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Abstract

Homogeneous transition metal—-catalyzed reactions are indispensable to all facets of modern
chemical synthesis. It is thus difficult to imagine that for much of the early 20t century, the
reactivity and selectivity of all known homogeneous metal catalysts paled in comparison to their
heterogeneous and biological counterparts. In the intervening decades, advances in ligand design
bridged this divide, such that today some of the most demanding bond-forming events are
mediated by ligand-supported homogeneous metal species. While ligand design has propelled
many areas of homogeneous catalysis, in the field of Pd(l1)-catalyzed C—H functionalization,
suitable ligand scaffolds are lacking, which has hampered the development of broadly practical
transformations based on C—H functionalization logic. In this review, we offer an account of our
research employing three ligand scaffolds, mono- A-protected amino acids, 2,6-disubstituted
pyridines, and 2,2'-bipyridines, to address challenges posed by several synthetically versatile
substrate classes. Drawing on this work, we discuss principles of ligand design, such as the need to
match a ligand to a particular substrate class, and how ligand traits such as tunability and
modularity can be advantageous in reaction discovery.

1. Introduction

1.1 The Role of Ligand Design in Transition Metal Catalysis

The importance of ligands in modern homogeneous transition metal catalysis cannot be
overstated. Because ligand coordination changes the structure and reactivity of a metal
catalyst, it inherently changes the activation energy of elementary steps in a given catalytic
process. This change is manifested in the kinetic reactivity,> which can broaden the effective
substrate scope of the reaction. Moreover, ligands can influence the selectivity (i.e.,
enantioselectivity, diastereoselectivity, regioselectivity, and chemoselectivity) in
transformations where more than one product is produced, improve the solubility of metal
catalysts in organic solvents, and extend catalyst lifetimes by suppressing metal catalyst
degradation pathways. For instance, in cases where precipitation of metal nanoparticles is an
irreversible catalyst deactivation pathway, strongly binding organic ligands can protect two
molecules of catalyst from contacting one another and precipitating. Finally, as a
consequence of these previous points, the ligand can affect the operational properties of the
reaction: the compatibility with air and/or moisture, the reaction temperature, pressure, etc.
In essence, ligands are chemists’ “hands” for influencing the bond-making and -breaking
processes that occur at metal centers, and arguably, in the past several decades, ligand
design has been the principal force driving the improvement of known catalytic reactions
and the discovery of new ones.?
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During the past century, simple, commonly available metal salts (e.g., CuCl, AuCls, and
Pd(OACc),) have been applied extensively in catalysis, leading to the discovery of a myriad
of different reactions, several of which have become mainstays in organic synthesis. This
flurry of research in catalytic organometallic chemistry set the stage for the design of
catalysts with improved reactivity and selectivity, such that desired products could be
synthesized with high levels of purity and minimal amounts of waste. Because improved
catalytic performance hinges on the properties of ancillary ligands, new ligand scaffolds
have been vigorously pursued in all subfields of homogeneous metal catalysis.

Much of the search for new ligands has taken place in the context of research into catalytic
asymmetric reactions, where in the absence of chiral information, the reaction will proceed
via one of two pathways of equal energy to give a one-to-one mixture of enantiomeric
products. By using a chiral nonracemic ligand, however, the reaction can be rendered
enantioselective, leading to the predominant production of one enantiomer. Prominent early
examples include the use of dialkyltartrate ligands in the Sharpless asymmetric
epoxidation34 and the development of chiral diphosphine ligands for asymmetric
hydrogenation, such as DIOP,®> DiPAMP® chiraphos,” and BINAP® by Kagan, Knowles,
Bosnich, and Noyori, respectively. Ligand design has played an equally important role in
developing enhanced kinetic reactivity for catalytic transformations that otherwise exhibit
prohibitively slow reaction rates (or a complete lack of reactivity all together). Notable
examples include the popularization of triphenylphosphine as a ligand in the 1960s,
particularly in Wilkinson’s seminal applications to rhodium-catalyzed hydroformylation?
and hydrogenation,10 and more recently, the advent of dialkylaryl- and trialkylphosphines
and Atheterocyclic carbenes as ligands in ruthenium-catalyzed olefin metathesis!112 and
palladium-catalyzed cross-coupling reactions.23-17 Moreover, there are also important cases
where the search for ligands for stereoinduction led to the identification of more reactive
catalysts and vice versa1819

1.2 “Privileged” Ligands in Transition Metal Catalysis

During the past half-century of research in asymmetric transition metal catalysis, a small
collection of “privileged” ligand scaffolds have emerged, a term first coined by Yoon and
Jacobsen.20 These ligand scaffolds have been found to be useful in many different types of
asymmetric transformations, even among those with few or no mechanistic similarities (1-9,
Figure 1). Privileged chiral ligands have been used extensively for reaction development in
organic chemistry, and their application accounts for a high percentage of new asymmetric
reactions developed each year.

As discussed above, in parallel to the progress in asymmetric catalysis, homogeneous
catalytic transformations that do not induce chirality have been extensively studied. These
reactions have required catalysts with high kinetic reactivity to ensure broad substrate scope,
short reaction times, and favorable product distributions, and here too, ligand development
has played a central role. In non-stereoselective reactions, there exist achiral “privileged”
ligands, which have been utilized ubiquitously to enable a variety of different catalytic
reactions, all with a myriad of distinct elementary steps (Figure 2). These include triaryl-
and trialkylphosphines (10-13),21-24 biaryl(dialkyl)phosphines (14-19),2%:26 diphosphines
(20-25),27:28 “pincer” ligands (26-28),29-30 ALheterocyclic carbenes (29-33),16:31.32
cyclopentadienides (34-36),33-38 acetylacetonates (37—38),3% diamines (40-42),39-41
bipyridines (43-45),3941-43 and pyridines (46-48).41
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1.3 Matching a Substrate Class to a Metal Catalyst and Identifying a Suitable Ligand

Scaffold

Though privileged ligand scaffolds are remarkably general in their utility across reaction
types and substrate classes, they are still not universally applicable. One common feature of
ligand-controlled metal-catalyzed reactions is that the catalytic system must be designed to
match the properties of the substrate. Each individual class of substrates possesses a
characteristic set of properties that will affect its approach to and interaction with the metal
center. The course of the reaction is dictated by the intrinsic properties of the metal center
(oxidation state, electron count, coordination geometry, etc.) and its established redox
activity patterns. Together the properties of the substrate and metal then inform the selection
and/or design of appropriate ligand scaffolds. Important substrate considerations include the
steric and electronic properties (particularly those proximate to the reactive functional
group), any existing stereochemistry, the presence or absence of other potentially reactive
functional groups, and the presence or absence of Lewis basic chelating functional groups
(directing groups).4>46 For example, consider asymmetric olefin hydrogenation (Scheme
1a). For substrates containing a chelating functional group, such as a,# unsaturated
carboxylic acid 49, the presence of an open binding site on the metal for carboxylate
coordination is desirable. With the Co-symmetric Noyori [Ru(BINAP)(OAC),] catalyst, the
substrate can smoothly displace the acetate, without compromising catalyst activity, and
subsequent directed asymmetric hydrogenation proceeds with excellent levels of
stereoinduction.?’ In contrast, in the Pfaltz non-directed asymmetric hydrogenation of
olefins (51), a Crabtree-type catalyst*8 bearing a non-C>symmetric P,N-phosphite—pyridine
ligand 52 and a non-coordinating counterion, BArg, is highly effective in the absence of a
chelating functional group, relying on weak coordinative interactions for orienting the
substrate.49-50 Similarly, for asymmetric olefin epoxidation (Scheme 1b), the Sharpless
system3451 js highly effective for allylic alcohols (54), and the Jacobsen system works well
for internal (2)-olefins not containing directing groups (57).52°3 Although the net
transformations appear similar in both cases, the properties of the substrate dictate the
selection of a metal, the mechanistic manifold, and ultimately the ligand used for
stereoinduction.

In non-stereoselective catalysis, tailoring ligand properties to match the substrate is similarly
important. For instance in Pd-catalyzed Suzuki-Miyaura®® cross-coupling reactions,
unactivated aryl chlorides were traditionally an unreactive class of substrates. Ligands that
are commonly used with aryl iodides, -bromides, and -triflates, such as triphenylphosphine,
BINAP, and dppf are generally unreactive with electron-neutral or -rich aryl chlorides, such
as 59,13 presumably because oxidative addition of a C(sp2)-Cl bond to a Pd(0) center is
kinetically unfavorable.® This challenge can be surmounted, however, through the
application of sterically demanding, electron-rich phosphine ligands such as DavePhos
(16)2% and P(#Bu)3 (12) (Scheme 2).23 The o-donating character of these ligands increases
the nucleophilicity of the Pd(0) center which lowers the activation energy for oxidative
addition. The steric bulk is thought to facilitate reductive elimination and promote formation
of the catalytically active 1:1 Pd(0):ligand complex in solution.13 Through the selection and
design of appropriate ligands, a new class of widely available substrates was rendered
reactive in this and other related cross-coupling chemistries.

1.4 Modifiability and Modularity of Ligand Scaffolds

Because it is difficult to predict a priorithe potentially dramatic influence that subtle
changes to a ligand’s structure will have on the metal center as it cycles through many
elementary steps of a catalytic process;>”:58 one key to the success of a ligand scaffold is
that it can be readily modified. Multiples sites of variation both near and distal to the metal
allow for the steric and electronic properties to be finely tuned to meet the energetic
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requirements of the reaction. For instance, the BINAP/BINOL scaffold has been adapted
through modification at nearly every conceivable position since its introduction in
asymmetric catalysis®->%-62 and has continued to play a central role in reaction discovery
(Figure 3). In the early stages of reaction discovery and development, catalyst modifiability
is particularly important, because many of the crucial reaction parameters are typically
poorly understood. As evidence of the importance of modifiability, it is becoming
increasingly common for commercial suppliers to offer ligand kits, containing multiple
structural variants on a single ligand scaffold.

For similar reasons, many widely used ligand scaffolds are modular, meaning that they can
be synthesized in a small number of steps from readily available components, allowing for a
library of ligand candidates to be synthesized expediently.53 For instance, chiral phosphine—
oxazoline (PHOX, 66) ligands pioneered by Pfaltz,54 Helmchen,55 and Williams,5¢ possess
a non-symmetrical P,N-donor system,®7 with one soft atom (P) and one hard atom (N)
(Figure 4). Their unique structure has proven to be critical for challenging asymmetric
metal-catalyzed transformations, particularly asymmetric allylic substitution. A major
practical aspect that makes this class of ligands convenient to use is the modular synthesis,
where an entire family of ligand candidates can be synthesized from widely available
commercial chiral building blocks.58.69

Tailoring ligand properties for a desired metal-catalyzed transformation requires careful
consideration of the key features of the substrates class as well as the mechanism of each
elementary step in the would-be catalytic process. Ligands that have a rich history of success
in metal-catalyzed reactions (those that are considered privileged) are often useful starting
points in reaction discovery and development. In this vein modifiability and modularity are
key in providing libraries of ligands for medium- and high-throughput screening campaigns.
As discussed below, many of the key advancements in our own laboratory have hinged upon
ligand design, so the considerations outlined above are ones that we have returned to
repeatedly as our research program in Pd(ll)-catalyzed C-H functionalization has matured.

In the ensuing section, we discuss some of our general goals and sources of inspiration, and
outline how ligand development plays a key role in the realization of our objectives. We
then go on to describe the challenges in identifying effective ligand scaffolds for C(sp?)-H
and C(sp3)-H functionalization using catalytic Pd(11). Drawing primarily from our own
results, we present three stories about three different ligand scaffolds and the substrate
classes with which they were designed to promote selective C—H functionalization. We
show how ligand design can enable enantioselective C—H activation, and also serve to
enhance reactivity with achiral substrates, thereby dramatically broadening substrate scope.
We further discuss the need to match a target substrate and ligand to enable a productive
interplay at the metal center as a prerequisite to efficient catalysis. In recounting these
examples, we illustrate the principles articulated above and reflect on the lessons learned
from our work.

2. Overview of Our Research Program in Pd(ll)-Catalyzed C-H
Functionalization

2.1 Philosophy and Guidelines for Reaction Development

While there remain numerous challenges in organic synthesis that can be addressed through
transition metal catalysis, a primary focus of our own research program has been the
creation of novel and strategic retrosynthetic disconnections’2-/> that allow C-H bonds to
be viewed as dormant functional groups that can be converted to a desired C—-C or C-X
bond at any stage of a synthesis.”8:"7 To make this approach broadly useful for synthetic

J Org Chem. Author manuscript; available in PMC 2014 September 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

applications, we have adhered to the following guidelines in developing C-H
functionalization reactions:

1. Substrates: We utilize substrate classes that are readily available in both bulk
quantity and structural diversity, and which can lead to a variety of complex
synthetic targets upon C—H functionalization. Newly uncovered modes of reactivity
can then be extended to feedstock chemicals, including those that contain weakly
coordinating functional groups which can be used to facilitate C-H cleavage.’’
Overall, appropriate selection of target substrate classes can further improve both
the economy’8 and sustainability’® of organic synthesis.

2. Products: Equally important is that C—H activation and subsequent
functionalization takes place at a strategic position and installs a desirable
functional group so that the product represents a commonly encountered structural
motif, such as a f-functionalized carboxylic acid, amino acid, or biaryl.
Establishing reliable routes to these substructures facilitates synthesis planning that
incorporates C—H activation transformations as key disconnections. When
combined with the selection of simple starting materials, drastic increases in
molecular complexity can be achieved using this approach (Scheme 3).

3. Reactivity: We preferentially target catalytic manifolds that allow flexibility in
terms of the scope of nucleophiles, electrophiles, and/or radical species as reacting
partners with C—H bonds. Versatility in the functionalization step allows the [C-M]
bond resulting from C—H cleavage to be efficiently mapped into any carbon-carbon
or carbon-heteroatom bond (Scheme 4).

4. Catalysts/Ligands: For the reasons outlined above, ligand-controlled C-H
functionalization reactions represent an especially fertile ground for discovering
new modes of reactivity and for gleaning fundamental insights into chemical
reactivity (Scheme 5). We view ligand development as the long-term solution for
improving catalyst performance: reactivity (TON, TOF, and substrate scope),
selectivity (site-selectivity, chemoselectivity, and stereoselectivity), and operating
conditions (reaction time, temperature, and tolerance for air and moisture).

5. Operational Convenience: In order for novel C-H functionalization reactions to be
embraced by the synthetic community, the reactions must be operationally simple
and robust. In this respect, substrate, coupling partners, catalysts, and ligands that
are commercially available or easily accessible are preferable. Reactions that do not
require special equipment and can be set up on the benchtop without rigorous
exclusion of air or moisture are similarly desirable.

In line with these goals, much of our research has focused on C-H functionalization
reactions catalyzed by Pd(I1).”7:91-95 One of the attractive aspects of this approach is the
established, versatile reactivity of [R-Pd(11)] (R = aryl or alkyl) intermediates. In the context
of Pd(0)-catalyzed aryl halide functionalization, it has been well-established that [R—Pd(I1)]
intermediates can effectively couple with a range of carbon- and heteroatom-based
nucleophiles via Pd(0)/Pd(I1) catalysis. Thus, C—H cleavage with Pd(I1), which is generally
believed to be redox neutral with concomitant loss of HX (X = halide, acetate, etc.), can be
viewed as an alternative and complimentary entry point to this same collection of bond-
forming reactions. Key to the achieving this type of general reactivity is the development of
effective ligands to promote C—H cleavage,’® which is typically the rate-limiting and
selectivity-determining step in Pd(I1)-catalyzed C—H functionalization reactions. It is also
our intention that fundamental studies on the interplay between Pd(I1), substrate, and ligand
could lend useful information to the development of C—H functionalization reactions
catalyzed by other metals, especially Cu(l1),% Rh(111),%7 and Ru(11),%8 which can potentially
perform similar redox-chemistry to Pd(11).99
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2.2 The Need for Effective Ligand Scaffolds

During the past 10 years that we have worked in this area, an impediment to our research
has been the lack of ligand scaffolds for accelerating C-H cleavage with Pd(11).190 We have
consistently resorted to the simplest Pd(l1) salts available (Pd(OAc),, PA(TFA),, Pdl,, etc.),
and with these basic catalysts, many of our goals, including the development of
methodology for functionalizing bulk chemicals and for achieving site- and stereoselectivity
in the C-H cleavage step, remained elusive. Thus, the lack of suitable ligand scaffolds
represents a major roadblock in harnessing the full potential of Pd(l1)-catalyzed C-H
functionalization. Indeed, this need for ligands is at the heart of commonly cited problems in
the field, like the inability to control positional selectivity of functionalized arenes19% or
more generally, the inability to selectively functionalize one of the many inequivalent C-H
bonds present in organic small molecules.

We became keenly aware of these shortcomings when developing methodology for
stereoselective C—H activation which would require an efficient chiral [Pd(l)-ligand]*
catalyst (Section 3.1).93 As we began to move from a chiral auxiliary approach to a chiral
catalyst approach, we confronted a long-standing challenge in the field: uncovering a chiral
metal catalyst for enantioselective C—H activation. Our motivation for investigating
enantioselectivity was rooted in the hypothesis that a chiral ligand effective for
stereoinduction is likely to be involved in the C-H cleavage transition state. Involvement in
the C—H cleavage step suggests that this ligand scaffold, or a closely related scaffold, could
ultimately be used for the interrelated problems of rate acceleration and site-selectivity.

3. Identification of Ligand Scaffolds for Pd(ll)-Catalyzed C-H
Functionalization

3.1 Considerations for Ligand Design

When considering potential ancillary ligand scaffolds for Pd(l1)-catalyzed C-H
functionalization, there are many interrelated challenges and complications to keep in mind:

1. Assembling a 1:1 ligand:substrate coordination structure. The ligand could
outcompete the substrate for coordination to the Pd(I1) center or vice versa. Ligands
by their very nature contain coordinating functional groups (either in the form of
non-bonding lone pair electrons or bonding m-systems). By contrast, unactivated
C-H bonds are paraffin in nature, meaning that they are non-polar and have low
inherent affinity for cationic metal centers. Achieving high effective molarity of the
substrate in the presence of a ligand is thus difficult, particularly with simple
hydrocarbon substrates, like toluene or hexane. In directed C-H activation, on the
other hand, many traditional directing groups (pyridines, oxazolines, oximes,
etc.),92:102.103 coyld inhibit ligand coordination prior to C-H cleavage or could
render the C—H cleavage step so facile that the ligand would not play a dominant
role in influencing reactivity and/or selectivity.

2. Promoting the C-H cleavage step. Under different mechanistic paradigms for C-H
cleavage, the electronic requirements of the Pd(I1) center, and thus the supporting
ligand, are different. For instance in C(aryl)-H cleavage along a electrophilic
palladation mechanism,104 there is a need to maintain relatively electrophilic Pd(11)
center. In a concerted metalation/deprotonation (CMD) mechanism,105-108 3 more
nucleophilic Pd(l1) center can be effective. The operative mechanism for C-H
cleavage typically depends on a combination of factors, including the substrate, the
reaction conditions, and also the ligand(s).”®

J Org Chem. Author manuscript; available in PMC 2014 September 20.
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3. Compatibility with the other steps in the catalytic cycle and the reaction conditions.
Different Pd(I1)-mediated C-H functionalization reactions proceed via different
elementary steps, and each poses challenges in ligand engineering. For example,
some steps may require ligand dissociation to provide a vacant coordination site,
while others could require the ligand to be resistant to reductive elimination from
high-valent intermediates. Additionally, under the reaction conditions, the ligand
could react with the substrate, the coupling partner, or the Pd(ll) catalyst along any
of a number of possible degradation pathways.

4. Modifiability and modularity. Because it is unlikely that a single ligand will be
adequate for each combination of substrate and reaction partner, it is advantageous
to pursue multiple distinct ligand scaffolds in parallel. In addition to developing
multiple complementary ligand scaffolds, utilizing modifiable and modular ligand
scaffolds can be advantageous for fine-tuning a ligand to a specific combination of
substrate and reaction type.

These general considerations and design guidelines provide a conceptual framework for
ligand development in Pd(l1)-catalyzed C-H functionalization. Naturally, as our research
program has progressed, our theoretical understanding of ligand design principles has
evolved as a result of new insights from experimental work. Owing to the inherent
unpredictability of ligand discovery, there is also an element of empiricism and serendipity
to this research area, which is why it is important to think carefully but still be adventurous
in exploring old and new ligand architectures.

Below we present three case studies from our research group about three ligand scaffolds,
mono-/-protected amino acids, 2,6-disubstitued pyridines, and 2,2'-bipyridines, which we
have found to be effective for Pd(I1)-catalyzed C—H functionalization (Figure 6). Of the
three ligand scaffolds, we have studied mono-A-protected amino acids in the most depth to
date; we thus provide a more comprehensive discussion of this work and shorter synopses of
studies done with the other two ligand scaffolds. We describe early findings that led to
identification of these ligand scaffolds, and examine how the principles outlined above are at
play in each case.

3.2. Mono-N-Protected Amino Acid Ligands

3.2.1. Background—Drawn to the richness of mechanistic questions and potential
synthetic applications of C—H activation chemistry, we established our research program in
2002 at the University of Cambridge to investigate sterecinduction in the palladation of
prochiral C—H bonds, which we viewed as fundamentally important to the understanding of
C—H cleavage by Pd(11) centers.93 To gain structural information concerning the transition
state of directed palladation reactions, we focused on reactions that would proceed through
well-defined intermediates that could be characterized. Inspired by the important role that
removable chiral auxiliaries play in modern organic synthesis, our first approach centered on
the use of a chiral oxazoline group9-111 that could be readily installed onto aliphatic
carboxylic acids. Following this strategy, we found high levels of stereoinduction (>99:1
d.r.) could be achieved in the diastereoselective C—H iodination and acetoxylation of
prochiral a,a-gem-dimethyl groups, a,a-gem-diphenyl groups, and cyclopropanes along a
Pd(11)/Pd(IV) catalytic cycle (Scheme 6a).91:112-114

tert-Butyl-substituted oxazoline 110 proved to be remarkably effective in directing C(sp®)-H
activation, even under mild conditions (including temperatures as low as 0 °C). We have
sought to understand the root cause of this reactivity through structural characterization both
in solution and in the solid state. Further studies to elucidate the transition state structure via
computational studies have also been performed in collaboration with the Houk group
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(Scheme 6b).115 We have characterized several trinuclear palladium intermediates (e.g., 113
and 119), performed calculations that revealed the involvement of monomeric precursor 115
as the reactive intermediate, and modeled various possible transition states for the
diastereoselective C—H cleavage step (116). This work has confirmed the importance of
conformation and geometry in the square planar pre-transition state coordination structure
115, in which the target C-H bond is approximately co-planar to the acetate anion. This
arrangement minimizes the dihedral angle between the C—H bond and the Pd(I1)-OAc,
which is critical during the CMD transition state.

3.2.2 Enantioselective C—H Activation—As this work was progressing, we took the
next conceptual step forward and questioned whether we could develop a chiral ligand
capable of achieving similar levels of stereoinduction in the absence of a chiral auxiliary. To
that end, we used diphenyl-2-pyridylmethane 120 as our pilot substrate and developed
efficient non-stereoselective conditions to achieve Pd(l1)-catalyzed C-H/R-BX, cross-
coupling (Schemes 7 and 8).92 In the long term, we hoped to use this reaction system as a
model for developing a broad range of enantioselective carbon—carbon and carbon—
heteroatom bond-forming reactions, in which C-H cleavage could be directed by a diverse
collection of functional groups.

Following the isolation and characterization of cyclopalladated dimer 122, we reasoned that
prior to the C—H cleavage step, the putative pre-transition state coordination structure 124
offered the opportunity to replace the achiral non-bridging acetate ligands on the Pd(Il)
center with chiral carboxylates. In this manner, we hypothesized, stereoselective C-H
cleavage could take place at one of the two prochiral phenyl groups. Although this line of
thinking is not entirely accurate based on our current understanding, it nonetheless served as
an invaluable starting point to probe enantioselective C-H activation.

To develop a catalytic enantioselective reaction, we first surveyed a variety of chiral acid
ligands®49 in an attempt to induce stereoselectivity in the Pd(I1)-catalyzed enantioselective
C—H activation of 125 (Table 1).117 We were encouraged by modest enantioselectivity
(<25%) using this approach, and we reasoned that a more rigid backbone structure would
limit the conformational degrees of freedom that the ligand possessed. For this reason, we
prepared chiral cyclopropane amino acids 136-139, and found that the ee values could be
improved to >40%, while maintaining good yield (Table 2). Consistent with expectations,
enantiomers 136 and 138 led to product mixtures with opposite enantioselectivity values.
Surprisingly, pseudo- G-symmetric ligand 139 led to nearly racemic mixture. These data, in
conjunction with earlier work in the literature characterizing amino acid—bound
palladacycles!!8 suggested that during the C-H cleavage step, the ligand was bound in a
bidentate fashion with the N—H bond possibly remaining intact, inducing chirality at the
nitrogen atom. In this way, chiral information could be effectively geared from the a-carbon
atom of the ligand to the nitrogen atom, which would rationalize why 139, which has two o-
substituents of similar steric bulk, was ineffective.

With a refined mechanistic understanding, we returned to optimizing the ligand scaffold by
maximizing the steric difference between the two a-substituents. To our delight, we found
that simple, commercially available Boc-protected amino acids!1® gave high levels of
stereoinduction (Entries 1-7, Table 3). Among the Boc-protected amino acids examined,
leucine (Entry 7) proved to be the optimal backbone structure. In an effort to improve the
yield, we then fine-tuned the alkyl substituent on the carbamoyl protecting group. By
introducing a (-)-menthyl group, we were able to improve the yield while maintaining the
stereoselectivity (Entry 11).
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Importantly we were also able to extend this concept to enantioselective C(sp3)-H activation
using pyridyl substrates containing gem-dimethyl groups (Scheme 9). In this case, one of the
rigid cyclopropane amino acid ligands from above, 136, was found to be optimal. Although,
the alkylated product was only obtained in modest yield and ee, it served as crucial proof of
concept that through future advances in ligand design, synthetically useful levels of
stereoinduction could be achieved in enantioselective C(sp3)-H activation.

These experiments led us to elucidate how the chiral mono-A-protected amino acid ligand
coordinates with the Pd(11) center and to propose a stereomodel as a basis for further
development of amino acid—based ligands to control C-H activation (Scheme 10).116.120
Through NMR studies and inorganic synthesis of putative coordinating structures, we
believe that the mono-A-protected amino acid ligand coordinates to Pd(I1) with high affinity
via a bidentate binding mode (153). Upon complexation, the nitrogen atom becomes
stereogenic, and the sterically encumbered protecting group is forced fransto the bulky alkyl
substituent through a “gearing” effect. The pyridine of the substrate coordinates #ransto the
carbamoyl moiety of the ligand, situating the substrate’s ortho-C—H bonds in close
proximity to the acetate group. Computational studies performed in collaboration with the
Musaev group suggest that at this stage, activation of the N—H bond by internal acetate takes
place, opening a coordination site at the Pd(I1) center.120 Concerted metalation/
deprotonation via external base delivers the palladacycle with concomitant formation of a
new stereocenter at the methine carbon atom. Consistent with our experimental results, pre-
transition state coordination structure 155 and transition state 156, which lead to 157,
containing a newly formed (/)-stereocenter, are computed to be lower in energy that 159
and 160, which lead to 161, containing a newly formed (S) stereocenter. The precise steric
and electronic effects of the amino acid ligand and its influence on the relative energies of
key intermediates 154, 155, 158, and 159 and transition states 156 and 160 are topics of
continuing investigation. After enantioselective C—H activation, palladacycle 157 then reacts
with the boronic acid via a transmetalation/reductive elimination sequence, releasing of
Pd(0), which is reoxidized by Ag(l) and reenters the catalytic cycle (Scheme 7).

Our next objectives were (1) to broaden this chemistry to substrate- and product classes
more relevant to organic synthesis and (2) to test the viability of other catalytic manifolds
for C—C and C-heteroatom bond formation. Drawing on our extensive experience using
carboxylic acid—containing substrates (see Scheme 4a),’’ we questioned whether we could
employ mono-N-protected amino acid ligands to induce enantioselectivity in a Pd(11)-
catalyzed aerobic C—H olefination reaction of phenylacetic acids that we had recently
discovered in our laboratory.123 Consistent with our philosophy for reaction development,
we envisioned at the outset that the carboxylate directing group82:86.124-127 woyld be
versatile for further functionalization, and in this way, we would have a unique method of
constructing enantioenriched chiral building blocks containing densely substituted
stereocenters. Gratifyingly, exposing sodium 2,2-diphenylpropanoate (162) to our parent
reaction conditions in the presence of Boc-1le-OH (164) led to the product in high yield and
with high ee (Scheme 11).123 Interestingly, the combination of the pre-formed sodium salt
and KHCOg3 as the base were critical; alternative combinations led to lower yield and/or ee.

We were able to confirm the absolute configuration of one product through single crystal X-
ray diffraction and assign the other products by analogy, including (/)-165. The observation
that this set of products has the same absolute configuration as (/)-127 in Table 3 is
consistent with the notion that the two mechanisms of stereoinduction are analogous, with
the sodium carboxylate acting like the 2-pyridyl group as an L-type neutral donor during the
enantioselective cyclometalation step. Importantly, this work also established the
compatibility of the amino acid ligand scaffold with other elementary steps in catalysis:
namely, olefin association, 1,2-migratory insertion, and fhydride elimination (Scheme 12).
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More recently, we targeted another important and underutilized class of starting materials,
cyclopropanecarboxylic acids. Encouraged by the high levels of diastereoselectivity that we
previously observed in cyclopropane C—H iodination using our chiral oxazoline auxiliary112
and by our preliminary results using amino acid ligands for enantioselective C(sp3)-H
activation of gem-dimethyl groups (Scheme 9),116 we reasoned that we could develop a
catalytic enantioselective method for cyclopropane C-H functionalization.

We viewed this as a potentially powerful and direct means of synthesizing enantiopure c/s
chiral cyclopropanes, which are challenging to access using other methods. Due to the
partial 7-character of the C—C bonding system in cyclopropanes (Walsh orbital analysis), the
cleavage of cyclopropyl C—H bonds is known to be more facile than that of completely
unactivated C(sp3)-H bonds, and one would expect the pre-transition state coordination
structure to be rigid, conceivably allowing C—H activation to take place under mild
conditions. To facilitate C(sp3)-H cleavage we installed an acidic A-aryl amide directing
group (see Scheme 4b),128.129 enabling Pd(11)-catalyzed C—-H/R-BX cross-coupling at
temperatures as low as 40 °C.130 Following optimization of a non-stereoselective version of
the reaction, we systematically examined a structurally diverse array of amino acid ligands
for stereoinduction (Table 4). In our early screening studies, we found that of a wide range
of protecting groups examined, the TcBoc group was most successful, likely due to the large
steric bulk and moderate electron-withdrawing character of the Me,(Cl3C)C— moiety. Of the
backbones tested, those that had aromatic rings like phenylalanine, tyrosine, and tryptophan
were superior. Within the TcBoc-protected series, TcBoc-Phe-OH (173) proved to be
optimal (Entry 6). Increasing the steric demands of the alkyl substituents on the TcBoc
group and tuning of the electronic properties on the arene led to the identification of ligand
179 (Entry 12). Though the yield was low, this problem could be remedied by adding the
reagents consecutively in two batches, giving up to 81% yield, 91% ee for the model
reaction of 166 to 168. This reaction was found to be compatible with aryl-, vinyl-, and
alkylboron reagents and could tolerate a number of different substituents at the a-position.

3.2.3. Position-Selective C—H Activation—In light of mounting evidence that the
mono- N-protected amino acid ligands were intimately involved in the C-H cleavage step of
the reactions described above, we then examined the use of these ligands for a conceptually
related challenge, controlling the positional selectivity in the C—H functionalization of
substituted arenes.

While exploring the substrate scope of non-stereoselective Pd(11)-catalyzed ortho-C-H
olefination of phenylacetic acids'23 we became interested in the functionalization of 2-(3-
methoxy-5-methylphenyl)acetic acid 180 because of its potential as a synthon in natural
products synthesis. When we attempted the reaction under our parent reaction conditions,
we observed an intractable 1.4:1 mixture of the two possible products, 182-A and 182-B in
68% conversion. Upon surveying a collection of ligands, we ultimately found that the
application of For-lle-OH (189) furnished 182-A and 183-B in a 20:1 ratio without a
substantial decrease in conversion (45%) (Entry 12). Simply increasing the catalyst loading
to 7% lifted the conversion to 75% with identical levels of selectivity.

Though a precise mechanistic rationalization of this change in selectivity remains to be
determined, one plausible explanation is that the ligand causes a change in the mechanism of
C—H cleavage. In the absence of ligand, electron-rich and electron-neutral phenylacetic acids
are highly reactive, while substrates with electron-withdrawing groups are unreactive, a
pattern consistent with an electrophilic palladation mechanism for C-H cleavage.123 In the
presence of certain amino acid ligands, electron-deficient phenylacetic acids are
preferentially reactive, which is more consistent with a CMD mechanism (vide infra).’8 It is
possible that the drastic change in product distribution is a reflection of the difference in
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relative rates under the two mechanistic regimes. An alternative explanation is that the
ligand could merely be enhancing the steric demands around the metal center, favoring
reaction away from the bulkier methyl group.131.132

3.2.4. Ligand-Accelerated C—H Activation—The ability of mono- A-protected amino
acids to control enantioselectivity and positional selectivity serves as evidence that the
ligand is coordinated to Pd(II) during the C—H cleavage event and is influencing the
corresponding transition state energies. Accordingly, we wondered whether these ligands
could promote C—H activation for otherwise unreactive substrates.”6:123.133 |n our C-H
olefination of phenylacetic acids,123 we had found that electron-poor substrates gave low
yields even after extended reaction times (up to 48 h). For instance, 2-
(trifluoromethyl)phenylacetic acid 190 was found to give <15% yield of 191 after 48 h
under our standard reaction conditions. We began investigating the effect of mono-/\-
protected amino acids (Table 6), and in order to measure the kinetic reactivity of the various
ligands, we assayed the conversion at 20 min and 2 h. Of the Boc-protected amino acids
tested (Entries 2-6), valine was found to be the best backbone (Entry 6), giving 46%
conversion after 20 min and nearly quantitative conversion after 2 h. Optimizing the
structure of the protecting group revealed that acetyl was the most reactive (Entries 7-10).
We then re-optimized the backbone structure using acetyl as the protecting group, leading to
the discovery that Ac-1le-OH (188) gave the highest kinetic reactivity for this transformation
(Entry 12).

With this new ligand-accelerated catalytic system, the substrate scope could be dramatically
expanded to include electron-poor phenylacetic acids bearing CF3 or NO, substituents, and
it gave improved activity with electron-rich and -neutral substrates.”8.133 By employing
amino acid ligands, hydrocinnamic acids, which contain a more distal carboxylate directing
group (v/aa seven-membered palladacycle) were also found to be reactive in C-H
olefination for the first time (Scheme 13).123.133 Using Ac-lle-OH (188) as the ligand,
exceptionally high catalytic activity was observed with phenylacetic acid substrates. With
190, for example, catalyst loadings as low as 0.2 mol% could be used to give >90%
conversion (>450 TON), which is among the most efficient aerobic C-H olefination
reactions reported to date.134135 Due to the stability of the catalyst, the reaction can also be
run with air (1 atm), rather than O, (1 atm), as the sole terminal oxidant, albeit with
extended reaction times (87% conv. of 190 to 191 after 48 h with 1 mol% catalyst). This
transformation can readily be applied in practical settings, for instance in the direct
functionalization of NSAIDs (e.g., ibuprofen, ketoprofen, and naproxen). Moreover, it has
been used as the key convergent step in the synthesis of (+)-lithospermic acid (see Scheme
3b for retrosynthesis).81

Mechanistic studies performed in our laboratory’® and in collaboration with the Blackmond
group36 suggest that the observed rate enhancement in the presence of amino acid ligand is
due to acceleration of the C—H cleavage step, possibly due to a change in the mechanism of
C-H cleavage from electrophilic palladation (in the absence of ligand) to a CMD pathway
(with ligand), as described previously.129 Through kinetic studies, off-cycle catalyst
reservoirs from olefin- and product binding to the active Pd(Il) catalyst have been identified,
which decrease the reaction rate but may protect against catalyst deactivation.136

In recent work, we were able to transpose the ligand-enhanced reactivity of phenylacetic
acids to the first example of ligand-accelerated Pd(11)-catalyzed C(sp?)-H/Ar—BX , cross-
coupling. By using mono-A-protected amino acid ligands in conjunction with Ag,CO3 as a
stoichiometric reoxidant, we developed a new protocol for the functionalization of
phenylacetic acid substrates that offers shorter reaction times, improved substrate scope, and
higher yields compared to our previous method.3 Importantly, this work established that
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mono- N-protected amino acids are compatible with the transmetalation, reductive
elimination, and reoxidation steps in ligand-accelerated C—H/R-M cross-coupling.

In addition to carboxylic acid substrates, we have found that other key classes of widely
available, synthetically useful starting materials can undergo Pd(l1)-mediated C-H
functionalization promoted by amino acid ligands. This catalytic system has proven to be
instrumental for substrates containing weakly coordinating functional groups, where in the
absence of a highly reactive catalyst, cyclopalladation is sluggish. Contemporaneous to our
initial studies in ligand-accelerated catalysis with phenylacetic acids, we also began
exploring the effects of amino acid ligands in alcohol-directed reactions.137-139 We viewed
aryl- and alkylalcohols as ideal starting materials in C—H functionalization because of their
abundance and prevalence in desirable product motifs.140-143 With the exception of
examples using phenol-type directing groups, 144145 hydroxy-directed C—H functionalization
using Pd catalysts had not been reported prior to our work. Through careful optimization of
the reaction conditions, we were able to achieve ortho-C—H olefination37 and
carbonylation!39 of phenethyl alcohols (Scheme 14). The use of (+)-Men-Leu-OH as a
supporting ligand was critical for obtaining synthetically useful yields; in both the
transformations depicted in Scheme 14, <40% yield was observed in the absence of ligand.
For both reactions, selection of a non-coordinating solvent was key due to the weak
coordinative affinity of —OH for Pd(1l) centers in comparison to traditional directing groups.
As part of a collaboration with Pfizer, we applied amino acid ligands to achieve high
reactivity in the ortho-C—H olefination directed by sulfonamides,146 a privileged
pharmocophore in medicinal chemistry (Scheme 15a).147 With this result as the entry point,
we developed a collection of categorically distinct, divergent C—H functionalization
reactions for synthesizing analog libraries of drugs like Celebrex. With ether directing
groups,148 another class of prevalent, weakly coordinating functionality, we were able to
develop an ortho-C—H olefination reactions in the presence of Ac-Gly-OH and hexafluoro-2-
propanol (HFIP) (Scheme 15b).149

Finally, we again turned to amino acid ligands during our efforts to develop a meta-selective
Pd(Il)-catalyzed C-H olefination reaction of hydrocinnamic acid derivatives (Scheme
16).150 Our reaction design centered on the use of an end-on template, 125126 which was
inspired by gas-phase studies of Schwarz in which metal centers were observed to adopt a
linear coordination geometry with nitriles, enabling activation of remote C—H bonds.151:152
To reduce this idea to practice, a simple nitrile-containing amide auxiliary was installed on a
hydrocinnamic acid. End-on coordination of Pd(l1) to the nitrile through the nitrogen atom
situates the catalyst directly over the desired C—H bond. In this system the combination of
Ac-Gly-OH (207) and HFIP were found to be critical for high activity in C-H activation.

3.2.5. Outlook—This collection of results, which we have gathered during the past five
years, demonstrates that mono- A-protected amino acid ligands effect enantioselectivity,
positional selectivity, and rate enhancement in Pd(I1)-catalyzed C—H functionalization. It
establishes that amino acid ligands are bound to the Pd(Il) center during C—H cleavage and
are capable of controlling the mechanism (and thus activation energy) of C—H cleavage.
Amino acid ligands have been proven to control reactivity with many different substrate
classes containing diverse directing groups, and they are compatible with a variety of
elementary steps found in the catalytic cycles of Pd(Il)-catalyzed C-H/R-BX, cross-
coupling, C-H olefination, and C-H carbonylation.

An advantage of mono-A-protected amino acid ligands for directed Pd(11)-catalyzed C-H
functionalization is the non-symmetrical N,O-mixed donor system, which desymmetrizes
the remaining two sites on the square planar Pd(l1) center, such that the directing group can
favorably bind at one, and the C—H bond react at the other. Another benefit is their practical
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convenience; many are commercially available and others can easily be prepared through
modular synthesis. They are air- and moisture-stable and simple to employ in screening
libraries. Furthermore, the mono-A-protected amino acid ligand scaffold offers several sites
for tuning, which was pivotal for us in adapting the steric and electronic properties of the
ligand to the unique demands of each of the transformations depicted above. Indeed, much
to our delight, other groups have already found success employing them to develop new
Pd(I1)-catalyzed C-H activation reactions.153-159 We further anticipate the use of amino
acid ligands for metal catalysis will be applied to develop hybrid transition metal/enzyme
catalysts for C-H activation.

3.3 2,6-Disubstituted Pyridine Ligands

3.3.1 Background—Simple, monofunctionalized arenes constitute a class of abundant
chemicals with rich synthetic potential. An attractive approach to map these substrates onto
more complex multi-substituted arene building blocks would be position-selective C—H
functionalization to form new C—C bonds. Since the early work of Fujiwara and Moritani in
the late 1960s (Scheme 17),160.161 C_H olefination of simple arenes has been extensively
studied.134.135.162-168 Degpite these efforts, several problems have persisted: (a) the need for
high molar excess of arene substrates, which is often used as solvent (b) limited positional
selectivity, (c) the need for high catalyst loadings and stoichiometric metal reoxidants, and
(d) low reactivity with electron-poor substrates.169:170 Through extensive efforts during the
past several years, methods for position-selective C—-H olefination of electron-rich
heterocycles}’1-173 and substrates containing ortho-directing groups22:174 have been
established (Scheme 18). To realize the full synthetic utility of this approach, however, new
strategies to promote reactivity and control selectivity are needed.

We sought to address these problems through the design of an ancillary ligand that could
accomplish the following goals: (1) enhance reactivity with electron-poor arenes, ideally
using only 1 equiv of substrate, (2) favor selectivity at the meta position to offer
complementary selectivity to directed methods, and (3) promote reoxidation with molecular
0,134.135 at ambient pressure.

In order to realize these goals, there were several obstacles that warranted consideration at
the outset. The first potential problem is that the arene 7-systems of electron-deficient arenes
are comparatively poor g-donors, meaning that they may be unable to compete with the
majority of L-type ligands for binding to Pd(Il). An ideal ligand would be capable of tightly
binding to Pd(ll), yet would still allow the substrate to bind, even in low concentration. The
second challenge, as alluded to above, is that it is generally believed that under standard
reaction conditions, Pd(I1)-mediated C—H olefination proceeds through an electrophilic
palladation mechanism for C—H cleavage, in a similar manner to that of a Friedel-Crafts
reactions. To achieve high reactivity with electron-poor arenes, the supporting ligand would
need to increase greatly the electrophilicity of the Pd(I1) catalyst or bias the C-H cleavage
step towards a CMD mechanism. Third, to achieve meta selectivity, the catalyst would need
to be able to recognize minor differences in the steric and electronic environments of the
different C—H bonds, promoting selective C-H cleavage according to these subtle cues.
Lastly, the ligand would need to be compatible with (and ideally would promote) the
reoxidation step of Pd(0) to Pd(I1) with Oo.

3.3.2. meta-Selective C—H Activation of Electron-Deficient Arenes—To begin our
investigation, we first attempted to develop conditions to effect Pd(I1)-catalyzed C-H
olefination of 1,3-bis(trifluoromethyl)benzene (222), a highly electron-deficient arene.17>
Due to steric effects, we presumed that this substrate would give a single product in C-H
olefination, which would allow us to focus on reactivity during optimization. Under standard
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aerobic Fujiwara—Moritani conditions, using Pd(OAc), as the catalyst and 222 as the
solvent, we found the reaction gave only trace quantities of the desired product (Entry 1,
Table 7).

To overcome the low reactivity and lack of catalytic turnover, we first turned to pyridine-
based ligands, which have long been known to be beneficial in oxidative Pd(ll)-catalyzed
transformations, especially those under aerobic conditions.176-183 Seminal work by Ferreira
and Stoltz established that an electron-deficient pyridine ligand, ethyl nicotinate, greatly
improved the yield in an intramolecular C-H olefination reaction of an electron-rich
nitrogen heterocycles under aerobic conditions (Scheme 18b).173 Other groups have also
successfully employed pyridine ligands in C—H functionalization reactions along a Pd(I1)/
Pd(0) catalytic cycle.168.182.184-188 | oyr study, we first tested pyridine (py, 46) and 2,6-
lutidine (47), but these ligands gave low yields (Entries 2 and 3). At this stage, we
speculated that the pyridine ligands were bis-ligated to the Pd(I1) center (e.g., Pd(Il)
(py)20OAC), and that displacement of a ligand with the electron-poor arene 222 was
unfavorable, owing to the strength of the Pd(11)-N bond. We hypothesized that the Pd(I1)-N
bond could be destabilized by introducing steric bulk at the 2- and 6-positions of the
pyridine ring or by substituting the pyridine ring with an electron-withdrawing group;
however, 2,6-di-/so-propylpyridine (225), 2,6-di-fert-butylpyridine (226), and ethyl
nicotinate (220) all gave low yields (Entries 5-7). With these ligands, formation of the
corresponding Wacker olefin oxidation product and accompanying precipitation of
palladium black (Pd(0) ) suggested that ligand binding was too weak.

We reasoned that what was needed was a pyridine-based ligand that would be strongly
binding yet preferentially mono-ligating. Our breakthrough came in recognizing that we
could achieve this combination of properties by minimizing steric bulk at the carbon atoms
immediately adjacent to the nitrogen atom and introducing steric bulk at a more distal
position. In this manner, the one molecule of ligand would be free to bind Pd(I1), but
coordination of a second ligand molecule #ransto the first would be unfavorable because of
steric clashing away from the metal center. In other words, the ligands would experience
“mutual repulsion” when both bound to the Pd(ll) center. To reduce this idea to practice, we
prepared and tested ligands 227, 228, and 229, and found, much to our delight, that the yield
could be improved to 10-52% (Entries 7-9). Longer and more branched side chains led to
improved yield, with 229 proving to be optimal.

The substrate scope with electron-deficient arenes proved to be quite broad (selected
examples shown in Table 8). The reaction was compatible with a variety of electron-
withdrawing groups; trifluoromethyl and nitro substituents were well tolerated, as were
esters and ketones. 1,3-Disubstituted arenes bearing two electron-withdrawing groups,
reacted selectively at the 5 position (Entry 1). 1,4-Disubstituted arenes with one electron-
releasing group and one electron-withdrawing group reacted metfa- to the electron-
withdrawing group (Entry 2). Monosubstituted electron-poor arenes reacted at the /mefa- and
para- position with an m.pratio typically around 4:1 (Entries 4-8). A variety of olefin
coupling partners could be used, including those with substitution as the Fposition.

As mentioned above, one limitation of traditional non-directed Fujiwara—Moritani reactions
is the need to use the substrate as the solvent. This requirement is highly undesirable, and
inherently limits the substrate scope to simple, low-melting arene starting materials. The
high levels of reactivity promoted by 229 allowed us to reduce the arene substrate loading to
5 equiv relative to olefin using EtOAC as the solvent (see Scheme 19 for an example). These
findings suggest that with future advances in ligand design, a catalytic system could be
devised such that 1 equiv of arene starting material and exclusive selectivity is obtained for
functionalization of a single C—H bond.
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In an effort to showcase the synthetic utility of this meta-selective transformation, we
attempted to use it as the first step in a sequential C—H functionalization route33 to build up
molecular complexity from fert-butyl 4-methylbenzoate 238, a commercially available
benzoic acid derivative (Scheme 19). Following ligand-promoted C-H olefination, Pd/C-
mediated hydrogenation, and zert-butyl ester deprotection, free acid 239 was obtained in
66% yield over the three steps. Next, we found that 239 could undergo directed ortho-C—H
iodination8? to give differentially functionalized 1,2,4,5-tetrasubstituted arene 240 in 67%
yield following conversion to the methyl ester to simplify purification.

To understand the mechanism of this reaction and the role of the 2,6-dialkyl pyridine ligand
229, we studied relevant Pd(11) intermediates by 1H NMR and X-ray crystallography
(Scheme 20). By stirring 2 equiv ligand 229 and Pd(OAc), in hexanes, we were able to
prepare Pd(229),(OAc), complex 241, which we characterized by single-crystal X-ray
diffraction. The structure shows that the two ligand molecules 229 are approximately co-
planar and coordinated #ransto one another. Consistent with our mutual repulsion
hypothesis, the two sets of branching arms lie on opposite sides of the Pd—N-C2 plane (as
expressed in the relative stereochemistry drawn for 241), and the Pd-N bond length is 0.05
A longer than the Pd—N bond in Pd(Py),(OAc),*H,0.18% When we dissolved complex 241
in CDCl3 and monitored the solution by TH NMR at 2 h and 12 h, we observed formation of
a new species consistent with 243 along with free ligand 229. In contrast, when we
performed the same experiments with the pyridine and 2,6-lutidine complexes,
Pd(py)2(OAc), and Pd(47)(OAc),, we observed that they were stable in CDCl3 for several
days.

On the basis of these data, we propose that the exceptional reactivity observed with ligand
229 is due to its mutually repulsive properties. It is energetically unfavorable for two
molecules of 229 to be bound at Pd(I1) simultaneously, which creates an opportunity for the
substrate 7-system to coordinate to the metal. The high reactivity with electron-poor
substrates is consistent with a CMD mechanism for the C—H cleavage step. Furthermore, in
line with the precedents mentioned above, the pyridine-type 229 ligand could be effective in
part because it stabilizes reduced Pd(0) species and facilitates reoxidation with O,. In terms
of selectivity, the observed product distribution remains somewhat unclear. The lack of
reactivity at the ortho position with monosubstituted arenes can be attributed to the steric
bulk of the catalyst, which would force substituents on the arene away upon association to
the catalyst. The precise origin of meta-selectivity over para-selectivity is possibly due to
subtle differences in electronic density or C—H bond acidity between the two positions.
Differences between the thermodynamic stability of the developing Pd(I1)-C bonds formed
via C-H cleavage at the different positions could also contribute to the observed selectivity
patterns.

Computational studies performed by Zhang and coworkers found that a CMD mechanism
was favorable for the C—H cleavage step in this system and supported the notion that steric
interactions between the pyridine ligand and the substrate are dominant in influencing the
positional selectivity, with electronic effects playing a minor effect.19 Their model also
suggests that the ligand dissociates from the metal upon olefin binding, a step that would
also be facilitated by a ligand with weaker Pd—N bond strength.

We have recently gone on to apply the mutually repulsive ligand design concept to address a
different problem, methylene C(sp3)-H functionalization of aliphatic acid derivatives
(Scheme 21a).191 Our goal was to expand the diverse reactivity that we have developed
using our weakly coordinating A-aryl amide auxiliary to methylene C(sp3)-H
functionalization. However, methylene C(sp3)-H cleavage is generally sluggish with Pd(I1)
catalysts in the absence of a strongly coordinating (typically bidentate directing
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group),192.193 Drawing on the lessons from above, we discovered an electron-rich, mutually
repulsive 2-alkyoxy quinolone ligand 246, which dramatically promoted methylene C(sp3)-
H arylation of 244 along a Pd(I1)/Pd(1V) catalytic cycle (Scheme 21b).

3.3.3. Outlook—Generally speaking, mutually repulsive 2,6-disubstituted pyridines
represent a ligand scaffold that is carefully tailored for the steric and electronic demands of
electron-poor arene substrates that do not contain directing groups. This class of substrates
poses unique challenges in Pd(I1)-mediated C—H cleavage that informed our ligand design
criteria. A benefit of the ligand scaffold is that it has multiple tuning sites. In our case, we
adjusted the steric properties to minimize steric crowding near nitrogen and maximizing
steric clashing away from nitrogen. The ability to tune both adjacent to and remote from the
binding atom were critical. In addition, modular synthesis allowed each of the ligand
candidates to be synthesized in a single step, which was vital in the reaction discovery stage.
The compatibility of this ligand scaffold with other elementary steps in other catalytic
manifolds remains to be examined.

3.4. 2,2'-Bipyridine Ligands

3.4.1. Background—Ubiquitous in natural products, pharmaceutical agents,
agrochemicals, organic materials, and ligands for coordination chemistry, pyridines (and
related azines) represent one of the most common heterocyclic motifs. Owing to the
potential synthetic utility of functionalized pyridine derivatives in many different realms of
chemistry, metal-catalyzed position-selective pyridine C—H functionalization has been the
topic of considerable interest in the past few years.1%* However, owing to its tendency to
adopt an A-bound coordination mode and its electron-poor nature, pyridine has proven to be
a challenging substrate to use in these transformations.

Nonetheless, with metals other than Pd(I1), some success has been achieved in position-
selective C—H functionalization of pyridines.194 Representative strategies include the use of
low-valent metals (e.g., Ru(0) and Rh(l)) for C2 functionalization facilitated by N-
chelation,195-199 C3/C4-selective borylation using Ir(111) species,200-206 Ni(0)/Lewis acid
catalysis for functionalization of the C2 or C4 positions,207-209 and utilization of ortho-
directing groups on the pyridine ring with Ru(0) or Pd(0) catalysts.210-212

We were intrigued with the idea of developing position-selective pyridine C-H
functionalization methodology using Pd(I1) catalysts due to the potential versatility in the
functionalization step. In terms of precedents, previously published approaches relied upon
minimizing or eliminating the chelation strength of the nitrogen atom through substitution of
the pyridine ring. For example, by protecting the nitrogen atom as an A-oxide?13-217 or A-
iminopyridinium ylide,218:219 C2 selectivity has been achieved with Pd(11), Pd(0), and Cu(l)
catalysts (Scheme 22a). Additionally, the introduction of steric blocking groups and/or
electron-withdrawing groups has been demonstrated to suppress A-~chelation; for instance,
C4-selective C-H functionalization of 2,3,5,6-tetrafluoropyridine has been achieved using a
Pd(I1) catalyst (Scheme 22b).220.221

Based on our success in obtaining reactivity with electron-deficient arenes, we hoped that
we could draw on the lessons learned about the interplay between substrate and ligand at the
Pd(Il) center to design a ligand scaffold that would accomplish the following: (1) promote
pyridine C—H bond cleavage, (2) functionalize the C3 position to offer complementary
selectivity to other methodologies, and (3) maintain compatibility with a variety of coupling
partners when applied to categorically distinct transformations.

In order to achieve these goals through ligand design, several factors were considered. The
first major problem is that pyridine is a strongly binding ligand, tending to adopt an A~
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bound coordination mode with the catalyst, which situates the metal center distal from the
target C—H bonds (Scheme 23). Pyridine substrate molecules could potentially outcompete
the ancillary ligand for binding to the metal center. Second, the pyridine ring is electron-
poor, which makes initial coordination of the m-system unfavorable and renders C-H
cleavage via an electrophilic palladation mechanism untenable (similar to the situation
described with electron-poor arenes in Section 3.2). Thus, the ligand, in addition to
disfavoring the A~bound coordination mode, would need to promote C-H cleavage along a
CMD pathway. Thirdly, achieving C3 selectivity would require that the catalyst be sensitive
to the steric or electronic properties of the three different positions and would need to be
resistant to N-coordination-assisted C2 functionalization. Fourthly, to accommodate many
catalytic transformations along Pd(I1)/Pd(0) and Pd(I1)/Pd(IV) redox couples, the ligand
must be compatible with a range of different elementary steps. For example in C-H
arylation along a Pd(I1)/Pd(1V) catalytic cycle, it should stabilize high-energy Pd(IV)
intermediates and be recalcitrant to reductive elimination.

3.4.2. C3-Selective Pyridine C—H Functionalization—At the outset, we hypothesized
that a strongly chelating bidentate ligand would be required to compete effectively for
binding at the Pd(I1) center and to disfavor A-bound coordination of the substrate. In
particular, we surmised that N,N-bidentate ligands might prove to be effective in these
pursuits. Bidentate N(sp2),N(sp?)-ligands, such as 2,2'-bipyridines, 2,2’-bis(2-oxazoline)s, 2-
(2'-pyridyl)oxazoline, and 2-(2-quinolinyl)oxazolines, have a rich history in oxidative
transformations with Pd(11), both in asymmetric and non-stereoselective
reactions.#2:181,222-229 | the context of Pd(l1)-catalyzed C-H functionalization, Eberson
probed the effects of pyridine- and 2,2'-bipyridine-type ligands in C(aryl)-H acetoxylation
along a Pd(11)/Pd(IV) catalytic cycle, and found that use of 2,2'-bipyridine (bipy, 43)
improved the reactivity and positional selectivity with substituted arenes.230-233 Fyjiwara
employed 1,10-phenanthroline (phen, 44) as a ligand in the C—H carbonylation of
naphthalene along a Pd(11)/Pd(0) catalytic cycle, finding that it gave both improved
conversion and better selectivity for the #position.234 More recently, bidentate
N(sp2),N(sp?)-ligands have been found to be beneficial in a variety of Pd(Il)-catalyzed C-H

functionalization transformations involving Pd(11)/Pd(0) and Pd(I1)/Pd(1V)
catalysis,43.142.148,235-245

We envisioned that by using a bidentate N,N-ligand, we could enhance dissociation of the
N-bound substrate both sterically and electronically (Scheme 23). The ligand would
potentially increase the steric demands of A~bound coordination due to unfavorable edge-to-
edge or edge-to-face interactions and could also exert a kinetic frans-labilizing effect
through electronic induction (vide infra). By promoting dissociation of the A-bound
substrate, the catalyst would facilitate high effective concentration of reactive pyridine
molecules around the Pd(I1) center. The dissociated substrate would possess various
orientations with respect to the Pd(ll) catalyst, and under these conditions, C3-selective C-H
cleavage could take place upon assembly of an intermediate with the appropriate orientation
between the pyridine 7-system and the Pd(Il) center.

We began by studying Pd(11)-catalyzed C3-selective C—H olefination of pyridine (py, 46)
(Table 9),246 with the long term aim of developing a wide range of C—C and C-heteroatom
bond-forming reactions. We elected to use an excess of substrate to ensure high
concentration around the Pd(I1) catalyst. In the absence of an ancillary ligand, using ethyl
acrylate (181) as the limiting reagent in the presence of Ag,CO3 (0.5 equiv) and Pd(OAc),
(10 mol%) in DMF we observed 21% yield of 256 in a 5:1:1 C3:C2:C4 mixture (Entry 1).
We reasoned that at such high concentration of pyridine in solution, it was likely that during
the C—H cleavage step, at least two pyridine molecules were bound through nitrogen and
were serving as ligands, suggesting that the pyridine moiety had approximately the
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appropriate donor strength for promoting the reaction. In accordance with our rationale for
ligand design, we turned our attention to bidentate N,N-ligand scaffolds, surveying a broad
range of different structures. We found that 2,2'-bipyridine ligands had a modestly positive
effect on yield but gave substantially higher selectivity (Entries 2—6). Mixed N,N-donors
like pyrox (Entry 7) and quinox (Entry 8) were ineffective, potentially because the oxazoline
moiety is too electron-donating. 1,10-Phenanthroline-based ligands, which are less
conformationally flexible and thus stronger binding, proved to be optimal in terms of
combining high yield and selectivity (Entries 9 and 10).

Generally speaking, other methodology for C3- and C4-selective pyridine C-H
functionalization has suffered from restricted substrate scope. We were thus delighted to
find that under our optimized reaction conditions for C3-selective C—H olefination, a wide
range of azines could be efficiently olefinated, generally with high selectivity for the C3
position (selected examples shown in Table 10). Both electron-releasing (Entries 2 and 3)
and electron-withdrawing substituents (Entries 1 and 3) were tolerated on the pyridine ring,
and quinoline was also found to be compatible (Entry 4). Several different functional groups
were tolerated on the olefin as well (Entries 5-8). Under the optimal conditions, a large
excess of substrate was required for high yield; however, the compatibility of the reaction
with DMF as a solvent nonetheless allowed for the use of substrates that were solids at room
temperature.

Having established high reactivity and C3-selectivty in C—H activation using the [Pd(Il)-
phen]-catalyst,24” we subsequently sought to test other coupling partners and catalytic
manifolds with this system. In particular, owing to the importance of heterobiaryls in
medicinal chemistry and agrochemistry, our next target was a C3-selective C—H arylation
reaction with aryl iodides via Pd(I1)/Pd(1V) catalysis. Starting with conditions similar to
those we had developed for C—H olefination, we were ultimately able to devise a protocol
for C-H arylation with aryl iodides and bromides.248 Through the use of Cs,CO3, which
presumably regenerates a catalytically active Pd(Il) species from Pdl, or PdI(OAc) we were
able to avoid Ag(l) salts, which are often employed as halide scavengers in arylation
reactions. To achieve high yields, we found that a large excess of pyridine substrate was
required (generally used as solvent). The scope of the reaction was quite broad, tolerating a
vast array of substituted aryl bromides and iodides,249 as well as a variety of azines (Table
11). Importantly, these results established the viability of this catalyst/substrate combination
in supporting multiple coupling partners and elementary steps during the catalytic cycle.

To demonstrate the practicality of this transformation, we developed a concise route to the
preclinical drug (z)-preclamol (290), a partial dopamine receptor agonist, using our C3-
selective C—H arylation on gram-scale as the first step (Scheme 24). Following construction
of the carbon skeleton, a three-step sequence of A-alkylation, hydrogenation, and
deprotection yielded the final product.

While a detailed mechanistic model for these reactions remains the subject of active
investigation in our laboratory, there are nonetheless several pertinent observations that we
would like to highlight here to help guide future analysis. First, in both the pyridine C-H
olefination and arylation reactions, large primary kinetic isotope effects were observed ./
kp= 4.0, suggesting that a CMD mechanism, rather than an electrophilic palladation
mechanism, may be operative. (At this stage, however, we cannot rule out the possibility of
electrophilic palladation with rate-limiting deprotonation.) Moreover, with the C-H
arylation reaction, we have observed that pyridine reacts at a higher rate than benzene,
despite being far less electron-rich, which is consistent with a CMD mechanism. This
observation is also potentially consistent with the hypothesis that initial A-coordination of
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pyridine increases the molarity of reactive substrate around Pd(ll) to facilitate C—H
cleavage.

Several relevant solid state structures had also been characterized by other groups prior to
our work (Figure 7),189.250-255 analysis of which sheds some light on the role of the ligand
in this reaction. Qualitatively, there seems to be more strain in the Pd(phen)(py2)(PFs)2
(293) and Pd(bipy)(py2)(PFg)2 (294) structures compared to the Pd(py)4(BF4), structure
(292). In the Pd(py)4(BF4) structure, adjacent pyridine rings are all oriented face-to-face to
one another and perpendicular to the Pd(I1) square plane. In contrast, in the bipy- and phen-
ligated structures, there are two enforced and sterically unfavorable edge-to-face interactions
between the ligand and the pyridine substrate, which would potentially make pyridine
dissociation more favorable. It should be noted, however, that across structures 291-294, the
[Pd(11)—py] bond lengths remain nearly constant (all within 0.011 A).

Alongside steric considerations, the electronic influence of the ligand also warrants
discussion. Generally speaking N- and N,N-ligands are known to be relatively weak #rans-
labilizing ligands (though still stronger than OAc™).41:256.257 | the case of our reaction
system, however, because dissociation of the bidentate ligand will be prohibitively slow
compared to dissociation of pyridine, the effective frans influence of the phen ligand on A-
bound pyridine could still be substantial.

The solution dynamics of complexes of the type shown in Figure 8 have also been studied,
and pyridine-dissociation mechanisms mediated by coordinating solvents and acetate anion
have been reported.252:255 |t would seem likely that these mechanism act in concert with the
steric and electronic influences of the ligand in promaoting the dissociation of A~bound
pyridine to allow for population of the m-bound state at elevated temperatures (Scheme 23).
Beyond its role in assisting the assembly of the active pre-transition state coordination
structure, the ligand could have other beneficial roles in the catalytic cycle, such as
promoting reoxidation of reduced Pd(0) species in the C—H olefination reaction, or
stabilizing Pd(IV) species in the C-H arylation reaction.

The strong preference for C—H cleavage at the C3 position is not entirely clear at this time.
The C3 position is expected to be the most electron-rich, so one possibility is that initial 7-
coordination and subsequent CMD is consequently more favorable. There are other
explanations that are also consistent with the observed selectivity trends. Recent
computational studies of C(heteroaryl)-H cleavage selectivity patterns via CMD with a
related complex, (Ph)(PMe3)Pd(OAc), have been performed by Gorelsky using distortion—
interaction analysis, and with pyridine, C3 selectivity was found to be favorable based on
the proposed CMD mechanism.258 Ess and coworkers have studied the same system using
density functional calculations, and have correlated the CMD transition state energy to the
thermodynamic stability of the developing [Pd(I1)-Ar], and have found that this too is in
agreement with selectivity at the C3 position for pyridine.25° While these findings are
intriguing, caution should be taken in extrapolating the data from this more electron-rich
(Ph)(PMe3)Pd(OAC) system to the [Pd(I1)—phen] catalyst used in our studies; further studies
are needed to evaluate whether the same trends hold in both cases.

Recently, our group and others have gone on to apply this [Pd(l1)-phen] catalytic system to
effect selective C—H arylation of other classes of biologically active azaheterocycles,
including pyrazoles and 1A-indazoles.260 Importantly, we were also able to demonstrate the
practical utility of this procedure in a concise total synthesis of the nature product nigellidine
hydrobromide.
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3.4.3. Outlook—2,2'-Bipyridines, and N(sp2),N(sp?)-ligands more generally, have a rich
history in Pd(l1) catalysis and are now beginning to be used to address problems in Pd(1l)-
catalyzed C-H functionalization. One of the strengths of this ligand scaffold is that there are
multiple tuning sites to adjust the steric and electron properties proximate and distal to the
nitrogen donor atoms. Additionally, the ground state torsion angle (and thus the binding
strength) of the biaryl backbone can further be adjusted. Each of the two donor sites can be
tuned individually, offering the opportunity to desymmetrize the two remaining sites on the
Pd(Il) square plane. Many ligands within this class are commercially available and others
can be prepared in a small number of steps through modular synthesis, which facilitates
ligand screening and reaction optimization. This ligand scaffold was demonstrated to be
compatible with the elementary steps of C—H olefination and C-H arylation along Pd(l1)/
Pd(0) and Pd(I1)/Pd(IV) catalytic manifolds, respectively.

Despite being a strong chelator to Pd(11), this ligand scaffold still allows substrate
coordination and subsequent C—H activation. In our case, the strong bidentate coordination
seems to be key for facilitating the dissociation of A~bound pyridine, leading to the
productive m-bound assembly. Through this interplay, high effective molarity of pyridine
can be maintained around the catalyst, allowing high reactivity and selectivity to be
achieved, despite the electron-poor nature of the arene. Further optimization of the catalyst
to achieve high yield with 1 equiv of pyridine substrate relative to olefin is the next
challenge that our group is pursuing.

4. Conclusions

Ligand development has been a principal driving force in the rapid maturation of the field of
homogeneous catalysis during the past several decades. In both asymmetric and non-
stereoselective reactions, privileged ligand scaffolds have played leading roles in the
discovery of a wide range of catalytic reactions with little to no mechanistic similarity.
Nonetheless, each combination of substrate, reaction type, and catalyst poses a unique set of
requirements for the ligand (steric and electronic properties, denticity, etc.) that are difficult
to predict from first principles. For this reason, ligand scaffolds that are tunable and modular
are particularly useful because the ligand can rapidly be adjusted to meet the challenge at
hand.

In our own research in Pd(I1)-catalyzed C-H functionalization, we have made the discovery,
development, and application of suitable ligands for controlling C-H cleavage a major
priority. We view ligand development as the key to meeting our long term goals of
engineering reactions to convert feedstock chemicals into value-added intermediates through
selective and efficient C—H functionalization to form any desired C—C or C-heteroatom
bond. In this review, we have discussed the challenges that we faced in trying to develop
catalytic systems with high reactivity and selectivity with several distinct substrate classes,
and we have examined the ligand design considerations at play in each reaction. Using
mono-N-protected amino acid ligands, we were able to achieve enantioselectivity, positional
selectivity, and rate enhancement with substrates containing directing groups. With 2,6-
disubstituted pyridine ligands we were able to achieve meta-selective C-H olefination of
electron-poor arenes under aerobic conditions and promote methylene C(sp3)-H
functionalization of aliphatic acid derivatives. Finally with 2,2'-bipyridine ligands, we
successfully developed C3-selective C—H olefination and arylation of pyridines and related
azines. All three ligand classes have proven to be compatible with both Pd(11)/Pd(0) and
Pd(11)/Pd(1V) catalysis. Across these case studies, our success in achieving unprecedented
levels of reactivity and selectivity came by tailoring the ligand structure to the substrate
properties, enabling a productive interplay at the Pd(I1) center. In this work, identifying an
optimal ligand typically stemmed from a dialogue between theory and empiricism, requiring
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robust ligand scaffolds that are compatible with a multitude of catalytic transformations and
possess several sites for tuning.

Moving forward, ligand development will play an increasingly important role in realizing
the untapped synthetic potential of Pd(Il)-mediated C—H functionalization, and as a central
challenge in the field, it continues to stimulate and inspire us.
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Figure 1.
“Privileged” chiral ligands for asymmetric transition metal catalysis.20
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“Privileged” achiral ligands for high kinetic reactivity in transition metal catalysis.*4
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Selected examples of commercially available BINOL derivatives.
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(a) Modular synthesis of chiral PHOX-type ligands.”? (b) Representative PHOX ligands.”*
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Figure5.
Aryl- and alkylcarboxylic acids, representative starting material classes that are abundant in
quantity and rich in structural diversity
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Figure7.
Relevant examples of Pd(11)(Py) L, complexes that have been characterized by X-ray
diffraction.189.250-252
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Scheme 1.

Application of a diverse array of catalyst/ligand structures to asymmetric transformations of
olefins. (a) Asymmetric hydrogenation of olefins by Noyori4”>* and Pfaltz.4° (b)
Asymmetric epoxidation of olefins by Sharpless3 and Jacobsen.>3 (c) Ligand structures.
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61, 92%

61, 89%

Application of sterically bulky, electron-rich phosphine ligands in the Suzuki-Miyaura
cross-coupling of unactivated arylchlorides with boronic acids, as reported independently by

the groups of (a) Buchwald?5 and (b) Fu.23
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Novel retrosynthetic disconnections enabled by our methodology: routes to (a) the
kinamycins® and (b) (+)-lithospermic acid.81
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Scheme 4.

Diverse Pd(I1)-catalyzed C-H functionalization of (a) benzoic acids®2-8¢ and (b) benzoic
acid—derived N-aryl amides87-8990 reported by our group.
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Scheme5.

Enantioselective Pd(Il)-catalyzed C-H activation using a chiral ligand.
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Scheme 6.

(a) Disastereoselective C(sp3)-H iodination of gem-dimethyl groups using a removable
chiral oxazoline auxiliary. (b) General catalytic cycle for C—H iodination via Pd(I1)/Pd(IV)
catalysis. (c) Model for diastereocontrol, including proposed transition state structure.
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Scheme 7.

General catalytic cycle for C-H/R-BX, cross-coupling via Pd(11)/Pd(0) catalysis.
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(a) Racemic route to dimeric palladacycle 122 from prochiral starting material 120. (b)
Initial hypothesis for achieving stereoinduction in the C—H cleavage step through use of a

chiral carboxylate ligand.116
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Scheme 9.
Catalytic enantioselective C(sp3)-H activation of 151.116
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Working stereomodel, as supported by computational studies.116:120-122
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Scheme 11.
Enantioselective C(sp2)-H olefination of diphenylacetic acid derivative 162.121
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Scheme 12.
General catalytic cycle for C—H olefination via Pd(11)/Pd(0) catalysis.
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Page 49

Ligand-promoted diolefination of hydrocinnamic acid (197). The mono-olefinated product

(35% conv.) was also observed by IH NMR, but was not isolated.133
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Scheme 14.

Ligand-promoted ortho-C-H functionalization of phenethyl alcohols: (a) olefination37 and
(b) carbonylation.139 (c) General catalytic cycle C-H carbonylation via Pd(11)/Pd(0)
catlaysis; Nu = generic nucleophile.

J Org Chem. Author manuscript; available in PMC 2014 September 20.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Engle and Yu

Me OMe
\@(\/ .
H

206

Scheme 15.

10 mol% Pd(OAc),

20 mol% Ac-Leu-OH (196) v
4 equiv. AgOAC Br S’N F
10 equiv. DMF Y
P COo,Et ° 0 E
DCM, 80 °C, 36 h | l
(4 equiv.) o [i-Pr CO,Et
181 Me‘*u COH 205, 78%

Ac-Leu-OH (196)

10 mol% Pd(OAc),
20 mol% Ac-Gly-OH (207)

2 equiv. Ag,CO3 Me OMe
A Co,Et
: HFIP, 90 °C, 24 h NCo,Et
(1.5 equiv.) 2
181 o} 208, 82%
MeHH“COQH
Ac-Gly-OH (207)

Ligand-promoted ortho-C—H olefination of (a) benzylsulfonamides (204)147 and (b)

phenethylethers (206).149
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o 10 mol% Pd(OAc), o)
20 mol% Ac-Gly-OH (207) F,C

F3C N 3 equiv. AgOAC N

PNCOoEt ——————» NC CN
.
NC CN z HFIP, 90 °C
H (2.0 equiv.) o z
209 181 Me*‘u*cogu CO.Et 210, 78%
Ac-Gly-OH (207) (<5% other isomers)
Scheme 16.

Ligand-promoted meta-C—H olefination of hydrocinnamic acid derivative 209 using an end-
on template approach.%0

J Org Chem. Author manuscript; available in PMC 2014 September 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Engle and Yu Page 53

Ph
/) ~pai-Clpgi=C  + _
c” e T TS H HOAG, reflux ,
vent Ny, 8h 56% yield
Ph (solvent) (based on styrene)
21 212 213
b Me
H
1 equiv. Pd(OAc),
+ App —————>
H HOAc 110°C
214 163 0-215, 17% m-215, 24% p-215, 33%
(solvent) Ph
Scheme 17.

(@) Initial discovery of Pd(l11)-mediated C—H olefination using stoichiometric complex 211
by Fujiwara and Moritani in 1967.160 (b) Distribution of positional isomers (ortho-, meta-
and para215) in the stoichiometric Pd(I1)-mediated C—H olefination of toluene 214.170
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a 2 mol% Pd(OAc),
H M 1 equiv. BQ H Me
e 0.5 equiv. p-TSOH*H,0O
" ooen 2 i

. 2:1 PhMe:HOAc

Me H (1.1 equiv.) 20°C, 16 h Me |
216 217 218,85% CO,n-Bu

b Me Me

10 mol% Pd(OAc),

40 mol% 220 /
N—H B e D
N 4:1 tAmylOH:AcOH N  Me
Me 1 atm O,, 80 °C, 24 h Me
219 221, 82%

20~ ﬂcoza
N

Scheme 18.

Representative examples of tactics for controlling positional selectivity in C—H olefination:
(a) intermolecular ortho-C—H olefination of A~(p-tolyl)acetamide (216) by de Vries and van
Leeuwenl’4 (b) intramolecular C-H olefination of A+methyl indole substrate 219 by
Stoltz.173
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CO,t-Bu 1.) cat. Pd(OAGc),/229 CO,H 1.) cat. Pd(OAc),
Ac,0, O,, EtOAc TBAI, IOAc DMF
+ PNCOEt —
H 2.) Pd/C, H,, EtOAC CO.Et 2. ) CHaN;
Me 3.) TFA, DCM Me
238 181 239, 66%
(5 equiv.) (1 equiv.) (three steps)
Scheme 19.

Sequential C-H functionalization route to tetra-substituted arene 240.175
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Me
| N
Me Z
N
| wOAC
Pd”
AcO” |
N

Scheme 20.

Equilibrium species observed based on structural and spectroscopic studies.

Me

Me

ACO/

\

—_—=z

Pd

242

Me

Me

OAc
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F
H o F. CF3 @/ |
+
we A . e
H
F
244 245
(3 equiv.)
b Catalyst
Regeneration

AgOAc, K,CO3
Cs,COg, etc.

LaPd"(X)(1)

X
RI-R? A& o
1.pgIV- -
Reductive R P‘,’ L Oxidative
R2 Addition

Elimination

Scheme 21.

10 mol% Pd(TFA), Me
20 mol% 246 F
2.0 equiv. Ag,CO3

1.2 equiv. K,HPO, oF CFs
—_— -
hexane, 110 °C, 24 h Me N F
HoF

R'=H C-H
Pd"X, Activation
HX

R1-pd!l
1

Page 57

(a) Ligand-promoted methylene C(sp3)-H arylation of butanoic acid derivative 244.191 (b)

General catalytic cycle for C-H arylation with aryl iodides via Pd(I1)/Pd(IV) catalysis.
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10 mol% Pd(OAc),

a i B 1.5 equiv. Ag,CO5
+, + 2 Co,tBu )
N H 1,4-dioxane
('3 - 100 °C, 12 h
248 249
(4 equiv.)
b 5 mol% Pd(OAc),

0.5 equiv. p-TolCO,K
0.6 equiv. PivCO,H

H
Fl)ﬁ:F B(OH), 2.0 equiv. AgyCOs
X O S
EONNT N E DMA, 120 °C, 10 h

251 252
(3 equiv.)

Scheme 22.

>
NZ N Nco,tBu

250, 91%

253, 71%

Literature precedents for pyridine C-H functionalization with Pd(I1) catalysts: (a) C2-

selective C—H olefination of pyridine N-oxide (248);214 (b) C4-selective C-H/R-B(OH),

cross-coupling of 2,3,5,6-tetrafluoropyridine (251).220
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—1° -7+
I —
. N
~_/ -~ N H OAc
/Pd\ OAc ( Pd” H H
N X N/ N X
254 255
(N-bound) (/Fbound)
« strong //donor » weak //-donor
» weak /Facceptor * potentially
* unreactive reactive

Scheme 23.
Postulated coordination equilibrium of pyridine with Pd(Il): unproductive A-bound (left)
and productive 7-bound (right).
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5 mol% Pd(OAc)2 OCH; OH
" OMe 15 mol% phen (44) 1.) 13 mol% PtO,
(T 3 equlv Cs,CO, 3 equlv n-PrBr 4 atm H2 MeOH, 24 h
+
N o 140 °C,68h MeCN 110°C,12h i HBr in ACOH (33%)
reﬂux 24h N
py, 46 287 [gram-scale] 288, 70% Me\) 289 me S
(solvent) (10 mmol) (C2:C3:C4 = 19:1:1)
(%)-preclamol, 290
67% (three steps)
Scheme 24.

Expedient synthesis of ()-preclamol using C3-selective C—H arylation.
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Table 2

Catalytic enantioselective C(sp2)-H activation of 125 with chiral cyclopropane amino acid ligands.116

Entry Ligand Yield (%)@  ee(%) P
Ph
BocHNYCOZH vone
136
«Ph

<

A 71 41 (+)
BocHN™ "CO,H
137
Ph
‘.z 63 42 (+)
BocHN™ "CO,H
138
Ph «Ph
4 Q 58 <5 (-)

BocHN' YCO,H

139

alsolated yield.

bee determined by HPLC using a chiral stationary phase.
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Catalytic enantioselective C(sp?)-H activation of 125 with mono- A-protected amino acid ligands.116

= 10 mol% Pd(OAC),;
=N 20 mol% Ligand
H 0.5 equiv. BQ

+ n-Bu-B(OH);

—b.
i 1 equiv. Ag,0
O @ o Y THE60°C 30h

Me Me

125

Table 3

Me Me
(RyM127

Entry Ligand Yidd (%)@  ee (%) PC
O tBu

L t—BuOJLHJ\002H 60 52
Boc-tert-Leu-OH, 140
i-Pr

2 t-Bqu'L J\CO;ZH 69 70
Boc-Val-OH, 141
P

3 t-BuO u*cozH a7 85
Boc-Abu-OH, 142
O Me

4 f—BuOJ.LNJ\COzH 60 80

H

Boc-Ala-OH, 143

5 t-BUOJL ’[CO2H 65 88
Boc-Ser-OH, 144

St ,E .

t-BuO CO,H

Boc-Phe-OH, 145
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s 10 mol% Pd(OAC),;
=N 20 mol% Ligand
H H 0.5 equiv. BQ

+ nBU-BOH), —
i 1 equiv. Ag,0
O O @3] THF60°C. 20

Me Me Me Me
125 (RyM127

Entry Ligand Yiedd (%)@  ee (%) 0C

0 I-Pr
JL N
H

Boc-Leu-OH, 146

i-Pr

~

t-BuO CO,H 6 9°

O

N

°  MeO ” CO,H  ® "

MeCO,-Leu-OH, 147

CCl; O ’E Pr
Me'}\ J'L 89 85

wd SO” N7 CoH

©

TcBoc-Leu-OH, 148

j}\ I;‘-Pr

10 "0 N CO,H 87 85
H
Me Me

(+)-Men-Leu-OH, 149

Me
o ’[I-PI’
A @ om

1 07 “N” > CO,H
H

Me Me

(-)-Men-Leu-OH, 150

alsolated yield.
bee determined by HPLC using a chiral stationary phase.

cAbsqute configuration of 127 determined by single-crystal X-ray diffraction.120
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Table 4

Catalytic enantioselective C(sp3)-H activation of cyclopropanecarboxylic acid derivative 166 with mono-/A\-
protected amino acid ligands.116

FE  CN 5 mol% Pd(OAc);

10 mol% Ligand
F F 1 equiv. AgCO;
3 equiv. NaCO3 F F
HN F 0.5 equiv. BQ

H oy o + Ph—BFiK —_— HN F

\ I <‘ 5 equiv. HaO Ph o]
t-AmylOH, 40 °C J (or enanbomer)

Me

167 N; 12 h Me
166 168
Entry Ligand Yidd (%)@ ee(%)P
CCl; O Me
] Me7N0" NN Co,H 55 80
Me H
TcBoc-Ala-OH, 169
CC|3 O [Pr
2 Me=7507 SN co,H 12 75
Me H

TcBoc-Val-OH, 170
CCls O ’E P
3 Me ? "'OJLN CO,H 47 78
Me H

TcBoc-Leu-OH, 148

CCl; O Ph

Me
Me O H CO,H 47 55

Tc-Boc-PhG-OH, 171

CCl3 O
Me+ SJLMe;(—Ph

Me (@) H CO,H 31 33

TcBoc-MePhe-OH, 172

Ph
CCl; O ’E
6 Me 7 "*OJLN
Me H

TcBoc-Phe-OH, 173

CO,H 47 85
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e T &
F F 1 equiv. AgaCO; _Q_
3 equiv. NaCOy F F
. HHN DF . S— 0.5 equiv. BQ o -
\ I E 5 equiv. HzO Ph Q
Ve . f—Amml?O:-'lz_ :0 *Cc vce (or enantiomer)
166 168
Entry Ligand Yied (%)@  ee(%)b
Ph
CCl; O ,E
7 + /u\ 51 88
Et™75N07 N7 N Co,H
Et H
174
Ph
L L
8 ,._B-u o N COzH 44 91
I-Bu H
175
Ph
CCl, J(?L E
° ”‘Efj\o N”>COH  ® 9°
- H
176
CCl; O
10 P 48 90
n-Pr
P 0 H CO,H
177
Ot-Bu
CCl; O
11 p 40 88
n-Pr
Pt o] H CO.H
178
F
12 CCl; O
F 47 93
n-Pr
-Pr O H CO5H
179
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aYieId determined by 14 NMR analysis of the crude reaction mixture using CH2Br2 as an internal standard.

bee determined by HPLC using a chiral stationary phase.
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Table 5

Position-selective C—H olefination of 180 using mono-A-protected amino ligands.

5 mal% Pa{OAC); COEL
H & mal% BO =
" 8 10 Mol Ligand
e COH 2 equiv. KHCOy Ve CO;H Me CO:H
+ FooEe —————— - _ A
Ha . FAmYIOH, 85 °C CO4E
OMe (2 equiv.) 1aim Oy, 48 h OMe OMe
180 18 182-A 1B2-B
Entry Ligand Conv. (%)2 A:B@
1 68 1.4:1

2 )L 17 31

+Bu0” “N” S COH

Boc-Thr(Bzl)-OH, 183

O Et
A

3 t-BuO” N7 YCO,H v 51
H
Boc-Abu-OH, 142
I-Pr
! t—BuOJL ’I\cozH 2 61
Boc-Val-OH, 141
i-Pr
5 t—BuOJL CO,H 24 71

Boc-Leu-OH, 146

| JLl L.

t-BuO CO,H

Boc-lle-OH, 164
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5 mal% PHOAC);

COEL

H & mal% BOQ =
" 8 10 Mol Ligand
- COH 2 equiv. KHCOy e COyH e COgH
+ FUCOE ——————— - +
Ha . AmyIOH, 85 °C CO,EL
OMe {2 equiv.) 1atm Oy, 48 h OMe OMe
180 181 182-A 1828
Entry Ligand Conv. (%) A:B2

(Boc),N” ~CO,H

Boc,-Leu-OH, 184

i-Pr
8 + -
HsN” ~Co,
H-Leu-OH, 185
i-Pr
o)
’ HJLm CO,H

For-Leu-OH, 186

Et .«Me

10

FmocHN™ “CO,H

Fmoc-lle-OH, 187

Et j:Me

o)
" Me)j\” CO,H

Ac-lle-OH, 188

Et Me
L)L
12 HJ'I\N
H

For-lle-OH, 189

CO,H

50 31
16 6:1
24 13:1
16 511
23 10:1
45 (75)0 20:1

a . . . . .
The conversion and A:B ratio were determined by 1H NMR of the crude reaction mixture.
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bVaIue in parenthesis represents the conversion using 7 mol% Pd(OAc)2 and 14 mol% For-Ile-OH under otherwise identical conditions.
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Table 6

Ligand-accelerated C—H olefination of 2-(trifluoromethyl)phenylacetic acid 190 using mono- A-protected
amino ligands.”®

CF, 5 mal% Pd(OAc); CF;

10 mel% Ligand
d\com . ~eom 2 equiv, KHCO, @\O,H
H (2 &quw’jl t-AmylOH, 80 °C Z COyEL
190 181 1atm Oy 199
Entry Ligand 20min  2h
1 <5C 7€
2 t-BuO CO,H 2% 8
Boc-Ala-OH, 143
J]\ t-Bu
3 t_BuO l 'C02H 38 98

Boc-tert-Leu-OH, 140

JLl

t-BuO CO,H

Boc-lle-OH, 164

o)
AN |

i-Pr

tBuO0” “N” ~CO,H 7 ¥
H
Boc-Leu-OH, 146
I-Pr
6 !‘—BUOJL J\CozH 46 93¢ (96)

Boc-Val-OH, 141
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CF, 5 mal% Pd(OAc); CF;
10 mel% Ligand
d\com . ~eom 2 equiv, KHCO, @\O,H
H 2 equ.:; +-AmyIOH, 90 °C Z CO,Et
190 181 1.atm Oy 191
Entry Ligand 20min  2h
O i-Pr
N”COH 2t s
Me,OC-Val-OH, 192
I-Pr
Piv-Val-OH, 193
O J-Pr
9 HL N*COQ'H 31 n.d,d
H
For-Val-OH, 194
I-Pr
10 )L J\COZ 57 99
Ac-Val-OH, 195
I-Pr
O
11 )L 55 >99
Me” ~N” “CO,H
H
Ac-Leu-OH, 196
Et.Me
O
12 )l\ 72 € >99 (96)
Me” “N¥ “CO,H
Ac-lle-OH, 188

aThe conversion was determined by 1H NMR of the crude reaction mixture.

blsolated yield shown in parentheses.

c .
Average of three trials.
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dn.a’. = not determined.

J Org Chem. Author manuscript; available in PMC 2014 September 20.

Page 75



Page 76

Engle and Yu

sze
62z SN SN
g(r65=23)25 N N W s> N v
=) 3
< W v W
N
Iy
82z 5 o
N N W
gueL=z3)vz  °N N W g o> v €
_
-
N
Ve ov *Ad
N N SN N
ot Z _ o L g> s _ z
SN N
Sl S SN N
o0zz
N
7
g> _ 9 > 1
1340 N
O
q(%) PRIA puebi Anug (%) PRIA puebi Anu3
{‘mnba pz)
vez-(z3) 20 wiey 2z zzz

NIH-PA Author Manuscript

ud

€42

Uz 0. 06

ws_NDuQr@\unu_ e S
Ofay anba 'L
puebn glow 0z
Zowolnd Yelow 0L

: H oty
OO~y I@\

i

£4D

o7 (€22) auszuaq(jAyrawoioniyin)sig-g T 40 uoneulajo H-O patowo.d-puehi

L9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Org Chem. Author manuscript; available in PMC 2014 September 20.



Page 77

Engle and Yu

"2MIXIUI U031 3PNID 3L JO HIAIN Hy AQ PaUILLIZISP Sem Oe) Z:T By L

q

‘pJepurlS [eulslul ue se 21IgZHD Buisn ainixiw uondeal apnid ayl 4o JINN H1 Aq paulwialep sem plalk wﬁm

9ce
N
aN = _ SN
> S
NS
an SN
(%) PRIA puebi Aug (%) PRIA puebi Anu3
(‘mnba pz)
vzz-z3) 20 wyey £z zzz
Ud Utz ‘0. 06 H oty
z £y -  BNF0D
2 008\0 4 FE— g . I@\
puebn yow g
Z{owlpd %iow 01 £33
€42

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Org Chem. Author manuscript; available in PMC 2014 September 20.



duosnuely Joyiny vd-HIN duosnuely Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Engle and Yu

Table 8

Substrate scope of ligand-promoted C—H olefination of electron-poor arenes (selected examples).17>

Entrya Product Yield (%) P

m:p ©

Time (h)

CF3
FsC CO,Et

230

CF4
2 68
Q\/"C%a
Me

231

i ANcoet

232

EtO,C

o 7 \
=N\co,t

m/p-233

FsC

5 / \ / 72
=N\ co,Et

m/p-234

F3C

6 / \ / 71
=N\ Cco,t-Bu

m/p-234

36

24

24

20
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Entry@ Product Yidd %)P mpC Time(h)

F3C

7\ OFEt
7 _\/\ IS-OEt 80 351 56
1

O

m/p-236

m/p-237

laUnIess otherwise specified the reaction conditions were as follows: alkene (0.6 mmol), arene (2 mL, 20-30 equiv), Pd(OAc)2 (10 mol%), 229 (20
mol%), Ac20 (1.0 equiv), O2 (1 atm), 90 °C.

blsolated yield.

cThe m.pratio was determined by GC. Reference samples of the pure mefa- and para-isomers were prepared independently via OMizoroki-Heck
chemistry.

dAczO (1.5 equiv).
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Table 9

Ligand-promoted C3-Selective C—H olefination of pyridine (py, 46).246

10 mol% Pd{OAc),
13 mol% Ligand

(‘j’ " e AN _ 05w A0y (\
+ < “CO.Et
% ? _\—CDZEr

M DMF 140 °C,
py, 46 181 air, 12 h
(16 equiv.)
Entry Ligand Yield (%)2 c3:c2:c4P
1 21 5:1:1

50 14:1:2

257

4 / \ 55 11:1:1

5 /4 \ / A\ 16 311
=N
DAF, 259

27 4:1:1

DAF, 260
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10 mol% Pd{OAc),
13 mol% Ligand

H
= 0.5 equiv. A92003
U +  ZC0,E

f\xwﬁ.

N DMF 140 °C,
py, 46 181 air, 12 h
(16 equiv.)
Entry Ligand Yidd (%) C3:C2:C4b
A=
7 11 6:4:1
—N N
pyrox, 261
8 j 7 5:1:1
quinox, 45
9 \ / / \ 87 12:1:1
N N=
phen, 44
Ph Ph
10 \ / / \ 86 12:1:1
N_
bphen, 262
MeQO OMe
11 / \ 6 1:1:1
\ /,
N_
267
Ph Ph
12 \ /, 9 4:4:1

bcp, 268
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a . . . . . .
The yield was determined by 1H NMR of the crude reaction mixture using CH2Br?2 as an internal standard.

bThe C3:C2:C4 ratio was determined by 1H NMR of the crude reaction mixture.
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Table 10

Substrate scope for ligand-promoted C3-Selective C—H olefination of pyridines (selected examples).246

Entry Product Yield (%) c3:c2:cac
N COzEL
1 I - 54
FPONTF
269
Me | N
2 -~ \ 61 10:2:1
N)_\—cozEt
C3/C2/C4-270
MeO-,C | X
3 MeO Nz)_\\_ CO,Et 63 30:1:1
C3/C2/c4-271
=
4 N/)_\_ CO,Et 44 3:1:0
C3/C2-272
| =
5 N/)_\\_COZEt 73 12:1:1
C3/C2/C4-256
I N
6 N;\_002NM82 68 7:1:1

C2/C3/C4-273

N
Gy

C2/C3/C4-274

-
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Entry@ Product Yidd %) P cac2.cac
| =
8 /_\\_ 45 30:3:1
N) Ph

C2/C3/C4-275

aUnIess otherwise specified the reaction conditions were as follows: alkene (0.5 mmol), pyridine substrate (16 equiv), Pd(OAc)2 (10 mol%), phen
(44) (13 mol%), Ag2C0O3 (0.5 equiv), DMF (1 mL), air (1 atm), 140 °C, 12 h.

blsolated yield of C3-substitued product.

cThe C3:C2:C4 ratio was determined by 1H NMR of the crude product mixture prior to purification.
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Table 11

Substrate scope for ligand-promoted C3-selective C—H arylation of pyridine (selected examples).248

5 mol% Pd(OAc);

15 mol% phen (44) 4
e 3 equiv. Cs,CO; X3
R_I - * Ar_l ﬁ RTI\. ')_Ar
SN 140°C, 48 h N7 2
276 277 C3/C2/C4-278
(solvent)
Entry@ Product vidd (%)P  c3:.ca.cac
Me
B
1 /) 58 15:1:0
N
C3/C2-279
|
2 /) 65 3:1:0
C3/C2-280
36’ | \ 88 —
-,
MeO N "OMe
281
F3C X
48 I 70 —
-~
N~ "OMe
282
B
5 /) 82 28:1:1

C3/C2/C4-283

J Org Chem. Author manuscript; available in PMC 2014 September 20.

Page 85



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Engle and Yu Page 86

5 mol% Pd(OAc);

15 mol% phen (44) 4
(\TH 3 equiv. Cs,C04 R—'I/\'ﬁAr
RT\ < * Ar—I EEEs—— l:, ’)2
N 140°C, 48 h N
276 277 C3/C2/C4-278
(solvent)
Entry Product Yield (%) c3:c2:cac
B
/,
6f /) \ N 90 15:0:1
C2/C4-284
F3C
7 | N 80
-~
C2/C3/C4-285
B
~
gf N) 73 9:1:0
C2/C3-286

aUnIess otherwise specified the reaction conditions were as follows: aryl iodide (0.5 mmol), pyridine (3 mL), Pd(OAc)2 (5 mol%), phen (44) (15
mol%), Cs2CO3 (3.0 equiv), 140 °C, 48 h.

blsolated yield of C3-substitued product.
CThe C3:C2:C4 ratio was calculated from the isolated yields for all product isomers.
dpyridine substrate (60 equiv) and DMF (mL).

EThe corresponding ArBr was used in place of the Arl.
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