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unctionalization via chalcogen and
pnictogen salts

Christopher B. Kelly * and Rosaura Padilla-Salinas

Late-stage functionalization (LSF) of heteroarenes can dramatically accelerate SAR studies by enabling the

installation of functional groups that would otherwise complicate a synthetic sequence. Although

heteroaryl halides and boronic esters have well-established chemistries for LSF, alternatives that enable

site-selective C–H functionalization are highly attractive. Recently, three unrelated cationic groups

(phosphonium, pyridinium, and thianthrenium), which can replace C–H bonds late stage, have been

identified as precursors to various functional groups. This review will discuss the synthesis and

application of these three salts with an emphasis on their use for LSF and application tomedicinal chemistry.
1. Introduction

Reaction efficiency is an important consideration in many
industrial sectors and is paramount within the chemical
community.1 The most efficient processes focus on preparing
materials from commodity chemicals using non-hazardous
reagents while simultaneously reducing waste. One practical
means of achieving improved synthetic efficiency is through
C–H functionalization. C–H functionalization processes allow
materials like petroleum products to become viable starting
points for the construction of complex molecules that treat
disease, monomers for the polymers that comprise everyday
items, or crop protectants to ensure adequate food supplies.2

In addition to dramatically increasing molecular complexity
of simple molecules in short order, in the context of the phar-
maceutical industry, C–H functionalization offers opportunities
for the late-stage functionalization (LSF) of pre-clinical candi-
dates. LSF allows for improvements of targets in many ways
such potency/solubility or mitigation of off-target interactions/
metabolism.3 Further, LSF via C–H functionalization can
simplify the overall synthetic sequence to an active pharma-
ceutical ingredient (API) or enable structure–activity relation-
ship (SAR) studies that would be otherwise intractable using
traditional approaches. Some notable examples of this are given
in Scheme 1.4

Although the merits of C–H functionalization are clear, the
challenges associated with this synthetic paradigm are plenti-
ful. Selectivity in C–H functionalization and controlled reac-
tivity are chief concerns when developing such processes. Many
of the recent developments in C–H functionalization stem from
the realm of transition metal catalysis5 or photoredox chemistry
(Scheme 1).6 In the case of the former (which has seen broad
rch & Development LLC, 1400 McKean
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adoption in both medicinal and process chemistry), some type
of directing group is typically employed to tackle the challenge
of targeting a specic C–H bond and to facilitate the now
canonical concerted metalation–deprotonation (CMD) compo-
nent of many of these reactions.7a Alternatively, a two-step
approach to installing certain groups may be used (e.g.
iridium-catalyzed borylation followed by classical cross-
coupling processes) that circumvents the sometimes restric-
tive nature of CMD processes by proceeding through an
Scheme 1 Strategies towards C–H functionalization and pharma-
ceutical applications.
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oxidative addition-based mechanism for C–H functionaliza-
tion.7b Regardless of the operative mechanism, transitionmetal-
mediated C–H functionalization reactions have seen a urry of
attention in recent years, leading to the creation of institutes
like the NSF's Center for Selective C–H Functionalization
(CCHF).5c Although a powerful synthetic tool, one caveat of
transitionmetal-mediated C–H functionalization is the need for
chemists to tailor their synthetic approach around the C–H
functionalization event whichmay require directing groups that
are difficult to remove.

In the case of radical processes, selectivity is generally
a function of radical structure and/or the radical acceptor. The
venerable Minisci reaction8 is the archetype for the benets and
pitfalls of radical processes; the process is highly LSF amenable
but can lead to undesired reactivity (regiochemical mixtures,
over-alkylation etc.). These facets of radical reactions can be
largely attributable to the sometimes-indiscriminate nature of
odd-electron intermediates. The advent of Ni/photoredox dual
catalysis9 has alleviated some of the challenges of radical-
mediated arene functionalization but comes at the expense of
programmed reactivity (i.e. pre-functionalization of one of the
components of the reaction). Not surprisingly, this oen takes
Scheme 2 Examples of chalcogen and pnictogen salts examined in
this Minireview.

Scheme 3 Historical context and new applications of pyridinium salt re

10048 | Chem. Sci., 2020, 11, 10047–10060
the form of halogenated or pseudo-halogenated species with
most cases being heteroaryl or aryl bromides. Further, from an
industrial standpoint, photoredox processes can present chal-
lenges beyond medicinal chemistry applications and advances
in photoow technology and photochemical reactor design are
key to making these reactions more feasible on scale.10,11

Recently, a series of seemingly unrelated reports have
revealed a paradigm by which net arene C–H functionalization
can be achieved (and in some cases without the need for any
transition metal catalysts) (Scheme 2). The crux of these
approaches is the installation of a chalcogen or pnictogen
cationic motif onto the arene in place of a C–H bond. The
regiochemical selectivity of functionalization is dictated by the
innate electronics of the arene and, in some cases, by the
reaction conditions used in the activation process. These chal-
cogen or pnictogen salts enable an array of disconnections to be
realized, ranging from net C–H triuoromethylation to net C–H
amination to net C–H deuteration. This Minireview will
examine the C–H functionalization processes used to prepare
these salts and their unique reactivities, with special attention
given to potential pharmaceutical applications such as LSF.
2. Pnictogen
Pyridinium salts

Pyridinium salts are a structurally diverse and well-established
class of nitrogen-based salts that feature a six-membered het-
eroaromatic. Not surprisingly, pyridinium salts have been used
as acylating agents, surfactants, phase transfer catalysts, and
even biocides/bioactive agents. Recently, so called “Katritzky
salts” and other N-functionalized pyridinium salts have expe-
rienced a surge in popularity, largely driven by their redox and
photophysical properties.12 Zincke was the rst to describe the
synthesis of N-alkyl pyridinium salts in 1904.13 Zincke's route
involves an amine exchange process that rst converts pyridine
into N-2(2,4-dinitrophenyl)pyridinium chloride, also known as
the Zincke salt, followed by SNAr with the appropriate alkyl or
activity.

This journal is © The Royal Society of Chemistry 2020
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aromatic amine. In the 1980s, Katritzky discovered that N-alkyl
pyridinium salts could also be synthesized from the conden-
sation of pyrylium salts with primary and secondary amines via
SNAr (Scheme 3A).14,15 This approach was notable because
several nucleophilic functional groups could be reacted to forge
C–N, C–O, C–C, C–P, S–X, and C–S bonds. In subsequent work,
he demonstrated alkyl pyridinium salts reacted with nitro-
alkane and ethylmalonate anions by a radical nucleophilic
substitution mechanism. Although this indicated pyridinium
ions were redox-active, their redox properties were largely
overlooked given that, until recently, radical chemistry had the
connotation of being uncontrolled and impractical. Thus,
classical reactivity modes of pyridinium salts that were recog-
nized were: (i) the enhanced susceptibility to nucleophilic
addition and displacement at the 2, 4, and 6-positions (ii) ring
opening aer displacement depending on the reaction condi-
tions and (iii) deprotonation and subsequent reactivity of the
alkyl group of alkyl pyridiniums.12 It should be noted that aryl
2,4,6-substituted pyridinium salts are unreactive in SNAr at the
ipso carbon due to steric congestion from the 2- and 6-substit-
uents (Scheme 3B).

The advent of photoredox chemistry16 inspired chemists to
reconsider the utility of pyridinium salts in radical-mediated
transformations. In 2015, Studer reported a method for the
direct amidation of indoles, and pyrroles with pyridinium salts
under photoredox conditions.17 The pyridinium salts described
by Studer were those prepared from hydrazines to generate N-
amino pyridinium ions. Reduction of this species by the excited
state of a Ru photocatalysis results in generation of an N-
centered radical by way of N–N bond homolysis. Aminyl radi-
cals are electrophilic and will engage electron-rich p systems,
thus explaining the observed reactivity. This report spawned
a concerted effort to examine the reactivity of pyridinium ions in
odd-electron reaction manifolds. A related important nding
was reported shortly aerward, wherein Watson and co-workers
found alkyl radicals could be generated from pyridinium ions
by SET/homolytic C–N fragmentation and used in Ni-catalyzed
cross-coupling of arylboronic acids (Scheme 3C).18 Homolytic
fragmentation by these pathways (photoredox or non-
photoredox) has become the focal point of research for pyr-
idinium ion chemistry in the past ve years and has enabled the
generation of carbon-, nitrogen-, and oxygen-based radicals
(Scheme 3D).19

An alternative pathway for the fragmentation of pyridinium
ions was largely ignored in these studies: heterolysis thus
generating a pyridinium radical cation. This was likely due to
the types of groups appended to the cationic nitrogen and
methods of activation employed favouring the homolysis
pathway (Scheme 3C). However, as observed with Studer's
aminyl radicals or radical cations are extremely electrophilic
and will react with arenes by way of C–H functionalization. With
these considerations in mind, Togni,20,21 Carreira,21 and Ritter22

concurrently and independently reported that pyridyl radical
cations could be accessed from select N-substituted pyridinium
reagents. The rst observation of heterolysis was by Togni
whom observed this phenomenon when developing a tri-
uoromethylation process involving pyridinium ions.20 It was
This journal is © The Royal Society of Chemistry 2020
noted that a side product was C–H functionalization to give
a new N-aryl pyridinium salt. The observation inspired the
hypothesis that heterolysis could become the major pathway
depending on pyridinium structure. Specically, it was posited
that pyridinium substitution pattern and the nature of the N–Y
bond would dictate the balance between heterolysis and
homolysis (Scheme 3C). As such, Carreira and Togni found that
if the Y group were a triate (1 in Scheme 4), heterolysis would
be the predominant pathway. Using this reagent, they found
they could readily affect the pyridination of arenes under pho-
toredox conditions using a Ru photocatalyst (Scheme 4A).21

Mechanistically, SET reduction of the pyridinium reagent
occurs by way of oxidative quenching of the excited state of the
photocatalyst (Scheme 4C). Expulsion of the stable triate anion
is the driving force for the heterolytic cleavage of the N–X bond.
The pyridyl radical (II) undergoes addition to the arene gener-
ating intermediate (III), which undergoes oxidation and
deprotonation affording the pyridinium salt (IV). Control
experiments conrmed light and the Ru-photocatalyst are
essential and evidence for the existence of the pyridyl radical
cation was obtained by photoinduced EPR studies.

A wide array of complex electron-rich and electron-poor
arenes were pyridinated to give their N-aryl pyridinium triate
salts. Notably, electron-poor arenes that were unreactive with
previous approaches could be successfully pyridinated in
moderate yields. The reaction conditions tolerate nitrile, ester,
nitro, and amide functional groups. Lastly, heteroarenes such
as pyridine and pyrazine could be tolerated whereas pyrimi-
dines afforded low yields. Although these salts are academically
interesting, the synthetic utility of this transformation was
expounded by the in situ conversion of pyridinium salts into
anilines via Zincke aminolysis with piperidine (Schemes 4A and
C). Likewise, direct reduction of the pyridinium adducts
enables facile access to piperidyl substituted arenes. One slight
drawback is a consequence of the promiscuity of the pyridyl
radical cation. The pyridination reaction gives regiochemical
mixtures with certain arenes but is, on a whole, not especially
selective. The origins for positional selectivity were not clear;
however, it was noted that steric hindrance has little impact on
the regioselectivity. Although potentially problematic for scale-
up, this could be useful in an LSF setting (i.e. SAR for medic-
inal chemistry efforts) as these isomers could likely be sepa-
rated by preparative LC methods.

At the same time, the Ritter group disclosed their direct C–H
aminationmethod using a slightly modied pyridinium triate,
2 (Scheme 4A).22 The reagent can be easily synthesized from
triation of 2-ethylpyridine N-oxide or it can be prepared in situ.
Electronically and structurally complex arenes were successfully
pyridinated in moderate yields and selectivity (Scheme 4B).
Ritter chose to focus mostly on complex substrates to empha-
size LSF compatibility. The broad substrate scope is attributed
to an early transition state for the fast-irreversible addition of
the pyridinium radical cation ion to the arene (Scheme 4C).

Hammett and Brown–Stock analysis showed the pyridinium
radical cation exhibits the lowest electronic selectivity prole with
respect to regiochemical outcome compared to other cationic
nitrogen and neutral radicals used for substitution reactions.
Chem. Sci., 2020, 11, 10047–10060 | 10049
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Scheme 4 Seminal reports on late-stage C–H amination enabled by the pyridyl radical cation.
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The reactivity of these new aminating species can have
a profound impact on aniline synthesis in drug discovery and
other industries. The introduction of the ArNH2 group into
complex drug-like structures continues to be an arduous task
that relies on nitration of the corresponding aromatic precursor
followed by reduction, Buchwald–Hartwig amination, and SNAr
chemistry. These approaches require additional synthetic
manipulations to install protecting groups or groups required
for cross-coupling (i.e. halide and -OTf) or specic electronic
properties on the arene (SNAr and EAS nitration). Although
amenable to LSF, the inherent restrictions or required pre-
programing can limit what chemical space can be sampled.
The C–H pyridination/aminolysis sequence is poised to change
how medicinal chemists can synthesize complex anilines and
10050 | Chem. Sci., 2020, 11, 10047–10060
use N-functionalized pyridinium triates as redox-active func-
tional group transfer reagents to access diverse chemical
matter. Using a hypothetical scenario, Ritter elegantly showed
how a medicinal chemist can apply the amination chemistry for
LSF of complex drug molecules (Scheme 4D). The synthesis of
two marketed drugs via C–H pyridination–aminolysis sequence
was achieved in moderate yields. Carreira also investigated the
application of pyridinium salts as synthetic handles for late-
stage diversication (Scheme 4E). N-Phenyl pyridiniums were
selectively functionalized using diverse sets of conditions to
afford N-arylated piperidines, 1,2- and 1,4-dihydropyridines,
and dienes inmoderate to high yields. This approach is ideal for
SAR because structurally diverse compounds can be rapidly
This journal is © The Royal Society of Chemistry 2020
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accessed from a single pyridinium intermediate without having
to design a different route for each analogue.

Based on earlier work, Ritter subsequently developed a one-
pot, two-step, direct C–H pyridonation of (hetero-)arenes using
chloropyridinium radical cations.23 This approach enables an
unprecedented net C–H functionalization of an arene with the
nitrogen atom of a pyridone under mild conditions. Pyridones
are challenging substrates because of their low nucleophilicity
and ambidentate nature but oen appear in therapeutic mole-
cules and in SAR studies. To overcome these challenges, Ritter
cleverly repurposed the pyridyl radical cation reagents as
masked pyridone surrogates (A and B, Scheme 5A). The reac-
tivity of the scaffold was ne-tuned through installation of
a chloro substituent at the 2- or 4-position. In addition to
priming the scaffold for hydrolysis to either a 2- or 4-pyridione,
the electron-withdrawing nature of chlorine lowers the reduc-
tion potential. Ultimately this promotes fragmentation to the
pyridyl radical cation.

Scheme 5B outlines the proposed mechanism which is near
identical to the one proposed in the Ritter/Togni/Carreira
seminal reports. A key detail is the equilibrium between II
Scheme 5 Ritter's C–H pyridonation of arenes.

This journal is © The Royal Society of Chemistry 2020
and III which permits re-aromatization of the aryl ring via
deprotonation. Subsequent single electron oxidation generates
the aryl pyridinium salt from IV. To generate the desired
product, a second hydrolysis step is necessary to give N-aryl-
pyridone C. The utilization of tert-butylhydroperoxide during
the hydrolysis step is crucial for minimizing competing
decomposition pathways such as nucleophilic attack at the 2-
position forming the free aniline. This method proved effective
for the introduction of 4-pyridone motif onto an array of
substituted arenes including highly electron-decient and
halogen-substituted arenes (Scheme 5C). The authors identied
basic functional groups as problematic, rendering N-
heterocycles incompatible. Additionally, C5-selectivity was
observed for ve membered heteroarenes, and bulky ortho
substituents prevent C–H pyridonation. LSF of drug molecules
was demonstrated with the successful pyridonation of runa-
mide, procymidone, and chlormezanone (Scheme 5C). A
notable feature that makes this method suitable for SAR
exploration is the ability to access a variety of N-aryl pyridone
regioisomers.
Chem. Sci., 2020, 11, 10047–10060 | 10051
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Scheme 7 Selective functionalization of aminoheterocycles.
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As one might note in the scope of the respective pyridyl
radical cation reports, the compatibility with basic heterocycles
is limited. Thus, late stage C–H amination of pyridines or pyr-
azines using pyridinium ions poises a problem. However,
a recent report by Fier and co-workers has revealed a way to take
advantage of the pyridinium ions as intermediates for pyridine
C–H functionalization. They recently developed a new multi-
functional reagent that converts pyridines to Boc-protected 2-
aminopyridines (Scheme 6A).24 Using the dicyanopyrazine (A),
activation of Lewis basic pyridines by way of an SNAr reaction is
possible (Scheme 6B). Reactive intermediate B is primed for
C–N bond formation at the 2-position of the attacking pyridine,
giving C. Collapse of this intermediate by deprotonation/N–O
bond cleavage is aided by N,O-bis-(trimethylsilyl)acetamide
(BSA) and gives imineD. It should be noted that BSA was critical
as an appropriate HCl scavenger and expanded the tolerance of
this C–H functionalization process to include protic and
nucleophilic functionalities. Thermal isomerization ofD gives E
and subsequent Zn-mediated reduction with AcOH removes the
Scheme 6 Seminal report site selective amination of pyridines.

10052 | Chem. Sci., 2020, 11, 10047–10060
dicyanopyrazine, affording the desired C–H aminated product
(Scheme 6B). Experimental support for the proposed mecha-
nism includes observation of the dihydropyridine species C and
compound E by NMR spectroscopy. Isomerization of D to E was
conrmed by LC/MS analysis of reaction at rt and 80 �C and
structural assignment of E via 1- and 2D NMR spectroscopy. The
Scheme 8 Phosphination of azaarenes described by McNally and
Anders.

This journal is © The Royal Society of Chemistry 2020
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new multifunctional reagent can be prepared in bulk quantities
(>200 g) from commercially available A and is a bench stable
crystalline solid.

The authors were able to show the mild reaction conditions
are robust and compatible with alcohols, carboxylic acids, N–H
sulfonamides, amides, NH heterocycles, thioethers, aldehydes,
and phenols (Scheme 6C). Selective formation of 2,3-disubsti-
tuted pyridines was observed for unsymmetrical 3-substituted
pyridines bearing a –F, –Br, or –OMe groups and 2,5-selectivity
for hetero(aryl), methoxycarbonyl, and triuoromethyl
substituted pyridines. Numbers in parentheses in Scheme 6
indicate the distribution of 2-positional regioisomers. The
authors speculate that inductive and resonance effects
including the relief of eclipsing interactions during rehybrid-
ization, are factors contributing to increased reactivity at C2.
Low yields (<10%) were obtained with 2-substituted pyridines
Scheme 9 Various approaches to selective C–H phosphination.

This journal is © The Royal Society of Chemistry 2020
and diazines thus denoting a limitation of this approach.
Successful late-stage amination of two drug like molecules
containing an N–H bearing sulfonamide and amide functional
group (e.g. roumilast) clearly demonstrates the potential
impact this chemistry can have on LSF of pyridines in drug
discovery.

Taken together, these pyridinium-based methods, while
powerful, seem to be restricted to C–H amination. However, the
ability to generate pyridinium ions (Ritter/Togni/Carreira
reports) or aminopyridines (Fier) provides a hypothetical
avenue for further diversication using chemistry recently re-
ported by Cornella. Cornella has shown that unsubstituted N-
aryl pyridinium tertrauoroborates (preparable by the Katritzky
pyrylium salts exchange with aminoarenes or potentially by the
methods reviewed here) can be engaged in SNAr chemistry.
Thus, a wide range of disconnections become possible (Scheme
Chem. Sci., 2020, 11, 10047–10060 | 10053
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7).25 Indeed, Cornella showed that substitution of pyridinium
ions by an array of nucleophiles was quite feasible and tolerated
high levels of complexity on both the nucleophile and pyr-
idinium salt (Scheme 7A). Key to the success of this trans-
formation was the fact that 2- and 6-positions of the pyridinium
ion were unoccupied which translates to lower steric hindrance
and thus allows for SNAr reactivity. Further, the development of
bench stable pyrylium tetrauoroborate (Pyr-BF4) reagent was
also critical.15 A pyrylium salt with a BF4 counter-ion was fav-
oured because it has a high decomposition temperature and is
stable/non-explosive unlike pyrylium perchlorate. With the
developments in this section, a process involving C–H pyridi-
nation followed by SNAr can be envisioned to generate an array
of complex molecules (Scheme 7B).
Scheme 10 Interconversion of Anders–McNally salts into various functi
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Phosphonium salts

Most commonly associated withWittig chemistry, phosphonium
salts have also become competent intermediates for C–H func-
tionalization. In 1987, Anders reported that treatment of pyridine
or pyrazine with Tf2O and triphenylphosphine in the presence of
Et3N results in the generation of heterocyclic triphenylphospho-
nium salts by way of a dearomatized intermediate (Scheme 8).26

Although other methods exist for generating such salts,27 this
approach is notable as it relies on simple commodity materials
and proceeds in a regioselective manner. Specically, phosphi-
nation occurred at the 4-position of pyridines and the 2-position
of pyrazines. However, the developments by Anders went largely
unnoticed until McNally and co-workers saw this as an oppor-
tunity for selective C–H functionalization of basic nitrogen
onal groups.

This journal is © The Royal Society of Chemistry 2020
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heterocycles. Building on Anders' initial report, the McNally
group has thoroughly explored this unique C–H functionaliza-
tion reaction. Beginning in 2016, it was demonstrated that the
Anders–McNally phosphination process could be used in far
more complex systems than the original 1987 report.28 An array of
drug molecules (e.g. Chantix, Claritin etc.), natural products (e.g.
nicotine, cinchonidine etc.), and complex building blocks
(Scheme 8) readily underwent phosphination to give their cor-
responding triphenylphosphonium triate salts (herein called
Anders–McNally salts). Despite being limited to pyridines, pyr-
azines, and pyrimidines, the structural diversity was quite high
and tolerated electron-rich and electron-poor variants of these
basic heterocycles.

Although impressive in its own right, one potential criticism
of this initial report was that small-molecule therapeutic agents
Scheme 11 Contractive coupling via P(V) generates poly azaarenes. Yields
steps ranged from �50–90%.

This journal is © The Royal Society of Chemistry 2020
will oen contain multiple azaarene motifs (e.g. Ibrance, Tasi-
gna, Gleevec).29 Recognizing this as a potential complication for
LSF, McNally investigated approaches for selective phosphina-
tion in poly azaarene systems.30 Using a mechanistic approach
(Scheme 9), three parameters were identied that could control
selectivity in phosphination namely: acyl blocking, base-
switching, and kinetic trapping. A fourth, order of addition,
was also considered. Each parameter was governed by
a different facet of reactivity (azaarene Lewis basicity, steric
congestion around the site of deprotonation or triation, and
base structure) and thus initially it was assumed that no
singular approach could be uniformly applied. Although
McNally devised four distinct approaches that could be used to
impart selectivity (Scheme 9), ultimately it was found that “base
switching” (involving double-dearomatization) and inverse
given are of contractive coupling step. Yields for C–H functionalization

Chem. Sci., 2020, 11, 10047–10060 | 10055
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Scheme 12 Radical–radical coupling enables 2-40-bipyridyl synthesis.
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addition (addition of PPh3 rst then Tf2O) were the most effi-
cacious. Both rely on kinetic control to facilitate selectivity. In
the case of the former, judicious choice of base allows for
selective re-aromatization over extrusion of PPh3 upon workup
by way of a site selective deprotonation event. This is especially
advantageous in instances where only subtle differences exist
between azaarenes (e.g. bipyridyl systems). Large differences in
electronics could take advantage of the acylation-blocking
strategy. Acylation switching is viable for substrates with
major steric differences around the pyridine nitrogen (e.g. 2-
substituted versus non-2-unsubstituted pyridines). Likewise,
inverse addition enables kinetic trapping of the dearomatized
intermediate that forms fastest. One potential improvement
from the lens of process chemistry would be to devise a means
to conduct the reaction without the need for highly cryogenic
temperatures.

Without direct applications of these salts, the phosphination
process, although academically intriguing, would likely have
remained a novelty. McNally and co-workers have revealed the
true power of this approach by examining the general reactivity
of Anders–McNally salts for forging an array of bonds. A
summary of a series of comprehensive studies is given in
Scheme 10. Thioetherication,31a etherication,31b amination31c

deuteration,31d halogenation,31e arylation,31f and alkylation31g are
all feasible using these salts. Although no standard set of
conditions exists for all these transformations, each has been
optimized for the task at hand and are ideal for LSF. It is clear
from these transformations that the potential to access new
chemical space at a specied position from a common inter-
mediate is unmatched, especially given that 4-position C–H
functionalization processes of pyridines are rare. This is ideal
for SAR campaigns where variation at a specic position to
improve binding or to prevent metabolic degradation may be
key.

Mechanistically, it was noted that these functionalization
reactions likely do not proceed through a classical SNAr-type
mechanism but rather through attack at phosphorous fol-
lowed by “contractive coupling” (CC), a process reminiscent of
reductive elimination (RE) in transition metal catalysis. With
this in mind, the possibility of mimicking classical RE to forge
a Csp2–Csp2 bond by way of CC was examined by McNally.32 One
key challenge in this process was devising a means to retain the
“C–H functionalization” aspect of phosphination. To do so,
a custom phosphine was prepared from diphenyl phosphine
and methyl acrylate. The necessary phosphonium salt was then
assembled by way of a two-step double C–H phosphination.
Treatment of this phosphonium salt with base did facilitate CC
but also gave a mixture of protodephosphination products.
Treatment with triic acid in a polar solvent, however, fur-
nished the desired CC outcome. A Hammett-type analysis
demonstrated that the rate of contractive coupling was directly
related to the structure of the aryl groups on phosphorus; with
more electron-rich arenes retarding the rate and more electron-
withdrawing substituents accelerating CC. McNally and co-
workers demonstrated that this reaction could not only be
used with small azaarene species but even in an LSF fashion on
drug molecules (Scheme 11). One caveat of this reaction is the
10056 | Chem. Sci., 2020, 11, 10047–10060
sequence in which the two C–H functionalization events are
performed is critical for reaction success. When using 3-sub-
situted pyridines, it is imperative that these be coupled onto
phosphorous during the second C–H functionalization event.
Because of a combination of steric and electronic factors, tri-
ation favors the 3-subsituted azaarenes phosphine and can
lead to deactivation (and hence prevent attack on another arene
by phosphorous). Thus, the 2-substituted pyridine (or non-3-
substituted pyridine) must be phosphinated rst followed by
C–H phosphination of the 3-substituted pyridine. It was later
found that chloropyridines underwent phosphination in an
SNAr-type fashion and could be combined with the approach
here to prepare an array of bis-azines.33

Given recent attention by the chemical community towards
odd-electron processes34 and the tendency for electron-decient
pyridines to engage in single-electron transfer (SET) events,35 it
comes as no surprise that the phosphonium salts discussed
here are redox-active. In attempting a borylation process,
McNally and co-workers serendipitously discovered a radical–
radical coupling process that forges the same types of bonds as
the aforementioned CC work.36 Although initially employing
photoredox catalysis, it was later discovered that this process
proceeded without the aid of visible light. Indeed, the combi-
nation of B2Pin2 and 4-cyanopyridine results in a redox-active
species which can transfer an electron via an inner sphere
mechanism to Anders–McNally salts (Scheme 12). The now
reduced salt can engage a 4-cyanopyridine radical in a radical–
radical coupling event. Overall, this surmounts to a net Minisci
process between two pyridines which is generally kinetically
prohibited because of radical/p electronic mismatch. McNally
and co-workers demonstrated this process was amenable to
a wide array of phosphonium salts and 4-cyanopyridines. The
reaction tolerates numerous functional groups including
olens, various saturated/unsaturated heterocycles, protic
groups, and drug-like molecules.
This journal is © The Royal Society of Chemistry 2020
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3. Chalcogen
Thianthrenium salts

Unlike the pnictogen salts, chalcogen salts are, in general,
much less common, owing to octet restrictions with one of its
members (oxygen). Thus, sulfonium salts are much more
common than oxonium salts (with the aforementioned pyry-
lium salts being the notable exception). Indeed, sulfonium salts
have seen use in a range of reactions either as critical inter-
mediates (e.g. the Swern oxidation) or as bench stable reagents
(e.g. Corey–Chaykovsky reagents).37 More recently these cationic
sulfur species have found use in cyclopropanation,38 electro-
philic triuoromethylation,39 and even as electrophiles in cross-
coupling processes.40 However, in most cases, these species are
Scheme 13 Discovery, development, and applications of TFT+ salts.

This journal is © The Royal Society of Chemistry 2020
prepared by treating the corresponding sulde with a strongly
electrophilic alkylating reagent, thus diminishing their abilities
to participate in LSF-type processes.

In 1971, Shine reported that thianthrenium perchlorate
underwent electrophilic aromatic substitution with electron-
rich arenes such as anisole, to generate the corresponding
aryl sulfonium salts (Scheme 13A).41 This unusual reactivity
stems from the radical cationic nature of thianthrenium
perchlorate (TP), which was rst synthesized and described in
1962 by Lucken.42 This same type of reactivity could be repli-
cated with AlCl3 and thiantherene sulfoxide.41 These discoveries
went largely unnoticed by the chemical community because of
the inherent instability of TP (detonates upon drying). Still, this
Chem. Sci., 2020, 11, 10047–10060 | 10057
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was notable as it is one of the fewmethods where aryl sulfonium
ions can be generated by C–H functionalization.

As part of a program to devise new C–H functionalization
process, Ritter and co-workers revisited these salts and their
synthesis in 2019.43 In the modern era of chemistry, it is
generally inadvisable to work with perchlorate-based reagents
and hence Ritter examined alternative means to generate
thianthrenium salts (Scheme 13A). A route to a tetrauoro
analogue was realized wherein 1,2-diuorobenzene can be
treated with disulfur dichloride and AlCl3 to give the corre-
sponding tetrauorothianthrene (TFT). Oxidation of this
disulfur species to the monosulfoxide using iron(III) nitrate gave
tetrauorothianthrene-S-oxide (TFT]O). Rather than formally
generating the tetrauorothianthrenium salt, a process
whereby the thianthrenium could be generated from these two
species was envisioned. Electrophilic activation of TFT]O by
the combined action of HBF4 and TFAA results in a compro-
portionation reaction giving the tetrauorothianthrenium
radical cation, which has a violet appearance in solution
(Scheme 13B). Electrochemical studies conrmed that this was
likely the pathway by which the radical cation was being
generated. From there, the inherent reactivity of this odd-
electron species results in facile C–H bond functionalization
to give S-aryl tetrauorothianthrenium tetrauoroborate (TFT+)
salts. Similar to the Anders–McNally salts, a wide array of
structurally diverse and complex compounds are amenable to
C–H functionalization (Scheme 13C). These include natural
products and pharmacons as well as small building blocks. In
Scheme 14 Cu/photoredox chemistry enables diversification of TFT+ sa

10058 | Chem. Sci., 2020, 11, 10047–10060
general, the types of arene most compatible with this process
are those one would expect to fare best in EAS process: electron-
rich aromatics or heteroaromatics though this is not exclusive.
This nicely complements the reactivity of the Anders–McNally
phosphination process as most azaarenes fail to undergo
thianthrenation unless they bear an electron-donating group.
Those that do allow for C–H functionalization at sites not
observed when attempting C–H phosphination. Olens also
underwent thianthrenation, though a thianthrene-S-oxide (T]
O)/thianthrene system was used, giving thianthrenium tetra-
uoroborate (TT+) salts instead.44 Very recently, Proctor has re-
ported a similar approach to arene functionalization using
dibenzothiophene S-oxide (DBTSO), demonstrating the gener-
ality for this approach to C–H functionalization.45

Again, similar to the aforementioned phosphonium salts,
this transformation would be of little use if these TFT+s were
inert species. Ritter showed that this was indeed not the case. In
the seminal report in this area,43 Ritter demonstrated that aryl
TFT+s could be engaged in virtually every canonical cross-
coupling process (Suzuki, Negishi, Heck, Sonogashira, and
even carbonylation chemistry) as well as photoredox processes
(halogenation, borylation, triuoromethylthiolation, cyanation,
phosphorylation, and Minisci chemistry) (Scheme 13D). Later,
similar chemistry with alkenyl TFT+s was reported.44

Subsequent reports in this area dealt with diversifying the
chemistry of these species further (Scheme 14). Amination
(Scheme 14D),46a uorination (Scheme 14C),46b tri-
uoromethylation (Scheme 14C),46c etherication (Scheme
lts.

This journal is © The Royal Society of Chemistry 2020
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14B),46d and thioetherication (Scheme 14B)46d processes were
all realized. These processes were made possible by photoredox
catalysis. Under photochemical conditions, SET reduction of
the aryl–TFT+ salt by the photocatalyst results in aryl radical
generation. This reactive odd-electron intermediate can be
engaged by a metal catalyst (typically copper) resulting in C–Y
bond formation aer reductive elimination. Unlike in typical
transition-metal/photoredox chemistry, only the photoredox
cycle is a closed cycle; stoichiometric quantities of the transition
metal species are needed to facilitate catalysis (Scheme 14). The
only exception to this rule is amination as both photoredox and
non-photoredox processes were developed. The structure of the
amine dictated which of these two approaches is required.
Recently, Schoenebeck showed that these sulfonium salts can
be used to affect the germylation of arenes using her Pd(I) dimer
catalyst.47

4. Conclusions and outlook

The chalcogen and pnictogen salts examined in this Minireview
are clearly powerful reagents for the rapid diversication of C–H
bonds. These bench stable powders can be assembled under
mild conditions from commodity chemicals with precise
regiochemical delity. The repertoire of reactions available
between the three salts is unmatched for virtually any other aryl
reagent class. More specically, phosphonium and thian-
threnium salts reviewed here rival classical diazonium salts in
terms of reactivity while retaining desirable attributes for
medicinal chemistry applications (ease of preparation,
amenable to LSF in complex systems, and dump and stir-type
reactivity). Broad adoption of the methods described here by
the medicinal chemistry and agrochemical communities is ex-
pected. Further, the chemistry of these “hidden gem” salts is
still in its infancy and thus opportunities for reaction discovery
in both academic and industrial research remain. Ultimately,
attention in this area of research and using the philosophy of
two-stage directed C–H functionalization is expected to
continue and push the boundaries of organic synthesis. Like the
salts discussed here, future developments may lie in the curi-
osities of the past.
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