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ABSTRACT: Methods to functionalize arenes and heteroarenes in a site-selective manner are highly
sought after for rapidly constructing value-added molecules of medicinal, agrochemical, and materials
interest. One effective approach is the site-selective cross-coupling of polyhalogenated arenes bearing x
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multiple, but identical, halogen groups. Such cross-coupling reactions have proven to be incredibly v-cnos
effective for site-selective functionalization. However, they also present formidable challenges due to the

inherent similarities in the reactivities of the halogen substituents. In this Review, we discuss strategies
for site-selective cross-couplings of polyhalogenated arenes and heteroarenes bearing identical halogens,

What factors control
site-selectivity?

beginning first with an overview of the reaction types that are more traditional in nature, such as
electronically, sterically, and directing-group-controlled processes. Following these examples is a description of emerging strategies,
which includes ligand- and additive/solvent-controlled reactions as well as photochemically initiated processes.
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1. INTRODUCTION

Functionalized arenes and heteroarenes (collectively, (hetero)-
arenes) occur in a diverse array of secondary metabolites (i.e.,
natural products), drug candidates, ligands (e.g., those
employed in transition-metal-catalyzed reactions), polymers,
and electronic materials.' > Given the ubiquity of these
structural motifs, synthetic chemists continue to seek efficient,
generalizable syntheses to prepare these scaffolds.”™® Two
approaches have primarily been pursued. In the first approach,
the core (hetero)arene is assembled from acyclic precursors
already bearing key substituents that will reside on the
periphery of the (hetero)arene.””"" A second approach focuses
on functionalizing the periphery of a preformed (hetero)arene
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Figure 1. Selected cross-coupling examples.

coupling

core through sequential functionalizations.'” Of the two
approaches, the latter has become more commonly employed
due to the widespread availability of the unfunctionalized
(hetero)arene precursors and the broad range of functionaliza-
tion strategies that currently exist, including aromatic
substitution reactions,">™'° metal-mediated halogen-exchange
reactions,'®"” C—H functionalization processes,18
pling reactions,"” and the more recently developed photoredox
catalysis.®

In particular, cross-coupling reactions (selected examples
shown in Figure 1),°”*" have been shown to be tremendously
powerful tools for functionalizing halogenated/pseudohalo-
genated arenes by selectively replacing a halogen/pseudohal-
ogen with a desired substituent. Since their inception over 40
years ago, cross-coupling reactions have continued to offer a
highly convergent and streamlined approach for generating
value-added complexity and are therefore invaluable in all areas
of synthetic chemistry, in particular, the fine chemical
industry.”” Indeed, it is no surprise that this powerful class
of reactions was duly recognized with the 2010 Nobel Prize in
Chemistry to Richard F. Heck, Ei-ichi Negishi, and Akira
Suzuki.*® The field of cross-coupling has continued to evolve
since the pioneering work of Suzuki,>*~%* Negishi,26’27
Stille,”**” and Heck.>* Recent decades have seen the
development of myriad new coupling strategies,”” many of
which focus on addressing and improving several important
aspects of cross-coupling chemistry, such as the site
selectivity.”'

The appeal of site-selective’™*” coupling reactions stems
from the ability to functionalize one position of a multiply
halogenated (hetero)arene over all other positions, thus
providing a streamlined synthetic approach for structural
diversification. Traditionally, site-selective couplings have been
achieved by employing (hetero)arene electrophiles bearing
multiple, nonidentical halogens or pseudohalogens, such as the
triflyloxy (—OTf) group (Scheme 1A)."****> In these cases,
the site selectivity relates to the relative bond dissociation
energies (BDEs) of carbon—halogen (C—X) bonds (lower C—
X BDE = preferred site of oxidative addition) and therefore
follows the general reactivity trend: C—I > C—Br > C—Cl >
C—F.*7 This difference in reactivity ultimately facilitates the
chemoselective installation of a substituent to a desired
position.12 This strategy, however, becomes challenging when
the parent (hetero)arene bears identical halogen atoms, as
there is little difference in the nature of the aryl—halide bonds
(Scheme 1B). In these systems, site-selective coupling at the
carbon bearing one halogen atom over another depends on
other factors such as the electronic nature of the atom to which
the halogen or pseudohalide is attached and the steric
environment, which determines the preferred site of

Cross-cou-

Scheme 1. Cross-Couplings of Polyhalogenated Arenes
Substituted with (A) Nonidentical Halogens or (B)
Identical Halogens
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reactivity.”’ Overall, achieving site-selective couplings is of
great interest to the synthetic community not only because of
the use of easily accessible polyhalogented aryl precursors but
also due to the effectiveness of these processes in generating
complexity both rapidly and efficiently. Strategies for achieving
site-selective couplings in polyhalogenated (hetero)arenes
containing identical halogen atoms continue to eme1‘ge.39_44

In this Review, we present a comprehensive overview of the
site-selective coupling of polyhalogenated (hetero)arenes
bearing identical halogen groups by summarizing selected
examples in this field, which highlight key factors that enable
site selectivity. These examples are further categorized on the
basis of factors that control the selectivity in each system,
including electronic control, steric control, directing group
(DG) control, ligand control, and additive/solvent control.
The examples range from traditional approaches to controlling
site selectivity, such as electronic and steric control, to more
contemporary strategies, such as those that leverage additive/
solvent control, to highlight the evolution of site-selective
coupling. Additionally, the evolution in methods for achieving
selective coupling is further supported with recent examples
that deviate mechanistically from the norm, such as photo-
chemical and C—F activation processes. It is important to note
that aspects of classical approaches to site-selective cross-
couplings (e.g., those influenced by DGs and electronic/steric
factors) discussed herein have also been discussed in previous,
insightful reviews;> ™" however, more modern approaches,
such as the aforementioned C—F activation, additive/solvent-
controlled, and photochemically initiated processes, have not
been previously discussed. By focusing on a large array of
examples, including those previously covered, we hope to place
the methods in context, illustrate the growth of this field, and
provide insight into the potential future directions of this
highly valuable but rapidly evolving area of cross-coupling
chemistry.
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2. OVERVIEW OF MECHANISTIC CONSIDERATIONS
AND EXISTING METHODS FOR PREDICTING SITE
SELECTIVITY

To understand how selectivity arises in the cross-coupling of
polyhalogenated (hetero)arenes, one must first consider the
mechanism of cross-coupling. A simplistic depiction of the
catalytic cycle for a transition-metal catalyzed cross-coupling,
such as the Suzuki—Miyaura reaction, reveals three key
elementary steps: oxidative addition, transmetalation, and
reductive elimination (Scheme 2).***>*~* The cycle begins

Scheme 2. General Reaction Mechanism for Transition
Metal-Catalyzed Cross-Coupling

Y= R
s,
or X Mn)=1,2

Y0 x

Rl/gv))):: 1,2

reductive oxidative B
elimination addition ;; ,cgr OC,S EoTf
Y=\ X Y M(+2R Y Y +2
X L M#2)x
U I~ ~
(n+2),\|/| n=12 X o1 (n+2),Y| he12 X M1z
R X

transmetalation

XM’ RM’

with oxidative addition of the ligand-bound metal catalyst
(M"L,) into one of the carbon—halogen bonds to generate a
M"*? intermediate. This intermediate then transmetalates with
a suitable organometallic reagent (RM') to generate a new
M"? complex, where the halogen on the metal is displaced.
This newly generated intermediate, when oriented in the cis
geometry (with respect to the metal center), is primed to
undergo reductive elimination to furnish the coupled product
and regenerate the M"L, complex.*>™** In most instances, the
turnover-limiting (or selectivity-determining) step is oxidative
addition, where selectivity arises due to differences in the
relative electrophilicities of the carbons bound to halogen
groups in the parent (hetero)arene.*~* However, it should be
noted that there are instances where transmetalation or
reductive elimination are turnover-limitin& and such examples
will be discussed on a case-by-case basis.*>*’ Because oxidative
addition formally involves the addition of electrons to a
carbon—halogen bond, the most electrophilic carbon would be
expected to be the preferred site of attack, and, in general, the
selectivity of cross-coupling follows the same trend observed
for nucleophilic aromatic substitution (SyAr) reactions.'>*"
Overall, the selectivity-determining step is influenced by
several factors, including the electronics of the (hetero)arene,
specifically, the relative electrophilicities of the carbon
positions; the steric environment around the (hetero)arene,
usually favoring positions that minimize steric interactions in
the transition state; the reactivity of the ligand-bound catalyst
from both an electronic and a steric standpoint; and the
transmetalating reagent, in cases where transmetalation is
turnover-limiting.”" Therefore, a site-selective coupling could
be achieved by controlling any of these factors, depending on
which step is turnover-limiting and irreversible.

In their highly informative review on site-selective Suzuki—
Miyaura couplings of heteroaryl halides, Spivey and coworkers
highlighted several key paradigms for predicting site
selectivity.”' Because many of these factors will be invoked
throughout our Review and to ensure comprehensive and
consistent coverage, we will briefly summarize these key
paradigms as well. Several methods have been employed in
predicting the selectivity outcome in cross-couplings involving
polyhalogenated (hetero)arenes. Often, empirically deter-
mined SyAr data correlate with site-selective cross-coupling
outcomes.””*>*? In some cases, the reactivity trend observed
with lithium—halogen exchange to generate a more stabilized
aryllithium intermediate can also correlate with the preferred
site for transition-metal-mediated coupling.”*** Furthermore,
BC NMR chemical shifts () can provide insight into the
most electrophilic carbon positions on a given system.*"¢
Similarly, "H NMR chemical shifts (&) of the C—H bonds in
the corresponding nonhalogenated aromatic compounds can
guide the prediction of site-selective transformations as well.*”
However, this method is not reliable for systems where Ady is
<0.3 ppm because the site selectivity for such (hetero)arenes
can be reversed depending on the reaction conditions.”"*"**
Another potential limitation in this NMR-guided approach to
predicting reactivity order is that an initial substitution at one
of the carbon—halogen bonds could affect the electronics of
the remaining carbon positions, thus making subsequent
substitutions more challenging to predict by NMR.

Recently, computational strategies have also been applied in
predicting the selectivity outcome in cross-coupling for various
heterocyclic systems.”® Advantageously, computations evaluate
several related factors, such as steric influences and
neighboring group participation, in addition to the intrinsic
electronic properties of the parent heterocycle, to predict
selectivity outcomes. Overall, this represents a more
comprehensive and practical approach to predicting site
selectivity compared with previous methods like NMR,
which rely solely on intrinsic electronic differences to
rationalize preferred sites of coupling. For example, Houk,
Merlic, and coworkers have recently determined that the site
selectivity of Pd-catalyzed cross-couplings cannot be pre-
dicted/rationalized by analyzing only the BDEs of respective
carbon—halogen bonds.”® They have instead employed a
density functional theory (DFT)-based “distortion—interac-
tion” model to understand the factors that control oxidative
addition (Figure 2A). This model considers both the energy
required to distort the reactants (metal and heterocycle) to the
oxidative addition transition-state geometry (known as the
distortion energy, AE*;,) and the energy from major orbital
interactions between the distorted reactants (known as the
interaction energy, AE¥,,) to determine the activation energy
for oxidative addition (AE?). In general, the distortion energy
is related to the BDE of the C—X bond, and the interaction
energy is related to the extent of stabilization that results from
the overlap between the heterocycle z* lowest unoccupied
molecular orbitals (LUMOs) and the Pd d,, highest occupied
molecular orbitals (HOMOs) (Figure 2B).*® For polyhalo-
genated arenes, both of these factors (AE'g, and AEY)
determine the relative stabilities of oxidative addition transition
states at different halogen positions (ultimately conveyed by
relative AE* barriers). These data are, in turn, used to predict
and rationalize the preferred site of oxidative addition.

Overall, these methods highlight the importance of
considering multiple factors when predicting selectivity
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A. Distortion-interaction model
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Figure 2. (A) Distortion—interaction model and (B) major orbital
interactions between PdL, and ArX in oxidative addition.

outcomes in cross-coupling. On this basis, we will highlight
several strategies and tools for controlling site selectivity,
beginning with a discussion of how innate electronic properties
can guide selectivity outcomes in myriad cross-coupling
processes (section 3). After establishing a fundamental
understanding of electronic considerations and how they
guide selectivity, we will continue our discussion of this
expansive field by considering other strategies that can be
employed to either reinforce or override innate electronics to
control selectivity outcomes, such as leveraging steric, DG,
ligand, and additive/solvent effects (sections 4—7). Finally, we
will discuss modern photochemical approaches to execute site-
selective cross-couplings (section 8).

3. ELECTRONIC CONTROL

The electronics of the (hetero)arene can provide insight into
the site that is expected to undergo oxidative addition to
predict selectivity outcomes for cross-couplings of polyhalo-
genated (hetero)arenes bearing the same type of halogen. In
fact, unless there are other factors that override electronics and
perturb innate reactivity, such as strong steric influences or
DGs, electronic effects will usually guide the reaction
selectivity. Along these lines, there are two major factors to
consider when assessing the electronics of a system: the
(hetero)arene type and the substituent effects. For arenes (all-
carbon framework), electronic effects from substituents (i.e.,
electron-withdrawing groups (EWGs) or electron-donating
groups (EDGs)), beyond the two C—X bonds likely to
undergo oxidative addition, often guide the selectivity
outcomes (Scheme 3A). On the contrary, heteroarenes have
intrinsic electronic properties by virtue of the embedded
heteroatom, which can guide site selectivity even in the
absence of substituents; in these cases, however, substituent
effects can still play a role in guiding site selectivity (Scheme
3B).*” In this section, we discuss representative examples that
illustrate how the (hetero)arene type and the substituent
effects influence the electronic properties and therefore control

Scheme 3. General Electronic Considerations for Both (A)
Arenes (All-Carbon) and (B) Heteroarenes
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selectivity outcomes. We begin with a discussion of all-carbon
systems followed by examples of various six- and five-
membered heterocyclic systems. Whereas this section is
categorized on the basis of (hetero)arene type, the discussion
will focus on outlining the fundamental concepts surrounding
the electronic effects and properties of each system. Overall,
this section is meant to provide a general guide for
understanding electronic properties of arenes and heteroarenes
in the context of site-selective cross-coupling.

3.1. Selected Examples of Arenes (All-Carbon Framework)

Substituents play a major role in defining the electronic
environment of arenes and therefore heavily influence the site
of oxidative addition. One example of substituent effects on
electronics and, by extension, guiding site selectivity was
described by Hearn and coworkers in their syntheses of
unsymmetrical para-terphenyl moieties, which have been
shown to possess medicinally relevant biological properties
(4, Scheme 4).°° This transformation was achieved through a

Scheme 4. Site-Selective, One-Pot Suzuki—Miyaura
Coupling to Form Unsymmetrical Terphenyl Cores
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sequential ligand-free Suzuki—Miyaura coupling of 1,4-
dibromo-nitrobenzene (1) and diverse arylboronic acids (2
and 3) with a Pd(OAc), precatalyst (Scheme 4). By virtue of a
nitro (—NO,) substituent, cross-coupling to an electron-
deficient polyhalogenated arene gave selectivities that mirrored
that of an Sy Ar reaction, where the first oxidative addition
occurred preferentially at the more electrophilic C—Br bond
ortho to the nitro group rather than the meta C—Br bond; this
reaction resulted in the ortho-substituted (with respect to the
NO, group) biaryl intermediate, which subsequently under-
went a second coupling at the meta position upon the addition
of the second arylboronic acid (3) to provide the desired
terphenyl scaffold (4).

In addition to the work by Hearn and coworkers, site-
selective cross-coupling has also been achieved in site-selective
C—F bond cross-coupling reactions. Organofluorine com-

N
THF/H,0; then,  R'—+
Z
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pounds have proven valuable in pharmaceuticals because C—F
bonds are bioisosteres of hlghly ubiquitous C—H bonds but are
not susceptible to oxidation.”" For this reason, a considerable
amount of research has been dedicated toward developing new
C—F bond-forming processes.”” On the contrary, the
functionalization of C—F bonds by transition-metal activation
has been relatively less studied. Nonetheless, this alternative
approach has proven to be an attractive strategy for diversifying
organofluorine compounds. The main challenge associated
with oxidative addition into C—F bonds arises from the
strength of the C—F bond, which is not only the strongest
bond in the aryl carbon—halide series (Figure 3) but also the

Saleaieates

126 kcal/mol 96 kcal/mol

81 kcal/mol 65 kcal/mol

Figure 3. Relative BDEs of aryl C—X bonds.

strongest carbon—heteroatom bond in nature.”’ This bond
strength is attributed to the strong electronegativity of fluorine,
which polarizes the C—F bond and creates a strong
electrostatic attraction between C** and F°~.%

Nonetheless, considerable progress has been made in the
field of C—F bond activation,”* in particular, for the site-
selective cross-coupling of polyfluorinated arenes. In general,
selectivity outcomes for cross-couplings of these systems can
be understood by examining the analogous SyAr reactivity
(Scheme 5). In SyAr reactions of these systems, nucleophilic

Scheme S. Electronic Considerations of Polyfluorinated
Arenes and General Reactivity toward SyAr and Cross-
Coupling

SNAr selectivity
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addition is preferred at sites that result in a Meisenheimer®®

intermediate, with the anionic charge at a carbon bearing a
nonfluorine substituent (usually R = H, EWG, or EDG)
instead of one bearing a fluorine atom, which would otherwise
result in destabilizing electron—electron repulsive interactions.
To satisfy this preference, nucleophilic additions usuall occur
at a position that is not para to a fluorine atom.’ Using
pentafluorobenzene derivative S as a representative example,
addition is favored para to the nonfluorine R group, which
results in intermediate 6, whereas, addition ortho to the R
group (para to a fluorine substituent) is disfavored due to the
formation of intermediate 7, which is destabilized by electron—

electron repulsion. Analogously, 8 would also favor oxidative
addition para to R, providing intermediate 9.

A prime example of this selectivity is the site-selective Pd-
catalyzed C—F arylation of polyfluoroarenes that was
demonstrated by Zhang and coworkers (Scheme 6). 7 This

Scheme 6. Site-Selective Cross-Coupling of Polyfluorinated
Arenes
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F
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methodology involved the treatment of various polyfluoroar-
enes (10) with a diverse array of arylboronic acids and an in
situ generated Pd(0) catalyst to synthesize monoarylated cross-
coupled products. These reactions proceeded in accordance
with their known SyAr selectivity, where cross-coupling
occurred para to a nonfluorine R substituent to provide
monoarylated products 11a—d. In addition to para-arylated
products, the authors also reported ortho-arylated products,
such as 11d, where C—F activation selectivity was achieved
between the two ortho sites by the strategic placement of the
fluorine substituents. Similar to SyAr, the site that was ortho to
the ester but also para to a hydrogen atom (instead of a
fluorine atom) was the preferred site of coupling.

Similarly, the base-free Ni(0)-catalyzed Hiyama coupling
reported by Ogoshi and coworkers in 2014 (Scheme 7)

Scheme 7. Site-Selective Monoarylation of Perfluorotoluene
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proceeded with a similar selectivity outcome.”® Using
[Ni,("PryIm),(cod)], the authors effectively coupled perfluor-
otoluene (12) with various arylsiloxanes (13) to furnish the
corresponding para-arylated products (14a—d). One key
feature of this work is that cross-coupling was achieved
between arylsiloxanes and electron-rich (14a and 14b) or
electron-deficient (14c and 14d) arenes. Of note, the site
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selectivity of this reaction could be rationalized similarly to the
previous example, where selectivity analogous to an SyAr
reaction was observed.

3.2. Selected Examples of Six-Membered Heteroarenes

Heteroarenes, many of which are considered privileged
scaffolds® in medicinal chemistry, have also gained significant
traction in site-selective cross-coupling chemistry, which
provides an effective and modular strategy for structural
diversification. In fact, the majority of small-molecule drugs
employed in human medicine are composed of heterocyclic
subunits, with >85% of all bioactive molecules containing some
type of heterocycle.”””" Unlike arenes, such as benzene and
derivatives thereof, heteroarenes are inherently electronically
biased due to inductive effects imparted by the embedded
heteroatom(s).”> The selected examples of heteroarenes that
will be discussed in this section (pyridine (15), diazines
(pyridazine (16), pyrimidine (17), and pyrazine (18)), and 2-
pyrone (19)) are shown in Figure 4.

N (0]

S AN SN

O O O O &
N N N N P>

pyridine pyridazine pyrimidine pyrazine 2-pyrone
15 16 17 18 19

Figure 4. Selected six-membered heterocycles employed in site-
selective cross-coupling.

3.2.1. Pyridine. Pyridines (e.g., 20 and 20’, Scheme 8) are
inherently #-deficient by virtue of the embedded electro-

Scheme 8. Electronic Considerations of Pyridine and
General Reactivity toward SyAr and Cross-Coupling

SNAr selectivity
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negative nitrogen atom, which inductively withdraws electron
density from C2 (ortho) and C4 (para). The increased
electrophilicity at these positions activates them toward
nucleophilic attack in SyAr (Scheme 8).”” In an analogous
sense, for cross-couplings of polyhalogenated pyridines,
oxidative addition is also favored at the C2 and C4 positions,
but this selectivity also greatly depends on specific reaction
conditions, other substituents, and substitution patterns.73 In
general, for 2,3-, 2,4-, and 2,5-dihalopyridines, oxidative
addition is favored « to the nitrogen (i.e., at C2). Recently,
Houk, Merlic, and coworkers calculated the BDEs of the C—Cl
bonds in various dichloropyridines (Figure S) and found that
the C,—Cl bond in each of these systems has the lowest
calculated BDE, thus accounting for the observed selectivity in

2 2
Cl 2 cl N Cl

C,-Cl96.3 (84.9) C,-Cl95.1(86.3) Cy-Cl96.0 (87.1)  upiizing
C5-C199.9 (88.6) C,~Cl98.4(89.5) Cs-Cl99.8(90.8) (interaction

Figure 5. C—Cl BDEs (kcal/mol) of dichloropyridines using G3B3
(bold) and B3LYP (in parentheses).

cross-coupling.”®> The lowest BDE associated with the C2
position can be rationalized by the a-nitrogen effect in which
there is a stabilizing interaction between the nitrogen lone pair
orbital and the C2 singly occupied molecular orbital (SOMO)
resulting from homolysis.74’75 It is important to note, however,
that whereas there is an overall preference for C2 oxidative
addition in 2,4-dihalopyridines, site selectivity for the C4-
position can be achieved under certain reaction conditions (see
29d, Scheme 9B).”°

Scheme 9. Site-Selective (A) Allenylation and (B) Arylation
of Dibrominated Pyridines

A. Allenylation
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29a, R = H (85%)
29b, R = OMe (67%)
29¢, R = CO,Me (61%)

29d (78%)

NHC ligand (28)

Preferential reactivity at the C2 position has been observed
in many cross-coupling examples involving dihalogented
pyridines, such as the Pd-catalyzed allenylation of 2,5-
dibromopyridine (25) described by Lee and coworkers
(Scheme 9A).”” In this work, the authors demonstrated C2-
selective coupling with an in situ generated allenylindium
reagent derived from the corresponding propargyl bromide.
After installation of the C2 allene, the addition of a different
allenylindium reagent resulted in CS coupling, furnishing the
C2/Cs-allenylated product (26). Similarly, Kapdi and cow-
orkers (Scheme 9B) demonstrated the C2- and C4-selective
arylation of 2,5- and 2,4-dibromopyridines (25 and 27) with
arylboronic acids using Pd(OAc), and an N-heterocyclic
carbene (NHC) ligand (28). 7 As expected, 2,5-dibromopyr-
idines underwent monoarylation at the more electrophilic C2
position (29a—c). Interestingly, 2,4-dibromopyridine 27
underwent preferential arylation at C4 over C2 to furnish
29d, thus demonstrating how under certain reaction
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conditions, selectivity can be achieved between two similarly
electrophilic positions.

Along these lines, Gundersen and coworkers demonstrated
how selectivity can be achieved between the electronically
similar C2 and C4 positions of 2,4-dichloropyridines (30) by
altering the substituent at the C3 position (Scheme 10).”® The

Scheme 10. Substituent Effects in C2 versus C4 Stille
Coupling

O
(Bu)3Sn
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R _(PhgP)PdCl,
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intrinsic reactivity (when R = H) of this system upon

subjection to Stille coupling conditions with 2-furyl(tributyl)
tin (31) favored cross-coupling at the C2 position to furnish
32, albeit in low yields. Adding an EDG (R = NH,) to the
three-position also favored coupling at the C2 position,
presumably due to the deactivation of the C4 position.
However, adding an EWG (R = NO,) to C3 activated C4
toward oxidative addition, thus completely reversing the
selectivity to favor C4 coupling and providing 33. Overall,
this example showcases how substituents can be used to alter
intrinsic heteroarene electronics to control selectivity out-
comes.

Complementary to Gundersen’s work is the report by
Langer and coworkers, who investigated site-selective cross-
couplings of 2,6-dichloro-3-(trifluoromethyl)pyridines (34) to
access myriad medicinally relevant trifluoromethyl-substituted
pyridine derivatives (35, Scheme 11).”” Focusing specifically

Scheme 11. Site-Selective Monoarylation of 2,6-Dichloro-4-
(trifluoromethyl)pyridines

o Pd(OAc), oF
B 3 K5PO, B 3
/(I + A-BOH), —— " 5 | >
CI76 N"2~Cl H,O/DMF CI” N7 SAr
34 35
(61-92%)

on the monoarylation of these systems, the authors showcased
how 34 in the presence of one equivalent of various
arylboronic acids and a Pd(0) catalyst underwent selective
arylation at C2 over C6. Whereas these two positions on
unsubstituted pyridine systems are electronically equivalent,
the presence of an adjacent trifluoromethyl (CF;) group
further activated the C2 position toward oxidative addition,
thus rendering this reaction selective for C2 coupling. This
preference for C2 selectivity has also been observed by
Bourissou and coworkers in their studies of Suzuki—Miyaura
couplings 1nvolv1ng the similar substrate, 2,6-dichloro-3-
nitropyridine.®

In addition to investigating site-selective cross-coupling in
dihalogenated pyridines, Langer and coworkers have also
investigated these processes in more heavily substltuted
systems, such as perchloropyridine (36, Scheme 12).%'
this work, the authors investigated the selectivity of couphng

Scheme 12. Site-Selective Bisarylation of Perchloropyridine

Cl Cl
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(45-65%)

pyridine 36 with various arylboronic acids through a Pd-
catalyzed Suzuki—Miyaura coupling. This system underwent
arylation only at the C2 and C6 positions, with no arylation
observed at the electronically similar C4 position. It should
also be noted that to achieve the second arylation, more
forcing reaction conditions were required (i.e., higher temper-
atures around 90—100 °C). This is presumably because the
aryl group is less electron-withdrawing than the chlorine atom
that was substituted.

In contrast with the C2/C6 selectivity observed by Langer
and coworkers, Zhang and coworkers observed completely
different selectivity while investigating a Pd-catalyzed cross-
coupling of perfluoropyridine (38, Scheme 13) with phenyl

Scheme 13. Site-Selective Monoarylation of

Perfluoropyridine
. Pd(OAc), Ph
4 BrettPhos
F F F
ES Cs,CO3 S
| + Ph-B(OH); ————— |
F N F toluene F”™ "N” °F
38 (50%) 39

boronic acid. This cross-coupling was selectwe for the C4
position to provide 4-phenylpyridine 39.°” This selectivity can
be explained through the same analysis that was applied to the
polyfluorinated arenes discussed previously (Schemes S and 7),
where coupling occurs preferentially at a position para to a
nonfluorine substituent.

In addition to serving as a robust strategy for functionalizing
the periphery of simple arenes, site-selective cross-coupling has
also served as an effective approach for constructing even more
complex polycyclic heteroarenes, such as the carbazole (42,
Scheme 14A) and a-carboline (45, Scheme 14B) structural
motifs.”” Ackermann and coworkers were one of the first to
demonstrate this approach to construct these heterocycles
using a Pd-catalyzed amination/C—H functionalization dom-

Scheme 14. (A) Carbazole and (B) a-Carboline Synthesis
Using a Site-Selective Domino Cross-Coupling Reaction

A. Carbazole synthesis
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ino reaction between anilines (40 and 43) and dichlorinated
arene electrophiles (41 and 44). These reactions generally first
proceed through a Buchwald—Hartwig-type amination be-
tween the aniline and the more electrophilic C—Cl bond,
which in 41 is the para-C—Cl bond (with respect to the
ketone) and in 44 is the ortho-C—Cl bond (with respect to the
nitrogen), both in accordance with predicted selectivity. This
initial amination was then followed by a second oxidative
addition/intramolecular C—H functionalization event to
provide either the carbazole (42) or the a-carboline (45)
product. Following this work, a number of similar strategies for
synthesmn% a-carbolines were demonstrated by Maes and
coworkers® and Cuny and coworkers.**

3.2.2. Diazines: Pyrimidine, Pyridazine, and Pyrazine.
In addition to pyridines, polyhalogenated diazines (Figure 6),

KON N e (N\l

G G X—==
P . N
LN N)\X I N* QN/ X
pyrimidine pyridazine pyrazine
46 47 48

Figure 6. Selected diazines: pyrimidine, pyridazine, and pyrazine.

including pyrimidine (46), pyridazine (47), and pyrazine (48),
have also been widely used as substrates in site-selective cross-
couplings. Similar to pyridine, in general, oxidative addltlon in
diazines occurs at the site with the lowest C—X BDE.””

For polyhalogenated pyrlmldmes, the general order of
reactivity is C4 > C2 > CS5.”> Analogous to the case for
dichloropyridines, Houk, Merlic, and coworkers also calculated
the relative BDEs for both 2,4- and 2,5-dichloropyrimidines
and found that the C,—Cl bond has the lowest BDE relative to
the C2 and CS positions (Figure 7). On the basis of the a-

Cl

ﬁ P
SN

| A
Z

NJZ\CI N"2"Cl

C,~Cl 94.9 (87.2)
C4—Cl193.8 (85.9)

C,—Cl 96.5 (87.7)
C5-Cl 99.6 (91.0)

Figure 7. C—Cl BDEs (kcal/mol) of dichloropyrimidines using G3B3
(bold) and B3LYP (in parentheses).

nitrogen effect observed in pyridine systems, one might have
expected the C,—X bond in pyrimidines, which is “doubly” a
(situated next to two nitrogen atoms), to have a lower BDE
compared with the C,—X bond (due to added stabilization of
the C2-pyrimidyl radical from an additional N(nonbonding
orbital)~C2(SOMO) interaction). However, through compu-
tational studies, Hadad and coworkers found that the C4-
pyrimidyl radical is actually more stable than the C2-pyrimidyl
radical, thus accounting for the lower BDE at the C4
position.” Specifically, the authors reported that following
C—H homolysis at C4, C2, and CS5, the bond angles at these
positions widen by 2.5, 3.8, and 5.0°, respectively. Overall,
these data convey that less deviation from the ideal sp*-
hybridized 120° bond angle provides greater radical stabiliza-
tion and thus a lower BDE for the parent C—X bond.

The order of reactivity that was predicted computationally
(C4 > C2 > CS5) is supported by empirical observations by
Undheim and Solberg, who reported identical trends from
their studies of Stille couplings between various polychlori-

nated pyrimidines (49, 52, and 54, Scheme 15) and tributyl-
styryl-stannane (50).%° Ultimately, these reactions afforded the

Scheme 15. Site-Selective Stille Coupling of
Polyhalogenated Pyrimidines
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expected C4- and C2-vinylated adducts (C4: 51 and 55; C2:
53) in accordance with the selectivity trend predicted by
relative BDE values.

Polyhalogenated pyridazines generally favor cross-coupling
at C3, which has the lowest C—X BDE relative to the C$S
position due to C3 being @ to a nitrogen (Scheme 16).”

Scheme 16. Pyridazine C—Cl BDEs in kcal/mol (in Box)
Using G3B3 (Bold) and B3LYP (in Parentheses) and Site-
Selective Amidation of 3,5-Dichloropyridazine
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N \(Y dppf \(\r
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C4-C193.3 (86.7) N K3PO4
C5—Cl 94.7 (87.9) 56 dioxane
(90%)

Young and coworkers observed this selectivity trend in their
Pd-catalyzed amidation reaction between 3,5-dichloropyrida-
zine (56) and 2-pyrrolidinone (57) to give C3-amidated
adduct 58.%

Unlike pyridine and pyrimidine derivatives, dihalogenated
pyrazines are symmetrical for all substitution patterns, with
both halogens residing @ to a nitrogen in every case (Figure

6).>" These C—X bonds are electronically identical and, in the
case of a C—Cl bond, have a calculated BDE of 92.9 kcal/mol
(Figure 8).”* Because these positions cannot be differentiated
electronically, other strategies, such as employing a DG, are

N3 X XG&N

A A N\ N\\l
® | | [ o
N727X N72°X  X76°N"2°X N
All positions 92.9 (86.3)

electronically
identical

Figure 8. Electronically identical dihalogenated pyrazines and the
pyrazine C—Cl BDE in kcal/mol (in box) using G3B3 (bold) and
B3LYP (in parentheses).
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required to achieve site selectivity; such an example is
described in section S. (See Scheme 31.)

3.2.3. 2-Pyrone. The 2-pyrone motif (19, Figure 9) is
found in a number of biologically active secondary metabolites

(61138) O

O

O Br2

| 3 0
| O P (5150.4) | (3 152.2)
Z 5 cI N Fs el

Br (5 100.0)

2-pyrone 3,5-dibromo-2-pyrone 4,6-dichloro-2-pyrone

19 59 60

Figure 9. 2-Pyrone and *C NMR shifts for 3,5-dibromo-2-pyrone
and 4,6-dichloro-2-pyrone.

and has also become a useful synthetic precursor to access
numerous biologically important molecules.”*™" Specifically,
various cross-coupling adducts originating from 2-pyrone
derivatives exhibit promising anticancer activity. Given the
promising bioactivity of 2-pyrone derivatives, 3,5-dibromo-2-
pyrone (59) and 4,6-dichloro-2-pyrone (60) have been the
subject of various studies on site-selective cross-coupling. The
3,5-dibromo-2-pyrone motif (59, Scheme 17A) has been

Scheme 17. Site-Selective Sonogashira Coupling of (A) 3,5-
Dibromo-2-pyrone and (B) 4,6-Dichloro-2-pyrone

A. 3,5-dibromo-2-pyrone
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shown to undergo C3-selective Sonogashira coupling with
various terminal alkynes to afford the corresponding C3-
alkynylated products (61).”> The selectivity observed under
these conditions is in accordance with what would be predicted
by *C NMR shifts (Figure 9), where C3 is more deshielded
(electron-deficient) than CS (A8 = 3.8).”*™° With a decrease
in electron density at C3, oxidative addition is more favorable
at this position over the more shielded CS position. Whereas
reactivity at C3 of 3,5-dibromo-2-pyrone is favored by virtue of
the innate electronics, the selectivity can be completely
reversed to instead favor the C5 position under certain
conditions.””** An example of employing additive/solvent
control to reverse the intrinsic site selectivity of 3,5-dibromo-2-
pyrone is discussed in section 7.

For 4,6-dichloro-2-pyrone (60), Sonogashira coupling with
terminal alkynes preferentially gives C6-alkynylated products
(62, Scheme 17B).”” Similar to 3,5-dibromo-2-pyrone, the 3C
NMR shifts for 4,6-dichloro-2-pyrone (C6: § = 152.2 vs C4: §
= 150.4) also correlate with this observed selectivity (Figure
9). Upon analysis of the energy profile for both C4 and C6
oxidative addition (using PMe; model ligands), it can be seen

that oxidative addition leading to intermediate I via TS-I is
both kinetically and thermodynamically favored over the
formation of intermediate II via TS-II (Figure 10). This
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N
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Figure 10. Energy profiles for C4 versus C6 oxidative addition of 4,6-
dichloro-2-pyrone. Relative free energies and reaction energies (in
parentheses) listed in kcal/mol (ref 95).

favorability for C6 oxidative addition can be rationalized by the
a-oxygen, which presumably stabilizes the developing gpositive
charge in the transition state by serving as a z-donor.”

3.3. Selected Examples of Five-Membered Heteroarenes
In addition to six-membered heteroarenes, five-membered
heteroarenes (Figure 11) are also prevalent in many

H H
N,

pyrrole furan thiophene pyrazole
H
O, S. N O S
o O O Q Q
\W/ \W/ \ K¢ \ N \ N
isoxazole  isothiazole imidazole oxazole thiazole

Figure 11. Selected five-membered heterocycles.

pharmaceuticals and therefore constitute an important class
of medicinally relevant compounds.”’ In this section, we
discuss selected examples of site-selective cross-couplings of
five-membered polyhalogenated heteroarenes along with
electronic considerations that help guide the prediction of
site selectivity. As with the previous sections, these examples
are further categorized based on the subclass of five-membered
heterocycles they belong to, which in this section will include
five-membered heterocycles with either one heteroatom or two
heteroatoms (i.e., 1,3-azoles and 1,2-azoles).

3.3.1. Thiophene, Pyrrole, and Furan. Polyhalogenated
pyrroles, thiophenes, and furans are known, in general, to
preferentially undergo oxidative addition & to the heteroatom
(C2 or C3) in cross-coupling reactions. Unlike most of the six-
membered aza-aromatics previously discussed (with the
exception of pyrimidines), the site selectivity for oxidative
addition involving polyhalogented five-membered heteroarenes
with one heteroatom (i.e., thiophene, pyrrole, and furan) does
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Figure 12. 2,4- and 2,3-Thiophene, pyrrole, and furan C—Cl BDEs in kcal/mol using G3B3 (bold) and B3LYP (in parentheses).

not necessarily correlate with relative BDEs.” In fact, for both
2,4- and 2,3-dichlorinated thiophene, pyrrole, and furan, the
BDEs for both C—Cl bonds (Figure 12) are very similar, if not
nearly identical, which means that the experimentally observed
C2/CS selectivity is controlled by other factors that go beyond
the relative bond strength.

A simple analysis of these systems using the Handy—
Zhang” method of assessing electronics based on 'H NMR
chemical shifts shows that the C2/CS positions for these
systems are the most deshielded positions (i.e,, most electron-
deficient positions) relative to other positions, thus providing
one rationalization as to why oxidative addition occurs
preferentially at C2/CS (Figure 13).*"° Of course, this

(\_nze.e (ﬁj;ﬁi @7.2 @ 74 &6+i
6.2 5 6.96 63 oorés"
inductive

effect
dominates

mesomeric
effect
dominates

pyrrole thiophene furan

Figure 13. '"H NMR chemical shifts (highlighted in blue and red) and
major electronic effects for pyrrole, thiophene, and furan.

deshielding effect is more pronounced for thiophene and furan,
as conveyed by the larger differences in '"H NMR chemical
shifts relative to pyrrole, due to sulfur and oxygen being more
electronegative relative to nitrogen; this greater electro-
negativity ultimately causes the inductive effect imparted by
the heteroatom to be the dominant effect, which results in an
overall dipole moment directed toward the heteroatom. For
pyrrole, the nitrogen is still somewhat inductively electron-
withdrawing from the C2 position; however, in contrast with
thiophene and furan, the mesomeric effect in pyrrole
dominates over the inductive effect, thus accounting for the
m-excessive character of pyrrole and producing an overall
dipole directed away from the nitrogen.”®

In addition to considering inductive effects, a second, and
more comprehensive, rationalization for C2 selectivity can be
ascertained using Houk’s distortion—interaction model. (See
Figure 2.) In the case of 2,3-dibromofuran (63, Scheme 18A),
the C2 and C3 positions have identical C—Br BDEs (88.9
kcal/mol). Because BDEs are related to the distortion energy,
one can conclude, based on these identical BDEs, that the
distortion energies for C2 and C3 oxidative addition do not
play a prominent role in controlling the site selectivity. Instead,
it is the interaction energy (AE?,,), the extent of stabilization
from the interaction between the heterocycle 7# LUMOs and
the Pd d,, HOMOs, that controls the site selectivity for
oxidative addition; for the C2 position of 63, there is greater
stabilization in the oxidative addition transition state and a
lower activation barrier (lower AE*) for oxidative addition,
thus leading to C2 selectivity.”> Overall, the selectivity

Scheme 18. (A) Distortion—Interaction Analysis for the
Oxidative Addition of a Model Pd(PHj;), Catalyst into the
C2 and C3 C—Br Bonds of 2,3-Dibromofuran and (B)
Experimental Confirmation of Predicted Selectivity

A. Distortion-interaction model

o. BDE  AE#*yg AE%
Br ist dist 4. +
Q/ (kcal/mol) (Het) (Pd) AE¥int AE
Br 2 88.9 18.7 127 -216 9.8
63 3 88.9 19.8 129 -18.7 140

Selectivity controlled by interaction energy (AE?)

B. Experimental confirmation

OMe  py(PPh,), OMe
O 2 Br K2003 0.
\ / + _>DMF \ /
Br (79%) Br
63 B(OH), 64

predicted by this model is in complete agreement with
experimental results by Tang and coworkers, who showcased a
Suzuki—Miyaura coupling between 63 and 4-methoxyphenyl-
boronic acid, which provided the predicted C2-arylated
product (64, Scheme 18B).””

This preference for C2/CS has also been observed for
polyhalogenated pyrroles. One such example is 3,4,5-
tribromopyrrole-2-carboxylate (65, Scheme 19A), which has
been shown to undergo CS-selective arylation to give various
cross-coupled adducts (66a—g).”® Complementary to this
study was additional work by Handy and Zhang, who
demonstrated how electronic effects from substituents at the
C2 and CS positions can control cross-coupling selectivity at
the C3 and C4 positions (Scheme 19B). Specifically, they
showed how an electron-withdrawing ester moiety at the C2
position could facilitate C3 selectivity over C4 (due to the
increased electrophilicity of C3 compared with C4).”

Finally, similar C2/CS5-favored selectivity outcomes have
also been reported for thiophene derivatives, such as 2,3,5,6-
tetrabromothieno|[3,2-b]thiophene (68, Scheme 20). For 68,
Dang and coworkers reported a C2-selective Suzuki—Miyaura
coupling with either one or two equivalents of various
arylboronic acids to afford the mono- or bisarylated products
(69 and 70).'"

3.3.2. 1,3-Azoles: Thiazole, Imidazole, and Oxazole.
Unlike the five-membered heteroarenes that contain one
heteroatom (i.e., thiophene, pyrrole, and furan), 1,3-azoles
(i.e., thiazole, imidazole, and oxazole) have BDEs that differ
significantly among the various positions, especially the C2
position, which has the lowest relative BDE in both mono- and
dichloro-1,3-azole systems (Figure 14) by virtue of being @ to
two heteroatoms.””
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Scheme 19. (A) C5- and (B) C3-Selective Arylation of
Polybrominated Pyrroles
A. 3,4,5-tribromopyrrole

H Pd,(dba)s H
P(2-furyl)s
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C3 electronically favored due to adjacent C2 ester

Scheme 20. Site-Selective Mono/Bis-Arylation of 2,3,5,6-
Tetrabromothieno[3,2-b]thiophene
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For 2,4- and 2,5-dibromothiazoles (71 and 72, Scheme
21A), cross-coupling selectivity has been observed to parallel
these BDE trends, with coupling occurring preferentially at the
C2 position with various arylboronic acids to give both the 2-
aryl-4-bromothiazole (74) and the 2-aryl-S-bromothiazole
(75) products.101 Similar to dibromothiazoles, 2,4-dibromoi-
midazoles (76, Scheme 21B) also exhibit a preference for the
doubly a C2-position and undergo monoarylation with diverse

Scheme 21. Selectivity Outcomes for (A) 2,4- and 2,5-
Dibromothiazole and (B) N-Methyl-2,4-dibromoimidazole

S
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(77)

arylboronic acids to give the corresponding C2-arylated
products (78)."%"

Site-selective sequential Suzuki—Miyaura couplings of N-
protected 2,4,S-tribromoimidazoles (79, Scheme 22A) have
become a popular, effective strategy to access trisubstituted
imidazoles (80), a common structural motif found in natural
products with diverse biological activities ran§ing from
anticancer to cell differentiation properties."”*'” In one
study by Springer and coworkers, which focused on the
synthesis of BRAF'®* inhibitors, the 2,4,5-tribromoimidazole
scaffold underwent sequential Suzuki—Miyaura couplings in
the order C2 > CS > C4, demonstrating the modularity of this
strategy in accessing diverse trisubstituted imidazoles (Scheme
22A)."°% Along similar lines, in their total synthesis of
topsentin (Scheme 22B), Ohta and coworkers demonstrated

Y.
:YZC 5 Y.
Cl

C,—Cl C4~Cl Cs=Cl C,—Cl
Y=S 93.7(87.4)  97.8(90.8)  98.8 (92.4)
Y=NH 99.4(933)  100.4(94.3) 101.3 (95.4)
Y=0 100.3(94.0) 101.1(94.3) 102.3 (95.7) -

Y.
&)?CI
4 N
Cl

94.5 (87.4) 97.9 (90.3)

Y.
Cl<8
Cl<5-Y\2-c| \ 0
<r &
N cl
C,—Cl CoCl Cs-Cl Cs~Cl Cs=Cl
93.6 (86.4) 98.7(91.8) 99.7 (90.7) 100.4 (92.5)

99.9 (93.0) 100.5(93.9) 99.1 (92.4) 101.2 (94.9) 101.6 (94.0) 103.0 (95.7)

Figure 14. C—Cl BDEs in kcal/mol of mono- and dichloro-1,3-azoles using G3B3 (bold) and B3LYP (in parentheses).
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Scheme 22. Selectivity Outcomes for (A) N-MOM-2,4,5-
Tribromoimidazole and (B) N-SEM-4,5-Diiodoimidazole
A. 2,4,5-tribromoimidazole
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a CS-selective Suzuki—Miyaura coupling between an N-SEM-
protected-4,5-diiodoimidazole (81) and an indole boronic acid
(82) to access the corresponding CS coupled adduct (83).'
The reactivity pattern C2 > CS > C4 is the same as that
observed in metal—halogen exchange reactions,'°*'%” and
whereas the preference for oxidative addition at C2 over C5/
C4 can be explained just as before (a to two heteroatoms), the
preference for oxidative addition at CS over C4 that is
observed in both of these studies can potentially be understood
by comparing the stereoelectronic environments of both
positions. Analogous to the work of Sames and coworkers on
the site-selective palladation/arylation of N-protected imida-
zoles,'”® the C,—Pd(II)L,X complex in this case may be less
favored (relative to the alternative C;—Pd(II)L,X complex)
due to destabilization by electron repulsion from the adjacent
nitrogen lone pair at the three-position of the imidazole
(highlighted in red; Scheme 22B).

It is important to note that the preference for C2 oxidative
addition observed for many 1,3-azoles does not apply to all
cases, as it has also been shown, namely, for N-methyl-2,5-
dibromoimidazole (84, Figure 15) and 2,4-diiodooxazole (85),

Me o B
Br 1 r (o)
N
AP S
N I Eto,c” N
84 85 86

selectivity depends
on catalyst/ligands
(discussed in section 6)

selectivity difficult
to achieve

Figure 1S. Selectivity outcomes for N-methyl-2,5-dibromoimidazole,
2,4-diiodooxazole, and ethyl 2,5-dibromooxazole-4-carboxylate.

that selectivity can be reversed to favor C$S oxidative addition
(for N-methyl-2,5-dibromoimidazole) or C4 oxidative addition
(for 2,4-diiodooxazole) over C2 by simply altering the reaction
conditions, specifically the metal/ligand complex (discussed in
more detail in section 6; see Scheme 64).""" Finally, for ethyl
2,5-dibromooxazole-4-carboxylate (86), Hodgetts and cow-
orkers have reported that no selectivity could be achieved

using standard Suzuki—Miyaura conditions, with a complex
mixture of products resulting instead.'"”

3.3.3. 1,2-Azoles: Pyrazole and Isothiazole. The last
series of heteroarenes to be discussed in this section are the
1,2-azoles, specifically pyrazole and isothiazole. To the best of
our knowledge, there are currently no reports of site-selective
cross-couplings of polyhalogenated isoxazoles substituted with
the same type of halogen. For pyrazoles and isothiazoles,
recent studies convey that there is no direct correlation
between BDE trends and cross-coupling site selectivity."' """
On the basis of relative BDE values (Figure 16), one would
expect that oxidative addition would occur first at the C3
position because C3 has the lowest relative BDE.””> However,
for polyhalogenated pyrazoles and isothiazoles, cross-coupling
has been shown to occur preferentially at the CS$
position.llo’111

N-Protected 3,4,5-tribromopyrazoles (87, Scheme 23) have
been observed to undergo oxidative addition (and subsequent
cross-coupling) in the order C$ > C3 > C4.”' This preference
for CS coupling has been demonstrated before by Langer and
coworkers, who synthesized a variety of CS-arylated ?grrazoles
(88a—e) from the corresponding arylboronic acids."'® Cross-
coupling selectivity for N-protected 3,4,5-tribromopyrazoles
follows the same selectivity pattern observed in the lithium—
halogen exchange reaction for the N-vinyl system, where
lithiation occurs first at the CS position.''” The preference for
reactivity at C5/C3 over C4 arises from the inductive effect of
the adjacent heteroatoms; as for the preference for CS$
oxidative addition over C3, this may result from destabilizing
electron repulsion at C3 by the adjacent nitrogen lone pair at
C2, similar to the observed selectivity in imidazole systems.'*®
(See Scheme 22B.)

In addition to pyrazole systems, the site-selective cross-
coupling of isothiazoles such as 3,5-dichloroisothiazole-4-
carbonitrile (89, Scheme 24) has been studied. These
heterocycles are the basis for the observed antiviral properties
of various derivatives."'»''* Therefore, the modular synthesis
of these derivatives have garnered significant attention.
Polyhalogenated isothiazole systems tend to undergo coupling
at CS followed by reaction at C3 and then C4, similar to
pyrazoles.>’ From their studies on site-selective Suzuki—
Miyaura couplings between 3,5-dichloroisothiazole-4-carbon-
itrile (89) and one equivalent of various boronic acids,
Koutentis and coworkers demonstrated that a series of diverse
isothiazole products (90a—1) could be obtained following
selective coupling at C5."""

4. STERIC CONTROL

Whereas the relative carbon electrophilicities in a (hetero)-
aromatic ring play a prominent role in oxidative addition
selectivity, as conveyed in the previous section, one must also
consider the steric environment and its effect on site selectivity
(Scheme 25). Overall, selectivity is often governed by the
interplay between electronics and sterics,”’ with the most
electrophilic and most sterically accessible position being
primed for oxidative addition.""> However, it is not always the
case that these two factors will be additive (or multiplicative).
Examples discussed herein illustrate instances where the steric
environment of the aryl halide guides selectivity in a number of
possible scenarios, including: steric effects overriding innate
electronics, steric effects differentiating between two electroni-
cally similar positions, and steric effects reinforcing the
selectivity dictated by innate electronics. (Representative
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Figure 16. C—Cl BDEs in kcal/mol of mono- and dichloro-1,2-azoles using G3B3 (bold) and B3LYP (in parentheses).

Scheme 23. Site-Selective Coupling of N-Protected 3,4,5-
Tribromoimidazole
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Scheme 24. Site-Selective Coupling of 3,5-Dichlorothiazole-
4-carbonitrile
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Scheme 25. Steric Effects Guiding Cross-Coupling
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examples are shown in Scheme 26.) It should be noted that
whereas the following examples focus on the intrinsic steric
environment of the (hetero)arene, steric effects introduced by
a metal complex can also play a primary role in governing
selectivity;''® specific examples of this class of reactions are
discussed in section 6 (Ligand Control).

One example of steric effects overriding electronic effects is
shown in Scheme 26A, where coupling takes place at the more
sterically accessible CS position of 2,5-dibromo-3-furoate (91),
despite the C2 position being electronically favored (i.e., most
electron-deficient position) by virtue of being adjacent to both
an oxygen atom and an electron-withdrawing ester moiety.""”
In the case of 2,5-dibromothiophene 93 (Scheme 26B), there
are no pronounced electronic effects from the pendant
tetrahydroisoquinoline derivative.''® Therefore, the C2 and
CS positions are electronically similar, and in this case, the
difference in the steric environments between these two
positions facilitates reactivity at the more sterically accessible
CS position to give adduct 94. For both 95 — 96 and 97 — 98
(Scheme 26C), the C2 positions of thiazoles 95 and 97 are
both electronically preferred over the CS and C3 positions and
are more sterically accessible as well. Therefore, sterics
reinforce the innate electronics of these systems, and coupling
occurs at the C2 position in both cases.'"*

Sterically controlled cross-coupling has also proven to be an
effective strategy in total synthesis, as exemplified by the
synthesis of the thiazolyl peptide antibiotic GE2270 A
(102)'"7"*° by Bach and coworkers in 2007 (Scheme
27)."*" Here an 11-step sequence (longest linear sequence)
was established to access peptide 99, which features a key
northern 2,6-dibromopyridine moiety poised to undergo
sequential cross-couplings. The first coupling between peptide
99 and organozinc reagent 100 took place at the less sterically
hindered C6 position (relative to the more sterically hindered
C2 position) to install the northern C6 thiazole subunit. The
target macrocycle was then forged downstream in the synthesis
using an intramolecular Stille coupling at the remaining pyrido-
C2 bromide.

Similar to Bach and coworkers” synthesis of GE2270 A,
Miller and coworkers also leveraged steric control in their
syntheses of atropisomerically defined biaryl scaffolds through
a sequential cross-coupling strategy (Scheme 28).'** In 2010,
Miller and coworkers described a peptide-catalyzed enantiose-
lective bromination of atropisomeric compounds to access
enantioenriched biaryls, such as the acid and free-hydroxy
variant of 103.'”’ In 2011, they developed a sequential
coupling approach to advance these tribrominated biaryls to
diverse, medicinally relevant polyaryl systems without a loss of
enantiopurity.'””* One representative example of this is shown
in Scheme 28, where tribromide 103a first underwent selective
coupling with a N-methyl-iminodiacetic acid (MIDA)
boronate'** at the more sterically accessible C1 position to
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Scheme 26. Representative Examples of Steric Effects: (A) Overriding Electronic Effects, (B) Differentiating between
Electronically Similar Positions, and (C) Reinforcing Electronic Effects
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Scheme 27. Sterically Controlled Coupling in the Total Synthesis of GE2270 A
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give 105. Coupling with a different boronate then occurred at
the next sterically more accessible CS position to give 106,
which was followed by a final coupling at the least sterically
accessible C3 position to give the final polyaryl scaffold (104a)
in an enantioenriched fashion.

Finally, it has also been shown that halogen atoms can also
have a significant steric influence in guiding site-selective
couplings (Scheme 29)."'¥'** In a 2005 study by Nakamura
and coworkers on Ni-catalyzed couplings of polyhalogenated
arenes, it was shown that 1,2 3-trichlorobenzene (107)
underwent coupling at the more sterically accessible C1 and
C3 positions over the electronically favored but more sterically
hindered C2 position.'”® Likewise, a similar trend was
observed by Al-Zoubi and coworkers in 2015 when a variety
of 1,2,3-triiodobenzene derivatives (109) underwent coupling
with arylboronic acids at the more sterically accessible C1/C3
position over the C2 position to give myriad Cl-arylated
adducts (110).""°

5. DIRECTING GROUP CONTROL

As discussed in the previous section, the steric influence of
various groups can result in site selectivity, sometimes contrary

to the outcome based solely on the difference in electron
density at different carbons bearing an X group. However, for
polyhalogenated arenes with electronically comparable C—X
bonds and sterically less-pronounced substituents, a substrate-
driven strategy becomes more challenging to execute. To
obviate this challenge and achieve site-selective cross-couplings
in such systems, synthetic chemists have often relied on a
strategy that leverages the coordinating ability of a DG, a
pendant functional group preinstalled on a molecule that can
coordinate to a metal catalyst or ligand, to direct a metal
catalyst to a proximal (or sometimes distal) C—X bond, thus
enabling site-selective oxidative addition and subsequent
functionalization.'*® Historically, there have been two major
classes of DGs employed in such processes: (1) transition-
metal-binding DGs, functional groups on the substrate that
coordinate directly to a metal (Scheme 30A), and (2) ligand-
binding DGs, functional groups on the substrate that
coordinate to a ligand that is, in turn, bound to a transition-
metal complex, thus linking the substrate and catalyst (Scheme
30B). Both classes of DGs have proven effective in facilitating
site-selective oxidative addition, with transition-metal-binding
DGs being optimal for proximal C—X bond cleavage, whereas
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Scheme 28. Synthesis of Highly Substituted,
Enantioenriched Biaryls through Sequential Site-Selective
Cross-Couplings
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Scheme 29. Sterically Controlled Cross-Coupling of (A)
1,2,3-Trichlorinated Benzene and (B) 1,2,3-Triiodinated
Benzene
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ligand-binding DGs are applicable in both proximal and distal
C—X bond cleavage.

Whereas DGs can be incredibly effective for enabling site
selectivity, employing this strategy is often reserved for
functional groups that either are ubiquitous in natural or
commercially available compounds or do not negatively impact
the step count and atom economy in a synthesis. Along these
lines, one must be mindful of DGs that need to be removed in
a later stage in a synthesis, which can ultimately inflate the step
count and reduce the synthetic efficiency. Overall, these
considerations have resulted in a collection of diverse
functional groups, which have proven to be suitable DGs.'*
DG-controlled site-selective cross-coupling in polyhalogenated
arenes first gained momentum in the early 2000s and has since
experienced steady growth, as exemplified by several recent
publications, many of which are discussed in this Review. In

Scheme 30. General Strategy of Achieving Selective
Coupling by Using Directing Groups That Either (A) Bind
Directly to a Metal Center (Metal-Binding Directing
Groups) or (B) Bind to a Ligand (Ligand-Binding Directing
Groups)
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this section, we have categorized a wide array of examples
based on the specific DG facilitating site-selective cross-
coupling. Here the discussion focuses first on examples
employing substrates with DGs that bind directly to a
transition metal (section 5.1), which is then followed by
examples employing DGs that interact with a ligand that links
the substrate to a transition-metal complex (section 5.2).

5.1. Transition-Metal-Binding Directing Groups

The first category of DGs that we discuss here are those that
reside on the substrate and have been shown to coordinate
directly to the metal, thus enabling site-selective oxidative
addition at a proximal C—X bond. This section is organized
based on the specific DG employed. These are often
ubiquitous functional groups with coordinating capabilities
(e.g., amines, hydroxy groups, carboxylic acids, ketones,
amides, etc.).

5.1.1. Amine. An early example of using a DG to facilitate
site-selective cross-co%pling was reported by Nakamura and
coworkers in 1995."”” Their work entailed synthesizing 2-
amino-3,5-disubstituted pyrazines en route to bioluminescent
and chemiluminescent compounds such as coelenterazine'**
and analogues thereof. To develop a concise and convergent
synthetic route, they chose to commence their synthesis from
2-amino-3,5-dibromo pyrazine (111). They initially adopted a
sequential Pd-mediated Stille coupling strategy to access
disubstituted pyrazines by using excess stannane. Interestingly,
when an equimolar mixture of stannane and 111 was treated
under the same reaction conditions, they mostly observed the
formation of monocoupled pyrazines (112) substituted at the
three-position, presumably directed by the nearby primary
amino group (Scheme 31). This exceptional selectivity enabled
them to introduce two different substituents on the 2-
aminopyrazines. From these monosubstituted pyrazines
(112), a second Stille coupling at CS was effected with a
different stannane to furnish disubstituted pyrazines (113).
Finally, condensation with ketoaldehyde derivative 114
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Scheme 31. Synthesis of Coelenterazine Analogues Starting
from 2-Amino-3,5-dibromo Pyrazine (111)
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enabled access to a diverse range of coelenterazine analogues
(115a—c, Scheme 31)."*’

Following this initial report, several groups attempted to
utilize the coordination ability of amines to selectively cleave a
proximal C—X bond. Toward this end, Hikawa and Yokoyama
presented an interesting example where they investigated the
possibility of achieving the site-selective Suzuki—Miyaura
coupling of N-(3,5-dibromo-2-pyridyl)piperazine 116 by
coordinating the Pd complex to the tertiary piperazine nitrogen
atom and directing it to the nearby C—Br bond (Scheme
32)."% In their study, they analyzed the influence of several

Scheme 32. Site-Selective Suzuki—Miyaura Coupling of N-
(3,5-Dibromo-2-pyridyl)piperazine 116
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palladium catalyst precursors and solvents on the selectivity
outcome. After extensive screening, they found that employing
PdCl,(dppf) as the precatalyst, KF as the base, and
tetrahydrofuran (THF) as the solvent facilitated the site-
selective Suzuki—Miyaura coupling between 116 and methyl-
boronic acid to furnish the monomethylated derivative 117 in
71% yield. Eventually, they extended the scope of this reaction
to other boronic acids to access a wide variety of
monosubstituted products. In addition to primary (Scheme
31) and tertiary (Scheme 32) amines, secondary amines (not
shown) were also identified as suitable DGs."*’

More recently, amines have also been used as DGs to
achieve site-selective C—F bond activation in difluorinated
systems. As discussed in previous examples (section 3.1,
Schemes 6 and 7), the selective functionalization of C—F
bonds through direct C—F bond activation is of high
significance. However, known methods for achieving this
transformation are mainly limited to palladium and nickel
catalysis. Whereas great effort has been devoted to the
development and identification of highly effective phosphine
and NHC ligands for Pd- and Ni-catalyzed C—F bond
activation, there is a necessity to develop novel, alternative

transition-metal-catalyzed approaches to enable the activation
of these highly stable bonds."**™"**** Toward this end, Duan
and coworkers reported a cobalt-catalyzed biaryl coupling
reaction between aryl fluorides and aryl Gri§nard reagents in
the presence of Ti(OEt), (Scheme 33)."*° In the case of

Scheme 33. Amine-Directed C—F Bond Activation under
Cobalt-Catalyzed Conditions
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difluorinated systems, such as 118, the authors identified the
free amino group to be an effective ortho DG, exclusively
furnishing the monoarylated product (120) in high yield
(Scheme 33). Overall, these examples validate the versatility of
using amino groups as a DG to facilitate site-selective cross-
couplings under various transition-metal-catalyzed conditions.

5.1.2. Hydroxy Group. Synthetic chemists have also
explored the potential of other ubiquitous functional groups as
DGs. Hydroxy groups have attracted particular attention.
Much effort has been invested to effect the ortho
functionalizations of polyhalogenated phenol and benzylic
alcohol derivatives by tuning the coordinating ability of the
hydroxy group. It is important to note that whereas hydroxy
groups may serve as DGs (similar to amines in aniline
derivatives), the electron-donating properties of hydroxy
groups may result in the deactivation of the ortho position
from both an electronic and a steric standpoint. To circumvent
this inherent challenge, Manabe and coworkers developed a
novel methodology to enable ortho-selective Kumada coupling
in difluorinated phenol derivatives by using the nearby hydroxy
group as a DG."*® After screening several catalyst precursors,
PdCL,(PCy,), was identified as the most suitable precatalyst
for this transformation. As an example, difluorinated phenol
121 and Grignard reagent 122 underwent ortho-selective
Kumada coupling to provide the biaryl product (123) in good
yield (Scheme 34). In addition to hydroxy groups,

Scheme 34. ortho-Selective Kumada Coupling of
Difluorinated Phenol and Benzylic Alcohol Derivatives

MgB
OH o=t oH Me
+ —
THF O
F 0,
Me (79%) F
121 122 123
OH MgBr OH OMe
PACly(PCys), O
F + _——
THF O
F oMe  ®1%)  F
124 125 126

hydroxymethyl groups also worked well to give the ortho-
substituted product, where difluorinated benzylic alcohol 124
and the corresponding Grignard reagent (125) gave the
coupled adduct 126. Importantly, Manabe and coworkers
found that a protic DG was necessary to effect the desired
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Kumada coupling, as the use of a methyl ether led to
unsatisfactory selectivities.'*®

In most examples of DG-assisted site-selective cross-
coupling, the identification of the most suitable catalyst
precursors is of utmost importance. In this regard, Ackermann
and coworkers observed that palladium complexes generated
from air-stable heteroatom-substituted'*”'*® secondary phos-
phine oxide (HASPO) preligands'**™'*' could be used to
achieve hlghly ortho selective Kumada coupling involving
dichloroarenes.'** Although originally developed for Kumada
couplings with aryl and alkenyl tosylates,"* the scope of this
methodology was later extended to aryl chlorides**™'** as
well. Specifically, they prepared a well-defined palladium
complex (128) upon treating 4 equiv of an inexpensive
HASPO preligand (127) with PdCL(PhCN), (Scheme 35).

Scheme 35. Site-Selective Kumada Coupling of 2,4-
Dichlorophenol with the HASPO Complex
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The generated HASPO complex (128), which presumably
interacts with the phenolic group by hydrogen bonding, was
then used to accomplish the hydroxy-group-directed site-
selective Kumada couphn% of 2,4-dichlorophenol with a range
of aryl Grignard reagents.

5.1.3. Carboxylic Acid. Although carboxylic acids are
ubiquitous functional groups, exploration into their potential as
DGs only began in the late 2000s."*’~"*" In addition to their
abundance, an added advantage of employing carboxyhc acids
as DGs is their versatility; they can be easily removed'*” or
further diversified.">"'>* However, carboxylates are known to
coordinate weakly to catalysts and are therefore often
disfavored as DGs in the presence of other strongly
coordinating DGs (e.g., pyridines, amides, etc.). In addition,
under transition-metal catalysis, carboxylates can also undergo
undesired side reactions (e.g., hydrodecarboxylation),">* which
are sometimes challenging to avoid. Despite these challenges,
several groups have devised innovative strategies to leverage
carboxylic acids as effective DGs in myriad cross-coupling
processes.

Contemporaneous with Yu and coworkers’ report on using
sodium carboxylate as a DG in C—H activation method-
ology,'** Houpis and coworkers devised a strategy to use
lithium carboxylate as a DG in coupling reactions of
brominated benzoic acid derivatives (Scheme 36).">* During
this study, initial attempts focused on coupling 2,5-
dibromobenzoic acid (131b) to a dioxolane Grignard reagent.
However, under almost all of the conditions that were

Scheme 36. ortho-Selective Kumada Coupling with the
Lithium Salt of 2,5-Dibromobenzoic Acid
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investigated, they predominantly observed the formation of
the undesired styrene derivative (133). Following extensive
experimentation, the authors postulated that after an initial
oxidative addition to furnish the magnesium salt of trans-
Pd(1I) species (133a), an undesired f-alkoxide elimination
occurred to give enol ether complex 133b. This was followed
by an intramolecular migratory insertion to provide 133c,
which then underwent a second f-alkoxide elimination to form
the styrene derivative (133). To outcompete this undesired
pathway, they envisioned promoting the formation of the cis-
Pd(II) intermediate after oxidative addition, which was then
expected to undergo facile reductive elimination to furnish
132. Toward this end, they anticipated beginning with a more
nucleophilic carboxylate salt, which would favor the formation
of a cis-Pd(II) intermediate through stronger coordination of
the carboxylate group to the Pd center. This was ultimately
realized by commencing with lithium salt 131a, where the
desired product (132) was isolated in 78% yield, and the
undesired styrene derivative was limited to trace quantities.">*

Following this novel finding, the authors investigated the
possibility of applying this concept to the widely used Suzuki—
Miyaura coupling reaction.'*® They commenced their study
with 2,4-dibromobenzoic acid (134) and p-tolylboronic acid
(Scheme 37). After a thorough investigation, they concluded
that the choice of the Pd precatalyst and the equivalents of an
appropriate base were crucial for the carboxylate-assisted
ortho-selective Suzuki—Miyaura coupling of 134. Eventually,
they found that using Pd,(dba); as the precatalyst in the
presence of 2.2 equiv of LiOH furnished the desired product
(135) with high selectivity, presumably via intermediate 135a.
Furthermore, carbonates were also identified as appropriate
bases when the equivalents remained unchanged. In an attempt
to reverse the selectivity, the authors chose to add an external
phosphine ligand: bis[(2-diphenylphosphino)phenyl] ether
(DPEPhos). They hypothesized that in the presence of this
phosphine ligand, the coordination between the carboxylate
and the Pd metal center would be disrupted, and consequently,
the bulky Pd(0)L, species would be oxidatively added into the
less sterically hindered para C—Br bond to generate
intermediate 136a. Upon adding DPEPhos to the reaction
mixture, the para-coupled product (136) was isolated in 68%
yield.
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Scheme 37. Carboxylate-Directed Site-Selective Suzuki—
Miyaura Coupling of 2,4-Dibromobenzoic Acid
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Houpis and coworkers then attempted to extend the scope
of the coordinating ability of the carboxylate group to other
transformations such as Pd-catalyzed amination."*® Their study
included coupling reactions between 2,4-dibromobenzoic acid
134 and various electronically and sterically diverse amines
(Scheme 38A). They observed that under the previously

Scheme 38. (A) Complementary Selectivity Observed under
Pd- and Cu-Catalyzed Conditions and (B) Site-Selective
Monoamination under Cu-Catalyzed Conditions
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B. Cu-catalyzed monoamination by Wolf and co-workers
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disclosed conditions to obtain para selectivity, they isolated the
expected coupled product (137) when benzylamine was
treated with 134. However, they were unable to reverse the
selectivity under all of the conditions that they investigated,
even when the phosphine ligand was excluded. They then
examined other transition-metal complexes to achieve ortho
selectivity. Taking inspiration from Ullmann and Goldberg’s
pioneering work'>” on Cu-catalyzed amination reactions with
halobenzoic acids, Houpis and coworkers turned their
attention toward investigating Cu-catalyzed conditions. They
were also inspired by very similar work by Wolf and coworkers

where an ortho-selective amination was achieved with both
dichlorobenzoic acid 139 and dibromobenzoic acid 131b when
treated with phenethylamine in the presence of Cu/Cu,O to
furnish 2-aminobenzoic acid derivatives, 140 and 141,
respectively (Scheme 38B)."** Eventually, Houpis and cow-
orkers were also able to couple benzylamine to the ortho
position of 134 in the presence of Cu,O to give the desired 2-
aminobenzoic derivative 138 in 91% yield (Scheme 38A).

The versatility of using a carboxylate as a DG was also
extended to difluorobenzoic acid derivatives. In addition to
exploring an amine as a DG in difluorinated systems (Scheme
33), Duan and coworkers also investigated the possibility of
using a carboxylate as a DG in difluorobenzoic acids under Co-
catalyzed conditions.'*® Gratifyingly, they observed that
coupling between 142 and Grignard reagent 143 in the
presence of CoCl, furnished the ortho-coupled product (144)
in 81% yield (Scheme 39).

Scheme 39. ortho-Selective Kumada Coupling of
Difluorobenzoic Acid

CO.H MgBr CoCl, CO,H O
F ©/CF3 DMPU, Ti(OEt),
+ —_
THF O CF3
; (81%) !
142 143 144

5.1.4. Ketone and Imine. The ketone carbonyl group was
one of the first DGs to be used in site-selective coupling
chemistry."”>” New contributions continue to be made to
expanding the scope of the coordination ability of the carbonyl
group. In 2014, Wang and coworkers reported a coupling
between aryl fluorides and organozinc reagents under Ni-
catalyzed conditions.'® When polyfluoroarenes were used as
substrates, they introduced a suitable DG to avoid multiple
substitutions as a result of ring—walking.161 As shown in
Scheme 40, they showed that the installation of a benzoyl

Scheme 40. ortho-Selective Functionalization of
Difluoroarene 145

RZnCl
NI(PCy3)2C|2

THF/NMP
(52-91%)

group [PhC(O)] enabled the selective functionalization of
difluoroarene 145 in the cross-coupling with various organo-
zinc reagents to favor the formation of the ortho-substituted
product (146). In addition to this study, Kakiuchi and
coworkers also showed that ketones can be employed as
DGs to achieve the ortho-selective arylation of polyfluoroar-
enes with several arylboron reagents under Ru-catalyzed
conditions (not shown).'®*

Similar to ketones, imines have also been widely employed
as DGs in recent years. One of the main approaches has been
to leverage the “transient” directing ability of imines, that is, to
install an imine for a directed site-selective functionalization
with subsequent cleavage of the imine group, which ideally
would all occur in a single pot. Along these lines, Love and
coworkers devised several novel methodologies to achieve the
ortho functionalization of polyfluoroarenes. Taking inspiration
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from work by Crespo and Martinez,'®> who achieved
stoichiometric C—F activation in a series of polyfluoroaryl
imines in the presence of [Me,Pt(u-SMe,)],,'** the Love
group investigated the possibility of performing this trans-
formation in a catalytic process. Toward this end, they found
that by using [Me,Pt(u-SMe,)], as the catalyst with
substoichiometric loading of Me,Zn as the methylating
agent, the ortho-methylation of a variety of polyfluoroaryl
imines (147) could be achieved to furnish 148 (Scheme
41).'71%% Additionally, they extended the scope of this
methodology to achieve monomethoxylation in polyfluoroaryl
imines béy using tetramethoxysilane as the transmetalating
reagent.

Scheme 41. Platinum(II)-Catalyzed ortho-Methylation of
Polyfluoroaryl Imines
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After their initial work exploiting the coordinating ability of
imines to achieve the site-selective functionalization of the
ortho C—F bond in various polyfluoroaryl imines, Love and
coworkers extended this methodology to include other
coupling processes as well. For example, they demonstrated a
Ni-catalyzed cross-coupling reaction between several poly-
fluoroaryl imines (150) and 4-methoxyphenylboronic acid to
access a wide variety of biaryl aldehydes (151) upon hydrolysis
(Scheme 42)."7° This study showcases the “transient” nature of

Scheme 42. Nickel-Catalyzed ortho-Arylation of
Polyfluoroaryl Imines
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imines as DGs to achieve site-selective functionalization with
the subsequent, in situ hydrolysis of the imine to unveil the
corresponding aldehyde. Following these reports by the Love
group, Li and coworkers extended the scope of employing
imines as DGs to include the ortho-selective alkylative cross-
coupling of polyfluoroarenes w1th various organozinc reagents
under Ni-catalyzed conditions."”

5.1.5. Ester and Amide. Esters are versatile functional
groups because they can be either introduced or interconverted
easily through a variety of methods; therefore, the develop-
ment of strategies for ester-directed site-selective functionaliza-
tion has become highly desirable. Although the directing
potential of ester groups was first explored in the mid-
1990s,'”>'7 very little progress has been made in this area.
This is mainly attributed to the weak coordination of the
carbonyl group of esters to metal catalysts. One of the first
successful methodologies to enable the site-selective function-
alization of polyhalogenated heterocycles directed bzr an ester
group was reported by Yang and coworkers in 2003."”* In their
study, they observed that Suzuki—Miyaura coupling with the
methyl ester of 2,6-dichloronicotinic acid (152) predominantly
gave the six-substituted product (154) presumably due to the
steric influence of the C3 ester (entry 1, Scheme 43A). To

Scheme 43. (A) Ester- and Amide-Directed Suzuki—Miyaura
Coupling in the Presence of PXPd, and (B) Application
toward the Syntheses of Negative Allosteric Modulator
Analogues
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reverse the selectivity, they sought to coordinate the Pd(0)
metal center to the ester group to promote oxidative addition
into the C2 C—Cl bond. To enable this coordination, they
envisioned reducing the ligand to palladium ratio to provide an
open coordination site on the palladium. To test their
hypothesis, they conducted the Suzuki—Miyaura coupling
with a Pd/P'Bus (1:1) catalyst system,'”> which had previously
been employed by Hartwig and coworkers in their amination
studies,'’*'”” where they proposed the generation of a
monophosphine Pd(0) complex as the catalytically active
species. As predicted, Yang and coworkers achieved the desired
complementary selectivity, with the C2-coupled product (153)
forming as the major product in a ratio of 1.7:1 (entry 2).
This promising initial result was followed by a thorough
catalyst screening, where the best result was observed with an
air-stable PXPd, system (a 1:1 Pd/chlorophosphine com-
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plex),'”®™"*" which furnished 153/154 in a ratio of 2.5:1
(entry 3, Scheme 43A). With this newly identified catalyst,
they anticipated being able to further improve the selectivity by
employing a more strongly coordinating amide generated from
2,6-dichloronicotinic acid (152d). Indeed, Suzuki—Miyaura
coupling with the nicotinamide substrate in the presence of
PXPd, resulted in a 9:1 mixture of 153/154 (entry 4), thereby
significantly enhancing selectivity. This chemistry was applied
to the synthesis of novel negative allosteric modulator
analogues,'® which included a C2-selective arylation of
nicotinamide 152d to access myriad biaryl compounds, such
as 155 (Scheme 43B)."*'** The directing ability of the amide
group was also explored by Love and coworkers in their
selective Ni-catalyzed trifluoromethylthiolation chemistry.'®
Over the course of their studies, they developed a novel
protocol to access monotrifluoromethylthiolated adducts
(157) starting from dichloronicotinamide 156 using AgSCF,
as a nucleophilic trifluoromethylthiolating reagent in the
absence of ligands and additives (Scheme 44).

Scheme 44. Amide-Directed Mono-
Trifluoromethylthiolation of Dichloronicotinamide 156

(0] Ni(cod), (0]
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I P H THF P H
Cl N Cl (43%) Cl N SCF3
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5.1.6. N-Heterocycle. N-Heterocycles are a very common
class of DGs for the selective functionalization of polyhaloar-
enes. Several factors have contributed to their popularity as
DGs, including: (1) N-heterocycles are found in various
pharmaceutically relevant compounds, which helps facilitate
late-stage modifications and prevents the need for additional
DG installation/removal steps; (2) there are many strategies
for introducing N-heterocycles; and (3) there is flexibility in
introducing different substituents or heteroatoms to alter the
coordinating ability for a specific transformation.'®® Con-
sequently, several heterocycles have been exploited as DGs to
facilitate the selective cleavage of a specific C—X bond in
polyhaloarenes (Scheme 45).

Scheme 45. Selected Examples of N-Heterocycles Employed
for the Selective Functionalization of Polyhaloarenes

N-heterocycle-directed C—X activation
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Inspired by pioneering work in applying an oxazoline motif
as a DG in C—H activation chemistry,"””’~'* Shen and Lu
investigated the possibility of extending this strategy toward
selective C—F bond activation in polyfluorinated arenes. They
developed a Suzuki—Miyaura coupling between polyfluoroaryl
oxazolines (158) and arylboronic acids to furnish ortho-
arylated products (159) in the presence of Pd(CH;CN),Cl, as

the precatalyst and Cs,CO; as the base (Scheme 46A)."%° It
was concluded that 1,1’-ferrocenediyl-bis(diphenylphosphine)

Scheme 46. (A) Oxazoline-Directed ortho-Arylation and
(B) Pyridine-Directed Concurrent C—F/C—H Bond
Activation

A. oxazoline-directed C—F bond activation
Pd(CH3CN),Cl,

o’> DPPF O’>
~ CSzCO3 ~
. z | N + ArB(OH); ———— . z | N
L DEE LT

X F X Ar

(20-95%)
158 159

B. pyridine-directed C—F bond activation
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(DPPF) was the most effective ligand for this process because
reactions using DPPF were much faster than reactions
employing other phosphine ligands.

Following this report, the authors envisioned performing a
C—F bond activation of a Polyﬂuoroarene with a tandem C—H
bond activation event'”' ™" occurring with a second coupling
partner to achieve a more efficient synthesis of partially
fluorinated arenes.'”®'”” This strategy came with its own
synthetic challenge of suppressing the undesired, but kineti-
cally favorable, activation of a C—H bond in the polyfluoroar-
ene substrate. After a careful investigation, they ultimately
accomplished this tandem C—F/C—H bond activation process
between polyfluoroarenes 160 and benzothiazole by employing
a pyridyl group as a DG to effect selective C—F bond cleavage.
The authors found that when oxazoline was installed as the
DG, the desired product could be obtained only in poor yields
with the predominant formation of undesired side products.
The highest yield was observed using lithium tert-butoxide as
the base and a catalyst generated in situ from Pd(MeCN),Cl,
and 1,2-bis(diphenylphosphino)benzene (DPPBz). Impres-
sively, the scope of this methodology was extended to other
heterocycles such as thiazole, benzothiazole, benzoimidazole,
oxazole, and oxadiazole to access a wide variety of partially
fluorinated arenes (161) (Scheme 46B).”°

Having developed Pd-catalyzed conditions to leverage the
directing ability of N-heterocycles, Shen and Lu began
investigating other transition-metal-catalyzed conditions to
effect other selective transformations. They developed the first
Ni-catalyzed a-arylation using Reformatsky reagents (163) and
polyfluorinated arenes (162) via an N-heterocycle-directed C—
F bond activation process (Scheme 47).*°" Following
optimization studies, they identified DIOP to be the most
suitable ligand for this process. Furthermore, they also showed
that in addition to pyridine, quinoxaline and oxazoline groups
were effective DGs to access a wide variety of a-arylated
amides (164).

In a related study, Cao and coworkers demonstrated that
organozinc reagents, such as Me,Zn, Et,Zn, and PhCH,ZnBr,
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Scheme 47. ortho-Selective a-Arylation of Polyfluoroarenes
with Reformatsky Reagents
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can also be selectively coupled to polyfluoroarenes using N-
heterocycle DGs.””> Additionally, in the methodology
developed by Love and coworkers detailing amide-assisted
ortho-selective trifluoromethylthiolation under Ni-catalyzed
conditions (156 — 157, Scheme 44), the authors demon-
strated the same transformation by employing a pyridine DG
to provide biaryl trifluoromethyl sulfide 166 (Scheme 48).'*

Scheme 48. Pyridine-Directed Mono-
Trifluoromethylthiolation of Dichloroarene 165
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So far, we have mainly discussed strategies focused on the
construction of C—C bonds through the transition-metal-
catalyzed, site-selective C—F bond activation of polyfluoroar-
enes. Other types of couplings to install noncarbon
substituents by the C—F bond activation of polyfluoroarenes
enable the diversification of fluorinated molecules. Toward this
end, Zhang and coworkers disclosed a novel strategy for
achieving the N-heterocycle-directed ortho-borylation of
polyfluoroarenes (167) to furnish boronate esters such as
168 (Scheme 49).> Rh(I) catalysts were investigated, and
after a comprehensive screen, [Rh(cod),]BF, was identified as
the most suitable catalyst for this process. Several N-

Scheme 49. N-Heterocycle-Directed ortho-Borylation of
Polyfluoroarenes
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heterocycles including pyridine, quinoline, and benzoxazole
emerged as viable DGs in this methodology.

5.1.7. Other Miscellaneous Directing Groups.
5.1.7.1. Nitro. In the early 2000s, strategies for the Pd-
catalyzed C—F bond activation and functionalization of
monofluorinated nitrobenzene derivatives were reported by
the groups of Yu’®* and Widdowson.”” In their studies, the
authors proposed that in addition to its selectivity-enhancing
electron-withdrawing properties, a nitro group also has the
potential to direct a Pd catalyst to an adjacent C—F bond for
its site-selective cleavage. Taking inspiration from these initial
reports, Sandford and coworkers envisioned that a polyfluori-
nated nitroarene could also undergo a nitro-directed ortho
functionalization via a Pd-catalyzed C—F bond activation
event. When a Suzuki—Miyaura coupling reaction between
perfluorinated nitroarene 169 and phenylboronate ester 170
was conducted in the presence of Pd(PPh,),, the desired
ortho-coupled product (171) was isolated in 80% yield
(Scheme 50).%° Of note, the absence of the electronically

Scheme 50. ortho-Selective C—F Bond Activation in
Perfluorinated Nitroarene 169
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favored para-coupled product (see Scheme S) further supports
transition state 172, which depicts the directing ability of the
nitro group. Additionally, the scope of the reaction was then
expanded to include a variety of polyfluoro nitroarenes and
arylboronic acids with equally satisfying results.

5.1.7.2. Aminide. Pyridinium N-(3’,5'-dibromopyrid-2’-
yl)aminides (e.g, 1732)””""*'" have been employed as
bulldlng blocks in the synthesis of various azine deriva-
tives.”' >'* When they possess two C—Br bonds, these
compounds are primed to undergo late-stage modifications via
cross-coupling reactions. Accordingly, Alvarez-Builla and
coworkers observed that upon subjecting these compounds
to Suzuki—Miyaura coupling conditions with one equivalent of
a boronic acid, substitution occurred exclusively at C3 to afford
the monocoupled product (174) as the major product
(Scheme S1). The authors attributed the observed site
selectivity to the coordination ability of the aminide nitrogen
to direct the Pd catalyst to the C3 position. On the basis of this
result, a series of 3-(hetero)arylated derivatives were

Scheme 51. Aminide-Directed Selective Suzuki—Miyaura
Coupling
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Scheme 52. (A) Olefin-Mediated Site-Selective Suzuki—Miyaura Coupling of Dibromostyrene 175; (B) Mechanistic
Considerations for the Observed Selectivity; (C) One-Pot Three-Component Suzuki—Miyaura Reaction for the Synthesis of
Terphenyl 184; and (D) One-Pot, Three-Component Suzuki—Miyaura Reaction for the Synthesis of (+)-Cavicularin (189)
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synthesized beginning from both 173a and the analogous
pyrazine derivative, 173b.”'>*'¢

5.1.7.3. Olefin. The DGs that have been discussed thus far
have mainly served to direct oxidative addition to a proximal
C—X bond. Beaudry and coworkers reported the first example
of using a coordinative functional group, such as an olefin, to
achieve a site-selective coupling at a distal C—X bond. In their
study, they observed that a Suzuki—Miyaura coupling between
dibromostyrene 175 and boronate ester 176 predominantly
furnished the monocoupled product (177) arylated at C4
(Scheme 52A).*"” From their subsequent mechanistic studies,
they ruled out the possibility of the observed selectivity arising
from either the sterics or the inherent electronics of 175. They
attributed the selectivity outcome to the relative rates of
oxidative addition of the two bromides (Scheme S52B).
Specifically, they proposed a reversible coordination of the
Pd(0) species with the C—Br bond flanked by the alkene to
generate the coordinately saturated complex 178. This
coordination decreases the rate of oxidative addition at the
C1 position, which leads to the observed site selectivity. The
effects of olefins’'® have been well studied, and it is reported
that the rate of oxidative addition of Pd(0) into iodobenzene is
significantly decreased in the presence of olefin addi-
tives;*'*7*%! overall, this rationale is in agreement with the
reactivity observed with olefin 175.

Beaudry and coworkers then leveraged this observed
selectivity in developing an elegant synthesis of target
compound 184, which was identified as a proteomimetic
compound by Hamilton and coworkers.””* A one-pot, three-
component Suzuki—Miyaura reaction was developed to
achieve the synthesis of terphenyl 183 in 54% overall yield
as a single isomer, starting from 175 and boronate esters 181
and 182. A subsequent hydrogenation furnished the target

compound (184) in high yield (Scheme 52C). Overall, the
authors accomplished an efficient synthesis of 184 compared
with a previously established synthetic route involving seven
steps.”’” Prior to this work, an analogous one-pot, three
component Suzuki—Miyaura reaction was employed in the
synthesis of the bisbibenzyl natural product (+)-cavicularin
(189). Beaudry and coworkers found that dibromomethox-
ystyrene 185 and boronate esters 186 and 187 could react
sequentially in a one-pot Suzuki—Miyaura coupling reaction to
furnish triaryl compound 188 in 63% overall yield (Scheme
52D). The development of this reaction proved to be pivotal in
achieving an efficient synthesis of 189.”***** In summary,
these examples emphasize the significance of leveraging the
coordinating ability of functional groups that are inherent in a
target to achieve site-selective cross-couplings in various
polyhalogenated (hetero)arenes. Furthermore, these tactics
ultimately enabled the efficient syntheses of several target
compounds.

5.2. Ligand-Binding Directing Groups

The examples that we have discussed thus far have employed
DGs on substrates that coordinate directly to and guide the
metal center to a proximal carbon position. However, some
functional groups, depending on the reaction conditions, may
retard the reaction rate by altering the electronics of the
substrate. Furthermore, for reactions where the functionaliza-
tion of a distal C—X bond is desired, a transition-metal-binding
DG may not be suitable if the metal center is too distant from
the desired site of reactivity. To circumvent this challenge and
achieve distal functionalization, certain ligands that are of
adequate length and capable of binding to a DG on a substrate
can serve as a linker between the substrate and the transition-
metal complex, enabling the transition metal to get in
reasonable proximity to the remote C—X bond for activation
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(Scheme 30B). In the following section, we discuss examples
where this “ligand-binding directing group strategy” is
employed to either enhance the rate of oxidative addition or
achieve the selective cleavage of a distal C—X bond. It is
important to note that whereas the following examples do
illustrate a form of ligand control, we have chosen to include
them in this Directing Group Control section, as opposed to
the Ligand Control section (section 6), because their primary
role is to interact with a directing functional group on the
substrate. Ligands that do not interact with a DG but instead
coordinate exclusively to a transition-metal complex will be
discussed in section 6.

Kumada coupling reactions with hydroxylated aryl substrates
generally suffer from reduced reaction rates because the
Grignard reagent deprotonates the hydroxy group to generate a
highly electron-donating oxido group, which electronically
retards oxidative addition. A general strategy to overcome this
challenge would involve binding the generated oxido group to
a ligand (that is, in turn, bound to a transition metal), which
would place the transition-metal center proximal to the C—X
bond, thus accelerating the reaction. In this regard, Manabe
and coworkers synthesized a series of hydroxylated oligoarene-
type phosphine (HOP)***~**® ligands for transition-metal
catalysis, which are based on the Buchwald-type biphenyl-
phosphine ligands.”*”~*** Specifically, they synthesized mono-
hydroxyterphenylphosphine (HTP) and dihydroxyterphenyl-
phosphine (DHTP) ligands (Scheme S$3A), which were

Scheme 53. (A) Different HTP and DHTP Ligands and (B)
Anticipated Heteroaggregate Formation

A. Synthesized HOPs

PR, HO
-0 )
Ph-DHTP (R = Ph) 191a
Cy-DHTP (R = Cy) 191b

Ph-HTP (R = Ph) 190a
Cy-HTP (R = Cy) 190b

B. Mechanistic considerations

RQQ

R-P-M  M'-0 M

M = transition metal complex
M' = alkali metal

expected to perform as bifunctional ligands.”***** Mechanis-
tically, the authors anticipated that a linkage (via an
electrostatic interaction) between the hydroxy group of the
HOP ligand and the metal-oxido group of the substrate would
increase the reaction rate by bringing the phosphino-
coordinated transition-metal center closer to the desired C—
X bond for site-selective oxidative addition (Scheme
53B) 235236

To test this hypothesis, Manabe and coworkers conducted a
Kumada coupling between 2,4-dibromophenol (192) and
Grignard reagent 125 in the presence of Pd,dba; and various
ligands. Interestingly, employing Ph-HTP as the ligand
promoted coupling ortho to the hydroxy group to furnish
193 with excellent selectivity. On the contrary, using DPPF as
the ligand completely reversed the selectivity to provide the
para-coupled product 194, presumably due to steric effects

(Scheme 54).”” Notably, the reaction was drastically
accelerated with Ph-HTP and proceeded to completion in

Scheme 54. Site-Selective Kumada Coupling with 2,4-
Dibromophenol 192

szdba3

ligand
THF
ligand  result

Ph-HTP 89% 193
DPPF 77% 194

OMe

only 2 h; in contrast, the reaction with DPPF took 24 h to
reach completion. Following mechanistic studies, the authors
determined that HOP ligands favor ortho coupling, with poor
selectivity occurring at both the meta and para positions.”*>**°
Altogether, these studies supported the mechanistic hypothesis
of forming a bimetallic, bridged intermediate capable of
facilitating site-selective ortho coupling.

In addition to the Ph-HTP ligand, the use of the HBF, salt
of Cy-HTP was also found to be effective for Kumada coupling
reactions; however, both of these ligands were limited in their
substrate scope. Subsequently, Manabe and coworkers found
that the DHTP ligands were more effective than the HTP
ligands and significantly broadened the substrate scope with
enhanced selectivity. The higher reactivity of the DHTP
ligands is attributed to the higher probability of the palladium
and magnesium phenoxide to be on the same face of the para-
terphenyl system due to the presence of two hydroxy
groups.”*® Eventually, the scope of the Kumada coupling
reaction in the presence of HTP/DHTP ligands was also
extended to include dibromoaniline and dibromoindole
derivatives (e.g,, 195) to give hlghlg selective ortho-coupled
products, such as 196 (Scheme S5).

Scheme 55. ortho-Selective Kumada Coupling with
Dibromoaniline Derivatives

MgBr

; Pd,dbas +7"NH
| Ph- HTP/Ph DHTP s AN PVP
THF I/ Z
(63-90%)
125 196

Manabe and coworkers then investigated the possibility of
achieving HTP/DHTP-mediated ortho-selective Sonogashira
coupling with dihalophenol and aniline derivatives. Toward
this end, they devised a Sonogashira/cyclization sequence with
dichlorophenols and terminal alkynes. Additionally, they also
aimed to conduct a sequential Suzuki—Miyaura coupling at the
unreacted C—X bond. Eventually, they achieved a one-pot
synthesis for the preparation of myriad disubstituted benzo-
[b]furans (198) from a series of dichlorophenols (197),
terminal alkynes, and boronic acids (Scheme S56A).**%7**
They identified the HBF, salt of Cy-DHTP as the most
suitable ligand and ‘BuOLi as the ideal base to effect ortho-
selective Sonogashira coupling to arrive at alkynyl phenoxide
198b, presumably through the formation of the heteroag-
gregate, 198a. Mechanistically, a subsequent intramolecular
cyclization and a sequential Suzuki—Miyaura coupling reaction
afforded 198. This development encouraged them to explore
the Sonogashira/cyclization sequence with dihaloanilines as
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Scheme 56. (A) Reaction Pathway to Access Disubstituted
Benzo[b]furans and (B) Synthesis of Disubstituted Indoles
from N-Tosyldichloroaniline Derivatives

A. One-pot synthesis of disubstituted benzo[b]furans
PdCly(CH3CN),
191b-HBF,4, XPhos,
BuOLi

Cls PhMe A=
& Noq + | - = \ /
— R then H,O 0" R
OH then ArB(OH),
K3POy4, TBAC
197 (22-89%) 198

l191 b-HBF,4

via Cl AR\
— selective
/\ Sonogashira

Cl O

SN i
I G
>

cyclization
followed by
Suzuki coupling

198a Li—O 198b

B. One-pot synthesis of disubstituted indoles

PdCI,(CHsCN),
191b-HBF4, XPhos,
BuOLi

PhMe X
L A cl + || —_— ArmR
> R then H,O Z~N

NHTs then ArB(OH), Ts
199 K3PO,4, TBAC 200
(28-87%)

well. Analogous to the sequence with dichlorophenols, N-
tosyldichloroanilines 199 were also transformed to disubsti-
tuted indoles (200) using various terminal alkynes and boronic
acids (Scheme 56B).****

In addition to tosylated aniline derivatives, acetylated aniline
derivatives were also suitable substrates for this transformation.
Specifically, N-acetyl-2,4,6-trichloroaniline 201 reacted with
various terminal alkynes to furnish a series of 2-substituted S,7-
dichloroindoles (202). Mechanistically, similar to the previous
examples, the Sonogashira coupling proceeds via the
heteroaggregate intermediate 202a, which installs the alkyne
moiety ortho to the acetamido group. However, in contrast
with the previously observed indole synthesis, 202b cyclizes
followed by a deacetylation of the resulting N-acetylated indole
to furnish 1H-indole 202 (Scheme 57A). Importantly, this
compound could be directly utilized in a subsequent C7-
selective Kumada coupling with several aryl Grignard reagents
under DHTP ligand conditions to furnish disubstituted
indoles, such as 203 (Scheme S$7B). This strategy allows for
the stepwise substitution of each of the chloro groups to install
different substituents in a well-controlled manner, thus proving
to be effective for preparing a series of multisubstituted
indoles.”*****

Whereas the aforementioned reports by Manabe and
coworkers exemplify the utility of bifunctional ligands (HTP
and DHTP) in palladium catalysis to accelerate the rate of
oxidation addition at a nearby ortho C—X bond, there
currently exists a dearth in methodologies that address site-
selective coupling at more distal positions with minimal steric
or electronic bias. To address this challenge, Phipps and
coworkers focused on leveraging bifunctional phosphine

Scheme 57. (A) Reaction Pathway to Access Two-
Substituted 5,7-Dichloroindoles and (B) Site-Selective
Kumada Coupling of 5,7-Dichloroindole

A. Synthesis of 2-substituted 5,7-dichloroindole
Pd(OAc),

cl cl 191b-HBF, cl
\@ ||| BuOLi 5 N_Rr
+ —_— N 2
NHAc R NwP 7 u
cl (21-82%) cl
201 202
cyclization
¢1Q1b-HBF4 followed by T
deacetylation _
j | |
via C Cl )M\e
selective
—~ N \(,) Sonogashira = R
cy. Pd Ci IL i, _cowlng _ Cl zZ
N7 ’ ’
Cy—-P [e)
NAc
O {
L 202a Li— 202b
B. C7-selective Kumada coupling of 5,7-dichloroindole
Pd(OAc),
cl 191b-HBF, ()
5 N R BuOLi N\ _pvp
N + ArMgBr — N
7 NMP
c M (29-95%) A A
202 203

ligands to direct oxidative addition at a distal position. They
postulated a pseudointramolecular transition state stabilized by
some noncovalent interactions between the substrate and the
ligand,”**™>** which would bring the phosphino-coordinated
metal center in close proximity to a specific C—X bond.
Toward this end, they considered sulfonylated phosphine
ligands to serve this bifunctional purpose, where the sulfonate
group was anticipated to engage the substrate via an
electrostatic interaction. Accordingly, they chose to employ
sSPhos and sXPhos, the sodium salts of sulfonylated SPhos
and XPhos, which have been previously utilized by Anderson
and Buchwald for the cross-coupling of aryl chlorides in water
(Scheme 58A).2°972%°

They probed the coordination ability of these ligands in the
Suzuki—Miyaura coupling between N-acetyl-3,4-dichloroben-
zylamine 204a and boronic acid 205 (Scheme 58B).**® They
hypothesized that the interaction between the ligand and the
amine group of the substrate would result in site selectivity.
Consistent with this notion, they observed no selectivity with
either SPhos or XPhos (entries 1 and 2). In contrast, the
addition of either sSPhos or sXPhos favored meta coupling to
predominantly give 206 over 207 (entries 3 and 4).
Subsequently, the N-group was varied to study the selectivity
outcome. Interestingly, as the N-protecting groups became
more electron-withdrawing, the selectivity was significantly
enhanced. Whereas trifluoroacetyl gave poor selectivity (entry
S), tosyl increased the ratio to 7.5:1 (entry 6). Eventually,
triflyl was identified to provide both excellent selectivity and
conversion (entry 7). Overall, the authors rationalized the
observed results by invoking an electrostatic interaction of the
potassium salt of 204d with the sulfonate group of the ligand
to generate intermediate 208. In this intermediate, the
phosphine-bound Pd is proximal to the meta-C—Cl bond,
thus enabling subsequent oxidative addition in a selective
manner.
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Scheme 58. (A) Selection of Investigated Biarylphosphine Ligands and (B) Optimization Studies to Achieve meta-Selective

Coupling

A. Biaryl phosphine ligands B. Optimzation studies
NHR B(OH NHR NHR
(OH), Pd(OAc),
ligand
PCy, PCy, + —_— ¥
MeO, OMe MeO OMe cl K3POy4 Ar cl
O O ©® cl COzEt THF cl Ar
SO; Na 204 205 206 207
SPhos sSPhos _ _
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O O 1 Ac(a) SPhos 12 18 1111 c
' PCy, PCy> 2 Ac  XPhos 41 32 131 Cy,P-Pd
P Pr Pr Pr 3 Ac sSPhos 38 10 381 R ONTf
O O 4 Ac sXPhos 42 22 1.8:1 D K®
5 TFA(b) sSPhos 39 20 1.9:1 00
I o ® 6 Ts(c) sSPhos 48 6 7.5:1 R™ Ss%
Pr SOz Na 7  Tf(d) sSPhos 78 <1 >20:1 R=0OMe O
XPhos sXPhos 208

Next, the scope of the Suzuki—Miyaura coupling of 204d
was expanded to include various aromatic boronic acids, which
led to the formation of bial;yl products (206d) with excellent
selectivity (Scheme 59A).**° Additionally, Sonogashira cou-

Scheme 59. (A) Site-Selective Suzuki—Miyaura and
Sonogashira Couplings with 204d and (B) Site-Selective
Buchwald—Hartwig Amination with 204d

A. Site-selective Suzuki-Miyaura and Sonogashira coupling

NHTf NHTf NHTf
ArB(OH), Pd(OAc),
sSPhos
+ or — or
— K3PO4
CIl =R THF Ar \\
Cl (47-92%) Cl Cl R
204d 206d 209

B. Site-selective Buchwald—Hartwig coupling

ArNH, NHTf
Pd,(dba)s
s(tBuSPhos) PBu,
204d KO > MeO. OMe
3P0y
dioxane NHAr O CXC)
(45-91%) Cl SO3; Na
210

s(tBuSPhos)

pling to form Csp*—Csp bonds was investigated with several
alkyne derivatives, and the corresponding aryl alkyne products
(209) were isolated with superior selectivity. Furthermore,
Buchwald—Hartwig amination was also explored with 204d to
access a variety of meta-substituted aryl amine products, such
as 210 (Scheme S9B). Gratifyingly, aryl amines proved to be
suitable substrates for this transformation, and after the
optimization, s(tBuSPhos), the P(‘Bu), variant of sSPhos,
was found to give the best selectivity. Applying these optimized
conditions enabled a range of aryl amines to be successfully
coupled.

Following this work, the authors then investigated the
possibility of coupling 204d to a suitable cougling partner via a
C—H bond activation process (Scheme 60).”>” This approach
would be highly beneficial because it avoids the necessity of
prefunctionalizing the second coupling partner; furthermore,
this strategy would demonstrate the viability of concerted
metalation—deprotonation (CMD) in this putative electro-
statically bound transition state (208, Scheme S8B). Toward

Scheme 60. meta-Selective C—H Activation/C—C Bond
Formation with Fluoroarenes and Fluoroheteroarenes

cinnamyl)PdCI NHTf
NHTf H I yl) I2
sSPhos(NBuy)
A PivOH, KZCOS
+ R+ —F, ——————>» Fn
cl 7 IProAc I kS
& Y=CN (26-91%) Cl /Y
204d 21 212 R

this end, fluoroarenes and fluoroheteroarenes (211) were
chosen as the second coupling partner.”**** Surprisingly, no
product was observed under the previously disclosed
conditions (Scheme 58B). However, on the basis of previous
literature data, adding pivalic acid®® and switching the solvent
to PrOAc**"*** proved to be crucial for executing the desired
C—H activation/C—C bond forming event. The yield was
substantially improved by using the more soluble tetrabuty-
lammonium salt of sSPhos, sSPhos(NBu,), instead of the
typical sodium salt. In addition, following an evaluation of Pd
precatalysts, [(cinnamyl)PdCl], was identified to give the
product in an enhanced yield. Next, several fluoroarenes were
coupled to 204d to produce myriad biaryl products (212)
under this established set of optimized conditions (Scheme
60).

Phipps and coworkers next explored the dichloroarene
component by varying the amino functional handle (Scheme
61). They established that extended triflamide derivatives were
tolerated, albeit with reduced selectivity. Additionally, a-
substitution with both methyl and phenyl groups did not
interfere with the catalytic process. Interestingly, sulfamate,
sulfonate, and phosphonate derivatives were all found to be
suitable substrates for this site-selective cross-coupling process.
Furthermore, carboxylic acid derivatives with an extended
chain length resulted in excellent site selectivity, and the
presence of an alkene in the chain also did not disrupt the
observed selectivity.

Adding to their repertoire of site-selective cross-couplings,
Phipps and coworkers next established a comprehensive
“toolkit” where various ligand/base combinations were
identified for site-selective Suzuki—Miyaura and Buchwald—
Hartwig couplings via the electrostatic model proposed for
intermediate 208.°°> (See Scheme 58.) Through a systematic
screening process, the authors identified various ligand/base
combinations for transforming dichlorinated arenes with
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Scheme 61. Evaluation of Various Brensted Acidic
Functional Groups
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diverse substitution patterns (216—218) into their correspond-
ing monocoupled products (219—221) under both Suzuki—
Miyaura and Buchwald—Hartwig conditions (Scheme 62A). In
the same publication, the authors reported ligand/base
combinations suitable for facilitating site-selective Suzuki—
Miyaura and Buchwald—Hartwig couplings of various tri-
chlorinated arenes (222—224) to monocoupled products
(225-227) as well (Scheme 62B). Using the ligand/base
combinations shown in Scheme 62, the authors successfully
executed sequential Suzuki—Miyaura cross-couplings on both
trichlorinated and tetrachlorinated arenes to obtain polyary-
lated products in a site-selective manner (not shown). In
summary, Phipps and coworkers demonstrated that electro-
statically directed palladium catalysis employing bifunctional

sulfonylated biarylphosphine ligands is compatible with various
cross-coupling and CMD-type C—H activation processes on
several functionalized dichloroarene derivatives.

Overall, the contributions of Manabe and Phipps clearly
mark the advent of employing bifunctional phosphine ligands
to promote site-selective cross-coupling in polyhalogenated
(hetero)arenes. This series of thought-provoking examples
demonstrates how a ligand can be finely tuned to interact with
halogenated precursors to facilitate site-selective oxidative
addition. In this stage, one can anticipate the development of
several new reactions that employ bifunctional ligands along
with transition-metal catalysts to effect cross-couplings at
positions that are otherwise challenging to activate under the
previously disclosed strategies.

6. LIGAND CONTROL

The majority of examples for the site-selective cross-coupling
of polyhalogenated arenes discussed so far have been based on
a “substrate-controlled” strategy, which focuses on leveraging
key differences in reactivity between various C—X bonds and
DG abilities of functional groups present on the substrate.
Thus far, the preference for a reaction to occur at one C—X
bond over another has been ascribed to three main factors: (1)
the electronics of the carbon position, (2) the steric
environment, and (3) the influence of nearby DGs. Examples
relevant to these categories have been discussed in detail in
sections 3—S. This section focuses on examples related to a
“ligand-controlled” strategy (i.e., a non-substrate-controlled
strategy), wherein ligands that bind exclusively to the transition
metal (and not the substrate) can be used to alter/tune the
electronic and steric properties of the transition-metal
complex, thus controlling the selectivity outcome. In other
words, depending on the choice of ligands, different products
can be obtained selectively from the same polyhaloarene

Scheme 62. Site-Selective Suzuki—Miyaura and Buchwald—Hartwig Couplings of (A) Dichlorinated and (B) Trichlorinated

Arenes

A. Dichlorinated arenes
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Scheme 63. Site-Selective Suzuki—Miyaura Coupling of 228
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Scheme 64. (A) Investigated Ligands and (B) Ligand-Controlled Site-Selective Suzuki—Miyaura Couplings of Various

Dihaloazoles
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precursor. Employing this strategy would enable one to obtain
a product selectively, regardless of the steric and electronic
nature of the starting material. This provides an advantage over
the previously described strategies in instances where the
desired selectivity and electronically preferred outcomes are
mismatched. Substrate control requires the preinstallation of
either a sterically bulky substituent or a coordinating functional
group to bias oxidative addition toward a specific C—X bond.
However, this can decrease the atom and step economy if the
added substituent must be removed later in the synthesis.
Hence, strategies that enable site-selective reactivity without
modification of the substrate are highly desirable. Recent
reports of novel ligand platforms to guide site-selective
couplings represent a significant advancement in this field.

In 2005, Chung and coworkers reported a Suzuki—Miyaura
coupling between $,7-dichloro-1-(2,6-dichlorophenyl)-1,6-

AA

naphthyridin-2-(1H)-one (228) and electron-deficient arylbor-
onic acid 229 (Scheme 63).%6%72%° During their initial
investigation, the authors observed selectivity between
monocoupled products, with 230 being favored over 231.
However, in the case of both monocoupled products, the
electron-deficient difluorophenyl group activated the second
C—Cl bond toward a second coupling, which formed the bis-
coupled product (232) in almost equal ratio to 230 (entry 1).
Eventually, Chung and coworkers rationalized that the site
selectivity observed with 228 was completely substrate-
dependent, and they anticipated minimizing the second
coupling by altering the ligand employed in the reaction.
Consequently, they screened ~80 commercially available
ligands with various bases and solvents,”*® with selected
results shown in Scheme 62 (see table). Furthermore, some
improvements were also observed by either lowering the
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temperature or using a monodentate ligand, such as PPh,
(entries 2 and 3). Interestingly, using SPhos, a highly activating
ligand, enabled the reaction to occur at a lower temperature
and gave a slightly improved selectivity for the monocoupled
product 230 (entry 4). Further improvement in selectivity was
observed using IMeseHCI, the NHC derived from 1,3-
bis(2,4,6-trimethylphenyl)imidazolium chloride. A combina-
tion of this carbene along with Pd(OAc), or
Pd,(dba);eCHCI; was identified as a suitable catalytic system
for this transformation (entries S and 6). Additionally, for a
large-scale manufacturing process, the precatalyst/ligand
system of Pd,(dba);eCHCl;/P(2-MeOC¢H,); was revealed
to be more robust and cost-effective, providing >99%
conversion and 230 in 92% yield (entry 7).

These studies were followed by a report by Strotman,
Chobanian, and coworkers, where various ligands (Scheme
64A) were identified to facilitate complementary select1v1ty
outcomes in the cross-coupling of several dihaloazoles.” o7
Because oxazole, imidazole, and thiazole frameworks are
present in several bioactive and pharmaceutically relevant
molecules,****% devising efficient strategies to access their
derivatives is highly valuable. Toward this end, the authors
investigated site-selective Suzuki—Miyaura couplings of
dihaloimidazoles, dihalooxazoles, and dihalothiazoles as a
strategy to rapidly diversify diarylazoles in a modular fashion
(Scheme 64B). Taking inspiration from the work of Greaney
and coworkers,””’ the authors commenced their study with the
Suzuki—Miyaura coupling of 2,4-diiodooxazole (85) and
phenylboronic acid. The more reactive C2 position””"*”* (as
predicted by Handy’s method””®) was expected to be the
preferred site of coupling; however, contrary to this expect-
ation, the majority of ligands screened favored coupling at the
C4 position. The highest yielding result was obtained by
employing Xantphos (X2) as the ligand, which furnished the
C4-phenylated product 233 in 64% yield. To explore C2-
selective coupling, the authors next screened ~200 achiral
phosphine ligands and identified 1,3,5-triaza-7-phosphaada-
mantane (X4) as a ligand that produced the desired C2-
phenylated product (234) in 55% yield.

With these complementary conditions established, the
authors next investigated a Suzuki—Miyaura coupling of
other commercially available dihaloazoles. As with 85, high
C2 selectivity was observed with 2,5-dibromo-1-methylimida-
zole (84) when X4 was employed as the ligand; these
conditions provided 236 in 64% vyield. Concurrently, CS
selectivity was also obtained with a wide variety of ligands, with
bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium
salt (X6) furnishing 23S in 45% yield. While exploring C2
versus C4 site selectivity with 2,4-dibromo-1-methylimidazole
(76), the previously described ligand choices were investigated.
Surprisingly, the major site of reaction for all the explored
ligands, including X4 and X2, was at the C2 position. The best
selectivity and highest yield of 238 (produced almost
exclusively) were obtained using tri(4-fluorophenyl)phosphine
ligand XS. Furthermore, no ligands in their collection provided
any appreciable reaction at C4, which was the more reactive
position observed for 2,4-diiodooxazole (85). A similar
outcome was also observed with dibromothiazoles (71 and
72). Out of all of the investigated ligands, X2 proved to be
highly selective for C2 coupling in both 2,4- and 2,5-
dibromothiazoles; notably, no ligand was identified that
achieved selective coupling at either C4 or CS5. These results
stand in stark contrast with what was observed with both 84
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and 85, where coupling could take place at the C4 and CS
positions in a selective manner. The scope of the Suzuki—
Miyaura coupling with these heterocycles was extended to
include a wide variety of electron-rich, electron-poor, and
sterically hindered arylboronic acids. Selectivity with heteroaryl
and cyclopropylboronic acids followed similar trends to that
observed with phenylboronic acid. The dependence of the
relative rates of C2 versus C4 (or CS) coupling on the identity
of the ligand is not fully understood but is believed to be a
cumulative effect of both the steric and the electronic nature of
the ligand.

The potential of ligand-controlled site-selective couplings
has also been investigated by Dai and coworkers,””* who were
interested in constructing a wide array of pyridazine derivatives
from 3,5-dichloropyridazine (56) as part of a drug discovery
program. The authors envisioned catalytic systems that could
selectively favor coupling at either the C3 or the CS positions
of 56, thus enabling a modular approach to accessing diverse
diarylpyridazines. On the basis of the findings by Houk and
Merlic,”®”* 3,5-dichloropyridazine is expected to react more
readily at C3 than C5 due to the lower BDE of the C—Cl bond
a to the nitrogen atom. Dai and coworkers focused on a
Suzuki—Miyaura coupling between 56 and phenylboronic acid
under different ligand conditions (Scheme 65). They observed

Scheme 65. C3 versus C5 Complementary Selectivity
Observed in 3,5-Dichloropyridazine (56)

PhB(OH),
Cl Pd( OAc)2
5= Ilgand
N
3\ N 052003 3\ N
Cl dioxane PH
56 243
C-CI BDEs Entry ligand 241 242 243
a
(keal/mol) 1 DPPF 82 o 18
- 2 Xantphos 69 12 19
\ N 933 3 PPh, 76 0 24
y—N  (86.7) 4 DTBPF 16 54 30
c 5 PBu, 8 71 21
cl 6 P(o-tol)3 28 60 12
N— 4.7 7 Q-Phos 4 80 16
N (87.9) 8 RuPhos 17 4 79
\_ 9 DavePhos 14 16 70
10 XPhos 10 15 75
1]
Q/PtBuz < PBuw O O
Fe Ph Fe Ph PCy, PCy,
: g iPro O'Pr NMe,
Spigy, P i O O
Ph
DTBPF Q-Phos RuPhos DavePhos

“See Scheme 16 (ref 73).

that electron-deficient bidentate ligands and PPh; favored the
formation of the C3-coupled product (241), and DPPF was
found to give the best yield and selectivity (entries 1-—3).
Notably, DTBPF, an electron-rich bidentate ligand, gave the
opposite selectivity, albeit in a moderate ratio between mono-
and bis-coupled products (entry 4). Alternatively, CS
selectivity was also achieved with electron-rich monodentate
ligands (entries 5—7). Q-Phos gave the best selectivity and
afforded the CS-coupled product (242) in 80% yield.
Furthermore, Buchwald’s biaryl-based monophosphine ligands
(e.g., RuPhos, DavePhos, and XPhos) predominantly favored
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the formation of the bis-coupled product (243), even when
only 1 equiv of phenylboronic acid was used (entries 8—10).

Although the exact nature of how substrate—ligand
interactions facilitate complementary selectivity remains
unclear, one could envision selectivity arising from an effect
of the steric and electronic influences of both the ligand and
the substrate. For instance, electron-deficient ligands favor
slower oxidative addition; therefore, the insertion of the metal
center at the more reactive C3 position of 56 (Scheme 65)
occurs, as predicted by the corresponding C—CI BDE values
reported by Houk and Merlic.**”® On the contrary, electron-
rich ligands bias the metal center to insert into the more
sterically accessible CS position of 56. These principles guided
Dai and coworkers in their investigation of a complementary
C2 versus C4 coupling strategy for 2,4-dichloropyridine (244,
Scheme 66). C2 coupling was achieved with DPPF, which

Scheme 66. Complementary Selectivity Observed in 2,4-
Dichloropyridine (244)

PhB(OH), PhB(OH),

Ph Pd(OAc), Cl Pd(OAc), Cl
= Q-Phos = DPPF =
NS “ N > N,
N KF D—N Cs,CO3 DN

Cl toluene/H,0O Cl dioxane/H,O Ph
246 (36%) 244 (90%) 245

furnished the desired product (245) in 90% yield. On the basis
of the report by Houk and Mertlic, coupling at C2 over C4 is
favored by nearly 1000-fold;*®”* however, Dai and coworkers
were able to overcome this preference by implementing their
previously discovered conditions employing Q-Phos (see entry
7, Scheme 65) to give the C4-coupled product (246) in 36%
yield. Despite the modest 36% yield of 246, this is the first
example of 244 undergoing a C4 coupling in the absence of a
DG.

Recently, Yang and coworkers also investigated this
challen ing C4 coupling of 2,4-dichloropyridine
(244).7>7**" The authors began their exploration by using
244 and 4,4,5,5-tetramethyl-2-phenyl-1,3,2,-dioxaborolane
(PhBpin) (Scheme 67). They observed that using Pd(PPh,),

as the catalyst afforded the C2-coupled product (245) in high
yield (entry 1). Next, they conducted an extensive screening
with Buchwald Pd-G3 precatalysts. Over the past decade, the
Buchwald group has developed a series of Pd precatalysts from
the corresponding family of biarylphosphine ligands.”®' %
The Pd-G3 precatalysts are, in general, bulky, electron-rich
ligands, which rapidly convert to the active L—Pd(0) species
under mild reaction conditions; these catalysts have therefore
been prominently used in various cross-coupling pro-
cesses.” " #?**72% Buchwald Pd-G3 precatalysts improved the
ratio of C4:C2-coupled products, albeit with a moderate
overall selectivity (entries 2—6). A plausible mechanistic
rationale is that the precatalysts containing bulky electron-
rich ligands favor oxidative addition at the more sterically
accessible C4 position; this logic would be in agreement with
what Dai and coworkers observed during their studies.””* (See
Schemes 65 and 66.)

In an effort to further improve the yield of this C4 coupling,
Yang and coworkers turned their attention toward “pyridine-
enhanced precatalyst preparation stabilization and initiation”
(PEPPSI) catalysts. These catalysts form highly stable
organopalladium complexes containing bulky NHC ligands.
PEPPSI catalysts were originally developed by Organ and
coworkers and have since been found to accelerate various
aminations and cross-coupling reactions.””*™**® Gratifyingly,
when the Suzuki—Miyaura coupling was conducted in the
presence of a PEPPSI-IPr precatalyst, a large proportion of
246:245 (~4.5:1) was observed (entry 7, Scheme 67). This
selectivity was attributed to the steric bulk of the PEPPSI-IPr
precatalyst, which inserted into the more sterically accessible
C4 position of 244. However, a significant amount of the bis-
coupled product (247) was also formed along with the desired
C4-coupled product (246). Further optimization with
PEPPSI-IPr was conducted to minimize the formation of
247. Among the explored solvents, PEG400 was found to give
the highest yield (entries 8—10). In varying the base, NaOAc
emerged as beneficial for achieving a greater ratio of 246 to
245; however, it drastically affected the conversion of 244
(entry 11). Eventually, using a combination of both Na,CO,
and NaOAc, along with employing KI as an additive, provided

Scheme 67. Optimization for the Site-Selective Suzuki—Miyaura Coupling of 2,4-Dichloropyridine (244)
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Scheme 68. Reversal of Selectivity in 248 upon Changing Reaction Solvent

002 CO2Et
p-MeO-CgHy4B(OH),
Pd(PPh3),
aq. NaZCO3
solvent
Ar = p-MeO-CgH, OMe

248 249

COzEt

Entry  Solvent  Conv. (%) (3/4:‘:]:5)2)
1 toluene/EtOH 71 22:1 (70%)

2 acetonitrile 70 1:2

3  dioxane 40 2:3
4 DMF >99 1:3 (53%)

5 DMSO 63 1:4

6  nitromethane norxn NA

250 7  toluene norxn NA

an optimal ratio of 246/245/247 (99:1:0), where 246 was
isolated in 76% vyield (entry 12). This optimized set of
conditions was then utilized to couple 244 to both electron-
donating and electron-withdrawing boronate esters to
construct a variety of pyridine-based dyes.

In summary, the examples illustrated here demonstrate the
role that ligands play in achieving unprecedented selectivity in
cross-couplings. Notably, there are few reported cases where
the careful tuning and choice of ligands were leveraged to
achieve complementary selectivity outcomes. Whereas the
origin of the site selectivity in many cases remains underex-
plored, further studies making use of Merlic and Houk’s DFT-
based “distortion—interaction” model*®”* could prove useful in
uncovering the underlying mechanisms governing observed
selectivity patterns. As a deeper understanding of these
mechanisms is obtained, “ligand-controlled” approaches will
undoubtedly continue to move to the forefront of the field of
site-selective cross-coupling due to the tunable nature of
ligands in facilitating unique selectivity outcomes without the
need for substrate modification or neighboring group effects.

7. SOLVENT/ADDITIVE CONTROL

The previous section discussed how ligands can be carefully
tuned to favor coupling at a particular position with minimal
substrate modification. In many of those examples, once the
optimal ligand was identified, other factors such as the solvent,
base, additives, and temperature were also tuned to further
improve the selectivity and isolated yield of the desired
coupling product. In one previous example (Scheme 67), Yang
and coworkers showed that employing PEPPSI-IPr as a
precatalyst, using a combination of two bases (Na,CO; and
NaOAc), along with KI as an additive and running the reaction
in PEG400 proved to be essential for obtaining high selectivity
for the C4 coupling of 244.””> On the basis of these results,
one could postulate that the selectivity, in both this and other
examples, could be altered by manipulating variables other
than the identity of the ligand (i.e., solvent, temperature,
additives, etc.) in the reaction mixture. In principle, this
practice of modifying other variables besides metal salt/ligand
mixtures, would present the added advantage of being more
cost-effective as compared with screening catalysts and ligands,
which can often be expensive. The following examples provide
insight into the types of substrates that have proven competent
in cross-couplings where selectivity is guided by modifying
solvents and additives.

In 2008, while investigating the site selectivity of the
Suzuki—Miyaura coupling of dihalopyrrole esters,””*””~**" the
Handy group disclosed the first example of altering the site
selectivity by modifying the reaction solvent (Scheme 68).’"*
Specifically, they observed that Suzuki—Miyaura coupling
between dibromopyrrole 248 and 4-methoxyphenylboronic
acid using Pd(PPh;), as the catalyst with aqueous sodium
carbonate as the base in a 3:1 mixture of toluene and ethanol

AD

afforded a mixture of 249 and 250 in a ratio of 22 to 1, where
the CS-coupled product (249) was isolated in 70% yield.
Alternatively, when the reaction solvent was changed to
dimethylformamide (DMF), the C3-coupled product 250 was
obtained in 53% yield. Intrigued by this reversal of selectivity
upon changing the solvent, the authors investigated the
reaction in other solvents as well. In doing so, they found
that more polar solvents, such as DMF and dimethylsulfoxide
(DMSO), favored C3 coupling, whereas relatively less polar
solvents favored CS coupling.

To explain this differential reactivity, the authors proposed
two hypotheses. First, they envisioned that the nitrogen atom
could direct C5 couphnggm % in less polar solvents. This
coordination could, however, be disrupted in solvents like
DME or DMSO, thus resulting in C3 coupling. Second, they
proposed that the reversal of selectivity could also be attributed
to changes in the electronics of C3 versus CS caused by the
differential solvation of 248 on the basis of solvent choice. To
investigate this second hypothesis, they compared '"H NMR
chemical shifts of the nonhalogenated precursor of 248 in
different solvents. In CDCl,, the difference in 'H NMR
chemical shifts (Ady;) between the C3 and CS protons was
barely detectable (ASy = 0.08 ppm), and in DMSO-d,, the
difference was more pronounced (Ady = 0.15 ppm), with the
C3 proton remaining more deshielded. However, in a 3:1
mixture of benzene-ds and methanol-d,, the electronics were
reversed, with the CS proton being more deshielded (Ady =
—0.25 ppm).

Given that oxidative addition is generally favored at the
more electron-deficient positions,””~** these NMR studies
were in good agreement with this experimentally observed
selectivity trend. Specifically, C3 coupling was favored in polar
solvents (e.g, DMSO or DMF), whereas CS coupling was
preferred in nonpolar solvents (e.g, toluene).**® The authors
ultimately proceeded to study the scope of this reaction, where
both electron-rich and electron-deficient boronic acids were
competent for obtaining complementary selectivity upon
solvent changes. Finally, this novel protocol was ag)phed ina
second-generation synthesis of the lamellarins.’®’” In this
context, Handy and coworkers performed a sequential, one-
pot Suzuki—Miyaura coupling between 248 and boronic acids
251 and 252 to obtain the bis-coupled product (253) in 36%
yield (Scheme 69). In summary, this report provides
fascinating insight into the reversal in site selectivity that can
result by merely changing the reaction solvent. Furthermore,
this study clearly set the stage for future investigations into this
exciting subfield of site-selective cross-coupling chemistry.

In 2019, Sarpong and coworkers studied the cross-coupling
of 3,5-dibromo-2-pyrone (59), an a-pyrone-derived dihalo-
genated heterocycle bearing two chemically inequivalent C—Br
bonds.” Building on the precedent for the site-selective cross-
coupling of 59 established by Cho and coworkers,”””**% the
authors sought to understand the underlying factors that guide
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Scheme 69. One-Pot Sequential Suzuki—Miyaura Coupling
of 248
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253 (36%)

selectivity, which was not easily explained using existin

models.*' Consistent with the results of Cho and coworkers,”

it was observed that Suzuki—Miyaura coupling between 59 and
phenylboronic acid in nonpolar solvents,***'" such as 1,2-
DCE, THF, and toluene, and in both the presence and the
absence of Cul predominantly delivered the C3-coupled
product (254) (Scheme 70A). On the contrary, in more
polar solvents, such as DMSO and DMF, and in the presence
of Cul, the CS-coupled product 255 was generally formed as
the major product. Notably, the CS-coupled product (255)
was observed only in the presence of Cul, and conducting the
reaction in the absence of Cul exclusively generated the C3-
coupled product (254).

Additionally, experiments were conducted to study the
oxidative addition of 59 in the presence of Pd(PPh;),, which
results in the formation of both the corresponding C3 and CS
oxidative adducts, 257 and 258 (Scheme 70B).*"" Consistent
with the Suzuki—Miyaura coupling results, C3 Pd complex 257
was formed in nonpolar solvents (toluene), irrespective of
whether Cul was added. In polar solvents (DMF), the
formation of 257 was favored in the absence of Cul, whereas
CS Pd complex 258 was formed as the major product in the
presence of Cul. The C3 site selectivity was attributed to the

lower BDE of the C;—Br bond and the larger LUMO
coeflicient at the C3 position, which were both supported by
computational findings on the basis of the conditions that
favored C3 coupling. However, even more intriguing was the
observed CS site selectivity under a specified set of conditions.
From both the Suzuki—Miyaura coupling and the oxidative
addition results, it is clearly evident that CS coupling was
favored only in polar solvents and in the presence of Cul. To
gain further insight into the effect of Cul and solvent on CS
selectivity, the authors chose to analyze the relative stabilities
of the C3 and CS Pd complexes (257 and 258) (Scheme 71).

When the oxidative addition was conducted in DMF and in
the presence of Cul, it was determined that CS Pd complex
258 is kinetically favored and gives rise to 255 following a
relatively low barrier for transmetalation. The C3 Pd complex
257 was identified to be thermodynamically favored and
possesses a relatively higher transmetalation barrier. In 257-cis,
the coordination of Cu to both the pyrone carbonyl oxygen
and the bromide attached to the Pd center results in greater
stabilization compared with 258, and this coordination is
favored in polar solvents. Subsequently, the corresponding
kinetic and thermodynamic stabilities of 257 and 258 were
both experimentally and computationally established to arise
from an initial Cul-assisted PPh, dissociation®'*>'* to furnish
the monophosphine ligated Pd complex 259°'°7*'" as the
active catalyst for the oxidative addition. Additionally, under
the conditions that favor CS coupling, it was established that
the isomeric Pd complexes are interconvertible. Overall, this
describes a Curtin—Hammett scenario,”'® wherein rapid
interconversion of the Pd complexes (257 and 258) occurs,
and the ratio of the resulting cross-coupled products (i.e., 254/
255) is solely dependent on the energy difference between the
two respective turnover-limiting transition states for trans-
metalation.

This enhanced mechanistic understanding of the site-
selective cross-coupling of 3,5-dibromo-2-pyrone (59) facili-
tated a unified retrosynthetic disconnection of two structurally
related natural products, delavatine A and incarviatone A
(Scheme 72).*** Consequently, a synthetic route was

Scheme 70. (A) Suzuki—Miyaura Coupling with 3,5-Dibromo-2-pyrone (59) and (B) Oxidation Addition Experiments with
3,5-Dibromo-2-pyrone (59) (Adapted from ref 43. Copyright 2019 American Chemical Society)
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B. Oxidative addition experiment results
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Scheme 71. Curtin—Hammett Scenario to Favor C5 Coupling
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Scheme 72. Application of 3,5-Dibromo-2-pyrone (59) Site-
Selective Cross-Coupling to the Synthesis of Delavatine A
and (—)-Incarviatone A
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developed commencing with a sequential Stille—Stille coupling
of 59 using stannanes 260a and 260b followed by the selective
ring-opening of pyrone 261a, which furnished methyl ester
261 in a single pot. The sequential Stille—Stille coupling
involves a site-selective C5 coupling between 59 and stannane
260a in N-methylpyrrolidone (NMP) (polar solvent) and in
the presence of copper(I) thiophene-2-carboxylate (CuTC)
(copper source), which is then followed by a second Stille
coupling with stannane 260b at the remaining C3—Br bond.
Next, 261 was converted to intermediate 262 via an

AF

electrocyclization cascade sequence, which was then elaborated
to delavatine A and incarviatone A in two and eight steps,
respectively.

Recently, Sarpong and coworkers also studied a method to
access pyrido[1,2-alindole scaffolds starting from indole—
pyrone adducts (Scheme 73).*'" For one of the substrates,

Scheme 73. Application of 3,5-Dibromo-2-pyrone (59) Site-
Selective Cross-Coupling to the Synthesis of Pyrido[1,2-
alindole 264b
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they conducted a site-selective C3 coupling between indole
boronate ester 263 and 3,4-dibromo-2-pyrone (59) under the
previously disclosed C3 coupling conditions’”*** to give the
indole—pyrone adduct 264. Upon the ring-opening of 264
with sodium methoxide to reveal intermediate 264a, a
spontaneous intramolecular cyclization proceeded to furnish
pyrido[1,2-a]indole 264b in 29% yield.

In summary, the studies by Sarpong and coworkers provide
new insight into how solvents and additives can be tuned to
achieve complementary selectivity. Many of the previous
examples involving site-selective cross-coupling considered
oxidative addition to be the rate-determining step (RDS) or
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the turnover-limiting step (TLS). However, this more recent
study from Sarpong and coworkers provides an example of
transmetalation as the TLS, thus underscoring the notion that
other elementary steps in the catalytic cycle can be turnover-
limiting as well.>*7® Furthermore, it is illustrated that for
unbiased systems (i.e., those that contain C—X bonds with
relatively little intrinsic electronic differences), solvents and
additives can be leveraged to control site-selectivity outcomes.
Currently, there are limited examples where this paradigm for
selectivity has been applied; however, the two examples
discussed in this section showcase the potential of this
approach to serve as an effective strategy in chemical synthesis.

8. PHOTOCHEMICALLY INITIATED

The last set of site-selective cross-coupling reactions to be
discussed are those we classify as photochemically initiated.
Recently, there have been significant developments in
photocatalytic strategies for chemical synthesis, including
photoredox catalysis,”>>**" which have drastically expanded
the repertoire of radical-based couplings. In the context of the
site-selective cross-coupling of polyhalogenated arenes bearing
identical halogen groups, these processes are fairly new (only a
handful of reported examples to date) but have nonetheless
proven to be effective in accessing products that have remained
elusive using the traditional cross-coupling or SyAr chemistry.
Photochemically initiated processes do not follow a traditional
two-electron nucleophilic addition pathway but instead
proceed through photomediated radical generation followed
by the addition of this radical to a suitable acceptor (Scheme
74), thus providing complementary reactivity to more

Scheme 74. Photochemically Initiated Site-Selective Cross-
Coupling
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traditional methods. Because either coupling partner can
serve as the radical precursor or acceptor, there are diverse and
tunable reaction manifolds that can be developed for diverse
product generation. The examples shown here illustrate,
through distinct radical-based mechanisms, general strategies
for both C—C and C—heteroatom formation.

The first examples to be discussed are the photocatalytic C—
F alkylation®”” and C—F arylation®*® of perfluoroarenes
developed by Weaver and coworkers. As discussed in section
3 (electronic control), polyfluorinated arenes are of particular
interest from a medicinal chemistry perspective; however,
accessing functionalized fluorinated aryls from readily available
perfluoroarenes through direct C—F activation remains
challenging due to the thermodynamic and kinetic robustness
of the C—F bond. The studies by Weaver and coworkers
circumvents this inherent challenge through a novel, divergent
radical-based mechanism to access both alkylated and arglated
perfluoroarenes (Scheme 75). The proposed mechanism™’>****
for these processes begins with the formation of perfluoroaryl
radical 265 following a single electron reduction facilitated by a
photoexcited Ir catalyst and diisopropylethylamine (DIPEA) as

AG

Scheme 75. Mechanism of Photocatalytic C—F Alkylation
and Arylation
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an electron donor. At this point, depending on the acceptor,
265 can lead to either the alkylated product or the arylated
product. For alkylation, radical 265 adds to an alkene to
generate alkyl radical 266, which then performs an H-atom
abstraction from the DIPEA radical cation to give the final
reduced alkylated perfluoroarene (267) and the iminium ion as
a byproduct. Similarly, radical 265 can instead add to an arene
to give aryl radical 268. The rearomatization of this aryl radical
intermediate via either 269a or 269b then leads to the final
arylated product (270). Notably, the arylation pathway results
in dual C—F and C—H functionalization.

For the reductive C—F alkylation (Scheme 76A), the
treatment of various perfluoroarenes (271) with cyclic and
acyclic alkenes, an Ir catalyst, and DIPEA under blue LED
irradiation afforded a wide array of alkylated perfluoroarenes
(272a—g). The C—F arylation (Scheme 76B) proceeded under
similar Ir-catalyzed conditions to give fluorinated biaryls
(273a—f) from the corresponding perfluoroarenes (271) and
arene acceptors, which included both all-carbon and
heteroarene acceptors.

In addition to the work by Weaver and coworkers, there
have also been studies into leveraging photocatalysis for
arene—heteroatom couplings, such as thiolation.”** Tradition-
ally, the thiolation of halogenated arenes has been achieved via
an SyAr pathway using a thiol nucleophile and an electron-
deficient arene. However, comparable thiolations to electron-
rich arenes, which are not readily amenable to SyAr, have
proven to be challenging. In addition, such thiolations are not
favored to proceed via traditional two-electron oxidative
addition pathways. To obviate this clear challenge, in 2020,
Glorius and coworkers developed a novel photo/Ir-catalyzed
homolytic aromatic substitution reaction (Scheme 77A), which
provided access to a variety of CS-thiolated heteroarenes
(275a—j) from the corresponding polyhalogenated hetero-
arene precursors (274). This reaction is proposed to follow a
radical chain mechanism (Scheme 77B) that initiates with the
formation of a thiyl radical from thiol via a photocatalytic
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Scheme 76. Photocatalyzed (A) C—F Alkylation and (B) C—
F Arylation
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oxidation/deprotonation, which may either be stepwise or
occur through an oxidative proton-coupled electron transfer
(PCET).**® The thiyl radical then undergoes homolytic
aromatic substitution at the more electron-rich C5 position
of heteroarene 276 to give radical cation intermediate 277 with
the concomitant extrusion of a chloride anion. Finally, electron
transfer to 277 following a second oxidation/deprotonation of
thiol provides product 275a and subsequent chain propaga-
tion. Overall, this method, which facilitates the addition of a
heteroatom to an electron-rich system, provides complemen-
tary reactivity to traditional SyAr processes, which involve the
addition of a nucleophile to electron-poor arenes.

9. CONCLUSIONS AND OUTLOOK

Site-selective cross-couplings of polyhalogenated (hetero)-
arenes have received widespread attention in recent years
due to their importance in building complex molecules, in
particular, in medicinal, agrochemical, and materials chemistry.
Applications toward developing elegant syntheses of pharma-
ceutically relevant drugs have been particularly impactful and
have been highlighted in this Review. Whereas the selective
functionalization of a C—X bond in a molecule bearing
multiple, distinct halogens might follow the trend of I > Br >
Cl > F, predicting and rationalizing the selectivity outcome in
an arene bearing multiple, but identical, halogen types has
remained challenging. Therefore, several factors have been
identified to enable the differentiation between carbon
positions bearing identical halogen atoms. Initially, this
distinction was achieved purely by leveraging the inherent

AH

Scheme 77. (A) Photocatalytic Thiolation and (B)
Proposed Mechanism
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electronics of the system, where the most electrophilic C—X
bond would undergo faster oxidative addition. In addition to
electronically driven site-selective cross-coupling processes,
steric effects were also identified to guide oxidative addition to
the least sterically encumbered carbon position. Following
these advances, the coordinating ability of functional groups
was leveraged to direct oxidative addition to a particular
position. Subsequently, methods were developed to achieve
site selectivity by tuning the electronic and steric influences of
an external ligand. More recently, selectivity has been achieved
by altering the choice of reaction solvents and additives.
Whereas leveraging the intrinsic electronic and sterics of a
substrate remains the traditional approach to achieving site-
selective cross-coupling, controlling site-selectivity outcomes
by altering other factors, such as the metal precatalyst, external
ligands, reaction solvent, or choice of additives, presents novel
directions to further advance this highly valuable subfield of
cross-coupling chemistry. Whereas current investigations have
been mainly steered toward identifying conditions to obtain a
desired selectivity, more effort is needed to gain a deeper
understanding of the mechanistic rationale behind the
selectivity observed in various (hetero)arenes. Better insight
into these selectivity-guiding processes will provide a more
methodical, and therefore more efficient, approach toward
predicting conditions suitable for obtaining a particular
selectivity outcome. Furthermore, on the basis of the large
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data sets that are emerging for site-selective cross-coupling,
employing other modern strategies, such as linear regression
models and machine-learning algorithms, to identify reaction
conditions could also prove fruitful in further advancing this
field.*****” These systematic approaches could also prove to be
particularly helpful for effecting site-selective cross-couplings in
more complex systems, such as natural-product-like molecules.

Finally, an emerging area of interest includes achieving site-
selective cross-couplings under photocatalytic conditions.
Whereas many subfields of photocatalysis are still in their
early development, the examples discussed in this Review
showcase how new, state-of-the-art reaction manifolds can be
accessed, thus enabling nonintuitive, site-selective cross-
couplings that do not abide by the traditional cross-coupling
catalytic cycle (Scheme 2). Overall, the site-selective cross-
coupling of (hetero)arenes with identical halogen substitution
is a highly diverse and versatile field, which, as exemplified by
this Review, presents countless future opportunities to not only
advance this specific field but also help advance chemical
synthesis as a whole.
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