RZ RS and R are each independently hydrogen, halogen, or optionally substituted
alkyl;

each instance of R” is independently hydrogen, halogen, or optionaily substituted

iy

, . 9
alkyl, or two R groups are taken together to form: ®

each instance of R” is independently hydrogen, halogen, or optienally substituted
alkyl, or two R® groups are taken together to form: k) ;
R¥RP R™ and RY™ are each independently hydrogen, optionally substituted alkyl,

optionally substituted acyl, or an oxygen protecting group,
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R¥is hydrogen or ~OR™ wherein R is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen protecting group; and

RY is hydrogen or ~ORY®, wherein RY?is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen protecting group,;

optionally wherein R*® and R are joined together with their intervening atoms to
form optionally substituted heterocyclyl.
{30154} In certain embodiments, the step of coupling to provide a compound of Formula
(HH-2-11) 15 a Ni/Zr-mediated coupling as provided herein. Any reagents or conditions
provided heretn for the Nv/Zr-mediated coupling may be used 1o the coupling.
{00155} Additional methods for converting compounds of Formula (HH-2-H) into
compounds of Formula (HH-2-1) {e.z., homohalichoudrins and analogs thereot) can be found
in International Publication No. W 2019/010363, published January 10, 2019, which is
incorporated herein by reference. For example, in certain erobodimnents, the method described

above may further comprise a step of cyciizing a compound of Formula (HH-2-11):

A TR
IW‘\/ R® }{RY
LT ,‘O RX
Re’és

(HH-2-11),

or a salt or sterepisomer thereof, to yield a compound of Formula (HH-2-):

(HH-2-D),

or a salt or stereotsomer thereof
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Synthesis of Norhalichondrins
{36136} The Ni/Zr-mediated couphing reactions provided herein can be applied to the

preparation of norhalichondrins {e.g., norhalichondrin A, B, €} and analogs thereof. For

example, as shown in Scheme 2C, coupling of a left half of Formula (L-2-18) with a right
half of Formula (R-2-1) via a Ni/Zr-mediated coupling yields a ketone of Formula (NH-2-11),
cyclization of which provides a compound of Formula (NH-2-1), which 15 a norhalichondrin

or an analog thereof, or intermediate thereto.
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{00187} In certain embodiments, the compound of Formula (A} s of Formula (R-2-1); the
compound of Formula (B} s of Formula (L-2-18); and the compound of Formula {(Cyis of

the Formula (NH-2-I1}. Provided herein is a method of preparing a compound of Formula

(NH-2-Ib)
\ORP4
RF"* N ,O
\L Do . R?
Q O’, wa \H/\E
RPE Q7 j\
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,,,:" O RX
:‘j‘ """ /
R® L
(NEE-2-11),

57



WO 2022/019921 PCT/US2020/043501

or a salt or sterecisomer thereof, the method comprising coupling a compound of Formula

(L-2-15):

RZ
ORP*
. H <

RP3O o%[\ ©
‘e, s
[ P AR

»* O/
RTOL0 e

‘ . 22 D
s R~ i,.—' d =)
'ii,, /C}\r_“pgﬂd. RX
RS7E
(R-2-1),

or a salt or sterecisomer thereof, in the presence of a nickel(I) complex, a nickel(Il) complex,
and a zirconium complex, wherein:

R* is optionally substituted alkyl, optionally substituted carbocyelyl, optionaily
substituted aryl, optionally substituted heterocyclyl, or optionally substituted heteroaryl;

X' is halogen or a leaving group,

R' R* R’ and R are each independently hydrogen, halogen, or optionally substituted
alkyl;

each instance of R* is independently hydrogen, halogen, or optionaily substituted
alkyl, or two R* groups are taken together to form: Efﬂ\f :

Y3y = - & : >
each instance of R® is independently hydrogen, halogen, or optionaily substituted

1,

alkyl, or two R® groups are taken together to form: % ;

RY R™ and R™ are each independently hydrogen, optionally substituted alkyl,

optionally substituted acyl, or an oxygen protecting group,
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R’ is hydrogen, optionally substituted alkyl, optionally substituted carbocyelyl,
optionally substituted arvi, optionally substituted heterocyclvi, optionally substituted
heteroaryl, optionally substituted acyl, or an oxygen protecting group;

R™ is hydrogen or —“OR™, wherein R* is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen protecting group, and

RY is hydrogen or -ORY® wherein RY" is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen profecting group;

optionally wherein R** and R Y% are joined together with their intervening atoms to
form optionally substituted heterocyclyl
{00158} In certain embodiments, the step of coupling to provide a compound of Formula
{(NH-2-T1) 13 a Nv/Zr-mediated coupling provided herein. Any reagents or conditions provided
herein for the Ni/Zr-mediated coupling may be used in the coupling.
100158] Addional methods for converting comopounds of Formula (NH-2-1) into
compounds of Formula (NH-2-1) {e.g., norhalichondrins and analogs thereof} can be found in
International Publication No. WO 2019/010363, published January 10, 2019, which is
incorporated herein by reference. For example, 1o certain embodiments, the method described

above may further comprise a step of cyclizing a compound of Formula (NH-2-1):

(NH-2-10),
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or a salt or sterecisomer thereof, to vield a compound of Formula (NH-2-F):

H
H ?/’O L
B8P3 ,o( /1\/1
e O
4% \O/. / H
R70,¢ "R
]~T /'
R\. R6
(NH-2-1),

or a salt or sterectsomer thereof

Synthesis of Additional Halichondrin Analogs

{30160} Methods for the preparation of additional halichondrin analogs are provided herein.
The Ni/fr-mediated coupling reactions provided herein can be applied to the preparation of
additional halichondrin analogs. For example, as shown 1o Scheme 203, coupling of a left halt
of Formula (1-2-6) with a right half of Formula (R-2-1} via a Ni/Zr-mediated coupling yields
a ketone of Formula (H3-2-H), cyclization of which provides a compound of Formula (H3-2~
1} The compound of Formula (H3-2-1) can be subjected to further synthetic transtormation to

yield a desired compound.

Scheme 2D
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{00161} In certain embodiments, the compound of Formula (A) is of Formula (R-2-1); the
compound of Formula (B) 15 of Formula (1~-2-6); and the corapound of Formula (C) 1s of the
Formula (H3-2-1). Provided herein is a method of preparing 2 compound of Formula (H3-2-
T

R?
ORP4

RPO, \ o( 5 o
rro 0T ¥
RN o VY © /
RPSCy O’ g
of*\zi-R4

\w/\Rﬁ /{R"
\A‘f R*

i
i

RG
(H3-2-1),

or a salt or sierecisomer thereof, the method comprising coupling a compound of Formula

(L-2-6}):
R2
ORP4
RFSQ VoY o
, /\§f‘ é\%’\Q’ oy /RS
RPEE s E S
oy O/W
H é';
(L-2-6),

or a salt or stereotsomer thereof, with a compound of Formula (R-2-1});

X‘E H R®
RP""\W\/\"\/ "y I‘/
/I /g;'/&,@

l

,\.......!
RE&

(R-2-T),

RO}

or a salt or sterecisomer thereof, 1y the presence of a nickel(I) complex, a nickel(Il) complex,

and a zirconium complex, wherein:
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R% is optionally substimted alkyl, optionally substituted carbocyelyl, optionally
substituted arvl, optionally substituted heterocyelyl, or optionally substituted heteroaryl;

X' is halogen or a leaving group;

R RZ RS and R are each independently hydrogen, halogen, or optionally substituted
alkyl;

each instance of R is independently hydrogen, halogen, or optionally substituted

A

alkyl, or two R* groups are taken together to form: Y ;

each instance of R® is independently hydrogen, halogen, or optionally substituted

5

alkyl, or two R groups are taken together to form: L ;

R™ R™ and R" are each independently hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen protecting group, optionally wherein two BR™ are
joined with the intervening atoms to form optionally substituted heterocyclyl;

R¥is hydrogen or -OR®® wherein R™ is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen protecting group; and

RY is hydrogen or -OR"®, wherein R"% is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen protecting group,

optionally wherein R™ and R¥" are joined together with their intervening atoms to
form optionally substituted heterocyclyl.
{00162} In certain embodiments, the method comprises coupling a compound of Formula (E-

Ly
é ORP4
/ B 0

H
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or a salt or sterecisomer thereof, with a compound of the formula (E-R}):

X'I

ey L

. o
2
(E-R),

or a salt or sterecisomer thereof, in the presence of a nickel(I) complex, a nickel(Il) complex,

and a zirconium complex, to yield a coropound of the formula (E-1):

RPOO

QP8 .
O\\“

RP5Cy : .
= :
7Y
O 7"&1’
//<
{(E-1),

or a salt or sterecisomer thereof.

{38163} In certain embodiments, the step of coupling to provide a compound of Formula
(H3-2-1), (E-1}, or a salt or steresisomer thereof] is a Ni/Zr-mediated coupling provided
herein. Any reagents or conditions provided herein for the Ni/Zr-ruediated coupling may be
used in the coupling. For example, in certain embodiments, the reaction is carried out in the
presence of a nickel(T complex, a nickel{1T) complex, a zirconiuro complex, a reducing
metal, and a base or proton scavenger.

[00164] In certain embodiments, the reaction is carried out in the presence of a nickel (I}
complex of the formula: NiXe{ligand); a nickel (1I} complex of the formula: NiXse{ligand); a
zirconium complex of the formula: (ligand)ZrXs; zine or manganese metal; and a base or

proton scavenger.
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{00165] In certain embodiments, the reaction is carried cut in the presence of the nickel (I}
complex: (MehtpysNi'L the nickel() complex: (py-(Me)imid)eNi'Cly; the zirconium
complex: Cp2ZsCly; zine or manganese metal; and a base or proton scavenger.

{00166] In certain embodiments, the reaction is carried cut in the presence of the nickel (I}
complex: (MehtpysNi'L the nickel(Il} complex: (py-(MelimidjeNi''Cly; the zirconium
complex: CpZrCl; zinc metal; and 2,6-di~fert-butyi-d-methylpyndine.

{60167] In certain embodiments, the reaction is carried cut in the presence of approximately
20 mol% the nickel (1) complex: (MeitpysNi'l; approximately 5 mol% of the nickel{11)
complex: (py-(MelmidjeNi®Cly, approximately 1 equivalent of the zirconium complex:
CprZrCly; approxamately 6 equavalents of zine metal; and approximately 2.5 equivalents of
2, 6-di-fert-butyl-4-methylpyridine. In certain embodiments, the reaction is carried cutin a
mixture of DMA/DME. In certain embodiments, the reaction is carried out at around room
temperature.

{00168] In certain embodiments, the reaction 1s carried out in the presence of approximately
20 mol% the nickel (1) complex: (MentpysNi'l; approximately 5 mol% of the nickel{1T)
complex: {py-(Me)imid)eNi"Cly; approximately 1 equivalent of the zirconium complex:
Cp2ZrCly; approximately 6 equivalents of zine metal; and approximately 2.5 equivalents of
2,6-di~feri-butyl-4-methylpyridine, in a mixture of DMA/DME (e.g., 111 DMA/DME; 0.2 M)
at around room temperature.

{06169} Additional methods for converting compounds of Formula (H3-2-18) into
compounds of Formula (H3-2-1) can be found 1n International Publication No. W0
2019/010363, published January 10, 2019, which is incorporated herein by reference. For
exaruple, i certain embodiments, the method described above way further comprise a step of

cyclizing a compound of Formula (H3-2-Hi}:

(H3-2-T1),
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or a salt or sterecisomer thereof, to vield a compound of Formula (H3-2-1)

(F3-2-D),

or a salt or sterectsomer thereof

{80176} In certain embodiments, the method is a method of preparing Compound (2}

[ i H
- O = O
- f,.(:)” /:\\;:,’/ = !‘“\?r.r’\,
HO,I ,\\§/O . i O C’ H
[ - TN 0
L~ H H H | Q“H

HO 0”;\ H

Y

ompound {2),
Compound (2},

or a salt or sterecisomer thereof, the method comprising cvelizing a compound of the

formula;

S OH
E,/‘/\\\E. o
H i /4
YL Y
HO" D0
H z

Compound (C),

or a salt or stereoisomer thereof
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General Reaction Paremeters

{36171] The following embodiments apply to all synthetic methods described hevein.

{38172} The reactions provided and described herein may involve one or more reagents. In
certain embodiments, a reagent may be present in a catalytic amount. In certain embodiments,
a catalyiic amount 15 from 0.001-0.1 mol®, .1-1 mol%, 0-5 mol%, 0-10 mol%, 1-5 mol%,
1-10 mol%, 5-10 mol%, 10-20 mol®, 20-30 mol%, 30-40 mol®s, 40-30 mol%, 50-60 mol%s,
60-70 mol%, 70-80 mol%, 80-90 mol%, or 90-99 mol¥%. In certain embodiments, a reagent
may be present in a stoichiometric amount (V.e., about 1 equivalent). In certain embodiments,
a reagent may be present 1n excess arvount {7.e., greater than 1 equivalent) o certain
embodiments, the excess amountisabout 1.1, 1.2, 1.3, 1.4, 1.5,20,25, 30,35, 40,4550
$5,60,65 70,75 80, ,85,90,95, 10, 15, or 20 equivalents. In certain embodiments, the
excess amount 1s from about 1.3-2, 2-3, 3-4, 4.5, 1.1-5, 5-10, 10-15, 15-20, or 10-20
equivalents. In certain embodiments, the excess amount is greater than 20 equivalenis,
{00173} A reaction described herein may be carried out at any temperature. In certain
embodiments, a reaction 18 carried out at or around room temperature (¢t} {around 21 °C or 70
°F). In certain embodiments, 3 reaction is carned out at below room temperature {e.g, from -
100 °C to 21 °C). In certain embodiments, a reaction is carried out at or around -78 °C. In
certain embodiments, a reaciion 18 camied out at or arcund -10 °C . In certain embodiments, a
reaction is carried out at around 0 °C. In certain embodiments, a reaction is carried out at
above room temperature. In certain embodiment, a reaction ts carried out at 30, 40, 50, 60,
70,80, 110, 120, 130, 140, or 150 °C. In certain embodiments, a reaction is carried out at
above 150 °C.

{00174} A reaction described herein may be carried out in a solvent, or a mixture of solvenis
{i.e., cosolvents). Solvenis can be polar or non-polar, protic or aprotic. Any solvent way be
used in the reactions described heretn, and the reactions are not Himited to particular solvents
ot comabinations of solvents. Common organie solvents useful 1o the methods described
herein include, but are not limited to, acetone, acetonitrile, benzene, benzontinife, 1-butanol,
2-butanone, butyl acetate, fers-butyl methyl ether, carbon disulfide carbon tetrachionde,
chiorobenzene, 1-chlorobutane, chioroform, eyclohexane, cyclopentane, 1,2-dichlorchenzene,
1,2-dichloroethane, dichloromethane (DCM), N N-dimethylacetanide N N-
dimethylformamide (DMF), 1,3-dirnethyl-3.4,5,6-tetrahydro-2-pynimidinone (DMPU)}, 1,4-
dioxane, 1,3-dioxane, diethylether, 2-ethoxyethy! ether, ethyl acetate, ethyl alcchol, ethylene
ghveol, dumethyi ether, heptane, n-hexane, hexanes, hexamethylphosphorarmde (HMPA), 2-

methoxyethanol, 2-methoxyethyl acetate, methyl aicohol, 2-methylbutane, 4-methyl-2-
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pentanone, 2-methyl-1-propancl, 2-methyl-2-propancl, I-methyl-2-pyrrolidinone,
dimethylsulfoxide (DMSO), nitromethane, 1-octanol, pentane, 3-pentanone, I-propanol, 2-
propancl, pyridine, tetrachloroethylene, tetrahyrdofuran (THF), 2-methyltetrahydrofuran,
toluene, trichlorobenzene, 1,1, 2-trichiorotnifluoroethane, 2,2 4-trimethylpentane,
trimethylamine, triethylamine, N N-diisopropylethylamine, diisopropylamine, water, o-
xviene, and p-xylene.

{38175} A reaction described herein may be carried out over any amount of time. In certain
embodiments, a reaction 18 allowed to run for seconds, nunutes, hours, or days. In certain
embodiments, the Ni/Zr-mediated coupling reaction is allowed to run for seconds, minutes,
hours, or days.

{36176] Methods descrnibed heretu can be used to prepare compounds in any chemical vield.
in certain embodiments, 2 compound is produced in from 1-10%, 10-20% 20-30%, 30-40%,
40-50%, 50-6(%, 60-70%, 70-80%, 80-00%, or 90-100% yield. In certain embodiments, the
vield is the percent vield after one synthetic step {e.g., after the Ni/Zr-mediated coupling
reaction). In certain embodiments, the yield is the percent yvield after more than one synthetic
step {e.g., 2, 3, 4, or 5 synthetic steps).

{00177} Methods described herein may further comprise one or more purification steps. For
exampie, in certain embodiments, a compound produced by a method described herein may
be purified by chromatography, extraction, tiltration, precipitation, crystallization, or any
other method known in the art. In certain embodiments, a compound or mixture is carned
forward to the next synthetic step without purnification {i.e., crude).

100178] In certain embodiments, a compound or reaction mixiure produced by a method
described herein is purified by agqueocus extraction. In certain embodiments, a compound
produced by a method described herein is purified by chromatography {e.g., silica gel
chromatography). In certain embodiments, a compound produced by a method described
herein is purified by aqueous exiraction followed by chromatography {e.g., silica gel
chromatography).

{00179} Metals {e.g., Ni, Zr, Zn, and/or Mn) used in the methods described herein can be
removed from the reaction mixtures by one or more step of extraction, chromatography,
precipitation, filtration, or any other method known in the art. In certain embodiments, a
method described herein vields a product that 1s substantially free of metals.

{00188} The synthetic method provided herein can be carried out on any scale (7.e. | to vield
any amount of product). In certain embodiments, the methods are applicable to small-scale

synthesis or larger-scale process manufacture. In certain embodiments, a reaction provided
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herein is carried out on a scale to vield less than 1 g of product. In certain embodiments, a
reaction provided herein is carried out to vield greaterthan 1 ¢, 2 ¢, 5¢, 10g, 15¢,20 ¢ 25

2,302,402 50g 100 g 200 ¢ 500 ¢ or 1 kg of a product.

Chewniical Groups
{006181] The tollowing chemical group definitions apply to all compounds and methods

described herein.

Group R®

100182] As defined herein, R® is optionally substituted alkyl, optionally substituted
carboceyelyl, optionally substituted aryl, optionally substituted beterocyelyl, or optionally
substituted heteroaryl. In certain embodiments, R is optionally substituted alkyl. In certain
embodiments, R® is optionally substituted Cisalkyl. In certain embodiments, R is
unsubstituted Cr.s atkyl. In certain embodiments, RS is selected from the group consisting of
methyl, ethyl, s-propyl, iso-propyl, n-butyl, iso-butyl, sec-butyl, and feré-butyl In certain
embodiments, R® is optionally substituted carbocyelyl. in certain embodiments, R% is
optionally substituted arvl. In certain embodiments, RS is optionally substituted heterocyelyl.
In certain embodiments, R® is optionally substituted heteroarvl. In certain embodiments, R% is
optionally substituted 6-membered heteroaryl. In certain embodiments, R® is optionally
substituted 6-membered hetercaryl comprising 1, 2, or 3 uitrogen atoms. In certain
embodiments, RS is optionally substituted pyridyl. In certain embodiments, R® is
unsubstituted pyridyi (Py). In certain embodiments, R® is optionally substituted 2-pyridyl. In

certain embodiments, R is unsubstituted 2-pyridyl (2-Fy}. In certain embodiments, R% is

o O O
= \MN

. . SN Y - , ,
selected from the group consisting of! , and . In certain

=

o
embodiments, R® ig ‘\«/ {abbreviated herein as “2-Py” or “Py”}.

Group X!
160183] As defined herein, X' is halogen or a leaving group. In certain embodiments, X'isa

halogen. In certain embodiments, X'is -1 (¢.¢., chioride). In certain embodiments, X' is —Br

2

(i.e., bromide). In certain embodiments, X' is -1 {i.e., iodide}. In certain embodiments, X' is

F {i.e., fluoride). In certain embodiments, X is a leaving group.
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T } .2' A (“' 7
Groups RY, RO B RO R R®, and R

[30184] As defined herein, R' is hydrogen, halogen, or optionally substituted alky. In certain
embodiments, R' is hydrogen. In certain embodiments, R’ is halogen. In certain
embodiments, R is optionally substituted atkyl. In certain embodiments, R! is optionally
substituted Cie alkyl. In certain embodiments, R' is unsubstituted Ci alkyl. In certain
embodiments, R is optionally substituted C1.5 alkyl. In certain embodiments, R is
unsubstituted Cr.s alkyl In certain embodiments, R is selected from the group consisting of
methyl, ethyl, s-propvl, iso-propyl, s-butvl, iso-butyl, sec-butyl, and fert-butyl. In certain
embodiments, R is methyl.

{80185] As defined herein, R? is hydrogen, halogen, or optionally substituted alky. In certain
embodiments, R? is hydrogen. In certain embodiments, R” is halogen. In certain
embodiments, R? is optionaily substituted alkyl. In certain embodiments, R? is optionally
substituted Cie alkyl. In certain embodiments, R? is unsubstituted Cius alkyl. In certain
embodiments, R” is optionally substituted C1.; alkyl. In certain embodiments, R* is
unsubstituted Cr.3 alkyl. In certain embodiments, R? is selected from the group consisting of
methyl, ethyi, s-propyl, iso-propyl, r-butyl, ise-butyl, sec-butyl, and ferr-butyl. In certain
embodiments, R” is methyl.

100186] As defined herein, R* is hydrogen, halogen, or optionally substituted alky. In certain
embodiments, R is hydrogen. In certain embodiments, R” is halogen. In certain
embodiments, R is optionaily substituted alkyl. In certain embodiments, R? is optionally
substituted Crs alkyl In certain embodiments, R® is unsubstituted Ci. alkyl. In certain
embodiments, R™ is optionally substituted Cy.5 alkyl. In certain embodiments, R is
unsubstituted €13 alkyl. In certain embodiments, R’ is selected from the group consisting of
methyl, ethyl, #-propyl, iso-propyl, #-butyl, iso-butyl, sec-butyl, and fert-butyl. In certain
embodiments, R? is methyl.

[00187] As defined herein, each instance of R is independently hydrogen, halogen, or
optionally substituted alkyl; and optionally two R* groups are taken together to form:

. In certain embodiments, R® 1s hydrogen. In certain embodiments, R” 13 halogen. In
certain embodiments, R is optionally substituted alkyl. In certain embodiments, R” is
optionally substituted Ci. alkyl. In certain embodiments, R is unsubstituted Cis alkyl. In
certain embodiments, R is optionally substituted Ci.5 alkyl. In certain embodiments, R* is

unsubstituted Cr.s alkyl In certain embodiments, R is selected from the group consisting of

69



WO 2022/019921 PCT/US2020/043501

methyl, ethyl, n-propyl, iso-propyl, s-butyl, iso-butyl, sec-butyl, and rer-butyl. In certain

embodiments, R* is methyl In certain embodiments, two R* groups are taken together to

' M\\s‘

form: * ¢

100188] As defined herein, R® is hydrogen, halogen, or optionally substituted alky. In certain
embodiments, R is hydrogen. In certain embodiments, R” is halogen. In certain
embodiments, R is optionaily substituted alkyl. In certain embodiments, R® is optionally
substituted Crs alkyl In certain embodiments, R is unsubstituted Ci. alkyl. In certain
embodiments, R° is optionally substituted Cy.5 alkyl. In certain embodiments, R is
unsubstituted C1.; alkyl. In certain embodiments, R’ is selected from the group consisting of
methyl, ethyl, #-propyl, iso-propyl, #-butyl, iso-butyl, sec-butyl, and fert-butyl. In certain
embodiments, R” is methyl.

100189] As defined herein, each instance of R® is independently hydrogen, halogen, or
optionally substituted alkyl; and optionally two R® groups are taken together to form:

. In certain embodiments, R” 1s hydrogen. In certain embodiments, R” 13 halogen. In
certain embodiments, R is optionally substituted alkyl. In certain embodiments, R® is
optionally substituted Ci.c alkyl In certain embodiments, R® is unsubstituted C . alkyl. In
certain embodiments, R” is optionally substituted Ci3 alkyl. In certain embodiments, R®is
unsubstituted Cr.s atkyl. In certain embodiments, R® is selected from the group consisting of
methyl, ethyl, s-propyl, ise-propyl, n-butyl, ise-butyl, sec-butyl, and fert-butyl. In certain
embodiments, R® is methyl. In certain embodiments, two R® groups are taken together to

H,Ji\cé

form: *
100196] As defined herein, R7 is hydrogen, optionally substituted alkyl, optionally substituted
carbocyelvl, optionally substituted arvl, optionally substituted heterocyelyl, optionally
substituted hetercaryl, optionally substituted acyl, or an oxygen protecting group. In certain
embodiments, R is hydrogen. In certain embodiments, R’ is optionally substituted alkyl. In
certain embodiments, In certain embodiments, R’ is optionally substituted Crs alkyl. In
certain embodiments, R’ is unsubstituted Cy.s alkyl. In certain embodiments, R’ is optionally
substituted Cia alkyl. In certain embodiments, R7 is unsubstituted Ci3 alkyl. In certain
embodiments, R’ is selected from the group consisting of methyl, ethyl, s-propyl, iso-propyl,

n-butyl, iso-butyl, sec-butyl, and feri-butyl. Tn certain embodiments, R is methyl. In certain
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embodiments, R’ is ethyl In certain embodiments, R’ is optionally substituted carbocyclyl In
certain embodiments, R7 is optionally substituted aryl. In certain embodiments, R is
optionally substituted heterocyclyl. In certain embodiments, R is optionally substituted
heteroary!. In certain embodiments, R is optionally substituted acyl. In certain embodiments,
R’ is an oxygen protecting group. In certain embodiments, R7 is an optionally substituted

benzyl protecting group. In certain embodiments, R’ is benzyl (-CH:Ph; “Bn™}

Groups B and R

100191] As defined herein, R™ is hydrogen or -OR™ In certain embodiments, R* is
hydrogen. In certain embodiments, R is -OR™

[80192] As generally defined herein, R*® is hydrogen, optionally substituted aikyl, optionally
substituted acyl, or an oxygen protecting group. In certain embodiments, R™ is hydrogen. In

15

certain embodiments, RX% is optionally substituted alkyl. In certain embodiments, R™
optionally substituted acyl. In certain embodiments, R™* is or an oxygen protecting group. In

certain embodiments, R™ is optionally substituted allyl. In certain embodiments, R* is

NN
(aliyh).

[00193] As defined herein, RY is hydrogen or -ORY? In certain embodiments, RY is
hydrogen. In certain embodiments, R¥ is ~ORY

{00194} As generally defined herein, RY% is hydrogen, optionally substituted alkyl, optionally
substituted acyl, or an oxygen protecting group. In certain embodiments, R¥ is hydrogen. In
certain embodiments, R¥ is optionally substituted alkyl. In certain embodiments, R"is
optionally substituted acyl. o certain embodiments, R¥%is or an oxygen protecting group. fo

certain embodiments, R¥¥ is optionally substituted aliyl. In certain embodiments, R¥ is

N
{aliviy.

100195} In certain embodiments, R** and RY* are joined together with their intervening atoms
to form optionally substituted heterocyclyi. In certain embodiments, R™ and RY? are joined
together with thetr intervening atoms to form optionally substitated S-membered
heterocyclyl. In certain embodiments, R™ and RY* are joined together with their intervening

atoms to form optionally substituted 1,3-dioxolane ring. In certain embodiments, R™ and RY®

A
;L('&Q
b-{

are joined together with their intervening atoros to form the following: PR In certain
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embodiments, R and R¥? are joined together with their intervening atoms to form the

o

o
following: OMe
106196} In certain embodiments, R™ and RY are both hydrogen.
[00197] In certain ernbodiments, R™ s hydrogen; and RY 1s ~ORY® In certain embodiments,
R¥is hydrogen; and RY is ~OH.
[00198] In certain embodiments, R¥ i5 ~OR*® and RY i5s ~ORY? In certain embodiments, R®

is ~OH; and RY is ~-OH.

Gromps RU )P RE R RD and RYY
{60199} As defined herein, R is hydrogen, optionally substituted alkyl, optionally
substituted acyl, or an oxygen protecting group. In certain embodiments, R” is hydrogen. In
certain embodiments, R™ is optionally substituted alkyl. In certain embodiments, In certain
embodiments, R is optionally substituted Ci alkyl In certain embodiments, R™ s
unsubstituted C16 alkyl. In certain embodiments, R is optionally substituted Cis alkyl. In
certain embodiments, R is unsubstituted Craz alkyt. In certain embodirnents, R is selected
from the group consisting of methyl, ethyl, m-propvl, iso-propyl, s-butyl, iso-butyl, sec-butvl,
and fert-butyl. In certain embodiments, R™ is optionally substituted acyl. In certain
embodiments, R™ is an oxygen protecting group. In certain embodiments, RY is optionally
substituted allyl. In certain embodiments, R is allyl. In certain embodiments, R is
optionally substituted silyl. In certain embodiments, R is trialkyisilyl. In certain
embodiments, R is triethylsilyl (-SiEts; “TES”). In certain embodiments, R is
trimethylsilyl (-SiMes; “TMS ™). In certain embodiments, R is rerr-butyl dimethylsilyl (-Sir-
BuMe:z; “TBS”). In certain embodiments, R™ is fers-butyl diphenylsilyl (-Si#-BuPhz;
“TBDPS™). In certain embodiments, R is an optionally substituted benzyl protecting group,
In certain embodiments, R™ is benzyl (-CH:Ph; “Bn”). In certain embodiments, R™ is a
methoxybenzyl protecting group. In certain embodiments, R™ is para-methoxybenzyl:

OMe

r
A (CMPM” or “PMB”)
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{60200] In certain embodiments, R™ and R™ are joined with the intervening atoms to form
optionally substituted heterocyelyl

100201} As defined herein, R™ is hydrogen, optionally substituted alkyl, optionally
substituted acyl, or an oxygen protecting group. In certain embodiments, R¥? is hydrogen, In
certain embodiments, R™ is optionally substituted alkyl In certain embodiments, R™ is
optionally substituted Cis alkyl. In certain embodiments, R™ is unsubstituted Ci1s alkyl. In
certain embodiments, R™ is optionally substituted Cus alkyl. In certain embodiments, R™ is
unsubstituted C1.; alkyl. In certain embodiments, R™ is selected from the group consisting of
methyl, ethyl, s-propyl, iso-propyl, n-butyl, iso-butyl, sec-butyl, and feré-butyl In certain
embodiments, R is optionally substituted acyl. In certain embodiments, R™ is an oxygen
protecting group. In certain embodiments, R™ is optionally substituted allyl. In certain
embodiments, R is allyl. In certain embodiments, R”? is optionally substituted silyl. In
certain embodiments, R is trialkylsilyl. In certain embodiments, R™ is triethylsilyl (-8iFts;,
“TES™). In certain embodiments, R™ is trimethylsilyl {(-8iMes; “TMS™). In certain
embodiments, R is seri-butyl dimethylsilyl (-Sir-BuMe; “TBS”). In certain embodiments,
R” s deri-butyl diphenylsityl (-Si-BuPhy; “TBDPS™). In certain embodiments, R is an
optionally substituted benzyl protecting group. In certain embodiments, R™ is benzyl (-
CHoPh; “Bn™). In certain embodiments, RY is a methoxybenzy! protecting group. In certain

& OMe

L
embodiments, R is para-methoxybenzyl: A (“MPM” or “PMB™)

106282] In certain embodiments, R™ and R™ are joined with the intervening atoms to form
optionally substituted heterocyclyl.

{60203} As defined herein, R™ is hydrogen, optionally substituted alkyl, optionally
substituted acyl, or an oxygen protecting group. In certain embodiments, R is hydrogen. In
certain embodiments, R™ is optionally substituted alkyl. In certain embodiments, R™ is
optionally substituted Ci.c alkyl In certain embodiments, R™ is unsubstituted Cys alkyl In
certain embodiments, R is optionally substituted Cis alkyl. In certain embodiments, R™ is
unsubstituted Cr.s alkyl In certain embodiments, R™ is selected from the group consisting of
methyl, ethyl, s-propyl, ise-propyl, n-butyl, ise-butyl, sec-butyl, and fert-butyl. In certain
embodiments, R is optionally substituted acyl. In certain embodiments, RY is an oxygen
protecting group. In certain embodiments, R is optionally substituted allyl. In certain
embodiments, R is allyt. In certain embodiments, R™ is optionally substituted silyl. In

certain embodiments, R™ is trialkylsilyl. In certain embodiments, RY is triethylsilyl (-SiEts;
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“TES™). In certain embodiments, R™ is trimethylsilyl {(-8iMes; “TMS™). In certain
embodiments, R is fert-buty] dimethylsiiyl (-Siz-BuMey;, “TBS”). In certain embodiments,
R™ is deri-butyl diphenylsilyl (-Si£-BuPhy; “TBDPS™). In certain embodiments, R” is an
optionally substituted benzyl protecting group. In certain embodiments, R is benzyt (—

CHLPE, “Br”). In certain embodiments, R™ is a methoxybenzyl protecting group. In certain

.{%\U/Oi\fie

embodiments, R is para-methoxybenzyl: !&/’\\\\v’ (“MPM” or “PMB”}.
100284] As defined herein, R™ is hydrogen, optionally substituted alkyl, optionally
substituted acyl, or an oxygen protecting group. In certain embodiments, R™ is hydrogen. In
certain embodiments, R™ is optionally substituted alkyl. In certain embodiments, R™ is
optionally substituted C 1. alkyl. In certain embodiments, R™ is unsubstituted Ci. alkyl. In
certain embodiments, R™ is optionally substituted Ci.3 alkyl. In certain embodiments, R™ is
unsubstituted Cy.5 alkyl. In certain embodiments, R™ is selected from the group consisting of
methyl, ethyl, n-propyl, iso-propyl, s-butyl, iso-butyl, sec-butyl, and fert-butyl. In certain
embodiments, R™ is optionally substituted acyl In certain embodiments, R™ is an oxygen
protecting group. In certain embodiments, R™ is optionally substituted allyl. In certain
embodiments, R™ is allyl. In certain embodiments, R™ is optionally substituted silyl o
certain embodiments, R™ is trialkylsilyl. In certain embodiments, R™ is triethylsilyl (-SiEts;
“TES”). In certain embodiments, R™ is trimethylsilyl (-8iMes; “TMS”). Tn certain
embodiments, R™ is fert-butyl dimethyisilyl (-8i/-BuMez; “TBS”). In certain embodiments,
RP is fert-butyl diphenyisilyl (-5i-BuPhz; “TBDPS”). In certain embodiments, R™ is an

optionally substituted benzyl protecting group. In certain embodiments, R™ is benzyl {~

oS
o

CH:Ph; “Bn”). In certain embodiments, R™ is a methoxybenzyl protecting group. In certain

D&
- OMe
;V\g’
embodiments, RM is para-moethoxybenzyt: AA {“MPM” or “PMB”).

{802085] As defined herein, R™ is hydrogen, optionally substituted alkyl, optionally
substituted acyl, or an oxygen protecting group; optionally wherein two R™ are joined with
the intervening atoms to form optionally substituted heterocyelyl. In certain embodiments,
R is hydrogen. In certain embodiments, R is optionally substituted alkyl. In certain
embodiments, R'” is optionally substituted Ci.s alkyl. In certain embodiments, R™ is
unsubstituted Cr.s alkyl. In certain embodiments, R™ is optionally substituted Ci5 alkyl. In
certain embodiments, R™ is unsubstituted Ci2 alkyl. In certain embodiments, R™ i3 selected

from the group consisting of methyl, ethyvl, n-propyl, iso-propyl, n-butyl, iso-butyl, sec-butyl,
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and feré-butyl. In certain embodiments, R™ is optionally substituted acyl. In certain
embodiments, R 1s an oxygen protecting group. In certain embodiments, R is optionally
substituted allyl. In certain embodiments, R” is allyl. In certain embodiments, R™ is
optionally substituted silyl. In certain embodiments, R™ is trialkylsilyl Tn certain
embodiments, R™ is triethylsilyl (-8iEts; “TES”). In certain embodiments, R™ is
trimethylsityl (-SiMes; “TMS”). In certain embodiments, R™ is fers-butyl dimethylsilyl {(-Sit-
BuMe:; “TBS”). In certain embodiments, R™ is fers-butyl diphenylsilyl (-8Siz-BuPhy;
“TBDPS”). In certain embodiments, R is an optionally substituted benzyl protecting group.
In certain embodiments, R is benzyl (<CH,Ph; “Br”). In certain embodirents, R is a
methoxybenzyl protecting group. In certain embodiments, R™ is para-methoxybenzyl:

D&
OhMe

A\);/ (“MPM” or “PMB”}. In certain embodiments, two R™ are joined with the
intervening atoms to form optionally substituted heterocyclyl In certain embodiments, two
R™ are joined with the intervening atoms to form optionally substituted six-membered

heterocyciyi. In certain embodiments, two R™ are joined with the intervening atoms to form a

R 5

O
ring of the formula: R _In certain embodiments, two R™ are joined with the

C
By S!;\
z‘_Bd’

intervening atoms to form a ring of the formula:

two R are joined with the intervening atoms to form a ring of the formula:

In certain embodiments, two R™ are joined with the intervening atoms to form a ring of the

oA

formula; / ©

{60206] As defined herein, R is hydrogen, optionally substituted alkyl, optionally
substituted acyl, or an oxygen protecting group; optionally wherein two R™ are joined with
the intervening atoms to form optionally substituted heterocyelyl. In certain embodiments,
R is hydrogen. In certain embodiments, R is optionally substituted alkyl. In certain

embodiments, R™ is optionally substituted Cis alkyl. In certain embodiments, R™ is
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unsubstituted C16 alkyl. In certain embodiments, R™ is optionally substituted Ci5 alkyl. In
certain embodiments, R™ is unsubstituted Ci.z alkyl. In certain embodirnents, R™ is selected
from the group consisting of methyl, ethyl, m-propvl, iso-propyl, s-butyl, iso-butyl, sec-butvl,
and fert-butyl. In certain embodiments, R™ is optionally substituted acyl. In certain

embodiments, R™ is an oxygen protecting group. In certain embodiments, R

is optionally
substituted allyl. In certain embodiments, R™ is allyl. In certain embodiments, R is
optionally substituted silyl. In certain embodiments, R is trialkyisilyl. In certain
embodiments, R is triethylsilyl (-SiEts; “TES”). In certain embodiments, R™ is
trimethylsilyl (~SiMes; “TMS”). In certain embodiments, R is fert-butyl dimethylsilyl (-Sis-
BuMe:; “TBS”). In certain embodiments, R is fers-butyl diphenylsilyl (-Si#-BuPhz;
“TBDPS™). In certain embodiments, R is an optionally substituted benzyl protecting group,
In certain embodiments, R™ is benzyl {(~CH2Ph; “Bn”). In certain embodiments, R is a
methoxybenzyl protecting group. In certain embodiments, R™ is para-methoxybenzyl:

OMe

gl

fzk/ S {(“MPM” or “PMB”). In certain embodiments, two R™ are joined with the
intervening atoms to form optionally substituted heterocyelyl In certain embodiments, two
R are joined with the intervening atoms to form optionally substituted six-membered

heterocyclyl. In certain embodiments, two R™ are joined with the intervening atoms to form a

R
G,
R &0 A
- » ~ \\\“v . - E)G - - >
ring of the formula; . In certain embodiments, two R are joined with the
-Bu
e
tBu—Gi7 /\
e

intervening atoms to form a ring of the formula:

1002071 In certain embodiments, R™, RY™, R” R™ and R™ are silyl protecting groups. In
certain embodiments, RY and R™ are TBS; and R™, R™ and RY are TES.

{60208] In certain embodiments, R is a silyl protecting group; R is optionally substituted

alkyl; and R™ and R are sily] protecting groups. In certain embodiments, R is TES; R'is

methyl; and R™ and R™ are TES.
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R
R

;’Q”' }“

i,
O
{60209] In certain embodiments, two R™ are joined to form: and R and R™

are silyl protecting groups. In certain embodiments, two RS are joined to form:

By

£-Bu-— ér‘Q"'(’\}‘

\\\“‘. ' e T3S
\}f ;and RM and RY are TES.

Group K

{00210] As generally defined herein, each R is independently hydrogen or optionally
substituted alkyl. In certain embodiments, at least one wostance of R is hydrogen. In certain
embodiments, at least one instance of R is optionally substituted alkyl. In certain
embodiments, at least one nstance of R is optionally substituted Crs alkyl In certain
embodiments, at least one instance of R is unsubstituted Ci alkyl. In certain embodiments,
at feast one instance of R is optionally substituted Cis alkyl. In certain embodiments, at least
one instance of R 1s unsubstituted Cus alkyl. In certain embodiments, at feast one instance of
R is selected from the group consisting of methyl, ethyl, s-propyl, iso-propyl, s-butyl, iso-

butvl, sec-butyl, and fer-butyl. In certain embodiments, each R is tert-butyl.

Groups X, K¢, RS, RY, p, and 5

{00211} As defined herein, each instance of X is independently halogen. In certain
embodiments, each X 15 -Cl. In certain embodiments, each X is -Br. In certain embodiments,
each X is -1 In certain embodiments, each X is —F.

{30212] As defined herein, each wustance of p 15 independently 0 or an wnteger from 1-4,
inclusive. In certain embodiments, p is 0. In certain embodiments, pis . In certain
embodiments, p s 2. In cerfain embodiments, p is 3. In certain embodiments, pis 4. In certain
embodiments, pis 5.

{00213} As defined herein, 518 0, 1, or 2. In certain embodiments, s 15 0. In certain
embodiments, s i1s 1. In certain embodiments, s s 2.

{00214] Ax defined herein, each instance of R* 18 independently hydrogen, halogen, -CN,
~ING», =Ns, optionally substituted alkoyl, optionally substituted alkenvl, optionally substituted
alkynvl, optionally substituted aryl, optionally substituted hetercaryl, optionally substituted

carbocyelyl, optionally substituted heterocyclvl, optionally substituted acyl, ~=N{RM),, ~ORY,
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or ~SR™  In certain embodiments, at least one instance of R® is hydrogen. In certain
embodiments, at feast one instance of R” is halogen In certain embodiments, at least one
instance of R i3 ~CN. In certain embodiments, at ieast one instance of R° 15 ~NO». In certain
embodiments, at least one instance of R" 15 =Nj. In certain embodiments, at least one instance
of R 15 optionally substituted allyl. In certain embodiments, at least one instance of R is
optionally substituted alkenyl. In certain embodiments, at least one instance of R% s
optionally substituted alkynyl. In certain embodiments, at least one instance of R"is
optionally substituted aryl. In certain embodiments, at least one instance of R is optionally
substituted hetercaryl. Tn certain emboduments, at least one instance of R is optionally
substituted carbocyelyl. In certain embodiments, at least one instance of R® is optionally
substituted heterocyelyl In certain embodiments, at least one instance of R* s optionally
substituted acyl. In certain embodiments, at least one instance of R® is ~N{R™y. In certain
embodiments, at least one instance of R is —OR®. In certain embodiments, at least one
instance of R is or ~SR*' In certain embodiments, at least one instance of R° is optionally
substituted Cis alkyl In certain embodiments, at 1east one instance of R is unsubstituted Cis
alkyl In certain embodiments, at least one instance of R is optionally substituted Cy.3 alkyl
In certain embodiments, at least one instance of R® 1s unsubstituted Cy.3 alkyl. In certain
embodiments, at least one instance of R* 15 selected from the group consisting of methyl,
ethyl, s-propyl, iso-propyl, n-butvl, iso-butyl, sec-butyl, and fert-butyl In certain
embodiment, at least one instance of R"ts methyl. In certain embodiment, each instance of R®
is methyl.

100215 As defined herein, each instance of RY 1s independently hydrogen, halogen, —CN,
NG, ~N3, optionally substituted alkyl, optionally substituted alkenyi, opticnally substituted
alkynvl, optionally substituted aryl, optionally substituted heteroaryl, optionally substituted
carbocyelyl, optionally substituted heterocyclyl, optionally substituted acyl, ~N{RN), ~OR®,
or —SR™ In certain embodiments, at least one instance of RY is hydrogen. In certain
embodiments, at least one instance of R® is halogen In certain embodiments, at least one
instance of R is -CN. In certain embodiments, at feast one instance of RS i —NQ;. In certain
embodiments, at least one instance of R is —N;. In certain embodiments, at least one instance
of R¥ is optionally substituted alkyl. In certain embodiments, at least one instance of R is
optionally substituted alkenyl. In certain embodiments, at least one instance of R is
optionally substituted alkynyl. In certain embodiments, at least one instance of R is
opticually substituted aryl. In certain embodiments, at least one instance of R is optionally

substituted heteroaryl. In certain embodiments, at ieast one instance of R is optionally

78



WO 2022/019921 PCT/US2020/043501

substituted carbocyelyl. In certain embodiments, at least one instance of R® is optionally
substituted heterocyelyl In certain embodiments, at least one instance of RY is optionally
substituted acyl. In certain embodiments, at least one instance of R is ~N{RVp. In certain
embodiments, at least one instance of RS is

~ORY. In certain embodiments, at least one instance of R® is or —-SR5L.

{00216} As defined herein, each instance of RN is independently hvdrogen, optionally
substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl, optionally
substituted aryl, optionally substituted heteroaryl, optionally substituted carbocyelyl,
optionally substituted heterocyelyl, optionally substituted acyl, or a nitrogen protecting
group; or two RY bonded to the same nitrogen atom are taken together with the intervening
atoms to form optionally substituted heterocyclyl or optionally subsiituted heteroaryl. In
certain embodiments, at least one instance of R" is optionaily substituted alkyl. In certain
embodiments, at least one instance of RN is optionally substituted alkenyl. In certain
embodiments, at least one instance of RY is optionally substituted alkynyl. In certain
embodiments, at least one instance of RY is optionally substituted aryl. In certain
embodiments, at feast one instance of RY is optionally substituted hetercaryl In certain
embodiments, at least one instance of RN is optionally substituted carbocyelyl. In certain
embodiments, at least one instance of RN is optionally substituted heterocyciyl In certain
embodiments, at least one instance of RY is optionally substituted acyl. In certain
embodiments, at least one instance of RY is a nitrogen protecting group. In certain
embodiments, at least one instance of RN is optionally substituted Ci alkyl. In certain
embodiments, at least one instance of RN is unsubstituted Cre alkyl. In certain embodiments,
at least one instance of R™ is optionally substituted Ci alkyl. In certain embodiments, at least
one instance of RN is unsubstituted Cis alkyl. In certain embodiments, at least one instance of
R™ is selected from the group consisting of methyl, ethyl, n-propyl, iso-propyl, #-butyl, iso-
butyl, sec-butyl, and fere-butyl In certain embodiment, at least one instance of RNis methyl.
106217} each instance of R is independently hydrogen, optiounally substituted alkyl,
optionally substituted alkenyl, optionally substituted alkvnyl, optionally substituted arvl,
optionally substituted heteroaryl, optionally substituted carbocycelyvl, optionally substituted
heterocyelyl, optionally substituted acyl, or an oxygen protecting group. In certain
embodiments, at least one instance of R is optionally substituted alkyl. In certain
embodiments, at least one instance of R” is optionally substituted alkenyl. In certain
embodiments, at feast one instance of RY is optionally substituted allynyl, In certain

embodiments, at least one instance of RY is optionally substituted aryl. In certain
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embodiments, at least one instance of R is optionally substituted heteroaryl. In certain
embodiments, at least one instance of RY is optionally substituted carbocyelyl. In certain
embodiments, at least one instance of RY is optionally substituted heterocyclyl. In certain
embodiments, at least one instance of R%1s optionally substituted acyl In certain
embodiments, at least one instance of RY is an oxygen protecting group.

{60218] each instance of R®! is independently hydrogen, optionally substituted atkyi,
optionally substituted alkenyi, optionally substituted alkynvl, optionally substituted arvl,
optionally substituted heteroaryl, optionally substituted carboceyclvl, optionally substituted
heterocyelyvl, optionally substituted acyl, or a sulfur protecting group. In certain
embodiments, at least one instance of R is optionally substituted alkyl. In certain
embodiments, at least one instance of R¥! is optionally substituted alkeny!. In certain
embodiments, at least one instance of R¥! is optionally substituted alkynyl. In certain
embodiments, at least one tnstance of RS is optionally substituted aryl, In certain
embodiments, at least one instance of R is optionally substituted hetercaryl. In certain
embodiments, at least one instance of R is optionally substituted carbocyclyl. In certain
embodiments, at least one instance of R¥! is optionally substituted heterocyelyl. In certain
embodiments, at least one instance of R5 s optionally substituted acyl. In certain

embodiments, at least one instance of RS is a sulfur protecting group.

EXAMPLES
Ni/Zr-Mediated Coupling Reacfions
{00219] A new Ni/Zr-mediated one-pot ketone synthesis was developed with use of a nuxture
of (Mektpy Ni'l- and py-(Mejmid Ni'"Clo-catalysts. The Ni'-catalyst selectively activates
alkyl halides, whereas the Ni'-catalyst activates thioesters. An adjustment of a relative
ioading of the two catalysts allows to tune the relative rate of the two activations and trap a
short-lived radical intermediate(s) efficiently. Thus, the new method makes one-pot ketone
synthesis highly effective even with a 1.1 mixture of the coupling pariners. The syothetic
value of the new methad is demonstrated with the C-C bond formation at the final stage of a
convergent halichondrin-synthesis,
{00220} Recently, a Ni/Zr-mediated one-pot ketone synthesis was reported, which was
successfully applied to a umified total synthesis of the halichondrin class of marine natural
products. Y During a study of extending the cue-pot ketone synthesis to
macroketocychization, 1t was observed that the efficiency of cyclization was noticeably

improved with use of a mixture of {dtbbpy} NiBr: and {tpy) NiClz (Figure 2)." This
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observation led to the examination of a mixture of Ni'- and Ni%-catalysts for one-pot ketone
synthesis. The developroent and application of a new one-pot ketone synthesis using a
mixture of py(Me)imid-Ni"Cl- and (Me)htpy-Ni'l-catalysts is reported herein. The ketone
coupling of 1+ 2 — 3 has been used for development (Figure 1), whereas the ketoue
coupling of 8 +9 — 18 in the halichondnin series has been used for application (Figure 6},
{00221] With the hope of identifying better catalysts, various NiXo-complexes with
bidentate- and tridentate-ligands were first screened. Through this screen, 2-(1-methyl-14-
imidazol-2-yhpyridine (abbreviated as py-(Mejmid) and 4,4, 4" -trimethyl-2. 27672~
terpyridine (abbreviated as (Me):-tpy) emerged as the best-perfornmung ligands (Figure 2). It
was speculated that the effectiveness of NiXs-complexes with tridentate-ligands may suggest
that a Ni'-species plays a key role for the observed phenomenon. Adopting the procedure
reported by Vicic,* (Mekhtpy Ni'I was prepared and tested, thereby demonstrating that the
Nil-coraplex indeed gave better results than (Me)stpy NiCla. For this reason, (Mestpy Ni'
and py-(Mejimid Ni"Cl; has been used for the following studies.

{00222} The coupling was effected by either Zn- or Mn-metal in the presence of CpZrCh
{0.7-1.0 equiv), although the coupling with Mo-metal is slower than that with Zn-metal. A
11 mixture of N, N-dimethylacetamide (DMA} and 1, 2-dimethoxyethane (DME}at C ~05 M
was used as a solvent, and the coupling was typically completed within 3 hours at RT>°
{00223] The ketone coupling of 1 + 2 — 3 requires the activation of the iodide in 1 as well as
the thiopyrnidine ester in 2. In the previous method, {dtbbpy) NiBr activates obviously both
iodide and thiopyridine ester. The results in Table 1 demonstrate that (Mekhtpy Ni'l
selectively activates the iodide I, whereas py-(Me}imid-Ni"Cl, activates thiopyridine ester 2.
However, it should be noted that the Ni'-catalyst also activates 1, but the rate of activation

with the Ni'-catalyst is significantly slower than that with the Ni'-catalyst.
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Table 1. Studies to determine the primary role of the two catalysts,
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100224} In the absence of Zn-metal, 1 is stable against (Mehtpy-Ni'l, thereby indicating that
the activation of 1 requires a Ni’-species generated from (Melsterpy Ni'Tin situ. Indeed, the
coupling of § +2 — 3 with Ni'-species, prepared from Ni%(CODY, and (Me)tpy ligand, gave
ketone 3.° It is worth noting that iodide ¥ gave two products 4 and 3§ under the condition of
(Me)stpy Ni'l/Zn (Eniry 3) but only 4 under the condition of Ni®(Meipy, showing that 4 is
formed via dimerization of the radical, whereas § via the reductive ring-opening 1 with Zn-
metal,

160225 Overall, (Me)stpy Ni'-I is first reduced by Zn- or Mn-metal to the corresponding
(Me)stpy Ni¥ and then serves as a radical initiator for the ketone coupling (Figure 3}
However, recent reports on the chemistry of Ni'-complexes may suggest that this process is
more complex than presented.®

{00226] The primary role of py-(Medimid Ni'"Cl, is the activation of 2 via the well-precedent
oxidative addition with the Ni%-species generated from the Ni''-complex and Zn-metal in situ
(Figure 4). Once again, the experiment with Ni'-species prepared from Ni%COD ) and py-
{(Meymid supported this view.

166227] Interestingly, the activation of both 1 and 2 is affected by a Ni’-species, vetin a
different mode. The observed selectivity is attributed to the structural difference between py-
{(Meyrmd-Ni- and (Megtpy-Ni-~complexes; 1t is known that the Ni-coroplex with a bidentate
ligand adopts a tetrahedral structure, whereas the Ni-complex with a terpyridine ligand adopts

. ) Q
a squire-planar structure.”
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160228] Among Ni"Brs- or Ni''Ch-complexes with bidentate-ligands, py-(Mejimid Ni"Ch
was found to be the fastest and cleanest catalyst thus far. In addition, the activated species
generated from 2 was found stable at least 0.5-1 hours in the reaction system '*

100229] As reported previously, zirconocene greatly accelerates the rate of coupling ™ A
remarkable rate-enhancement is not observed with Cp2ZrVCh alone, but with CpZr'VCh
with Zn-metal, thereby suggesting that it is caused by a reduced form of Cp2Zr'VCh, and it is
speculated to be CpaZrCLY

{00236] Obviously, a ligand-exchange is required to form ketone 3 from the irtially formed
oxidative-addition wtermediate, Le., A — B (Figure 5} Interestingly, thus ligand-exchange
needs to take place with the afore-mentioned radical 'R} Without wishing to be bound by
any particular theory, it is assumed that this ligand exchange is accelerated by CpoZr'Cl via

V.8 bond and (simultaneously} weakening a Ni'8 bond. It is worth

forming a strong 2r
noting that phenyithio esters, corresponding to 2, also serve as electrophiles in the coupling
{00231] This new method has great synthetic value. As mentioned, the ketone coupling of 1 +
2 > 3 requires the activation of 1odide 1 and thiopyridine ester 2. In the previcus method,
{(dtbbpy)y NiBr, activates both iodide and thiopyridine ester. Therefore, the relative rate of two
activations 1s inherent to a given pair of coupling partners. In the new method, the two
activations are independently effected by two catalysts (Mektpy Ni'l and py-
(Meimid - Ni''Cl,, thereby allowing us to tune the relative rates of the two activations by
adjusting a relative loading of two catalysts.

{00232 A number of substrates tested in this laboratory show that activation of an iodide by
(Mentpy-Ni'l is uniformiy fast, but the generated radicals are short-lived * Contrarily, it has
been observed that the rate of thiopyridine-ester activation widely varies, depending on
substrate structure. Fortunately, generated intermediates are relatively long-fived ™
Therefore, it is now possible to tune the relative rate of the two activations by simply
adjusting the relative loading of the two catalysts to trap the short-hived radical intermediates
by A In order to trap the radical intermediate without waste, it is necessary o keep the
relative rate of activation of an 1odide slower than that of a thiopyridine ester. For the case of
§+2 — 3, the isolated vield reaches a plateau at around 3/1 ratio of the Ni'- and Ni''-catalyst-
ioadings, ¢f, Entry 5 vs. Hotries 1—4 (Table 2}. Interestingly, it has been observed that this
ratio varies widely, depending on subsirate structure. In general, as the rate of thiopyndine-
ester activation is slower for a complex substrate, a lower ratio of Ni'-over Ni'-catalyst-
foadings gives a better coupling vield. For example, the Ni/Ni' = 1/4 was used for the

halichondrin case (Figure ).
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Table 2. Ratio of Ni*- and Ni''-catalyst-loadings and coupling vields.
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{30233] With this knowledge, it is now possible to realize the one-pot ketone synthesis
efficiently even with a 1.1 ratio of the coupling partners. The resulis sumamarized in Table 3

and Figure 6 (vide 1ufra) support this claim.

Table 3. Ratio of substrates 1 and 3 and coupling yields.

1 + 2 e Q
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{00234] In addition, the overall coupling-rate can be controlied by the loading of the two
catalysts. For exarople, the coupling of 1+ 2 — 3 was completed in ~3 hours, with T mol %e
loading of the two catalysts,

{00235} The new method shows the scope and limitation very simlar to those observed for
the previous method {Table 4) 1 However, it should be noted that comparable, or even
slightly better, vields were achieved with the new method with use of a 1:1 mixture of the

iodide and thiopyridine ester, as opposed to a 1.2:1 muxture in the previous method.
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Table 4, Selected examples of ketone couplings
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{30236} tt 1s well appreciated that a convergent approach is the choice for a synthesis of 8
complex molecule over a linecar approach. In order to carry out a convergent synthesis
effectively, an efficient coupling reaction{s} is required. However, only a limntted number of
coupling reactions are shown to be useful at the late stage of a complex molecule synthesis;
wdeal coupling reactions need to meet a nurnber of demanding critetia, including functional
group tolerance, coupling efficiency with a ~1:1 molar ratio of coupling partners, coupling
rate, stereoselectivity, and others. The previous one-pot ketone synthesis was successfully
applied to the final C-C bond formation in the unified synthesis of halichondrnins, although
1.0:1.3 molar ratio of coupling partners were required to achieve >80% vields.”™® As shown in
Figure 6, the new method gives an excellent solution to improve the molar ratio of 8 and 9.
Note that 3 4.1 mixture of the two catalysts was used for this case, because the activation of 9

was slow, compared with that of 8
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{00237} In summary, a new Ni/Zr-mediated one-pot ketone synthesis has been developed,
with use of a mixture of (Mehtpy Ni'l- and py-(Me)imid Ni'Cl-catalysts. The Nil-catalyst
selectively activates iodides, whereas the Ni''-catalyst activates thiopyridine esters. An
adjustment of the relative loading of the two catalysts allows us to tune the relative rate of the
two activations and trap a short-lived radical intermediate(s) efficiently. The new method 18
efficient, even with use of a 111 nuxture of the coupling partners. The synthetic value of the
new method is demonstrated with the C-C bond formation at the final stage of a convergent

halichondrin synthesis.

General Experimental Information
{30238} Unless otherwise noted, all reagents and solvents were obtained from commercial
suppliers and used without further purification. Reactions involving air or moisture sensitive
reagents or intermediates were performed under an inert atmosphere of nitrogen or argon in
classware that was oven dried. Analytical thin layer chromatography {TLC ) was performed
with E. Merck precoated TLC plates, silica gel 60F-254 layer thickness 0.25 mm. TLC plates
were visualized by staining with AMCAN (ammonium molybdate/cenum ammonium
nitrate}, PMA (phosphomolybdic acid hvdrate), or p-anisaldehyde Flash chromatography
separations were performed on E. Merck Silica Gel 60 (40-63 pm), Kanto Chemical Stlica
Gel 60N (spherical, neutral, 40-50 um), or Wako Pure Chemical Industry Wakogel SONH»
38-03 pm). Medium pressure column chromatography was performed with YAMAZEN
Smart Flash. NMR spectra were recorded on a Varian Inova 600 MHz or Varian Inova 500
MHz. Chemical shifis were reported 1o parts per mithon {(ppm). The residual solvent peak
was used as an internal reference {(for 'H NMR spectra: 7.26 ppm in CDCls, 7.16 ppm in
CsD; for BC NMR: 77.0 ppro in CDCh and 128.0 ppm in Cel3e). Coupling constants (/) are
reported in Hz and the splitting abbreviations used are: s for singlet, d for doublet, { for
triplet, q for guartet, m for multiplet, and br for broad. Optical rotations were measured at 20
°C using Perkin-Elmer 241 polarimeter. IR spectra were recorded on Bruker Alpha FT-IR
spectrometer. Electrospray ionization experiments were performed on Micromass Inc,,

Platform I Atmospheric Pressure [onization Mass Spectrometer,
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Preparation of Nickel Catalvsts
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{306239] To a stirred solution of 2-{1H~midazol-2-yhpyridine (Aldrich; 4.00 g, 27.6 mmol} in
DMSO (40 mL) was added KOH fine powder (4.64 g, 82 8 mmol} at room temperature. After
stirring for 30 minutes, Mel {1.90 ml, 30.4 mmol} was added to a mixture at 0 °C. The
reaction mixture was allowed to warm up to room temperature and stirred for 3 hours. The
reaction mixture was poured tnto water {160 mL), and the resulting mixiure was extracted
with CHoCl (80 mL) three times. The combined organic extracts were washed with water
{120 mL) five times and brive, duied over anhydrous NaxSQq, filtered, and concentrated under
reduced pressure. The residue was purified by flash silica gel column chromatography
{(CHoCh/MeOH = 20:1) to afford 2-(Me-imidazol-Z-vhpyridine (3.91 g, 24.3 mmol, 88%j as

a coloriess oil.

100248] To a stirred solution of 2-(Me-~radazol-2-yDpyridine (5.85 g, 36.3 mol) in dry
THF {Baker, 160 mL, 0.2 M) was added NiClL-DME (Streany; 7.98 g, 36.3 mmol} under inert
atmosphere in glove box. The heterogeneous mixture was stirred at reflux for 24 hours out of
glove box. The resulting mixture was cooled to roon temperature and filtered through a glass
filter funnel to collect the green solid. The resulting green solid was washed with EO,
ground to fine powder, and dried under reduced pressure using drying pistol technique at 140
°C {xylenes} for 15 hours to afford py-(Mejimid - Ni{IHClh complex {(9.27 g, 32.3 mmol,

39%).
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{00241} To a stirred solution of 2-(Me-imidazol-2-ylipyridine {546 mg, 3 .38 mmol} in dry

THF (Baker; 154 mL, 0.2 M) was added NiBr*DME (Stream; 950 mg, 3.07 mmol) under

inert atmosphere in glove box. The heterogeneous mixture was stirred at room temperature
for 20 hours in glove box. The resulting mixture was filtered through a glass filter funnel to
coliect the vellow solid. The resulting solid was washed with E&(G, ground to fine powder,

and dried under reduced pressure using drving pistod technique at 140 °C (xylenes) for 15

hours to afford py-(Meimid Ni{1hBr, complex (1.15 g, 3.07 mmol, guant.).

{Mebltpy N{(IDHCh
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{00242} To a stirred solution of 4,47 47 «rimethyl-2,27:6° 27 terpyridine (Stream; 2.06 ¢,
7.49 ramol) in dey THF (Baker; 34 mi, 0.2 M) was added NiCl,»DME (Stream; 1.65 g, 7.49
mimol} under inert atmosphere o glove box. The heterogeneous mixture was stisred at reflux
for 24 hours out of glove box. The resulting mixture was cooled to room temperature and
filtered through a glass filter funnel to collect the blue solid. The resulting blue solid was
washed with ERQ, ground to fine powder, and dried under reduced pressure using drving
pistol technique at 140 °C (xylenes) for 15 houwrs to atford (MePipy Nl complex (3.00

g 7.44 mmol, 99%).
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{dthbpy) NiCh

{ibhpy - NICE;

100243] To a stirred solution of 4,47 -di-feri-butvi-2,2 ~dipyridyl {Aldrich: 200 mg, 0.745
mmol} iy dry THF (Baker; 3.4 ml, 0.2 M) was added NiClp»DIME (Streany;, 164 mg, 0.745
mmol) under inert atmosphere in glove box. The heterogeneous mixture was stirred at reflux
for 24 hours out of glove box. The resulting mixture was cooled to room temperature and
filtered through a glass filter funnel to collect the blue solid. The resulting blue solid was
washed with EtO, ground to fine powder, and dried under reduced pressure using drying
pisted technique at 140 °C (xylenes) for 15 hours to attord (dtbbpy) NiClz complex (260 mg,

0.653 mmol, 88%}.

{dtbbpy) NiBr:

{00244] To a stirred solution of 4,47 -di-fert-butyl-2,2" -dipyndyl {Aldrich: 957 mg, 3.56
mmol) in dey THF (Baker; 16 mi, 0.2 M) was added NiBr»DME (Stream, 1.00 g, 3.24
mmol ) under inert atmosphere in glove box. The heterogeneous mixture was stirred at room
ternperature for 24 hours o glove box.

{00245} The resulting mixture was cooled 1o room temperature and filtered through a glass
filter funnel to collect the yellow solid. The resulting solid was washed with E O, ground to
fine powder, and dried under reduced pressure using drying pistol technique at 140 °C

{xylenes) for 15 hours to afford (dtbbpy)y NiBr complex {1.50 g, 3.08 mmol, 95%).
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{Metpy Nai{iy

{00246} According to a procedure reported by Vicic®, to a stirred solution of 4,.4°,47-
trimethyl-2,27:67,2 ~terpyridine {Stream; 1.00 g, 3.63 mmol) in dry THF (Baker; 31 mb, 0.2
M) was added Ni{cod) (Streany; 1.00 g, 3.63 mmol} under inert atmosphere in glove box.
After stirring for 30 minutes, a solution of Mel (0.230 mi., 3.63 mmol} and THF (8 mL) was
added slowly to the mixture. After further stirring for 5 hours, the mixture was diluted with
dry pentane (Aldrich, 90 wL) out of glove box and stored in refrigerator overnight. The
mixture was filtered through a glass filter funnel to collect the brown solid. The resulting
solid was washed with hexane and B0, ground to fine powder, and dried under reduced
pressure using drying pistol technique at 140 °C (xylenes) for 15 hours to afford

{(Meystpy NiDI complex (1.67 g, 3 63 mamol, quant ).

Optinazation Studies
{80247} The optimization of coupling condition was been started with the mixture of
bidentate-ligand - NiXz, (Mehtpy Ni{IHCh, and (Meptpy Nl The tables below sumrmarize

the reaction optimization.

Evaluation of Nickel Catalysts
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Evaluation of Catalytic Loadings
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{30248] From the above screens, it was tound that (Mehipy Ni(B was better than

{(Meptpy Ni(CL in obtaining higher vields.

Comparison of Zinc and Manganese as Reductant
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Relationship of Catalyst Loadings and Concentrations for 52
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Fvaluation of Additives
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Preparanion of (Cpadr(Ci;

10824%] According to a procedure reported by Schwartz'®, to a stirred colorless solution of
CpaZaCly (145 mg, 0.500 mmol) in dey THF (Baker; 0.5 mL) was added 20% Na(Hg) (600
mg, 0.525 mmol} under inert atmosphere in glove box and the mixture was stirred for 14
hours. The resulting deep red nuxture was used tor the ketone-coupling in entry 3 without

further purification.

Effects of CpadxClhfor 3

+ Mgcp o7 g TN o ‘\\ /“/""‘\\}‘r
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{00250} It was discovered that the CpZrCl enhanced the coupling rate and decreased the

productions of ester 83 and dimer 4.
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Procedure for the Reaction in entry 8

{00251} To a solution of 1odide 1 (37.3 myg, 0.165 mmaol, 1.0 equivy and thiopyridine ester 2
{450 mg, 0.165S mmol, 1.0 equav) in BMA (0.17 mL) and DME (0.17 mL) were added py-
{Menmid Niy{IDHCh (0.50 mg, 1.65 pmol, T mol%) and (Mepipy N (0,80 mg, 1.65 pmol,
I mol%) in the absence of CpZrCly. After stirring for | minute, Zn powder (32.4 mg, 0.495
mmol, 3.0 equivy was added at room temperature. After being stirred at the same temperature
for & hours, the reaction mixture was diluted with EnO and sat. NaHCOs ag. The organic
layer was separated and the aqueous layer was extracted with B0 five fumes. The combined
orgaric layer was washed with water three times and brine one timne, dried over NapSOq,
filiered, and concentrated under reduced pressure. The obtained crude matertal was purified
by flash column chromatography on silica gel to give ketone 3 (31.6 mg, 0.121 mmol, 73%),

ester 83 (6.00 mg, 0.023 mmol, 14%), and dirmer 4 (0.70 mg, 0.007 mmol, 4%).

Effects of Cp2drCh with Different Acyl Derivatives
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Mechanistic Studies

Hydrogirconation/Ketone coupling

e e o
et TN AT el ey
T aTES

E

{00252] In a glove box, 10 a solution of olefin (i or i1} in THF was added Cp2ZrHCH {(1.0-1.1
equiv}). After stirring for 20 hours, a mixture of thiopyridine ester 2, catalysts, and Zn in
DMA (0.42 mL) were added. After being stirred at the same temperature for 4 hours, the
reaction mixture was removed from glove box and diluted with B O and sat. NaHCOs ag. (1
ml.}). The organic laver was separated and the aqueous fayer was extracted with EtO five
times. The combined organic layer was washed with water three times and brine one time,
dried over NaySQy, filtered, and concentrated under reduced pressure. The no ketone

formations were detected from 'H-NMR analysis of the crude materials.
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Stoichiometric Ni{COD): mediated-Coupling
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{00253} In a glove box, to a sclution of ligand (1.0 equiv} in DMA (0.42 mL} was added
NH{COD Y (45,1 mg, 0.165 womol, 1.0 equiv). After stivring for 30 minutes, a mixture of
iodide 1 (37.3 mg, 0.165 mmol, 1.0 equiv) and thiopyridine ester 2 (45.0 mg, 0.165 mmol,
1.0 equiv) in PME (0.42 mL) were added. After being stirred at the same teruperature for 30
minutes, the reaction mixture was removed from glove box and difuted with Et;O and sat.
NaHCO; ag. (1 mL). The organic laver was separated and the aqueous layer was extracted
with ERO five times. The combined organic layer was washed with water three times and
brine one time, dried over Na:SQy, filtered, and concentrated under reduced pressure. The
obtained crude material was purified by flash column chromatography on silica gel to give

products and starfing materials.
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Evaluation of Negishi-Coupling Pathway

ﬂ "}»‘i
I s

Experimental Fvidence of o Radical Pathway

Radical Ring-Opening/Ketone Coupling

{00254] In a glove box, to a solution of iodomethyleyclopropane 88 (30.0 mg, 0.165 mmol,
1.0 equiv) and thiopyridine ester 2 {45.0 g, 0.165 mmol, 1.0 equivy in BDMA (0.17 mi.) and
DME (0.17 mL) were added py-(Meynud -Ni{IDCE (0.50 mg, 1.65 pmol, 1 moi®s),
{(Mentpy N (0.830 mg, 1.65 pmol, 1 mol?%), and CpadisClh (48.2 mg, 0,165 mmol, 1.0
equiv). After stirring for 1 minute, Zn powder (32.4 mg, 0.495 mmol, 3.0 equiv) was added at
room temperature. After being stirred at the same temperature for 3 hours, the reaction
mixture was removed from glove box and diluted with ERO (1 mL} and sat. NaHC Gz aq. {1
ml.}. The organic layver was separated and the agueous fayer was extracted with O (1 rol)

five times. The combined organic layer was washed with water (1 ml) three times and brine
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{1 mL} one time, dried over Nax8Qy, filtered, and concentrated under reduced pressure. The
obtained crude material was purified by flash column chromatography on silica gel to give Sé

(21 4 mg, 0.098 mmol, 59%) as coloriess oil.

Radical S-exo-trig Cyclization/Ketone Coupling'’

ot i
87, 1.0 equblv

{00255} In a glove box, to a sclution of iodide 87 (41 9 mg, 0165 mmol, 1.0 equiv) and
thiopyridine ester 2 (450 g, 0.165 mmol, 1.0 equavy in DMA (017 mL} and DME (0.17
ml} were added py-(Mehmid Ni{H}Ch (0. 50 mg, 1.65 umol, T mol%), (Me)kstpy Ni(1i (0.80

g, 1.65 umol, 1 mol?), and CpdrCly (48 2 mg, 0,165 sumol, 1.0 equiv). After stirring for 1
minute, Sn powder (32.4 mg, 0.495 mmol, 3.0 equiv) was added at room temperature. After
being stirred at the same temperature for 3 hours, the reaction mixture was removed from
glove box and diluted with ERO (1 mL) and sat. NaHCG: ag. (3 mL}. The organic layer was
separated and the aqueous layer was exiracted with ERO (1 mbL) five times. The combined
organic layer was washed with water (1 mL) three times and brine (1 mL) one time, dried
over Na:SOq, filtered, and concentrated under reduced pressure. The obtained crude material
was purified by flash column chromatography on silica gel to give S8 (27.1 mg, $.923 mmol,

57%) as coloriess oil.
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Ketone Coupling in the Halichondrin Synthesis
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{reneral Procedure for 3

{00256} In a glove box, 1o a solution of 1odide 1 (373 mg, . 165 mmol, 1.00 equiv) and
thiopyridine ester 2 (45.0 mg, 0.165 mumol, 1.00 equiv) in DMA (017 mL) and DME (0.17
ml) were added py-{Melimid Ni(JD}Ch (0.530 mg, 1.65 umol, T mol%), (Mehtpy Ni({) (0.80
mg, 165 umol, 1 mol®%;), and CpZrCh (48.2 mg, 0.165 ramol, 1.0 equiv). After stirring for 1

minute, Zo powder (32.4 mg, 0.495 mmol, 3.0 equiv Sigma-aldrich, used without any
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activation} was added at room temperature. After being stirred at the same temperature for 3
hours, {monitored by TLC), the reaction rowxture was removed from glove box and diluted
with EO {1 mL) and sat. NaHCOs ag. (1 mbL). The organic layer was separated and the
agqueous layer was extracted with E0O (1 ml) five times. The combined organic layer was
washed with water (1 mL} three times and brine (1 mL) one time, dried over Nay SO, filtered,
and concentrated under reduced pressure. The obtained crude material was purified by flash
column chromatography (hexaves/AcOEL = 5:1) on silica gel to afford ketone 3 (41 6 mg,

0.159 mamol, 96%;} as colorless o1l

Final Ketone Coupling in the Halichondrin Synthesis

YTEMP (2

DAE

6 H H

KRS S
R

SR i
§

81% on10d myg scale | A

{00257 In a glove box, to a solution of 1odide 8 (100 mg, 0.101 mmol, 1.00 equivy,
thiopyridine ester 9 (72.0 pg, 0.101 pmol, 1.00 equiv), and DTBMP (51.9 mg, 0.253 mmol,
2.5 equivy in DMA (0.26 mL) and DME (0.26 mL} were added py-(Mehnmid MNi(IDCl: (5.8
ug, 0.0202 umol, 20 mol%;}, Mentpy Ni() (2.3 ug, 0.00505 pmol, 5 mol%), and CprZrCh
{295 mg, 0.101 mmol, 1 equiv} at room temperature. After stirring for I minute, Zn (39.6
g, 0.606 mmol, 6.0 equiv Sigma-aldrich, used without any activation) was added to a

mixture. After further stirring for 90 minutes, the reaction was quenched with a mixture of
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saturated aquecus NaHC (s and water {(1/1), and the resulting mixture was extracted with
EtOAc five ttimes. The combined organic exiracts were dried over anhydrous Nap SOy,
filtered, and concentrated under reduced pressure. The residue was purified by flash silica gel
column chromatography using YAMAZEN (hexanes/AcOEL = 3:1) to afford ketone 10 (119

mg, 0.0818 mmol, 81%) as a coloriess amorphous solid.

Characterization Daio
2-(1-Methvl-1 f{-imidazel-2-yljpyridine

I00258] IR (Gim) 3105, 1588, 1490, 1462, 1278, 1034, 790, 742, 707 cov™!; 'H NMR (500
MHz, COCl3 0 =8.06-849 (m, 1H), S.18{dt, /=81, 1.2 Hz, 1H), 7.75(ddd, /=95, 71,
P7Hz, 1H, 721(ddd, f=76,49 13 Hz, TH), 712, J= 14 Hz, 1H), 6.97 (s, 1H), 4.13
{d, /=12 Hz, 3H), PO NMR (126 MHz, CDCL) 8 = 150.79, 148 19, 144.96, 136.55,
128,18, 124 37, 122.64, 122.33, 36.28; HRMS (ESD m/z cale. for CoHinOs [M+H}+
160.0875; found 160.0864.

4-{4-Methoxyphenyi}-{-(tetvahydro-2H-pyran-2-ylibutan-2-one, 3

{00259} 3 was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes EtOAc = 5: 1) to atford 3 (41 .6
mg, 0.159 mmol, 96%) as a colorless otl. IR {film) 2934, 2849, 1712, 1612, 1513, 1441,
1300, 1246, 1178, 1087, 1043, 828 co'l; 'H NMR (500 MHz, CDCL) § = 7.09 (d, /= 8.4 Hz,
2H), 6.81 (d, J= 8.4 Hz, 2H), 3.91 (d, /=114 Hz, 1H), 3.78 (s, 3H), 3.77-3.72 (m, 1H), 3 41
(t, /=108 Hz, 1H), 2.83 (¢, /=78 Hz, 2H), 2.74 (g, J= 5.4 Hz, 2H), 2.64 (dd, J =156 Hz,
TR Hz 1H), 236{dd, /= 156Hz 52 Hz, TH), 180 {d, J=52Hz, 1H), 1.38(d, /=126 Hz,
THD), 1.53-1.46 (m, 3H), 1.29-1.21 (m, 1H), PC NMR (126 MHz, CDCl33 8§ =210.2, 158.1,
135.7,133.9, 133.3, 129.8, 1293, 127.8, 114.0,63.1,554,447,395,291,270,267, 193

HRMS (ESI) m/z cale. for CieHasOs [MHAHH+ 263.1642; found 263.1649.
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1.2-Bis{tetrahydro-2H-pyran-2-yljethane, 4

A
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3
. o

166260} Colorless oif. IR (film) 2930, 2838, 1086, 1047, 897 cm™'; "H NMR (500 MHz,
CDCL) 6= 4.14-3 .86 (m, 2H), 3.42 (td, /= 11.6, 2.3 Hz, 2H), 3.32-3.08 (m, 2H), 1.82 (dt, J
=13.2, 2.9 Hz, 2H), 1.54 (dddd. J=492, 168,72, 3.7 Hz, 11H), 1.34-1.15 (m, 3H): BC
NMR (126 MHz, CDC) 6 = 7814, 7726, 6847, 3291, 3210, 31.99, 31.76, 26 23, 23 60,
23.58; HRMS (ESD) mz cale. for CraHpOn [MHH]T 1991698, found 199 1687

1-(2,2-Dimethyl-1,3-dioxolan-4-y1}-4-{(4-methexyphenyl)butan-2-one, 7a

f
-, f

J~o o
)
- R Ny - z‘Ji\\,"".\“\. ),M::k

—C}

Z

Ohde

{00261 7a was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatograpby (hexanes: EtOAc = 5:1) to atford 7a (44.0
mg, 0.158 mmol, 96%) as a colorless ol IR {(film) 3035, 2988, 2935, 1711, 1612, 1513,
1478, 1370, 1246, 1178, 1058, 1036, 829, 669 cm™": H NMR (500 MHz, CDCL) 8 = 7.09 (4,
J=8.5Hz, 2H), 6.81 (d, J= 8.5 Hz, 2H), 4.44 (quin, /= 6.0 H, 1H), 4.15 (dd, /= 8.5 Hz, 8.0
Hz, 1H), 3.77 (s, 3H}, 3.50(dd, /=8 S Hz, 8.0 Hz, 1H), 2.88-2.80 {m, 3H), 2.76-2.71 {m,
2H), 2.52{(dd, J=16.5 Hz, 7.0 Hz, 1H) 1.38 {5, 3H}, 1.33 {5, 3H}), PC NMR (126 MHz,
CDCL;) 8 =207.8, 158.0, 132.8, 129.2, 113.9, 1088, 71.7, 694, 55.2, 47.2, 45.2, 28.7, 26.9,
25.5; HRMS (ESD) mz cale. for CiaHppNaly [MANal+ 301.1410; found 301.1425.

fert~-Butyl{8)-2-(4-{4-methoxyphenyi}-2-oxobutyDipyrrolidine-1~carbosylate, 7b

i""m\‘.‘
X f J\\ PN ,-’"\:::,\
gi_;(';‘ e {,"' e,
i

Ldde

{00262} 7h was synthesized according to the general procedure. The crude product was

purified by Hash siica gel columu chromatography (hexanes: EtOAc = 4:1) to attord 7Th (51.6
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mg, 0.149 mmol, 90%) as a colorless oil. {a]§%= -58.0 ((.' 2.0, CHCL), IR (film) 2971, 1685,
1512, 1391, 1364, 1243, 1166, 1107, 1034, 827, 772 el 'H NMR (500 MHz, CDCl3) § =

0(d, /=85 Hz, 2H), 6.82(d, /=86 Hz, 2H), 4.14 (d, /= 10.3 Hz, 1H), 3.79 (s, 3H),
332 (d, J = 6.6 He, 21, 2.78 (dt, J = 60.4, 7.6 Hz, 2H), 2.69 (dd, J = 16.1, 9.7 Hz, 2H), 2.37
(dd, J=16.1,9.7 Hz, 1H), 2.03 {dg, /= 12.7, 8.1 Hz, m} 178 {ddd, /=91, 6.4,3.9 Hz,
2H), 1.59 (ded, J=12.6, 5.6, 3.3 Hz, 1H), 1.45 (s, 10H); PC NMR (126 MHz, CDCl) 6 =
208.71, 157.94, 154,27, 133.03, 129.23, 113.87, 79.33, 5525, 53.43, 47.34, 46.33, 4497,
31.09, 2883, 28.53, 23.28; HRMS (ESI) m/z cale. for C2H:oNOs [M+HT 348.2175; found
3482240,

fort-Buty{ 8- (8-(d-methoxyphenyli-3-oxo-1-phenyipentyljearbamate, 7¢

P .
SooHM T | =

{30263} 7¢ was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes: EtOAc = 5:1) 1o afford 7e (605
mg, 0.158 mmol, 96%} as a white solid. [a]d%= 14.7 (¢ 0.3, CHCh): IR (film) 3376, 2979,
2032, 1707, 1612, 1513, 1455, 1366, 1247, 1175, 1037, 819, 701 om™; 'H NMR (500 MHz,
CDCY 6 =733-729 (m, 2H), 7.27-722 (m, 3H), 7.00(d, /=84 Hz, 2H), 6.78 (d, /=8 4
Hz, 2H), 546 (brs, TH), 5.07 {brs, TH), 3.78 {5, 3H), 3.00 {(brs, TH), 285{dd, /=174 Hz, 43
Hz, 1H), 2.73 (t, /=78 Hz, 2H), 2.69-2.62 (m, 1H), 2.59-2.52 {m, 1F), 141 (s, 9H);, °C
NMR (126 MHz, CBC) 6 = 208.5, 158.1, 1553, 141.7, 1329, 1293, 128.8, 127.5, 1204,
114.0,79.9 554, 513,488,454, 287, 28.5; HRMS (EST) m/z calce. for CosHzoNNa0y

IV INal™ 406.1989; found 406.1980.

fert-Butyi{S-{6-{4-methoxyphenyl}-4-oxo-1-phenyihexan-2-yhcarbamate, 7d

Bn O

T TR VU NP NI
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{00264} 7d was synthesized according to the general procedure. The crude product was

purified by flash silica gel column chromatography (hexanes EtTOAc = 5.1} to afford 7d (60.9
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mg, 0.153 mmol, 93%) as a white solid. {a}d®= 5.7 {¢ 1.1, CHCh); IR (film) 3360, 2977,
2931, 1708, 1612, 1513, 1455, 1391, 1366, 1301, 1247, 1174, 1109, 1077, 1037, 824, 778,
702 em™'; 'H NMR (500 MHz, CDCE) 8 = 7.29-725 (m, 28, 7.21 (&, /=72 Hz, 1H), 7.10
(d,/=72Hz 2H), 708{(d, /=90 Hz 2H), 6.82(d, I =90 Hz ZH), 504 {brs, 1H), 4.11

(brs, 1H), 3.78 (s, 3H), 2.91 (brs, 1H), 2.84-2.75 (m, 3H), 2.71-2.58 (m, 2H), 2.54 (d, /=4.9
Hz, 2H), 1.40 (s, 9H), PC NMR (126 MHz, CDCL) 8§ =209.5, 158.1, 1554, 138.2,132.9,
1294, 1293, 1287, 126.7, 114.1, 79.5, 55.4, 48.9, 456, 45.1, 40.4, 28 8, 28.5; HRMS (HSD
mz cale. for CadNOy [MAH]T 398 2331 found 398.2326.

i-(4-Methoxyphenyl}-S-phenyipentan-3-one, 7e

O

-~ J—L e !‘%\

Ph” T T TR

PN
e TN e d e
T Gle

{00265] Te was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes: Et{dAc = 10:1} to afford Te
(40.9 mg, 0.152 mmol, 92%) as a colorless oil IR (film) 3061, 3027, 2932, 2835, 1712, 1611
1512, 1247, 1035, 823 em™; 'H NMR (500 MHz, CDCI3) 8 = 7.35-7.25 (m, 2H), 7.25-7.14
{m, 3H), 7.10 (dd, . = 8.4, 1.5 Hz, 2H), 6.91-6.74 {m, 2H), 3.80 (s, 3H), 2 88 (dt, ./ = 25.9,
7.6 Hz, 4H), 2.79-2.55 (m, 4H); C NMR (126 MHz, CDCls) § = 209.26, 157.97, 141.04,
133.03, 12924, 12849, 12831, 12610, 113 91, 5526, 44.78, 4455, 29 73, 28 91, HRMS
(BESI) mz cale. for gl Qo [MHHTT 269 1542; found 2691503,

2

IH{1H-Indol-3-y1}-5-(4-methoxyphenyhpentan-3-one, 7

ae"ﬁ':::‘\ {_}
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s P one

{00266} 7§ was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes EtthAc = 4.1} to afford 78 {456
rag, 0.148 mmol, 90%;) as a white solid. IR {film)} 3409, 2930, 1706, 1511, 14506, 1244, 1178,
1092, 1033, 822, 743 em™; 'H NMR (500 MHz, CDCL)Y 8= 7.98 (br, 1H), 757 (dq, /= 7.9,
10Hz 1H), 735(dt, J=8.2, 09 Hz, 1H}) 721{ddd, /=8.1,7.0, 13 Hz IH} 713{(ddd, /=
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8.0, 7.0, 1.1 Hz, TH), 7.10-7.00 (m, 2H), 6.94 (dd, /=23, 1.1 Hz, 1H), 6.86-6.67 (m, 2H),
3.79 (s, 3H), 3.05 (ddd, /= 7.6, 6.9, 0.9 Hz, 21), 2.82 (dt, J = 20.0, 7.4 Hz, 41), 2.69 (dd, J
8.1, 7.0 Hz, ZH);, “C NMR (126 MHz, CDCI3) § = 21013, 157.91, 136.27, 133.09, 129.25,
127.14, 122,03, 121,52, 11929, 11B.68, 115.16, 113,86, 111.16, 55.27, 44.74, 43 46, 28 93,
19.33; HRMS (ESD sz cale. for CaoHlnNO; [IMAH] 308.1651; found 3081620,

-(4-Methoxyphenyi)-§,5-dimethylhexan-3-one, 7g

M
5
Ol

{00267} Tg was synthesized according to the general procedure. The crude product was
purified by flash siica gel column chromatography (hexanes: EtOAc =10:1) to afford 7g (34.8
mg, 0.149 mmol, 90%) as a colorless oif IR (filim) 2953, 1708, 1512, 1363, 1244, 1177,
1035, 824 cm™; 'H NMR (500 MHz, CDCL3 8§ =709 (d, /=86 Hz, 2H), 6.82(d, /=856
Hz, 2H), 378 (5, 3H), 2.81 (,./= 7.6 Hz, 2}, 2.74-2. 57 {m, 2H)}, 2.28 (s, 2H}, 0.99 (5, 94},
BCWNMR (126 MHz, CDCL)Y8=210.17, 157.95, 133.35, 120.34, 113.90, 55.33, 55.28,
4698, 31.13, 2981, 28.90; HRMS (B8 sz cale. for CisHus Oy [MAHT 2351698, found
51955,

‘4‘)

23

-Cyclohexyl-3-{4~-methoxyphenylipropan-1-one, 7h

%

. L -
N \-w,.n‘ M RN,

PR P!

~ ET N OMe

{00268} Th was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes: EtOAc = 10:1) to afford 7h
(36.6 mg, 0.149 mmol, 90%) as a colorless ol IR (filvo) 2927, 2852, 1703, 1511, 1243, 1176
1034, 822 e ' NMR (500 MHz, CDCL;) 8 = 7.11 (d, J = 8.6 Hz, 2H), 6.83 (dd, J= 8.5

1.3 Hz, 2H), 3.80¢d, J= 1.2 Hz, 3H), 2.84 (1, J= 7.5 Hz, 2H), 2.79-2.62 (m, 2H), 2.44-2.14
{m, 1H), 1.94-1.72 (m, 4H), 1.67 (dp, J= 11.8, 4.1, 2.7 Hz, 1H), 1.50-1.01 {m, SH}; 1*C
NMR (126 MHz, CDCLY 8 =213.27, 157.89, 133 47, 12924 113 84, 5525, 5099, 4250,
28.87, 28.40, 25 86, 25 66; HRMS (BRI #vz cale. for CieHun Oy [MHH]T 247 1698; found
2471744,

2
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4-{5-{4-Methoxyphenyl}-3-oxopentyl}phenvi-trifluoromethanesulfonate, 7i

0
RN T /A\\ o L\V! N 1"“}\
| |
.
. ey e
S Sty /’
T TS SF e

{00269} 7t was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes: EtOAc = 5:1) to afford 71 {57 .8
mg, 0.139 mmol, 84%) as a colorless ol IR (film) 1713, 1512, 1417, 1247, 1208, 1137, 885,
728, 608 el 'H NMR (500 MHz, CDClz) § = 7.26-7.20 (m, 2H), 7.21-7 14 (m, 2F), 7.13
6.99 (m, 2H), 6.91-6.70 (m, 2FD), 3.80 (s, 3H), 2.92 (1, /= 7.4 Hz, 2H), 2.85 (¢, /= 7.5 Hz,
250}, 2,71 (d, 7 = 7.4, 4.9 Hz, 451, 3C NMR (126 MHz, CDCE) § = 208,55, 158.01, 147.90,
141,73, 132,81, 130,14, 12923, 121.26, 126,01, 117 46, 113.92, 11388, 55.24, 44 71, 44 .06,
28.90, 28.81; HRMS (ESD) mz cale. for CioHanF3NaQs8 [M+H]" 439.0803; found 439.0832.

iI-{4-Bromophenyl}-5-{4-methoxyphenyi}pentan-3-one, 7§

g 4
§
s
N7

AT f;‘;”
Br - e e

{30278} 7§ was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes EtOAc = 10:1) to atford 7§
{47 3 mg, 0.136 mmol, &3%) as a colorless oil. IR (ilm) 2931, 1711, 1511, 1487, 1243, 1177,
1034, 1010, 814, 516 cm™' "H NMR (500 MHz, CDCL) & = 7.45-7.31 (m, 2H), 7.06 (dd, J =
194, 81 He, 4H), 683 (d, /=83 Hz, 2H), 380(d, /=12 Hz, 3H), 2.84 {t, J= 7.5 He, 4H),
2.68 {1, J=7.5 Hz, 4H); PC NMR {126 MHz, CDCE) 208.83, 157.98, 140.04, 132 .89
131,50, 130,13, 12923, 11984, 113.91, 5527, 4476, 44 21, 29.01, 28.89; HRMS (EST) i
cale. for CisHzeBr(; [M+HT 347 0647, found 347 0601,

-(4-lodophenyly-5-(4-methoxyphenylipentan-3-one, 7k

N
3 K H ik
; fﬁ\‘\.\‘::::; \‘\‘\_:;i"' \‘\ {} %\;’E p
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{00271} Tk was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes: EtOAc = 10:1) to afford 7k
{(40.0 mg, 0.101 mmol, 61%) as a colorless oitl. IR {(film} 2929, 1710, 1510, 1242, 1176, 1033,
1005, 809, 513 e TH NMR (300 MHe, CDCLY 6 = 7.59 (d, J= 7.9 Hz, 2H), 7.15 - 7.00
{m, 2H}, 692{d, /=80 Hz, 2H}, 683 (d, /=83 Hz, 2H), 380 (s, 3H), 284 (1d, /=76, 4.4
Hz, 4H), 2.68 (t, J= 7.4 Hz, 4H), PC NMR (126 MHz, CDCl3) § = 208 82, 157.98, 140.72,
13749, 13289, 130,48, 129.23, 113,91, 91.15, 5528, 44.76, 44 18, 2911, 28 89; HRMS
(EST) m/z cale. for CisHaoIO: [M+H] 3950508, found 395.0535.

iI-{4-Hydroxyphenyl}-5-(4-methoxyphenylipentan-3-one, 7}

0O
I S oy R ‘~
S “n” e .\\l
| -
- L " v M A
'S - s
R - RE

{00272} 7Y was synthesized according to the general procedure. The crude product was
purified by fiash silica gel column chromatography (hexanes: EtOAc = 10:1) to afford 71 (39.8
mg, 0.139 mmol, 85%) as a colorless oil, IR (film) 3380, 2931, 1701, 1611, 1511, 1442,
1243, 1177, 1033, 825, 542 Ci‘ﬂ'i; H NMR {SOO MHz, CDClLy 0= 7.08 {d, /= 8.6 Hz, 2H),
702(d, J=84Hz Z2H) 683(d, J=85Hz 2H), 6.75{(d, /=84 Hz, 2H), 530 {br, 1H),

380 (s, 3H), 2.83 (¢, S=T7.1 He, 4H), 2.69 (td, J = 7.5, 3.0 Hz, 4H);, PC NMR (126 MHz,
CDCLYO=210.20, 15791, 154,02, 133,00, 132,90, 12941, 12925 11534, 113.93, 5530,
44 .82, 28.90 (Two signals are missiog due to overlapy, HRMS (ESI m/z cale. for
CigHoNaOs [M+Nal™ 307 1310 found 307 1320

Ketone, 10

106273} All analvtical data for 10 was in accordance with our previous literature!®.
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1.3-Bis{tetrabhydro-2H-pyran-2-ylipropan-2-one, 82

ey N

L L {3 ¢ N
o “\\x_/ﬂ\.\ RN (:t ~

-
G -

{00274} 52 was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes EtTOAc = 4.1} to afford 82 (317
mg, 0.140 mmol, 85%) as a colorless o, IR {(film} 2933, 2487, 1713, 1440, 137§, 1356,
1203, 1175, 1088 ey "H NMR (500 MHz, CDCL) 6 = 3.91(d, J= 9.2 Hz, 2H), 3.79-3.73
(m, 2H}, 343 (dd, /=112, 108 Hz, 2H}, 2.67 (dd, /= 148, 5.8 Hz, 2H), 2.44 (dd, /=148,
58 Hz, 2H), 1.80(d, J=72 Hz, 2H), 1.62-1.58 {m, 3}, 1.52-1.46 (m, SH), 1.30-1.21 {m,
2HY), PCNMR (126 MBz, CDCLY 8 =207.7, 74.1, 68.7, 50.6, 504, 31 .9, 259, 23.5; HRMS
(EST) mz cale. for CisHnNaGs [MANal™ 249 1467 found 249.1460

Hex-8-en-1-v1 3-(4-methoxyphenyl)propanoate, , 83

N
. .,w’ N, Y

R L

. «"tJ\,

100273} Colorless oil. IR (film) 2935, 1729, 1512, 1244, 1175, 1034, 911, €24 o™’ 'H NMR
(500 MHz, CDCl)8=7.14(dd, /=88 07 Hz, 2H), 6.84 (d, /=8 S Hz, 2H), S.80 (ddt, J=
169, 102,67 Hz, 1H}, S.15-4.88 {m, 2H), 4 08 {t, ./ = 6.6 Hz, 2H}, 3.80(d, /= 0.6 Hz, 3H},
2914, /J=T8Hz 2H), 261{(dd, /=82, 73 Hz, 2H), 2.20-1 94 (m, 2H}, 1.73-1.55 {m, 2H),
143 (1, /= 99,65 Hz, 2H), ¥C NMR (126 MHz, CDCL)Y 8 = 173.04, 158.05, 138,34,
132,61, 12922 114 80, 113.87, 64,35, 5523, 36,22, 33.27, 30,16, 28.06, 25 17, HRMS (ESI)
m/z cale. for CusHnGs [MHHTT 263.1647, found 2631683,

iI-{4-Methoxyphenylthept-6-¢n-3-one, 56

G
7'\‘;:: _,.;r"\\ ,A.»‘H\\!, N a{_\\\
ETONME

{00276} S was synthesized according to the general procedure. The crude product was
purified by flash sifica gel column chromatography (hexanes EtOAc = 20:1) to afford S6

(21.4 mg, 0.098 mmol, 59%) as a coloriess oil. IR (film} 2926, 1753, 1612, 1513, 1442, 1365,

112



WO 2022/019921 PCT/US2020/043501

1301, 1246, 1178, 1109, 1036, 911, 820 cm™'; 'H NMR (500 MHz, CDCI:) § = 7.09 (d, J =
8.5 He, 2H), 6.82 (d, J = 8.5 Hz, 2H), 5.83-5.73 (m, 1H), 5.01 {dd, J= 17.5 Hz, 1.4 Hz, 11,

4.97(dd, J=10.0 Hz, 1.4 Hz, 1H), 3.78 (s, 3H), 2.84 (t, /=7.5 Hz, 2H), 2.70 (t, /= 7.5 Hz,
2H), 2.48 (t, =7 5 Ha, 2H), 2.31 (q. /= 7.5 Hz, 2H), PC NMR (126 Mz, CDCl;) 5=
2094, 158.0, 1371, 133.1, 129.2, 115.2, 114.0, 55.3, 44.6, 42.0, 28.9, 27.7; HRMS (ESI) m/s
cale. for CuyHO; [MHH] 219.1380; found 219.1374.

I-(Hexahydrofure{2,3-5[furan-3-yl}-4-(d-methoxyphenyh)butan-2-one, 8§

'—}
f“-ﬂ el \ 7}" x
s ;-f f ‘,4]
[ R \\.:"1"\

{302771 S8 was synthesized according to the general procedure. The crude product was
purified by flash silica gel column chromatography (hexanes: EtOAc = 2:1) 1o afford 88 (271
mg, 0.093 mmol, 37%) as a colotless ol IR {filw) 2951, 1710, 1611, 1512, 1244, 1030,

1001, 828 em™; "H NMR (500 MHz, CDCI} 6= 7.10(d, /= 8.2 Hz, 2H}, 6.94-6.73 {m, ZH)
S83-5.59 (m, 1H), 3.99(t, /=79 Hz, 1H), 3.91-3.69 (m, 5H), 3.45-3.27 {(m, 1H}, 2.97-2 80
{m, 3H), 2.79-2.04 {m, 3H}, 2.55 (dd, /=176, 70 Hz, 1H)}, 245 (dd, /= 17.6, 7.0 Hz, 1H)},
1.80-1 72 (m, 1H), 1.66 (dq, /=122, 59 Hz, EH); BCNMR (126 MHz, CDCL) 6§ = 208,10,
158.00, 13270, 129.23, 113 .95, 109.47, 71.69, 68.91, 5527, 45,08, 44 64, 41.13, 36.89,
28.96, 25.48; HRMS (ESI m/z cale. for CirHp Oy [MHH] 291.1596; found 291.1584.

3

References

1} For Ni-mediated one-pot ketone syntheses, see: a) Mukaiyama group: M. Onaka, Y.
Matsuocka, T. Mukaivama, Chem. Lert. 1981, /0, 531
b) Weix group: A C. Wotal, D J. Weix, Jrg Lerr. 2012, 74, 1479,
A.C Wotal, R. D Ribson, D. . Weix, Urganomefailics 2014, 33, S874;
DI Weix, Ace. Chem, Res. 2818, 48,1767,
¢} Gong group: H. Yin, €. Zhao, H. You, K. Lin, H. Gong, Chem. Commmn, 2012, 48,
7034,
C. Zhao, X Jia, X Wang, H. Gong J Am. Chem. Soc. 2014, /36, 17645,

d) Reisman group: A, H. Chemey, N. T. Kadunce, S E. Reisman, J. Am. Chem. Soc.

113



4)

3)

WO 2022/019921 PCT/US2020/043501

2013, /35, 7442,

e} Baran group: 8. Ni, N. M. Padial, C. Kingston, §. C. Vantourout, B, €. Schmitt, J. T
Edwards, M. M. Kruszyk, R R Merchant, P. K. Mykhaihiuk, B B. Sanchez, S, Yang,
M. A Perry, G. M. Gallego, J. . Mousseau, M. R. Collins, R J. Chemey, P. 8§ Lebed, J.
8. Chen, T. (in, P. 8. Baran, J. Am. Chem. Soc. 2019, 147, 6726, Link, CAS

a3y Y. Ay, N Ye, {3 Wang, K. Yahata, Y. Kishi, dngew. Chem., Int. Fd 2817, 36, 10791,
by K. Yahata, N. Ye, Y. A1, K Iso, Y. Kishi, Angew. Chem., Int. £d 2017, 56, 10796,
Crossref, Medline, CAS

A. Umehara, K. Umihara, Y. Kisht, uspublished results.

ay T. 1 Anderson, G D Jones, D A Vicie, L dm. Chem. Soc. 2004, 126, 8100,

83 G D Jones, C. McFariand, T. 1. Anderson, B A Vicic, Chem. Commun, 2008, 4211,
¢y G B Jones, J. L. Martin, C. McFarland, O. R, Allen, ROE Hall, A D Haley, R 1.
Brandon, T. Konovalova, P. J. Desrochers, P, Pulay, . A Vicie, J Am. Chem. Soc.
2006, 128 1517
dyd T Ciszewski, B Y. Mikhaylov, K. V. Holin, M. K. Kadirov, Y. H. Budotkova, O,
Sinyashin, D A Vicic, fnorg. Chem. 2011, 50, 8630,

(¥4}

e} 3. Mikbaylov, T. Gryaznova, Y. Dudkina, M. Khrizanphorov, S, Latypov, (.
Kataeva, 3. A Vicic, O G Sinvashin, Y. Budnikova, Dafron Trans. 2012, 4/, 165,

Crossref, Medhing, CAS

The coupling smoothly proceeded in a 11 mixture of DMA-DME, DMA-dioxane, and
DMA-THF DMA can be replaced with 1, 3-dimethyvlimidazolidin-2Z-one (DM} and
DMA.

For the details, see Supporting Information.

Experiments with commonly-used radical probes support an involvement of a radical(s)

i the ketone coupling, of i — Hand it — v,

114



%)

WO 2022/019921 PCT/US2020/043501

?
3 e o N
e o SR \v{‘“ T T e
- i
i :

S
= X
8 N T et 4
A &
i §u

For selected papers and reviews on Ni', see for example: a) X. Lin, D. L. Phillips, J.
Org. Chem. 2008, 73, 3680,

by K. M. Arendt, A G Dovle, Augew. Chem., Int. Fd 2815, 54, 9876,

¢y C-Y. Lin, P. P. Power, Uhem. Soc. Rev. 2817, 46, 5347

d) Y. H. Budnikova, D, A Vicie, A Klein, Jnorgaries 2018, 6, 18, Crossref, Medline,
CAS

For example, see: M. T, Quirds, D. Collado-Sanz, E. Bufiuel, D} Cardenas, J Phys.

{hem. A 2018, /122, 2250, Crossref, Mediine, CAS

10} Experimentaily, this was shown from the following experiment; 2 was first treated with

py-(Me)imid NHICH (3 mol %03, CporVT: (1 equiv), Zn (3 equiv) in 1:1 DMA/DME at
RT for | hour. Then, 1 (I equiv} and (Me)stpy Ni'l (1 mol %) in DMA/DME were
added, and 3 was isolated in a yield comparable to the standard condition.

2

I a) G M Williams, K. L Gell, I Schwartz, /. dm. Chem. Soc. 1988, 102, 3660,

by G M Widhams, J. Schwartz, J. dm. Chem. Soc. 1982
¢y K. Fupita, T. Nakamura, H Yorimitsu, K. Oshima, /. dm. Chem. Soc. 2001, {23,
3137,

104, 1122

>

For CpaZriCH and its dimeric form {(prepared by reduction of Cp2Zr™VCh with Na/Hg),
see: d) M. €. Barden, . Schwartz, J. Org. Chem. 1997, 62, 7520, However, 10 our best

knowledge, Cp2Zr'VCh/Zn or Mn system is unknown. Crossref, Medline, CAS

12} At an early stage of study, we were interested in an alternative possibility: Cp2Zr(l

could have a high reactivity towards R’ to form CppZr Y (RYCL which might be involved
i the ketone coupling. However, the experiment using hydrozirconation-products

showed this possibility unlikely.

115



WO 2022/019921 PCT/US2020/043501

13} Experimentally, this was shown from the following experiment; 1 was first treated with
(Mehtpy Nt (1 mol %), CpZeVCl (1 equiv), Zn (3 equiv) in 1.1 DMA/DME at RT
for 30 minutes. Then, 2 {1 equiv) and py-{Me)imid Ni"Cl; (} mol %) in DMA/DME

were added, but no ketone formation was observed.

14} The thiopyridine ester 2 was used for the study. Knowing that the activation of 2 1s fast

(see the text), we chose NiYNi" = 1 mol %/1 mol Y.

15) T 1 Anderson, G. D Jones, B, A Vicic, J. Am. Chem. Soc. 2004, 126, 8100,

16}y M. C. Barden, §. Schwartz, | Org. Chem. 1997, 62, 7520,

3

17y F.Wu, W Lu, Q. Qian, Q. Ren, H Gong, Org Lett 2012, 14, 3044

18} K Yahata, N. Ye, Y. Ay, K. Iso, Y. Kishi, Angew. Chem. Int. Ed 2017, 56, 10796,

EQUIVALENTS AND SCOPE
{00278} In the claiums articles such as “a,” “an,” and “the” may mean one or more than one
unless indicated to the contrary or otherwise evident from the context. Claims or descriptions
that include “or” between one or more members of a group are considered satisfied if one,
more than one, or all of the group members are present in, employed in, or otherwise relevant
to a given product or process unless indicated to the contrary or otherwise evident from the
context. The invention includes embodiments in which exactly one member of the group is
present tn, employed in, or otherwise relevant to a given product or process. The invention
includes embodiments in which more than one, or all of the group members are present in,
employed in, or otherwise relevant to a given product or process,
{00279} Furthermore, the invention encompasses all variations, combinations, and
permutations in which one or more hmitations, elements, clauses, and descriptive terms from
one or more of the listed claims 18 tntroduced into another claim. For example, any claim that
is dependent on another claim can be modified to include one or more limitations found in
any other claim that 1s dependent on the same base claim. Where elements are presented as
lists, e.g., in Markush group format, each subgroup of the clements 1s also disclosed, and any

element(s) can be removed from the group. | should i be understood that, 1o general, where
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the invention, or aspects of the invention, is/are referred to as comprising particular elements
and/or features, certain embodiments of the invention or aspects of the invention consist, or
consist essentially of, such elements and/or features. For purposes of simplicity, those
embodiments have not been specitically set forth i haec verba herein.

{00280} It is also noted that the terms “comprising” and “containing” are intended to be open
and permits the inclusion of additional elements or steps. Where ranges are given, endpoints
are included Furthermore, unless otherwise indicated or otherwise evident from the context
and understanding of one of ordinary skill in the art, values that are expressed as ranges can
assume any specific value or sub-range within the stated ranges in different erwobodiments of
the invention, to the tenth of the unit of the lower limit of the range, unless the context clearly
dictates otherwise.

{00281} This application refers to various issued patents, published patent applications,
journal articles, and other publicatious, all of which are incorporated herein by reference. I
there is a conflict between any of the incorporated references and the instant specification, the
specitication shall control. In addition, any particular embodiment of the present disclosure
that falls within the prior art may be explicitly exchaded from any one or more of the claims.
Because such embodiments are deemed to be known to one of ordinary skill in the art, they
may be excluded even if the exclusion s not set forth explicitly herein. Any particular
embodiment of the invention can be excluded from any claim, for any reason, whether or not
related to the existence of prior art.

{00282} Those skilled in the art will recognize or be able to ascertain using no more than
routine experimentation many equivalents to the specific emboduments described herein. The
scope of the present embaodiments described herein is not intended to be limited to the above
Description, but rather is as set forth in the appended claims. Those of ordinary skill in the art
will appreciate that various changes and modifications to this description may be made
without departing from the spirit or scope of the present disclosure, as defined 1n the

following claims.
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CLAIMS
What 1s claimed is:

1. A method for preparing a compound of Formula (C):
O
A’k rB
€,

or a salt thereof, the method comprising coupling a compound of Formula (A):

R

X!
&

R
(‘5&)3

ot a salt thereof, with a compound of Formula (B):

O
RSS“E\RB

(B),

or a salt thereof, in the presence of a nickel{l} complex, a nickel{Il) complex, and a zirconium
complex; whereiu:

X' is halogen or a leaving group,

R® i3 optionally substituted alkyl, optionally substituted carbocyelyl, optionally
substituted aryl, optionally substituted heterocyclyl, or optionally substituted heteroaryl;

R*is optionally substituted alkyl; and

R¥ is optionally substituted alkyl, optionally substituted alkenyl, optionally
substituted alloynvl, optionally substituted aryl, optionally substituted carbocyelyl, optionally
substituted hetercaryl, or optionally substituted heterocyclyl;

optionally wherein R® and RT are joined together via a linker, wherein the linker is
selected from the group consisting of optionally substituted alkyiene, optionally substituted
hetercalkylene, optionally substituted alkenylene, optionally substituted hetercalkenylene,
optionally substituted alkynylene, optionally substituted heteroalkynylene, optionally
substituted arylene, optionally substituted heteroaryiene, optionally substituted
carbocyclylene, optionally substituted heterocyelyiene, optionally substituted acylene, and

combinations thereof
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2. The method of claim 1, wherein the compound of Formula {A) is of Formula (A-1)
RrAT G
\\?",f"
F2A2
{A-1}

or & salt thereot,
the compound of Formula (B) is of Formula (B-1}:
O

B
RSg /R
RB7 ‘RBz

(B-1),

bt

or a salt thereof, and
the compound of Formula (C} is of Formula (C-1):
o
At ) RB1

ot

B2
RHZ = 2 R

(C-1),

or a salt thereof, wherein:

R is optionally substituted alkyl, optionally substituted carbocyclivl, optionaily
substituted aryl, optionally substituted heterocyclyl, or optionally substituted heteroaryl;

each instance of R* R R™ and R¥ is independently hydrogen, optionally
substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl, optionally
substituted arvl, optionally substituted carbocycelyl, optionally substituied heteroaryl, or
optionally substituted heterocyclyl; optionally wherein R* and RP! are joined together via a

Hnker

3. The method of claim 2 comprising reacting a compound of Formula (A-B):
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or a salt thereof, to prepare a compound of Formula (C-2):

<
RZ )J\isz
\’\.—"/ 8 RB:‘
(©2)
or salt thereot, wherein:
RN represents a finker
4. The method of claim 1 or 2, wherein the compound of Formula (B} is of Formula (L~
2-6):
RZ
ORP4
RP6 H \h"\ o
S, G .
.. e, J_[\ f,R&’
P85 = e G
ettt o
H =%
(1-2-6),

or a salt or steregisomer thereof,

the compound of Formula (A} is of Formmula (R-2-1):

or a salt or sterecisomer thereof and
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the compound of Formula {(C) ts of Formuia (H3-2-1):

(H3-2-11),

or & salt or stereoisomer thereof, wherein:
R! R? R’ and R are each independently hydrogen, halogen, or optionally substituted
alkyl;
each instance of RY is independently hydrogen, halogen, or optionally substituted
Ty, or two RY groups are taken together to AETﬂﬁf‘
alkyl, or two R* groups are taken together to form: ;
each instance of R®is independently hvdrogen, halogen, or optionally substituted

L

alkyi, or two R® groups are taken together to form: Y ;

R™ R™ and R™ are each independently hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen protecting group; optionally wherein two R are
joined with the intervening atoms to form optionally substituted heterceyclyl,

R™ is hydrogen or -OR™, wherein R™ is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen protecting group, and

RY is hydrogen or -ORY® wherein RY" is hydrogen, optionally substituted alkyl,
optionally substituted acyl, or an oxygen profecting group;

optionally wherein R and RY? are joined together with their intervening atoms to

form optionally substituted heterocyclyl
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5. The method of claim 4, wherein the compound of Formula (B} is of Formula (E-L}):

H:il

C}R“‘*

PE
Ko / \[ o RS
RP&Q @ ”/ 57
Qr

(E-L),

or a salt or steregisomer thereof,

the compound of Formula (A) is of Formula (E-R}:

O

/\],& /\;(\]{H
RPSC ,}, ﬂ/\(o

P ,

O o Q“"‘“S

P

. ¢ e
Wt |\\ ‘e, o V

(ERET]

or a salt or sterepisomer thereot, and

the compound of Formulda {(C) 1s of Forroula (E-1).

[EERE]

RPSO“

P
R (3\

(E-1),

or a salt or stereoisomer thereof
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6. The method of claim §, wherein the compound of Formula (B) is the following:

f-Bu H -~ ‘\“QTES e
o '
(O
H

7

o H
-Bu B
é Q

H

or a salt or stereotsomer thereof,

the compound of Formula (A} is the following:

s T3

G

or a salt or sterecisomer thereof, and

the compound of Formula () is the following:

+-B HoOH PN
Lod ol ) T L
t-Bu~ LN % G s ’
20 = 0 ": Ky o
é\il/’; TE,:.SH H : ' H
MO oy e
) KA ey @}’j
L o

or a salt or sterecisomer thereof.
7. The method of any one of claims 1-6, wherein the nickel{l} complex is of the formula;

NiXe(ligand}), wherein X is halogen, and “ligand” is a tridentate ligand.

8. The method of claim 7, wherein the nickel(l} complex is used after being formed by

complexation of a nickel source and the “ligand” 11 solution.

The method of claim &, wheretn the nickel source is of the formula: NiXsz.
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16 The method of ¢laim & or 9, wherein the mickel source 1s Nily,

1 The method of any one of claims 1-10, wherein the mickel(I} complex is of the
formula:

<R“vp

R~ a (R

whergin:

X is a halogen;

each instance of p 1s wdependently § or an integer from 1-4, wnclusive;

each instance of R" is independently hydrogen, halogen, —~CIN, ~NQOg, ~Ns, optionally
substituted alioyl, optionally substituted alkenyl, optionally substituted alkyayl, optionally
substituted aryl, optionally substituted hetercaryi, optionally substituted carbocyclyl,
optionally substituted heterocyelyl, optionally substituted acyl, —-N{R™})z, ~ORY, or -SR>!;

each instance of RN is independently hydrogen, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkynvl, optionally substituted aryl, optionally
substituted hetercaryl, optionally substituted carbocyelvl, optionally substituted heterocycivi,
optionally substituted acyl, or a nitrogen protecting group; or two RN bonded to the same
nitrogen atom are taken together with the intervening ators to form optionally substituted
heterocyclyt or optionally substituted heteroaryl;

each instance of R is independently hydrogen, optionally substituted alkyl,
optionally substituted alkenyi, optionally substituted alkynyl, optionally substituted aryl,
optionally substituted heteroaryl, optionally substituted carbocyelvl, optionally substituted
heterocyclyl, optionally substituted acyl, or an oxygen protecting group; and

each instance of R™ is independently hydrogen, optionally substituted alkyl,
optionally substituted allenyi, optionally substituted alloyayl, optionally substituted arvi,
optionally substituted heteroaryl, optionally substituted carboceyelyl, optionally substituted

heterocyciyl, optionally substituted acyi, or a sulfur protecting group.
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12. The method of any one of claims 1-11, wherein the nickel(I} complex is of the
formula:
Me
=
Me l ,\/ \?,‘5 i N Me
L‘N““FEEE”” ~F
/

[{(MehtpysNill]

13 The method of any one of claims 1-12, wherein the nickel(T) complex is presentin a

catalytic amount,

14, The method of claim 13, wherein the nickel{l} complex is present in from about 0.1+
10 mol®s with respect to the compound of Formula {A) or the compound of Formula (8);
preferably wherein the nickel{(I} complex is present in about 1 moi% with respect to the

compound of Formula (A} or the compound of Formula (B).

1S, The method of claim 13, wherein the nickel{I} complex is present in from about 1-30

mol% the compound of Formula (A) or the compound of Formula (B).

16, The method of claim 13, wherein the nickel{D) complex is present in about 20 mol%
> g

with respect to the compound of Formula (A} or the compound of Fornula (B).

17 The method of any one of claims 1-16, wherein the nickel{il) complex is of the

formula: Ni2(e(ligand), wherein X is halogen, and “Heand” is a bidentate ligand.
- Pl & 2 o -

3 The method of claim 17, wherein the nickel(Il} complex is used after being formed by

complexation of a nickel source and the “ligand” in solution.

19 The method of claim 18, wherein the nickel source is of the formula: NiXs.

20. The method of claim 18 or 19, wherein the nickel source is NiCls,
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21 The method of any one of claims 1-20, wherein the nickel(Il) complex is of the
formula:

(R RN
- ¥
< N,J

N
XX

wherein:

each instance of Xis a halogen;

pis O or an integer from 1-4, inclusive,

sis 0, 1 or2;

each instance of R is independently hydrogen, halogen, -CN, =N, —Nj3, optionally
substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl, optionally
substituted aryl, optionally substituted heteroaryl, optiovally substituted carbocycelyl,
optionally substituted heterocvelyl, optionally substituted acyl, ~N{R"};, ~OR®, or ~SR5Y

each instance of R is independently hvdrogen, halogen, ~CN, ~NO», N3, optionally
substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl, optionally
substituted aryl, optionally substituted heteroaryl, optionally substituted carbocyelyl,
optionally substituted heterocyelyl, optionally substituted acyl, ~N{RNy, ~OR®, or -8R,

each instance of R™ is independently hydrogen, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkynyl, optionally substituted aryl, optionally
substituted heteroaryl, optionally substituted carbocycelyl, optionally substituted heterocyelyl,
optionally substituted acyl, or a nitrogen protecting group; or two RN bonded to the same
nitrogen atom are taken together with the intervening atoms to form optionally substituted
heterocyelvl or optionally substituted heteroaryl,

each instance of RY is independently hydrogen, optionally substituted alkyl,
optionally substituted alkenyl, optionally substituted alkyovl, optionally substituted aryl,
optionally substituted heteroaryl, optionally substituted carboeyelyl, optionally substituted
heterocyelyl, optionally substituted acyl, or an oxygen protecting group; and

each instance of R is independently hvdrogen, optionally substituted alkyl,
optionally substituted alkenyl, optionally substituted alkynvl, optionally substituted aryl,
optionally substituted heteroaryl, optionally substituted carboeyelyl, optionally substituted

heterocyclvl, optionally substituted acyl, or a sulfur protecting Sroup.
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22. The method of any one of claims 1-21, wherein the nickel(Il) complex is of the
formula:
Me
- N
<]
N N
NP
O
[{py-(MeimidjeNHCh]
23 The method of any one of claims 1-22, wherein the nickel{H) complex is present in a

catalytic amount,

24 The method of claim 23, wherein the nickel{Il} complex is present in from about 0.1~

10 mol® with respect to the compound of Formula (A} or the compound of Formula (B).

25, The method of claim 23, wherein the nickel(Il) complex is present in from about |

mol% with respect to the compound of Formula (A) or the compound of Formula (B},

26. The method of claim 23, wherein the nickel{Il} complex is present in from about 1-20

mol% with respect to the compound of Formula (A) or the compound of Formula (B).

27. The method of claim 23, wherein the nickel{Il} complex is present in about S mol%s

with respect to the compound of Formula (A} or the compound of Formula (B},

28, The method of any one of claims 1-27, wherein the zirconium complex s CpZrCh.
29, The method of any one of claims 1-28, wherein the zircontum complex is present in

stoichiometric or exgess amount.

30, The method of claim 29, wherein the zirconium complex is present in about 1 to about

4 equivalents with respect to the corpound of Formula (A) or the compound of Formuula (B).

3t The method of claim 29, wherein the zirconium coraplex is present in about |

equivalent with respect to the compound of Formula (A) or the compound of Formula (8},
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32, The wethod of any one of claimns 1-31, wherein the step of coupling 1s carried out in

the presence of zinc or manganese.

33 The method of claim 32 or 33, wherein the zinc or manganese is present in a

stoichtometric or excess amount.

34, The method of claim 33, wherein the zinc or manganese 1s present in about 1-10

equivalents with respect to the compound of Formula (A} or the compound of Formula (B).

35, Thewethod of claim 33, wheretn the zine or manganese 1 present in about 6

equivalents with respect to the compound of Formula {A) or the compound of Formula (B).

36, The method of any one of claims 32-35, wherein the reaction is carried out in the
presence of zinc metal.
7.

~
3

The method of any one of claims 1-36, wherein the step of coupling is carned out in

the presence of a base or proton scavenger,

38. The method of claim 37, wherein the base or proton scavenger is di-tere-

butylmethylpyridine {dtbmpy).

39, The method of any one of claims 1-38, wherein the reaction is carried out in the
presence of the nickel (T} complex: (MektpysNi'L, the nickel(Il) complex: (py-

(Me)mideNi"'Clz; the zirconium complex: Cp2ZrCly; and zine or manganese metal,

40, The method of any one of claims 1-38, wherein the reaction is carried cut in the
presence of the nickel (I} complex: (Me)stpyeNi'l, the nickel(Il) complex: {py-

(Mejmid)sNi'Cly; the zirconium complex: UpZrCly; zine metal; and 2,6-di-tert-butyi-4-

methylpyridine.
41, The method of any one of claimns 1-40, wherein the step of coupling 15 carried out ina
solvent.
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The method of claim 41, wherein the solvent comprises one or more of N V-

42.
dimethvlacetamide (DMA}, 1,2-dimethoxvethane (DME), and | 3-dimethyl-2-

imidazolidinone (BMI})
43. The method of claim 41, wherein the solvent comprises a DMA/DME mixture.
The method of claim 41, wherein the selvent comprises a DMIDME mixture.

44
The method of any one of claims 1-44, wherein the step of coupling 1s carried out at

4S.
or around room temperature.
The method of any one of claims 145, wherein the compound of Formula (A) is

46,
present in in a range from about 1 equivalent to less than 1.3 equivalents with respect to the

compound of Formula (B).

The method of any one of claims 1-46, wherein the compound of Formula {A) and the

47,

compound of Formula (B} are present in approximately 1.1 ratio.
48, The method of any one of claims 1-5 and 7-47, wherein X' is a halogen.
49, The method of any one of claims 1-5 and 7-48, wherein X! is -1
50. The rethod of any one of claims 1-5 and 7-49, wherein RS is optionally substituted
heteroaryl,

51 The method of any one of claims 1-3 and 7-50, wherein R” is optionally substituted
pyridyl.

52.  The method of any one of claims 1-5 and 7-51, wherein R is optionally substituted 2-

pyridyl
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54

alkyl.

1
[,

S6.

alkyl.

53,

60,

alicyl.

61,

64,

The method of any

The method of any

The method of any

The method of any

The method of any

The method of any

The method of any

The method of any

The method of any

The method of any

The method of any

The method of any

The method of any

PCT/US2020/043501

Ry

N‘:‘/”j

one of claims 1-S and 7-52, wherein R is of the formula;

one of claims 4 and 7-53, wherein R' is optionally substituted Cig

one of claims 4 and 7-54, wherein R is unsubstituted Crs alkyl.
one of claims 4 and 7-55, wherein R' is methyl.

one of claims 4 and 7-56, wherein R’ is optionally substituted Ci.¢

one of claims 4 and 7-57, wherein R® is unsubstituted Crs alkyl,
one of claims 4 and 7-38, wherein R? is methyl.

one of claims 4 and 7-59, wherein R’ is optionally substituted Cis

one of claims 4 and 7-60, wherein R is unsubstituted Cre alkyl.
one of claims 4 and 7-61, wherein R” is methyl.

one of claims 4 and 7-61, wherein R’ is optionally substituted Ci

one of claims 4 and 7-61, wherein R’ is unsubstituted Crs alkyl

one of claims 4 and 7-64, wherein R” is methyl,
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66,

together to form:

~

&7,

together to form:

08,

69,
~(ORYE

70,
~ORY

71

group.

73.

74
Pl %

QroUp.

7S, The method of any

group.

76.

The method of any

PCT/US2020/043501

The method of any one of claims 4 and 7-65, wherein two R* groups are taken

A

The method of any one of claims 4 and 7-66, wherein two R® groups are taken

““{’ﬂ\f .

The method of any one of claims 4 and 7-67, wherein R* and RY are both hydrogen.

The method of any one of claims 4 and 7-68, wherein R™ is hydrogen; and RY is

The method of any one of claims 4 and 7-69, wherein R™ is ~OR™; and RY is

one of claims 4, 3, and 7-70, wherein R™ is an oxygen protecting

The method of any one of claims 4, 5, and 7-71

The method of any one of claims 4, S, and

, wherein R™ is a silyl protecting

7-72, wherein R™ is TES.

The method of any one of claims 4, 5, and 7-73, wherein R™ is an oxygen protecting
B ; E 3 e per)

one of claims 4, §, and 7-74, wherein R is a silyl protecting

The method of any one of claims 4, 5, an
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77 The method of any one of claims 4, 5, and 7-76, wherein two R™® are joined together
30\
R-Si7
. K . o~ \\\sw - . ) »
with the intervening atoms to form: ., wheretn each instance of R 1s

independently optionally substituted alkyl, optionally substituted alkenyl, optionally
substituted alloynvl, optionally substituted aryl, optionally substituted carbocyelyl, optionally
substituted hetercaryl, or optionally substituted heterocyclyl, or optionally substituted

fydroxyl.

78.  The method of any one of claims 4, 5, and 7-77, wherein two R™ are joined together
£Bu

B O A
S

. \\\‘*‘Ly
with the intervening atoms to form: :
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Representative Bidentate Ligands Tested
+8u B

=
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R=Prn
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Representative Tridentate Ligands Tested
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P

R
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9 py-{Me)imid-NiCl (20 mol%) ]
(MaherpyNil {5 mol%) D\?__//
CpaZiCls (1 equiv), Zn (6 equiv),
dibmpy (2.5 equiv),

DMA-DME (1-1, C0.2 M)
RT.15h

s
molar ratio isolated yield of 5‘7—/

jodide {8)  thiopyr {8) of ketone (10)
1.3 1.0 84%°
1.0 1.0 52968
1.0 1.2 719%4
I 1= T ¢ S - c A ok
1.1 1.0 839% 1
§4%-2
1.0 1.0 80%57
81%P4
1.0 1.4 808D

Fraviuos work: (ref, 2b)
Phis work: ®7scale: 20 mg 8; *“scale 100 mg 8

Figure 6
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