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Abstract

Palladium-catalyzed C—H activation/C—C bond—forming reactions have emerged as a promising
class of synthetic tools in organic chemistry. Among the many different means of forging C-C
bonds using Pd-mediated C—H activation, a new horizon in this field is Pd(l1)-catalyzed cross-
coupling of C-H bonds with organometallic reagents via a Pd(I1)/Pd(0) catalytic cycle. While this
type of reaction has proven to be effective for the selective functionalization of aryl C(sp?)-H
bonds, the focus of this review is on Pd(11)-catalyzed C(sp3)-H activation/C—C cross-coupling, a
topic of particular importance because reactions of this type enable fundamentally new methods
for bond construction. Since our laboratory’s initial report on cross-coupling of C—H bonds in
20086, this area has expanded rapidly, and the unique ability of Pd(I1) catalysts to cleave and
functionalize alkyl C(sp3)-H bonds has been exploited to develop protocols for forming an array
of C(sp3)-C(sp?) and C(sp3)-C(sp3) bonds. Furthermore, enantioselective C(sp3)-H activation/C—
C cross-coupling has been achieved through the use of chiral amino acid-derived ligands, offering
a novel technique for producing enantioenriched molecules. Although this nascent field remains at
an early stage of development, further investigations hold the potential to revolutionalize the way
in which chiral molecules are synthesized in industrial and academic laboratories.
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1. Introduction

A frontier in modern organic synthesis is the discovery and development of novel reactions
to convert unactivated carbon—hydrogen (C—H) bonds to carbon—carbon (C-C) bonds in a
selective manner.[*] Many transition metals are capable of mediating such transformations,
yet among them, palladium is unique in that the overall catalytic process can be tailored to
mimic that of traditional Pd(0)-catalyzed cross-coupling reactions, which are known for
their remarkable utility, practicality, and reliability.

In the past several decades, tremendous progress has been made in developing new Pd-
catalyzed C-H activation/C—C bond—forming reactions.[!] Research in this field has largely
focused on the discovery of new modes of catalysis, and on the expansion of substrate scope
to include a broader array of starting materials and coupling partners. Successful examples
of Pd-catalyzed C—H activation/C-C bond—forming processes include the direct coupling of
olefins and aryl C(sp?)-H bonds (first reported by Fujiwara in 1967),[2:31 C-H arylation
reactions using Pd(0)/PR; catalysts and aryl halides,[] the coupling of C—H bonds with
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alkyl- and aryl halides via Pd(I1)/Pd(1V) redox chemistry,[5] C-H carbonylation reactions
using carbon monoxide,[®] and the cross-coupling of two different arenes through double C—
H activation.[”] Despite these efforts, one reaction that had remained elusive prior to our
group’s initial report in 2005 was the catalytic coupling of C—H bonds with organometallic
nucleophiles along a Pd(11)/Pd(0) cycle.8]

The advent of cross-coupling reactions of organohalides and organometallic reagents has
had a lasting impact in synthetic chemistry, as well as in scientific research more broadly.[®]
Since the milestone discovery of the cross-coupling reaction between organomagnesium
reagents and organic halides reported independently by Kumada and Corriu in 1972,[10. 11]
the scope and practicality of these transformations have advanced dramatically. These
improvements have been facilitated by several factors: 1) the use of other organometallic
nucleophiles, including organotin (Stille-Migita), -boron (Suzuki—-Miyaura), -zinc (Negishi)
and -silicon (Hiyama) reagents;[] 2) a refined understanding of the operative mechanism(s);
and 3) the development of novel ligands.[*2] These cross-coupling reactions are compatible
with a vast array of organometallic coupling partners, including aryl-, vinyl-, alkyl-, allyl-
and alkynyl-metal reagents. Recent advancements have broadened the substrate scope such
that both alkyl electrophiles and alkyl nucleophiles can be used, leading to the formation of
C(sp®)-C(sp?) and C(sp3)-C(sp3) bonds.[13. 14]

An enduring objective in the field of chemical synthesis is to design reaction systems that
proceed under mild conditions without producing toxic byproducts and that employ cheap,
readily available starting materials.[5] Given that traditional cross-coupling reactions
require that both reactants have a reactive functional group, a logical improvement would be
to develop methodology in which installation of one of the two functional groups would be
obviated. In particular, this could be accomplished by utilizing Pd(I1)-mediated C-H
activation (rather than oxidative addition of the aryl or alkyl halide to Pd(0)) as a means of
entering the catalytic cycle. This strategy would potentially offer several advantages relative
to traditional cross-coupling reactions. Firstly, C—H bonds are ubiquitous in organic
molecules; thus one could utilize the inherent chemical functionality of the substrate, rather
than relying on prefunctionalization. Secondly, the preparation of the organohalide or
pseudohalide starting materials would no longer be required, which would greatly reduce
waste generation. Thirdly, this reaction could offer tactical advantages when the position-
selective introduction of halides is not straightforward in a given synthetic plan.

There exist virtually unlimited opportunities for devising new transformations that use
unactivated C—H bonds as reaction partners. C—H bonds can readily be cleaved by transition
metal catalysts. For instance, using Pd, cyclopalladation has been extensively
documented,[16-1] and a wide variety of heteroatom—containing directing groups have been
utilized to achieve catalytic C-H functionalization of both aryl C(sp2)-H and alkyl C(sp3)-H
bonds, the latter of which are markedly more inert.[20.21] |n the initial stages of our studies
to develop C-H activation/C—C cross-coupling reactions, these early studies served as the
intellectual foundation for our research. At the same time, it was important for us to
recognize that the reaction conditions needed for Pd(ll)-catalyzed C—H functionalization
would be incompatible with those typically used in Pd(0)-catalyzed cross-coupling. This is
due to the fact that modern cross-coupling reactions rely upon bulky, electron-rich
phosphine and N-heterocyclic carbine (NHC) ligands to promote oxidative addition of the
organohalides and subsequent reductive elimination; however, there ligands are known to be
detrimental in Pd(l1)-catalyzed C—H activation reactions. Thus, our work drew inspiration
from the research areas of both traditional cross-coupling and C—H activation. Our
investigations ultimately led to the design and execution of the first controlled sequence of
C—H activation followed by transmetallation with organometallic reagents via Pd(11)/Pd(0)
redox chemistry.[8]
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Catalytic C(sp?)-H activation methods have been widely developed for the functionalization
of arenes and heteroarenes in the past two decades.[?1] In comparison, much less research
has been devoted to the catalytic activation of non-acidic alkyl C(sp3)-H bonds. Despite the
remarkable progress made in C(sp3)—-C(sp?) cross-coupling protocols using alkyl halides
during the past several years,[13] efforts to couple C(sp®)-H bonds with organometallic
reagents have generally been far less successful. The main purpose of this short review is to
highlight the early endeavors, which mainly took place in our laboratory, that lead to the
discovery of Pd(l1)-catalyzed cross-coupling of C(sp3)-H bonds with organometallic
reagents to form new C(sp3)-C(sp?) and C(sp3)-C(sp3) bonds. The proof of concept for this
class of reactions was initially established using aryl C(sp?)-H activation, which is better
understood and more predictable. Therefore, the first part of the review will provide a
detailed discussion of factors concerning catalysis and reactivity in this class of C-H
activation reactions. The early examples of Rh- and Ru-catalyzed C(sp?)-H activation/C—C
cross-coupling reactions reported by Oil22] and Murai,[23] as well as Pd(11)-catalyzed
C(sp?)-H activation/C—C cross-coupling reactions reported subsequent to our initial reports
have previously been reviewed,[1f: 241 and as such, they are beyond the scope of this review.
Key problems in the field and potential solutions are also discussed.

2. The First Example of Pd(ll)-Catalyzed Cross-Coupling of C(sp?-H Bonds
and Organotin Reagents

In the early stages of our investigations, we benefited from understanding the reaction
mechanisms at play in the Pd(0)-catalyzed Stille-Migita and Suzuki-Miyaura reactions,
which allowed us to identify potential problems that we could encounter (Scheme 1).[°]
These reactions proceed through a sequence of oxidative addition of the organohalide to
Pd(0), transmetallation of the organometallic reagent, and finally reductive elimination to
form the desired C—C bond in the product. Based on this knowledge, we aimed to design a
novel catalytic cycle in which Pd(I1)-catalyzed C—H activation would generate an analogous
[PA(11)-R] species. Following transmetallation and reductive elimination, the resulting Pd(0)
species would be reoxidized by a terminal oxidant to close the catalytic cycle (Scheme 2).
Comparing the two catalytic cycles, we realized that there were three major obstacles for
establishing this new mode of catalysis. Firstly, it was evident that the commonly used
phosphine and NHC ligands, which play such a critical role in Pd(0) catalysis, would be
incompatible with the Pd(I1)-catalyzed C—H cleavage step. Secondly, a reoxidation system
would be required to regenerate catalytically active Pd(II) from Pd(0), and this reoxidant
would need to be compatible with all other steps in the cycle. Thirdly, Pd(lI) could react
competitively (or predominantly) with the organometallic reagents, rather than engaging
with the directing group and inserting into the proximal C—H bond, which would result in
formation of the homocoupling product. We approached each of these challenges in turn
during the course of our efforts to merge C—H activation technology with cross-coupling
chemistry.

Based on our proposed catalytic cycle, we attempted to overcome the three aforementioned
obstacles by making logical choices of substrate (i.e., directing group), organometallic
reagent, and terminal oxidant. When we initiated our investigation in 2004, we had already
established that oxazoline gave excellent reactivity as a directing group in the
diastereoselective iodination and acetoxylation of C—H bonds via Pd(11)/Pd(IV) catalysis
(Scheme 3).[25] Thus, we chose to take advantage of the facile and robust reactivity of the
oxazoline directing group in our efforts to establish the proof of concept for C-H activation/
C-C cross-coupling via Pd(11)/Pd(0) catalysis. Selecting an appropriate coupling partner
from the wide variety of organometallic reagents that have been utilized to date was
cumbersome. The choice of organotin reagents was inspired by Hartwig’s early observation
of transmetallation between a cyclopalladated complex and Me3SnPh (Scheme 4).1261 |n that
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report, the complex needed to be prepared separately before it could undergo
transmetallation with the organotin reagent, and the reductive elimination was facilitated by
the intramolecular phosphine ligand. Therefore, our initial aim was to establish reaction
conditions in which oxazoline-directed Pd(I1)-catalyzed C—H activation would take place
preferentially over organotin homocoupling. Subsequently, transmetallation and reductive
elimination would fashion the desired product. Each step would need to take place without
the aid of the phosphine ligand.

In order to establish suitable conditions in a systematic manner, we initiated our endeavors
by carrying out a detailed analysis of each individual step.[®] First, it was necessary to
ascertain whether or not the cyclopalladated complex prepared by reacting the oxazoline
substrate with 1 equiv of Pd(OAC), could undergo transmetallation with Me4Sn.
Gratifyingly, exposing the preformed complex to MesSn led to formation of the expected
methylated complex, albeit in a mere 20% yield (Scheme 5). Next, the reductive elimination
step was investigated. In the case of the previously reported C—H iodination reaction using
Pd(11)/Pd(IV) catalysis, the reductive elimination step is facilitated by the high oxidation
state and steric bulk of the Pd(1V)-intermediate. An added benefit there is that catalytically
active Pd(I1) is regenerated upon reductive elimination from Pd(IV). However, in our Pd(11)/
Pd(0) reaction system, the proposed reductive elimination of the desired cross-coupling
product would need to take place from a relatively stable Pd(Il) intermediate to give Pd(0), a
process that is not nearly as straightforward. In the Pd(0)-catalyzed Stille-Migita coupling
reaction, the reductive elimination step is accelerated by the presence of phosphine or NHC
ligands. Thus, despite the fact that these specific types of ligands are incompatible with our
reaction system, we nevertheless screened a wide array of available ligands in an effort to
identify one that could promote reductive elimination. Gratifyingly, we made a crucial
discovery that reductive elimination could be promoted by the addition of 1 equiv of 1,4-
benzoquinone (BQ) to furnish the desired cross-coupling product. It is important to note that
BQ had previously been used to promote C-C bond formation in an arene C-H activation/
olefination reaction, a finding that inspired our attempts.[27] With several steps in the
putative catalytic cycle established, we proceeded to identify suitable conditions to carry out
this stepwise transformation catalytically in a single pot.

As predicted, our efforts to devise a one-pot Pd(I1)-catalyzed C—H activation/C-C cross-
coupling reaction with organotins were met with tremendous challenges. At the outset, we
feared that the Pd(11) species would react preferentially with the organotin reagents, rather
than engaging the C—H bonds. Indeed, to our dismay, our initial attempts to treat oxazoline
substrates with Pd(OAc), and organotin reagents under various conditions consistently
resulted in full recovery of Pd(0) precipitates (Scheme 6), despite the fact that each
individual step in the putative catalytic cycle had been firmly established previously. For the
purposes of intelligence gathering in our screening studies, we decided to add the organotin
reagents batchwise in order to reduce the rate of Pd(I1)-mediated organotin homocoupling.
This procedural maneuver ended up being vital, as it allowed us to observe meaningful
quantities of the desired coupling products and to develop a reliable assay. To indentify a
suitable reoxidation system to regenerate Pd(I1) at the end of the catalytic cycle, common
oxidants were surveyed. Reactions were carried out by stirring the oxazoline substrates with
10 mol% Pd(OAc), and BQ in the presence of various oxidants, and one batch of 0.037
equiv Me,Sn was added every 3 hours for 60 hours (20 batches total). From these studies,
we determined that the combination of Cu(OAc), and BQ in CH3CN gave the highest yields
(Scheme 7). This protocol represents the first example of Pd(lI1)-catalyzed cross-coupling
between aryl C(sp?)-H bonds and organotin reagents.
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The Pd(I1)-catalyzed C—H activation/C—C cross-coupling reaction with alkyltin reagents
described in the preceding section established a proof of concept, demonstrating that
organometallic reagents could be catalytically coupled with C—H bonds.[8] However, several
unsolved problems remained to be addressed, including using more environmentally benign
organometallic reagents and improving the substrate scope. Given these objectives, the
development of Pd-catalyzed C-H activation/C—C cross-coupling using organoboron
reagents (in analogy to the Suzuki—Miyaura reaction) seemed highly desirable. In particular,
we viewed the use of organoboron reagents as advantageous because they are generally safe,
stable, and because a large number are commercially available. We also hypothesized that
the transmetalation rate (hence, the rate of undesired homocoupling) would be slower than
in the case of organotin reagents, which we thought would be beneficial, potentially
allowing us to avoid the cumbersome batchwise addition protocol that we resorted to earlier.

Moreover, one of our group’s major research interests is the development of new methods
for C(sp®)-H functionalization.[Xfl Pd(11) is capable of activating and functionalizing alkyl
C(sp3)-H bonds; however, Pd(I1)-mediated C(sp3)-H cleavage is far less facile than C(sp?)—
H cleavage. Consequently, devising reaction conditions in which C(sp3)-H activation occurs
faster than competitive homocoupling of the organometallic reagent is a tremendous
challenge. Here, we postulated that it would be possible to address the homocoupling
problem by using the highly efficient C(sp3)—H activation systems established in previous
reports(tf: 251 in conjunction with organoboron reagents, which are known to undergo
homocoupling more slowly.

As we examined the literature, we took note of the inspiring report by Buchwald and
coworkers, in which Pd(0)/PR3-catalyzed oxidative addition/intramolecular C-H activation
sequence was elegantly combined with a Suzuki—-Miyaura coupling reaction to effect the
arylation of C(sp3)-H bonds using external phenylboronic acids (Scheme 8).[28] Moreover,
similar to Hartwig’s observation of a transmetallation event with organotin reagents, Sames
observed transmetallation between a cyclopalladated complex and a vinylboronic acid.[2°]
Encouraged by our success in developing Pd(11)-catalyzed C-H activation/C—C cross-
coupling using organotin reagents and inspired by the insights gleaned from these related
studies, we moved forward to establish a Pd(I1)-catalyzed cross-coupling of C—H bonds and
organoboron reagents. To this end, we began by investigating suitable reaction conditions,
first focusing our attention on systems proceeding via aryl C(sp2)-H activation.

We first attempted to perform Pd(l1)-catalyzed oxazoline-directed coupling of C(sp?)-H
bonds with organoboronic acids but found that the reaction gave a mere 10% yield. As we
explored other directing groups, we were pleased to find that reactions between substrates
containing a pyridine directing group and alkylboronic acids (as well as methylboroxine)
gave improved results (40-93% yield) (Scheme 9).[30] The use of Ag(l) as the reoxidant was
critical for catalytic turnover and also for promoting transmetallation.[32 Intriguingly,
arylboronic acids gave poorer results in these experiments (20-30% yield). Suzuki-Miyaura
coupling reactions typically work better with arylboronic acids than with alkylboronic acids
because the former undergo faster transmetallation than the latter and also because the
resulting [Pd(Il)-aryl] intermediate cannot participate in undesired S-hydride elimination,
which can take place in the case of [Pd(11)-alkyl] intermediates.[¢ A plausible explanation
for our observation is that arylboronic acids are more prone to Pd(11)-mediated
homocoupling and are hence consumed more rapidly during the course of the reaction. In
subsequent projects, we employed more stable arylboronic esters or trifuloroborates as our
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aryl nucleophile sources. After establishing this reaction with aryl C(sp?)-H activation, we
then proceeded to apply this novel transformation to C(sp3)-H bonds.

Compared to many other transition metal catalysts, Pd(ll) is superior in its ability to cleave
alkyl C(sp3)-H bonds under relatively mild conditions.[1f: 20. 21] Having established that
organoboron reagents could be coupled with aryl C(sp?)-H bonds, we were enticed to
pursue the unprecedented alkyl C(sp3)—H activation variant of this transformation. To our
delight, we were able to demonstrate the feasibility of such a process using the conditions
developed for the C(sp?)-H activation reaction, leading to the discovery of the first Pd(l1)-
catalyzed C(sp3)-H activation/C—C cross-coupling sequence (Scheme 10). Although
generally, the primary alkyl C(sp3)-H bonds were found to give the best results, secondary
methylene C(sp3)-H bonds were also reactive under these conditions, though they gave
much lower yields.

With the conceptual underpinnings of this new class of transformation firmly in place, we
shifted our attention to expanding the synthetic utility by pursuing substrate classes with
more synthetic relevance. At the same time, we were also aware of the need to find less
expensive and more environmentally benign oxidants, in order to replace the copper and
silver salts, which we used in superstoichiometric amounts in the studies described above.

4. Pd(Il)-Catalyzed Cross-Coupling of C(sp?)-H and C(sp?®)-H Bonds and
Organoboron Reagents Directed by Carboxylic Acids and Hydroxamic

Acids

As discussed earlier, a major problem in these coupling reactions is the undesired Pd(11)-
mediated homocoupling of the organometallic reagents. This side reaction becomes
predominant if C—H activation of the substrate is not sufficiently fast. In the two reports
described above, the presence of strongly coordinating nitrogen-containing directing groups
(i.e., oxazoline and pyridine) ensured rapid binding of the substrates with Pd(I1) in solution.
Owing to this strong coordination, C—H insertion in these systems is facile. However, these
types of directing groups are disadvantageous because they are synthetically restrictive.
Thus, we viewed that expanding the scope of the directing groups to include synthetically
versatile and convertible functional groups, such as carboxylic acids and simple amides, as a
major prerequisite for widespread use and general applicability.

Organic molecules that contain carboxylic acid moieties are versatile, ubiquitous, and
inexpensive. Thus, using carboxylic acids to direct C—H functionalization seemed appealing
to us in charting a path forward. Despite the attractiveness of this direction, our preliminary
forays to establish carboxylate-directed Pd(I1)-mediated insertion into inert aryl C(sp2)-H
and alkyl C(sp®)-H bonds were largely unsuccessful. The key discovery that propelled our
efforts in a productive direction was the observation that a wide range of cationic counter
ions, including Na*, promoted carboxylate-directed Pd(I1)-mediated insertion into C-H
bonds.[32] In our working model, the sodium cation coordinates with the carboxylate group
in a 2 fashion, which forces Pd(l1) to coordinate with the unhindered oxygen lone pair
electrons. This finding enabled us for the first time to apply our C—H activation/C—C cross-
coupling protocol to substrates that did not contain strong directing groups.

In 2007, our laboratory reported an example of carboxylic acid—directed Pd(I1)-catalyzed C—
H activation/C—C cross-coupling using both alkyl and aryl boronic acids (Scheme 11).133]
Again, our initial efforts to establish reactivity focused on aryl C(sp?)-H activation. The
yields were generally poor, and the substrate scope was limited to only a few benzoic acids.
On the boronic acid side, the only alky! boronic acid that was found to work was
MeB(OH),. Upon transmetallation, other alkylboronic acids that contain S-hydrogen atoms
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from a [Pd(I1)-alkyl] species, which is capable of undergoing rapid g-hydride elimination,
rather than the desired reductive elimination to give the cross-coupling product. In Fu’s
pioneering work on Pd(0)-catalyzed cross-coupling between alkyl halides and alkylboron
reagents, S-hydride elimination is suppressed by the presence of sterically bulky, electron-
donating trialkylphosphine ligands.[*3:24] In our case, devising a strategy to suppress /3-
hydride elimination seemed daunting, and it remained a major unsolved problem until the
work discussed at the end of this section. The use of Ag,COj3 as a stoichiometric oxidant
was another significant practical drawback. Nevertheless, despite these limitations, we were
encouraged that our goal to use simple functional groups to promote Pd(I1)-mediated C-H
insertion for the purposes catalytic coupling could be achieved.

Extensive screening was carried out in an effort to find suitable reaction conditions for
carboxylate-directed Pd(l1)-catalyzed C(sp3)—H activation/C—C cross-coupling with
organoboron reagents; however success was limited. Even under the best conditions, Pd was
observed to precipitate out of solution in the form of Pd black or other aggregates after only
three hours. At this point, no further C-H functionalization was found to take place. We
elected to pursue two approaches to improve this rather challenging but potentially powerful
transformation. Firstly, we aimed to improve drastically the rate of C(sp®)—H activation,
which would ideally allow us to reduce the reaction temperature. To accomplish this, we
sought to modify the directing group in such a way that reactivity could be improved while
maintaining the overall synthetic versatility. Second, we aimed to develop a better
reoxidation system to improve both the catalytic turnover number and reduce the cost. To
this end, we examined the possibility of converting the carboxylic acid group into a simple
hydroxamic acid (CONHOMe) moiety. Due to its structural similarity to a carboxylic acid,
we hypothesized that this amide could mimic the coordination mode of an acid while also
providing improved reactivity by offering stronger coordination. In addition, we thought that
the methoxy group could provide steric hindrance, which is believed to be crucial for
preventing A-hydride elimination in C(sp3)-C(sp3) cross-coupling reactions.

To our delight, after an extensive survey of possible reaction conditions, we established an
improved protocol for f-C—C bond formation with aliphatic acid derivatives, which gave
substantially higher yields at lower reaction temperatures (70 °C) (Scheme 12).[34]
Furthermore, using sterically hindered 2,2,5,5-tetramethyltetrahydrofuran as solvent, we
found success in coupling alkylboronic acids possessing -hydrogen atoms with C(sp3)-H
bonds in good yields. We believe that this solvent behaves as a bulky spectator ligand which
inhibits g-hydride elimination from the [Pd(I1)-alkyl] species. Moreover, we found that this
transformation could be carried out in the absence of costly Ag(l) salts by using high
pressure (20 atm) O or air as the terminal oxidant (Scheme 13). Although the need for a
high pressure vessel severely detracts from the operational simplicity of this protocol
(particularly on larger scale), the ability to use air for reoxidation is a significant step
forward towards truly economical and green C—C bond—forming reactions via Pd(11)-
catalyzed C-H activation.

One of the considerations that motivated our efforts to pursue new classes of directing
groups (particularly those commonly found in organic molecules) was our desire to enable
novel synthetic applications. To demonstrate how Pd(l1)-catalyzed C(sp3)-H activation/C-C
cross-coupling could be used drug diversification, we procured a sample of dehydroabietic
acid, a natural product identified as an efficient BK channel opener used in the treatment of
diseases such as acute stroke, epilepsy and asthma.[35] After conversion to the corresponding
hydroxamic acid, the g-methyl group of this compound could be smoothly alkylated with a
range of different alkyl boronic acids (Table 1). This technique holds tremendous promise in
medicinal chemistry for the rapid synthesis of analog libraries, particularly given the fact
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that diversification of core structures of this type is generally prohibitively difficult since the
molecule does not contain many reactive functional groups.

Challenges in C(sp?3)-H Activation/C—C Cross-Coupling

In the three reports discussed above, we disclosed several notable discoveries that we made
as part of our broader effort to develop novel C-H activation/C—C bond—forming reactions
for organic synthesis. Despite these achievements, the field of C—H activation/C-C cross-
coupling is still at an early stage, and these reactions have not yet reached high levels of
practicality, reliability, and versatility, especially in comparison to Pd(0)-catalyzed cross-
coupling reactions with aryl and alkyl halide electrophililes. To bridge this divide, several
major hurdles must be surmounted in order for these reactions to find widespread
application in synthetic settings. At the present time, our research laboratory is particularly
intrigued and excited by three frontiers in this field.

Firstly, the substrate scope needs to be dramatically expanded. One severe limitation for
carboxylic acid— and hydroxamic acid—directed C(sp3)-H activation/C—C cross-coupling
reactions is that they are incompatible with substrates containing a-hydrogen atoms, which
restricts the range of starting materials to those possessing quaternary centers at the a-
position (Scheme 14).133.34] The lack of reactivity can be explained by the loss of a
favorable Thope—-Ingold effect (comparing substrates with quaternary centers at the a-
position to those containing a-hydrogen atoms).[36] In addition, for a-hydrogen-containing
substrates, following Pd(I1)-mediated C—H activation, the resulting palladacycle can undergo
S-hydride elimination with the a-hydrogen atom.

Secondly, just as increasing the range of compatible substrate is a major challenge, so too is
improving the scope of organometallic nucleophiles that can be used as coupling partners.
One decisive advantage of modern cross-coupling chemistry in comparison to C-H
activation/C—C cross-coupling is the fact that a massive library of organometallic reagents is
available from commercial sources, nearly all of which perform reliably in cross-coupling.
C—H activation/C-C cross-coupling, on the other hand, suffers from much narrower scope in
this respect. For example, C—H activation/C-C cross-coupling with heteroaryl (pyridine,
indole, thiazole, etc.)- and vinylboron reagents has heretofore been challenging. Thus, the
coupling partner scope has been limited to only the simplest aryl and alkyl reagents. The
root cause of this limitation is the fact that Pd(l1) catalysts competitively coordinate to
heteroatoms or olefins when they are present in the coupling partners. This coordination
hampers directed Pd(I1)-mediated C—H insertion. In addition, similar to the issues described
above, Pd(l1)-mediated homocoupling of these reagents outpaces C—H insertion.

Thirdly, we aim to develop a broadly applicable asymmetric C(sp3)—H activation/C—C cross-
coupling protocol, with the hope of delivering an unprecedented disconnection for
asymmetric C—C bond construction. Reactions of this type hold the potential to expedite
campaigns in target-oriented synthesis and would enable new strategies that take advantage
of simpler and more abundant starting materials. It is also anticipated that the chiral ligands
discovered may be the key to expanding scope of the reactions as mentioned above.

In 2008, we disclosed the first example of Pd(I1)-catalyzed enantioselective C—H activation/
C-C cross-coupling using monoprotected amino acids as chiral ligands to effect
stereoinduction with substrates containing pyridine directing groups.l371 In that report, we
focused on desymmetrization of the prochiral C—H bonds on geminal diaryl or dimethyl
groups. Notable among the mechanistic insights gleaned from this investigation was the
finding that mono-N-protection of the amino acid ligand was crucial for chiral recognition.
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Using Boc-Leu-OH as the ligand, we successfully obtained the enantiomerically enriched
C(sp?)-H activation/C—C cross-coupling product in 63% yield and 90% ee (Scheme 17). In
an effort to expand the scope of this reaction, we also attempted to perform enantioselective
C(sp3)-H activation of prochiral methyl groups. To our disappointment, despite extensively
screening ligands and reaction conditions, we were able to obtain only 38% yield of the
desired product with a maximum ee of just 37%.

One problem that we faced during this investigation was that the high reaction temperatures
required for C(sp3)—H activation proved to be deleterious to chiral induction. Thus, for
future studies, it is clear that improved reactivity is needed, such that high yields can be
obtained even at low temperatures. Only when this is achieved will this type of asymmetric
C-C bond-forming reaction gain traction in practical applications.

These three formidable challenges are among the main unsolved problems in the field of
Pd(Il)-catalyzed C-H activation. Ultimately, throughout the above discussion, a pervasive
issue that has often hampered reaction development is the slow rate of C—H insertion by
Pd(1l), which often leads to low product yield, substrate decomposition, and side product
formation. Thus, as is evident from the research presented in this review, a principal
consideration in the reaction discovery process in our laboratory is the design and/or
selection of directing groups that are capable of positively influencing the rate of C-H
insertion. Given that C(sp3)—H cleavage with Pd(l1) is slower than C(sp?)-H cleavage,
directing group development becomes even more important when probing new C(sp3)-H
fuctionalization methods. With these factors in mind, a major investment has been made in
our laboratory to invent truly practical and powerful directing groups that can
simultaneously address the three aforementioned challenges.

In light of our observation that hydroxamic acid directing groups were capable of promoting
facile C(sp3)-H activation, we conjectured that by systematically modifying the steric and
electronic properties of an amide directing group, we could find a solution to our reactivity
problems (Scheme 18). In early 2010, we reported the first example of Pd(11)-catalyzed
olefination of C(sp3)-H bonds using a novel N-arylamide (CONHAXr) directing group.[38 A
wide array of N-arylamide substrates were prepared by merging carboxylic acids and
commercially available anilines. Extensive fine tuning of the directing group was carried out
in order to study the influence of steric and electronic properties on the observed reactivity.
Utlimately we found that N-(2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenyl)amide directing
groups, which are both highly electron-deficient and relatively sterically unencumbered,
gave the highest reactivity. Remarkably, using this directing group, C(sp3)-H activation
could efficiently take place, even in the presence of competitively coordinating olefins. In
addition, substrates containing a-hydrogen atoms could now be used in C(sp3)-H
functionalization reactions, thus substantially expanding the substrate scope. Further studies
have revealed that the C(sp3)-H insertion occurs at reaction temperatures as low as 25 °C,
albeit in slower rates.

The discovery of this novel directing group has since allowed us to perform a wide variety
of C(sp3)-H functionalization reactions under mild conditions with substrates containing a-
hydrogen atoms. We have already disclosed a novel Pd(0)/phosphine-catalyzed
intermolecular C(sp3)-H arylation reaction,4il as well as a C(sp3)-H arylation reaction
using Pd(I1)/Pd(1V) catalysis.[?"] Additional manuscripts describing Pd(11)-catalyzed
intermolecular carbonynation, oxygenation, and intramolecular amination are currently in
preparation. In summary, this directing group offers an unprecedented levels of
compatibility with three types of Pd-catalyzed C—H activation, namely Pd(0)/Pd(1l), Pd(I1)/
(0), and Pd(11)/(1V) catalysis. This versatility has allowed us to convert C(sp3)-H bonds into
a wide array of C-C and C-heteroatom bonds. However, the ultimate goal of our work is to
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apply this newly improved reactivity to address problems in enantioselective C(sp3)-H
activation/C-C cross-coupling. Our preliminary results in this direction are extremely
promising, and the results will be disclosed in the very near future.

6. Summary and Outlook

The myriad recent advances in the field of Pd-catalyzed C-H activation/C—C bond
formation are highly encouraging, suggesting that this class of transformation could not only
serve as a complement to cross-coupling reactions with organohalides, but could eventually
replace this traditional chemistry in some contexts. Moreover, Pd(I1)-catalyzed C(sp3)-H
activation/C-C cross-coupling, the main subject of this review, holds the promise to
generate carbogenic complexity in an expedient and stereocontrolled fashion. Our group
developed the first protocol for successful C—H activation/C—C cross-coupling with
organometallic reagents along a Pd(I1)/Pd(0) catalytic cycle. Since this initial discovery, this
class of reactions has been applied to increasingly diverse classes of substrates and coupling
partners. After establishing aryl C(sp?)-H activation/C—C cross-coupling, we have gone on
to explore alkyl C(sp®)-H activation/C—C cross-coupling, a tremendously challenging
transformation. As part of our group’s focus on developing simple, practical reactions, we
have pursued new strategies for C(sp®)-H activation directed by simple, ubiquitous
functional groups. In the future, expanding the range of compatible substrates and coupling
partners will continue to usher this catalytic transformation into the mainstream.
Simultaneously, careful investigation into enantioselective C(sp3)-H activation/C—C cross-
coupling has the potential to change the ways in which carbogenic stereocenters are
synthesized in academic and industrial laboratories. Success on this front will likely hinge
on the design and synthesis of new chiral ligands, as well as improved directing groups
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Scheme 8.
Pd(0)/PR3-catalyzed Cross-Coupling of C(sp®)-H Bonds with Phenylboronic Acid.
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Scheme 9.
First Example of Pd(I1)-catalyzed C(sp%)-H Activation/C—C Cross-Coupling with
Organoboron Reagents.
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Scheme 10.
An Early Example of C(sp3)-H Activation/C—C Coupling
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Scheme 11.
Carboxylate-Directed Coupling of C—H Bonds with Organoboron Reagents
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Scheme 12.
Hydroxamic Acid-Directed C(sp3)-H Activation/C—C Cross-Coupling with Aryl and Alkyl
Boronic Acids
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Scheme 13.
C(sp3)-H Activation/C—-C Cross-Coupling of Alkyl Boronic Acids Reoxidized by High-
Pressure Air
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Scheme 14.
Incompatibility of Substrates Containing a-Hydrogen Atoms
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Scheme 16.
Desymmetrization of Prochiral C(sp2)-H Bonds through Enantioselective C-H Activation
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Scheme 17.
Desymmetrization of Prochiral C(sp®)-H bonds through Enantioselective C—H Activation
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Scheme 18.
First Example of Pd(l1)-catalyzed Olefination of C(sp3)-H Bonds Enabled by a Novel N-

Arylamide Directing Group

1duosnuey JIoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Isr J Chem. Author manuscript; available in PMC 2011 December 1.



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

wduosnue Joyiny vd-HIN

Wasa et al. Page 31

Table 1

Dehydroabietic acid derivatives synthesized using Pd(I1)-catalyzed C(sp3)-H Activation/C-C Cross-coupling

Me
Me
Me Y,
~0
HN, . N
OMe OMe OMe
40% 52% 41%
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