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N-HETEROCYCLIC CARBENE METALLACYCLE CATALYSTS AND METHODS

Field of the Invention

The present invention relates to N-heterocyclic cartbene-tigated metallacycle

catalysts and precatalysts, and related miethods.

Background of the Invention

Transition metal-catalyzed cross-coupling reactions are useful in a wide range of
chemical fransforinations that have application in pharmacenticals and materials
chemistry. The transition metal catalyst plays a key role in the catalytic cycle. For
example, transition metals such as Pd may be ligated with suitable spectator ligands that
stabilize the metal center and nmpart the reactivity patterns required for catalytic
performance. Tertiary phosplines are among the most widely used precatalyst ligands
for cross-coupling reactions. One of the most widely-used Pd-phosphine catalyst
systems today is based on triphenylphosphine (PPhy). However, such catalyst systems
often display moderate reactivity and substrate scope. In some cases, the catalyst or
precatalyst system, such as [Pd(PPhs),], exhibits a short shelf life and readily
decomposes upon storage. Other phosphine ligands have been developed, but many
require multi-step syntheses and, thus, are often high in cost. Moreover, a number of
phosphines are toxie, air-sensitive and even pyrophoric.

As an alternative to phosphine ligands, N-heterocyclic carbenes (INHCs) have
been shown to impart greater stability and increased catalytic activity in transition metal-
mediated homogeneons catalysis, relative to phosphines. NHCs have stronger sigma-
donating properties relative to phosphine ligands, resulting in stronger bonds formed
with the transition metal center. NHC ligands based on 1,3-diarylimidazol-2-ylidenes
and their 4,5-dihydro analogs are often used with a Pd metal center. NHCs are typically
highly air-sensitive and moisture-sensitive, and metal complexes comprising NHCs are
often prepared in sifu by deprotonation of the comresponding (4,5-dihyrdo)imidazoliun
salts. For example, some catalytic systems may fivolve the separate addition of various
components of the catalytically active species (e.g., metal source, salts of carbene
ligands, etc.) for the in situ formation of the catalytically active species. However, while

such catalyst systems have been shown to be useful, in many cases it may be difficult to
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control the amount and/or chemical composition of the catalytically active species

formed.

Accordingly, inproved methods are needed.

Summmary of the Invention

The present tuvention provides methods for synthiesizing a transition metal-
containing precatalyst comprising reacting at least fhree components all contained
together in a single reaction chamber to form a transition metal-containing precatalyst

having one of the following structures,
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wherein M is Pd, Pt, or Bus ecach R'P is independently absent, iydrogen, alkyl,
cycloalkyl, heteroalkyl, cycloheteroalkyl, aryl, heteroaryl, or a substituted derivative
thereof, or wherein any two of R are joined to Torm a cycloalkyl, cycloheteroallyl,
aryl, heteroaryl, or substituted derivative thereof) A is carbon or a heteroatom; B is a

heteroatom; C is alleyl or aryl ; D is a heteroatom; X' is halide, sulfonate, or carboxylate;

37 is a neutral ligand; ¥ is a counterion; \\_‘ is alkyl, heteroalkyl, aryl, heteroaryl, or a
substituted derivative thereof] === 15 a single bond or double bond; and 1 is an integer
between 1 and 3.

The present invention also relates to compositions of matter comprising a

compound having one of the following stroctures,
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wherein M is Pd, Pt, or Ru; each R g independenily absent, hydrogen, alkyl,
eycloalkyl, heteroalkyl, cycloheteroallyl, aryl, heteroaryl, or a substituted derivative

thereof, or wherein any two of R™™ are joined to form a cycloalky!, cycloheteroalicyl,
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aryl, heteroaryl, or substituted derivative thereof, A is carbon or a heteroatom; Bisa

hetercatom; Cis alkyl or aryl ; D is a heteroatom; X halide, sulfonate, or carboxylate;

LA
X% is aneutral ligand; Y is a counterion; -~ is alkyl, heteroalkyl, aryl, heteroaryl, or a
substituted derivative thereof; === is a single bond or double bond; and n is an integer

between 1 and 3; wherein the compound does not have the following structure,
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The present invention also relates to compositions of matter comprising a

compound having the following structure,

o = C°
NN
L) a5,

wherein - is a single bond or double bond.
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The present invention also relates to compositions of matter comprising a
compound having the following structure,

@

wherein —= is a single bond or double bond.

Buef Description of the Drawings

FIG. 1A shows the one-pot synthesis of precatalysts, according fo one
embodiment of the imventicn.

FIG. 1B shows the one-pot synfhesis of a precatalyst comprising an imidazolinm
carbene lgand, using a Pd salt in acetonitrile, according 1o one embodiment of the
invention.

FIG. 2 shows a proposed mechanism for activation of a precatatyst of the present
invention to form a catalytically active species, according to one embodiment of the
invention.

FIG. 34 shows a general synthesis of saturated N-heterocyelic carbene Haand
PLecUIsoTs.

FIG. 3B shows the synthesis of N-heterocyelic carbene Hgand precursors,
aecording to some embodiments of the invention.

FIG. 3C shows the.‘synthesis of N-heterocyelic carbene Ugand precursors,
according fo some embodiments of the invention.

FIGS. 4A-] show the syntheses of various precatalysts, according to some
embodiments of the invention.

FIG. 5 shows general anion exchange reactions of precatalysts according o some
embodiments of the invention.

FIG. 6 shows a ligand exchange reaction to produce (a) IPr-Pd{dmba)0OAc and
(b} IPr-Pd(dmba)OCOCFs.

FIG. 7 shows a Suzuki-Miyaura cross-coupling between 2-chloro-1,3-xylene and
L-naphthiylboronic acid using (a} a weak base and (b) a strong base, (¢) a Buchwald-
Hartwig amination of 2-chlore-1,3-xylene with 2,6-diisopropylaniline, and (d) a Heck-
Mizoroki reaction between 4-bromo-2,6-dimethylaniline and tert-butyl acrylate.

FIG. § shows a library of palladium precatalysts, according to some embodiments

of the invention.
4



10

o
R

L
]

FIG. 9 shows examples of known NHC-ligated palladacycles.

Detailed Description

The present invention generally relates to materials and methods for catalyiic
reéctiosas, including transition metal-catalyzed cross-coupling reactions.

Materials and methods of the present invention may be usefil in various metal-
catalyzed processes, such as cross-coupling of compounds to form carbon-carbon bonds
and/or carbon-heteroatom bonds. In some cases, materials of the nvention
advantageonsly may be synthesized in one synthetic step without the need for isclation
of intermediate compounds. The materials may be stable metal complexes that do not
require special handling or processing conditions, such as the exclusion of air, water, and
the like. Also, materials of the invention may be synthesized from inexpensive and
readily available starting materials, under relatively nuld reaction conditions and in high
yield. Such materials and methods may be useful in the production of fine chemicals,
advanced materials, and specialty polymers.

In somie embodiments, the present invention provides stable (e.g., isolable) metal
complexes comprising a carbene ligand, such as an N-heterocyclic carbene ligand. The
metal complex may forther commprise additional ligands, including nentral ligands and
charged ligands, which may enbance performance of the catalyst. In some cases, the
metal complexes may act as calalysts (e.g., in cross-coupling reactions) or may be
precatalysts that ave readily activated to catalyze cross-coupling reactions. As used
herein, a “precatalyst” may refer to a chemical species which, upon activation, may
produce an active catalyst species in a reaction. For example, a metal complex may
comprise a ligand which, upon activation, dissociates from the metal complex to
generate the catalytically active species. In some cases, the precatalyst may be isolated
as a stable compound. As used herein, the term “catalyst” includes active forms of the
catalyst participating in the veaction as well a5 catalyst precursors (e.g., precatalysts) that
may be converted i site mto the active form of the catalyst. In some embodiments,
catalysts of the invention may be advantageous in that the chemical composition,
amount, and/or release of the catalytically active species may be controlled.

In some embodiments, 5 metal complex of the invention may comprise an N-
heterocyelic carbene ligand coordinated to a catalytic metal center and a bidentate Hgand
that, when bound to the metal center, forms a metallacycle that may aid in stabilizing the
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metal complex. Upon exposure of the metal complex to an activating agent, the
bidentate Hgand may be converted fo a species which may dissociate from the metal
center, generating the catalytically active metal species. As shown in the illustrative
embodiment shown in FIG. 2, compound 10 comprising an N-heterocyclic carbene
ligand (11} and a bidentate ligand may undergo ligand exchange with activating agent
(12} to produce compound 20. A bond between activating agent 12 and the bidentate
ligand may be formed via reductive elimination to produce compound 30, which may
then undergo ligand disassociation to afford product 40 and the active catalyst 50. In
some embodiments, the activating agent may be a nucleophile. In an illustrative
embodiment, the activating agent maybe a hydride generated in situ from a component of
the reaction mixture capable of hiydride transfer to the metal center (e.g., Pd). The
activating agent can be introduced into the mixture either separately or in combination
with (e.g., premixed with) the precatalyst. Such activaiing agents may include, but are
not limited to, formate salts, organometallic derivatives, NaBHj or iBu AlH or LIAIH,
and compounds derived thereof.

Catalysts of the mnvention may be useful in transition metal-catalyzed cross-
coupling methodologies, including the Suzuki-Miyaura, Heck-Mizoroki, Negishi, Stille,
Kumada-Tamao-Corriu, and Sonogashira cross-coupling reactions, and the like. The
catalysts may comprise a transition metal center, such as palladium, platinum, or
ruthenium, and an N-heterocyclic carbene ligand, which may serve to modulate catalyst
performance, as known to those of ordinary skill in the art.

In some embodiments, the present invention provides transition metal complexes
suitable for use in such cross-coupling reactions. The present invention provides

compositions of matter comprising compounds having one of the following structures,
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wherein M is Pd, Pt, or Ru; each R is independently absent, hydrogen, alkyl,

cycloalkyl, heteroalkyl, cycloheteroalkyl, arvi, heteroaryl, or a substituted derivative
thereof, or wherein any two of R" are joined to form a cycloalkyl, cycloheteroalkyl,
aryl, heteroaryl, or substituted derivative thereof} A is carbon or a heteroatom; Bisa
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hetercatom; C is alkyl or aryl ; D is a heteroatom; Xlisa halide, sulfonate, or

carboxylate; X* is a neutral ligand; Y is a counterion; \‘\_ an is alkyl, heteroalkyl, aryl,
heteroaryl, or a substiinted derivative thereof; === is a single bond or double bond; and n
is an integer between 1 and 3; wherein the compound does not have any of the structures
sho.wn in FIG. 9. In some cases, Y is a non-coordinating counterion, such as
tetraffuorohorate, hexafluorophosphate or tetraarylborate).

In some cases, each '™ is independently hydrogen, alkyl, cycloalkyl, alkoxy,
amino, aryl, heteroaryl, or substituted derivatives thereof; A is carbon, nitrogen,
phosphorus, oxygen, or salfur, B is nitrogen, phosphoms, oxygen, or sulfur; I is
nitrogen, phosphorus, arsenic, antimony, oxygen, suifur, seleninm, or telluriun; and n is
an integer between 1 and 3.

For example, in some embodiments, A and B are nitrogen; D is nitrogen, phosphorus, or
sulfur; R and R* are aromatic rings optionally substituted with methyl, ethyl, isepropyl,
t-butyl, methoxy, isopropoxy, trifluoromethyl, or phenyl; R® and R* are phenyl, t-butyl,
or are joined together to form a six-membered ring; R and R® are hydrogen, t-butyl,
methoxy, trifluoromethyl, or are joined together to form an aryl ring; R? and R® are

methyl, isopropyl, t-butyl, phenyl, phenoxy, hydroxyi, R7 and R® are joined together to

i
formn aving; or at least one of R and R¥is joined to a portion of M to form a Ting.

In one set of embodiments, M is Pd, R! and R? are aromatic rings substituted with
ethyl, methyl, isopropyl, tertiawy butyl, or combinations thereof, A and B are nitrogen,
and D is nitrogen or phosphorus. In some cases, R and R? are aromatic rings substituted
at the ortho positions relative to A and/or B.

In one set of embediments, the compound is a salt comprising the metal complex
and a counterion (e.g., “Y"). The counterion Y may be a weak or non-nucleophilic
stabilizing ion, such that activation of a precatalyst may be enhanced and/or undesired
side reactions may be reduced. In some cases, the counterion is a non-coordinating ion,
wherein substitution of the counterion with a different group may occur rapidly and/or
with ease, to generate a catalytically active species. For example, the counterion may be
BF,, PFg, or AryB, wherein Aris aryl. When the compound is a salt, the metal complex
may further comprise a neutral ligand to occupy & vacant coordination site. For example,
the nentral lgand may be a nitrile (e.g., acetonttrile), ether (e.g., tetrahydrofiran), or
alcohol (e.g., methanol). The catalyst complex may include additional ligands, such as

halides, carboxylates, and the like, as required to obtain a stable complex.
7
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In one embodiment, the compound has the following structure,
-Pr /N Pn
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In one embodiment, the compound has the following structure,
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In one embodiment, the compound has the following structure,
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In one embodiment, the compound has the following structure,
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In one embodiment, the compound has the following structure,
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In one embodiment, the compound has the following structure,
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In one embodiment, the compound has the following structure,
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In one embodiment, the compound has the following structore,
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In one exgbodiment, the compound has the following structure,
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In some embodiments, the transition metal-containing precatalyst is stable in the
10 presence of oxygen. In some embodiments, the fransifion metal-containing precatalyst is
stable in the presence of water.
The present invention also provides methods for synthesizing transition metal-
containing catalvsts and/or precatalysts as described herein. In some embodiments, the
method comprises reacting at least three components all contained together in a single

15  reaction chamber to form a fransition metal-containing precatalyst having one of the

following strictures,
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wherein M is Pd, Pt, or Ru; each RS is independently absent, hydrogen, alkyl,

cycloalkyl, heteroalkyl, cyeloheteroalloyl, arvl, heteroaryl, or a substituted devivative
thereof, or wherein any two of RY are joined to form a eycloalkyl, cycloheteroalloyl,
aryl, heteroaryl, or substituied derivaiive thereoll A is carbon or a heteroatomn; B is a

heteroatom; C is alkyl or aryl ; D is a heteroatom; ' is halide or carboxylate; X% is a

nentral igand; Y is a counterton; k\w is alkyl, heteroalkyl, arvl, heteroaryl, or a
substitnted derivative thereof] == 15 a single bond or double bond; and 1 is an integer
between 1 aud 3.

One component of the reaction may be a metal source comprising a metal atom
that, upon reaction, may form the metal center of the catalyst. For example, the metal
souree may comprise salts or coordination compounds of palladivm, platinum, or
rathenium. Another component of the reaction may be an N-heterocyelio carbene ligand
precursor, such as an imidazolivm salt, for example. As used herein, an “N-heterocyclic
carbene Hgand precursor” refers to & chemical moiety containing a species that may be
reacted to Torm an N-heterocyclic carbene ligand that coordinates the metal center.
Another component of the reaction may be a bidentate ligand, as described herein. The
method may forther comprise the addition of other reagents, such as a base, inorganic
salt, neutral ligand, and/or solvent, to facilitate the reaction. In some cases, the reagent
may form a bond with the metal complex. For example, a neufral lgand may be added
fo the reaction mixhure, wherein the neutral ligand coordinates the metal center. In some
cases, the reagent may not form a bond with the metal complex, but serves to otherwise
promote the formation of the metal complex.

In one embodiment, at least one of the three components is a palladiom-
containing componnd. The palladium-containing may be PdCl or (CHzCNRPACh, for
example.

In some embodiments, at least one of the three components is an N-heterocyelic
carbene ligand precurser, The N-heterocyclic carbene ligand precursor may have the
structure,

10
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wherein each R'™ is independently absent, hydrogen, alkyl, cycloalkyl, heteroalkyl,
cycloheteroalkyl, aryl, heteroaryl, or a substituted derivative thereof, or wherein any two
of R** are joined to form a cycloalkyl, cycloheteroalkyl, aryl, heteroaryl, or substituted
derivative thereof; A is carbon or a heteroatom; B is a heteroatont; == is a single bond
or double bond; n is an integer between 1 and 3; and Z is halide, carboxylate, BF4, PF,,
or ArsB, wherein Aris aryl.

Precatalysts of the invention may be further reacted, for example, to replace the
counterion (e.g., anion} with a different counterion. For example, a precatalyst of the
invention may be reacted via an anion exchange reaction to involving exposure of the
precatalyst to a metal salt or other species comprising a counterion. In some
embodiments, a precatalyst comprising a halide (e.g., chloride) atom as the counterion
may be treated with a metal salt, such as a silver salf comprising an anion, resulting in
replacement of the halide on the precatalyst with the anion of the silver salt and
formation of a silver halide. In some cases, the anion exchange may be performed in a
solvent {e.g., CH.Cl,) selected such that the silver halide is substantially insoluble in the
solvent, facilitating purification of the precatalyst. Examples of such anion exchange
reactions are shown in FIGS. 6A-B. Those of ordinary skill in the art would be able to
identify other methods for anion exchange reactions useful in the context of the
invention.

N-heterocyelic carbene ligand precursors may be synthesized according to
methods known in the art. For example, in one embodiment, the N-heterocyclic carbene
ligand precursor is an N-heterocyclic carbene salt, which may be synthesized by the
cross-coupling of a substituted ethylene diamine derivative and an aryl halide or aryl
triflate, followed by cyclization to form the N-heterocyelic carbene salt (FIG. 3A). In
other embodiments, the N-heterocyclie carbene ligand precursor may be synthesized by
condensation of amines with glyoxal, followed by cyclization to form the N-heterocyelic
carbene salt, as shown in the illustrative embodiments in FIGS. 3B-C.

In one embodiment, the N-heterocyelic carbene ligand precursor has the

structure,

11



L

=Pr N Pry

Na N ©
Proipr .

[u
In one embodiment, the N-heterocyclic carbene ligand precursor has the
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In one embodiment, the N-heterocyclic carbene ligand precursor has the

structure,

structure,
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wherein —— ig a stngle bond or double bond. In some cases, == i3 a single bond, In
some cases, -—— 1s a double bond.

In one embodiment, the N-heterocyclic carbene ligand precursor has the

structure,

®N§/N\
cie ’

wherein -——= is a single bond or double bond. In some cases, == is a single bond. In

some cases, === 1s a double bond.

In some embodiments, at least one of the three components is a compound having

the structure,

5
0
ol R,
wherein each R™ is mdependently absent, hydrogen, alkyl, cycloalkyl, heteroalkyl,
eycloheteroalkyl, aryl, heteroaryl, or a substituted derivative thereof, or wherein any two

of R™ are joined to form a cycloalkyl, cycloheteroalkyl, aryl, heteroaryl, ot substituted

derivative thereof; C is alkyl or aryl ; D is a hieteroaton; X 18 halide or carboxylate; L
is alkyl, heteroalkyl, aryl, heteroaryl, or a substituied derivative thereof.

In some embodiments, the palladium-containing compound, the N-heterocyelic
carbene and the ligand are not joined by a bond prior to the reacting step,

In some embodiments, the method is represented by Scheme 1,

12
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Scheme 1

In some cases, methods of the invention may involve a “one pot” synthesis. That
is, the present invention may involve an (at [east) three component, one-pot synthesis of
N-heterocyclie metallacycle catalysts. The term “one-pot” reaction is known in the art
and refers to a chemical reaction which can produce a product in one step which may
otherwise have required a multiple-step synthesis, and/or a chemical reaction comprising
a series of steps that may be performed in a single reaction vessel. One-pot procedures
may eliminate the need for isolation (e.g., purification) of intermediates and additional
synthetic steps while reducing the production of waste materials (e.g., solvents,
nmpurities). Additionally, the time and cost required to synthesize such compounds may
be reduced. FIG. 1A shows a “one-~-pot” synthesis of precatalysts, according to one
embodiment of the invention.

In one embodiment, the “one pot” synthesis may comprise the simultaneous
addition of at least some components of the reaction to a single reaction chamber. In one
embodiment, the “one pot” synthesis may comprise sequential addition of various
reagenis to a single reaction chamber.

Methods of the invention may allow for the facile synthesis of libraries of
precatalysts. That is, for example, the methods described herein may allow for the
combinatorial access to a wide variety of precatalyst frameworks, which may be quickly
screened for use as catalysts m cross-coupling reactions. FIG. § shows one embodiment
of a library of precatalysts that may be synthesized according to the methods described
lierein. The availability of a wide range of precatalysts may enable the discovery of
optimal conditions for a particular cross-coupling reaction, or class of cross-coupling
reactions.

As used herein, the term “nucleophile” or “nucleophilic species” is given its

ordinary meaning in the art and refers to a chemical moiety having a reactive pair of
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electrons. Examples of nucleophiles include uncharged compounds such as water,
amines, mercaptans and alcohols, and charged moieties such as hydrides, alkoxides,
thiolates, carbanions, and a variety of organic and inorganic anions. Organometallic
reagents such as organocuprates, organozines, organolithiums, Grignard reagents,
enolates, acetylides, and the like may, under appropriate reaction conditions, may also be
suitable nucleophiles. In some cases, the activation agent is a nucleophile such as a
hydride, alkoxide, amine, or organometallic reagent. Those of ordinary skill in the art
would be capable of selecting an appropriate nucleophile for use as an activating agent.

In some embodiments, metal conplexes of the invention may comprise a
bidentate ligand which, when bound to a metal center, forms a metallacycle structure
with the metal center. Bidentate ligands suitable for use in the present invention include
species which have at least two sites capable of binding to a metal center. For example,
the bidentate ligand may comprise at least two hetercatoms that coordinate the metal
center, or a heteroatom and an anionic carbon atom that coordinate the metal center. The
bidentate ligand may also be capable of stabilizing a metal complex comprising an N-
heterocyclic carbene ligand. In some embodiments, the bidentate ligand may be chiral
and may be provided as a racemic mixture or a purified stercoisomer. Examples of
bidentate ligands suitable for use in the invention include, but are not limited to, aryl
groups (e.g,. bis-aryl, heteroaryl-substituted aryl), heteroaryl groups, alkyl and aryl
derivatives of moieties such as amines, phosphines, phosphites, phosphates, imines,
oximes, ethers, hybrids thereof, substituted derivatives there of, and the like.

In some embodiments, the bidentate ligand is an aryl group substituted with an
amine or allcylamine, wherein coordination to the metal center occurs via a carbon of the
aryl group and the nitrogen of the amine group.

Additional ligands may coordinate to the metal center, including neutral ligands
and/or charged ligands. Neutral lHgands include ligands which may coordinate the metal
center but do not alter the oxidation state of the metal center. For example, solvent
molecules such as acetonifrile may be neutral ligands. Charged ligands include ligands
which may coordinate the metal center and may alter the oxidation state of the metal
center. Examples of charged ligands include halides, carboxylates, and the like.

Transition metals suitable for use in the present invention include those which are
capable of undergoing oxidative-addition and/or reductive elimination reactions, or other

processes associated with cross-coupling reactions. The transition metal may preferably

14



be capable of mediating a cross-coupling reaction fo form, for example, carbon-carbon
bonds and/or carbon-heteroatom bonds. Transition metals may include transition metals
(e.z., Groups 3-12), lathanides, and actinides. In some cases, transition metals from
Groups 8-12 are preferred. In some cases, transition metals from Groups 8-10 are
preferred. For example, iron, ruthenium, osmiam, cobalt, rhodium, iridium, nickel,
paliadium, and platinum may be preferred. In some embodiments, palladhum and
ruthenium are preferred.

Various metal-containing compounds may be suitable for use in methods of the
invention. In some cases, the metal-containing compound is a palladium-containing
compound, The palladium-containing eompound may be PdCh, Pd(OAch,
{(CHCNRWPAC, [PAPPhs)a], or the like,

In some cases, materials of the present invention may comprise N-hetarocyclic
carbenes, which, without wishing to be bound by theory, may be used as supporting
ligands in catalytic processes to enhance the rate and efficicucy of the catalytic process
and to veduce undesivable side resctions. Examnpies of N-heterocyclic carbenes include
imidazol-2-ylidenes, thiazol-2-ylidenes, dihydroimidazol-2-ylidenes, dihydrothiazol-2-
viidenes, cyclic diamincearbenes, and other heteroamino carbenes comprising one or
more heteroatoms.  In some cases, N-heterocyclic carbenes comprising more than two
heteroatoms may also be used {e.g., riazol-S-ylidenes).

In some instances, methods of the invention may require additional reagents (o
promote reactivity of components of the reaction (e.g., metal source, N-heterocyclic
carbene salt, bidentate ligand). In particular, it may be advantageous to include a
suitable base. For example, the reaction may comprise the insertion {(e.g., oxidative
addition) of the metal certer into a carbon-hydrogen of the bidentate ligand, and the base
may serve to deprotonate {e.g., remove the hydrogen) the metal center. The base may
also gserve to neutralize any acidic species that may be formed during the reaction. In
general, a variety of bases may be used in practice of the present invention, such as
organic bases and inorganic bases. The base may optionally be sterically hindered to
discourage metal coordination of the base in those circumstances where such
coordination is possible, {.e., alkali metal alkoxides. Examples of bases include, but are
not limited to, allkkoxides, alkali mietal amides, tertiary amines (e.g. {ricthylamine,
trimethylamine, Bt(-Pr)N, Cy.MelN, 4-(dimethylaminojpyridine (DMAP), 2,6-lutadine,

N-methylpyrrolidine, quinuclidine, and the like), 1,5-diazabicycl{4.3.0]non-5-ene
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(DBN), 1,5-diazabicyclo[5.4.0Jundec-5-ene (DBU), alkali and alkaline earth carbonates
(e.g., LiaCOs, NaxCOs, KoCO;5, Cs,COs, alkali and alkaline earth bicarbonates, alkali and
alkaline earth hydroxides, alkali and alkaline earth hiydrides, and the like. In some cases,
the base is an inorganic base, such as IK.COs.

Some embodiments of the invention may also require addition of an inorganic
salt, including metal halides, metal carbonates and bicarbonates, metal nitrates, metal
sulfates, and the like.

In some cases, the solvent may be a polar solvent. Examples of polar solvents
include, but are not limited to acetenitrile, DMF, THF, ethylene glycol dimethyl ether
(DME), DMSO, acetone, methanol, ethancl, isopropanol, n-propanol, t-butanol or 2-
methoxyethyl ether, and the like. In a particular embodiment, the solvent is acetonitrile.

As used herein, the term “reacting” refers to the forming of a bond between two
or more componants to produce a stable, 1solable compound. For example, a first
component and a second component may react to form one reaction product comprising
the first component and the second component joined by a covalent bond. That is, the
term “reacting”’ does not refer to the interaction of solvents, catalysts, bases, ligands, or
other materials which may serve to promote the occurrence of the reaction with the
component(s). A “stable compound” or “isclable compound” refers fo an isolated
reaction product and does not refer to unstable intermediates or transition states.

While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/or obtaining the results and/or
one or more of the advantages described herein, and each of such variations and/or
modifications is deemed to be within the scope of the present invention. More generally,
those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the feachings of the present invention is/are used.
Those skilled in the art will recognize, or be able to asceitain using no more than routine
experimentation, many equivalents io the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and

equivalents thereto, the invention may be practiced otherwise than as specifically
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described and claimed. The present invention is directed to each individual feature,
system, article, material, kit, and/or method described herein, In addition, any
combination of two or more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits, and/or methods are not
mutuslly inconststent, is included within the scope of the present invention.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, tnless clearly indicated to the contrary, should be understood t0 mean “at least
one.”

The plirase “and/or,” as used herein in the specification and in the claims, should
be mnderstood to mean “either or both”™ of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases, Other
elements may optionally be present other than the elements specifically identified by the
“and/or™ clause, whether related or unrelated to those elements specifically identified
unless clearly indicated to the contrary. Thus, as a non-limiting example, a reference to
“A andfor B,” when used in conjunction with open-ended language such as “comprising”
can refer, in one embodiment, to A without B {optionally inchuding elements other than
BY): in another embodiment, to B without A (optionally inchiding elements other than A);
in vet another embodiment, to both A and B (opticnally including other elements); etc.

As used herein in the specification and in the claims, “or” should be wnderstood
to have the same meaning as “and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be mterpreted as being inclusive, i.e., the inclusion
of at least one, but also including more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
ag “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will
vefer to the inclusion of exactly one element of a number or st of elements. In general,
the term “or” as used herein shall only be interpreted as indicating exclusive alternatives
(i.e. “one or the other but nnot botl’") when preceded by terms of exclusivity, such as
“either,” “one of,” “only one of)” or “exactly one of” “Consisting essentially of” when
used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
veference to a list of one ov more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elementg, but not

necessarily including at least one of each and every element specifically Hsted within the
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list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A
or B,” or, equivalently “at least one of A and/or B™) can refer, in one embodiment, to at
least one, optionally micluding more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to af least one, optionally
including more than one, B, with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, optionally including more than one,
A, and at least one, optionally including more than one, B (and optionally including other

elements); etc.

In the claims, as well as in the specification above, all transitional phrases such as
“comprising,” “including,” “carrying,” “having,” “containing,” “involving,” “holding,”
and the like are to be understood to be open-ended, i.e., to mean including but not limited
to. Only the transitional phrases “consisting of” and “consisting essentially of” shall be
closed or semi-closed transitional phrases, respectively, as set forth in the United States

Patent Office Manual of Patent Examining Procedures, Section 2111.03.

EXAMPLES
Example 1

FIG. 3A shows a schematic synthesis of compound ITbp-HCI, which was
synthesized according to the following method. To a solution of 2-tert-butylaniline (20.4
mL, 19.6 g, 131 mmol} in mixfure of methanol (50 mL) and water (5 mL), a glyoxal
solution (40% in water; 7.5 mL, 9.43 g, 65 mmol) was added, and the mixture stirred
over 1.5 h. The vellow crystalline mass of the diazabutadiene intenmediate was filtered
off, dried with a stream of air, and then vacuuwm-dried over P2Os. The diazabutadiene
was obtained as yellow powder (19.91 g, 96%) and used dirvectly for the next step.

To a solution of the diazabutadiene (6.41 g, 20 mmol) in THF (40 mL),
chioromethyl ethyl ether (2.0 mIL, 2.08 g, 22 mmol) and water {0.4 mL) were added in
succession and the mixture was stirred at 40°C over 18h. The solvent was removed and
the residue was partitioned between ethyl acetate (50 mL) and water (50 mL). The

organic layer was further extracted with water (2 x 25 mL). The combined aqueous
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layers were then extracted with CHaCly (4 x 25 mL). The combined CH>Cla layers were
dried over MgSQ,), and the solvent was removed under reduced pressure. The residue
was triturated with CHClz-ethyl acetate (1:5). The imidazoliwm salt, [TBp-HC1 (1.45 g,
20%), was obtained as an off-white solid. "H NMR (CDaCl, 400 MHz): § 11.7-9.7
(broad s, 1H); 8.4-6.7 (broad 5, 2H), 7.74 {m, 2H), 7.62 (id, /= 8.8, 1.6 Hz, 2H); 7.45
(td, J="7.6, 1.2 Hz, 2H), 1.36 (s, 9H). *C NMR (CD2Cl, 100 MHz): & 145.9 (broad),
140.9 (broad), 131.7, 129.1 {broad), 127.6, 123.6 {broad), 356.0, 31.8. Anal Calcd. For
CasHaoCIN; (368.94): C, 74.88; H, 7.92; N, 7.59. Found: C, 75.05, 7.89, 7.72.

Example 2

FIG. 4A shows a schematic synthesis of IPr-Pd(dmba)C1 (dmba = N, C-N.N-
dimethylbenzylamine), which was synthesized according to the following method.
Finely powdered PACh (177 mg, 1.00 mmol) was suspended in CHiCN (5 mL), and N-
benzyldimethylamine (160 uL, 143 mg, 1.05 mumol) were added. The sofution was
hieated to 8§0°C with stirving a vntil clear, orange solufion was formed (approx. 20 min).
Finely powdered KoCO5 (691 myg, 5.00 mmol) was added and the stirring was continued
until palladacycle formation was complete, as indicated by the formation of a canary
vellow solution (5-10 min). IPr-HCI (467 mg, 1.10 mmol} was added and the mixture
was stitred at 80°C over 18h. The reaction mixtare was filtered and evaporated. The
resulting product was purified by column chiromatography. Upon application of the
product to a pad of silica gel (2.5 x § cm) pre-equilibrated with CH,Cly, CH,Cl, (100
mL} was used to elute impurities, The pure NHC—paﬁadacycles were eluted with
CHaCla-ethylacetate (3:1, vol/vol, 150 mL}, and the sclvents were evaporated. The
products were triturated with hexanes (25 mL). After dryving in high vacuum, IPr-
Pd(dmba)Cl (543 mg, 82%) was obtained as beige solid. '"H NMR {CDCl;, 400 MHz) &
740 (t, J=7.6 Hz, 2H), 7.30 (d, J= 7.6 Hz, 2H}; 7.21 (s, 2H)}, 6.82-6.70 (m, 3H), 6.53
(d, J="7.6Hz, 1H), 3.46 (s, 2H), 3.37 (m, 2H), 3.15 {m, 2H), 2.39 (s, 6H), 1.49 (d, /=
6.8 Hz, 6H), 1.18 (d, /= 6.8 Hz, 6H), 1.02 {d, J= 6.8 Hz, 6H), 0.81 (4, J= 6.4 Hz, 6H).
BC NMR (CDCls, 100 MHz) 8: 177.5, 150.5, 147.8, 147.8, 144.7, 136.2, 136.1, 129.7,
125.4,124.6,124.0, 123.8, 122.6, 121.5, 72.6, 49.8, 29.0, 28.3, 26.4, 26.2,23.2, 23 2,
Anal. caled for CsHagUIN5PA (665.67): C, 65.05; H, 7.28: N, 6.32. Found: C, 65.14; H,
741N, 6.53.
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Example 3

FIG. 4B shows a schematic synthesis of IEt-Pd{dmba)Cl, which was synthesized
according to the following method. Finely powdered PACl {177 mg, 1.00 mmol} was
sugpended in CH3CN (5 mL) and N-benzyldimethylamine (160 pl., 143 mg, 1.05 mmol)
were added. The solution was heated to 80°C with stirring until a clear, orange solution
was formed (approx. 20 min). Finely powdered KoCO; (691 mg, 5.00 mmol) was added
and the stirring was continued until palladacycle formation was complete, as indicated by
the formation of a canary yellow solution (5-10 min). TEtHCI (406 mg, 1.10 mmol) was
added and the mixfure was stirred at 80°C over 18h. The reaction mixture was filtered
and evaporated. The resulting product was purified by column chromatography. Upon
application of the product fo a pad of silica gel (2.5 x 8§ cm) pre-equilibrated with
CHaCh, CH2CT {100 mL) was used to elute impurities. The pore NHC-palladacycles
wers eluted with CH.Cls-ethylacetate (301, vol/vol, 130 mL), and the solvents were
evaporated, The products iriturated with hexanes (25 mL). After drying in high vacuum,
TEt-Pd(dmbayCl (492 myg, §1%) was obtained a3 beige solid. 'H NMR (CDCls, 400
MHzy & 7.30(t, J="7.6 Hz, 2H), 7.24 (dd, /= 7.6, 1.2 Hz, ZH), 7.16 (s, 2H), 7.04 (44, J
=76, 1.2 Hz, 7H), 6.78 (td, J=7.6, 1.2 Hz, 1K), 6.71 {d, J="7.2, 1.0 Hz, 1H), 6.68 (4, J
=76, 1.2 Hz, 1H), 6.58 (d, /= 7.2, 1.0 Hz, 111}, 3.44 (5, 2H), 2.94 (m, 2H), 2.87 (m,
2H), 2.70 (m, 2H), 2.61 (m, 2H), 2.40 (s, 6H), 119 (t, J="7.2 Hz, 6H), 1.18(d, /=76
Hz, GH). "C NMR (CDCl, 100 MHz) §: 175.7, 150.0, 147.2, 143.1, 137.0, 137.3, 137.1,
1291, 126.3, 126.0, 124.0, 123.4, 1227, 121.1, 72.3, 50.0, 20.0, 25.9, 25.2, 13.3, 14,7,
Anal. caled for CsHy CINGPA (609.56): C, 63.16; H, 6.63; N, 6.90. Found: C, 63.69; H,
6.80; N, 7.03.

Example 4
FIG. 4C shows a schematic synthesis of IMes-Pd{dmba}ClL, which was
synthesized according to the following method. Fmely powdered PACL (177 mg, 1.00
munol} was suspended in CHCN (8 mil) and N-benzyldimethylamine (160 pl, 143 mg,
1.05 mmol) were added, The solution was heated to 80°C with stirring until a clear,
orange solution was formed (approx. 20 min). Finely powdered KoCO; (691 mg, 5.00
mmol) was added and the stirving was coptinued until palladacycle formation was
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complete, as indicated by the formation of a canary yellow solution (5-10 min).
IMes-HCI (375 mg, 1.10 mmol) was added and the mixture was stirred at 80°C over 18h.
The reaction mixture was filtered and evaporated. The resulting product was purified by
column chromatography. Upon application of the product to a pad of silica gel (2.5 x 8
cm) pre-equilibrated with CH.Cla, CHCl, (100 mL) was used to elute impurities. The
pure NHC-palladacycles were eluted with CHaCly-ethylacetate (3:1, vol/vel, 150 mL),
and the solvent was evaporated. The producis were triturated with hexanes (25 mL).
After drying in high vacuwm, IMes-Pd(dmba)Cl (555 mg, 96%) was obtained as beige
solid. "H NMR (CDCls, 400 MHz) §: 7.10 (s, 2H), 6.99 (s, 2H), 6.83-6.76 (m, 4H), 6.70
(1d, /=7.6,1.2 Hz, 1H), 6.58 {d, /=7.2, 1.2 Hz, 1H), 3.53 (s, 21}, 2.45 (s, 6H), 2.44 (s,
6H), 2.29 (s, 6H), 2.25 (s, 6H). *C NMR (CDCls, 100 MHz) &: 175.6, 149.3, 147.6,
138.3, 138.3, 1374, 136.2, 133.9, 129.4, 1287, 123.9, 123.2, 123.0, 121.2, 72.2, 50.0,
21.1,20.2, 19.8. Anal. caled for CsoHs5CIN;Pd (581.51): €, 61.96: H, 6.41; N, 7.23.
Found: C, 62.02; H, 6.37; N, 7.40.

Example 5

FIG. 4D shows a schematic synthesis of ITbp-Pd(dmba)Cl, which was
synthesized according to the following method. Finely powdered PdCl, (177 mg, 1.00
mmol) was suspended in CH;CN (5 mL) and N-benzyldimethylamine (166 pL, 143 mg,
1.05 mmol) were added. The solution was heated to §0°C with stirring until a clear,
orange solution was formed (approx. 20 min). Finely powdered K,CO; (691 mg, 5.00
mmol) was added and the stirring was continned until the palladacycle formation was
complete, as indicated by the formation of a canary yellow solution (5-10 min).
IThp-HCL (406 mg, 1.10 mmol) was added and the mixture was stirred at 80°C over 18h.
The reaction mixture was filtered and evaporated. The resulting product was purified by
colwmn chromatography. Upon application of the product to a pad of silica gel (2.5x 8
cim) pre-equilibrated with CH>Cl, CHaCls (100 mL) was used to elute impuritics. The
pure NHC-paliadacycles were eluted with CH,Cly-ethylacetate (3.1, vol/vol, 130 mL)
and the solvents were evaporated. The products were triturated with hexanes (25 mL).
After drying m high vacuwom, ITbp-Pd(dmba)Cl {494 mg, §1%) was obtained as beige
solid. "H NMR (CDCls, 400 MHz) &: 7.62 (dd, J = 8.4, 1.6 Hz, 2H), 7.42 (dd, /= 8.0,
1.2 Hz, 2H), 7.30-7.22 (m, 2H), 7.29 (s, 2H), 6.93-6.81 (m, 5H), 6.39 (d, F = 7.2 Hz),
3.51 (s, 2H), 2.42 (s, 6H), 1.51 (s, 18H). PC NMR (CDCL, 100 MHz) §: 176.7, 151.8,
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148.0,140.7,137.6, 137.5, 131.8, 120.8, 128.7, 125.1, 125.1, 124.7, 123.0, 121.6, 72.4,
49.6, 36.7, 32.8. Anal. caled for CsaHaCINgPd (609.56): C, 63.05; H, 6.73; N, 6.89.
Found: C, 63.69; H, 6.81: N, 7.11.

Example 6

FIG. 4E shows a schematic synthesis of SIPr-Pd(dmba)Cl (dmba = /N, C-N, N-
dimethylbenzylamine), which was synthesized according to the following method.
Finely powdered PdCl, (177 mg, 1.00 mmol} was suspended in CHsCN (5 mL) and N-
benzyldimethylamine (160 pl., 143 mg, 1.05 mmol) were added. The solution was
heated to 80°C with stirring until a clear, orange solution was formed {approx. 20 min).
Finely powdered K,COs (691 mg, 5.00 mmol) was added and the stirting was continued
unfil palladacyele formation was complete, as indicated by the formation of a canary
yetlow solution (5-10 min}. SIPrHCI (469 mg, 1.10 mmol) was added and the mixture
was stirred at 80°C over 481, Alternatively, the mixture was heated at 100°C over 18h.
The reaction mixture was fittered and evaporated. The resulting product was purified by
column chromatography. Upon application of the product to a pad of silica gel (2.5x 8
cm) pre-equilibrated with CHaCla, CHaCly {100 mL) was used to slute impurities. The
pure NHC-palladacycles were eluted with CH,Cla-ethiylacetate (3:1, vol/vol, 150 mL)
and the solvents were evaporated. The products were triturated with hexanes (25 mL).
After drying in high vacuum, SIPr-Pd(dmba)Cl (328 mg, 49% at 80°C and 308 mg, 46%
at 100°C) was obtained as beige solid. "H NMR (CDCls, 400 MHz) 8: 7.36-7.28 {m, 4H)},
7.22 (m, 1HY 710 (dd, T=17.2, 1.6 Hz, 2H), 6.85 (m, 3H), 6.78 (m, 1H), 4.16 (1, 2H),
4.10 (m, 2F), 3.59 (m, 4H), 3.40 (s, 2H), 2.32 {5, 6H), 1.60 (d, /= 6.8 Hz, 6H), 1.26 (d, J
= 6.8 Hz, 6H), 1.21 {(d, J= 6.8 Hz, 6H), 0.74 (d, /= 6.8 Hz, 6H). *C NMR (CDCls, 100
MHz) &: 2054, 150.7, 148.0, 147.9, 146.3, 136.9, 136.0, 128.8, 125.3, 124.4, 1240,
122.8,121.7,72.6,54.2,49.5,29.0, 28.4, 27.0, 26.3, 24.3, 23.6. Anal. cal;:d for

C3sHsoCINSPd (666.68): C, 64.86; H, 7.56; N, 6.30. Found: C, 65.19: H, 7.76; N, 6.39.

Example 7
FIG. 4F shows a schematic synthesis of IPr-PACL-(A'N, C-(S)-a-MeBnNMe,),
which was synthesized according fo the following method. Finely powdered
{CH;CN),LPACL, (259 mg, 1.00 mmol} was suspended in CH;CN (5 mL) and (S)-¢, N, V-

trimethylbenzylamine (173 L, 157 mg, 1.05 mmeol) was added. The solution was
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heated to 80°C for 5 min and finely powdered KoCO; (691 mg, 5.00 ramol) was added.
The stirring was continued until palladacycle formation was complete, as indicated by
the formafion of a canary vellow solution (5-10 min}. [Pr-HCI (467 mg, 1.10 mmol} was
added and the mixtare was stivred at 80°C over 18h. The reaction mixture was filtered
and evaporated. The resulting product was purified by column chromatography. Upon
application of the product to a pad of silica gel (2.5 x § em) pre-equilibrated with
CHaCla, CHaCla {100 mL) was used to elute impurities. The pure NHC-palladacycles
were eluted with CHaClo-ethylacetate {3:1, vol/vol, 150 mL}, and the solvents were
evaporated. The products were triturated with hexanes (25 mL). After drying in high
vacunm, IPr-PACIHAN, C-(Si-a-MeBnNMea) (342 mg, 80%) was obtained as bei ge solid.
'H NMR (CDCl, 400 MHz) 8: 7.46 (¢, J = 8.0 Hz, 2H), 7.34 (d, J = 4.4 Hz, 2H); 7.30-
7.25(m, 3H),7.24{d, J= 1.0 Hz, [H) 719 (d, J= 1.6 Hz), 7.04 {m, 1H}, 6.80 (14, J=
7.2, 1.2 Hz, 1HY, 6.74 (m, 111}, 0.70(dd, /= 7.2, 2.0 Hz, 1H), 6.55 (d, /= 5.8 Hz, 1H]},
3,81 (m, THy, 3.67 (m, 1HY), 3.10 (g, /= 6.4 Hz, 1H), 2.92 {m, 1H), 2.45 (m, 1H), 2.37 {5,
3HY, 227 (s, 3HY, 1.52 (4, /= 6.8 Hz, 3H), 144 (d, J= 6.8 Hz, 33, 1.20 (d, S= 6.8 Hz,
SH), 1.17(d, J= 3.6 Hz, 3H), 1.15 (4, J= 5.6 Hz, 31}, 1.08 (d, J= 6.8 Hz, 3H), 0.96 (d,
= 6.4 Hz, 31}, 0.90 (d, J = 6.8 Hz, 3H), 0.46 (d, J= 6.4 Hz, 3H). *C NMR (CDCl,
100 MHz) 6: 178.0, 134.5, 149.4, 147.9, 147.6, 144.8, 144.7, 136.5, 136.1, 136.0, 129.8,
129.5,125.2, 1252, 1241, 123.8, 123.7, 1227, 121.1, 75.3, 50.0, 46.6, 29.0, 29.0, 28.4,
28.2,27.0,26.8, 26.0, 25.3,

[
[#3)
b
[
(¥3)
N

Exammple §

FIG. 4G shows a schematic synthesis of IPr-PACI-[A'N, C-3,5-(MeO1BnlNMe;],
which was synthesized according to the following method. Finely powdered
(CH;CNYPACT (230 mg, 1.00 mumol) was suspended in CH3CN (5 mL) and 3,5-
dimetoxy-N N-dimethylbenzylamine (203 mg, 1.05 mumol} was added. The solution was
heated to 80°C for 5 min and finely powdered KaCO; (691 mg, 5.00 mmol) was added.
The stirring was continued until palladacycle formation was complete, as indicated by
the formation of a canary vellow solution (5-10 min). TPrHCI (467 mg, 1.10 mmol} was
added and the mixtare stirred at 80°C over 181 The reaction mixture was filtered and
evaporated. The resuliing product was purified by column chromatography. Upon
application of the product o a pad of silica gel (2.5 x 8 cm) pre-equilibrated with
CH:Cl, CHAChL (100 mL) was used to elute impurities. The pure NHC-palladacycles
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were ehrted with CH>Cl-ethylacetate (3:1, vol/vol, 150 mlL) and the solvents were
evaporated. The products triturated with hexanes (25 mL). After drying in high vacuum,
IPr-PACI-['N, C-3,5~-(MeO),BnNMes] (491 mg, 68%) was obtained as yellow solid. 'H
NMR (CDCl;, 400 MH2) 8: 7.39 {1, /= 7.6 Hz, 2H), 7.27 (dd, J= 7.6, 1.6 Hz, 2H), 7.18
(dd, J=17.6, 1.2 Hz, 2H), 7.13 {5, 2H}, 6.12 (d, /= 2.4 Hz, 3H), 5.99 (d, /= 2.4 Hz, 3H),
3.71 (s, 3H), 3.69 (m, 2H), 3.49 (s, 3H), 3.33 (s, 2H), 2.94 (m, 2H}, 2.33 (s, 6H), 1.47 (d,
J=06.4Hz, 6H), 1.18 (4, J=06.8 Hz, 6H}, 1.03 (d, /= 7.2 Hz, 6H), 0.99 (d, /= 6.4 Hz,
6H). PC NMR (CDCls, 100 MHz) 5: 175.3, 161.8, 157.4, 149.1, 148.2, 145.4, 136.8,
129.3,127.9, 123.8, 123.7, 123.7,99.9, 05.2, 73.4, 55.1, 54.9, 49.6, 29.0, 27.0, 26.6,

26.5,24.2,23.4.

Example 9

FIG. 4H shows a schematic synthesis of IPr—PdCl—{Jf,JN, C-PIiCH=NOH), which
was synthesized according to the following method. Finely powdered (CH3CNRPACH
(259 mg, 1.00 mmol} was saspended in CHsCN (5 mL) and (£)-benzaldehiyde oxime
{127 mg, 1.05 mumol) were added. The solution was heated to 8G°C for 5 min and finely
powdered KoCOs (691 mg, 5.00 mmol} was added and the stirring continued until
palladacycle formation was complete, as indicated by the formation of a canary vellow
sotution {5-10 min). IPr-HCI (467 mg, 1.10 mumol) was added and the mixture stirred at
80°C over 18h. The reaction mixture was filtered and evaporated. The resulting product
wag purified by column clwomatography. Upon application of the product to a pad of
silica gel (2.5 x 8 cm) pre-equilibrated with CH,Cly, CH.Cly (100 L) was used to elute
impurities. The pure NHC-palladacycles were eluted with CHa2Cly-ethylacetate (1:1,
volfvol, 150 mL) and the solvents were evaporated. The products were triturated with
hexanes (25 mL). After drying in high vacuum, IPr-PACI-[A'N, C-PhCH=NOH] (291 mg,
45%) was obtained as yellow solid. 'H NMR {CDCls, 400 MHz) &: 7.40 (t, /= 8.0 Hz,
2H), 7.24 (dd, J=8.0, 1.6 Hz, 2H), 7.18 (dd, /= 7.6, 1.2 Hz, 2H), 7.15 (s, 1H), 7.13 {s,
2H), 672 (dd, S=7.2,1.2 Hz, 1H), 6.68 (td, /=84, 1.2 Hz, 1H), 646 (4, /=64 Hz,
3H), 642 (1d, /= 6.4, 1.6 Hz, 3H), 3.43 (s, 2H), 3.00 (s, 2H), 1.74 (broad s, 1H), 1.14 {d,
J=7.2Hz, 6H), 1.11 {d, /= 6.8 Hz, 6ID), 0.95 {d, J= 6.4 Hz, 6H), 0.90 (d, /= 6.8 Hz,
6H). PC NMR (CDCls, 100 MHz) 5: 182.0, 1542, 152.0, 146.8, 146.0, 145.2, 137.0,

136.1,129.3, 124.5, 123.9, 123.8, 123.2, 122.2, 121.0, 28.6, 28.0, 26.3, 26.0, 23.9, 22.4.
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Example 10

FIG. 4] shows a schematic synthesis of IPr-PdCl—[kzN, C-2-PhPy], which was
synthesized according to the following method. Finely powdered (CH;CN)PdCL (259
mg, 1.00 mmol) was suspended in CH;CN (5 mL) and 2-phenylpyridine (150 pL, 163
mg, 1.05 mmol) was added. The solution was heated to 80°C for 5 min and finely
powdered KoCO; (0691 mg, 5.00 mmol) was added. The stirring was continued until
palladacycle formation was complete, as indicated by the formation of a canary yellow
solution (5-10 min). IPr-HCI (467 mg, 1.10 mmol) was added and the mixture was
stirred at 30°C over 18h. The reaction mixture was filtered and evaporated, The
resulting product was purified by column cliromatography. Upon application of the
product to a pad of silica gel (2.5 x 8 cm) pre-equilibrated with CH.Cly, CH,CL (100
mLj} was used to elute impurities. The pure NHC-palladacycles were cluted with
CHaCl-ethylacetate (1:1, vol/vol, 150 mL) and the solvents were evaporated. The
products were triturated with hexanes (25 ml), After drying in high vacuum, [Pr-PdCl-
Ik N, C-2-PhPy] (300 mg, 44%) was obtairied as yellow solid. "H NMR (CDCls, 400
MHz) 8: 9.30(d, J= 0.8 Hz, 1H), 7.57 (td, /= 8.0, 1.6 Hz, 1H), 7.45 (d, /= 8.4 Hz, 1H),
7.38 (t, /= 8.0 Hz, 2H), 7.33 (dd, /= 8.0, 1.6 Hz, 2H}, 7.30 (dd, /= 7.6, 1.6 Hz, 1H),

28 (s, 2H), 7.18 (dd, J = 7.6, 1.6 Hz, 2H), 6.96 (id, /= 7.6, 1.2 Hz, 1H), 6.93 (dd, J=
7.6,1.6 Hz, 1H), 6.89 (id, J=7.6, 1.6 Hz, 3H), 6.73 (dd, J= 7.2, 0.8 Hz, 3H), 3.36 (i,
2H), 3.30 (m, 2H), 1.50 (d, J= 6.4 Hz, 6H), 1.18 (d, /=06.8 Hz, 6H), 1.05(d, /= 6.8 Hz,

6H), 0.80 (d, J = 6.8 Hz, 6H). PC NMR (CDCls, 100 MHz) & 178.8, 164.3, 155.7,
150.1, 147.8, 146.4, 145.0, 137.8, 137.5, 135.9,129.9, 128.9, 125.0, 124.2, 124.0, 123.1,
122.8,121.4,117.4,29.0, 28.5,26.6,26.2,23.2,22.0.

Example 11
FIG. 47 shows a schematic synthesis of IPr-PACI-[K’N, C-2-PhPy], which was
synthesized according to the following method. Finely powdered (CH;CNRPACl, (259
mg, 1.00 mumol} was suspended in CHaCN (5 mL) and 2-benzylpyridine (170 pL, 178
mg, 1.05 mmol) wag added. The solution was heated to 80°C for 5 min and finely
powdered KaCOs (691 mg, 3.00 mimol) was added. The stirring was continued until
palladacycle formation was complete, as indicated by the formation of a canary yellow

solution (5-10 nun). PrHCI {467 mg, 1.10 mmel) was added and the mixture was
25
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stirred at 80°C over 18h. The reaction mixture was filtered and evaporated. The
resulting product was purified by colmmnn chromatograplhy, Upon application of the
product to a pad of silica gel (2.5 x § cm) pre-equilibrated with CHaCls, CHaCl (100
mL) was used to elute impurities. The pure NHC-palladacycles were eluted with
CHaCl-ethylacetate (1:1, vol/vol, 150 mL) and the solvents were evaporated. The
products triturated with hexanes (25 mL). After drying in high vacoum, IPr-PACH[EN, C-
2-PhPy] (464 mg, 66%) was obtained as yellow solid. 'HINMR (CDCls, 400 MHz) &:
3.80(d, /=0.8 Hz, 1H), 7.56 {broad m, 1H), 7.42 (broad m, 4H}, 7.20 {5, 2M), 7.07 (d, J
= 7.6, 2H), 7.01 (broad m, 1H), 6.839 {t, = 6.8 Hz, 1H), 6.74-6.68 {m, 3H), 6.61 {m, 1H),
3.79-3.76 (broad m, 2H), 3.37 (broad m, 3H}, 2.37 {broad m, 111), 1.64 (broad s, 3H),
1.54 (broad s 3H), 1.3Q (broad s, 3H), 1.22 (broad s, 3H), 1.00 (broad s, 3H}, 0.95 (broad
3, 3H), 0.42 (broad g, 3H). PC NMR (CDCL, 100 MHz) 8: 176.1, 159.4, 153.2, 150.1,

149.6, 148.2 {broad), 147.5 (broad}, 145.4 {broad}, 140.2, 137.3, 136.5 (broad), 136.0
(broad)y, 130.0 (broad), 1284 (broad), 125.7, 125.2 (broad), 1 , 124.6 (broad), 124.2

(broad), 123.6 (broad), 123.0 (broady, 122.3, 121.1, 492, 28,9, 28.8,26.7, 26.3, 24.0,

bk Rs)

JC A JEA

The following example describes a general method for an anion exchange
reaction for compounds of the invention, as shown in FIG. 5. FIG. 6A shows a
schematic synthesis of IPr-Pd{dmbaj0OAc. To g suspension of AgOAc (167 mg, T mmol)
in CH2Ch (2 mL), a solution of Pr-Pd(dmba)Cl (665 mg, I mmol) in CHLCh (3 mb)
was added. The mixture was stirred over 11 and evaporated to dryness in the presence of
silica gel (2 g). Pr-Pd{dmba)jOAc (663 myg, 96%) was obtained as a white solid after
chromatography (Combifiash, 12 g cartridge) with CH3Cls-ethyl acetate © methanol {5:1,
volfvol) gradient, 0 to 100%. '"H NMR (CDCls, 400 MHz) 8: 7.32 (1, J = 7.6 Hz, 2H),

22 (broad &, J=7.6 Hz, 21}, 7.12 (s, 2H), 7.10 {broad d, /= 7.6 Hz, 2H), 6.68 {t,J=

2Hz, 2H}, 6.61 (m, 3H), 6.38 (d, /= 7.6 Hz, 1H), 3.24 (5, ZH), 3.20 (m, 2H), 2.81 (m,

210, 2.18 (s, GH), 1.40 (s, 3H), 1.33 (d, J= 6.4 Hz, 6H), 110 (d, /= 6.4 Hz, 6H), 0.93 (d
J=6.8Hz, 6H), 0.79 {d, J= 6.4 Hz, 6H). "C NMR (CDCls, 100 MHz) &: 178.3, 176.0,
148.2, 148.0, 147.0, 145.1, 136.0, 135.8, 129.6, 1254, 124.2, 1241, 123.8, 1224, 121.7,
725,492, 28,7, 28. S, 26.3,25.3,23.0,22.8. Anal. caled for C3gHs N;0.Pd (688.25): C,
6631, H, 74T, N, 6.11. Found: C, 66.70; H, 7.63; N, 6.31.
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Example 13

F1G. 6B shows a schematic synthesis of IPr-Pd{dmba}OCOCEH;. To a suspension
of AgQCOCF; (221 mg, 1 mmol) in CHaCl (2 1mL), a solution of IPr-Pd{dmba)Cl (665
mg, | mmol) in CHLCla (3 mL) was added. The mixture was stirved over 11 and
evaporated to dryness in the presence of silica gel (2 g). IPy-Pd(dmba)OCOCF; (733
mg, $9%) was obtained 45 a white solid after clwomatograply (Combiflash, 12 g
cartridge) with CHaCl, - ethiyl acetate gradient, & to 100%. 'HNMR (CDCls, 400 MHz)
8:7.42 (4, = 7.6 He, 2H), 7.30 (d, J = 7.6 Hz, 2H}, 7.25 (5, 2H), 7.21 {4, /= 7.6 Hz,
2H), 6.80 (td, J = 6.8, 1.2 Hz, 2H), 6.70 (m, 2H), 6.70 (d, J= 7.6 Hz, 1H), 3.34 {5, 2H},
3.29 (m, 2H}, 2.84 (m, 2H), 2.24 (s, 6H), 1.36 (d, /= 6.8 Hz, 6H), 1.19(d, /= 6.8 Hz,
6H), 1.03 (d, /= 6.8 Hz, 6H), 0.88 (d, /= 6.8 Hz, 6H). *C NMR (CDCls, 100 MHz) 5:
177.3, 160.8 (g, Ve =35 1—17), 147.6, 146.7, 145.9, 145.0, 136.0, 135.8, 135.4, 129.7,
125.7,124.5, 1243, 123.9,122.7, 121.0, 160.8 116.6 {(q, =292 Hz}, 72.0, 49.1,
28.6,28.5,26.3,26.3,23.0, 22.4. Anal. caled for CagllaghyNaO.Pd (742.22y: C, 61.49; H,
G.532; N, 5.66. Found: C, 62.06; H, 6.67; N, 5.77.

Example 14

The following example describes the use of pre-catalysts of the invention in
Suzuki-Miyaura cross-coupling reactions.

FIG. 7A shows the schematic synthesis of the Suzuki-Miyaura cross-coupling
between 2-chloro-1,3-xvlene and 1-naphtliylboronic acid, using a weak base. Ina tube
with a stirhar, T-naphthylboronic acid (722 mg, 4.2 mmol), C5CO5 (1.95g, 6.0 mmol)
and IPr-Pd(dmba)Cl (27 mg, 0.040 mmol) were sealed with a septum and the tube was
backfilled with Ar (3 »}. Dry DMF (12 mL) was added to the tube and the mixturs was
heated to 120°C. 2-Chlore-1,3-xylene (5330 L, 562 me, 4.0 mmol) wase added
dropwise. The reaction was heated overnight, cooled, and partitioned between ether (20
mb} and water (20 mL). The ether layer was washed with water (4 % 20 L), dried
(MgSQy) and evaporated. The product (339 mg, 39%) was obtained as waxy white solid
after column chromatography on silica gel, nsing hexanes as the eluent. The 'H- and °C
NMR spectra were 1dentical as described in literature {for example, as described in

Navarro, O.; Kelly, R, A, IIT; Nolan, S. P. J Am, Chem. Soc. 2003, 125, 16194.161085).

[
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FIG. 7B shows the schematic synthesis of the Suzuki-Miyaura cross-coupling
between 2-chloro-1,3-xylene and 1-naphthylboronic acid, using a strong base. In a tube
with a stirbar, 1-naphthylboronic acid (1.35 g, 7.9 munol), and +BuONa (793 mg, 8.3
mmol) were sealed with a septom, and the tube was backfilled with Ar (3 x). 2-Chloro-
I,3-xylene (1.00 mL, 1.06 g, 7.5 numol} was added, A solution containing IP1-
Pd{dmba)CI (50 mg, 0.075 mmol) in i-PrOH (reagent grade, 8 mL) was injected and the
catalyst was activated by heating with heat gun. The reaction was stirred at room
temperature overnight, the solvent removed and the residue partitioned betwesn CH,Ch
(30 mL) and water (50 mL). The organic layer was separated, dried (MgSOy) and
evaporated. As described above, the product (1,31 g, 75%) was obtained as waxy white

solid after cohumn chwromatography on silica gel, using hexanes as the eluent.

The following example describes the use of a pre-catalyst of the invention in a
Buchwald-Hartwig amination reaction.

FIG. 7C shows the schematic synthesis of the Buchwald-Hartwig amination of 2-
chloro-1,3-xylene with 2,6-diisopropylaniline. A vial with a stivbar was charged with /-
BuONa (173 mg, 1.8 mmol). A solution containing IPr-Pd{dmba)C1 (13.3 mg, 0.020
mmol) 1 toluene (reagent grade; 2 mL} was added to the vial. 2-Chloro-1,3-xylene (135
ul, 141 mg, 1.0 mmol) and 2,6-diisopropylaniline (225 ul, 212 mg, 1.2 mmol) were
added in succession. The atmosphere above the vial was purged with a stream of Ar, and
the vial was capped, sealed, and heated at 120°C over 18h. The crude reaction mixture
was transferred into a round-bottomed flask, and the volatile solvents were removed.
The remaining residue was purified by column chromatography on silica gel
{Combiflash 12 g cartridge, hexane over 3 min, then hexane-ethyl acetate 0 1o 100%
gradient over 15 min). The product (167 mg, 59%) was obtained as colorless oil. The
"H- and PC NMR were identical as described in the lierature (for example, as described
in Wolfe, J. P.; Tomori, H.; Sadighi, J. P.; Yin, J.; Buchwald, 8. L. J. Org. Chem. 2000,
63, 1158-1174).

Example 16
The following example describes the use of a pre-catalyst of the invention in a

Heck-Mizoroki cross-coupling reaction,
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FIG, 7D shows the schematic synthesis of the Heck-Mizoroki reaction between
4-bromo-2,6-dimethylaniline and tert-butyl acrylate. A vial was charged with a stirbar,
4-bromo-2,6-dimethylaniline (200 mg, 1.0 mumol), KoCOs (276 mg, 2.0 mmol} and IPr-
Pd{dmba)CI (13.3 mg, 0.020 mmol). The vial was backfilled with Ar (3 x), and NMP
(purged with Ar; 2 mL) and tert-butyl acrylate (175 uL, 154 mg, 1.2 mmol) were added
via syringe. The mixfure was heated to 140°C overnight, cooled, and partitioned
between ether (20 mL) and water (20 mL). The ether layer was washed with water {2 x
20 mL) and dried (MgSQy), and the solvent was evaporated. The product (225 me, 91%)
was obtained as pale yellow oil after purification by column chromatography on silica
gel (Combiflash 12 g cartridge, hexane-ethyl acetate 0 to 10% gradient over 20 min). 'H
NMR (CDCl;, 400 MHz) &: 7.48 (d, /= 16.0 Hz, 1H), 7.15 (s, 2H), 6.19 (d, J = 16.0 Hz,
1H), 2.19 (s, 6H), 1.53 (s, 9H). *C NMR (CDCls, 100 MHz) &: 167.2, 145.0, 144.3,
128.6, 124.3,121.5, 115.3, 79.8, 28.3, 17.6. Using a similay procedure (NMP, volume
0.4 mL), the product (88%, 217 mg) was obtained with IMes-Pd{dmba)C1 (11.6 mg,

0.020 mmel) as an alternative precatalyst,

Definitions

For convenience, certain terms employed in the specification, examples, and
appended claims are listed here.

The term “catalytic amount” is recognized in the art and refers to a
substoichiometric amount relative to a reactant.

The term “alkyl” refers to the radical of saturated aliphatic groups, including
straight-chain allcyl groups, branched-chain alkyl groups, eycloalkyl (alieyelic) groups,
alkyl substituted cycloalkyl groups, and cycloalkyl substituted alkyl groups, all
optionally substituted. o some embodiments, a straight chain or branched chain alkyl
has 30 or fewer carbon atoms in its backbone (e.g., Ci-Csq for straight chain, Cs;-Cspfor
branched chain), and, in some cases, 20 or fewer.

The ferm “heteroalleyl” refers to an alkyl group as described herein in which one
or more carbon atoms is replaced l.:»y a heteroatom. Suitable heferoatoms include oxygen,
sulfur, nitrogen, phosphorus, and the like. The term “cycloheteroalkyl” refers to
cycloalkyl groups in which one or more carbon atoms is replaced by a heteroatom.

The term “aryl” refers to aromatic carbocyclic groups, optionally substituted,
having a single ring (e.g., phenyl), multiple rings (e.g., biphenyl), or multiple condensed

29
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rings in which at least one is aromatic (e.g., 1,2,3,4-tefrahydronaphthyl, naphthyl,
antlryl, or phenanthryl). That is, at least one ring may have a conjugated pi electron
systern. The aryl group may be optionally substituted, as described herein. “Carbocyclic
aryl groups™ refer to aryl groups wherein the ring atoms on the aromatic ring are carbon
atoms. Carbocyclic aryl groups include monoeyclic carbocyclic aryl groups and
polyeyelic or fused compounds such as naphthyl groups.

“Heterocyclic aryl” or “heteroaryl” groups are aryl groups wherein at least one
ring atom in the aromatic ring is a heteroatom, and the remainder of the ring atoms being
carbon atoms. Suitable heteroatoms include oxygen, sulfur, nitrogen, phosphorus, and
the like. Suitable heteroaryl groups include foranyl, thienyl, pyridyl, pyirolyl, N-lower
alkyl pyrrolyl, pyridyl-N-oxide, pyrimidyl, pyrazinyl, imidazolyl, indolyl and the like, all
optionally substituted.

The term “arallcyl” refers to an alkylene group substituted with an aryl group.
Suitable aralkyl groups may include benzyl, picolyl, and the like, and may be optionally
substituted. The aryl portion may have 5-14 ring atoms and the alkyl portion may have
up to and including 10 carbon atoms. “Heteroarylalkyl” refers to an alkylene group
substituted with a heteroaryl group.

The terms “amine” and “amino” are art-recognized and refer to both
unsubstituted and substituted amines, e.g., a moiety that can be represented by the
general formula: N(RYR7HR"") wherein R”, R?, and R**” each independently
represent a group permitted by the rules of valence.

The terms tiflvl, tosyl, mesyl, and nonaflyl are art-recognized and refer to
triffuoromethanesul fonyl, p-toluenesulfonyl, methanesulfonyl, and
nonafluorobutanesulfony! groups, respectively. The terus triflate, tosylate, mesylate,
and nonailate are art-recognized and refer to trifluoromethanesulfonate, p-
toluenesulfonate, methanesulfonate, and nonafluorobutanesutfonate functional groups
and molecules that contain said groups in either neutral (e.g., ester) form or ionic {e.g.,
salt) form, respectively.

The term “carbonyl” is recognized in the art and refers to the group, C=0.

The terms “carboxyl group,” “carbonyl group,” and “acyl group” are recognized

in the art and can include such moieties as can be represented by the general formula:
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wherein W is H, OH, G-alkyl, O-alkenyl, or a salt thereof. Where W is O-alkyl,
the fonmula represents an “ester.” Where W is OH, the formula represents a “carboxylic
acid.” The term “carboxyvlate” refers to an anionic carboxyl group. In general, where the
oxygen atom of the above formula is replaced by sulfur, the formula represents
“thiclcarhonyl” group. Where W is a S-alkyl, the formula represents a “thiclester.”
Where W is SH, the formula represents a “thiclcarboxylic acid.” On the other hand,
where W is alkyl, the gbove formula represents a “ketone”™ group. Where W is hydrogen,
the above formula represents an “aldehyde” group.

The terms "alkenyl” and "alkynyl® vefer to unsaturated aliphatic groups analogous
in length and possible substitution fo the alkyls deseribed above, but which contain at
feast one double or triple carbon-carbon bond, respectively. The term “alkenylalleyl™
refers to an alkyl groups substituted with an atkenyl group, The term “alkyoviatky]”
refers to an alleyl groups substituted with an allynyl group.

The term “allcoxy-" or “alkyloxy-" refers to the group O-allyl.

The term “halide™ refers to -F, -Cl, -Br, or -1

The term “sulfonate" is given its ordinary meaning in the art and refers to the
group, SO;W?, where W may be an electron pair, hiydrogen, alkyl, cycloalkyl, or aryl.

As used herein, the term “substituted” is contemplated to include all permissible
substituents of organic compounds, “permissible” being in the context of the chemical
rules of valence known to those of ordinary skill in the art. I some cases, “substituted”
may generally refer to replacement of a hydrogen with a substitnent as described herein.
However, “substituted,” as used herein, does not encompass replacement and/or
alteration of a key functional gronp by which a melecule is identified, e.g., such that the
“substituted” functional group becomes, through substitution, & different functional
group. For example, @ “substitiied aldehyde™ must still comprise the aldehyde moiety
and can not be modified by substitution, n this definition, to become, e.g,, a carboxylic
acid. Tn abroad aspect, the permissible substituents include acyclic and cyclic, branched
aud unbranched, carboeyclic and heterocyelic, aromatic and nonaromatic substituents of
organic compounds. Husirative substituents include, for example, those described
herein. The permissible substituents can be one or more and the same or different for
appropriate organic compounds. For purposes of this invention, the heteroatoms such as
nitrogen may have hydrogen substituents and/or any permissible substituents of organic

compounds described herein which safisfy the valencies of the heteroatoms. This
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invention is not intended to be limited in any manner by the permissible substituents of
organic compounds.

Examples of substituents include, but are not limited to, alkyl, aryl, aralkyl, cyelic
alkyl, heterocycloalkyl, hydroxy, alkoxy, aryloxy, perhaloalkoxy, aralkoxy, heteroaryl,
heteroaryloxy, heteroarylalkyl, heteroaralkoxy, azido, amino, halide, alkylihio, oxo,
acylalkyl, carboxy esters, carboxyl, -carboxamido, nitro, acyloxy, aminoalkyl,
alkylaminoaryl, alkylaryl, alkylaminocalkyl, alkoxyaryl, arylamino, aralkylamino,
alkylsalfonyl, -carboxamidoalkylaryl, -carboxamidoaryl, hydroxyalkyl, hatoalkyl,
alkylaminoalkylearboxy-, aminocarboxamidealkyl-, cyano, alkoxvalkyl, perhaloalkyl,

arylalkyloxyalkyl, and the like.

‘While several embodiments of the present invention have been described and
iltustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or stractares for performing the functions and/or obtaining the results and/or
one or more of the advantages deseribed herein, and each of such variations and/or
modifications is deemed to be within the scope of the present invention. More generally,
those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materitals, and/or configurations will depend upon the specific
application or applications for which the teachings of fhe present invention is/are used.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention may be practiced otherwise than as specifically
described and claimed. The present nvention is directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits, and/or methods are not
mutually inconsistent, is included within the scope of the present invention.

The indefinite arficles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least

one.”

[VE)
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The plrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both” of the elements so conjoined, 1.e., elements that
are conjunctively present in some cases and disjunctively present in other cases. Other
elements may optionally be present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those elements specifically identified
unless clearly indicated to the contrary. Thus, as a non-limiting example, a reference to
“A and/or B”, when used in conjunction with open-ended language such as “comprising”
can refer, 1n one embodiment, to A without B (optionally including elements other than
B); in another embodiment, to B without A (optionally inchuding elements other than A);
in yet another embodiment, to both A and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood
to have the same meaning as “and/or” as defined above. For example, when separating
ftems in a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the Inclusion
of at least one, but also including more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or st of elements. In general,
the term “or” as used herein shall only be interpreted as indicating exclusive alternatives
(i.e. “one or the other but not both™) when preceded by terms of exclusivity, such as
“either,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of*, when
used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
clements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “af least one of A
or B,” or, equivalently ““at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally

including elements other than B); in another embodiment, to at least one, optionally

A~
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mcluding more than one, B, with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, optionally including more than one,
A, and at least one, optionally including more than one, B (and optionally including other
elements); etc.

In the claims, as well as in the specification above, all transitional phrases such as

R4

“comprising,” “including,” “carrying,” “having,” “coutaining,” “involving,” “holding,”
and the like are to be understood to be open-ended, i.e., to mean including but not limited
to. Only the transitional phrases “consisting of” and “consisting essentially of” shall be
closed or semi-closed transitional phrases, respectively, as set forth in the United States

Patent Office Manual of Patent Examining Procedures, Section 2111.03.



What 1s claimed:

1. A method for synthesizing a transition metal-containing precatalyst is represented by Scheme

1 as follows:

R~ R~

g o W
R -_;C RLA B«-\RZ

= -,\-~ R7 1. Pd source RS

D 4 5 ~ R6§C~Pd—x

- | =

R )R Y

@f'—'t‘./?n R®

RLA%/B"RZ
)
Z

Scheme 1

wherein the method comprises reacting at least three components all contained together in a single

reaction chamber to form a transition metal-containing precatalyst having one of the following

structures,
B R3 Rt W @
RS R*
- .
1- -
R1 A B~ R2 5R R2 o
Y
R T ; RGEC—M——X2
R \{ | 7 k, B R
D2 L "R8
RS or A

wherein M is Pd; each RS is independently absent, hydrogen, alkyl, cycloalkyl, heteroalkyl,
cycloheteroalkyl, aryl, heteroaryl, or a substituted derivative thereof, or wherein any two of R'® are
joined to form a cycloalkyl, cycloheteroalkyl, aryl, heteroaryl, or substituted derivative thereof; A is

N;Bis N; Cis aryl ; Dis N; X! is halide, sulfonate, or carboxylate;

X? is a neutral ligand; Y is a counterion; “~— is alkyl, or a substituted derivative thereof; —=is a
single bond or double bond; and n 1$ an integer

between 1 and 3;

wherein one of the three components is a palladium-containing compound, one of the three

components is an N-heterocyclic carbene ligand precursor, and

one of the three components is a compound having the structure,
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2620
\_ R
~ R8
wherein each R™® is independently absent, hydrogen, alkyl, cycloalkyl, heteroalkyl,

cycloheteroalkyl, aryl, heteroaryl, or a substituted derivative thereof, or wherein any two

of R**#® are joined to form a cycloalkyl, cycloheteroalkyl, aryl, heteroaryl, or substituted

derivative thereof; C is aryl ; D is N; “~— is alkyl, or a substituted derivative thereof;

wherein R! and R? are aromatic rings optionally substituted with methyl,

ethyl, isopropyl, t-butyl, methoxy, isopropoxy, trifluoromethyl, or phenyl; R? and R* are
phenyl, t-butyl, or are joined together to form a six-membered ring; R® and R® are
hydrogen, t-butyl, methoxy, trifluoromethyl, or are joined together to form an aryl ring;
R7 and R? are methyl, isopropyl, t-butyl, phenyl, phenoxy, hydroxyl, R7 and R® are
joined together to form a ring; or at least one of R7 and R® is joined to a portion of \ ~— to

form a ring; and wherein the method further comprises a base.

2. A method as in claim 1, wherein M is Pd, R! and R? are aromatic rings

substituted with methyl, ethyl, isopropyl, tert-butyl or combinations thereof, A is nitrogen, and D
is nitrogen.

3. A method as in claim 1, wherein the transition metal-containing precatalyst has

the following structure,

FPr [/ \ i-Pr
N. N

ctpws
e )
—N

/

A method as in claim 1, wherein the transition metal-containing precatalyst has
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the following structure,

A\
”TNK\QN
CE*Pid-/\ 2

3
—N
/

5. A method as in claim 1, wheremn the counterion is BFs, PFs, or ArsB, wherein

Aris arvl.

6. A method as in claum 1, wherein the neutral ligand comprises a nitrile, ether, or alcohol.

7. A method ag in claim 1, wherein the neutral higand is acetonitrile,

tetrahydroturan, or methanol.
3. A method as in claim 1, wherein the palladium-containing compound is PdCl,.

9. A method as in claim 1, wherein the palladiuvm-containing compound is

(CH3CN)2PACL.

10. A method as in claim 1, wherein the N-heterocyclic carbene ligand precursor

has the structure,

RS R*
A /
@ >—:¢\) n
RI-As Bog2

&
Z

each RM is independently absent, hydrogen, alkyl, cycloalkyl, heteroalkyl,
cyclohetercalleyl, aryl, heteroaryl, or a substituted derivative thereof, or wherein any two
of R are joined to form a cyeloalkyl, cyclohetercalkyl, aryl, heteroaryl, or substituted
derivative thereof; A is N; B is N; —=is a single bond

or double bond; 1 is an integer between | and 3; and Z is halide, sulfonate, carboxylate,

BF4, PFe, or AnuB, wherein Ar is aryl.
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11. A method as in claim 10, wherein the N-heterocyclic carbene ligand precursor

has the structure,

~Pr /7N P
oy s S
FPr o jpr :
12. A method as in claim 10, wherein the N-heterocyclic carbene ligand precursor
has the structure,
NN ©
13. A method as in claim 10, wherein the N-heterocyclic carbene ligand precursor has the
structure,
cie

sy No N
o 05>,

wherein — is a single bond or double bond.

14, A method as in claim 10, wherein the N-heterocyclic carbene ligand precursor has the

L7 oo 3

wherein —= is a single bond or double bond.

structure,

15. A method as in claim 1, wherein the base is an inorganic base.
16. A method as in claim 1, wherein the base is a carbonate, phosphate, halide, or
hydride.



17. A method as in claim 1, wherein the base is potassium carbonate, cesium

carbonate, sodium carbonate.

18. A method as in claim 1, wherein the base is K,COa.

19. A method as in claim 1, further comprising a solvent.

20. A method as in claim 19, wherein the solvent is a polar solvent.

21. A method as in claim 19, wherein the solvent is acetonitrile, acetone, methanol,

ethanol, propanol, butanol, ethylene glycol dimethyl ether, dimethylformamide,

tetrahydrofuran, dimethylsulfoxide.

22. A method as in claim 19, wherein the solvent is acetonitrile.
23. A method as in claim 1, further comprising an inorganic salt.
24.

A method as in claim 1, wherein the at least three components are not joined by

a bond prior to the reacting.
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