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CONSPECTUS

R eactions that convert carbon—hydrogen (C—H) bonds into carbon— @ECOZX
carbon (C—C) or carbon—heteroatom (C—Y) bonds are attractive
tools for organic chemists, potentially expediting the synthesis of target

molecules through new disconnections in retrosynthetic analysis. COH cat. P! COH
CL gon ¥ o, X
|

X=Na, K, etc.
H

Despite extensive inorganic and organometallic study of the insertion

Ar

of homogeneous metal species into unactivated C—H bonds, practical @g(o
applications of this technology in organic chemistry are still rare. Only N P 4,] 0, (1 atm)
in the past decade have metal-catalyzed C—H functionalization reac- CoM / coH
tions become more widely utilized in organic synthesis. @(/R o @[

Research in the area of homogeneous transition metal—catalyzed OH
C—H functionalization can be broadly grouped into two subfields. They reflect COH
different approaches and goals and thus have different challenges and CECOZH

opportunities. One approach involves reactions of completely unfunctio-

nalized aromatic and aliphatic hydrocarbons, which we refer to as “first functionalization”. Here the substrates are nonpolar and
hydrophobic and thus interact very weakly with polar metal species. To overcome this weak affinity and drive metal-mediated
C—H deavage, chemists often use hydrocarbon substrates in large excess (for example, as solvent). Because highly reactive metal
species are needed in first functionalization, controlling the chemoselectivity to avoid overfunctionalization is often difficult.
Additionally, because both substrates and products are comparatively low-value chemicals, developing cost-effective catalysts
with exceptionally high turnover numbers that are competitive with alternatives (incduding heterogeneous catalysts) is challenging.
Although an exciting field, first functionalization is beyond the scope of this Account.

The second subfield of C—H functionalization involves substrates containing one or more pre-existing functional groups,
termed “further functionalization”. One advantage of this approach is that the existing functional group (or groups) can be used to
chelate the metal catalyst and position it for selective C—H ceavage. Precoordination can overcome the paraffin nature of C—H
bonds by increasing the effective concentration of the substrate so that it need not be used as solvent. From a synthetic perspective,
it is desirable to use a functional group that is an intrinsic part of the substrate so that extra steps for installation and removal of an
external directing group can be avoided. In this way, dramatic increases in molecular complexity can be accomplished in a single
stroke through stereo- and site-selective introduction of a new functional group. Although reactivity is a major challenge (as with
first functionalization), the philosophy in further functionalization differs; the major challenge is developing reactions that work
with predictable selectivity in intricately functionalized contexts on commonly occurring structural motifs.

In this Account, we focus on an emergent theme within the further functionalization literature: the use of commonly occurring
functional groups to direct C—H cleavage through weak coordination. We discuss our motivation for studying Pd-catalyzed C—H
functionalization assisted by weakly coordinating functional groups and chronicle our endeavors to bring reactions of this type to
fruition. Through this approach, we have developed reactions with a diverse range of substrates and coupling partners, with the
broad scope likely stemming from the high reactivity of the cyclopalladated intermediates, which are held together through weak
interactions.
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1. Introduction

Transition metal—catalyzed C—H functionalization reactions
can be grouped into two distinct subfields depending on
whether the substrate is a completely unfunctionalized
hydrocarbon (“first functionalization”) or a small molecule
bearing at least one pre-existing functional group (‘further
functionalization’) (Scheme 1)." Within the realm of further
functionalization, one strategy for controlling site-selectivity
is using the pre-existing functional group(s) to coordinate the
metal and position it for selective C—H cleavage (Scheme 2).

SCHEME 1. Comparison of “First Functionalization” and “Further
Functionalization”’
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SCHEME 2. C—H Cleavage Promoted by a Proximal Directing Group (DG)
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Traditionally, this has been accomplished by using nitrogen-,
sulfur-, or phosphorus-containing directing groups (e.g., pyr-
idine, oxazoline, sulfide, and phosphine), which are strong
o-donors and/or w-acceptors. We refer to the formation of
thermodynamically stable five- or six-membered metalla-
cydle with this type of substrate as “dlassical cycdometalation”
(egs 1 and 2), and the majority of directed C—H activation
reactions since the 1960s fall into this category. One dis-
advantage of this approach is that the strong directing
groups mentioned above are synthetically restrictive,
either because they must be installed then removed or
because they are a permanent part of the substrate.
Another problem is that directed C—H functionalization
typically proceeds via five-membered metallacycle inter-
mediates; when alternative carbon skeletons are sought,
the inability to utilize remotely located directing groups
can be synthetically restrictive. Finally, strongly chelating
substrates give cyclometalated intermediates that are
thermodynamically stable and thus are less reactive in
the subsequent functionalization step, which limits the
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SCHEME 3. Ru(0)-Catalyzed C—H Functionalization of Arylketones2
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SCHEME 4. Versatile Reactivity of [Pd(ll)-aryl] and [Pd(ll)-alkyl]
Intermediates®
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range of nucleophiles and electrophiles with which they
can react.
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Cyclometalation using weakly coordinating directing
groups (e.g., ketones, carboxylic acids, and ethers), on the
other hand, has been less actively studied. With weakly
coordinating directing groups, the resulting metallacycles are
less thermodynamically stable and are not necessarily isol-
able. Pioneering work in the 1990s showed that Ru(0)** and
Rh())* could coordinate with ketones and esters to trigger
oxidative addition of the C—H bond to the metal center, as
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SCHEME 5. Different Catalytic Manifolds in Pd-Catalyzed C—H Functionalization
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FIGURE 1. Early examples of well-defined metallacycles using strong
directing groups.®~12

the first step in novel catalytic C—C bond-forming reactions
(Scheme 3), setting the stage for further development of C—H
functionalization via Ru(0)/Ru(ll) and Rh(l)/Rh(lll) catalysis.

To develop a diverse collection of C—C and C—Y bond-
forming reactions using C—H functionalization, Pd(1l) is argu-
ably amore desirable metal. Compared to the aforementioned
Ru(0)- and Rh(l)-catalyzed reactions, Pd(ll)-catalyzed C—H func-
tionalization proceeds by a distinct redox manifold. Pd(ll)-
mediated C—H deavage, which is thought to be redox neutral
with concomitant loss of HX, generates a versatile [Pd(ll)—R+]
intermediate (Scheme 4). Thus, one would imagine that ana-
logous Pd(ll)-catalyzed C—H functionalization reactions could
be carried out by employing nucleophilic coupling partners via
Pd(11)/Pd(0) catalysis or electrophilic coupling partners via Pd-
(In/Pd(IV) or Pd(ll)>/Pd(lll), catalysis (Scheme 5).> With Pd(ll),
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FIGURE 2. Palladacycles using representative traditional directing
groups.'®
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FIGURE 3. Palladacycles resulting from C(sp®)—H cleavage.'>'*

however, the C—H deavage step has traditionally required
strongly coordinating directing groups, which are disadvanta-
geous for the reasons outlined above.

This Account describes tactics that our laboratory has
implemented to overcome the limitations posed by classical



SCHEME 6. C—H Olefination of Benzene Along a Pd(Il)/Pd(0) Catalytic
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cyclometalation in order to promote reactivity with new
classes of weakly coordinating directing groups. To execute
this chemistry, our group has pursued two complementary
strategies: (1) utilizing common, synthetically versatile func-
tional groups directly and (2) developing practical auxiliaries
for C—H functionalization that can readily be installed or
removed. By centering our research in Pd catalysis on this
concept, not only have we been able to achieve unprece-
dented substrate scope, but we have also taken advantage
of the high reactivity of the cyclopalladated intermediates to
discover a diverse collection of new C—C and C—Y bond-
forming reactions. For our laboratory, this idea has served as
a crucdial platform for reaction discovery and for studying
ligand-controlled catalytic reactions.

2. Historical Perspective on Cyclometalation
The term “cyclometalation” was first introduced by Tro-
fimenko,® and reactions of this type involving cleavage of
C(sp?)—H and C(sp®)—H bonds by late transition metals to
form defined [M—R] species have been known for several
decades, with examples of well characterized cyclometa-
lated complexes appearing in the literature as early as the
1960s (Figure 1). These inner-sphere processes are known to
proceed by a variety of different mechanisms depending on
the metal species, the substrate, and the reaction conditions,
including oxidative addition, electrophilic activation, con-
certed metalation/deprotonation, and o-bond metathesis."”
Of the many examples, those involving aromatic rings (so-
called “ortho-metalation’) have been the most widely stu-
died. In 1963, Kleiman and Dubeck reported that NiCp, (Cp=
cyclopentadienyl) reacted with azobenzene to form nickela-
cycle 19.2 Subsequently, Cope and Siekman observed simi-
lar reactivity between azobenzene and Pd(ll) and Pt(ll) salts,
giving complexes 20 and 21, respectively.® Bennet and
Milner observed that ort#0-C—H bonds of triphenylphospine
ligands underwent oxidative addition to give [Ir(lll)—H]
species 22,'° and other metals were found to exhibit analo-
gous reactivity with both phosphines and phosphonites
(23 and 24).'""?
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With Pd(ll), a large number of directing groups have
been reported, the vast majority of which contain strongly
coordinating nitrogen, phosphotus, or sulfur atoms (Figure 2).'3
One exception is complex 29, in which Pd(ll) is coordinated to
oxygen; however, it is important to darify that this type of
substrate is unusually reactive because of the electron-donating
propetties of the nitrogen atom lone pair. The stability of these
intermediates allows for detailed characterization. These palla-
dacydles were found to react with alkenes, alkynes, CO, halo-
gens, and organometallic reagents,'® a far broader range of
reactivity than was observed with other metals.

For substrates bearing alkyl groups in close proximity to
strong directing groups, cyclopalladation via C(sp®)—H clea-
vage was also established with a several different metals
including Pd(ll) (Figure 3). Activated benzylic C(sp®)—H bonds
could be cleaved in the presence of strong directing groups
(31 and 32). In a pioneering report in 1978, Shaw and co-
workers also found that the oxime derived from phenyl Zert
butyl ketone underwent cyclopalladation to give complex
33 through cleavage of an unactivated s-methyl C(sp®)—H
bond."

Taken together, this body of work provided important early
precedent for the development of directed C—H functionaliza-
tion reactions based on Pd(ll)/Pd(0) and Pd(ll)/Pd(IV) catalysis.

3. The Renaissance of Pd(ll)-Catalyzed C—H
Functionalization

3.1. Early Work and Perspectives on Catalysis. Pd(ll)-
catalyzed C—H functionalization reactions have been stu-
died for the past several decades, since the pioneering work
on Pd(ll)-catalyzed C(sp?—H olefination of simple arenes by
Fujiwara and Moritani in the late 1960s (Scheme 6)."> This
early work demonstrated the impressive reactivity of Pd(ll) in
activating C—H bonds of simple aromatic hydrocarbons, but
the practical utility of this chemistry in organic synthesis has
been limited due to the need for excess arene substrate
(often as solvent), the lack of positional selectivity with
monosubstituted arenes, and the poor reactivity with elec-
tron-deficient arenes. Formation of the [Ar—Pd(ll)] intermedi-
ate in this reaction is thought to proceed by a Friedel—Crafts-
type electrophilic palladation mechanism.’

Seminal work using cyclometalation to control positional
selectivity and enhance the rate of C—H cleavage was
reported by Fahey in 1971 in the Pd(ll)-catalyzed ortho-
C(sp?)—H chlorination of azobenzene (37) (Scheme 7a).'®
Reaction of the putative palladacycle with Cl, leads to a
high—oxidation state Pd(lll) or Pd(IV) intermediate, which
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then undergoes C—Cl reductive elimination to release the pro-
duct. Another important finding came in 1984 when Tremont

SCHEME 7. Pd(ll)- Catalyzed ortho-C—H Functionalization of Substrates
Bearing Directing Groups'®'”
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P
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SCHEME 8. ortho-C—H Functionalization via Pd(ll)/Pd(IV) or Pd(ll),/Pd-
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and Rahman found that acetanilide substrate 40 could under-
go ortho-methylation with Mel in good vyields, and they de-
monstrated that TONs up to 10 could be achieved by using
AgOAC as an co-oxidant (Scheme 7b)."”

3.2. Resurgence of Interest. During the past decade, a
number of groups have revisited Pd-catalyzed C—H functiona-
lization and have developed a collection of promising new
reactions (Scheme 8). Sanford reported a C—H acetoxylation
protocol using a series of different nitrogen-containing direct-
ing groups and Phl(OAQ), as the oxidant."® Using a removable
chiral oxazoline auxiliary, our group disclosed the first example
of diastereoselective C(sp)—H iodination (47—49),'° a method
that represents a potentially powerful approach for synthesiz-
ing all-carbon quaternary stereocenters. Later the same year,
Daugulis and Zaitsev reported Pd(ll)-catalyzed C(spz)—H aryla-
tion using acetanilide-type substrates (50) and aryl iodides.2°
All of these reactions are proposed to proceed through Pd(ll)/
Pd(IV) or Pd(l1),/Pd(lll), catalysis.

Our research laboratory went on to develop the first
example of C—H/R—M cross-coupling via Pd(ll)/Pd(0) cata-
lysis (Scheme 9).2" The presence of 1,4-benzoquinone (BQ)
was found to be crucial for promoting reductive elimination
from putative intermediate 56. Batch-wise addition of the
organotin reagent lowered the rate of homocoupling such
that Pd(ll-mediated C—H cleavage could take place.

4. Early Inspiration and Motivation for
Studying Weak Coordination—Driven C—H
Functionalization

The dlassical cycdlometalation/functionalization approach has
proven to be indispensable for designing and developing new
Pd(l)-catalyzed C—H activation reactions. In the preceding sec-
tion, examples of Pd(ll)-catalyzed C—H functionalization reac-
tions were described in which the substrate contained a strong
directing group, which served both to promote C—H deavage

SCHEME 9. Pd(ll)-Catalyzed C—H/R—M Cross-Coupling with Oxazoline Substrates®'
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792 = ACCOUNTS OF CHEMICAL RESEARCH = 788-802 = 2012 = Vol. 45, No. 6



Developing Useful C—H Functionalization Reactions Engle et al.

SCHEME 10. Classical Substrate-Directable Reaction in Organic Synthesis®
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FIGURE 4. Versatile auxiliaries for organic synthesis.
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FIGURE 5. Representative weakly coordinating substrates.

and to control positional selectivity. However, this approach can
be disadvantageous for the reasons outlined in section 1.

In reflecting upon these limitations, we looked to classical
substrate-directable reactions in organic synthesis for inspira-
tion (Scheme 10).>2-2° In addition to their reliability and
efficiency, a common feature that these reactions share is
that they employ simple, commonly encountered functional
groups (e.g, carboxylic acids, amines, and alcohols) to control

3-25
V b cat. Ru(OAc),
' COR; (S)-BINAP (65) CO,R;
—_—
Z “NHCOR, H, NHCOR,
Ar
64 AT g6
cat. Ru(OAc),
CO,H  (S)-BINAP (65) CO,H
H R3 A _— R3
: 8 R4 H, 3 R4
H Ry Rz
: 67 68
R= & 00
O~ = i
) o9
62 (S)-BINAP, 65

the stereo- or regiochemical course of the reaction through
weak coordinative interactions. Collectively, these classical
substrate-directable reactions also cover a range of carbon
skeletons in which the directing atom lies in different spatial
relationships to the other reactive sites allowing for intricate
functional group patterns to be constructed. Hence, we rea-
soned that by developing C—H functionalization chemistry
that similarly utilizes ubiquitous functional groups, we could
overcome many of the problems discussed above. One key to
this approach would be devising tactics to functionalize remo-
tely located C—H bonds (those positioned 5—6 bonds away
from the directing atom).

At the same time, we recognized that removable auxili-
aries that mask more common functional groups, including
the Evans oxazolidinone (69),%” Myers pseudoephedrin
amide (70),?® and Ellman AMfertbutanesulfinyl imine (71)%°
auxiliaries (Figure 4), often imbue organic substrates with
unique reactivity, and that developing widely versatile auxili-
aries of this type may enable Pd(ll)-catalyzed C—H functiona-
lization to reach new heights.

In both of the scenarios, we were keen to target weakly
coordinating functional groups (Figure 5). We hypothesized
that if we could rely on geometry to trigger a Kinetically
favorable C—H cleavage event, we could then harness the
enhanced reactivity of the metalated intermediate to im-
prove the range of coupling partners that could be used, and
hence increase the number of new reactions that could be
developed. We were also inspired in these endeavors by
other areas outside of the realm of transition metal
catalysis in which weak coordination has been success-
fully exploited to control the reactivity and selectivity of
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SCHEME 11. New Retrosynthetic Disconnections for Heterocyclic Ring Formation
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Asymmetric Asymmetric
Conjugate C-H
Addition Functionalization
H3C HsC H,;C
F P cor  ——— "y con TcoxH
Nu-H Nu [M”-L], Nu-H
92 76

chemical transformations, including directed lithiation,
Lewis acid catalysis, and organocatalysis. With respect to
lithiation chemistry, Beak et al. described the complex-
induced proximity effect (CIPE),>° the essence of which is
controlling the selectivity of a reaction by positioning the
reactive species in specified spatial orientations and driving
the reaction through high effective molarity. This example
reinforced our understanding that the key in our endeavors
would not necessarily be the strength of coordination to the
directing group but the distance and geometry between the
metal and the target C—H bond.

At the outset, we reasoned that through pursuing reac-
tions of this type, we would enable new disconnections in
retrosynthetic analysis. For instance, commonly occurring
heterocycdlic ring systems could rapidly be constructed using
either a C—H activation/C—Y cyclization reaction, or alter-
natively intervening electrophiles or nuceophiles could be
incorporated (Scheme 11). In designing a synthetic route to
aliphatic carboxylic acids bearing a chiral center at the
B-position (91), rather than resorting to traditional asym-
metric conjugate addition to an o,5-unsaturated ester (92),
following C—H functionalization logic, one could start with a
simple aliphatic acid bearing no other functionality (76)
(Scheme 12). Applying this logic in a sequential sense, mole-
cules like pivalic acid (93) could be used for the construction of
all-carbon quaternary stereocenters (Scheme 13). This ap-
proach is not only step-economical, but it also allows pools
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SCHEME 13. Hypothetical Synthetic Route to Chiral Building Blocks
Containing All-Carbon Quaternary Stereocenters from Pivalic Acid Using
Sequential C(sp®)—H Functionalization
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93 94
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@ | AR, |
95 96

of feedstock chemicals, like aliphatic acids, to be drastically
advanced in molecular complexity in a modicum of chemical
transformations, which stands in contrast to the gradual or
incremental manner that traditional synthetic methods build
complexity.

Following this thinking, we also set our sights on other
synthetic transformations that have proven to be broadly
useful and decided to develop C—H activation reactions that

a : ! b :
BT 1T pgn—OAC

T H, ’\{3
. o=
Ri Ry : CHa
97 98

FIGURE 6. (a) Lithiation through the CIPE and (b) a hypothetical exam-
ple of Pd(ll)-mediated C—H cleavage through weak coordination.
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SCHEME 14. C—H Cleavage in Pretransition State Coordination Structure 99, Triggered by Precise Geometrical Positioning of the Methyl
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would mirror these reactions. For instance, Pd(ll)-catalyzed
cross-coupling of C—H bonds with organometallic reagents
is especially appealing considering the broad synthetic
applications of traditional Pd(0)-catalyzed cross-coupling
reactions.

The fundamental challenge in using the functional
groups in Figure 5 (or auxiliaries thereof) to direct C—H
cleavage with Pd(ll) is that in many cases they form com-
paratively low-energy interactions with Pd(ll). In these cases,
traditional cyclometalation to form a robust isolable inter-
mediate is less likely to occur, so new chemical methods
need to be developed to take advantage of the coordination
chemistry of these substrates.

5. Implementation

5.1. Approach. Many of the ideal functional groups to
direct Pd(ll)-mediated C—H functionalization form weaker
interactions than do the traditional directing groups used to
promote cyclopalladation, and they are less rigid, possessing
more conformational degrees of freedom. Though the re-
activity is far less established, there are significant advan-
tages to using these types of substrates from a synthetic
perspective. However, for developing metal-catalyzed C—H
activation reactions, having an appreciably high rate of C—H
cleavage is crucial for choreographing a catalytic cycle. For
instance, as discussed in section 3, in Pd(ll)-catalyzed C—H/
R—M cross-coupling reactions, one of the major problems is
the undesired reaction between Pd(ll) and the organome-
tallic reagents, which leads to homocoupling and ultimately
to catalyst death. This side reaction becomes predominant if

OAc

H, ..~ d” gt
o)

\\-CHS

= y

102

C—H deavage is not rapid. In considering how to extend
Pd(ll)-mediated C—H activation reactions to new substrate
classes, including those in Figure 5, we needed new meth-
odology in which C—H palladation would be promoted by
weak coordination analogous to CIPE chemistry (Figure 6).
However, when we initiated our work in this area, examples
of catalytic reactions of this type were rare ?'3?

From our oxazoline chemistry'® we learned several key
lessons that were pertinent to our endeavor to develop C—H
functionalization reactions using weakly coordinating di-
recting groups. We had originally targeted oxazoline as a
directing group because of its capacity for effecting stereo-
induction, and because it could be easily installed and
removed, and thus could be viewed as a carboxylic acid
surrogate. During our work, oxazoline showed particularly
high reactivity as a directing group, with C(sp®)—H cleavage
taking place at room temperature. We thus sought to under-
stand the root of this reactivity through conformational/
geometrical analysis. In the square planar pretransition state
coordination structure 99, the target C—H bond is lined up
directly adjacent to acetate anion (in other words, the
dihedral angle between the C—H bond and the Pd(ll)—OAc
bond is at its minimum), which is thought to be critical during
the presumptive concerted metalation/deprotonation tran-
sition state, which could potentially involve internal (100) or
external (101) base (Scheme 14).

5.2. Boc-Directed C(sp®)—H Functionalization. Given the
dominant role that distance and geometry played in the
Pd(ll)-mediated C—H functionalization using oxazoline as the
directing group, we wondered whether weaker coordinating

Vol. 45, No. 6 = 2012 = 788-802 = ACCOUNTS OF CHEMICAL RESEARCH = 795



Developing Useful C—H Functionalization Reactions Engle et al.

SCHEME 15. Boc-Directed C(sp®)—H Acetoxylation of o-Methyl
Groups®?

o 10 mol% Pd(OAc), OAc O
1 equiv. IOAc (48) c
H;cWJLO,t-Bu —  » L _tmu

° N™ O
CHCl,, 50 °C, 40 h
n-Bu 2 n-Bu
103 106, 83%

lPd”]¢ * I0AC

L\ /X L\ /X
pd! Pd!!
e R 7t
HiC. t-B - HOAc HoCo t-B
3 ',\l O’ u 2 'l\l O/ u
n-Bu n-Bu
104 105

oxy functional groups could be used provided that the
coordination geometry was correct. Our efforts began using
Mtert-butoxycarbonyl (Boc) directing groups to activate and
functionalize C(sp®)—H bonds (Scheme 15).3®> We were at-
tracted to the possibility of using Boc directing groups
because of their synthetic utility as protecting groups, and
also because the work would serve as a stepping stone to
access other weakly coordinating directing groups. To our
delight, after an extensive survey of reaction conditions, we
found that Boc-protected methylamines could be acetoxy-
lated at the o-position in good yield under mild conditions.

5.3. Carboxylate-Directed C—H Functionalization. Our
research group has long been interested in Pd(ll)-catalyzed
C—H functionalization with carboxylic acid substrates, which
we viewed as a simplified version of our oxazoline chem-
istry, without the added operational burden of installation
and removal of the directing group. Early work by Miura and
co-workers established a Pd(ll)-catalyzed ortho-C(sp?)—H
olefination protocol for benzoic acids.®' Sen,>* Sames,> and
Chang>® achieved moderate efficiency in carboxylate-directed
C(sp®)—H hydroxylation using Pt(ll) catalysts. We initiated our
research efforts in this area with the aim of developing gen-
erally applicable methods to enhance reactivity in order to
expand the scope of both substrate and coupling partners. Our
early efforts, however, were largely unsuccessful, and we
began to wonder whether the limited reactivity could be
attributed to an undesired coordination geometry between
the metal and the substrate (Figure 7). We hypothesized that
Pd(ll) was binding the carboxylate group in a «* fashion, which
was effectively sequestering Pd(ll) away from the target 5-C—H
bond. Pd(ll) is known to adopt a variety of coordination modes
with carboxylates, and in this case, if the equilibrium between
«' and «? coordination strongly favored «? coordination, one

796 = ACCOUNTS OF CHEMICAL RESEARCH = 788-802 = 2012 = Vol. 45, No. 6

HC g,
RCO, OW)<R
,
\Pd/ ‘0

A" 0.R /\
RCO2 \Pd/ \Pd /Och

o._CH
2 0,CR 3
0—pPd_ cyclic trimer O—Pd—0
HsC, ‘._O/ “oAc 108 H,;C /

x2-coordination x2-coordination
dimer monomer

107 109

FIGURE 7. «? coordination structures.?'®

SCHEME 16. Possible Carboxylate Binding Modes?'®

a Ir
\

H 0,—/Ir' H O [in—o
@Ab 3 ©/go —> @Ao
x2-coordination k-coordination

110 111 112
b Pd'
H O—Pd" H ©
(0] - — (0]
x2-coordination k’-coordination
113 114

SCHEME 17. Dramatic Countercation Effect in the ortho-C—H lodination
of Benzoic Acids>®

CH; 5 mol% Pd(OAC), CHs
@COZX 2 equv. I0AC (48) @:COZX
—
H DCE |
100 °C, 24 h
115, X =H 117, 5%
116, X = Na 118, 85%

would expect C—H cdleavage to be prohibitively sluggish
(Scheme 16). Using other metals, such as Rh(l) and Ir(l), ort/o-
C—H dleavage with benzoic acids has been reported.” In these
cases, a «” to a «' transition takes place forming C—H meta-
lated complexes (112), in which the carboxylate is coordinated
to the metal as an X-type ligand. Following the logic of our
hypothesis, it would seem that in the case of Pd(ll), there exists
an energetic preference for the complex to remain in a «*
configuration.

If this coordination geometry situation were indeed the
problem, one solution would be to devise a means of
shifting the equilibrium between «' and «? coordination.
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SCHEME 18. Evidence for Proposed Coordination Structures in Counteraction-Promoted C—H Cleavage by Pd(ll)>'>3°

1} 1}
a O(:)_ K@ A © K@ Pd\o
H:{C "b/ HsC ‘-.o/ Hsc.NJLo,t-Bu
' Ry Ry Ry Il?
119 120 121
CHs
b 0
PPh,
0,0 o
CH; O=Na CH; ONa ',Pd\
-.0/ Pd(OAc), No  PPhs(124) o o PPhs O (
u 1,4-dioxane Pé. CH,Cly, 25 °C, 5 h P PR 0 °
100°C, 2 h 7y Pd Pd’
122 AcO."A - NaOAc 190"
123 PhgP
characterized 0]
by "H NMR HaC
125
characterized
by X-ray

SCHEME 19. C—H/R-BX; Cross-Coupling of Carboxylic Acid
Substrates*®

SCHEME 20. C(sp*)—H/R—BX, Cross-Coupling of AAMethoxy Amides*?

a 10 mol% Pd(OAc),
o 0.5 equiv. BQ
a CHj 105?&;53.(380)2 CHs CH; 2 equiv Ag,0 Ph
CO,H 0 CH; 1 equiv. Ag,CO3 CO,H 0 2 equiv KoCO3 o
+ Ph-B - + Ph-B(OH) ——————»
} HN t-BuOH
H O0—/ "CHs t'BoUOH Ph *OMe (1.5 equiv.) 70°C, 18 h HN’OMe
(1 equiv) 120°C, 3h 131 132 133, 94%
115 126 127,800 e —— e —m—mm——m——————————————————
l-) -------------------------------------------------------------------- b 10 mol% Pd(OAc),
0.5 equiv. BQ
CHs 10 (;nsol% Ed(ggc)z CH, CHs, 2 equiv Ag,0 n-Bu
COZH . equ;:l co CO.H 2 equiv KoCO3
+  HC-B(OH), ' ©auV-AgCOs 2 + nBu-BOH, ——— o
. 0O,
H (2 equiv.) ¢-BUOH CH, HN.oMe (1.5 equiv.) HiC X CH, 135 HN. Gue
115 128 100°C, 3 h 129, 75% 131 134 70°C,18h 136, 64%
c 10 mol% Pd(OAc), . . . 2 :
c 0.5 equiv. BQ Ph countercation binds to the carboxylate group in a «~ coordi-
H 1 equiv Ag,CO. . R . .
- 4\ 3 - _B,o:><cH3 LL HaC J:co 9, nation mode, which induces Pd(ll) to coordinate with the
3 CO-,H ) : 2 . - .
HC 72 “ 0~ ) CHy 1.5equlv. KoHPOs  HiC unhindered oxygen lone pairin a «' fashion (Scheme 18). In
equiv. -5t . .
93 126 100°C, 3 h 130, 38% this case, the oxygen atom serves as an L-type ligand. When

We wondered whether a hard Lewis acidic metal might
preferentially bind to the carboxylate and reorient Pd(ll) into
the desired spatial relationship with the C—H bond. Initial
efforts in our laboratory focused on ortho-C—H iodination of
benzoic acids.>® After surveying a variety of conditions, we
found to our delight that countercations, such as Na*, K™,
NR, ", or even protonated DMF, were capable of promoting
Pd(ll)-mediated ort1o-C—H cleavage in carboxylic acid sub-
strates (Scheme 17). Interestingly, even simple table salt
(NaCl) could be used as the cation source.

On the basis of "H NMR spectroscopy and X-ray crystal-
lography,®® we have formulated a working model to
explain the observed reactivity patterns. In this model, the

this coordination structure is assembled in the pretransition
state, it triggers C—H cleavage through a process closely
resembling the CIPE in lithiation chemistry. Importantly the
Lewis basicity of the sodium—carboxylate lone pairs is still
enhanced relative to an unactivated carbonyl (e.g., of an
ester of ketone) due to both resonance effects and electro-
static effects. Later we found that the dramatic influence of
countercations also held in other reactions of carboxylicacid
substrates (as discussed in the following section).

Based on this enhanced reactivity, we were able to achieve
Pd(ll)-catalyzed C—H/R—M cross-coupling (Scheme 19).4°
While yields in our initial report were generally low and the
substrate scope was limited, we nevertheless established an
important precedent that C—H/R—M cross-coupling could
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FIGURE 8. Possible pretransition state coordination structures with electron-deficient Asubstituted amide directing groups.

be carried out using substrates lacking strong directing
groups. Our C—H functionalization protocol was found to be
compatible with CH3;—B(OH), (128). Other alkyl boron re-
agents probed to be problematic, likely because of competitive
B-hydride elimination. Importantly, aliphatic acids (93) could
also be used as substrates in this C—H/R—M cross-coupling
protocol, giving the corresponding functionalized products
(130) in low yields. Contemporaneous to our work, Daugulis
reported an important study on or#/70-C—H arylation of benzoic
acids using aryl halides and Pd(ll) or Pd(0) catalysts.*!

5.4. Versatile Auxiliaries for C—H Functionalization.
Compared to C(sp?)—H cleavage, C(sp®)—H cleavage with
weak directing groups poses a unique challenge because the
system is conformationally less rigid and because the metal
cannot engage with target C—H bond via an initial s--orbital
interaction. The low reactivity of carboxylate directing
groups in C(sp*)—H functionalization motivated us to engineer
a versatile auxiliary that would mimic the weak coordinative
affinity of a carboxylate while offering more facile C(sp*)—H
cleavage. In the long term, we hoped that our endeavors
would one day lead to the identification of a directing group
that exhibited superb reactivity, selectivity, and scope (both in
terms of substrates and reaction partners) and that could be
readily installed and removed—in essence, an “Evans auxiliary
for C—H functionalization”.

We first sought to develop an amide directing group with
an acidic N—H bond (analogous to the acidic carboxylate
O—H bond), where the Pd—substrate interaction would be
strengthened because of the presence of a nudeophilic
nitrogen atom.*? We ultimately found that A*methoxy
amides (131) gave drastically improved efficiency in
C(sp*)—H/R—M cross-coupling, even when alkyl boronic acids
were used as coupling partners (Scheme 20).

In this reaction, several possible pretransition state co-
ordination structures exist (137—142, Figure 8). In the con-
text of C(spz)—H activation, Wang and co-workers obtained
a crystal structure of a cyclopalladated intermediate where
the amide was coordinated through the an X-type nitrogen
(corresponding to structure 139).*3> However, care must be
taken in interpreting this result, since it is possible that any
thermodynamically stable intermediates are the result of
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reorganization following C—H cleavage. Ongoing efforts in
our laboratory are focused on teasing out the mechanistic
nuances of this and related directing groups.

Later, in our efforts to develop the first example of inter-
molecular Pd(0)-catalyzed C(sp®)—H arylation with aryliodides,
we designed a dass of Maryl amide directing groups, wherein
the increased reactivity stems from the presence of electron-
withdrawing substituents on the aromatic ring which increase
the acidity of the N—H bond (Scheme 21).** We hypothesize
that these amides can be deprotonated under weakly basic
conditions, binding to Pd(ll) in one of the possible «' coodina-
tion modes in Figure 8 to facilitate C—H cleavage. Notably, this
type of directing group has proven to be effective in a
remarkably broad range of reactions, and can readily be
installed and removed. This work thus represents an important
step forward in the search for truly enabling C—H functionali-
zation auxiliaries.

5.5. Other Versatile Functional Groups. Based on the
lessons learned from carboxylic acids, we sought to use the
weak coordination concept to employ amines and alcohols
as directing groups. After extensive reaction optimization,
we were ultimately able to achieve reactivity with phe-
nethyltriflamides (147)*>4° and phenethyl alcohols (150)
(Scheme 22).4748 The reactions shown in Scheme 22 show-
case how these versatile substrates can be employed for
expedient heterocycle synthesis. In the case of the phe-
nethylamine substrates, attenuating the binding affinity of
the substrates through attachment of the trifluoromethane-
sulfonyl group is critical for reactivity.

5.6. Diversity of Reaction Partners. As discussed above,
a major advantage of using weakly coordinating substrates
for Pd(ll)-catalyzed C—H activation is the relatively high
reactivity of the palladated intermediate. Because of the
higher reactivity, a range of different nucleophiles and
electrophiles can be successfully used as reaction partners.
This has led to the discovery and development of several
new Pd(ll)-catalyzed C—H functionalization reactions. For
instance with benzoic acid substrates, C—H iodination,3®
hydroxylation,*® carboxylation,®® alkylation,*® and aryla-
tion*® reactions have been reported by our group,
using several different redox manifolds (Scheme 23a). For
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SCHEME 21. Weakly Coordinating Acidic A*Aryl Amide Auxiliaries**

10 mol% Pd(OAc),

PCy2*HBF4
20 mol%

3AwmMS
CHs 3 equw CsF NHX
H3C NHX . Pphi HyC +
(3 equiv.) PhCH3, Ny, 24 h
143a-i 51 145a-i 146a-i
/ / 'S4
weowe L U@
NO, HiC NO,
145a, 0% 145b, 3% 145¢, 0% 145d, 12% 145e, 10%
146a, 0% 146b, 0% 146¢, 0% 146d, 0% 146e, 0%

Jf\@/ N02 J‘UCF;;
NO, CFs

145f, 24%
146f, 12%

1459, 18%
1469, 8%

E F

o XX

F F F
F

145h, 30%
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SCHEME 22. Applications of Remote, Weakly Coordinating Directing

Groups*> 48
a o
3
10 mol% Pd(OAc), S8
NHTF ° NHTF
2.5 equiv. AgOAC
" t ANCocH, — > _
(4 equiv.) 2(1);0?.2E72Mh': CO,CH,
147 148 149, 87%
b 10 mol% Pd(OAc),
20 mol% (+)-Men-Leu-OH
CHs 1 equiv. Li,CO4 CHs CH
CHj; 4 equiv. AQOAc 3
CH, + 2 —_— CH3
oH® COEL CeFes, 80 °C, 48 h o]
H CHs CH, |
R Com CO,Et
150 151 0" "N copH 153, 85%
HaC”"CHs
(+)-Men-Leu-OH (152)
c
CHs
CHs 10 mol% Pd(OAc), CHs
C(\/NH'W | ®\ 1.25 equiv. DMF @
N ) —
H HsC™ "N™ "CHs  pcE, 120°C, 72h N
F oTfO T
147 (2 equiv.) 155, 80%
154
d cH, oH 5 mol% Pd(OAc), CHs
3 1.5 equiv. Li,CO;
CHs
CHs + PhI(OAc), —_—
4 OH (15 equiv) CeFe, 100 °C, 36 h O CHs3
150 44 156, 88%

particularly challenging transformations such as ort10-C—H
amination®! and fluorination,>> where a fast rate of C—H
cleavage is crucial because of interference from the reaction
partners (i.e., amines and fluorinating reagents), use of the
versatile electron-deficient Afaryl amide auxiliary described
above, has been found to facilitate the reaction (Scheme 23Db).

By drawing on this approach, we have designed a weakly
coordinating auxiliary for sulfonamides to enable rapid lead

SCHEME 23. Diverse Reactivity in C—H Functionalization Using Weakly
Coordinating Substrates

a CO,X
@ X=Na, K, efc.
H

157

COzH cat Pd"
@E Ar—B(OR ®
Ar /

159

|
163

[Pd"] O, (1 atm)

O,H / 158 \ CO,H

CL. X
co oH
160 162
L.,
COH
161
b ox
CONHAr BZO=NR¢Ry ol @ CONHAr
., | T &
NR1R, [Pd'"] F
165 164 166

Ar = p-CF3(CeF4)

diversification in medicinal chemistry. For example, Celebrex
analogue 167 can undergo six categorically distinct Pd(ll)-
catalyzed C—H functionalization reactions (Scheme 24).>

6. Future Outlook

As the field moves forward, weakly coordinating directing
groups will play an important role in the development of
ligand-controlled metal-catalyzed C—H functionalization, in-
cluding enantio- and position-selective reactions, as well as
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SCHEME 24. Divergent C—H Functionalization of Drug Candidates®3

0, ,,0
ArHN™S
Hozc @)\)”cra
HsCO
\ pg!
0, .0 cat. Pd'! \l,
ArHN® A coEt AHNS
-N 151
| N S—cF,
EtO,C Ar=CgFs
H,CO 169 MeO
cat. Pd"
CH3B(OH),
128
Q\'/O
ArHN’
N
HsC N7'§ CF,
H3CO 170

(0}
Oqél
ArHN N
N""—cF
0 Sy
H,CO 174
cat. Pd"
co
cat. Pd'! O“s"o
I0AC ArHN
NN _cr, 48 > ' CFy
Celebrex
Analog
HaCO
cat. Pd"
PhBPin
171
Q\l'
ArHN"
-N
Ph N7Q CF,
HsCO 172

SCHEME 25. Enantioselective C—H Activation®#>>

a

1 10 mol% Pd(OAG),
A 20 mol% (-)-Men-Leu-OH
H H 0.5 equiv. BQ
+ n-Bu-B(OH),
3 iv. 1 equiv. Ag,0O
0 0 ¢ ?g:'v) THF, 60 °C, 20 h
CH; CHs CHj CHj CH; CHj3
175 2 CHy 177
O™ N">CO.H 91% yield, 87% ee
H3C CHs
(-)-Men-Leu-OH (176)
b Na®, 5 mol% Pd(OAGc), Ph
j Oses0 1 10 mol% Boc-lle-OH HO_.0 2
5 mol% BQ R)
R " Sy moane, (i
3 i -AmyIOH, 1 atm CH3
@ equiv,) 90 °C, 48 h
178 35 s 180
ﬁ i 73% yield, 97% ee
+BUO COH

Boc-lle- OH (179)

ligand-accelerated reactions. Directing groups that coordi-
nate strongly to the metal can facilitate rapid C—H cleavage
but, by the same token, can cause the substrate to outcompete
potential ligands for empty coordination sites on the metal. Our
group has found success using substrate/ligand combinations
with matched coordinative affinity. In particular, we have had
success in developing enantioselective C—H functionalization
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SCHEME 26. Ligand-Accelerated Pd(ll)-Catalyzed C—H Olefination®

- cat. Pd(OAc),
CFs Ligand CFs
CO,H 2 equiv. KHCO; CO.H
Q™" o pe
H (2 equiv.) t-AmylOH, o1 atm Oy, CO,Et
181 151 90°C 182
Ligand Pd(OAc), Time Conv. CHg
0 NuCHs
5 mol% 48h 15% 11 COH
Ac-lle-OH 1 mol% 4h 98% Ac-lle-OH (183)

reactions using [Pd(ll)—amino acid] catalysts, first using
diphenyl pyridyl substrates (which are weakly coordina-
tive due to steric bulk) and later diphenylacetic acids
(Scheme 25).>#55 We found that this same class of li-
gands was successful in promoting position-selective
C—H olefination®°® and in accelerating C—H functionaliza-
tion reactions (Scheme 26).>

Weakly coordinating directing groups have also re-
cently emerged as a promising approach for achieving
high reactivity in C—H functionalization with other metals,
including Rh(lll) and Ru(ll). Though we cannot high-
light examples here due to space constraints, we believe



that the use of weakly coordinating functional groups
will be generally applicable in enabling the discovery
of many new metal-catalyzed C—H functionalization
reactions.

6. Conclusions

Utilizing substrates with weakly coordinating directing
groups for Pd(ll)-catalyzed C—H functionalization is a
powerful approach for developing synthetically versatile
reactions. In our experience, this approach enables un-
precedented breadth in the functionalization step, owing
to the higher reactivity of the putative cyclopalladated
intermediates. We have pursued two primary strategies
with weak coordination: (1) utilizing commonly occurring
functional groups and (2) developing practical auxiliaries
that can readily be installed and removed. In the future,
we expect this approach to play an instrumental role in the
study of ligand-controlled catalytic C—H functionalization
reactions with Pd(ll) and other metals.
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