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Preface

Aromatic compounds are present everywhere, in the foods we eat, the medicines we
take, the clothes we wear, and materials we use on a daily basis. To organic chem-
ists, aromatic compounds feature prominently in natural products, synthetic phar-
maceuticals, and materials such as dyes and displays. As such, understanding the
reactivity of aromatic compounds and applying this understanding to the synthesis
of aromatic compounds is an important endeavor.

This book was developed from a specialized graduate course on the chemistry of
aromatic compounds and is targeted at an advanced undergraduate or introductory
graduate student level. The hope is that this book will also serve as a useful resource
for practicing organic chemists and a source of inspiration for those with an interest
in the synthetic organic chemistry. The book begins with some topics that should be
review for most students of organic chemistry and builds on this foundation to intro-
duce new reactions, concepts, and structurally interesting targets. An attempt is
made to highlight the applications of reactions in the multistep synthesis of complex
targets, including natural products, dyes, pharmaceuticals, materials, and structur-
ally challenging aromatic compounds. As we progress through the chapters, the
number of examples increases as the number of tools at our disposal is developed.

Chapter 1 begins with a general discussion on the importance of aromatic com-
pounds, their history, and some of the features of aromatic compounds. The question
of “what is aromaticity” is an ongoing debate and is not resolved in these pages. In-
stead, some of the properties and features of aromatic compounds are discussed.
Chapter 2 focuses on electrophilic aromatic substitution — a topic that should be
mostly review from introductory courses, but which hopefully provides some more
depth of coverage. Chapter 3 turns to nucleophilic aromatic substitution and the chem-
istry of aryldiazonium salts — while some of the topics are likely review, several sec-
tions focus on aspects of nucleophilic aromatic substitution that are not usually
covered in introductory courses. Chapters 4 and 5 focus on the chemistry of aryl-
lithiums (including directed ortho metalation) and benzynes, respectively. While these
are sometimes introduced in early organic chemistry courses, these chapters present
new reactivity for many readers. Chapters 6 and 7 focus on transition metal-mediated
reactions of aromatic compounds - reactions that have become indispensable tools for
organic chemists and have modernized the chemistry of aromatic compounds. Chap-
ter 8 explores approaches for constructing aromatic and heteroaromatic rings from
nonaromatic precursors. This concept then sets the stage for Chapters 9 and 10, which
focus on the reactivity and synthesis of polycyclic aromatic hydrocarbons. The final
chapter turns to the synthesis of nonplanar polycyclic aromatic hydrocarbons. The last
two chapters highlight some of the fascinating and challenging structures that can be
achieved using the reactivity described in earlier chapters.

https://doi.org/10.1515/9783110562682-202
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My hope is that readers will not only further their understanding of aromatic
compounds and synthetic methods but also appreciate the importance and com-
plexity of aromatic structures as well as their beauty.
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1 Introduction — aromatic compounds
and aromaticity

Since it was first isolated by Faraday in 1825 [1], benzene has captured the interest
of chemists. At first, the question focused on the structure of benzene, until Ke-
kulé’s famously proposed the cyclic structure that corresponds to what we under-
stand today [2]. For an account of Kekulé’s story of the structure of benzene, see
Japp’s memorial lecture [3]. This story is not without controversy [4], but remains
an enduring story in the history of organic chemistry. After this, attention turned to
some of the unexpected properties of benzene. For example, benzene has a propen-
sity to undergo electrophilic substitution instead of electrophilic addition. Further-
more, if the double bonds are localized in the benzene ring, we would expect to see
two different isomers of an ortho-disubstituted benzene, but only one is observed.
At the time, these were important questions, and especially challenging since a de-
tailed understanding of chemical bonding was in its infancy. It was also in the nine-
teenth century that the term “aromatic” was used at first to describe compounds
with a pleasant aroma, but soon this term became associated with benzene and re-
lated structures and was used to describe a class of structurally related compounds.

1.1 Importance of aromatic compounds

Since the discovery and structural elucidation of benzene, our understanding of the
reactivity, synthesis, and properties of aromatic compounds has evolved consider-
ably. Moreover, aromatic compounds have become important parts of our everyday
lives, being found widely in compounds ranging from pharmaceuticals to dyes and
materials. As such, the synthesis of aromatic compounds has become an essential
tool for the preparation of dyes, active pharmaceutical ingredients, as well as com-
pounds for applications in modern electronic devices.

1.1.1 Synthetic dyes

Among the first practical uses of aromatic compounds was in the preparation of com-
mercial dyes. The color of dyes stems from their absorption of visible light, which is a
consequence of the compounds having a low highest occupied molecular orbital
(HOMO)- lowest unoccupied molecular orbital (LUMO) gap. The low HOMO-LUMO
gap is the result of extended m-conjugated structures which often incorporate aro-
matic rings. The structures of some representative dyes are shown in Figure 1.1.

Dyes have been used for millennia, and were, until the late nineteenth cen-
tury, derived from natural sources. However, in the 1850s, during an attempted

https://doi.org/10.1515/9783110562682-001
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O
‘O B
O .
H
indigo alizarin

(madder red) mauveine pigment violet 27

Figure 1.1: Examples of dye structures.

synthesis of quinine (a natural product that was used to treat malaria), Perkin ser-
endipitously prepared compounds that were able to stain cloth a deep purple
color. This purple dye, which was called mauveine, was the result of a reaction of
toluidine and aniline in the presence of potassium dichromate as an oxidizing
agent (Figure 1.2) [5,6].

NH, NH, NH,
CHg K,Cr,0; H;C Ny CHg
. . [
HoN +N N
H
CHj3 @

(mixture of
products)

Figure 1.2: Perkin’s synthesis of mauveine.

Around the same time, synthetic routes to naturally occurring dyes were developed.
For example, alizarin (also known as madder red) is a natural dye from the red
madder plant (Rubia tinctorum). In the 1860s, a synthetic route from anthracene
was devised. Anthracene was oxidized to the corresponding anthraquinone. Sulfo-
nation of anthraquinone gave the sulfonic acid, which reacted with potassium hy-
droxide to give alizarin (Figure 1.3) [5].

o} o O OH
oxidation H2S0,4 SOsHKoH OH
o o] o]

Figure 1.3: Synthesis of alizarin.

As another example, indigo is a natural dye that is familiar to us as the dye in
denim jeans. It was historically extracted from the plant Indigofera tinctoria. How-
ever, in the late nineteenth century, von Baeyer reported the synthesis and structure
of indigo. Following this, the commercial synthetic route to indigo was developed by
Heumann in 1890 (Figure 1.4). The synthesis began by an alkylation of anthranilic
acid using chloroacetic acid. This was followed by a base-mediated cyclization and
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1.1 Importance of aromatic compounds =— 3

decarboxylation to give 3-hydroxyindole (indoxyl), which was converted to indigo by
oxidation in air. Since then, an alternative approach was developed where anthra-
nilic acid was replaced by the much less expensive aniline [5].

. o)
Cl_-CO,H air

OH H
@:GOZH COH base @ oxidation O N O
A heat N N
NH, N" COH hea H Ho 4
Figure 1.4: First commercial synthesis of indigo.
The development of synthetic routes to known and new dye molecules arguably

served as a starting point for the development of the commercial dye industry and led
to the acceleration of the development of synthetic methods for aromatic compounds.

1.1.2 Biologically active compounds

Aromatic compounds are important from a biological perspective and consequently
many aromatic compounds have biological activity. Naturally occurring aromatic
compounds include simple structures such as the amino acids phenylalanine, tyro-
sine, and tryptophan, but also include more complex structures, some of which
have therapeutic use or potential use as pharmaceuticals (Figure 1.5).

e
o .
N HO N
O ~
7N “'OH ‘ NCH; HODA/
HO

N~

quinine morphine epinephrine

dynemicin A

Figure 1.5: Examples of aromatic natural products with biological activity.

Aromatic rings are also ubiquitous structures in synthetic small-molecule pharma-
ceutical drugs. Indeed, a 2011 survey of drug candidates from a Pfizer database
showed that 99% of the compounds contained an aromatic or heteroaromatic ring
[7]. As another example of the importance of aromatic compounds in pharmaceuti-
cals, 19 of the top 20 selling brand name drugs in 2008 contained at least one aro-
matic ring [8]. These examples highlight the prevalence of aromatic rings in active
pharmaceutical ingredients and the need for synthetic methods to prepare these com-
pounds. Figure 1.6 shows a few examples of small molecule pharmaceutical drugs.
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4 —— 1 Introduction - aromatic compounds and aromaticity

i
O HaN_ 0 \/\)LN CO,H

O C
\

,N

N
HoN HN\Q CF,
sulfapyridine \© NI‘

N-NH

(antibacterial) HO,C N

atorvastatin Cg'ﬁcgﬂb valsartan
(Lipitor) (Celebrex) (hypertension treatment)
(lowers cholesterol) (pain relief)

Figure 1.6: A selection of small molecule active pharmaceutical ingredients containing aromatic
rings.

1.1.3 Aromatic compounds in materials science

Aromatic compounds have also found use in electronic devices and show potential in
new electronic materials. For example, liquid crystalline compounds used in liquid
crystal display applications are composed of aromatic compounds such cyanobiphen-
yls (Figure 1.7). Similarly, discotic liquid crystals that are generally composed of disk-
shaped polycyclic aromatic hydrocarbons are used as optical compensation films in
these displays.

CN
Figure 1.7: A nematic liquid crystalline compound of the
type used in liquid crystal displays.

Aromatic compounds have properties that make them candidates for applications in
organic electronics, light-emitting displays, and solar cells. In particular, the rela-
tively low HOMO-LUMO gap in some aromatic compounds — particularly conjugated
polycyclic aromatic compounds, make them suitable candidates as semiconducting
materials. This same low HOMO-LUMO gap makes them capable of absorbing visible
light, which contributes not only to their use as dyes, but also as potential chromo-
phores in light harvesting materials for solar energy conversion. In addition, the rela-
tively rigid structure of aromatic compounds means that they are often luminescent,
making them potential components of light emitting materials for display applica-
tions (e.g., organic light-emitting diodes — OLEDs). Aromatic units are also incorpo-
rated into functional polymeric materials, ranging from conducting polymers, to
macromolecular frameworks (such as covalent organic frameworks) with potential
applications in separations, gas storage, and catalysis.

Overall, these established and emerging applications for aromatic compounds
continue to drive the development of new synthetic approaches for the preparation
of aromatic compounds and the exploration of new aromatic structures.
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1.2 Aromaticity

Readers are likely already familiar with the criteria for aromaticity based on Hiickel:
cyclic, planar, fully conjugated polyenes with 4 n+ 2 m-electrons are aromatic,
while comparable systems with 4 n electrons are antiaromatic. This definition or
some version of it are found in most organic chemistry texts. Hiickel’s 4 n + 2 rule
stems from calculations of the m-molecular orbitals. He showed that the orbital en-
ergy diagram for cyclic conjugated systems featured a lowest energy orbital, fol-
lowed by pairs of double degenerate orbitals [9]. In cases where an even number of
p-orbitals are present (resulting from an even number of number of atoms in the
ring), there is also a non-degenerate highest energy orbital. For two selected exam-
ples, a sketch of the molecular orbital energy levels for benzene and cyclobutadiene
is shown in Figure 1.8. Based on the orbital energy levels, any cyclic conjugated
system with 4 n + 2 m-electrons will form a closed-shell stable aromatic ring, while
any system with 4 n m-electrons will have an open-shell configuration.

@ ;%4: m 4—#-1-

Figure 1.8: Molecular orbital energy levels and electron occupancy for benzene and cyclobutadiene.

While this definition does work in many cases, it does have its limitations. For ex-
ample, it does not formally apply to polycyclic systems, does not account for sys-
tems that deviate from planarity, and does not provide insight into differences in
aromatic stabilization energies. Consequently, the definition of aromaticity is the
subject of continued discussion and several experimental and computational ap-
proaches have been developed to describe aromaticity. Indeed, there are multiple
measures of aromaticity, and which has led to questions of what aromaticity is and
whether there can be a single unified definition [10]. The discussion of aromaticity
has been referred to as an exercise in futility [11], and as recently as 2009, Stanger
has posed the question Aromaticity . . . What is it? and has questioned whether a
unified definition of aromaticity can be achieved [12].

Here, we will certainly not resolve this ongoing question. Instead, we will con-
sider some of the general criteria for aromaticity, focusing on the stability of aromatic
compounds, as well as the structural and the magnetic aspects of aromaticity. In
other words, we can describe some of the important features of aromatic compounds
without actually defining aromaticity.
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1.2.1 Stability of aromatic compounds

One of the defining characteristics of benzene and related aromatic systems is
their unusual stability. A common illustration of the stability of benzene involves
a comparison of the heats of hydrogenation of benzene as compared with cyclic
alkenes [13]. The hydrogenation of alkenes is exothermic, and as shown in Figure 1.9,
depends on the number of n-bonds present. For example, the enthalpy of hydrogena-
tion of 1,4-cyclohexadiene (AH = — 57.2 kcal/mol) is essentially double the enthalpy
of hydrogenation of cyclohexene (AH = - 28.6 kcal/mol), suggesting that each n-
bond releases 28.6 kcal/mol upon hydrogenation. Based on this, a hypothetical
cyclohexatriene is expected to have an enthalpy of hydrogenation of 3x(-28.6 kcal/
mol) = -85.5 kcal/mol. However, benzene has an enthalpy of hydrogenation of
only —49.7 kcal/mol, suggesting that it is significantly more stable than expected.
The difference between the actual heat of hydrogenation and the expected heat of
hydrogenation is 36.1 kcal/mol, which is referred to as the aromatic stabilization
energy. The comparison shown in Figure 1.9 does neglect two potential confound-
ing factors: stabilization that may result from conjugation (as opposed to aroma-
ticity), as well as changes that may result from ring strain. However, even if one
accounts for these, an aromatic stabilization energy is over 30 kcal/mol, which
still shows a substantial stabilization.

hypothetical
cyclohexatriene

© s 36.1 kcalimol
' Aromatic stabilization

energy

actual
benzene

o L3
e O O 0O

AH= -28.6 kcal/mol AH= -57.2 kcal/mol AH= -85.8 kcal/mol AH= -49.7 kcal/mol

Figure 1.9: Heats of hydrogenation of benzene and cyclic alkenes. Adapted from D. E. Lewis,
Advanced Organic Chemistry [14].

Heats of hydrogenation can be used to determine the aromatic stabilization ener-
gies of other aromatic compounds and thereby provide a comparison of the relative
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stabilization associated with the aromatic rings. Figure 1.10 shows the aromatic sta-
bilization energies of some other common aromatic compounds [14]. These heats of
hydrogenation can provide clues about the relative stabilities of aromatic com-
pounds and shows that aromatic stabilization energies can vary significantly. In
some cases, these differences have implications for reactivity, as we will see in this
book.

S« O
vy - o
:

Figure 1.10: Aromatic stabilization energies of representative aromatic compounds (in kcal/mol).
Adapted from D. E. Lewis, Advanced Organic Chemistry [14].

Another approach for determining the stabilization associated with aromaticity is
by using isodesmic reactions. An isodesmic reaction is a hypothetical chemical pro-
cess where the number of bonds of each type remains the same on each side of the
equation. Standard enthalpies of formation of each of the components can be used
to determine the enthalpy change of the reaction. If one considers the hypothetical
conversion of three equivalents of cyclohexene to one equivalent of benzene and
two cyclohexane, one can see that the number and type of bond remains constant
in this reaction (Figure 1.11) [15]. Since the only significant difference is the forma-
tion of an aromatic ring, the reaction is exothermic and the enthalpy change is con-
sistent with the aromatic stabilization energy of benzene. This approach still does
not take into account changes in ring strain — however in this case these are not
large contributors. In contrast, if one considers a similar isodesmic reaction for the
formation of cyclobutadiene, which is antiaromatic, the reaction is highly endother-
mic, suggesting that cyclobutadiene is much less stable.
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3 O - 5 © + 2 O AH = -35.5 kcal/mol

AHs = -1.2 kcal/mol AH¢ = +19.7 kcal/mol  AH¢ = -29.4 kcal/mol

2 [ — L] [l AH = +45.7 keal/mol

AH¢ = +37.5 kcal/mol AH¢ = +6.7 kcal/mol AH; = +114 kcal/mol

Figure 1.11: Isodesmic reactions for the formation of benzene and cyclobutadiene. Adapted from
Anslyn and Dougherty, Modern Physical Organic Chemistry [15].

1.2.2 Structure and reactivity of aromatic compounds

Another defining feature of aromatic rings is their bonding geometry. A manifesta-
tion of the delocalization of the m-bonds is that all of the C-C bond lengths in ben-
zene are equal (ca. 1.40 A) and intermediate between a single bond and a double
bond. The variation in bond length has been used as a metric for aromaticity. For
example, the harmonic oscillator model of aromaticity (HOMA) is computational
tool that looks at deviation of bond lengths from optimal, creating a scale that al-
lows the assessment of aromaticity [16].

One of the properties of aromatic compounds is that their reactivity is distinctly
different from other unsaturated compounds such as alkenes. For example, in the
presence of electrophiles, they usually undergo substitution (with loss of a hydro-
gen) rather than the electrophilic addition that is typical of alkenes. This ties back
to the thermodynamic stability of aromatic compounds described above and influ-
ences how we approach the synthesis of aromatic compounds. Indeed, the reactiv-
ity of aromatic compounds and application of this reactivity for the preparation of
aromatic compounds will be the major focus of this book.

1.2.3 Magnetic properties of aromatic compounds

A key observable property of aromatic compounds is their behavior in a magnetic
field. In the presence of an external magnetic field, a ring current in aromatic rings
is induced, leading to a local magnetic field in the vicinity of the ring (Figure 1.12)
[17]. This phenomenon is known as diamagnetic anisotropy.

A consequence of this is that the local magnetic field reinforces the magnetic
field in nuclear magnetic resonance (NMR) for protons attached to the aromatic
ring, leading to deshielding of those protons. For nuclei centered above an aromatic
ring (or, in the middle of the aromatic ring), the magnetic field opposes the main
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Bo

magnetic
field

Figure 1.12: Induced magnetic field by ring current.

magnetic field and leads to shielding. Figure 1.13 shows some representative exam-
ples of the NMR chemical shifts of some aromatic compounds [18]. The chemical
shift of the protons in benzene is 7.27 ppm, which is significantly deshielded com-
pared to cyclohexene (5.6 ppm). The other examples illustrate that the protons on
the periphery of the ring are deshielded, while protons situated above or below the
ring (as with the CH, and CH; groups in the second and third examples) are signifi-
cantly shielded because the induced magnetic field opposes the main magnetic
field. The last example of [18] annulene is quite striking: at low temperature the
outer protons are deshielded at 9.28 ppm, while the inner protons are highly
shielded at — 3.0 ppm.

H H
o n H H
L R
O J Y
. :
H H
H H
NMR 'H 77 Ring: 6.95, 7.27 Ring: 8.14-8.67 outer: 9.28
CH;:-0.52 CH, 1 -4.25 inner: -3.0

(ppm)

Figure 1.13: Chemical shifts (3, ppm) of some representative conjugated cyclic structures [18].

In contrast to aromatic systems, antiaromatic systems display a paratropic ring cur-
rent and resulting magnetic field in the opposite direction. Consequently, protons
on the outer periphery of the ring are unusually shielded, while any protons above
or below the ring are deshielded. Hess et al. showed this trend for a series of aro-
matic and antiaromatic dehydro[n]annulenes [19]. As another example, when [18]
annulene described above undergoes two-electron reduction using potassium, the
resulting dianion, which is now antiaromatic, shows outer protons at — 1.13 ppm
and inner protons at ca. 28-30 ppm [20].

As an extension of the experimental evidence by NMR, computational probes of
aromaticity based on diamagnetic anisotropy and ring currents have been devel-
oped. Among the best known computational measures of aromaticity is known as
nucleus-independent chemical shift (NICS) [21-23]. This computational technique
consists of placing a nucleus directly above the center of ring and calculating the
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chemical shift using established computational methods. A negative NICS value
suggests aromatic character, while a positive NICS value indicates aromatic charac-
ter (Figure 1.14). This tool allows individual rings in a polycyclic system to be
probed and provides a scale of relative aromaticity because NICS values correlate
with aromatic stabilization energies [21]. In other words, the more negative the
NICS value, the “more aromatic” the ring is.

000 o™ o

NICS 97 -14.3 76 +27.6 +18.1 25 225 .82 .133

Figure 1.14: Representative NICS values for some conjugated cyclic systems [21].

Other computational methods consider the calculation of ring-current densities as a
measure of aromaticity. Among the best known of these methods is the anisotropy of
induced current density method, which serves as a tool for quantifying and visualiz-
ing the delocalization of electrons [24].

1.3 In this book

While a unified definition of aromaticity may elude us, the compounds that we gen-
erally consider to be aromatic are important for our modern society. Furthermore,
aromatic compounds display an incredible diversity of structures and chemical re-
activity. As such, an understanding of the synthesis of aromatic compounds is im-
portant from both a practical perspective for the preparation of useful compounds
and because it allows us to explore new and exciting chemical structures with as
yet undiscovered properties.

In this book, we will explore the reactivity of aromatic compounds with an at-
tention to reaction mechanisms. We will also see how this reactivity can be ex-
ploited in synthesis. Throughout the chapters, examples of how the reactions
discussed are used in the synthesis of a variety of compounds, ranging from biolog-
ically active compounds such as natural products and active pharmaceutical ingre-
dients, to compounds with applications in materials science. We will also explore
the synthesis of complex structures that are designed to probe the nature of aroma-
ticity and advance the creative limits of synthetic chemistry.
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2 Electrophilic aromatic substitution

2.1 Introduction

By virtue of their n-bonds, aromatic compounds undergo reactions with electro-
philes, often in the presence of a Lewis acid catalyst. However, unlike alkenes,
which undergo electrophilic addition reactions, aromatic compounds generally un-
dergo electrophilic substitution, where initial electrophilic addition is followed by a
deprotonation to re-aromatize. In this chapter, we will review the basic principles
of electrophilic aromatic substitution, the scope of electrophiles that can be intro-
duced onto an aromatic ring, reactivity and regioselectivity considerations, and ap-
plications in the synthesis of substituted aromatic compounds.

2.2 General mechanistic principles
A generic electrophilic aromatic substitution (also referred to as an SgAr mecha-
nism) proceeds via an arenium ion mechanism, where the electrophile is attacked

by the n-electrons of the aromatic ring to form a cationic intermediate, which is re-
aromatized upon deprotonation to give the substituted aromatic ring (Figure 2.1).

E* ® H H H _H* E
< — Of |
@ ®

Figure 2.1: Generalized mechanism for electrophilic aromatic substitution.

It should be noted that the first step is generally the rate-determining step because
aromatic stabilization is broken when the electrophile adds to the ring. The inter-
mediate, referred to as an arenium ion or a Wheland intermediate, does not possess
aromatic stabilization but is stabilized by resonance. Deprotonation to form the
final product occurs rapidly because aromaticity is restored when the final product
is formed. As we will see, the reactivity and regiochemistry of electrophilic aromatic
substitution can be explained by this mechanism and in particular by the nature of
the arenium ion intermediate.

2.3 Scope of electrophilic aromatic substitution

Electrophilic aromatic substitution can be used to introduce a variety of functional
groups onto an aromatic ring, including halogens, nitro groups, sulfonic acids, and

https://doi.org/10.1515/9783110562682-002
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14 —— 2 Electrophilic aromatic substitution

alkyl, acyl and formyl groups (Figure 2.2). In each of these cases, the active electro-
phile is generated in situ, usually with the help of a Lewis or Brgnsted acid.

X

X =Cl, Br

R NO,

H H Bry, FeBrs H H

Clz, FeC|3

H H RCI HNO3 H H
H AICl3 y !

H

R = alkyI H H

O

)k H

H
R™ ~cl H SO3
R__O
H H H H
HXNMe
H H H
H H

2

H.__O
H H
H H
H

Figure 2.2: Examples of common electrophilic aromatic substitution reactions.

As mentioned above, the active electrophile is often formed in situ and the mecha-
nism of electrophile formation depends on the electrophile being used.

2.3.1 Nitration

Nitration is one of the most important electrophilic substitution reactions because
nitro groups can be reduced to the corresponding amines, which, as we will see in
Chapter 3, can be converted into versatile diazonium salts. Electrophilic nitration is
typically conducted with nitric acid in the presence of sulfuric acid, although it can
be conducted in nitric acid alone or in combination with water or acetic acid. The
active electrophile is NO,", which is generated by protonation and dehydration of
nitric acid (Figure 2.3) [1].

EBSCChost - printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

2.3 Scope of electrophilic aromatic substitution —— 15

0 H,SO4 9®
N@ - ® NS e)
HO 0 © H,O© O

Figure 2.3: Formation of the nitronium ion electrophile.

These nitration conditions are harsh, which has prompted the development of
milder nitrating agents, such as nitronium tetrafluoroborate (NO,"BF,’) or AgNOs/BF;
[2, 3]. Lanthanide salts can also be used to catalyze nitration. For example, nitration
can be carried out with aqueous nitric acid with Yb(03SCF3)s, or using Sc(03;SCF5);
with LiNO3 or AINO; [4, 5]. In these reactions, the lanthanide salt likely catalyzes the
formation of the nitronium ion in solution.

2.3.2 Sulfonation

The introduction of sulfonic acid groups via electrophilic aromatic substitution can
be achieved using sulfuric acid, or using SOj; in sulfuric acid (also called fuming
sulfuric acid or oleum) [6]. The electrophilic species may vary with the reagent, but
is often considered to be SO; or SOsH". The latter can be generated from sulfuric
acid or by protonation of SO; (see Figure 2.4). A closely related reaction is chloro-
sulfonation using chlorosulfuric acid. The resulting aryl sulfonyl chlorides can be
used for making sulfonate esters and sulfonamides.

0 7 0 Qe H . © 0 0

HO-S-OH + (O-S-OH ———> HO-S<0 0-S-OH 8.
I DY NIRVA I O

o 0 o H o HO™ 70

b.
Q HOY T Q

. _S< O-S-OH —— _S«

‘07%%0 I HO? S0

e (6] @

Figure 2.4: Generation of electrophiles for sulfonation.

An important feature of sulfonation is that it is reversible, so the sulfonic acid
group can be removed under dilute aqueous acid. This reversibility means that sul-
fonic acid groups can be used as protective groups, a strategy that will be explored
in Section 2.6.
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2.3.3 Halogenation

Electrophilic halogenation, especially to introduce bromo substituents is an impor-
tant transformation because aryl halides are widely used in transition metal-catalyzed
coupling reactions (which we will see in Chapters 6 and 7). Bromination and chlorina-
tion are typically carried out using Br, or Cl, in the presence of a Lewis acid such as
FeCl; [1]. Brominations are often carried out in the presence of a catalytic amount of
iron, which generates FeBr; in situ. The Lewis acid activates the halogen toward elec-
trophilic attack, and the electrophilic species is either the free halogen cation (Br* or
CI") or a polarized molecular halogen after complexation with the Lewis acid.

For activated aromatic compounds, bromination and chlorination can often be
carried out without a Lewis acid. Indeed, highly activated aromatic compounds
such as anilines and phenols can undergo bromination at all of the activated posi-
tions, giving polybrominated products. To mitigate this “overreaction,” less reactive
brominating agents such as tetraalkylammonium tribromides can lead to more con-
trolled reactions [7-9]. Similarly, for activated substrates, N-bromosuccinimide
(NBS) or N-chlorosuccinimide can be used as the electrophilic reagent [10, 11].

In contrast to bromine and chlorine, iodine is relatively unreactive as an elec-
trophile. Electrophilic iodination often requires an oxidant such as iodic or periodic
acid to oxidize iodine to generate I'* as the active electrophile [12-14]. Other electro-
philic iodination reagents include iodine monochloride [15].

Fluorine is highly reactive and is not typically introduced via direct electro-
philic substitution. An alternative to fluorine as an electrophile is acetyl hypofluor-
ite, which is generated from fluorine gas and sodium acetate [16]. However, this
reagent still requires the use and manipulation of fluorine, which is highly reactive
and toxic. Some electrophilic fluorinating agents that are easier to handle include
N-fluoro-bis(trifluoromethansulfonyl)amine, which reacts with activated aromatics,
as well as N-fluoropyridinium sulfonate and N,N’-difluoro-1,4-diazoniabicyclo[2.2.2]
octane salts (Figure 2.5) [17-19].

SO,CF3 X
F—N \

\ /
SOQCFg @ '\‘l Q
F

F
-N
/N®/  2CFs805
CH3S0; F@

Figure 2.5: Electrophilic fluorination reagents.
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2.3.4 Carbon electrophiles: Friedel-Crafts alkylation and acylation

The reaction of an aromatic compound with an alkyl halide in the presence of a
Lewis acid to form the corresponding alkyl-substituted aromatic is referred to as
Friedel-Crafts alkylation [20]. In this reaction, the electrophilic species is thought
to be the alkyl carbocation, which is produced by reaction of the alkyl halide with
the Lewis acid (Figure 2.6).

/\
AICI; ° @
@ e, o = 5

Figure 2.6: Formation of carbocation electrophile for Friedel-Crafts alkylation.

One challenge associated with Friedel-Crafts alkylations is the instability of the car-
bocation electrophile. For example, Friedel-Crafts reactions of linear alkyl halides
often lead to rearrangement results from hydride shifts (Figure 2.7) [21].

= o O

major minor
product product

Figure 2.7: Example of a rearrangement in a Friedel-Crafts alkylation.

Another challenge with Friedel-Crafts alkylation is that the alkyl-substituted aro-
matic compounds is more activated than the starting material. Consequently, it can
undergo further electrophilic substitution reactions and lead to a mixture of products.
These problems can be circumvented by using a Friedel-Crafts acylation (see below),
or by using more modern metal-mediated coupling approaches (See Chapter 6).

Variations on the Friedel-Crafts alkylation include the use of alcohols in the
presence of Brgnsted or Lewis acids to generate the carbocation electrophile, or pro-
tonation of alkenes (Figure 2.8).

R ﬁl)(Cb or R
OH <)
. o
H+
>: > )Q Figure 2.8: Formation of carbocation electrophiles
from alcohols and alkenes.
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Aromatic compounds can be acylated using an acid halide in the presence of a
Lewis acid (referred to as Friedel-Crafts acylation). Similar to alkylation, the Lewis
acid reacts with the acid halide to form a cationic acylium ion, which is the active
electrophilic species (Figure 2.9). One important distinction between Friedel-Crafts
alkylation and acylation that we will explore in the next section is that while alkyl
groups are activating and ortho/para-directing, acyl groups are deactivating and
meta-directing. This difference has implications for subsequent transformations
once these groups are introduced.

0 0
© R)'LCI ©)’LR
AICI
o o]
7N O o
JE A, ——— o © \
RO o ’ R)kCIfAICb R)® AlCl,

Figure 2.9: Friedel-Crafts acylation.

It is important to note two limitations of Friedel-Crafts alkylation and acylation. The
first is that the reaction does not work for highly deactivated substrates such as nitro-
and cyano-substituted benzenes. The second limitation is that they do not work for
compounds such as anilines that can serve as Lewis bases. Lewis acid-base reactions
with the Lewis acid will effectively compete with electrophile formation.

Bromomethyl and chloromethyl groups can be introduced directly onto acti-
vated aromatic rings by reaction with formaldehyde in the presence of HCl or HBr
(Figure 2.10) [22, 23].

)J\ HX
© X Figure 2.10: Halomethylation using formaldehyde

and HX.

The reaction is thought to involve the formation of a chloromethylium or bromomethy-
lium ion by reaction of formaldehyde with the acid (Figure 2.11). The halomethylium
ion then serves as the electrophile in a standard electrophilic aromatic substitution.

o ® _H H . HD_H ®
Lo — F o — 1 = Gu— [
H OH H ‘\H) H7)H I?:\x: H” O H

Figure 2.11: Formation of the halomethylium ion electrophile.
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2.3 Scope of electrophilic aromatic substitution =— 19

There are several approaches for the direct electrophilic introduction of for-
myl groups onto aromatic rings [24]. One of the best known approaches for introducing
formyl groups uses a formamide (such as DMF) in the presence of POCls, followed by
hydrolysis [25]. This reaction is referred to as a Vilsmeier or Vilsmeier—Haack reaction.
The active electrophilic species in this reaction is the chloroiminium ion shown
(Figure 2.12), which is produced by reaction of the formamide with POCl; [26]. The ini-
tial product of electrophilic aromatic substitution is the formyl iminium species, which
is readily hydrolyzed to the corresponding aldehyde under aqueous conditions.

o @

O o e
POCI,

Electrophile formation:

©) o}
I T ] o
+ _— - ~N
N o” 1 °Cl
H™ "N(CHs), cl Ci cl H)kCI Cl

Figure 2.12: Vilsmeier—Haack formylation.

Other methods for introducing formyl groups via electrophilic aromatic substitution
have also been reported. For example, the Rieche formylation uses dichloromethyl
methyl ether in the presence of TiCl,, followed by aqueous acid work-up (Figure 2.13)
[27]. The reaction bears a resemblance to the Vilsmeier reaction in terms of the active
electrophile, and the fact that the initial electrophilic aromatic substitution product
requires hydrolysis to give the formyl product. This reaction is most effective with ac-
tivated aromatic substrates.

OCH,4 o

B ——
TiCl, hydrolysis

Electrophile formation:

®
o/ “Ticl Cl OCHs ©

I - + CI—TiCl,

: CI—TiCl H™>C
H,co™ HsCO'D o

Figure 2.13: Rieche formylation and formation of the active electrophilic species.
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2.4 Substituent effects in electrophilic aromatic substitution
2.4.1 Reactivity

When a substituted benzene derivative undergoes electrophilic aromatic substitu-
tion, the substituents will influence the overall reactivity of the compound as well
as the regiochemistry of substitution. In general, electron-donating groups increase
the rate of electrophilic substitution, while electron-withdrawing substituents de-
crease the rate of electrophilic substitution. As such, electron-donating substituents
are often referred to as activating groups, while electron-withdrawing substituents
are said to be deactivating. This trend can be rationalized based on the idea that
electron-donating groups increase the electron density on the aromatic ring and
therefore make them more nucleophilic, while electron-withdrawing groups do the
opposite. Another way to rationalize this observation is based on the effect of sub-
stituents on the stability of the cationic intermediate (as well as the transition state
leading to that intermediate). To illustrate the effects of substituents on the rate of
electrophilic aromatic substitution, one can compare the relative rates of nitration
as compared to benzene. Toluene reacts 25 times faster, while phenol reacts 1,000
times faster than benzene. In contrast, chlorobenzene reacts approximately 30
times slower than benzene, while nitrobenzene reacts approximately seven orders
of magnitude slower [28, 29].

Based on the relative rates of reaction, substituents can be classified as activat-
ing (more reactive than benzene) or deactivating (less reactive than benzene). They
can also be compared in terms of their relative activating and deactivating effects
(Figure 2.14). The substituent effects for electrophilic aromatic substitution show a
reasonable correlation to Hammett ¢* values, which accounts for direct resonance
stabilization of cationic intermediates [30]. An examination of Figure 2.14 shows
that many of the strongly deactivating groups are able to withdraw electron density
by resonance, while the weaker deactivating groups are inductively electron with-
drawing. Similarly, the strongly activating substituents are able to donate electrons
by resonance, while the weakly activating groups are those that are inductively
electron donating.

Compounds such as phenols, aryl ethers, and anilines are highly activated by
virtue of the strongly electron-donating groups. Unlike many electrophilic substitu-
tion reactions, which require a Lewis acid, these compounds will undergo electro-
philic substitution readily in the absence of a Lewis acid. For example, phenol
undergoes electrophilic bromination without a Lewis acid at relatively low temper-
atures (Figure 2.15). Aniline is an even more extreme example: it is reactive enough
that controlling the electrophilic substitution becomes challenging. It will overreact
to yield di- and tribromoanilines.
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Strongly deactivating groups Weakly deactivating groups
O

—NO, —CN —soH —4 —CF; —F —Cl —Br —i
R

Strongly activating groups Weakly activating groups

O
—NR, —OH —OR 7NJ\R —CHj
H

Figure 2.14: Activating and deactivating substituents in electrophilic aromatic substitution.

NH NH,
OH OH 2
Br, f Brp Br Br
—_—
_— >
© CS,, <50C CSz, <50C
Br

Br

Figure 2.15: Reactions of phenol and aniline in electrophilic aromatic substitution.

In order to control the electrophilic aromatic substitution in these highly acti-
vated systems, the compounds can be acetylated using acetic anhydride or acetyl
chloride. The corresponding acetates and acetamides are still activated, but their
reactivity is somewhat attenuated, making it easier to control the substitution, as
well as influencing the regioselectivity through steric interactions (see below).

2.4.2 Regioselectivity of electrophilic substitution of aromatic compounds

In terms of regiochemistry of substitution, electron-donating groups generally favor
substitution at the ortho and para positions, while electron-withdrawing groups
favor substitution at the meta position. As a demonstration of the regiochemical
outcome of electrophilic aromatic substitution, consider the nitration of a series of
substituted benzenes shown in Table 2.1. For electron-withdrawing groups such as
nitro, cyano, carboxy, and trifluoromethyl, the meta-substituted product is predom-
inant, while for electron-donating and activating substituents, a mixture of ortho
and para isomers are formed. The halogens are an apparent exception: while they
are electron-withdrawing and deactivating, they yield a mixture of ortho and para
isomers as the major products.

To understand the regiochemistry, it is helpful to consider the resonance struc-
tures of the intermediate for ortho, meta, or para substitution (Figure 2.16), with a
particular focus for the resonance structures where the positive charge is on the
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Table 2.1: Distribution of product isomers for nitration of some monosubstituted benzenes.

X X
nitration X
—NO
[ o,
Substituent (X) % Ortho % Meta % Para
NO, 5-8 91-93 0-2
CN 15-17 81-83 ~2
CO,H 15-20 75-85 ~1
CFs 6 91 3
F 9-13 0-1 86-91
Cl 30-35 ~1 64-70
Br 36-43 1 56-62
| 38-45 1-2 54-60
CH; 56-63 2-4 34-41
CH,CH5 46-59 2-4 46-51
OCH5 30-40 0-2 60-70

Selected data from Carey and Sundberg, Advanced Organic Chemistry, Part A: Structure and
Mechanisms, 5th ed. [31].

carbon bearing the substituent. In those resonance structures, the positive charge is
stabilized by electron-donating substituents, and destabilized by electron-withdrawing
groups. Based on this, substitution at the ortho and para positions leads to structures
that are stabilized by electron-donating groups and there for the ortho and para
products are favored. In contrast, the same structures are destabilized by electron-
withdrawing substituents, and consequently meta substitution is preferred be-
cause of the absence of a significant destabilization.

X

X X
@ H H
ortho E «—> E ~— E
substitution ® ®
® H X H X H
® ®
@ H H H
para E D E B E
substitution ®
X X® X

Figure 2.16: Resonance structures for cationic intermediates in electrophilic substitution.

T

X
meta

substitution
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A closer examination of the directing effects of substituents reveals some nota-
ble exceptions to the general trend that electron-donating (activating) substituents
are ortho/para directors and electron-withdrawing (deactivating) substituents are
meta directors. Specifically, the halogen, which are weakly deactivating by virtue of
their electronegativity, are also ortho/para directors. This apparent contradiction
can be rationalized by the fact that the halogens have available nonbonding elec-
tron pairs that can serve to stabilize the cationic intermediates by resonance when
substitution takes place in the ortho or para positions.

When carrying out electrophilic aromatic substitution using monosubstituted ben-
zene derivatives with ortho/para-directing groups, how does one predict or control the
ratio of ortho and para products? Based purely on probability of reaction, one might
expect a 2:1 ratio of ortho:para substitution because there are two ortho sites available
to react and only one para site. However, other factors, such as sterics, can influence
the ratio of ortho and para substitution products. If the substituent attached to the
ring is bulkyj, it is possible to favor para substitution over ortho substitution.

One example of a reaction where ortho substitution is observed almost exclu-
sively is in the Kolbe-Schmitt process for the preparation of acetyl salicylic acid
(ASA, known commonly under the trade name Asparin) shown in Figure 2.17. In
this industrial process, sodium phenoxide, which is highly activated toward elec-
trophilic substitution, reacts with carbon dioxide as the electrophile to form the
ortho-substituted product only. This high selectivity is attributed to a chelation of
the sodium ion with the phenoxide oxygen and the developing negative charge on
the carbon dioxide as the electrophilic attack proceeds [32]. As such, the sodium
phenoxide is directing the electrophilic attack to take place in proximity to the ex-
isting group. Similar effects to this will be discussed in Chapter 4 in the context of
lithiation (deprotonation) of aromatic rings.

o o
OH 0~ Na OH o 2 ° OH
© NaOH co, ﬁj/co2 H;0 ©/COZH
—_—
le) Salicylic Acid

A

Ac,0 CoH  ASA

Figure 2.17: Kolbe-Schmitt process for the preparation of ASA.

2.4.3 Regioselectivity in polysubstituted benzenes

When two or more substituents are attached to the benzene ring, both can contribute
to directing the regiochemistry of electrophilic aromatic substitution. Two scenarios
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can be envisioned: one where the substituents work cooperatively and direct to the
same position(s), and the second where substituents compete and direct to different
positions. In the former case, the outcome of the electrophilic substitution is rela-
tively easy to predict. Consider the bromination of 4-hydoxybenzaldehyde, which is
part of a synthesis of the herbicide bromoxynil (Figure 2.18). The hydroxyl group is
an ortho/para director, and therefore directs substitution to the ortho position, since
the para position is occupied. The aldehyde is a meta director, and thus directs to the
same positions. Treatment with two equivalents of bromine leads to dibromination as
shown.

OH OH OH OH
2eq.Br,  Bre ; Br  NH,OH Br-. ; _Br  hotP20s Br Br
0" H 0” H HONZ H CN
bromoxynil
(herbicide)

Figure 2.18: Synthesis of the herbicide bromoxynil.

In contrast, there are many situations where substituents compete and direct to
different positions, whether it be two activating groups that compete, or an acti-
vating group and a deactivating group. In these cases, the activating group (or
more strongly activating group in the case of two competing activating groups)
generally determines the regiochemistry of substitution. For example, consider
the reaction below to make butylated hydroxytoluene, commonly known as BHT,
which is an antioxidant used as a stabilizer in fuels, solvents, and even as a food
additive (Figure 2.19). The t-butyl groups both add ortho to the hydroxyl and not
the methyl group despite the fact that both OH and CH; are activating groups and
ortho/para directors. Since OH is a much stronger activating group, it controls the
regiochemistry of substitution.

)J\ OH
H,SO,
CHs CHs

OH

Figure 2.19: Preparation of BHT.

Several other examples of electrophilic substitution of polysubstituted benzenes are
shown in Figure 2.20. Entries 1-3 in Figure 2.20 illustrate examples where the sub-
stituents on the ring work cooperatively in terms of their directing effects. Even
when substituents work cooperatively, entries 1 and 2 show that a mixture of

printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



2.4 Substituent effects in electrophilic aromatic substitution

CH
s N HNO, CHj CH,4
) R CN  O,N CN
(CF3C0),0
ACzO
NO,
87% 13%
CHs LiNO3 CHs &
30 mol% Sc(03SCF3); @:NOZ
2. -
CHj Ac20, CH3CN CHs CHs
NO,
68% 17%
COZH C02H
fuming HNO3
3.
OCH3 OCHs
CO,H I, HCl I COzH
4. .
NH, NH,
CHs CHs
HsCO CH; NCS,HCIO;  H,CO CHs
—_—
ccl
4 Cl
CH Q CH; O
3 3
)]\m
6‘ S

AICl,

Figure 2.20: Representative examples of electrophilic aromatic substitution in polysubstituted

benzenes.
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products can still result [5, 33]. In these two examples, the 1,2,4-trisubstituted prod-
ucts are favored over the 1,2,3-trisubstituted products, presumably because of steric
effects. In entry 3, only the expected product is observed [34]. Entries 4 and 5 have
substituents working competitively in terms of directing effects [15, 35]. In both
cases, the stronger activating group (the NH, and the OCH3, respectively) determine
the outcome of substitution. In the last entry, the two substituents direct to different
positions, but are comparable in terms of their electronic directing effects [36].
Here, the outcome of the reaction is presumably determined by sterics.

2.5 Functional group interconversion to control reactivity
and regioselectivity

Electrophilic aromatic substitution has a broad scope for the synthesis of polysub-
stituted benzenes and generally well-defined regiochemistry, depending on the
substituents in place. But what if the desired product is not amenable to prepara-
tion because the directing effects of the substituents would lead to a different prod-
uct? Alternatively, what if the desired reaction will not work because of functional
group incompatibility? To circumvent some of these potential problems, there are
some key functional group interconversion reactions that are important for the syn-
thesis of aromatic compounds that are worth reviewing.

2.5.1 Reduction of nitro groups

Aromatic nitro groups can readily be reduced to the corresponding anilines. This is
typically carried out by hydrogenation using palladium on carbon, or using stan-
nous chloride (Figure 2.21). Stannous chloride can either be used directly in sol-
vents such as ethanol, or it can be generated in situ from tin and aqueous HCI.

N02 H2 NH2
Pd/C
—_— >
or
SnCl, Figure 2.21: Reduction of aromatic nitro groups.

This reaction is significant because it converts a deactivating meta-directing group
into and activating ortho/para-directing group. As such, it has implications for plan-
ning syntheses involving multiple aromatic substitution reactions. This reaction is
also important because, as we will see in Chapter 2, anilines can be converted into
their diazonium salts, which allows a variety of transformations to take place.
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2.5.2 Reduction of acyl groups

We have seen that aromatic ketones can be prepared by Friedel-Crafts acylation
(Section 2.3.4). The acyl groups can be reduced to the corresponding alkyl groups, usu-
ally by a Wolff-Kishner reduction or a Clemmensen reduction (Figure 2.22). The Wolff-
Kishner reduction takes place using hydrazine under basic conditions, while the
Clemmensen reduction uses zinc under strongly acidic conditions. Since one reaction
takes place under basic conditions and the other under acidic conditions, the choice
of whether to use a Wolff—Kishner or Clemmensen reduction will sometimes be deter-
mined by the compatibility of other functional groups with acidic or basic conditions.

NaOH
NH,NH,
(0] (Wolff-Kishner H

reduction) H
R R
or

Zn, conc. HCI
(Clemmensen

reduction) Figure 2.22: Reduction of aromatic ketones.

The Wolff-Kishner reduction proceeds by formation of the hydrazone using hydra-
zine and ultimately involved expulsion of nitrogen gas. The mechanism of the reac-
tion is outlined in Figure 2.23

z*
Z
O}

H%
Ng N

O O @ ©¢ o

+N2

P
;U

a hydrazone

Figure 2.23: Mechanism of Wolff-Kishner reduction.

In contrast to the Wolff-Kishner reduction, the mechanism of the Clemmensen re-
duction is not clearly established. One proposed mechanism proceeds via a radical
anion, while another involves a zinc—carbenoid mechanism.

In Section 2.3.4, we saw that Friedel-Crafts alkylation is problematic for two rea-
sons: (1) The product of Friedel-Crafts alkylation is more activated than the starting
material, and as such multiple alkylations are favored, and (2) Friedel-Crafts alkyl-
ation does not work effectively for the introduction of linear alkyl groups because
rearrangements occur. To avoid both of these problems, an effective alternative, a
two-step sequence of Friedel-Crafts acylation, is followed by reduction (Figure 2.24).
The product of Friedel-Crafts acylation is less reactive than the starting material, so
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sk Noalise

minor major product
0]

(0]
© CI)J\/ reduction ©/\/
AICI,

Figure 2.24: Comparison of Friedel-Crafts alkylation and Friedel-Crafts acylation and reduction.

reaction at multiple sites is prevented, because the initial reaction is an acylation,
there is no risk of rearrangement.

2.5.3 Reactions at benzylic positions

There are several other reactions at benzylic carbons that are important for the elab-
oration of aromatic compounds. For example, radical bromination of benzylic
methyl groups is important for further functionalization of aromatic compounds
(Figure 2.25). This reaction is usually carried out using either bromine with irradia-
tion, or with NBS either photochemically or with a radical initiator such as benzoyl
peroxide or azobis(isobutyronitrile).

CH;  Bry, hv
o

NBS, AIBN

Figure 2.25: Benzylic bromination.

Mechanistically, these reactions are radical chain reactions. Taking photochemi-
cal bromination using bromine as an example, the initiation step involves homo-
lytic cleavage of bromine to give bromine atoms (Figure 2.26). In the propagation
steps, a bromine radical abstracts a hydrogen from the benzylic position to create
a carbon-centered radical, which then reacts with molecular bromine to form the
carbon-bromine bond and generate another bromine radical. Termination con-
sists of recombination of two radicals — shown as the recombination of the benzyl
radical and bromine radical here. When the reaction is carried out with NBS and a
radical initiator, the NBS serves to form Br, in solution in a low and steady-state
concentration [37, 38].

Oxidation of the benzylic positions is another important transformation for aro-
matic compounds. Benzyl alkyl groups can be oxidized to the corresponding carbox-
ylic acid (Figure 2.27). This reaction is carried out using reagents such as KMnO,,
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acidic dichromate, or nitric acid. The reaction is most commonly used for aromatic
methyl groups, but alkyl side chains bearing at least one benzylic hydrogen can all
be oxidized to the corresponding carboxylic acid.

initiation Br—kl_ir _— Bre + Bre

Q) .

propagation @bBr ©/ + H-Br
-
~
©/ Br—Br —————> ©/\Br + Bre
termination ©/l Br _— ©/\Br

Figure 2.26: Mechanism of benzylic bromination.

O

©/CH3 KMnO, on

Cr03

Figure 2.27: Benzoic acids via benzylic oxidation.
2.5.4 Acylation of phenols and anilines

Phenols and anilines can be readily acylated using acetic anhydride (Figure 2.28).
Acylation attenuates the reactivity of the highly activated phenols and anilines and
makes the regiochemistry of electrophilic aromatic substitution reactions easier to
control. These groups can be readily cleaved by acid hydrolysis.

OAc NHAc

© Ac,0 © ACzo

Figure 2.28: Acetylation of phenols and anilines with acetic anhydride.

This reaction can be particularly important for anilines, which are very activated to-
ward electrophilic aromatic substitution. As we already saw, bromination of aniline
is difficult to control, often leading to bromination at all of the activated positions
(Figure 2.29) even at low temperature. In contrast, if aniline is acetylated, it can be
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brominated at room temperature and give predominantly the para-substituted prod-
uct. The better control of reactivity is mostly due to the electronic deactivation of the
aniline, but the preference for the para isomer may also be influenced by steric hin-
drance from the acetyl group.

NH, NH, NHAc NHAc NH,
© Br, Br. Br © aq HCI
cs, AcOH reflux
<5°C Br Br

Figure 2.29: Comparison of reactivity of aniline and N-acetylaniline toward bromination.

2.6 Reversibility of electrophilic aromatic substitution

Some electrophilic aromatic substitution reactions are reversible. Specific examples
include sulfonation and the introduction of t-butyl groups (Figure 2.30).

conc. H,SO, SO4H ﬂ";g&
© or H2804/803 ©/ heat ©
© %C' AICl,

AICl, or H*

Figure 2.30: Reversible sulfonation or Friedel-Crafts alkylation.

The reversibility of these reactions can be exploited in the synthesis of substituted
aromatic compounds in order to circumvent the normal directing effects of substitu-
ents on an aromatic ring. For example, the preparation of o-bromophenol is chal-
lenging because the bromination of phenol leads to p-bromophenol as the major
product. However, but first sulfonating, the para and one ortho position can be
blocked, forcing bromination to occur ortho to the phenolic OH (Figure 2.31) [39].
Finally, removal of the sulfonyl groups (by distillation of the product from the reac-
tion mixture) leads to o-bromophenol as the major product.

The reversibility of electrophilic aromatic substitution as illustrated by sulfona-
tion shows that it is in principle possible to remove functional groups and either
replace them with a hydrogen or another functional group. Here, we will consider a
few examples where removal or replacement of a functional group has practical ap-
plications in synthesis or implications for synthesis. The utility of these reactions is
that functional groups can either serve as a blocking group to prevent reaction at a
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given position of an aromatic ring as described above, or to act as a latent reactive
site that is revealed upon electrophilic substitution.

OH OH
1. NaOH, H,0 H2S0,4 OH
conc. HzSO4 SOH 5 gr, Br SOzH  H,0 Br
4> —_—
100 °c 3hr
SOzH SO3zH 200 °C

distil product

Figure 2.31: Use of sulfonation as blocking groups to control regiochemistry of electrophilic
substitution.

2.6.1 Protiodesilylation

Trialkylsilyl groups can be removed under acidic conditions to produce the corre-
sponding benzene derivative [26]. The reaction typically involves HCl or HBr and
consists of ipso-protonation, followed by loss of the silyl group to regenerate the
aromatic ring (Figure 2.32). In the context of synthesis, a silyl group such as trime-
thylsilyl (TMS) can serve as a protecting group, blocking positions that would other-
wise undergo other types of reactions.

SRR

Figure 2.32: Protiodesilylation of arylsilanes.

SiR

2.6.2 Halodesilylation
Similarly, silyl groups can be removed by halogens such as Br, or ICI to replace the
silyl group by a halogen (Figure 2.33) [26]. The reaction is typically carried out in

CCl,, CHCls;, or acetic acid as the solvent.

SiR; Br

BI’2 ©
CCly or CHCIg Figure 2.33: A halodesilylation reaction.

Mechanistically, one could imagine a mechanism that resembles protiodesilylation.
However, in nonpolar solvents such as CCl,, the reaction is second order in bromine
and takes place with inversion of configuration at silicon. These observations and
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others have led to the proposal of a concerted reaction with a cyclic transition state
(Figure 2.34) [40].

N
/SI“B\I'
\ 8" /Br Figure 2.34: Proposed transition state for a concerted bromodesilylation
Br-Br reaction.

In the context of synthetic chemistry, the silyl group can serve as a masked aryl halide,
which can be used for a variety of important synthetic transformations, in particular
as substrates for transition metal-catalyzed reactions that we will see in Chapter 6.

2.7 Electrophilic rearrangement - the Fries rearrangement

In the presence of Lewis acids, aryl esters can undergo a rearrangement where the
acyl group migrates from the phenolic oxygen to the aromatic ring (Figure 2.35)
[41]. This reaction is known as the Fries rearrangement, named after Karl Fries who
reported the reaction in 1908 [42].

>:O AICl3
O 2 o

Figure 2.35: The Fries rearrangement.

Mechanistically, the reaction is an electrophilic rearrangement (Figure 2.36). The
Lewis acid first coordinates to one of the ester oxygens, which is followed by frag-
mentation to produce an acyl cation and a phenoxide coordinated to the Lewis
acid. The acyl cation then serves as an electrophile, undergoing aromatic substitu-
tion at either ortho or para to the phenoxide to give o- and p-acyl phenols.

o Cl N SN electrophilic

I,Al oH
o—/< AICI, ’ \Cg—{ ° o substitution o
R R

0
S renka Shannlis Sk —
A R
Figure 2.36: Mechanism of the cationic Fries rearrangement.

This reaction has also been observed photochemically. Referred to as the photo-
Fries rearrangement, this reaction is thought to proceed via a radical mechanism,
involving homolytic cleavage of the ester C-O bond, to form an acyl radical and a
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phenoxy radical, which can recombine to form the acyl phenol. The photo-Fries rear-
rangement has the advantage that it does not require high temperatures and does
not require a Lewis acid. While these reactions have not been used widely in the syn-
thesis of aromatic compounds, a similar reaction under anionic conditions, referred
to as the anionic-ortho-Fries reaction, has been explored extensively for the prepara-
tion of substituted aromatic compounds. This reaction will be discussed in more de-
tail in Chapter 4.

2.8 Electrophilic aromatic substitution of polycyclic aromatic
compounds

Polycyclic aromatic compounds also undergo electrophilic aromatic substitution. In
addition to the reactivity, the regiochemistry of substitution should be considered.
Naphthalene, for example, typically undergoes electrophilic substitution at the 1-
position (Figure 2.37). The observed regiochemistry is explained by considering the
stability of the cationic intermediate. In the case of substitution at the 1-position,
the carbocation intermediate has greater resonance stabilization than when substi-
tution occurs at the 2-position. This argument applies when the substitution is car-
ried out under kinetic control, which is typical for many electrophilic aromatic
substitution reactions. If the reaction is carried out at higher temperatures in condi-
tions where the reaction is reversible, then substitution at the 2-position to yield the
thermodynamic product is preferred.

E
H E*
E+
® s OO kinetic product
(usually major)

benzylic and
allylic stabilization

. @ H E
E E —————— thermodynamic
> product

benzylic stabilization
only

Figure 2.37: Electrophilic aromatic substitution of naphthalene.
Anthracene and phenanthrene typically react at the central ring (Figure 2.38). This

reactivity is explained by the fact that the cationic intermediate for substitution at
the central ring can maintain two intact aromatic rings.
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Figure 2.38: Electrophilic aromatic substitution of anthracene and phenanthrene.

However, because the cationic intermediates maintain aromatic stabilization,
the driving force for the last step (deprotonation to reform the m-bond) is signifi-
cantly less. As such, both phenanthrenes and anthracenes are prone to competing
electrophilic addition reactions. For example, reaction of phenanthrene with bro-
mine yields the dibrominated addition product (Figure 2.39).

Figure 2.39: Reaction of phenanthrene with bromine.

2.9 Electrophilic aromatic substitution of heteroaromatic
compounds

Heteroaromatic compounds also undergo electrophilic aromatic substitution. How-
ever, the heteroatom can have a dramatic effect on the rates of reaction and also
brings its own regiochemical considerations, with the position of electrophilic sub-
stitution being largely determined by the heteroatom.

2.9.1 Five-membered heterocycles

Five-membered aromatic heterocycles such as pyrrole, furan, and thiophene can un-
dergo electrophilic aromatic substitution, and the reactivity and regiochemistry is de-
termined by the heteroatom. In terms of overall reactivity toward electrophiles, the
five-membered heterocycles are more reactive than benzene. The five-membered
heterocycles react readily with electrophiles without the need for a Lewis acid. In-
deed, controlling reactivity can be challenging. For example, reaction of pyrrole
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with bromine at 0 °C gives a mixture of polybrominated pyrroles including tetra-
bromopyrrole (Figure 2.40).

Br. Br
Br,, EtOH
N === UM
e r r
N
N 0 deg. N

Figure 2.40: Electrophilic bromination of pyrrole.

Pyrrole is so reactive that it readily polymerizes under acidic conditions (Figure 2.41).
This is why pyrrole is often requires purification by distillation immediately prior to
use in reactions.

H »)
N
VAR 4 e T
&0 e |
) N Lo

Figure 2.41: Mechanism of electrophilic pyrrole polymerization under acidic conditions.

+
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Despite the high reactivity of pyrrole that can make controlling electrophilic substi-
tution challenging, there are some examples where reactivity can be controlled. For
example, the Vilsmeier reaction occurs readily to introduce formyl groups onto the
2-position of pyrrole, adjacent to the heteroatom (Figure 2.42).

0
1. POCI
oy L, %m0
N €2 2 Na,COs H,0 N
H axL0g3, Hp o H

Figure 2.42: Vilsmeier—Haack reaction of pyrrole.

Furans and thiophenes are less reactive than pyrroles, but are still highly activated
toward electrophilic substitution. As in the case of pyrroles, substitution occurs pref-
erentially at the 2- and 5-positions — adjacent to the heteroatoms (Figure 2.43).

Br. Br

BI'2
0O~ 0 — 0, —, 5
s Br— g Br— >~ TBr Br— >g” "Br
1eq. Bry 2 eq. Bry excess Bry

Figure 2.43: Bromination of thiophene.
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2.9.2 Six-membered heterocycles

The most common six-membered heterocycles include pyridine (with one nitrogen
atom), pyrimidine, pyrazine, and pyridazine (with two nitrogen atoms), and the tri-
azines (with three nitrogen atoms). Unlike the five-membered heteroaromatics, pyr-
idine and related heteroaromatics are relatively unreactive toward electrophilic
substitution. We will see later on that these compounds undergo nucleophilic aro-
matic substitution more readily (Section 3.5). The low reactivity of pyridine and de-
rivatives can be rationalized by the presence of the nitrogen atom which lowers the
energy of the highest occupied molecular orbital.

While pyridine is unreactive toward electrophiles, it can be oxidized to the cor-
responding pyridine-N-oxide, which is reactive toward electrophiles (Figure 2.44).
Typically, electrophilic substitution of pyridine N-oxides occurs at the 4-position.
The N-oxide can then be reduced using trivalent phosphorus reagents such as PCls
or P(OMe)s.

RCOH NG I

| X 8 | ) HNOj, H,S0, N PCl3 N

N No N~ N
o) O

Figure 2.44: Electrophilic aromatic substitution of pyridine via the pyridine N-oxide.

2.10 Further reading

The topic of electrophilic aromatic substitution is covered in most organic chemistry
texts. For some detailed discussion of the topic, see F. A. Carey and R. J. Sundberg,
Advanced Organic Chemistry Part A, Structure and Mechanisms (Chapter 9) and Part
B, Reactions and Synthesis (Chapter 11) 5th ed. Springer, 2007; M. B. Smith and
J. March, March’s Advanced Organic Chemistry, 6th ed. John Wiley & Sons, 2007. For
resources focused on the topic, see: R. Taylor, Electrophilic Aromatic Substitution,
John Wiley & Sons, 1990. For more on heteroaromatic compounds, T. L. Gilchrist,
Heterocyclic Chemistry, 3rd ed. Addison Wesley Longman Ltd., 1997.
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3 Nucleophilic aromatic substitution reactions

3.1 Introduction

In the previous chapter, we saw that aromatic rings themselves are usually nucleo-
philes, reacting with electrophiles in electrophilic aromatic substitution reactions.
Furthermore, Sy2 reactions cannot take place at the sp? hybridized carbon atoms of
an aromatic ring. Nonetheless, as we will see in this chapter, nucleophilic displace-
ments on aromatic rings can occur. We will explore the mechanistic scenarios for nu-
cleophilic aromatic substitution with particular attention to the addition—elimination
mechanism. We will also consider the chemistry of aryl diazonium salts, which bear
superficial resemblance to nucleophilic aromatic substitution.

3.2 Addition—elimination of nucleophiles (SyAr)

The most common type of nucleophilic aromatic substitution at an aromatic ring
proceeds first by nucleophilic addition to the carbon bearing the leaving group to
form a delocalized carbanion intermediate, followed by expulsion of the leaving
group and rearomatization [1]. Because the reaction proceeds by an anionic inter-
mediate, it usually involves electron-deficient aromatic rings. The rate-determining
step is typically nucleophilic addition and the reaction usually requires electron
withdrawing groups ortho or para to the site of nucleophilic attack (Figure 3.1).

LG . o Nu
u
+ LGe
rate determining fast
EWG step EWG

Figure 3.1: Generalized SyAr mechanism.

As shown in Figure 3.1, initial nucleophilic attack at the carbon bearing the leaving
group results in a delocalized carbanion intermediate, referred to as a Meisenheimer
complex. The reaction often requires electron-withdrawing groups ortho or para to
the leaving group in order to stabilize the negative charge of the intermediate. The
most common electron-withdrawing groups used to activate compounds toward nu-
cleophilic aromatic substitution are nitro groups, but other frequently used groups
include cyano, carbonyl, and sulfonate groups. All of these groups can stabilize the
negative charge by resonance. This direct resonance stabilization explains the impor-
tance of having electron-withdrawing at the ortho- and/or para-positions — groups in
the meta-positions can only stabilize the negative charge inductively. As strong

https://doi.org/10.1515/9783110562682-003
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support for this mechanism, several Meisenheimer intermediates have been isolated
and characterized (Figure 3.2) [2].

Figure 3.2: Structure of an isolated Meisenheimer complex.

Having multiple electron-withdrawing groups serve to increase the electrophilicity of
the aromatic ring. For example, 2,4-dinitro-1-chlorobenzene, which is prepared by di-
nitration of chlorobenzene, reacts readily with hydrazine to form 2,4-dinitrophenylhy-
drazine (Figure3.3). 2,4-Dinitrophenylhydrazine was commonly used as a qualitative
test for the presence of aldehydes and ketones through the formation of the corre-
sponding phenylhydrazone derivative.

HoN <
Cl Cl NH

© HNO3 NO;  H,N—NH, NO,
H,S0,

NO, NO,

Figure 3.3: Synthesis of 2,4-dinitrophenylhydrazine via nucleophilic aromatic substitution.

Again, the electron withdrawing groups increase reactivity toward nucleophiles, pro-
vided they are in the ortho and/or para positions relative to the site of nucleophilic
attack. This behavior can be rationalized by the nature of the anionic intermediate,
where the negative charge is only delocalized to the ortho and para positions. As an
illustration of the importance of the positions of the electron withdrawing groups,
consider the following reaction, where there are two possible sites for nucleophilic
attack. As shown in Figure 3.4, only the chloride ortho to the nitro group undergoes
substitution, while the chloro group that is meta to the nitro group is unreactive.

HS Br
Br
Cl NO, base C|/©:N02

Figure 3.4: Regiochemistry of nucleophilic aromatic substitution.
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3.2.1 Leaving groups in SyAr

Unlike aliphatic nucleophilic aromatic substitution reactions, where bromide and io-
dide are generally the best leaving groups, the trend in leaving group ability in SyAr
is distinctly different, with fluoride being the best leaving group (Figure 3.5) [3-5].

F Cl Br I
N02 N02 N02 NOZ
>> - >

Figure 3.5: Trends in leaving group ability in SyAr reactions.

This observation can be explained by the rate-determining nucleophilic addition
step of the reaction. This step is accelerated when the carbon bearing the leaving
group is more electrophilic. Since fluoride is the most electronegative of the halo-
gens, it withdraws electron density most effectively from the site of attack, making
it more electrophilic.

3.2.2 Regioselectivity in SyAr reactions

While the position of substitution in many SyAr reactions is determined by the posi-
tion of the leaving group, for compounds bearing multiple potential leaving groups,
regioselectivity of substitution becomes an issue. We already saw that the electron-
withdrawing group activates ortho and para positions toward nucleophilic attack
and that the meta position is not effectively activated. This result can be explained
by considering the resonance structures of the Meisenheimer intermediate. But
what do we expect for nucleophilic aromatic substitution where there are leaving
groups ortho and para to the activating group? In many cases, nucleophilic substi-
tution occurs preferentially para to the activating group. For example, for nucleo-
philic substitution on fluoro-substituted esters and nitriles, selective substitution
para to the ester or nitrile was observed provided the reaction was carried out at
low temperature (Figure 3.6) [6]. Substitution at the ortho-position was readily
achieved at higher temperature, allowing a controlled and sequential set of nucleo-
philic aromatic substitutions. If the reaction was carried out at higher temperature,
the regioselectivity was significantly less. It should be emphasized that the posi-
tions meta to the electron-withdrawing group do not undergo substitution because
they are not effectively activated. As an interesting counter example, in the case of
2,3,4-trifluorobenzonitrile, substitution takes place ortho to the nitrile, suggesting
that the 3-fluoro group is playing some kind of directing effect (Figure 3.6).
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F
F RO-K OR  cH,0K OR
-65°C 0
EWG EWG 5°C EWG

OCH,

EWG = CN, CO,tBu R= @N*Boc

F F
F F RO-K RO F
0,
NG I j -65°C NCI j

Figure 3.6: Regioselective SyAr reactions [6].

As further demonstration of the tendency for SyAr to take place para to the
activating group is highlighted in the reactions of fluorinated benzophenones
(Figure 3.7) [7]. In these compounds, substitution takes place first para to the car-
bonyl groups using a variety of nucleophiles. The products are then able to undergo
substitution ortho to the carbonyls. In this case, the latter nucleophiles like po-
tassium hydroxide, sodium sulfide, and primary amines undergo twofold nucle-
ophilic aromatic substitution, resulting in cyclization to give the corresponding
xanthones, thioxanthones, and acridones.

KOH or 0
X, 0L, S O,
FF base O FF O Nu Nu X Nu
X=0,8,NR

Representative nucleophiles: KOH, NaOMe, NH,OH, Et,NH, i-PrNH,, piperidine

Figure 3.7: Regioselective SyAr reactions to prepare xanthones, thioxanthones, and acridones [7].

In contrast to the previous examples where para-substitution is generally pre-
ferred, when polyhalogenated anilines are subjected to nucleophilic aromatic
substitution with xanthate nucleophiles, substitution takes place exclusively at the
ortho-position [8]. This reaction is followed by subsequent cyclization (Figure 3.8). On
the one hand, the reactivity is surprising because the electron-rich anilines are deac-
tivating with respect to SyAr. However, the interesting feature is the selectivity for
ortho-substitution. This high regioselectivity is thought to be due to precoordination
of the nucleophile to the aniline via hydrogen bonding. Support for this hypothesis is
provided by the fact that 3,4-difluoroaniline, which has leaving groups in only the
meta and para positions, shows no reaction under these conditions.

printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

3.2 Addition-elimination of nucleophiles (SyAr) =—— 43

R
NHR j
0 A -
s
F X KS™ OBt DMF, Heat F S

R
PN §
S
E KS™ OBt DMF, Heat SF
F F
NH, ]
/©/ J\ no reaction
F

KS™ "OEt DMF, Heat

Figure 3.8: Ortho-selective SyAr reactions [8].

3.2.3 Examples of the utility of SyAr reactions

Due to the prevalence of aromatic compounds in pharmaceuticals, there are numer-
ous examples of the use of nucleophile aromatic substitution reactions in the syn-
thesis of active pharmaceutical ingredients. SyAr substitution reactions are useful
for introduction of O, N, and S linkages onto the aromatic ring.

For example, a key step in the synthesis of duloxetine, which is used as an anti-
depressant and for treatment of fibromyalgia, features a nucleophilic aromatic substi-
tution where an alkoxide nucleophile displaces the fluoride on 1-fluoronaphthalene
(Figure 3.9) [9]. A similar reaction is used for one of the reported asymmetric synthe-
ses of fluoxetine, commonly known as Prozac™ (Figure 3.9) [10].

As another example of the utility of nucleophilic aromatic substitution, con-
sider the synthesis of ofloxacin (an antibiotic used to treat bacterial infections) from
the compound shown (Figure 3.10) [11].

The first two steps in this synthetic sequence are intramolecular nucleophilic
aromatic substitutions involving first the amine and then the alcohol as the nucle-
ophiles (Figure 3.11) [11]. Following this, an intermolecular SyAr takes place using
N-methylpiperazine as the nucleophile. The final step is ester hydrolysis to pro-
duce ofloxacin.

Nucleophilic aromatic substitution reactions have seen utility beyond the
synthesis of active pharmaceutical ingredients. This methodology has been ex-
ploited in materials chemistry for the preparation of luminescent compounds, as
well as polymeric materials and frameworks. For example, carbazole anions gen-
erated by deprotonation of carbazole with sodium hydride were used as nucleophiles
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F O
OH OO duloxetine
(0]
S N/
\ H

CF3
OH 1. NaH, DME /©/
N/ o fluoxetine
H 2 ©/K/\ ~
O

Figure 3.9: Synthesis of antidepressant pharmaceuticals via nucleophilic aromatic substitution [9, 10].
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Figure 3.10: Synthetic approach to ofloxacin.
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N\) o) /N o

Figure 3.11: Synthesis of ofloxacin via a sequence of nucleophilic aromatic substitution reactions [11].

on electron-deficient polyfluorinated cyanoarenes (Figure 3.12) [12]. These compounds
are highly luminescent, and because they consist of nearly orthogonal electron-rich
components and an electron-deficient ring, they are reported to display thermally acti-
vated delayed fluorescence (TADF) [12]. Thermally activated delayed fluorescence has
emerged as an important strategy for achieving efficient organic light-emitting diodes.
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F CN NaH,:HF 7 I CN
F

T NaH, THF 7N N

Figure 3.12: Synthesis of TADF emitters via nucleophilic aromatic substitution [12].

Bidentate nucleophiles such as catechols, 2-aminophenols, and 2-aminothio-
phenols have also been used in SyAr reactions with tetrafluoroterephthalonitrile to
prepare highly luminescent compounds [13]. Depending on reaction conditions and
stoichiometry, the corresponding tricyclic dioxins and phenoxazines, as well as the
corresponding pentacyclic heteroacene analogs have been prepared. Select exam-
ples are shown in Figure 3.13. Because the SyAr reaction can be controlled by reac-
tion conditions to produce either tricyclic or pentacyclic compounds, the reaction
can be performed in a stepwise manner to prepare dissymmetric systems with var-
ied heteroatom substitution patterns. Not only has this approach been used to pre-
pare luminescent materials, but has also been used to prepare functional polymers
and covalent organic frameworks [14-16].

3.2.4 Carbon nucleophiles in nucleophilic aromatic substitution

In contrast to other nucleophiles, carbon-based nucleophiles have not been used as
extensively for nucleophilic aromatic substitution. There are examples of nucleo-
philic aromatic substitution with carbanion nucleophiles generated from relatively
acidic carbons, such as malonic esters or acetoacetic esters [1]. As a relatively recent
example, some cyanoacetates have been used in nucleophilic aromatic substitu-
tions on activated fluorobenzenes (Figure 3.14) [17].
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Figure 3.13: Synthesis of polycyclic compounds via SyAr reactions using bidentate nucleophiles.

0 CN
F NC
/©: \)J\OR COzR
O2N NO, Et;N O,N NO,

Figure 3.14: Example of nucleophilic aromatic substitution with a carbon-based nucleophile.

An interesting variation of nucleophilic aromatic substitution is the use of
N-heterocyclic carbenes (NHCs) to catalyze the nucleophilic displacement of aryl
fluorides with aryl aldehydes to prepare benzophenones (Figure 3.15) [18, 19].

®
HoC-N~oN=chs 0

F oHc ©
. O SA®
Q NaH/DMF O,N

Figure 3.15: NHC-catalyzed aroylation of aryl fluorides.

The reaction takes place in the presence of sodium hydride and a catalytic amount of
an NHC precursor such as 1,3-dimethylimidazolium iodide. The NHC is generated
in situ by deprotonation of the imidazolium salt and serves to convert the normally
electrophilic aldehyde into a nucleophile — an umpolung that bears resemblance to a
benzoin condensation. The proposed mechanism is outlined in Figure 3.16 [18, 19].

EBSCChost - printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

3.2 Addition-elimination of nucleophiles (SyAr) =— 47
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Figure 3.16: Proposed mechanism of NHC-catalyzed aroylation of aryl fluorides [18, 19].

Initially, the NHC reacts with the aldehyde to produce an intermediate (often referred
to as a Breslow intermediate), which acts as a nucleophile in the displacement of
fluoride. Deprotonation then results aldehyde formation and liberation of the NHC
catalyst. This reaction has been applied to the synthesis of several xanthone natural
products [20, 21].

3.2.5 Reversibility of SyAr reactions

Nucleophilic aromatic substitutions are generally thought of as being irreversible and
indeed in many cases this is true. However, there are several examples that show evi-
dence for the reversibility of SyAr reactions. This reversibility means that SyAr rea-
ctions can be dynamic and controlled by thermodynamics — a form of “dynamic
covalent chemistry,” which is an emerging tool in supramolecular and materials chem-
istry [22, 23]. For example, dichlorotetrazine undergoes a typical SyAr reaction with
phenols such as cresol to displace the chlorides. The resulting product, when treated
with a different phenol, undergoes another nucleophilic aromatic substitution, leading
to an exchange of the aryl ethers under thermodynamic control (Figure 3.17) [24]. This
exchange can in some cases reach equilibrium in a matter of minutes.

Another example demonstrating the dynamic and reversible nature of the SyAr
reaction was reported by Ong and Swager [25]. They demonstrated that reaction of
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HsCO
H3COOOH
%: }OH

- N
N P
Et,N, CH,Cl, N0 Et,N Nsy” 0

N-N
c— d—cl
N=N

exchange under
thermodynamic
control
OCH3

Figure 3.17: Exchange of aryl ethers based on SyAr of tetrazines [24].

two equivalents of 1,2-benzenedithiol with tetrafluorophthalonitrile results in a four-
fold SyAr reaction to give the corresponding dithianthrene in good yield (Figure 3.18).
When one equivalent of benzenedithiol is used, the symmetrical thianthrene is
formed. Treatment of this thianthrene with a second equivalent of benzenedithiol
gives the same dithianthrene (Figure 3.18). This product can only be the result of a
nucleophilic ring opening, which is outlined in Figure 3.19. As a further demonstra-
tion of the dynamics of the reaction, when the dithianthrene is treated with substi-
tuted benzendithiols under basic conditions, exchange of the dithiols to form a
mixture of dithianthrene products is observed.

SH NC CN
NC.  ON 2eq_©[
SH S S
F F
K,CO3, DMF d %
F F
SH
NC
SH
1e
SH
SH
K,CO3, DMF
K,COs, DMF S s

Figure 3.18: Dynamic formation of dithianthrenes via SyAr [25].

3.2.6 The Smiles rearrangement: an intramolecular SyAr reaction

The Smiles rearrangement consists of an aryl migration with the generalized reac-
tion shown in Figure 3.20 [26, 27]. Mechanistically, it is an intramolecular SyAr reac-
tion. The reaction was first reported in the late 1800s, but the scope of the reaction
was developed by Smiles in the 1930s [28-32].
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o
SIE T Ry

Figure 3.19: Proposed mechanism of the dynamic SyAr reaction [25].

X Y
) base ) Y =0, S, NR, CH,
Hy X =S, SO, SOy, O, COO

HX

SNAr

Figure 3.20: The Smiles rearrangement.

The nucleophile is typically an anionic heteroatom (Y =0, S, NR) generated by
deprotonation but can also be a carbanion (Y = RCH,). The leaving group is often an-
other heteroatom (X =S, SO, SO,, O, or COO0), with the SO, being common. The link-
ing group is often another aromatic ring. An example is shown below, involving a
diaryl sulfone (Figure 3.21) [31, 32]. Since the reaction usually proceeds via an SyAr
mechanism, electron-withdrawing groups such as nitro groups are often needed to
stabilize the Meisenheimer intermediate.

() N02 ©
Q\\S//O @OH ©E802 H3O+ ©:302H
O,N O,N
©
o, 0 o G)o\ﬁ/o
N >
® V=0

O\\,O Z
Oy — G50

> - .

] (o}

e}

Figure 3.21: Example of the Smiles rearrangement of a diarylsulfone.
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Evidence for the SyAr mechanism is found in the example below, where the spi-
rocyclic Meisenheimer complex is long-lived enough to be characterized by UV/Vis
and 'H NMR spectroscopy (Figure 3.22) [33]. The ability to detect the intermediate al-
lows a more detailed examination of the mechanism and shows that in these systems
the rate-limiting step in the reaction is the breakdown of the anionic Meisenheimer
complex (the product-forming step). Specifically, the formation of the anionic inter-
mediate is faster with more strongly electron-withdrawing groups, but the rate of
product formation is slower.

NHAc
O/\/ )\ . AcN ~_-OH
rate-determining
X t-BUOK step X
DMSO
N02 rt. N02

X = NO,, CN, Br

Figure 3.22: Meisenheimer complex as an intermediate in the Smiles rearrangement [33].

As mentioned above, in some cases, carbanions can serve as the nucleophile [34, 35].
This variation is often referred to as the Truce-Smiles rearrangement. In these cases,
since a strongly nucleophilic anion is involved, electron-withdrawing groups are not
needed as activating groups. The reaction presents an interesting strategy for
carbon-carbon bond formation in arenes. For example, deprotonation at one of
the benzylic positions is achieved with n-Buli, and the resulting anion serves as
the nucleophile (Figure 3.23) [34].

QL

Nz
; s
=0

=0 n-BulLi
benzylic
deprotonation

Figure 3.23: An example of the Truce—Smiles rearrangement [34].

The following examples show some of the scope of the Truce-Smiles rearrangement.
In the first example, the nucleophilic carbanion is generated by deprotonating the o-
carbon of the ester using sodium hydride (Figure 3.24). Following the Truce—Smiles
rearrangement, the phenoxide leaving group is able to react with the ester to form
the lactone [36]. The second example shows a one-pot intermolecular nucleophilic
aromatic substitution followed by a Truce—Smiles reaction (Figure 3.24). In the SyAr
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reaction, the phenolate displaces fluoride from o-fluoronitrobenzene, while the sub-
sequent Truce—Smiles rearrangement involves the a-carbon of the ketone [37].

R ; B Q/t@
0
©[N02 Ho\©)JVR K,CO, O O OH
+
F DMSO
NO, R

Figure 3.24: More examples of the Truce-Smiles rearrangement.

A variant of the Truce-Smiles rearrangement involves the base-mediated rearrange-
ment of aryl ureas, carbamates, and thiocarbamates (Figure 3.25) [38—40]. This reaction
is sometimes referred to as the Clayden rearrangement and takes place in the presence
of an alkyllithium, which deprotonates the methylene adjacent to the heteroatom. This
carbanion then serves as the nucleophile in a Truce-Smiles rearrangement.

O
NJLXA
CHj

Figure 3.25: Clayden rearrangement of aryl ureas, carbamates, and thiocarbamates.

X=NR,0,S

0 0
©\ JL . H3C\,}‘J\X o H3C\NJ\X
H
CH,

Li

3.3 Substitution via benzyne formation

While nucleophilic aromatic substitutions of aryl bromides are generally slow, treat-
ment of bromobenzene with sodium amide produces aniline (Figure 3.26) [41, 42].
This reaction proceeds, despite the fact that the aromatic ring is not activated by elec-
tron withdrawing groups.

Br NH,
NaNH,
—— Figure 3.26: Nucleophilic substitution of
NH3 bromobenzene with sodium amide.
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Interestingly, when substituted bromobenzenes are used, an approximately
equal mixture of isomers is observed (Figure 3.27) [42].

(NaNH,

Figure 3.27: Nucleophilic substitution of substituted bromobenzenes with sodium amide.

These observations can be explained by sodium amide acting as a base to eliminate
HBr, resulting in the formation of a benzyne (Figure 3.28). Excess amide then acts as
a nucleophile, attacking either carbon of the benzyne. This mechanism is sometimes
referred to as the elimination—addition mechanism.

)J/\ NH; /© v, NH,  HONH, NH;
O ) A= X
Cr ° "

"benzyne"

Figure 3.28: Mechanism of nucleophilic aromatic substitution via a benzyne intermediate.

By virtue of the strain of a triple bond constrained to a six-membered ring, these
intermediates are highly reactive and have emerged as useful intermediates in syn-
thesis. We will explore the chemistry of benzynes in Chapter 5.

3.4 Concerted nucleophilic aromatic substitutions

While nucleophilic aromatic substitution via the addition—elimination mechanism
or benzyne formation are well-established stepwise mechanisms that likely explain
most nucleophilic aromatic substitution reactions, there are an increasing number
of reactions that are thought to occur via a concerted mechanism. The evidence in
support of a concerted nucleophilic aromatic substitution mechanism comes from
both experimental and computational studies, and suggests that a concerted mech-
anism has a surprisingly broad scope [43].

An early example of a reaction that is thought to proceed via concerted mecha-
nism is the reaction of aryl halides with potassium hydride, where the hydride nucle-
ophile displaces the halide (Figure 3.29) [44]. Unlike the typical addition—elimination
mechanism, this reaction takes place in the absence of electron-withdrawing groups.
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Furthermore, the trend in leaving group ability is the opposite of that of normal nu-
cleophilic aromatic substitutions (i.e., Ar-I > Ar—Br > Ar—Cl > Ar-F).

+
X,,
X KH Pa H
| O — T
R THF o R
R=H, Ph
X =1, Br

Figure 3.29: Concerted nucleophilic displacement of aryl halides with potassium hydride.

More recently, Ritter and coworkers developed a deoxyfluorination of phenols using
PhenoFluor and cesium fluoride (Figure 3.30) [45, 46]. The reaction involves nucleo-
philic addition of the phenol to the PhenoFluor reagent to form an imidazolium salt,
which could be isolated and characterized by X-ray crystallography. Following this,
fluoride from CsF adds to the imidazolium intermediate to give a tetrahedral species,
which then delivers the fluoride in a concerted displacement of the oxygen to yield
the fluorobenzene. Evidence for a concerted process for the displacement stems from
160/'80 kinetic isotope effects and computational studies.

o/™\ - /\
N N~ 2 ~N_ _N—
OH — Y *F concerted F ™\
/N/_\N\ 0 csF O substitution ar-NN=ar
+ Ar X Ar N _— + W
FF 0

PhenoFluor

Figure 3.30: Concerted deoxyfluorination of phenols using PhenoFluor [45].

Deoxyfluorination of using sulfuryl fluoride and tetramethylammonium fluoride is
another nucleophilic displacement that is thought to proceed via a concerted mecha-
nism (Figure 3.31) [47]. The first step of this reaction is the activation of the phenol
using sulfuryl fluoride to produce the fluorosulfonate. The second step is a nucleo-
philic aromatic substitution with tetramethylammonium fluoride to give the corre-
sponding fluoroarene. This has a broad substrate scope, including both electron-poor
and electron-rich substrates, and computational studies suggest that the second step is
a concerted substitution [47].

SO,F NMe4F

Figure 3.31: Deoxyfluorination of phenols via concerted nucleophilic aromatic substitution [47].
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Building on the studies by Ritter and coworkers, Jacobsen and coworkers car-
ried out a comparative study using kinetic isotope effects in combination with
computational studies. Their study showed that arenes bearing strongly electron-
withdrawing groups do indeed proceed by a stepwise mechanism, substitution on a
bromopyridines with fluoride are concerted, and substitution using fluoride on an

electron-deficient benzene is borderline (Figure 3.32) [48].

F OCHj3
NO2 NaOCH3 N02
NO, NO, NO;
intermediate
Br t F
| NN MeyNF | SN
= =
CO,CH; CO,CH, CO,CH3
transition
state
Cl F
NOz2  Me,NF NO,
NO, NO, NO,

fleeting
intermediate

Figure 3.32: Stepwise and concerted nucleophilic aromatic substitutions reported by Jacobsen and

coworkers [48].

In many cases, the evidence for concerted nucleophilic aromatic substitution is de-
rived from computational studies, although there is increasingly experimental evi-
dence to support concerted mechanisms. It is possible that some of the reactions
we typically assume are stepwise SyAr reactions may in fact proceed via a concerted

mechanism.
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3.5 Nucleophilic substitution of heteroaromatic systems

Electron-deficient heteroaromatic compounds such as pyridines are excellent candi-
dates for nucleophilic aromatic substitution, especially when the leaving group is
in the 2- or 4-position (Figure 3.33). These reactions are generally thought to occur
through an addition—elimination mechanism (SyAr) and the anionic intermediate is
stabilized by placing the charge on the electronegative nitrogen. However, based
on the study by Jacobsen and coworkers discussed above, it is possible that many
of the nucleophilic aromatic substitution reactions of heteroaromatic compounds
are actually concerted [48].

Q/\ CL Nu ®

—

ND Cl Bjm N Nu

Figure 3.33: Generalize nucleophilic aromatic substitution on a chloropyridine.

Pyridyl chlorides are commonly used substrates for nucleophilic aromatic substitu-
tion because they can be readily prepared from the corresponding pyridones using
reagents such as POCl; or PCl; (Figure 3.34). Mechanistically, the reaction bears
analogies with the Vilsmeier—-Haack reaction we saw in Chapter 2. The pyridone ox-
ygen attacks POCl;, liberating chloride that can then perform a nucleophilic addi-
tion to the carbon adjacent to the nitrogen. Rearomatization is accompanied by
expulsion of the leaving group, giving the chloropyridine upon deprotonation.

D POCI3 AN
L ®

N "0 N Cl
H

A
7
Bt — Gl — Gets — QL
N~ Yo ¢-F=c oL N
N Iy, \ N el

Figure 3.34: Synthesis of 2-chloropyridine from the corresponding 2-pyridone.

Interestingly, pyridyl ethers can also serve as substrates for nucleophilic aromatic
substitution, despite the fact that ethers are not usually considered to be good leav-
ing groups. For example, in part of the synthesis of the analgesic flupirtine, the me-
thoxy group of a substituted pyridine is replaced by an amine (Figure 3.35) [49].
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No2 NHCO,Et
—_— NS
H4CO H
F

Figure 3.35: Nucleophilic aromatic substitution of a pyridine in the synthesis of flupirtine.

Much like pyridines, other six-membered nitrogen-containing aromatics such
as pyrimidines, pyridazines, pyrazines, and triazines also readily undergo nucleo-
philic substitution. For example, cyanuric chloride (trichlorotriazine) can undergo
nucleophilic substitution at all three sites and typically makes use of amine, alco-
hol, and sulfur-based nucleophiles. As an example, reaction of cyanuric acid with
dimethylamine is used to prepare hexamethylmelamine, also known as the antican-
cer drug altretamine (Figure 3.36) [50].

H3C\ | |
NH N N N
~ ~
Y Y \ﬁ \\( Altretamine
\rN acetone NYN (anti-cancer)
Cl N

cyanuric
chloride

Figure 3.36: Synthesis of altretamine from cyanuric chloride [50].

Furthermore, since the replacement of electron-withdrawing chloro groups with
electron-rich substituents, the reactivity with each successive substitution reaction
on the triazine ring decreases. An important consequence of this attenuation of re-
activity is that the nucleophilic substitution can be controlled to produce dissymet-
ric triazines. With amine nucleophiles, the first substitution takes place below room
temperature, the second takes place with gentle heating above room temperature,
while the third substitution takes place only upon heating to higher temperatures
(Figure 3.37) [50, 51].

] 1 2 R'MN.__N._NHR?
CI\WN\ Cl RI-NH, RHN\WN\ Cl RZNH, RHN\WN\ NHR®  R3.NH, YOS
N__N N.__N NN NN
N occton N eeocc Y so-1200c I
cl cl cl NHR

Figure 3.37: Stepwise synthesis of dissymmetric triazines.

As an example, the ability to control substitution of cyanuric chloride can be used
to prepare the herbicide atrazine (Figure 3.38) [52].
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NH Y
CIWNYCI >’ 2 CIYN NH \—NH ( Y

HN_ _N. _NH
- 5 | 2 T = Atrazine
N\fN N%(N N__N (herbicide)
! m t

Figure 3.38: Synthesis of atrazine from cyanuric chloride [52].

Cyanuric halides can also react with carbon nucleophiles. For example, the re-
action of acetylides with cyanuric fluoride yields the corresponding trialkynyl tria-
zines (Figure 3.39) [53]. This direct nucleophilic substitution can be contrasted with
transition metal-catalyzed reactions that will be explored in Chapter 6.

RO OR OR
RO OR
RO =
RO % N 4 OR
F. _N_ _F RO N
Y '
N' N N._N
Y n-BuLi, THF
F I
RO OR
OR

Figure 3.39: Synthesis of tris(phenylethynyltriazines via nucleophilic aromatic substitution [53].

In contrast to pyridines and related compounds, electron-rich heteroaromatics (such
as pyrroles, furans, and thiophenes) rarely undergo nucleophilic aromatic substitu-
tion. The reaction typically requires electron-withdrawing groups (e.g., carbonyl,
sulfonyl, nitro, or cyano) to activate the substrate toward nucleophilic aromatic
substitution. As one example, the synthesis of the painkiller ketorolac involves a
nucleophilic aromatic substitution (Figure 3.40) [54].

Ph. J \ Ph. /) Ph, / \
NaH
7]/@\302'\/'9 N COMe  — N CO,H

o) o CO,Me fo)

ketoralac
MeO,C CO,Me

Figure 3.40: Nucleophilic aromatic substitution on a pyrrole in the synthesis of ketorolac [54].
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3.6 Substitution of aryl diazonium salts

3.6.1 Diazonium salt formation

Another type of substitution reaction that is widely used for the synthesis of aro-
matic compounds is the substitution of aryl diazonium salts, which are generated

from the corresponding aniline derivatives, usually using sodium nitrite or isoamyl
nitrite (Figure 3.41) [55].

NaNO,, H* ® Nu
O ™20 O 2= G

aryl diazonium salt

Figure 3.41: Synthesis and reaction of an aryl diazonium salt.

Generally, the aryl diazonium salt is generated in situ, and subsequently treated with
the appropriate nucleophile. The mechanism of diazonium salt formation involves
protonation of nitrite under the acidic reaction conditions and loss of water to form
NO™ (Figure 3.42). The nucleophilic aniline derivative then reacts with the electro-
philic NO", forming the N-N bond. A series of proton transfers ultimately results in
the loss of water and formation of the N-N triple bond.

o H* +
Na@ 0,70 HO. -0 H H20,\ 20 NEO  + H,0
/\ ® ® N=0 ~ H
N= I ’N:
O g — O OFs
H 1
H H

Figure 3.42: Mechanism of diazonium salt formation.

3.6.2 Reactions of diazonium salts with nucleophilic species
The scope of the reaction is broad, allowing the introduction of a number of differ-

ent functional groups onto the aromatic ring, including halogens, nitriles, phenols,
and hydrogen (Figure 3.43).
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SANUNGS
CuCl Kl
or

F
CuBr
HBF,
NaNO,, HCI ®©

[::j/NHZ (HONO) [::]/Nz
- itri CuCN
ONO H3PO, [::j/

or
NaBH,

v o

Figure 3.43: Summary of reactions of aryl diazonium salts.

The mechanism for the substitution of the diazonium salt depends on the nu-
cleophile used and reaction conditions. One mechanism for the substitution reac-
tion can be viewed as an Syl reaction, where the departure of N, results in an
unstable aryl cation that is rapidly trapped by the nucleophile. This mechanism is
thought to apply for the preparation of phenols, where water is the nucleophile that
traps the carbocation (Figure 3.44) [56].

Ho H
Q@ heat —~0: N
~ (H")

Figure 3.44: Formation of phenols from a diazonium salt.

A second plausible mechanism consists of nucleophilic addition to the diazonium
nitrogen, followed by decomposition of the adduct. This mechanism is thought to
apply to the reaction of diazonium salts with the azide ion as the nucleophile [57].
In the 1880s, Sandmeyer discovered that copper(I) salts such as CuCl, CuBr,
and CuCN react with diazonium salts to prepare the corresponding aryl halide or
nitrile [58, 59]. Known as the Sandmeyer reaction, the reaction is thought to be a
radical process, where a single electron transfer from the copper(I) salt (Figure 3.45)
[60]. This is followed by bond cleavage to yield an aryl radical which reacts with
the copper salt, resulting in substitution. Alternatively, the reaction may involve
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oxidative addition of the aryl diazonium to copper(I) to give a copper(Ill) intermedi-
ate, which undergoes reductive elimination to form the carbon—halogen bond [61].

@ ) CuX
N=N X . CuX;  +N;
O o — O e

Figure 3.45: Proposed mechanism of the Sandmeyer reaction (X = Cl, Br, CN) [60].

Reductive removal of the diazonium ion to replace it with a hydrogen atom is typi-
cally achieved using hypophosphorous acid (H;PO,) [62] or sodium borohydride [63].
Alternatively, it can be done in the presence of an alkyl nitrite (such as isoamyl ni-
trite) in DMF [64]. The use of hypophosphorous acid is the most common approach,
and is thought to proceed via a radical chain reaction (Figure 3.46) [65]. The reaction
is thought to be initiated by a one-electron transfer from the hypophosphorous acid,
which results in homolytic bond cleavage to give an aryl radical and nitrogen. At this
point, the aryl radical abstracts a hydrogen from HsPO,, giving the H-substitution on
the benzene and producing an H,PO, radical, which can react with another aryl dia-
zonium to propagate the reaction. The H,PO," produced reacts with water to form
phosphorous acid (H;POs).

®
O oo — O o
Oy owe = Oron o

@ "
O mor — e o <o

.
[HoPOSI* + H,0 — HPOs +H

Figure 3.46: Proposed mechanism for reaction of a diazonium salt with hypophosphorous acid.

As mentioned above, aryl diazonium salts are usually prepared in situ and are not
isolated. One exception is the introduction of fluoro substituents. The formation
of the diazonium salt in the presence of tetrafluoroboric acid (HBF,) produces an
isolable diazonium tetrafluoroborate salt. Subsequent thermal decomposition of
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this salt produces the corresponding aryl fluoride and BF; (Figure 3.47) [66]. This
reaction is known as the Schiemann reaction or Balz—Schiemann reaction and is
thought to proceed through the formation of an aryl cation [67]. This reaction
presents a convenient approach for the introduction of fluoro groups onto an aro-
matic ring — a transformation that is not easily achieved using electrophilic aro-
matic substitution.

heat
NaNO, ©) or light
Oy Orefen =2 Or v
HBF, BF,

Figure 3.47: Formation of aryl fluorides by decomposition of diazonium tetrafluoroborates.

Substitution reactions of aryl diazonium salts are widely used in the synthesis of
aromatic compounds and are frequently used to replace anilines with other func-
tional groups. We will consider a few examples of the application of diazonium sub-
stitutions below. More examples of the use of diazonium chemistry will appear in
later chapters.

In the first example, we see that diazonium chemistry can be applied to the syn-
thesis of 1,3,5-tribromobenzene (Figure 3.48) [68]. Recall from Chapter 2 that bromo
substituents are ortho/para directors. As such, the direct bromination of benzene
would not give the desired meta-substitution pattern. However, by brominating ani-
line with an excess of bromine, the desired substitution pattern of the bromo sub-
stituents is achieved. The amino can then be reductively removed by converting it
to the diazonium salt. While H5PO, is the typical reagent used, in this case the re-
moval is achieved with ethanol and sulfuric acid, where presumably the ethanol is
serving as a source of hydrogen atoms.

NH, NH, ON,

i Br, Br Br  NaNO, Br Br Br Br

HCI, H,0 H2S0,4

EtOH
Br Br Br

Figure 3.48: Synthesis of 1,3,5-tribromobenzene [68].

For an example of the use of diazonium chemistry in the synthesis of pharmaceutical
agents, let us consider the synthesis of thymoxamine, also known as moxisylyte, a
vasodilator (Figure 3.49) [69]. The compound is prepared from thymol by nitrosation,
followed by reduction. Following this, the aniline is protected as the acetamide to
allow alkylation of the phenol. Removal of the protecting group by hydrolysis gave
the aniline, which was treated with sodium nitrite under acidic conditions, and then
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heated in the presence of water to give the phenol. Finally, acetylation of the phenol
gave the target thymoxamine.

NMe
NaNo, ON NHsH N Ac,0 AcHN e
OH HCI OH H,0 OH OH NaOEt

1.NaNO, o

AcHN H,N

1. conc. HCI HCl, H,0
T NeOH NMe
O/\/NMez 2. NaOH O/\/NM62 O/\/ 2
2. H,0, A
Ac,0 \n/o
- .
pyridine o O/\/NMe2 thymoxamine

Figure 3.49: Synthesis of thymoxamine.

As another example, we will consider the synthesis of a substituted thioindigo dye
(structurally related to indigo), which was investigated as a photoswitchable compo-
nent for liquid crystals. The synthesis, outlined in Figure 3.50 [70], highlights some of
the basic electrophilic aromatic substitution reactions we saw in Chapter 2, but also
highlights nucleophilic aromatic substitution reactions and diazonium chemistry.
The synthesis began with nitration of 4-methoxybenzoic acid, followed by reduc-
tion using hydrogen and palladium on carbon. The amino group was then acety-
lated, which allowed a subsequent nitration reaction to take place para to the
NHAc group. Removal of the acetamide protecting group gave the amine, which
was treated with sodium nitrite and cuprous chloride to replace the amino group
with a chloro substituent. The carboxylic acid was then converted into the methyl
ester, and the nitro group was reduced to the amine. A Balz—Schiemann reaction using
sodium nitrite and tetrafluoroboric acid, followed by heat, gave the desired fluoro-
substituted compound. The methoxy group was replaced with a chiral chain using a
sequence of deprotection with BBr3;, Mitsunobu reaction, and re-esterification. This
compound was then treated with methyl thioglycolate in a nucleophilic aromatic sub-
stitution of the thiol on the fluoride, followed by an intramolecular condensation to
give the substituted benzothiophene. Hydrolysis and decarboxylation under basic con-
ditions gave the corresponding benzothiophenone, which was oxidized using potas-
sium ferricyanide to give the thioindigo dye.
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Figure 3.50: Synthesis of a substituted thioindigo dye [70].

3.6.3 Other reactions of aryl diazonium salts

Aryl diazonium salts are not uniquely used for substitution reactions. Diazonium
salts can be reduced to form the corresponding phenylhydrazines. For example, the
aryl diazonium salt in Figure 3.51 was reduced with SnCl, to form the corresponding
phenylhydrazine, which was used to prepare Celecoxib (Celebrex-TM), a non-steroidal
anti-inflammatory drug [71].

HCI, NaNO, + - SnCly, HO
HzNOZSONHZ HoNO,S N2 ClI H2NO2S NHNH,

H,0, -5 °C

Figure 3.51: Example of the reduction of a diazonium salt to the corresponding phenylhydrazine.

Aryl diazonium salts can also act as electrophiles in electrophilic aromatic substitution,
where an activated aromatic compound attacks at the terminal nitrogen to form the
corresponding azobenzenes (Figure 3.52), which are a well-known class of dyes.

Aryl diazonium salts also react with primary or secondary amines to form the
corresponding triazenes (Figure 3.53) [72]. The reaction is conceptually similar to
that of the formation of azobenzenes, where the nucleophilic amine attacks the ter-
minal nitrogen of the diazonium salt.
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@ N

Figure 3.52: Formation of azobenzenes from diazonium salts.

ZT

R

® R™ R N-N
N=N N R

Figure 3.53: Formation of aryl triazenes by reaction of diazonium salts with amines.

Aryltriazenes are of therapeutic interest for the treatment of cancer. 1-Phenyl-3,3-
dimethyltirazene has been studied extensively in this context, and there is evidence
to suggest that the compound undergoes an enzymatic demethylation and ultimately
hydrolysis to produce aniline and a methyldiazonium ion, which can methylate DNA
[73, 74]. Dacarbazine (Figure 3.54) has been used for more than 40 years for the treat-
ment of cancers such as melanoma and Hodgkin’s disease [74]. It is prepared from 5-
aminoimidazole-4-carboxamide by diazotization using sodium nitrite, followed by
addition of dimethylamine in methanol (Figure 3.54).

0]

_Ha N 3 3 P
4 4N Ny 4 Moy CHs
H

CH4OH

Figure 3.54: Synthesis of the anticancer agent dacarbazine [74].

Triazenes can be converted into the corresponding anilines, so in principle, they
could be used as protecting groups for anilines. However, the availability of other
amine protecting groups has meant that the use of triazenes in this context is has
been limited. On the other hand, aryltriazenes have been extensively used in the
context of synthesis as masked aryl iodides. Moore and coworkers reported that ar-
yltriazenes could be converted to the corresponding aryl iodides by heating in ex-
cess iodomethane in a sealed tube (Figure 3.55) [75]. Under these conditions, the
iodomethane can methylate the terminal nitrogen, which then leads to decomposi-
tion to the diazonium salt. In the presence of the iodide liberated from the iodome-
thane, the diazonium group is displaced by the iodide (Figure 3.55).

Subsequently, Moore and coworkers showed that the additions of iodine lead to
improved yields and allowed the reaction to take place at lower temperature, some-
times even in the absence of iodomethane [76]. The reaction is inhibited by oxygen,
which suggests a radical reaction. Other methods to convert triazenes into aryl
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Figure 3.55: Preparation of aryl iodides from the corresponding triazenes.

iodides have been developed, including trimethylsilyl iodide [77], or sodium iodide
with an ion exchange resin [78]. However, the method using iodomethane is simple
and convenient. This reaction has been used to enable the preparation of phenyl-
acetylene oligomers and macrocycles [79-82]. We will see an example of this reac-
tion in Chapter 6 in the context of transition metal-catalyzed reactions.

3.6.4 Formation of biaryls: the Gomberg—Bachmann reaction and Pschorr
cyclization

Aryl diazonium salts can also react with other aromatic compounds to form a biphe-
nyl [83]. The synthesis of biaryls from aryl diazonium salts was first reported by
Gomberg and Bachmann in 1924 [84]. In the Gomberg-Bachmann reaction, an aryl
diazonium salt is reacted with another aromatic compound under basic conditions
or in the presence of copper salts (Figure 3.56).

NaNO,, H*
O — ) —~ )~
NaOH

Figure 3.56: The Gomberg—Bachmann reaction.

The reaction is thought to proceed via a radical mechanism. Specifically, under
basic conditions, the aryl diazonium reacts with hydroxide to form an azoanhydride
(Figure 3.57) [85, 86]. This species undergoes homolytic bond cleavage to form an
aryl radical, which is coupled with the other aromatic reactant, forming the aryl-
aryl bond and a delocalized radical. Finally, H atom abstraction leads to rearomati-
zation to generate the biaryl product.
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Figure 3.57: Proposed mechanism of the Gomberg—Bachmann reaction.

It should be noted that this is one of the earliest approaches for preparing dis-
symmetric biaryls. The reaction has the disadvantage that the reaction conditions
are harsh and yields tend to be low. Furthermore, if a substituted aromatic is cou-
pled with a diazonium salt, the regiochemistry of the coupling can be difficult to
control. Another potential drawback of the reaction that may contribute to lower
yields is competing coupling to form the corresponding azobenzenes, as described
above. In Chapter 6, we will see modern cross coupling methods for the formation
of aryl-aryl bonds that are more commonly used and avoid the drawbacks of the
Gomberg—Bachmann reaction.

Despite the fact that the Gomberg-Bachmann reaction is a classical approach
that has largely been supplanted by other reactions, the interest in methods for
preparing biaryls as biologically active molecules means that an interest in the
Gomberg—-Bachmann reaction is sustained. For example, there are recent reports
of a photoactivated version of the Gomberg-Bachmann reaction [87]. Specifically,
the Gomberg reaction can be carried out by reacting diazonium tetrafluoroborates
with haloarenes in the presence of pyridine and exposure to visible light, resulting in
halogenated biphenyls (Figure 3.58). In this reaction pyridine is thought to complex
to the diazonium ion to produce an “electron donor-acceptor” (EDA) complex, which
undergoes hemolytic bond cleavage to produce the aryl radical. At that point, the re-
action mechanism resemble the classical Gomberg—-Bachmann reaction. Unlike the
classical conditions, this version of the reaction takes place under mild conditions
and in some cases is high yielding. Furthermore, carrying out the reaction with hal-
oarenes leads to halogenated biphenyls, providing a handle for further transforma-
tions. Unfortunately, regiochemistry of the reaction is still relatively poor, except for
substrates such as 1,4-dichlorobenzene where only one regioisomer is possible.
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Figure 3.58: Photochemical Gomberg-Bachmann reaction [87].

Aryl-aryl bonds can also be formed intramolecularly via the diazonium salt
[88]. This intermolecular reaction is often carried out in the presence of copper and
is referred to as the Pschorr cyclization (Figure 3.59) [83, 89].

©ix\© NaNO,, H* ©ix\©
NH, Cu(0) G')\IZ O

Figure 3.59: The Pschorr cyclization.

Under neutral or basic conditions in the presence of copper, the reaction proceeds by a
radical mechanism, where one-electron reduction of the diazonium salt by copper
leads to loss of N, to generate an aryl radical, which undergoes carbon—carbon bond
formation, followed by rearomatization similar to the Gomberg-Bachmann reaction
above. Under acidic conditions, the Pschorr reaction is thought to proceed by loss of
nitrogen to form an aryl cation, which acts as the electrophile in a substitution at the
adjacent benzene ring. In later chapters, we will see examples how the Pschorr reac-
tion of stilbene derivatives can be used for the preparation of polycyclic aromatic
hydrocarbons.
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4 Reactions of aryllithium species

4.1 Introduction

Organometallic reagents derived from aromatic compounds are nucleophilic and
are important for a variety of synthetic transformations. These can include not only
aryl Grignard reagents, but also a variety of other organometallic species. Among
these organometallic reagents, aryllithium species have found wide-spread use in
the preparation of substituted aromatic compounds. Aryllithium species are strong
bases and highly nucleophilic, and as such react with a wide variety of electro-
philes. Aryllithium reagents are highly reactive and moisture sensitive and are gen-
erated in situ. The two main methods for preparing aryllithium reagents are by
deprotonation or by lithium-halogen exchange (Figure 4.1).

H RLi ©/Li RLi Br
© lithium- C

deprotonation
P halogen

exchange

Figure 4.1: Preparation of aryllithium species.

Aryllithium species can undergo reactions with a wide variety of electrophiles, mak-
ing them useful intermediates for the preparation of a variety of substituted aro-
matics (Figure 4.2).

The reactions of aryllithium species with a number of different electrophiles
outlined in Figure 4.2 is not comprehensive, but provides an indication of the scope
of reactivity. These include the formation of aryl-carbon bonds, arylsilanes, aryl
halides, as well as other organometallic species such as arylboronic acids and aryl-
stannanes. These last two are useful reagents for transition metal cross-coupling re-
actions, which will be discussed in Chapter 6.

One obvious limitation for the use of aryllithiums is that the compounds must
be compatible with the strong basic conditions required to generate them. A second
limitation of aryllithiums is that they are sometimes incompatible with strongly
electron-withdrawing groups such as nitro or cyano-substituted aromatics. For
these substrates, it is possible that electron transfer from the alkyllithium to the
electron-deficient aromatic compound takes place.

In this chapter, we will explore the preparation and reactivity of aryllithium
species. The regiochemistry of aryllithium formation will be a particular focus, with
a discussion of the role of directing groups in controlling the site of deprotonation.
We will also see some select examples of the application of aryllithium species in

https://doi.org/10.1515/9783110562682-004
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Figure 4.2: Summary of reactions of aryllithium species.
synthesis. More examples will be considered in later chapters, especially in con-
junction with transition metal-mediated cross-coupling reactions (Chapter 6).
4.2 Deprotonation of arenes: directed ortho metalation

4.2.1 Introduction to directed ortho metalation

Benzene has a pK, of approximately 43 [1], which means that it can be deprotonated
using strongly basic alkyllithiums such as n-butyllithium (Figure 4.3).

H  RLi Li
SE S ER

Figure 4.3: Deprotonation of benzene using an alkyllithium base.

For substituted aromatic compounds controlling the regiochemistry of deprotona-
tion presents a challenge. In 1939 and 1940, it was discovered that deprotonation of
anisole by n-BuLi occurred ortho to the methoxy group in two separate reports by
Gilman and Bebb and Wittig and Furhman (Figure 4.4) [2, 3].
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OCH, OCH,4
1. n-BuLi, Et20 COZH

(major product)
2.CO,
3. H;0" (work-up)

Figure 4.4: Early example of ortho-lithiation of anisole [2].

This discovery spawned the development of a broader understanding of the factors
that influence the site of deprotonation in substituted aromatics. In general, several
different types of substituents, usually containing heteroatoms, direct deprotonation to
the ortho site [4]. This reaction has become known as directed ortho metalation (DoM),
and presents an opportunity to introduce electrophiles selectively ortho to functional
groups collectively known as “directed metalation groups” or DMGs (Figure 4.5) [4, 5].

DMG DMG

DMG
© BuLi, THF Li E+ ©/E

Figure 4.5: General directed ortho metalation (DoM) reaction.

DoM typically requires very strong bases, such as alkyllithiums. The reactivity of the
alkyllithium is an important determining factor in DoM reactions. Alkyllithium bases
are soluble in organic solvents, but are aggregated. For example, n-butyllithium and
sec-butyllithium exist as a hexamers hydrocarbon solvents and as a tetramers in coor-
dinating solvents like THF or ether [4, 6-8]. Similarly, t-butyllithium is a tetramer in
hydrocarbon solvents and a dimer in THF. To enhance reactivity of the alkyllithiums,
bidentate ligands such as tetramethylethylenediamine (TMEDA) cause aggregates to
dissociate even further and enhance reactivity [4, 8]. As such, TMEDA is often used to
improve reactivity in DoM reactions. Lithium dialkyl amides such as lithium diiso-
propyl amide (LDA) are not basic enough to quantitatively deprotonate aromatic
rings. However, as we will see later, they can be used to deprotonate reversibly under
thermodynamic conditions.

Mechanistically, many of these DoM reactions are thought to be a two-step pro-
cess, where the alkyllithium forms a complex with the directed metalation group,
bringing the reactive sites into close proximity prior to deprotonation. This phe-
nomenon is referred to as the complex-induced proximity effect (CIPE) [5, 9]. A
schematic representation of the CIPE is shown in Figure 4.6. While there is in many
cases evidence for this stepwise pre-complexation before deprotonation, it is also
possible that the complexation and deprotonation occur simultaneously [10]. Never-
theless, the CIPE concept remains a useful tool for explaining the directing effects
of groups in lithiation reactions such as DoM.
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DMG  (RLi), DMG RH DMG  E* DMG
oo lon NERS (g o
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Li
Figure 4.6: Complex-induced proximity effect in directed lithiation [5, 9].

A wide variety of functional groups can serve as directed metalation groups
(DMGs) [4]. The common feature of these groups is that they contain heteroatoms that
can complex with the organolithium base. That said, some groups are more effective as
DMGs than others, leading to a hierarchy of DMGs, as shown in Figure 4.7 [4, 5].

i} ~ N
—NR, —F —NBoc —OMOM —CO, %/j/—sosz —CONR, —S0,t-Bu —OCONR,
0

weak DMGs strong DMGs

Figure 4.7: Relative “power” of DMGs.

The scale above highlights some of the common DMGs used and shows them in
order of increasing efficiency of the DMG. This scale was established by competition
experiments between DMGs (either inter- or intramolecular) [4]. For example, treat-
ment of a mixture of two compounds containing different DMGs with only one
equivalent of alkyllithium, followed by trapping of the aryllithium allows a direct
comparison of two DMGs. Alternatively, the experiment can be conducted with a
disubstituted benzene bearing two DMGs can be treated with one equivalent of al-
kyllithium, followed by determining the site of deprotonation [11].

Among the most powerful and commonly used DMGs are carbamates, amides,
sulfonamides, and sulfones. In the context of synthesis, it is also important to con-
sider how these DMGs can be prepared. DMGs such as carbamates and methoxy-
methyl ether (MOM) groups can be prepared from the corresponding phenols, while
amides, oxazolines, and carboxylates are derived from the corresponding carbox-
ylic acids. Sulfones and sulfonamides can be derived from the corresponding sul-
fides and sulfonic acids. Examples of some of the general approaches for installing
some of these common DMGs are illustrated in Figure 4.8.

Because DoM is selective for substitution at the ortho position, it presents an
alternative to electrophilic aromatic substitution for the preparation of substituted
aromatic compounds. For example, in systems bearing an activating an ortho-
para-directing group which can also serve as a DMG, the ortho product can be favored
over a mixture of ortho- and para isomers. Even more interestingly, deactivating meta
directors for electrophilic aromatic substitution can serve as DMGs for ortho metalation
and therefore provide complementary reactivity.
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OH bl 0~ "NEt,
© Cl”” "NEt, ©
pyridine
COH Os__NEt,

1. SOCl,
2. Et,NH
O_ ,tBu
Li 0=S
1.(tBuS),
2. H,0,
AcOH
Q\/NEtz
SO3H 0=9

1. PClg
© Figure 4.8: Examples of typical methods for installing

2. Et;NH common DMGs.

Some representative examples of typical DoM reactions are shown in Figure 4.9.
These examples are chosen to highlight typical reaction conditions and demonstrate
some of the electrophiles that can be trapped by aryllithiums. The first example
shows DoM with N,N-diethylbenzamide and trapping with trimethylsilyl chloride as
the electrophile to install a TMS group [12]. The second example shows that the
amide is a stronger DMG than a methoxy group and highlights the use of DMF as the
electrophile to install a formyl group [13]. The third example uses a carbamate DMG
with methyl iodide as the electrophile [14]. The final example highlights the potential
cooperativity of two DMGs. In this case, the strong amide DMG and the weaker me-
thoxymethyl ether (OMOM) DMG work cooperatively to lithiate in between the two
groups, despite the potential steric constraints [15]. The aryllithium is trapped with
1,2-diiodoethane, which serves as a source of electrophilic iodine.

4.2.2 Examples of directed ortho metalation in synthesis
As an example of the applications of DoM in synthesis, we will consider the synthesis
of unsymmetrical anthraquinones (Figure 4.10). The general strategy consists of DoM

using a secondary amide as a directing group and an aryl aldehyde as the electro-
phile. Subsequent cyclization and oxidation gives the substituted anthraquinone. An
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THF, -78°C Si(CH3)s

2. (CH3)3SiCl

(0]
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H3CO NEt, 1. sec-BuLi, TMEDA H,CO NEt,
THF, -78°C 0
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©/0 NEtz THF, -78°C

2. CHyl

1. t-BuLi, Et,0
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Figure 4.9: Some selected examples of DoM reactions.

example of this strategy is shown for the synthesis of the anthraquinone natural
products catenarin and erythroglaucin [16].

Another example of ortho lithiation in synthesis is seen in the synthesis of the ses-
quiterpene cacalol (Figure 4.11) [17]. This synthesis also features three Friedel-Crafts
reactions. The first step of the synthesis involves lithiation of 4-methylanisole, where
deprotonation occurs ortho to the methoxy-directing group. This aryllithium is trapped
with 5-iodopent-1-ene to give the alkylated product, which upon treatment with AlCls
underwent a Friedel-Crafts cyclization reaction with the alkene. A subsequent electro-
philic formylation using dichloromethyl methyl ether and TiCl, gave the aldehyde
shown as the major product. Baeyer-Villiger oxidation and hydrolysis converted the
formyl group into the corresponding phenol, which was alkylated with 2-chloroace-
tone. This product was then treated with concentrated sulfuric acid, resulting in an
electrophilic cyclization reaction at the carbonyl, followed by dehydration to give the
benzofuran. Finally, the methoxy group was cleaved using BBr; to give cacalol.

During the synthesis of fredericamycin A, Kelly and coworkers used three sequen-
tial lithiations to prepare one of the key intermediates in the synthesis (Figure 4.12)
[18]. After introducing a MOM group onto the phenolic position of 4-inadanol, treat-
ment with s-BuLi led to lithiation ortho to the MOM group, which we saw is an effec-
tive DMG. The resulting aryllithium was trapped with N,N-diethyl carbamoyl chloride
to introduce the diethyl amide, which is also a strong DMG. Treatment of the amide
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Figure 4.10: General synthetic approach toward unsymmetrical anthraquinones [16].

with t-BuLi led to metalation ortho to the amide, resulting in an aryllithium that was
trapped with methyl iodide. In the next step lithium tetramethylpiperide (LiTMP) is
used, which is a base that is similar to LDA, leading to deprotonation under thermo-
dynamic control at the benzylic position adjacent to the amide DMG. The benzylic
anion was trapped with diethoxyacetonitrile, which cyclized to form the desired pyr-
idone. This last lithiation step, where deprotonation occurs not on the aromatic ring,
but at a benzylic position, will be explored in more detail in Section 4.3.

4.2.3 Anionic ortho-Fries rearrangement

When a carbamate DMG is used for directed metallation and the resulting aryllithium
is not treated with an external electrophile, it can undergo rearrangement to the
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Figure 4.11: Synthesis of cacalol [17].

OMOM O OMOM .
MOMCI 1. s-Buli 1. t-BulLi
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2. CHgl
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5 o mo

Figure 4.12: Sequential lithiations as part of the synthesis of fredericamycin [18].

corresponding ortho-hydroxy amide (Figure 4.13) [14]. The reaction is analogous to
the Fries rearrangement we saw in Chapter 2, so this reaction is generally called an
anionic ortho-Fries rearrangement [19].

(e}

K

(o)

O

R = CHj, Et

NR2

NR, —

Figure 4.13: Mechanism of the anionic ortho-Fries rearrangement.
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The anionic ortho-Fries reaction depends on the substrate (i.e., the structure of
the carbamate) and is also sensitive to the reaction time for metalation and the tem-
perature of metalation. Consider the following reactions for O-aryl carbamates with
s-BulLi, followed by trapping with methyl iodide (Figure 4.14) [14]. When ortho
lithiation is carried out under standard conditions at low temperature, trapped with
methyl iodide, and then allowed to warm to room temperature, the major product is
the methylation at the ortho position. In contrast, if the reaction mixture is allowed
to warm to room temperature before quenching, the rearranged product is observed
as the major product.

(0]
1. sec-BuLi/TMEDA O)J\NRZ OH O

X
0" NRz 5 CHyl
C HsC + NR,

R = Me, Et

Figure 4.14: Standard DoM reaction vs. anionic ortho-Fries rearrangement.

The anionic ortho-Fries rearrangement can be useful for the synthesis of polysubsti-
tuted aromatics because the product of rearrangement installs and amide group on
the ring, which can then serve as a DMG for subsequent DoM reactions. As an exam-
ple of the utility of DoM and the anionic ortho-Fries reaction, we will consider the
synthesis of ochratoxin B (Figure 4.15) [20]. Starting with the carbamate, ortho-
lithiation using s-BulLi in the presence of TMEDA gave the aryllithium, which was
trapped with N,N-diethyl carbamoyl chloride to install the amide. This product was
again treated with s-BuLi/TMEDA and allowed to warm to room temperature to ef-
fect the Fries rearrangement. The phenoxide was trapped with methyl iodide to
form the corresponding methyl ether. At this point, a third DoM reaction was car-
ried out, followed by a transmetallation using MgBr, and trapping the resulting aryl

X X
0" 'NEt 0 07 "NE oH3C‘o o
1. s-BuLi’/TMEDA 1. s-BuLi/TMEDA
EtoN Et,N NEt,
2. CICONEt, 2. warmtor.t.
3. CHsl, K,CO4

HOZC O OH O

1. s-BuLi/TMEDA aq. HCI HO,C o
Et,N NEt, ————~
2. MgBr,

3~

ochratoxin B

Figure 4.15: Synthesis of ochratoxin B [20].
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Grignard species with allyl bromide. This product was treated with 6 M HCl, which
resulted in a one-pot amide hydrolysis, acid-catalyzed hydration and lactonization,
and ether demethylation to give the isocoumarin carboxylic acid, which could be
converted into ochratoxin B using established procedures.

Another example of the utility of the anionic ortho-Fries rearrangement is
shown in Figure 4.16, where it was used to prepare an o-trimethylsilyl aryl triflate
[21], which can serve as a precursor to a benzyne — an important reactive species
that we will explore in Chapter 5.

0
OJ\NEtz OH O oTf O o
TMS\© 1. s-BULITMEDA TMS@)LNBZ 1.n—BuLiTMS\©/u\NEt2 F @)‘\NEtz

2. H30" 2. 71,0

a benzyne

Figure 4.16: Preparation of an o-trimethylsilyl aryl triflate via anionic ortho-Fries reaction.

The concept of the anionic ortho-Fries was extended to an anionic N-Fries rear-
rangement using N-carbamoyl diarylamines instead of carbamates (Figure 4.17)
[22]. The ortho-lithiation reaction takes place in the presence of an alkyllithium
such as t-BuLi, or with LDA. The reaction shown has a symmetric starting material,
so only one product is observed. However, if the two aryl rings are different, depro-
tonation could happen on either ring, resulting in two isomeric products.

t-BuLi/TMEDA
o N-Fries
-78°C rearrangment
N
07 "NEt, LDA, THF Etz 07 "NEt,
0°C —™rt.

Figure 4.17: Anionic N-Fries rearrangement [22].

4.3 Directed remote metalation

In substituted aromatic compounds bearing more than one aromatic ring, the site
of deprotonation is still normally governed by the strongest DMG present. However,
when the ortho site of a DMG is blocked, or when the reaction is carried out under
thermodynamic control using a weaker base such as LDA, deprotonation can occur
on an adjacent aromatic ring or benzylic position that is in proximity to the DMG
(Figure 4.18). This metalation at a “remote” site is referred to as directed remote
metalation (DreM) [23].
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DReMg
H

Figure 4.18: Sites of directed ortho-metalation (DoM) versus
DoM DReM (irected remote metalation (DreMm).

In these reactions, LDA is typically used as a base instead of an alkyllithium, so
the deprotonation step is reversible. Indeed, the reversibility of aryllithium forma-
tion is very important for DreM reactions. In cases where an ortho site is available
for deprotonation, DoM is usually kinetically preferred, while DreM is favored
thermodynamically. For this reason, most DoM reactions take place at low tempera-
ture using strong alkyllithium bases, whereas DreM reaction are usually carried out
at higher temperature with amide bases. Furthermore, in most DreM reactions, the
remote aryllithium is usually trapped intramolecularly, resulting in either a remote
anionic Fries rearrangement or a cyclization reaction.

Consider the example of the carbamate-substituted biphenyl (Figure 4.19) [24].
When treated with LDA, the compound undergoes ortho lithiation, which is then fol-
lowed by an anionic ortho-Fries reaction, as described above. However, in the second
example, where the ortho site is blocked, deprotonation occurs on the adjacent ring
in closest proximity to the DMG. Again, this is followed by an anionic Fries reaction
to install the amide on the adjacent ring. Interestingly, the product can then undergo
acid-catalyzed cyclization to produce the corresponding lactone.

O LDA/THF O
] OCONEt, g l OH
H

CONE,

® o ) L Lo Ol
Li CONEt,
OCONEt, OCONEt, OH reflux o
L v Q) 0 >
R SiEts R R "

Figure 4.19: DoM versus DreM in an anionic Fries rearrangement.
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When an amide DMG is used for DreM, the aryllithium is typically trapped
intramolecularly by a cyclization reaction with the amide. In the case of a remote
metalation on the adjacent aromatic ring, intramolecular cyclization leads to the
formation of fluorenones (Figure 4.20) [25].

&0 ;1

Figure 4.20: Formation of fluorenones via DreM [25].

This approach has been used for the preparation of several fluorenone-containing
natural products such as dengibsin and dengibsinin [24, 26]. We will explore the
synthesis of dengibsinin in more detail in Chapter 6. This methodology has also
been used for the synthesis of chiral fluorenols, which served as dopants for ferro-
electric liquid crystals [27].

For biphenyl derivatives with an amide DMG where there are benzylic protons
available on the remote ring, deprotonation takes at the benzylic position (some-
times referred to as directed lateral remote metalation). The resulting anion is
trapped intramolecularly in a cyclization reaction that ultimately leads to the for-
mation of the phenanthrol (Figure 4.21) [28].

[e) HO
NEt, LDA THE NEt . tautomerize 6
Q O S— Q § ) N O NO O

—CH,; CHj

Figure 4.21: Remote benzylic deprotonation to form phenanthrols [28].

DreM at the benzylic position followed by cyclization has been applied for the syn-
thesis of several phenanthrene natural products. For example, this methodology
has been used in the synthesis of gymnopusin and eupolauramine (Figure 4.22)
[29, 30]. For the synthesis of eupolauramine, the phenyl pyridine starting material
shown undergoes DreM at the benzylic position in proximity to one of the amide
DMGs, and the resulting anion cyclizes onto the amide to give the substituted phe-
nanthrol, which is ultimately converted to eupolauramine. The synthesis of gym-
nopusin is slightly more elaborate. First, DreM involving the carbamate DMG
leads to a remote anionic Fries rearrangement where the phenolate is trapped
with methyl iodide. With the amide group now migrated to the previously “re-
mote” ring, a second DreM leads to benzylic deprotonation and cyclization to give
the phenanthrol, which can readily be converted to gymnopusin.
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Figure 4.22: DreM cyclizations in the synthesis of phenanthrene natural products [29, 30].

4.4 Lithium-halogen exchange

Aryllithiums can be generated by treating haloarenes with alkyllithiums such as bu-
tyllithium (Figure 4.23). Lithium—-halogen exchange is typically carried out using
bromo- or iodoarenes. First developed by Gilman and Wittig [31, 32], lithium—-halogen
exchange has become a widely used tool for the preparation of aryllithium species. It
is complementary to methods such as DoM or DReM because the site of lithiation is
determined by the position of the halogen.

n-BuLi, THF

Q = deg Li N,

X=Br, |

Figure 4.23: Formation of aryllithiums via lithium—halogen exchange.

Typical lithium-halogen exchange reactions involve an aryl bromide or iodide in
THF or ether and take place rapidly (i.e., within seconds) at low temperatures —
usually -78 °C. When lithium-halogen exchange is carried out using ¢-BuLi, 2 M
equivalents of the alkyllithium are needed because the by-product of the first lith-
ium-halogen exchange is t-butyl bromide, which reacts readily with the aryl-
lithium in an elimination reaction to produce isobutene (Figure 4.24) [33]. To prevent
this undesired quenching of the aryllithium by ¢-butyl bromide, a second equivalent
of ¢t-Buli is used, which reacts more rapidly with the ¢-butyl bromide, leaving the ar-
yllithium intact. For this reason, when t-Buli is used for lithium-halogen exchange,
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two equivalents of t-BuLi are almost always used. However, the assumption that two
equivalents are necessary has been questioned by Waldmann and coworkers, who
showed that depending on the substrate, a range of 1-1.8 equivalents of ¢-BuLi pro-
vided good yields of the desired product [34].

Lithium-halogen H
Br exchange L' LiB
+ Li _— iBr

Figure 4.24: Undesired side reaction of an aryllithium with t-butyl bromide after initial
lithium—halogen exchange.

The mechanism of lithium-halogen exchange reactions has been debated, with several
mechanistic scenarios being proposed [35]. Among the mechanisms considered are a con-
certed exchange proceeding through a four-membered ring transition state, a sequence
of single-electron transfer reactions, or a nucleophilic attack of the alkyllithium on the
halogen of the aryl halide, resulting in either a concerted displacement of an aryl anion
intermediate, or a stepwise formation of an anionic complex. The nucleophilic displace-
ment mechanisms are both considered to be the most plausible (Figure 4.25). Since both
of these possibilities are on the same mechanistic continuum, it is possible that the mech-
anism varies between the two, depending on the reactants and reaction conditions.

/I}R @
@1& —_— © i Br-R concerted

Li~R o
®
er QQBFR —_— @9 Li  Br—R stepwise

Figure 4.25: Proposed mechanisms of lithium—halogen exchange.

Once generated, the aryllithium can react with a variety of electrophiles as discussed ear-
lier in this chapter (see Figure 4.2). It is a particularly useful tool for preparing organome-
tallic reagents such as aryl boronic acids, aryl stannanes, and aryl zinc species that are
used in transition metal-mediated cross-coupling reactions that we will see in Chapter 6.

4.5 Rearrangements of haloarenes: halogen dance reactions
Under strongly basic conditions, some haloarenes have can undergo rearrangements,

where the position and number of halogen substituents can be changed. This based-
promoted rearrangement is referred to as a halogen dance reaction [36-38]. For
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example, reaction of 1,2,4-tribromobenzene with potassium anilide (PhNHK) in liquid
ammonia produces predominantly the isomerized 1,3,5-tribromobenzene, along with
minor amounts of di- and tetra-bromobenzenes (Figure 4.26) [39]. Dibromoanilines
are also observed as minor side products.

SO @@ﬁjﬁj

40-60%
minor products (<5%)

Figure 4.26: Rearrangement of aryl halides under strongly basic conditions (halogen dance) [36, 39].

Bunnett and others explored several mechanistic explanations for these observa-
tions [36, 39]. One possible mechanism involves benzyne formation (Chapter 5),
since many of the observed examples take place under similar conditions to that of
benzyne formation and indeed the presence of substituted anilines as minor prod-
ucts are likely due to benzyne formation. Another possible mechanism is deproto-
nation followed by an intramolecular halogen shift. However, neither of these
mechanisms can explain the formation of dibromo- and tetrabromo-products. Bun-
nett proposed the generally accepted mechanism where the reaction proceeds via
intermolecular reactions of aryl anions with halobenzenes to generate a new aryl
anion [36, 39]. Specifically, the first step in the reaction is deprotonation of the hal-
oarene by the strong base (often an amide base such as ArNHK, KNH,, or NaNH,),
followed by intermolecular metal-halogen exchange to generate a new haloarene
and an aryl anion (Figure 4.27). These compounds can react further in a cascade,
ultimately producing a mixture of rearrangement and disproportionation products.
Below is a plausible mechanism for the isomerization of 1,2,4-tribromobenzene to
produce 1,3,5-tribromobenzene. After the initial deprotonation, a sequence of inter-
molecular metal-halogen exchange reactions take place, which can be described as
nucleophilic attack of the aryl anion on the halogen of the aryl halide. It should be
apparent from this reaction that this is one possible sequence, and that several
other deprotonation and halogen exchange reactions could occur. This explains
why a mixture of products is often observed, and importantly accounts for the for-
mation of dibromo- and tetrabromo-benzenes as minor side products. It should also
be pointed out that these reactions typically also show some recovered starting ma-
terial and rarely go to completion.

Given the numerous possible outcomes of the halogen dance reaction, the major
products are determined by the formation of the most thermodynamically stable aryl
anion intermediate. Only in cases where there is a thermodynamic preference for one
of the aryl anions will there be good conversion. Where there is little energy difference
between different aryl anions, a mixture of products will result.
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Br
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' Br Br halogen-exchange Br Br
Br/\ . . o
Br. Br [©) Br Br Br Br- Br
- +
+
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Br r halogen-exchange Br Br
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quenching by || PhNH,
protonation
Br. Br

Br

Figure 4.27: Bunnett’s proposed mechanism for the halogen dance reaction.

While the first examples of halogen dance reactions involved bases such as
NaNH,, KNH,, or PhNHK, it is more common to use bases such as LDA or LiTMP. A
key requirement of the halogen dance reaction is the simultaneous presence of
both the starting material and initial aryl anion in order to allow the intermolecular
reaction. If deprotonation is rapid and quantitative, the halogen dance reaction
cannot occur. Similarly, the quenching step by an electrophile (in some cases sim-
ply a proton) should be slow in order to provide enough time for the halogen ex-
change sequence to occur. If the electrophile is present in the reaction, it needs to
react slowly. An alternative is to add the electrophile after sufficient time has
elapsed to allow the exchange to take place.

To illustrate the conditions under which halogen dance reactions can be promoted
or prevented, let us consider this example, where o-bromo-trifluoromethylbenzene is
reacted with LTMP (Figure 4.28) [40]. When this reaction is carried out at —100 °C, the
aryllithium species is generated by deprotonation and simply trapped with CO, to gen-
erate the corresponding carboxylic acid with no halogen dance occurring. However,
upon warming to —75 °C, a halogen dance reaction occurs, generating the more stable
aryllithium where the anion is adjacent to the electron-withdrawing CF5 group. Upon
quenching, the isomeric benzoic acid derivative is obtained.

Halogen dance reactions can also be initiated by lithium-halogen exchange
using alkyllithiums (such as BuLi) instead of deprotonation. For example, 3-bromo-2-
chloropyridine can be converted into 4-bromo-2-chloropyridine by treatment with 0.5
equivalents of n-BuLi (Figure 4.29) [41]. In this example, the reaction is quenched
with MeOD to produce the deuterated derivative.
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CFj CFs CFs
©/Br LTMP ©:Br i) CO, Br 1o halogen dance
48%
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CF, CFs
Li i) CO, @:COzH
Br i) HCI Br
71%

Figure 4.28: Temperature dependence of halogen dance reaction [40].

|\ Br 1. 0.5 eq. n-BulLi @D
NS 2. CH30D Z

N Cl

Figure 4.29: Halogen dance reaction after lithium—-halogen exchange [41].

The substoichiometric amount of n-BuLi is important to ensure that some starting
material is present to react with the anion formed upon lithium-halogen exchange.
The cascade of reactions is outlined in Figure 4.30 [41]. It should be noted that start-
ing material is regenerated after the sequence of two intermolecular lithium-halogen
exchange reactions, resulting in a chain reaction.

Another example of a halogen dance reaction via lithium-halogen exchange
involves bromo-substituted hexaphenylbenzenes (Figure 4.31) [42]. Specifically,
reaction of hexakis(4-bromophenyl) benzene with six equivalents of t-BuLi gives
the Cs-symmetric product as the major product. Recall that for lithium-halogen
exchange using t-Buli, two equivalents of the alkyllithium are needed, so six
equivalents is only able to effect lithium-halogen exchange at three positions.
The selectivity of this trilithiation is surprising given the number of products possible.

The mechanism of this reaction was investigated by quenching the reaction
mixture with TMSCI at various time intervals. These experiments showed that initial
lithium-halogen exchange produces a 1:1 mixture of the hexalithiated species as
well as unreacted starting material. However, upon gradual warming, this mixture
is converted to the major trilithiated species, consistent with a halogen dance reac-
tion (Figure 4.32). This approach provided access to Cs-symmetric hexaphenylbenzene
derivatives, which are not easily prepared selectively using other methods.

While the halogen dance reaction has the potential to yield multiple products,
there are several examples where it has been exploited in multistep synthesis. As one
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Figure 4.30: A cascade of reactions in a halogen dance process.
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Figure 4.31: Halogen dance reactions in brominated hexaphenylbenzenes [42].

example, Sammakia et al. reported the synthesis of caerulomycin C, which is derived
from Streptomyces caeruleus and possesses weak antibiotic properties (Figure 4.33)
[43]. The synthesis, outlined below, begins with a nucleophilic aromatic substitution
(see Chapter 3) reaction of the chloropyridine derivative, followed by a DoM reaction
to install the iodo group next to the amide directing group. The iodo-substituted
product was then treated with LDA to effect the halogen dance reaction, which re-
sulted in a shift of the iodo group from the 3-position to the 5-position. The iodo
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Figure 4.32: Proposed mechanism of halogen dance reaction with brominated hexaphenylbenzene

[42].
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Figure 4.33: Synthesis of caerulomycin C [43].
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group was then replaced by a methoxy group in a copper-mediated nucleophilic sub-
stitution reaction (see Chapter 7). The product was once again subjected to a DoM
reaction to install a bromide, followed by another halogen dance reaction using LDA.
This product was then used in a Negishi cross-coupling reaction — a coupling reac-
tion we will see in Chapter 6 — to furnish the bipyridine, which as then converted
into caerulomycin C in two steps.

The same group employed a similar strategy for the preparation of WS75624 B a
natural product with potential as an antihypertensive reagent. In this case, both
fragments were prepared using a halogen dance reaction (Figure 4.34) [44].

OH

OCH

HaCO e o SnBUs  hco :

3 A :> N 3 X
| 5 /K/\/\/(Aﬁ + | P o
~
N 7N s Br” N
OH N(i-Pr),
WS75624 B

Figure 4.34: Halogen dance reactions were used to prepare the two precursors to WS75624 B [44].
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5 Benzynes

5.1 Introduction to benzynes

1,2-Didehydrobenzene (benzyne) was first proposed as a reactive intermediate by Wit-
tig in 1942 [1]. Subsequently, the existence of benzyne was established by Roberts in
1953 by the reaction of *C-labeled chlorobenzene with sodium amide (Figure 5.1) [2].

KNH, ©
NH3 (1)

Arynes (the generalized term for didehydroaromatic compounds) are highly reactive
intermediates and are therefore generated in situ. Arynes are typically represented as
a strained alkyne with the second mn-bond being orthogonal to the aromatic system.
They can also be viewed as a singlet diradical species, although computational and
experimental studies suggest that there is more bonding character than radical char-
acter [3]. Because the m-bond is perpendicular to the aromatic n-system, the reactivity
of the aryne is not affected much by resonance - rather inductive effects of substitu-
ents dominate.

Arynes undergo a variety of reactions, including cycloadditions, reactions with
nucleophiles, and transition metal-mediated reactions [4, 5]. Indeed, aryne chemis-
try has developed to such an extent that arynes are often used in the total synthesis
of natural products [6, 7], as well as the preparation of other complex aromatic ar-
chitectures such as polycyclic aromatic hydrocarbons [8]. In this chapter, we will
explore the methods for generating arynes, describe their reactivity, and highlight
their utility in the organic synthesis.

Cl

Figure 5.1: Preparation of benzyne by Roberts [2].

5.2 Formation of benzynes

The early methods for forming arynes involved either strong bases or high temper-
atures. For example, benzyne can be generated by reaction of a halobenzene with a
strong base such as sodium amide in a beta elimination reaction, elimination of
fluoride from an ortho-fluoro Grignard or aryllithium species, or by expulsion of
CO, and N, from an ortho-aryl diazonium carboxylate. More recently, methods for
formation of arynes using milder conditions, such as the fluoride induced elimina-
tion of trimethylsilyl aryl triflates have been developed. The most common methods
for forming arynes are summarized in Figure 5.2 and will be described in more de-
tail below.

https://doi.org/10.1515/9783110562682-005
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Figure 5.2: Summary of methods to form benzyne.
5.2.1 Aryne formation by elimination of H-X

In Chapter 3, we introduced benzynes in the context preparing anilines from the
corresponding aryl halides using sodium amide. Sodium amide acts as a strong
base that is able to deprotonate the proton adjacent to the halogen leaving group,
resulting in the benzyne. Subsequently, a second equivalent of sodium amide as a
nucleophile, adding to the benzyne to generate an aryl anion that is subsequently
protonated (Figure 5.3) [2, 9].

'/\ NH,

)H /\ NH2 NH; HleHz (I
©i ©| O H

@r

Figure 5.3: Aryne formation by elimination of H-X using sodium amide.

The reaction is not restricted to sodium amide, but can also be carried out in the pres-
ence of other strong bases, such as potassium t-butoxide or phenyllithium (Figure 5.4).

Br t-BuOK OtBu F PhLi Ph
©/ DMSO ©/ ©/ ©/

Figure 5.4: Aryne formation by H-X elimination using other strong bases.
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The reaction mechanism is often described as an elimination—addition for nucle-
ophilic substitution of arynes because the benzyne formation step is an elimination,
which is followed by nucleophilic addition. The reaction can be carried out with all
of the halobenzenes, although the relative reactivity depends on the reaction condi-
tions being used. For example, when organolithium bases are used in ethereal sol-
vents, the trend in reactivity is F > Cl > Br > I [10]. This trend is rationalized by the
electron-withdrawing effects, where the halogen influences the acidity of the proton
being removed. Thus, a fluoro group, being the most electron-withdrawing, makes
the adjacent proton more acidic. In contrast, for the reaction with potassium amide
(KNH,) in liquid ammonia, the trend in reactivity is Br > I >Cl > F [11]. This unusual
reactivity trend is through to be a compromise between the inductive effects de-
scribed above and the strength of the Ar-X bond.

In the case of the substituted aryl halide shown in Figure 5.5, the benzyne that
is formed reacts with more sodium amide to produce the two regioisomeric prod-
ucts in an approximately 1:1 ratio.

NH,
NaNH, X . NH,
NH;

R R

R

Br

R

Figure 5.5: Regiochemistry of reactions of benzynes with nucleophiles.

The example highlights one of the challenges of using arynes in synthesis: control-

ling the regiochemistry of benzyne reactions. The challenge is further amplified if

one noticed that the example above could only yield one benzyne. In other cases,
one must consider the regioselectivity of benzyne formation as well. The regiochem-
ical considerations for benzynes can be summarized as follows:

— In cases where more than one regioisomeric benzyne can be formed by elimina-
tion of HX, the regioselectivity is governed by the relative acidities of the pro-
tons being removed.

— Once formed, the nucleophilic addition step onto the benzyne is mostly deter-
mined by the stability of the resulting aryl anion, although steric hindrance of
nucleophilic attack may also play a role.

Taking into consideration both of these factors, substituents on the benzene ring influ-
ence the regiochemistry of the reaction primarily through inductive electronic effects,
since both the 0-C-H bond and the aryl anion involve sp® hybrid orbitals that are or-
thogonal to the m-system, resonance effects are not important. To demonstrate these
principles in action, we will consider the regiochemistry of a series of substituted halo-
benzenes. Consider the reaction of the series of bromoanisoles with sodium amide
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(Figure 5.6) [9]. For o-bromoanisole, only one benzyne is possible, which could lead to
two regioisomers upon nucleophilic addition (o-anisidine and m-anisidine). In this re-
action, the meta-substituted product is formed exclusively. This high regioselectivity
can be rationalized based on sterics, where nucleophilic addition at the ortho position
is disfavored, as well as electronic effects, where the aryl anion that results from nu-
cleophilic addition is stabilized because it is ortho to the inductively electron-with-
drawing methoxy group. In the case of p-bromoanisole, again only one benzyne can
be formed. In this case, the subsequent nucleophilic addition yields an approximately
equal mixture of the meta and para products. In this case, neither the steric nor the
inductive effects are as significant, so there is essentially no regioselectivity. Finally,
in the case of m-bromoanisole, two possible benzynes can be formed. However, only
the meta product is observed in this reaction (as in the case of o-bromoanisole). This
result suggests that only benzyne with the triple bond adjacent to the methoxy group
is formed. The result supports the notion that the inductive electron-withdrawing ef-
fects of the methoxy group favor ortho deprotonation.

OCH;3 OCH; OCHj

NH; NH,

100% meta

OCH3 OCH; OCH; OCH3
NaNH, [f:]\
- 5 .
NH3 Z NH,

Br NH,
~50% ~50%
meta para

OCH, OCH, OCH, OCH,

@\ NaNH,
_— +
Br NH3 = NH2
100% meta

Figure 5.6: Regiochemistry of benzyne formation and reaction for bromoanisoles.

Table 5.1 provides more examples, showing how the regioselectivity varies with dif-
ferent substituents [9]. How does changing the substituents influence the regiochem-
istry of benzyne formation and the regiochemistry of the nucleophilic addition step?
To consider the regiochemistry of benzyne formation, we should consider the m-
substituted halobenzenes where more than one benzyne can be formed. In the case of
a meta-trifluoromethyl group, only meta-substitution is observed, consistent with the
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corresponding anisole. However, when the substituent is an inductively electron-
donating methyl group, a product distribution of 22% ortho, 56% meta, and 22% para
is observed. This product distribution suggests that both benzynes are being formed
and that the regioselectivity of the resulting nucleophilic attack is poor. To explore the
regioselectivity of the nucleophilic attack, let us consider the para-substituted sys-
tems, where only one benzyne can be formed, but where there are two sites for nucle-
ophilic attack. For p-bromoanisole we saw very little selectivity. When a more strongly
electron-withdrawing group is used such as with p-bromofluorobenzene, the para-
substituted product is preferred (80% para/20% meta). In contrast, when the electron-
donating methyl group is used, the meta product is preferred (62% meta/38% para).
These results are consistent with the stabilization of the phenyl anion that results
from nucleophilic attack. Electron-withdrawing groups stabilize the anion at the closer
meta position, leading to para substitution, while electron-donating substituents react
at the meta position to place the anion at the para position, furthest away from the
electron-donating substituent (Figure 5.7) [12].

Table 5.1: Regiochemistry of reactions of substituted halobenzenes with sodium amide.

R R
@ NaNH,
NH
X 3 NH,
R X % Ortho % Meta % Para
0-0OCH3 Br 100
m-0OCH; Br 100
p-OCHs3 Br 4911 511
p-F Br 201 80x1
m-CF3 Cl 100
0-CH3 Br 48.5£2 51.5£2
0-CH3 Cl 454 55+4
m-CHs Br 224 56x4 224
m-CHs Cl 4044 524 84
p-CHs Cl 624 38x4

Adapted from Roberts et al. [9].

While we can understand the factors that control regiochemistry of benzyne reac-
tions in these systems, it is important to highlight that mixtures of products are
often observed. As such, most other methods for benzyne formation are regiospe-
cific, thereby avoiding one potential source of poor regioselectivity. Something else
that is not readily apparent is that the yields of these substitution reactions are
often modest, which provides the impetus for exploring alternative ways of generat-
ing benzynes.
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EDG EDG EWG EWG
S)
@ ’/ NH2 ©\ @ G>NH2
©
Z g TNH, Z9)
NH,

Preferred Preferred
(anion furthest (anion closest
from EDG) to EWG)

Figure 5.7: Electronic effects on nucleophilic addition on substituted benzynes.

5.2.2 Aryne formation from dihalobenzenes

An alternative approach to forming arynes is using o-dihaloarenes. The triple bond
is formed between the carbons bearing the halogens, so the regiochemistry of ben-
zyne formation is well defined. Another key distinction when compared to the elim-
ination of HX discussed above is that there is no excess nucleophile present to do
the addition step. This difference means that other reagents can be used, opening
up the scope of reactivity of the arynes.

Early studies often made use of o-bromofluorobenzene. The benzyne is generated
either using a lithium mercury amalgam or using magnesium to form an organome-
tallic species that undergoes subsequent elimination of fluoride (Figure 5.8) [13].

L —

Figure 5.8: Formation of benzyne from o-bromofluorobenzene.
A more common alternative to bromofluorobenzenes is to use more readily avail-
able o-dibromo aromatic compounds. Treating these compounds with alkyllithiums

such as butyllithium results in lithium-halogen exchange followed by elimination
(Figure 5.9). This approach is frequently used to generate arynes.

Br BulLi Br
O G N O IR
Br Li

Figure 5.9: Formation of benzyne from o-dibromobenzene.

EBSCChost - printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

5.2 Formation of benzynes =— 101

5.2.3 Aryne formation by elimination of small molecules

Several of the methods for benzyne formation involve in the elimination of small
gaseous molecules such as N,, CO,, or SO,. The most widely used of these methods
involves the reaction of an o-aminobenzoic acid with sodium nitrite or isoamyl ni-
trite to form the diazonium salt (see Section 3.6.1) [14]. With heating, the compound
loses CO, and N, to form the corresponding benzyne (Figure 5.10).

NaNO, o)
RS
50

or
©:002H isoamy! nitrite ©| co N
. _— + 2 + Np
NH, k«g‘)EN

Figure 5.10: Formation of benzyne via the diazonium carboxylate [14].

In some cases, the diazonium salt is formed in situ, while in other cases it can be
isolated as a solid. By virtue of the fact that the aryne can be generated thermally
without the need for other reagents, the benzyne precursor can be combined with
other compounds and the reaction with the aryne occurs readily once it is gener-
ated thermally.

As another example of benzyne formation by elimination of small molecules, 1-
aminobenzotriazole can be oxidized to the corresponding nitrene in the presence of
Pb(0Ac),, which is then followed by benzyne formation accompanied by the loss of
two nitrogen molecules (Figure 5.11) [15].

N Pb(OAc), (D
N N ——— ) e,

N N2

G

NH,

Figure 5.11: Generation of benzyne from 1-aminobenzotriazole.

The reaction has the advantage that it generates benzyne readily even at low tem-
peratures. However, the preparation of 1-aminobenzotriazole requires several
steps, so its applicability for the preparation of substituted benzynes. The synthe-
sis of 1-aminobenzotriazole is outlined in Figure 5.12 [15]. o-Nitroaniline is reacted
with sodium nitrite in acidic conditions to form the diazonium salt, which is re-
acted with diethyl malonate to form the corresponding hydrazone. The nitro
group is then reduced by hydrogenation, and the resulting amine is converted to
the diazonium salt, which undergoes an intramolecular nucleophilic cyclization
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with the hydrazone to give the benzotriazole. Finally, hydrolysis of the hydrazone
under acidic conditions gives 1-aminobenzotriazole.

1. NaNO
NO 2 NO NH
2 HCI, H,0 2 COEt M2 2 co,et  NaNO,
/)\ /)\
NH, 2. <002Et N-N""Cost  Pd/C N-N""COEt HCl, CH;OH
CO,Et

N\ N\
\IN - = \IN
N N

\ CO,Et \
N= NH,

CO,Et

Figure 5.12: Synthesis of 1-aminobenzotriazole [15].

In a related example, benzothiadiazole-1-1-dioxide can serve as a benzyne precur-
sor, decomposing thermally to produce benzyne, nitrogen, and sulfur dioxide
(Figure 5.13) [16, 17]. As in the case of 1-aminobenzotriazole, the preparation of
the benzyne precursors requires several steps, limiting their utility for the prepa-
ration of substituted arynes.

N
N —_ > + SO, + N
QY U oo
//S\\

(6]

o}

Figure 5.13: Preparation of benzyne from benzothiadiazole-1-1-dioxide.

5.2.4 Fluoride-induced aryne formation

Several of the approaches for the generation of arynes require the harsh reaction
conditions such as strongly basic conditions or high temperatures, which can pose
problems in terms of functional group compatibility. More recently, several meth-
ods for generating arynes under mild conditions have been developed. Most nota-
bly, Kobayashi reported the preparation of arynes from o-silyl aryl triflates in the
presence of fluoride (Figure 5.14) [18, 19].

Q- O
SiMes

Figure 5.14: Aryne formation from o-silyl aryl triflates in the presence of fluoride.
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Other similarly mild approaches include the reaction of o-bis(trimethylsilyl)
benzene with (diacetoxyiodo)benzene and triflic acid to form (phenyl)[o-(trimethyl-
silyl)phenylliodonium triflate, which can be used to generate benzyne in the pres-
ence of fluoride Figure 5.15) [20].

sitfe.  PIOAC), QTf o
o B e oy
SiMe3 SiMe3

Figure 5.15: Benzyne formation via the (phenyl)[o-(trimethylsilyl)phenylliodonium triflate [20].

o0-Silyl aryl triflates are now the most widely used aryne precursors because the aryne
can be formed under mild conditions (a fluoride source) that are very tolerant to a
variety of functional groups [19]. The o-silyl aryl triflates are typically prepared from
the corresponding o-bromophenols. In Kobayashi’s original report, o-bromophenol
was treated twice with n-BuLi and trimethylsilyl chloride to silylate the phenol and
then perform a lithium-halogen exchange to silylate the benzene ring. Subsequently,
cleavage of the trimethylsilyl ether formed the phenoxide, which was trapped with
triflic anhydride (Figure 5.16) [18].

1. n-BulLi,
XD then TMSCI TMSD 1. n-BuLi, Et,0 TMS:@
HO 2. n-Buli TMSO 2. Tf,0 TfO
then TMSCI
X=Cl, Br

Figure 5.16: Kobayashi’s synthesis of o-silyl aryl triflates [18].

A modified approach was developed by Guitian and coworkers, where they silylated
o-bromophenol using hexamethyldisilazane [21]. Treatment with n-BuLi resulted in
a lithium-halogen exchange, which was followed by a silyl migration (analogous
to a retro-Brook reaction), generating the phenoxide which could be trapped with
triflic anhydride (Figure 5.17).

In 2009, Garg and co-workers reported an alternative approach for preparing o-
silyl aryl triflates from the corresponding phenol using a directed ortho metalation
(DoM) approach (Figure 5.18) [22]. They prepared a carbamate from phenol which
was used in a DoM reaction and trapped with trimethylsilyl chloride. The carbamate
directing group was then removed and the resulting phenol was trapped in situ to
form the triflate using PhNTf,.
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Me;Si< .SiMe
391 N Ives

H
BFD (HMDS) Brj@ 1. n-BuLi, THF TMS:@
HO TMSO 2.ThHO TfO
. ) <./ -/
Br n-BuLi, THF Li Si Tf,0 Si
O 90— X0
78'\
(H3C)3SiO lithium-halogen |L9 [0) TfO
exchange ©
Figure 5.17: Synthesis of aryne precursors via a silyl migration [21].
NS\ s
N N~
iPr—N=C= |
iPr—=N=C=0 o 1. TBSOTf, TMEDA o
J® Py X
HO Et;N, DCM H O 2. n-BuLi, TMEDA [}l (0]
TBS
TMSCI BMSJQ DBU, Et,NH TMSD PhNTf, TMS:@
acidic work-up )\NJ\O CH;CN HO TfO
H

Figure 5.18: Synthesis of o-silyl aryl triflates via directed ortho metalation [22].

The most common fluoride sources for the generation of arynes from o-silyl aryl
triflates are KF, CsF, or tetrabutylammonium fluoride (TBAF), with the latter two
being the most commonly used. The choice of fluoride source depends in part on
the solvent being used for the reaction. The most common solvents include CH5CN,
THF, or CH,Cl,. A common combination is CsF in CH3CN, where the solubility of
CsF is sufficient to allow aryne formation. For reactions carried out in THF, inor-
ganic fluoride salts have low solubility, so TBAF is often used, or KF in the presence
of 18-crown-6 ether. In these reactions, the goal is not rapid and quantitative aryne
formation in solution, but rather to generate the aryne at a steady rate at low con-
centration [19].

While in most cases the solvent does not affect the reaction outcome, there
are some cases where solvents that are thought to be “aryne compatible” actually
participate in the reaction. For example, Suh and Chenoweth reported an unex-
pected reaction to the solvent when either CH,Cl, or CH;CN were used, leading to
a solvent adduct as the major product and the desired product in very low yield
(Figure 5.19) [23]. In this example, following initial nucleophilic attack by the
phthalizine on the benzyne, the phenyl anion intermediate reacts with the sol-
vent in an acid-base reaction. The solvent anion then serves as a nucleophile,
attacking the heteroaromatic ring. While in many cases, reactions with arynes are
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readily carried out without interference by the solvent, this example does serve as
a cautionary tale.

N
Ny ™S TBAF SV O \
| _— I\I] + N
N 1o CHCl, O \©
Cl
Cl

Figure 5.19: Unexpected reaction of arynes involving dichloromethane [23].

5.3 Reactions of arynes
Arynes can undergo a wide variety of reactions, ranging from cycloadditions, nucle-

ophilic additions, insertion reactions, and a number of transition metal-catalyzed
reactions (Figure 5.20).

. 0
Nucleophilic
Addition MgX \ / [4+2] Cycloadditions
NtBu
t-BuNC
Qi —— 4 -
— OCH
R—R 3
R HsCO”~ “OCH, HsCO

Benzyne
Multicomponent

Reactions

[2+2] Cycloadditions

Pd(PPhg3),
o}

)J\/COZMe 0
]

CO,Me

o-Bond Insertion
Reactions

Figure 5.20: Summary of reactions of arynes.

Metal-Catalyzed
Reactions
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5.3.1 Cycloaddition reactions

5.3.1.1 [4 + 2] Cycloaddition reactions

One of the most prevalent and widely studied reactions of arynes is as dienophiles
in Diels—Alder reactions. For example, arynes will react with dienes such as furan
or and isobenzofurans to form bicyclic adducts (Figure 5.21) [24].

IERNe )

Ph
LI
—
0 Ph
=

Ph

Figure 5.21: Examples of benzyne as a dienophile in Diels—Alder reactions.

The synthesis of bicyclic adducts via aryne cycloaddition reactions has been used
for the synthesis of natural products. For example, the reaction of the substituted
benzyne with 2-methoxyfuran gave the substituted hydroxynaphthalene, which
was used for the synthesis of gilvocarcin natural products (Figure 5.22) [25, 26]. Be-
cause 2-methoxyfuran was used as the diene, the initial bicyclic adduct undergoes
a ring opening and aromatization to give the hydroxynaphthalene. It is also note-
worthy that the aryne cycloaddition reaction occurs regioselectively to place the
methoxy group near the alkoxy group of the aryne. We will explore more details of
this synthesis in Chapter 6.

HsCO

OR OR § OR OCH;, OR OCH;

Cr, = == e
oTf  THF |

OH
R = CH;, MOM, Bn

Figure 5.22: [4+2] Cycloaddition reaction of arynes with 2-methoxyfuran to form substituted
naphthalenes [25].

Diels—-Alder reactions of benzynes have also been used to prepare polycyclic aromatic
compounds. For example, the naphthalyne generated from 2,3-bis(trimethylsilyl)
naphthalene reacts with tetraphenylcyclopentadienone to form the corresponding
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tetraphenylanthracene (Figure 5.23) [27]. We will explore these reactions used to con-
struct aromatic rings and in particular for the synthesis of polycyclic aromatic hydro-
carbons in Chapters 8-10.

(I)Tf

SiMe; SiMes
o)
Ph Ph oh
Ph
. D
Ph
Ph

Figure 5.23: Diels—Alder reaction of naphthalyne with tetraphenylcyclopentadienone [27].

Benzyne can also react with anthracene in a [4+2] cycloaddition to form triptycene.
Indeed, one of the early reported syntheses of triptycene was reported by Wittig
using benzyne formed from an ortho-fluoro Grignard reagent (Figure 5.24) [28].

o, OCO —

Figure 5.24: Reaction of benzyne with anthracene to form triptycene reported by Wittig [28].

As an example of the Diels—Alder reaction of arynes applied to the synthesis of nat-
ural products, Guitian and coworkers used a benzyne cycloaddition for the forma-
tion of the polycyclic framework of dynemicin A (Figure 5.25) [29]. The substituted
pyrone served as the diene in a reaction with benzyne, which had been generated
by decomposition of the diazonium carboxylate. The initial adduct undergoes a
cheletropic reaction where CO, is lost and aromatization occurs to give the fused
naphthalene ring.

Arynes can also react with acyclic dienes to form dihydronaphthalene deriva-
tives. Depending on the substitution pattern of the diene, this reaction leads to the
formation of chirality centers. Using a chiral auxiliary allowed the reaction to be
carried out in a highly diastereoselective manner (Figure 5.26) [30].
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e = O

OMe OMe OMe

Figure 5.25: Benzyne cycloaddition in the synthesis of the framework of dynemicin A [29].

0+__OR, 0<__OR,
X
LY+ L ——— )
Y DCE Y
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O:ﬁ/N (@] O:ﬁ \?
/ TMS: : X  CsF, CH5CN o “ix
X TfO X - ‘ X
R

Figure 5.26: Diastereoselective benzyne cycloaddition [30].

5.3.1.2 Intramolecular Diels—Alder reactions

Arynes have also been used for intramolecular cycloaddition reactions for the con-
struction of polycyclic natural products. For example, an intramolecular aryne
Diels—Alder reaction was used to from the isoquinolone framework found in lycor-
ine natural products (Figure 5.27) [31]. In this example, the aryne is generated by
elimination of HX using an excess LDA, which undergoes a hetero-Diels—Alder reac-
tion with the aryl amide, followed by oxidation to rearomatize and produce the tet-
racyclic structure, which could subsequently be converted into lycorine natural
products.

Similarly, an intramolecular aryne Diels—Alder has been used to form the in-
dole skeleton in the synthesis of ergot alkaloids such as lysergic acid (Figure 5.28)
[32]. Again, the benzyne was generated by elimination of HX using LDA and then
underwent an intramolecular Diels—-Alder reaction — this time with a vinyl pyridine
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OCH,4 H3CO, OCHj;
OCHg3
LDA (excess) \
X —
H
N /N
OMe i
o OLi

MeO

[©] R — Lycorines

Figure 5.27: Intramolecular aryne cycloaddition reaction strategy for the preparation of lycorines [31].

group as a diene. The Diels—Alder reaction resulted in the formation of the desired
carbon skeleton, which was converted into lysergic acid in several steps.

Lysergic acid

Figure 5.28: Intramolecular Diels—Alder reaction of an aryne for the preparation of lysergic acid [32].

5.3.1.3 [2+2] Cycloadditions
Arynes can undergo [2+2] cycloadditions. For example, arynes can dimerize to form
the corresponding o-biphenylenes (Figure 5.29) [33].

J -0 — O

Figure 5.29: [2+2] dimerization of benzyne to form biphenylene.

Arynes are also known to undergo [2+2] cycloadditions with electron-rich alkenes
to produce benzocyclobutenes, which are useful intermediates for further transfor-
mation (e.g., by ring-opening reactions). For example, benzynes generated by
treatment of bromobenzenes with sodium amide undergo [2+2] cycloaddition with
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1,1-dimethoxyethylene to produce the corresponding dimethoxy benzocyclobu-
tenes (Figure 5.30) [34, 35]. In the examples below, where the benzynes formed are
substituted, there is the potential for the formation of more than one regioisomer.
The formation of the observed products can be rationalized by considering the di-
methoxyalkene as a nucleophile, where there is at least some polar character to
the reaction. Indeed, one could draw the reaction as a polar mechanism with nu-
cleophilic attack followed by intramolecular trapping of the aryl anion intermedi-
ate. Regardless of whether the mechanism is a concerted reaction or a stepwise
polar reaction, the regiochemistry is governed by the stabilization of developing
partial negative charge during the reaction, similar to the discussion of regiochem-
istry of benzyne reactions in Section 5.2.1.

Br HaCO OCH3 .
_NaNH, OCHg
| OCHs
Br
H co OCH

Br N 3 3 OCH3 OCH,

NaNH, © _ NaNH; _ OCH;

THF OCHs

Br

Br

Figure 5.30: Examples of [2+2] cycloadditions of arynes with electron-rich alkenes.

Arynes have been shown to undergo [2+2] cycloaddition reactions with enamines.
For example, benzyne generated from the o-fluorophenylmagnesium bromide reacts
with the cyclohexyl enamine shown to give a mixture of products (Figure 5.31) [36].

CN O O

: ) ) "
& o] — ab ¢

Figure 5.31: Reaction of benzyne with an enamine [36].

The first product is the result of an apparent [2+2] cycloaddition, while the second
product could result from an ene reaction. Alternatively, these products could result
from a polar mechanism involving nucleophilic addition of the enamine. The polar
mechanism and concerted cycloaddition reaction mechanisms are outlined in Fig-
ure 5.32. Gingrich and coworkers suggest that the [2+2] cycloaddition is not con-
certed, while the formation of the substituted enamine is the result of a concerted
ene reaction [36].
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Figure 5.32: Possible mechanistic pathways the reactions of arynes with enamines.

5.3.1.4 1,3-Dipolar cycloadditions

Arynes can also react in 1,3-dipolar cycloadditions to form five-membered hetero-
cycles. Two examples of 1,3-dipolar cycloadditions to give five-membered benzo-
fused heterocycles are shown in Figure 5.33 [37, 38].

0] (0]

e |0 ——
Bu” ® t-Bu”N\O

Figure 5.33: Examples of 1,3-dipolar cycloadditions of arynes.

The groups of Larock and Yamamoto showed that 1,3-dipolar acycloadditions of ben-
zynes with diazo compounds could be used to prepare indazoles and N-arylindazoles
(Figure 5.34) [39, 40]. The aryne was generated from the o-trimethylsilyl aryl triflate
in the presence of fluoride and could react with a variety of diazo compounds.
Interestingly, the either of the products could be favored depending on the reac-
tion conditions: when TBAF or KF/18-crown-6 was used as the fluoride source in
THF, the indazole was favored, while the use of CsF in acetonitrile favored the N-aryl-
indazoles. The mechanism of the reaction consists of the 1,3-dipolar cycloaddition,
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R R
™S RCHN,
N N
©j _— N + N
oTf CsF in CH,CN N N
or H Ph

TBAF in THF

Figure 5.34: Formation of indazoles by 1,3-dipolar cycloaddition of diazo compounds with an aryne.

followed by a hydrogen shift. Under conditions where there is a high concentra-
tion of benzyne, the initial indazole product can react with a second equivalent of
the benzyne in a nucleophilic addition reaction, which upon proton transfer gives
the N-arylindazole (Figure 5.35) [40].

R
™ 4 @/ H_R {
0 - — Oy —— Oy
oTf N N
R C |© R R
\ \ \
N: N N
H

Figure 5.35: Mechanism of indazole formation.

Larock and coworkers showed that this type of reaction could be applied for the
synthesis of benzotriazoles by reacting arynes with organic azides [41]. Again, the
arynes were generated under mild conditions from the o-trimethylsilyl aryl triflates
using fluoride and reacted with a variety of azides to form the substituted benzotria-
zoles (Figure 5.36). Zhang and Moses extended this approach by generating the
azide and benzyne in situ in one pot from the corresponding aniline and anthranilic
acid in the presence of t-butyl nitrite and TMSNj [42].

R
TMS RN, CsF N,

N
OTf CH3CN N

Figure 5.36: Formation of benzotriazoles by reaction of arynes with azides [41].
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5.3.2 Reactions of arynes with nucleophiles

Arynes are electrophilic and as such are susceptible to attack by nucleophiles. The
result of nucleophilic addition to the aryne is an aryl anion intermediate. Depend-
ing on the reaction, the aryl anion can be quenched with a proton to give simple
nucleophilic addition, can react with an external electrophile to form two new
bonds in a single step (referred to as a multicomponent reaction), or can undergo
an intramolecular reaction with an electrophile (referred to as an insertion reac-
tion). Both multicomponent and insertion reactions are particularly appealing be-
cause they allow the formation of two new bonds in a single step. These three

scenarios are shown in Figure 5.37.
Nu
o @[ nucleophilic addition
/ H
/\e Nu @ Nu
|) Nu~ & &—— o - 5 multicomponent reaction
© E

VRN NG Nu .
©|) Nue E , insertion reaction
\E o/ E

Figure 5.37: General description of reactions of arynes with nucleophiles.

5.3.2.1 Nucleophilic addition reactions

We have already seen that arynes formed by elimination of H-X react with nucleo-
philes such as sodium amide, resulting in an overall nucleophilic substitution. In
these reactions, the nucleophilic attack on the aryne generates an aryl anion inter-
mediate that is quenched with a proton. Because of the potential for formation of
different regioisomers and the availability of other synthetic methods, intermolecu-
lar nucleophilic addition to arynes are not that widely used. However, the nucleo-
philic addition to arynes has been used as a strategy for intramolecular cyclizations
in the synthesis of polycyclic natural products [6]. There are numerous examples of
this strategy in natural products synthesis, so here we will consider only a few rep-
resentative examples.

One of the earliest examples of the use of nucleophilic additions to arynes in
the synthesis of natural products was Kametani’s synthesis of cryptaustoline and
cryptowoline [43]. A key step in the synthesis involved an intramolecular nucleo-
philic addition of an amine onto a benzyne that was generated by elimination of
HBr using NaNH, (Figure 5.38).
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Figure 5.38: Intramolecular nucleophilic addition to a benzyne during the synthesis of
cryptaustoline and cryptowoline [43].

In a more recent example, Sanz et al. made use of an aryllithium nucleophile
that was generated by lithium-halogen exchange for the synthesis of trisphaeri-
dine and N-methylcrinasiadine [44]. The approach is illustrated for the prepara-
tion of N-methylcrinasiadine in Figure 5.39. The starting material shown is treated
with 3.5 equivalents of ¢-butyllithium, which results in benzyne formation by elim-
ination of HF, as well as concomitant lithium—-halogen exchange to generate the
aryllithium nucleophile. Nucleophilic attack leads to cyclization, and quenching
with methanol protonates the resulting aryl anion. Finally, oxidation in air leads
to the formation of the target natural product.

’j
= .
Br t-BuLi ©\qu
N
3 CHj3

L
’}‘ 3.5eq.
CH
O 0
o—/

o—/

air

CH3;0H oxidation

(L

Figure 5.39: Synthetic approach to N-methylcrinasiadine [44].

As another example, Garg and coworkers used an intramolecular nucleophilic addi-
tion of an enolate onto an indolyne as part of their synthesis of welwitindolinone
alkaloids (Figure 5.40) [45]. In the presence of sodium amide, the indolyne is
formed, as well as the enolate. The enolate then acts as the nucleophile in an intra-
molecular attack on the indolyne, which is followed by protonation of the aryl
anion. In this reaction, attack by the enolate oxygen is also observed as a minor
product.
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Figure 5.40: Intramolecular nucleophilic addition to an indolyne [45].

5.3.2.2 Multicomponent reactions of arynes

We have seen that nucleophilic addition to an aryne produces an aryl anion interme-
diate. In the examples we have examined thus far, the aryl anion is trapped with a
proton. However, if an electrophile is also present, the aryl anion can be trapped, ul-
timately introducing two substituents in one step (Figure 5.41). Because the reaction
involved at least three species (aryne, nucleophile, and electrophile), it is often re-
ferred to as a multicomponent reaction. The reaction presents an attractive approach
for the preparation of o-disubstituted benzenes. The scope of the nucleophile is fairly
broad, including amines, imines, N-heteroaromatics, phosphines, and isocyanides.
The electrophile is often a carbonyl compound such as an aldehyde or ketone.

|,/—@NU ©/Nu E@ @iNu
D o/ E

Figure 5.41: General concept of a multicomponent reaction of an aryne.

A multicomponent aryne reaction was used as part of Barrett’s synthesis of ent-
clavilactone B [46]. In this reaction, an aryne was generated by elimination of HF
using butyllithium, which was reacted with a Grignard reagent, and the intermediate
reaction with an aldehyde electrophile, resulting in the formation of two aryl-carbon
bonds in one step (Figure 5.42).

OMe
QMe 1. n-BuLi, THF R)LH OMe

2 R
OMe OMe OMe OH

Figure 5.42: A multicomponent aryne reaction as part of the synthesis of ent-clavilactone B [46].
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An interesting variation on the typical multicomponent reaction of arynes was
reported by Biju and coworkers, who demonstrated a multicomponent reaction of a
benzyne with a tertiary aniline nucleophile and aldehyde or ketone electrophile can
be followed by an aryl migration similar to a Smiles rearrangement (Figure 5.43) [47].

+ | SR+ _— | 1r

oTf THF Z
b g

Figure 5.43: A multicomponent aryne reaction with an aniline and an aldehyde.

R N‘R
.2 KF (2.4 eq.) O 2
©iTMS R1/N X 18-crown-6 (2.4 eq.) 0] S

The proposed mechanism begins with a standard multicomponent aryne reaction
where the aniline nucleophile attacks the benzyne to generate the aryl anion interme-
diate, which reacts with the electrophilic aldehyde to form an oxy-anion intermediate
(Figure 5.44). The oxy-anion then serves as the nucleophile for the Smiles-type rear-
rangement. An interesting feature of this reaction is that it proceeds even in the ab-
sence of electron-withdrawing groups to stabilize the Meisenheimer complex. The
reaction is limited to tertiary anilines; when a secondary amine is used, the multi-
component reaction occurs, but no rearrangement is observed. This observation is at-
tributed to a proton transfer from the ammonium group to the phenolate, essentially
deactivating the nucleophile [47].

0~V O — D —

R
ROR — N
o
(0] (0]
r IO
Figure 5.44: Proposed mechanism of multicomponent reaction with arynes, tertiary amines, and

aldehydes with an amino-group migration [47].

5.3.2.3 Aryne insertion reactions
As described above, aryne insertion reactions essentially result from a reaction of
an aryne with a nucleophile, followed by an intramolecular trapping of the aryl
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anion intermediate. Depending on the reactants, this may also be accompanied by
further changes in bonding.

An early example of a formal o-bond insertion reaction using a benzyne in-
volved the reaction of 2-bromoanisole and diethyl malonate in the presence of so-
dium amide. The product of the reaction was converted into the natural product
melleine in four steps (Figure 5.45) [48].

U NaNH, CO,Et

"

Br EtO OEt then KOH/EtOH CO,H °

OCH,8 work-up OCHjg OH O
25% vyield

melleine

Figure 5.45: Aryne o-bond insertion in the synthesis of melleine [48].

Formally, the reaction can be viewed as an insertion of the benzyne generated from
2-bromoanisole across the bond between the carbonyl carbon and alpha carbon of
diethyl malonate. Mechanistically, it is likely a nucleophilic attack of the enolate of
diethyl malonate, followed by an intramolecular nucleophilic acyl substitution
(Figure 5.46) [48]. The low yield of the reaction can be attributed to the harsh reac-
tion conditions, as well as low regioselectivity of the addition to the benzyne.

EtO._O
/_\Eto EtO

o] o
LN @ e - R, S
Br o © O OEt
EtO (O

OCHj; OCHj3 OCHj, oen
3
EtO,
)%
CO,Et
protonation CO,H
CO,Et and ester hydrolysis
2 OCHj;

OCHj;

Figure 5.46: Mechanism of o-bond insertion with diethyl malonate [48].

Another example of benzyne insertion into the o-bond between a carbonyl car-
bon and the a-carbon is the reaction of benzyne with 2-methylcyclopentanone
(Figure 5.47) [49].

This reaction takes place in the presence of excess base, where one equivalent
is used for benzyne formation, while the second equivalent is used to generate the
enolate. While formally this reaction is viewed an insertion of the benzyne onto
the o0-bond between the carbonyl carbon and the a-carbon, mechanistically it con-
sists of the enolate nucleophile attacking the benzyne to form the aryl anion inter-
mediate, which then serves as the nucleophile for an intramolecular addition onto
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5o - O i o

Figure 5.47: A o-bond insertion reaction of benzyne with 2-methylcyclopentanone [49].

the carbonyl carbon (Figure 5.48). Reformation of the carbonyl n-bond and ring-
opening of the cyclobutene gives the ring-expanded benzylic anion, which is pro-
tonated to yield the major product. The observed minor product is the result of
protonation after the nucleophilic attack of the enolate on the aryne.

it Br NaNH, @o/_\ (O'/\e
é/ +\© THF d@ #@
(protonation)
NH, 0 o
(protonation)
O BE=C0 — M
0

major product minor product

Figure 5.48: Mechanism of o-bond insertion reaction of benzyne with 2-methylcyclopentanone.

This type of formal o-bond insertion is now improved with the use of aryl trime-
thylsilyl triflates that allows the benzynes to be generated under mild conditions
(Figure 5.49) [50].

As another example of a 0-bond insertion reaction involving an aryne, consider
the following synthesis of a substituted anthraquinone (Figure 5.50) [51].

In this reaction, LDA is used to deprotonate both reactants, leading to ben-
zyne formation for one of the reactants and a nucleophilic anion a to the nitrile on
the other (Figure 5.51). The nucleophilic anion adds to the benzyne and the result-
ing aryl anion attacks the ester carbonyl group. Finally, elimination of cyanide
leads to the formation of the anthraquinone. The reaction is a variant of the
Hauser annulation, where the aryne serves in place of a Michael acceptor [52]. The
reaction mechanism highlights two important considerations. The first is that
even though two regioisomeric benzynes could be formed, the benzyne formation
is regioselective, giving only the benzyne adjacent to the methoxy group. This re-
gioselectivity can be explained by the inductive electron-withdrawing effects of
the methoxy group which favor deprotonation in the ortho-position. The second is
that even though the final product does not reflect it clearly, the reaction still
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Figure 5.49: More examples of o-bond insertions from trimethylsilylaryl triflates [50].

3 eq. LDA

OMe O

Figure 5.50: Synthesis of an anthraquinone by o-bond insertion reaction of an aryne.

Cel

Q[?/“ N(PT), @ O ~

OMe - . |) e aNe —
i )

o
L ONGP, OMe
CN
OMeO OMe O

Figure 5.51: Mechanism of anthraquinone formation by aryne o-bond insertion [51].
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proceeds via nucleophilic addition to the benzyne, followed by intramolecular
electrophilic trapping of the resulting aryl anion.

This methodology has been used for the preparation of some anthraquinone
natural products. For example, it has been used for the preparation of rubiadin and
damnacathol [53], we well as the synthesis of mumbaistatin (Figure 5.52) [54].

OMe

o O OMe O OH
Br LDA, THF BBr3
° L,
OMe OMe OH
CN o o}

rubiadin
1. CAN, AcOH
2.48% HBr O OMe
SO0
OH

(e]
m damnacathol
o0.__0O
~° 5 0O OMOM
OMOM
MeO Br LITMP, THF  MeO -
O +
MOMO MOMO
CN o (0]

mumbaistatin

Figure 5.52: Synthetic approach to anthraquinone natural products via aryne insertion.

In an interesting variation on the reaction of nucleophiles with arynes, Greaney and
coworkers reported the application of aryne chemistry in conjunction with the
Truce-Smiles rearrangement (see Section 3.2.6) in order to form biaryls (Figure 5.53)
[55]. This strategy presents a metal-free alternative for the formation of biaryls, in
contrast with the transition metal-catalyzed coupling of organometallic species
with aryl halides (which we will explore in Chapter 6). The overall reaction is
shown below.

Mechanistically, nucleophilic addition of the sulfonamide nitrogen to the ben-
zyne generates an aryl anion, which acts as the nucleophile in the Truce-Smiles
reaction. In this case, collapse of the Meisenheimer intermediate is also accompa-
nied by loss of SO, to yield the amino-substituted biaryl (Figure 5.54) [55].
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Figure 5.53: An example of the Truce-Smiles rearrangement with arynes [55].
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Figure 5.54: Proposed mechanism of the aryne Truce-Smiles rearrangement [55].

5.3.3 Transition metal-mediated reactions of arynes

A number of transition metal complexes with arynes have been reported (see exam-
ples and scope). These reactions suggest that arynes could potentially be involved
in transition metal-mediated reactions.

In 1998, Pefa et al. reported a palladium-catalyzed aryne cyclotrimerization to
form fused polycyclic aromatic systems [56]. Conceptually, this reaction is analogous
to a Vollhardt alkyne cyclotrimerization — a reaction we will explore in Chapter 8
[57]. Using an aryne in the presence of a Pd(0) catalyst such as Pd(PPhs),, they
showed that arynes underwent cyclotrimerization in good yields (Figure 5.55). In the
case of benzyne, triphenylene is produced. This reaction can be conducted with ben-
zynes generated from ortho-dibromobenzenes in the presence of butyllithium, but
better yields were reported when the o-silyl aryl triflates were treated with fluoride.

n-BulLi

Br Pd(PPhs),
@: THF

N \
. | —

OTf/ O
©: CsF

T™S

Pd(PPhs),
CH,CN

Figure 5.55: Palladium-catalyzed benzyne cyclotrimerization to form triphenylene [56].
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The mechanism is thought to be similar to transition metal-catalyzed alkyne cy-
clotrimerization — a reaction we will see in Chapter 8. An overview of the proposed
mechanism is outlined in Figure 5.56. The reaction involves coordination of two
equivalents of the aryne to the palladium catalyst, which is followed by an intramo-
lecular oxidative coupling to form the palladacycle. At this stage, there are two con-
ceivable mechanisms. One plausible mechanism is that the palladacycle undergoes a
cycloaddition with a third equivalent of the aryne, followed by loss of palladium and
rearomatization. Alternatively, a third equivalent of the aryne may coordinate and in-
sert between one of the carbon—-palladium bonds to form a palladacycloheptatriene.
This intermediate can then undergo an electrocyclic ring closing, followed by reduc-
tive removal of palladium to give the triphenylene and regenerate the palladium(0).

Palladium-catalyzed aryne cyclotrimerization has been used extensively for the
preparation of substituted polycyclic aromatic hydrocarbons. We will see more ex-
amples of the applications of aryne cyclotrimerization for the synthesis of PAHs in
Chapters 9-11.

cycloaddltlon

2 —Pd(O)

‘\/\ oxidative
| cycllzat|on
O \ electrocyclic Pd
|nsert|on Pd r|ng closing
Pd

Figure 5.56: Potential mechanism for aryne cyclotrimerization. (Note: ancillary ligands on Pd have
been removed for simplicity.)

The aryne cyclotrimerization was also shown to work in the presence of alkynes in a
co-cyclotrimerization to produce either substituted naphthalenes or substituted phe-
nanthrenes (Figure 5.57) [58, 59]. With five equivalents of dimethyl acetylenedicar-
boxylate, the reaction was found to favor the phenanthrene product when Pd(PPhs),,
was used (84:7 ratio), but favor the naphthalene product when Pd,(dba); was used
(10:83 ratio).

This aryne—alkyne cocyclotrimerization has been applied as a key step in the
total synthesis of taiwanin natural products (Figure 5.58) [60]. In the key step, a
substituted aryne was generated from the trimethylsilyl aryl triflate and reacted
with a diyne to form a substituted naphthalene framework, which was further elab-
orated to prepare taiwanins C and E.
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CO,Me CO,Me

Me0O,C—==—CO,Me
@TMS 2 2 OO CO,Me CO,Me
+ |OO
oTf Pd(0) cat., CsF O CO,Me
CH3CN, r.t. CO,Me

Figure 5.57: Aryne/alkyne co-cyclotrimerization to form phenanthrenes or naphthalenes [58].
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Figure 5.58: Aryne—alkyne co-cyclotrimerization as part of the synthesis of taiwanin natural
products [60].

As another example of a transition metal-catalyzed reaction of arynes, they can
undergo an annulation reaction with an o-halobenzaldehyde in the presence of a palla-
dium catalyst to form substituted fluorenones (Figure 5.59) [61]. The reaction is carried
out using a trimethylsilyl aryl triflate as the aryne precursor and an ortho-bromo- or
iodo-benzaldehyde in the presence of CsF, Pd(dba), and P(o-tolyl); and can produce a
variety of substituted fluorenones in moderate to good yields. One disadvantage of the
reaction is that it uses an excess (five equivalents) of the aryne precursor to achieve
good yields, which limits the utility to simple aryne precursors.

o 5 CsF
_ ~_TMS 5% Pd(dba),
H 0
RiL | + 5 | 5% P(o-tolyl)s
NN Ry S 0T

1:1 CH3CN/toluene

Figure 5.59: Palladium-catalyzed formation of fluorenones from arynes ando-halobenzaldehydes
[61].

The mechanism of the reaction is not established, but Larock and coworkers have
proposed several plausible mechanistic pathways [61]. For the sake of simplicity,
one of the mechanistic pathways is shown in Figure 5.60. The mechanism involves
oxidative addition of the aryl halide to Pd(0), given a Pd(II) intermediate. At this
point, aryne coordination and migratory insertion leads to the formation of the
aryl-aryl bond. Addition of the C-Pd bond across the carbonyl gives the palladium
(I1) alkoxide, which undergoes B-hydride elimination and reductive elimination to
give the fluorenone product and regenerate the Pd(0) species. It is also possible
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Figure 5.60: A plausible mechanistic pathway for formation of fluorenones from arynes and
o-haloaldehydes. (Note: ancillary ligands on Pd are omitted for clarity.)

that the reaction first involves aryne coordination and oxidative insertion first to
form a palladacycle, which then undergoes oxidative addition with the aryl halide
to form a Pd(IV) intermediate. For a discussion of the other mechanistic pathways,
refer to Waldo et al. [61].

In a very similar reaction, arynes react with o-haloamides in the presence of Pd
(OAc), to give substituted phenanthridine derivatives (Figure 5.61) [62]. Despite the
use of a palladium(II) species as the initial catalyst, the reaction mechanism likely
involves palladium(0) generated by in situ reduction of the palladium(II) species.
As with the previous example of the fluorenone synthesis, the mechanism is not
clearly established, and the mechanistic pathways proposed bear close resem-
blance to the previous example [62].

5% Pd(OAC),

O o}
TMS
Q- e BEL Oy

OTf Br CsF, Nach3
toluene/CH3;CN

Figure 5.61: Palladium-catalyzed annulation of arynes and o-haloamides to yield phenanthridines [62].
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5.4 Meta- and para-didehydrobenzenes (m- and p-arynes)

As we have discussed, benzyne is formally an ortho-didehydrobenzene, which is best
represented as having a triple bond between adjacent carbons. It is also possible to
have didehydrobenzenes where the hydrogen atoms are removed from meta- and
para-substitutions. These species are sometimes referred to as m- and p-benzynes, al-
though they are not readily represented as closed-shell species and viewed as diradi-
cal species (Figure 5.62).

Figure 5.62: Representations of m- and p-benzynes.

The 1,4-diradical species is significant because it is implicated in the Bergman cyclo-
aromatization reaction [63]. The Bergman cyclization involves a cis-enediyne, which
upon heating can undergo a rearrangement. This reaction was first shown for the
deuterated enediyne which undergoes scrambling of the deuterium labels upon heat-
ing (Figure 5.63) [64]. It was also shown that in the presence of a hydrogen atom
source such as 1,4-cyclohexadiene, the 1,4-diradical could be trapped to form the cor-
responding benzene ring [63].

D
. 200 deg *__D X D
| . _— l
« D =" D
A Z2
D
H atom source
H H
e.g.
H
D H H
D
H

Figure 5.63: The Bergman cyclization reaction [63, 64].

The Bergman cyclization has not been used widely in synthesis despite its potential
to form substituted benzenes from acyclic precursors. In one noteworthy exception,
it was used to form naphthalenes and anthracenes from the corresponding diethy-
nylbenzenes. Specifically, a Bergman cyclization of 1,2-bis(bromoethynyl)benzenes
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in the presence of 1,4-cyclohexadiene yielded the corresponding dibromonaphtha-
lenes. Subsequent elaborations allowed the naphthalenes to be converted into the
corresponding anthracenes (Figure 5.64) [65].

Br
1,4-cyclohexadiene

R 4 Br
S — O
R %

Br

1,4-cyclohexadiene R
:
R

Figure 5.64: Synthesis of naphthalenes and anthracenes via Bergmann cyclization [65].

7\

The significance of the Bergman cyclization is that it is implicated in the mechanism
of cytotoxicity of a class of antibiotics that contains the enediyne motif. There are sev-
eral natural products that contain an enediyne structure, including the dynemicins
(Figure 5.65), calicheamicins, and esperamicins. The mechanism of cytotoxicity is
thought to involve intercalation of the enediyne moiety into DNA, followed by Berg-
man cyclization to give the 1,4-diradical, which then reacts with DNA and leads to
oxidative damage [66—68].

Dynemicin A Figure 5.65: Dynemicin A — an example of an enediyne
OH O OH natural product.
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6 Transition-metal-mediated C-C bond forming
reactions of aromatic compounds

6.1 Introduction

Carbon-carbon bond forming reactions to aromatic rings, in particular for the forma-
tion of biaryls, have become an indispensable tool for the preparation of substituted
aromatic compounds [1]. Biaryl motifs are commonly seen in a number of active phar-
maceutical ingredients [2] and are also prevalent in the development of materials
such as liquid crystalline compounds. Figure 6.1 shows some examples of com-
pounds containing a biaryl motif and includes examples not only of pharmaceuticals,
but also of liquid crystalline materials of the type that are found in liquid crystal
displays.

HN)\\N | \/\)?\I\Ic:OQH E@_Q:j@
HN i

[N
) g
Glivec — tyrosine kinase Valsartan — angiotensin Telmisartan —angiotensin
inhibitor (anti-cancer) receptor antagonist receptor antagonist
(hypertension treatment) (hypertension treatment)
CN
5CB —_ropm_temperature NCB 807 — liquid
nematic liquid crystal crystalline compound

Figure 6.1: Representative compounds containing biaryls.

In Chapter 3, we saw the formation of biaryls from diazonium salts (the Gomberg—
Bachmann reaction and the Pschorr reaction). This chapter will focus on the prep-
aration of biaryls using metal-mediated reactions, considering homocoupling and
cross-coupling reactions. The chapter will have a particular emphasis on transi-
tion-metal catalyzed reactions for cross-coupling. We will also examine other
closely related metal-mediated carbon—carbon bond forming reactions involving
aromatic compounds.

https://doi.org/10.1515/9783110562682-006
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6.2 Preparation of biaryls via homocoupling
6.2.1 Copper-mediated coupling: the Ullmann reaction

The homocoupling of an aryl halide (usually an aryl iodide or bromide) in the pres-
ence of copper to form a biaryl is referred to as the Ullmann reaction [3]. The initial
conditions for the Ullmann reaction involved stoichiometric copper metal and were
typically carried out at high temperatures in solvents such as DMF. While the mech-
anism of the Ullmann coupling is not clearly established, one proposed mechanism
involves oxidative addition of the aryl halide to copper, disproportionation with an-
other equivalent of copper, followed by another oxidative addition to generate a di-
aryl copper (III) intermediate that undergoes reductive elimination to form biaryl
(Figure 6.2) [4, 5]. As shown, this mechanism requires stoichiometric amounts of
copper, consuming one equivalent for every equivalent of aryl halide.

|
Cu Cu Cu ©/
B ———— ©/ +Cul - o

OX|dat|ve oxidative
addition cu(ll) disproportionation addition
Cu
(j —— O
reductive
u(lln) elimination

Figure 6.2: Proposed mechanism for the copper-mediated Ullmann reaction to form biaryls.

Reactivity of the aryl halide toward Ullmann couplings depends on the nature of the
halogen, with aryl iodides being the most reactive, followed by aryl bromides, and
then aryl chlorides [3]. This trend in reactivity is consistent with the expected trend
based on the relative reactivity toward oxidative addition. The reactivity of the sub-
strate in Ullmann couplings is also highly influenced by substituents, although in un-
usual ways. For example, electron-withdrawing groups such as nitro or carboxylic
ester groups increase reactivity, especially when these groups are ortho to the halogen.
An illustration of the importance of electron-withdrawing groups in the ortho-position
is seen in the coupling of 2,5-dibromonitrobenzene (Figure 6.3). In this reaction, cou-
pling occurs only at the bromo positions ortho to the nitro group, leaving the bromo
meta to the nitro group unreactive [6]. Similar reactions with 2,4-dibromonitrobenzene
show that the reaction is favored at the ortho-position over the para-position.

However, electron-donating groups such as methyl groups and methoxy groups
increase reactivity of the aryl halide, especially when positioned meta or para to
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N02 N02
Cu
o o O
DMF

Figure 6.3: Regioselectivity in the Ullmann reaction of 2,5-dibromonitrobenzene.

the halide. In contrast, phenols, amines, and carboxylic acids prevent the Ullmann
coupling. These substituents may be favoring to competing reactions such as
dehalogenation.

Indeed, one of the most common and problematic side reactions observed in Ull-
mann reactions is dehalogenation [3]. This reaction may be attributed to protonolysis
of the aryl copper intermediate. Mechanistically, it can be viewed as an electrophilic
protonation, followed by loss of copper, analogous to the electrophilic removal of
substituents seen in Section 2.6 (Figure 6.4).

H+
Loa o p :
— e —

Figure 6.4: Proposed mechanism for dehalogenation side products in Ullmann couplings.

The traditional Ullmann coupling is heterogeneous, using copper metal, and often re-
quires high temperatures. Alternative conditions have been developed that make use
of Cu(l) salts instead of copper metal. These reactions take place under homogeneous
conditions at lower temperatures. For example, Cohen and Cristea showed that aryl
halides undergo homocoupling in the presence of copper(I) triflate in aqueous ammo-
nia at room temperature (Figure 6.5) [5]. Similarly, Liebeskind showed that copper(I)
thiophene-2-carboxylate (CuTC) can be used for efficient coupling of aryl halides at
room temperature [7]. It has been proposed that the thiophene-2-carboxylate stabilizes
the product of the oxidative addition via a chelate involving the carboxylate and the
sulfur of the thiophene.

The Ullmann reaction is generally limited to homocoupling for the preparation of
symmetric biaryls. This limitation is significant because many target molecules, in-
cluding biologically active molecules, require dissymmetric biaryls. There are exam-
ples of cross-coupling using the Ullmann reaction, but these generally involve highly
activated (electron-deficient) aryl halides reacting with a nonactivated aryl halide
(usually an aryl iodide like iodobenzene). For example, 2,4-dibromonitrobenzene re-
acts with iodobenzene to produce the cross-coupled biaryl in 55% yield as well as the
homocoupled product in 10% yield (Figure 6.6) 3, 8].
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Cu(l) salt
X ()
conditions
NO, NO,

X=Br |

Conditions A: Cu(OTf), aq. NH3, acetone, r.t.

S
B: UCOZCU(CUTC), NMP

Figure 6.5: Homogeneous Ullmann reactions using Cu(l) salts.

NO, l . NO, NO, Br
u
o - - 0
O o
Br 55% Br O,N

Figure 6.6: An example of an Ullmann cross-coupling [8].

Br

While there are examples of the Ullmann coupling being used to prepare dis-
symmetric biaryls, the structural requirements for effective cross-coupling limit the
scope significantly, and in many cases mixtures of homocoupled and heterocoupled
products are observed. For this reason, the Ullmann coupling is used primarily for
homocoupling reactions and has mostly been supplanted by modern palladium-
catalyzed cross-coupling reactions that we will explore in Section 6.3.

One advantage of the Ullmann coupling is that it is fairly tolerant of substituents
in the ortho-positions, allowing the preparation of highly substituted, sterically hin-
dered biaryls. These reactions will be discussed in more detail in Section 6.6. An
example of the utility of the Ullmann coupling is highlighted in the synthesis of
biphyscion, a bianthraquinone natural product featuring a sterically demanding
tetra-ortho-substituted biaryl bond (Figure 6.7) [9]. The synthesis began with the elec-
trophilic iodination of the aryl ester, giving the desired regioisomer as the major prod-
uct. The Ullmann coupling of the aryl iodide took place with copper—bronze and heat
to give the desired biaryl in good yield. The biaryl was converted to the corresponding
tetrathiophenyl derivative by benzylic deprotonation using LDA and trapping with
(PhS),. Treatment with aqueous trifluoroacetic acid resulted in the thiophenylated
biphthalide. The sulfides were converted to the corresponding sulfones. The sulfone
was deprotonated with lithium ¢-butoxide and reacted with the cyclohexenone to un-
dergo a conjugate addition and condensation to yield the crude hydroanthracene de-
rivative, which underwent oxidation to give the desired anthraquinone. Finally, a
regioselective demethylation with Mg, gave the target compound.
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2 O  CH,
OH O .[ N—l OCH;0 EtO
CH,Cl, | Cu-bronze
OEt o) OEt HsCO OCH;
HaCO CHy 2. o H3CO CHs 210-220°c  HiCO OCH,
1"
HyCO-$-0CH; EtO
0
K,CO4 CH,
SPhb
mCPBA
LDA, (PhS
)2 OCH3 CF3COZH H,0 H,CO ocH, KaCOs
300 OCHj 3CO OCHg CH,Cl,
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‘ CHs H
H4CO OCH, _ “iOtBu
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O 2. AgoCO3, Et;N
o CH,Cl,
3. Mgip, Et,0
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Figure 6.7: Synthesis of biphyscion [9].

6.2.2 Nickel-mediated homocoupling reactions

Nickel-mediated homocoupling of aryl halides was first reported by Semmelhack
and coworkers in 1971, who showed that a variety of aryl halides reacted with
Ni(COD), in DMF (Figure 6.8) [10]. The reaction worked best with aryl bromides and
iodides, and tolerated a variety of electron-donating and electron-withdrawing
groups on the ring, with some limitations. Nitrobenzenes yielded no product, nor
did aryl halides bearing acidic functional groups such as carboxylic acids, alcohols,
and phenols. Despite these limitations, the reaction has an overall broader sub-
strate scope than the Ullmann coupling. One drawback is that the method uses a
stoichiometric amount of an air-sensitive nickel(0) complex, such as Ni(COD), or
Ni(PPhs),.

The reaction is often carried out in the presence of other ligands, such as PPh; or
2,2’bipyridine (bpy), which presumably form a more active metal complex in situ. For
example, with one equivalent of bpy, the Ni(COD), reacts forms Ni(COD)(bpy), which
serves as the reagent in for the aryl-aryl coupling.
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Ni(COD),
e OO
DMF

X = CH3, COCHj3, OCH3, CN yields: 60-90%

Figure 6.8: Nickel(0)-mediated homocoupling of aryl halides to form biaryls.

The mechanism of the reaction is thought to proceed as outlined in Figure 6.9 [11].
The Ni(COD)(bpy) complex undergoes oxidative addition with the aryl bromide to
form a nickel(I) intermediate. Then, two equivalents of this intermediate undergo a
disproportionation to yield Ni(bpy)Br, and Ni(bpy)Ar,, which are both nickel(II) spe-
cies. The latter diaryl complex undergoes reductive elimination to regenerate a nickel
(0) species and form the biaryl. Despite the fact that a nickel(0) species is regenerated
at the end of this sequence, one equivalent of Ni(bpy)Br, is also produced, meaning
that a stoichiometric amount of nickel(0) complex is needed.

Br o
oxidative
) addition )
+ Ni(COD)(bpy) —— (bpy)Ni_
Br
disproportionation Br
2eq. (bpy)Nil _— (bpy)Ni_ +  (bpy)Ni

.
) - D

reductive

Q elimination
(bpy)Ni - = Ni(COD)(bpy)

Figure 6.9: Proposed mechanism for the nickel(0)-mediated homocoupling of biaryls [11].

Subsequently, Kende and coworkers showed that the reaction could be performed
using air-stable nickel(II) salts in the presence of a reducing agent, generating the
active Ni(0) species in situ [12]. Specifically, they used bis(triphenylphosphine)nickel
(I1) dichloride with zinc metal and triphenylphosphine to generate tris(triphenylphos-
phine)nickel(0), which is thought to be the catalytically active species. This reaction
avoids the use of air-sensitive nickel complexes, but still makes use of a stoichiomet-
ric amount of both the nickel complex and the zinc.
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The nickel(0)-mediated homocoupling of aryl halides has been successfully ap-
plied to the synthesis of conjugated polymers, including polythiophenes and poly-
phenylenes when aryl dihalides are used (Figure 6.10) [13].

Ni(COD),
bpy A
I\
BF/Q\BF DMF s I,
Ni(COD),

bpy
Br—@Br
DMF N

Figure 6.10: Preparation of conjugated polymers via nickel-mediated homocoupling.

Yamamoto also showed that ortho-dibromoarenes could undergo homocoupling to
produce cyclic oligomers such as triphenylene and tetrathiophene (Figure 6.11) [14].
This nickel-mediated coupling to prepare polymers and cyclic oligomers is often re-
ferred to as the Yamamoto coupling. Later, we will see examples of how this reaction
has been used to prepare polycyclic aromatic hydrocarbons.

Ni(COD), ‘
O )
Br DMF ‘

Br Ni(COD),

Br DMF

Figure 6.11: Preparation of triphenylene and tetrathiophene via nickel-mediated coupling
of ortho-dibromoarenes [14].

The disadvantage of these nickel reactions is the need for a stoichiometric amount an
air-sensitive nickel(0) complex. As we saw above, in some cases, an air-stable Ni(II)
complex has been used in the presence of a stoichiometric reductant such as Zn to
generate the nickel(0) species in situ. However, this reaction has usually been carried
out with a stoichiometric amount of the nickel complex. In principle, this could be
carried out with a catalytic amount of the nickel complex. Indeed, there are a few
examples where nickel-catalyzed homocoupling of aryl halides have been carried out
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to prepare conjugated polymers [15, 16]. In these reactions, dibromoarenes were cou-
pled to form polymers using catalytic NiCl, in the presence of bipyridine, triphenyl-
phosphine, and an excess of zinc as the stoichiometric reductant. However, these
methods have not been developed extensively.

6.2.3 Oxidative coupling reactions

Electron-rich aromatic compounds can undergo a dehydrogenative coupling reac-
tion in the presence of oxidants such as FeCls, copper(Il) salts, as well as other oxi-
dants [17, 18]. In general, the mechanism is thought to proceed via a radical cation
as outlined in Figure 6.12, although in some cases, an arenium cation may be impli-
cated as an intermediate. The radical pathways involve a one-electron oxidation of
the electron-rich aromatic ring, followed by C-C bond formation with another mole-
cule. A second one-electron oxidation yields a dication, which upon deprotonation
at each ring gives the biaryl. Overall, the reaction consists of the formation of an

aryl-aryl bond and the formal loss of hydrogen [19].
-e H
EDG@ EDG‘H H@EDG EDG"EDG
) D

-e H 2 H
ooy (e~ e ) e

H

Figure 6.12: Radical mechanism for oxidative coupling [19].

For example, reaction of 1,4-dimethoxybenzenes with FeCl; yields the corresponding
biphenyls in modest to good yield (Figure 6.13) [20]. Interestingly, the reaction with
1,4-dialkoxybenzene gives a lower yield of the biphenyl product than the brominated
analog, likely because the dialkoxybenzene undergoes further coupling to produce
oligomers or polymers, while the bromo substituents block further reaction.

H;CO H3CO  H3COQO
1. FeCly, CH,Cl,
2. MeOH
OCH; OCH; OCHjg
X =H, Br

Figure 6.13: Representative example of an oxidative coupling to form biphenyl [20].
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In the previous example, we saw that the oxidative coupling of 1,4-dimethoxy-
benzene showed low yields because it could react further to form oligomers and
polymers. Indeed, the possibility of polymerization has been exploited to prepare
polymers from electron-rich heteroaromatic monomers such as thiophenes [21]. For
example, 3-alkyl thiophenes form the corresponding poly(3-alkylthiophenes) upon
treatment with FeCls.

Oxidative couplings to form biaryls is also successful for hindered substrates
such as 2-naphthol, which forms the corresponding 2,2’-binaphthol in the presence
of FeCl; or CuCl, (Figure 6.14). These can also be carried out using K;[Fe(CN)¢] or in
the solid state with FeCl; - 6H,0 [22]. These types of binaphthyls are of interest as
chiral ligands for asymmetric synthesis, which will be explored in more detail in

Section 6.6.
e, L,
or
o 99

Figure 6.14: Synthesis of 2,2’-binaphthol via oxidative coupling.

Oxidative coupling has also been used in an intramolecular fashion to carry out cy-
clization reactions. These reactions have been used extensively to prepare polycy-
clic aromatic hydrocarbons using oxidants such as FeCls. These reactions will be
explored in more detail in Chapter 9.

6.3 Preparation of biaryls via cross-coupling reactions
6.3.1 Metal-catalyzed cross-coupling

While homocoupling methods are effective for preparing symmetric biaryls, the
coupling of two different aromatic compounds to make dissymmetric biaryls is
much more versatile, providing access to a much greater diversity of compounds.
Most of these cross-coupling reactions are catalyzed by palladium complexes, al-
though in some cases nickel complexes are used as catalysts. They involve an aryl
halide or triflate as well as and organometallic species (such as organoboron, orga-
notin, or Grignard reagent). These cross-coupling reactions are not restricted to cou-
pling to aromatic rings, but can also be used to couple aryl compounds with other
unsaturated systems such as vinyl groups (Figure 6.15) [23-25].

Although the reaction conditions vary widely in terms of the reagents and cata-
lysts used, they all proceed by the same general mechanism (Figure 6.16) [26]. The
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Pd(0) catalyst
O w() o
/
/=
rx O

X =Cl, Br, |, OTf M = B(OR),, ZnX,
MgX, SnRj....

Figure 6.15: General scheme of a palladium-catalyzed cross-coupling.

active catalyst is a 14-electron Pd(0) species, which is generated from the correspond-
ing 18-electron Pd(0) complex by ligand dissociation. The highly reactive 14-electron
complex undergoes oxidative addition with the aryl halide to form a Pd(II) complex.
This species then reacts with the organometallic reagent, undergoing a transmetalla-
tion, where the other aryl group of the organometallic reagent is transferred to the
palladium. This species then undergoes a reductive elimination to form the aryl-aryl
bond and regenerate the active Pd(0) catalyst.

PdL4
Ligand
Dissociation
e
(14e) Oxidative
Pd(0) Addition
Reductive
Elimination
e
(16e) /Pd\
Pd(l) L X

L/
Transmetallation

e
Pd@

(16€)

Pd(Il) 'V"@

Figure 6.16: General mechanism of palladium-catalyzed cross-coupling.

Pd(0) complexes that are needed for these cross-coupling reactions are prone to oxi-
dation, making them somewhat air sensitive. Because of this, some care is needed
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when handling these catalysts. Cross-coupling reactions are usually carried out
under inert atmosphere and make use of degassed solvents. Some of the most com-
mon palladium complexes used for these cross-coupling reactions are Pd(PPhs), or
Pd,(dba)s. The former complex is air and light sensitive, so longer term storage under
inert atmosphere in the dark is needed.

It is also possible to generate a Pd(0) catalyst in situ by reduction of a Pd(II) com-
plex. This approach has the advantage that the PA(II) complexes are air stable, mak-
ing them easier to handle and store. For example, the necessary palladium(0) species
can be generated from Pd(OAc), in the presence of a phosphine such as triphenyl-
phosphine [27, 28]. As shown in Figure 6.17, ligand coordination of triphenylphos-
phine to Pd(OAc), is followed by a reductive elimination of PPh; and acetate. The
resulting Pd(0) can undergo ligand exchange and dissociation to give the catalyti-
cally active species. At the same time, the triphenylphosphine-acetate adduct can
react with acetate anions to give acetic anhydride and triphenylphosphine oxide, or
if it reacts with water, will give acetic acid and triphenylphosphine oxide.

ligand re_du_ctiv_e o pph
PP, + Pd(OAS), coordination AcO: d/\PPhS elimination ACO—Pd—PPhs 3 PhyP-Pd-PPh,
th%go 1)
le) . OAc
)?\m,%Pm Acz0
) o PPh;PO
AcOe

Figure 6.17: In situ reduction of Pd(OAc), [27, 28].

Similarly, Pd(PPhs),Cl, can lead to the formation of a Pd(0) species in situ in the
presence of trimethylamine. The palladium complex can undergo ligand exchange
with the amine, which is followed by a pB-hydride elimination, followed by a reduc-
tive elimination of HCl to give the Pd(0) complex (Figure 6.18) [29].

ligand H B-hydride reductive
exchange ® iminati elimination
EtsN + PdL,Xy — & N-PdLex elimination iy s TEPR | paL,| + HX
Et” Et
S}
X

Figure 6.18: In situ reduction of Pd(PPhs),Cl,.

The reactivity of the palladium catalyst is highly influenced by the ligands used. As
such, considerable effort has been devoted to the synthesis of new ligands and their
corresponding complexes in order to produce highly active catalysts for cross-coupling
[30]. The design of ligands to produce catalysts with high reactivity generally focuses
on preparing electron-rich ligands that are bulky and sterically demanding. Electron-
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rich ligands promote oxidative addition, while sterically bulky ligands promote ligand
dissociation to form coordinatively unsaturated catalytically active species. These li-
gands are often phosphines or N-heterocyclic carbenes. Figure 6.19 shows some repre-
sentative ligands that are used for transition metal-catalyzed reactions. These ligands
can be used to carry out coupling reactions with unreactive substrates such as aryl
chlorides, or sterically demanding substrates.

O PC O PCy R R
Ph Ph N
O O Ph@Ph R R
h

-Pr P
S-Phos X-Phos Q-Phos NHC ligands

Figure 6.19: Some representative ligands used to form highly active catalysts for aryl coupling
reactions.

6.3.1.1 Ar—X cross-coupling precursors

A common reactant of the cross-coupling reactions to form aryl-aryl bonds is an
aryl halide or triflate. The reactivity of the aryl halides depends on their propensity
to undergo oxidative addition. Overall, aryl iodides are the most reactive and aryl
chlorides are least reactive, with aryl bromides and triflates displaying intermediate
reactivity (Figure 6.20). Aryl fluorides, on the other hand, are unreactive. There are
several other leaving groups that have been used in cross-coupling reactions, in-
cluding phosphates [31] and sulfonates [32]. However, halogens and triflates remain
the most widely used, in part because they are readily prepared. Chlorides are sig-
nificantly less reactive than the other halides. However, effective coupling using
aryl chlorides has been achieved using palladium catalysts with highly activating
ligands such as hindered phosphines [33-35].

| Br OTf Cl
Figure 6.20: Overall reactivity trend for aryl halides (and pseudo-halides) in cross-coupling
reactions.

Since the cross-coupling reactions all make use of aryl halides or triflates, it seems
pertinent to review some of the approaches for preparing these cross-coupling precur-
sors. Figure 6.21 shows some of the approaches we have seen for the preparation of
aryl halides, including electrophilic halogenation (Section 2.3.4), formation via the di-
azonium salt (Section 3.6), bromo- or iodo-desilylation (Section 2.6.2), or halogenation
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of an aryllithium species (Section 4.1). Aryl triflates are readily prepared from the cor-
responding phenol by treatment with triflic anhydride.

Br, Br
- ©/ Electrophilic aromatic substitution

NHz 1. NaN02 HCl Br Halogenation of an aryl diaznoium salt
2 CuBr

Br
—> ©/ Ipso-halodesilylation
Li Br2 orlyoriCl Br I
or ©/ Trapping an aryllithium with Br, or I,

OH oTf Q
©/ Tr20. EtaN Tf= —8—-CF, Conversion of a phenol to an aryl triflate
I

(0]

Figure 6.21: Summary of synthetic approaches to aryl halides and triflates used in cross-coupling
reactions.

6.3.1.2 Suzuki-Miyaura cross-coupling (aryl boronic acids or boronate esters)

The palladium catalyzed cross-coupling of an aryl halide with an aryl boron species
is referred to as the Suzuki-Miyaura coupling [36, 37]. The reaction typically involves
an aryl boronic acid as the cross-coupling partner, although aryl boronates and other
types of boron reagents can be used. Suzuki—-Miyaura cross-coupling reactions are
among the most broadly used cross-coupling methods because the boronic acids are
isolable and air stable, and because the reaction is compatible with water, so rigorous
exclusion of moisture is not necessary. Boronic acids and boronates themselves are
not very reactive, so the Suzuki coupling requires the presence of water and a base to
activate them toward transmetallation. Studies have suggested that the base in the
presence of water produces hydroxide, which reacts with the palladium intermediate
that results from oxidative addition to form a palladium hydroxide intermediate,
which more reactive to transmetallation (Figure 6.22) [38]. The hydroxide may also
play a role in promoting reductive elimination. Hydroxide can also add to the boronic
acid to form an anionic ArB(OH);™ species, which is less reactive than the correspond-
ing boronic acid. So, the role of the base is somewhat complex, having both a positive
effect on reactivity as well as an antagonistic effect.

Aryl boronic acids are the most common aryl boron species used for Suzuki
couplings. They are usually prepared by reacting the corresponding organollithium
species (prepared either by deprotonation or via lithium—-halogen exchange — see
Section 4.1) with B(OCH;); or B(OiPr);. Aryl boronate esters such as the pinacol
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IT © IT IT Ar—Ar'
Ar-Fd=X + OH Ar-Pd—OH Ar-Pd—Ar —————=
|
- L L PdL,
Ar'—B(OH),
ligand substitution transmetallation reductive elimination

Figure 6.22: Proposed mechanism for the role of the base in Suzuki couplings.

boronate also react readily via a Suzuki coupling, although they are slightly less
reactive than the corresponding boronic acid. One approach for preparing an aryl
boronate ester is by reacting the boronic acid with pinacol in the presence of a de-
hydrating reagent (Figure 6.23). We will see other methods for preparing arylboro-
nate esters in Chapter 7. The pinacol boronate ester has the advantage that it can be
more readily purified by column chromatrography than the acid. The pinacol ester
can be cleaved under aqueous acidic conditions or oxidatively with sodium period-
ate (NalO,) [39, 40].

HO  OH

; { 0
{ H-siomy, _ B
Dehydrating reagent (0]

(e.g. MgSOy,)

Figure 6.23: Preparation of pinacol boronate esters from the corresponding boronic acids.

More recently, other types of organoboron cross-coupling precursors have been de-
veloped. One particularly noteworthy example is potassium aryl trifluoroborate,
which can be produced readily by reaction of potassium hydrogen fluoride (KHF,)
with organoboron species such as dihaloboranes, boronic acids, or boronate esters
(Figure 6.24) [41-43].

2 KHF, Ie) ®
QBXZ QBFg K + 2 HX + KF

X= OH, OR, halogen

Figure 6.24: Preparation of potassium aryl trifluoroborate for Suzuki couplings.

Potassium aryl trifluoroborates can be prepared on a large scale, and are air-stable
solids. They are less prone to protodeborylation and exhibit higher reactivity than
the corresponding boronic acids.

For an example of the use of the Suzuki coupling to prepare active pharmaceu-
tical ingredients, let us consider the synthesis of losartan, a nonpeptide angiotensin
IT receptor antagonist used to control hypertension. A key step in the synthesis is
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the coupling of phenyl tetrazole with a benzyl imidazole derivative to form the
biaryl bond (Figure 6.25) [44]. Phenyltetrazole was first protected with a trityl
group, which was followed by directed ortho metalation (DoM, see Chapter 4) with
butyllithium. The aryllithium was trapped with triisopropyl borate, followed by
aqueous work up to give the boronic acid. This boronic acid was then subjected to
Suzuki coupling with the aryl bromide shown, in the presence of Pd(OAc),, PPhs,
and K,CO; in THF/water/dimethoxymethane, giving the desired biaryl in good
yield. Finally, removal of the trityl protecting group gave losartan.

CPhs CPhy N

h—NH NN N-N
N _N N _N 1. n-BulLi [
Z 1. PhsCCl, EtsN Z 2. B(OIPr)s N__N Br

2. EtzN-HCI
B(OH
3. IPA/NH4CI/H,0 (OH) Pd(OAc),, PPh,
K,CO3
THF/ H,O/DME

Figure 6.25: Synthesis of losartan [44].

Suzuki cross-coupling reactions have also been used for the preparation of natural
products featuring biaryl linkages. For an example, we will consider the preparation
of the naturally occurring fluorenone derivative dengibsinin (Figure 6.26) [45]. This
synthesis makes use of directed ortho metalation (DoM), cross-coupling, and directed
remote metalation (DreM) to prepare the fluorenone natural product. The boronate
ester was prepared by directed ortho-metalation of the meta-isopropoxybenzamide de-
rivative followed by trapping with tributylborate. A Suzuki coupling with the aryl io-
dide gave the corresponding biaryl. Following this, treatment with LDA led to directed
remote metalation to yield the fluorenone. Selective cleavage of the isopropoxy pro-
tecting groups using BCl; gave dengibsinin.

6.3.1.3 Negishi cross-coupling (organozinc)

The metal-catalyzed cross-coupling of an aryl zinc species with an aryl halide is re-
ferred to as the Negishi coupling (Figure 6.27) [46, 47]. Palladium catalysts are usu-
ally used, although the reaction can also be catalyzed by nickel complexes [48].
The aryl zinc species is generated in situ, typically by reaction of an aryllithium
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HsCO
1. s-BuLiTMEDA Pr—g O
P
THF, -78°C OCH, O CONEt,
[N ’Pr\o CONEt,  PdCly(dppf) HsCO
) CONEt; 2. B(OBuU), 2

' B(OBu K3POy, ; O
3.aq. NH,CI (OBu), DMF Prsg
O OCHj3
_25eq.LDA Prso BCl3 HO

CO
THF Ha CH,Cl, O
lPr\ HO

OCH,4 OCH;,

Figure 6.26: Synthesis of dengibsinin [45].

species with ZnCl,. One of the drawbacks of this reaction is that the aryl zinc species
is moisture sensitive. Consequently, it is not used as often as Suzuki couplings.

1. n-BuLi

2.ZnCl, Pd(PPh3)s
QBr ZnCl R
THF BrOR

THF

Figure 6.27: The Negishi coupling.

Despite the drawback of the Negishi coupling, it has been used in the large scale syn-
thesis of pharmaceutically active compounds. For example, the biaryl in Figure 6.28
is a nonsteroidal ligand for glucocorticoid receptors developed by Abbott, and its syn-
thesis made involved a Negishi coupling [49]. The aryl zinc reactant was generated
in situ by deprotonation, followed by treatment with ZnCl,. Subsequent addition of
the aryl bromide and palladium catalyst then gave the substituted biphenyl, which
was further elaborated to prepare the desired compound.

6.3.1.4 Stille cross—coupling (organotin)

The Stille coupling is a palladium-catalyzed cross-coupling involving an aryl stan-
nane as the organometallic agent and an aryl halide (Figure 6.29) [50, 51]. Unlike the
Suzuki cross-coupling, no base is needed to activate the organometallic reagent.

The aryl stannane is typically prepared from the corresponding aryllithium spe-
cies by reaction with tributyltin chloride. The aryl stananne has the advantage that it
is isolable and readily purified by column chromatography. The Stille coupling has
the distinct disadvantage that it the organotin species are highly toxic. Consequently,
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OCH,4

Br
OCH,4 . OCHjy j©\ CO,CH;
©/ 1. n-BulLi ©: H3COzC NO2

2. solid ZnCl, ZnCl PdCIy(PPhs), OCHj, O
OCH, OCH, THF Nz

Figure 6.28: Synthesis of a glucocorticoid receptor target [49].

Pd(PPhs),
SnBuz; + Br R — R

Figure 6.29: The Stille coupling of an aryltin reagent with an aryl halide.

it is not as widely used as some of the other cross-coupling methods. Nevertheless, it
has found use in the synthesis of biaryls and is particularly effective for the coupling
of thiophenes.

Because of the toxicity of organotin reagents, the Stille coupling has not been used
much for the synthesis of pharmaceuticals. There are nonetheless some examples
where Stille coupling have proven more effective than other cross-coupling methods.
For example, it was used in the large scale synthesis of an imidazole—thienopyridine
which was being investigated as a potential antitumor agent by researchers at Pfizer
(Figure 6.30) [52]. The chloro-substituted thienopyridine was first iodinated by lithia-
tion and trapping with iodine. The product was then reacted with tributylstannyl imid-
azole in the presence of Pd(PPhs), in a Stille coupling to form the imidazole—thiophene
bond. Finally, nucleophilic aromatic substitution at the chloropyridine using an amino-
indole gave the target compound.

As an example of the use of the Stille coupling for installing a vinyl group, let
us consider the synthesis of defucogilvocarin V (Figure 6.31) [53]. Defucogilvocarin
V is the aglycone of the corresponding gilvocarin, a natural product isolated from
Streptomyces that displays cytotoxic activity. The synthesis also features directed
metalation chemistry and a Suzuki coupling. The synthesis begins by metalation of
the substituted naphthalene ortho to the carbamate DMG, followed by trapping
with iodine to give the aryl iodide. Following this, a Suzuki coupling with the bo-
ronic acid gave the biaryl in good yield. Treatment of this biaryl with LDA resulted
in directed remote metalation, followed by an anionic Fries rearrangement and cy-
clization to give the lactone. Under these reaction conditions, the MOM protecting
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N
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Figure 6.30: Synthesis of an antitumor agent via a Stille coupling [52].

group was cleaved, allowing the phenol to be converted into the corresponding tri-
flate. At this point, a Stille coupling with vinyltributyltin using a palladium catalyst
installed the vinyl group. Finally, selective deprotection of the isopropyl group gave
the target defucoglivocarin V.

it g 1
(HO),B OMOM OMOM

0~ “NEt 0~ “NEt Et,N” SO

2 1. s-BuLi/TMEDA | 2 2 O
OO = OO e OO

2.1, Pd catalyst OCH3
Ba(OH
OiPr OCH4 OiPr OCH;Z a(oH), OPr OCHj4
0 0

OH
(6] o oTf - SnBug
1. LDA, THF Tf,0

2. AcOH OO OCH;  Et3N, CH,Cly OO OCH, E’i%zl(dba)s

i 2-furyl)sP
OiPr OCH, OPr OCHs §\,,\,,py>3

[0}

(@) X [e] X
O™ 0
defucogilvocarin V
OCHj, OCHj

OiPr OCH, OH OCH,

Figure 6.31: The synthesis of defucogilvocarin V [53].

6.3.1.5 The Hiyama cross-coupling (organosilanes)
An alternative to the use of toxic organostannanes is the use of organosilanes. This re-
action is referred to as the Hiyama coupling [54]. Silanes are relatively unreactive to
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transmetallation, but when they are activated by the addition of fluoride to form a pen-
tacoordinate silyl anion, they will undergo transmetallation readily. As such, the reac-
tion is typically carried out with an aryl halide, an organosilane, and fluoride in the
presence of a palladium catalyst. For example, Hiyama’s original report showed that a
variety of aryl iodides, vinyl iodides, or vinyl bromides reacted with vinyl or alkynyl
silanes with catalytic allylpalladium chloride dimer and tris(dimethylamino)sulfonium
difluorotrimethylsilicate as the fluoride source (Figure 6.32) [54]. Based on the role of
fluoride in increasing reactivity of the organosilanes, Denmark used a silyloxide anion
instead of a silane, eliminating the need for fluoride [55, 56]. This modification is often
referred to as the Hiyama—Denmark reaction.

ji(CH3)3 (n®-C3HsPdCl), Y N7 \ F
R ! * Z R@ 5© i
<:> TASF S-S //S'@F

THF, HMPA N

Figure 6.32: Representative example of the Hiyama coupling.

6.3.1.6 Kumada-Corriu cross-coupling (Grignard reagents)

The Kumada-Corriu coupling is the nickel- or palladium-catalyzed reaction of a
Grignard reagent with an aryl halide to form a new aryl carbon bond [57, 58]. The
reaction can be used to prepare biaryls, but can also be extended to other Grignard
reagents to allow alkyl or alkenyl groups to be coupled to aryl rings. The ability to
couple saturated hydrocarbons to aromatic rings is an advantage because several
other cross-coupling methods are not readily amenable to using saturated systems due
to competing B-hydride elimination reactions. A disadvantage of the Kumada—-Corriu
reaction is the reactivity of the Grignard reagents, which limits the functional group
tolerance of the reaction. For this reason, it is not used as widely as other cross-
coupling reactions such as the Suzuki—Miyaura cross-coupling.

The Kumada coupling has been used on a large scale for the preparation of ac-
tive pharmaceutical ingredients. For example, it was used for the kilogram-scale
preparation of the substituted phenyl pyridine and an analogous phenyl thiazole
(Figure 6.33), which were used as intermediates in the synthesis of candidates for
HIV protease inhibitors [59]. In both cases, the reaction was carried out with the
phenyl Grignard reagent and the bromo-substituted heteroaromatic in the presence
of a nickel catalyst.
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MgBr 1.NiCl,(dppp) B
X THF, rt. Z
o N
O =
</ Br N 2. 2M HCI OHC
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N \ '\f/\>
or /l/> or /©/‘\S
Br~ S
OHC

Figure 6.33: Examples of biaryl synthesis via Kumada coupling [59].

6.4 Other coupling reactions
6.4.1 The Heck reaction

Aryl halides and triflates also undergo palladium-catalyzed reactions with alkenes
(usually terminal alkenes) in the presence of a base to form a new carbon—carbon
bond and eliminate HX [60-63]. This coupling is referred to as the Heck reaction.
The general reaction is shown in Figure 6.34.

H Pd(0) cat.
Ar=X + "NFR

base

Figure 6.34: The Heck reaction.

Mechanistically, the catalytic cycle begins with ligand dissociation to form a 14-
electron complex, followed by oxidation of the aryl halide or triflate to give a Pd(II)
complex, as we saw in the cross-coupling reaction mechanism (Figure 6.35) [61, 62].
At this stage, the alkene coordinates to the palladium, followed by a migratory inser-
tion reaction, where the carbon—carbon bond is formed. Subsequently, B-hydride
elimination leads to the product formation. Finally, base-promoted reductive elimina-
tion of HX regenerates the active catalyst. Many procedures for the Heck reaction
make use of Pd(OAc), or other Pd(II) salts in the presence of a phosphine ligand and
an amine base. In these cases, the active Pd(0) catalyst is generated in situ, as de-
scribed previously.

The Heck reaction is an effective way to couple an aryl halide or triflate with an
alkene. Most examples involve monosubstituted alkenes bearing electron-withdrawing
groups, where the reaction takes place with high selectivity to generate the trans-
substituted aryl alkene product (Figure 6.36). As with the other coupling reactions we
have seen, aryl iodides are the most reactive substrates, followed by aryl triflates and
aryl bromides. This difference in reactivity can be used to achieve selective Heck reac-
tions, as shown in Figure 6.36 [23, 64].

printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

6.4 Other coupling reactions —— 151

PdL,
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Figure 6.35: Catalytic cycle for the Heck reaction.

I Pd(OAc), X COH
S L
Et3N Br

Br

Figure 6.36: Representative Heck reaction demonstrating higher reactivity of aryl iodides [64].

When a cyclic alkene is used, isomerization of the double bond is observed
(Figure 6.37). This outcome is due to the stereochemical outcome of the migratory in-
sertion, which places the aryl group syn to the palladium, and the fact that -hydride
elimination takes place in a syn manner [63, 65]. Since the hydrogen on the carbon
bearing the aryl group is not syn to the palladium, the pf-hydride elimination takes
place at the other position. This issue is observed primarily with cyclic alkenes be-
cause acyclic alkenes can undergo a bond rotation to place the hydrogen in a syn
orientation. Isomerization by shifting the position of the double bond can also take
place through reversible hydropalladation/dehydropalladation (essentially revers-
ible B-hydride elimination) when the alkene is part of a ring or saturated chain.

Isomerization of the double bond in the Heck reaction is also often observed for
allylic alcohols, because the B-hydride elimination is reversible, it is under thermody-
namic control and can lead to the more stable enol product. For example, in the syn-
thetic approach to the antiasthma agent Singulair™, a Heck reaction of an aryl
halide with an allylic alcohol gave the corresponding saturated ketone, via the enol
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Pd(OAc),
KOAc
O
DMF, BuyNCI
H H
intermediate formed . R
after alkene insertion: QH —— syn p-hydride elimination
PH PdL, can only take place here

Figure 6.37: Heck reaction of an aryl halide with a cyclic alkene.

intermediate (Figure 6.38) [66]. In this reaction, the B-hydride elimination favors the
formation of the enol.

Pd(OAc),
EtsN X OH CO,CH,

CH4CN cl NTNF X
CO,CH;

tautomerization

O A o CO,CHs  steps
~ /
Cl N

Singulair™

Figure 6.38: Heck reaction in the synthetic approach for the antiasthma agent Singulair™ [66].

The Heck reaction has been used on an industrial scale for the synthesis of several
different fine chemicals [67]. For example, a Heck reaction using Pd/C as a heteroge-
neous catalyst in the presence of sodium carbonate in NMP was used in the synthesis
of 2-ethylhexyl p-methoxy-cinnamate, a commonly used compound in sunscreen
(Figure 6.39) [67].

Pd/C 0

O
Br
o~ S,
hco /\(\/\ - /\(\/\
H,CO

Figure 6.39: Synthesis of a sunscreen agent via the Heck reaction [67].
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In another example, a synthetic process for Naproxen™ was developed that
used a Heck reaction as a key step (Figure 6.40) [67]. In this synthesis, 2-bromo-6-
methoxynaphthalene was reacted with ethylene at 30 bar in the presence of PdCl,
and neomenthyldiphenylphosphine as a ligand in the presence of trimethylamine
to form the vinyl naphthalene. From the vinyl naphthalene, a hydroxycarboxylation
of the alkene using CO, PdCl,, CuCl,, and aqueous HCl gave the target naproxen.

CO,H
Br H,C=CH, CO, HCI/H,O
HaCO PdCl,, Et;N H3CO PdClp, CuCl,  H,co

é"’PPhZ

/\

Figure 6.40: Application of the Heck reaction for the synthesis of Naproxen™ [67].

6.4.2 The Sonogashira reaction

Aryl iodides can react with copper acetylides to form aryl alkynes. The reaction is
known as the Castro—Stephens reaction and involves oxidative addition of the aryl io-
dide to the copper acetylide, followed by reductive elimination to form the aryl-al-
kyne bond (Figure 6.41) [68, 69]. The copper acetylide is generated in situ from the
corresponding alkynyl lithium or Grignard reagent by treatment with a copper (I)
salt such as Cul. The Castro—Stephens requires a stoichiometric copper and ele-
vated temperatures.

O o=t ™ . O

oxidative reductive
addition elimination

Figure 6.41: The Castro—Stephens reaction [68, 69].

A palladium-catalyzed variation of the Castro—Stephens reaction reacts the terminal
acetylene with the aryl halide using catalytic Cul. This reaction is known as the So-
nogashira reaction and is used more widely because it uses catalytic copper and
lower temperatures (Figure 6.42) [70-72]. The copper acetylide is generated in situ
by reaction of the terminal alkyne with Cul in the presence of an amine base.

The catalytic cycle for the Sonogashira coupling is depicted in Figure 6.43 [71].
In many respects, the mechanism is thought to proceed via the same general mech-
anism as some of the other cross-coupling reactions: The active catalyst is a coordi-
natively unsaturated Pd(0) species which reacts with the aryl halide in an oxidative
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Pd(0), Cul
Qx + H—=R @%R

Et,NH

Figure 6.42: The Sonogashira reaction of an aryl halide with a terminal alkyne.

addition reaction. A transmetallation with the copper acetylide is followed by a re-
ductive elimination to give the aryl acetylene and regenerate the Pd(0). The copper
acetylide is formed when alkyne reacts with the copper(I) iodide in the presence of
the amine. During the transmetallation step, the Cu(I)X is reagenerated, allowing
the reaction to proceed with both catalytic amounts of the palladium catalyst and
copper(I) iodide.

PdL,
Ligand
Dissociation
O
D=
(14e) Oxidative
Pd(O) Addition
Reductive
Elimination
e
(16e) /Pd\
/@ Pd(l) L X
;Pd
[ \ Transmetallation
R _
Cu——R

R3NHX

Pd(ll) ><
Cu(h)X R3N
=R
(&/ CuX
=R

Figure 6.43: Catalytic cycle of the Sonogashira reaction.

The trend in reactivity of aryl halides in the Sonogashira coupling is similar to that of
the cross-coupling reactions described previously: aryl iodides are the most reactive,
followed by aryl bromides and triflates. Aryl chlorides are relatively unreactive and
require highly activated catalysts. This difference in reactivity can be exploited to
control the Sonogashira reactions in substrates bearing more than one halogen. At
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room temperature, aryl iodides will undergo Sonogashira reactions while aryl bro-
mides react very slowly. At higher temperatures, aryl bromides react readily.

When diaryl acetylenes or terminal aryl acetylenes are the target, protected ace-
tylenes are often used, rather than acetylene itself. Among the most commonly
used reagents is trimethylsilyl acetylene as well as other related silyl acetylenes
(Figure 6.44) [73]. The trimethylsilyl groups can be readily removed using fluoride,
or under slightly basic (such as catalytic K,CO5 in methanol/dichloromethane). In
some cases, in situ deprotection can be used to carry out two sequential Sonoga-
shira coupling in one pot to yield a diaryl acetylene. Another common reagent for
Sonogashira couplings is 2-methyl-3-butyn-2-ol [74, 75]. The protecting group can
be removed under more strongly basic solutions of hydroxide, liberating acetone in
the process (Figure 6.44). While 2-methyl-3-butyn-2-ol is less expensive than trime-
thylsilyl acetylene, the conditions for removing the protecting group are harsher.

=—Si(CH3), .
< :%x . _
Pd(0), Cu(l) Q—SI(CHs)g o Q—

amine K,COj3 (cat.)
CH3;0H/CH,Cl,

QX 7\ __ oH NaOH @1:
Pd(0), Cu(l) _

amine

Figure 6.44: Examples of common reagents for the introduction of acetylenes via Sonogashira
coupling.

The Sonogashira coupling has been used widely for the preparation of conjugated
compounds that are luminescent or possess desirable properties for applications in
organic electronics. For example, Yamaguchi and coworkers reported the prepara-
tion of luminescent oligo(phenyleneethynylenes) via sequential Sonogashira cou-
pling reactions (Figure 6.45) [76]. This sequence demonstrates how the difference in
reactivity between iodides and bromides can be used for sequential Sonogashira re-
actions and also makes use of an in situ deprotection of the TMS protecting group.
The Sonogashira reaction has also been used by the groups of Moore and Haley for
the synthesis of phenylene ethynylene macrocycles and related dehydrobenzannulenes
[77-80]. For an example, we will look at the synthesis of a functionalized dehydro-
benzo[18]annulene (Figure 6.46) [80]. The synthesis begins by electrophilic iodination
of 4-nitroanline. The aniline was then diazotized and converted to the dialkyltriazene,
which we saw in Section 3.6.3 could be used as a masked aryl iodide. The iodo-
substituted triazene derivative was subjected to a Sonogashira coupling with (triisopro-
pylsilyl)acetylene. The triazene was converted to the corresponding aryl iodide using
iodomethane [81], which allowed a second Sonogashira coupling, this time with (trime-
thylsilyl)butadiyne. In the following step, the TMS groups were selectively removed
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NC o NC £:> NC

=_T™MS aq. KOH
I Br TMS—= Br ——————— =

Pd(PPh;),Cl, Pd(PPh;),Cl, CH30H

Cul Cul CHCl3
Et3N, r.t. Et;N, THF
reflux
NC NC NC NC NC
== n VSR, SO SOy
Pd(PPhj3),Cl,
Cul
Et3N, THF
reflux

Figure 6.45: Synthesis of a conjugated oligo(phenyleneethynylene) via sequential Sonogashira
reactions [76].

using KOH in situ, allowing a twofold Sonogashira coupling with 4,5-diiodoveratrole.

The TIPS groups were removed using TBAF, and the terminal alkynes were subjected
to copper-mediated oxidative dimerization to give the desired macrocycle.

() ()

e e 1. NaNO \ E
cl I .H?II 2 NN TIPS N” TIPS CHjl
[
AcOH 2. pyrrolidine Eilclétppha)z
NO, NO, K2CO3 N
NO,
NO,
™S
I H3CO I
b TS = — qus :@:
zZ - || H3;CO |
TIPS
PdCly(PPhs), = KOH
NO, Cul, EtsN PdCl,(PPhg),
Cul, Et;N
NO,

NO,

1. TBAF
EtOH/THF

2. Cu(OAc),, CuCl
pyridine

NO,

Figure 6.46: Synthesis of a functionalized didehydrobenzo[18]annulene [80].
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As another illustrative example of the use of the Sonogashira coupling in multistep
synthesis, we will turn to the synthesis of an anthropomorphic molecule referred to as
“Nanokid,” reported by Tour in 2003 (Figure 6.47) [82]. This synthesis also serves to
highlight some of the reactions discussed in earlier chapters. The synthesis begins with
electrophilic iodination of 1,4-dibromobenzene to give 1,2-dibromo-2,5-diiodobenzene.
A Sonogashira coupling with two equivalents of 3,3’dimethylbutyne using PdCl,(PPhs),
and Cul with trimethylamine and THF resulted in the alkynes reacting at the iodo posi-
tions selectively to give the dialkynyl benzene. Subsequently, lithium-halogen ex-
change at one of the bromines and trapping with DMF gave the aldehyde, which was
converted to the corresponding cyclic acetal with ethylene glycol in the presence
of acid. To increase the reactivity of the remaining bromo group, it was converted
into the corresponding iodide by lithium-halogen exchange and trapping with
1,2-diiodoethane. This gave “Fragment A,” the upper body of the Nanokid.

Turning to the lower body, 4-nitroanaline underwent twofold bromination
ortho to the amino group. The amino group was then removed by converting it to
the diazonium salt with sodium nitrite and reaction with ethanol. The nitro group
was then reduced using tin(II) chloride to give 3,5-dibromoaniline. This compound
was again converted to the diazonium salt and trapped with KI to give the corre-
sponding iodide. Another Sonogashira coupling with trimethylsilyl acetylene took
place selectively at the iodo position to give the protected aryl acetylene. Another
twofold Sonogashira coupling using 1-pentyne attached the “legs,” resulting in the
triethynyl benzene. The trimethylsilyl protecting group was then removed to give
the lower body with the terminal alkyne. The terminal alkyne of the lower body was
then reacted with fragment A under Sonogashira coupling to give the Nanokid as
the final product.

It should be noted that Tour extended their synthetic approach to prepare vari-
ous different anthropomorphic molecules (termed “nanoputians”) [82], and also
used a synthetic approach relying heavily on Sonogashira couplings to synthesize
single-molecule “nanocars” [83].

Beyond the synthesis of anthropomorphic molecules, the Sonogashira reaction
has been used in the synthesis of active pharmaceutical ingredients. As an exam-
ple, researchers at Novartis made use of the Sonogashira coupling in the synthesis
of an antimitotic agent which was investigated for the treatment of specific skin dis-
orders. They made use of a stepwise one-pot reaction to prepare the diarlyacetylene
precursor to their target compound (Figure 6.48) [84]. Specifically, 2-bromo-1,4-
dimethoxybenzene reacted with 2-methyl-3-butyn-2-0l in the presence of PdCl,,
PPhs, and Cul with i-Pr,NH in toluene to carry out the first Sonogashira coupling. A
phase transfer catalyst and aqueous base were added to deprotect the alkyne,
which was then treated with the bromo-substituted quinazoline to give the desired
diaryl acetylene. The target compound was accessed by hydrogenation of the acety-
lene. This example showcases the possibility of conducting stepwise Sonogashira
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Figure 6.47: Synthesis of Nanokid [82].

couplings in one pot. It also demonstrates that the Sonogashira coupling can be
used for the indirect introduction of saturated carbon chains.
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Et
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° cul OCH N\ oH| ™ OCH N
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Figure 6.48: A one-pot twofold Sonogashira reaction for the preparation of an API [84].

6.4.3 Transition metal-mediated cyanation

We have seen that cyano groups can be introduced onto aromatic rings via the dia-
zonium salt in Chapter 3. An alternative approach that could be used is nucleophilic
aromatic substitution. However, substitutions at unactivated aryl halides can be
challenging, these types of transformations can be achieved mediated or catalyzed
by metals. For example, aromatic halides undergo substitution in the presence of
copper metal or copper salts. A long-established example of this type of reaction is
the preparation of aryl nitriles from the corresponding aryl halides using cuprous
cyanide, known as the Rosendmund-von Braun reaction (Figure 6.49) [85].

DMF

Figure 6.49: Rosendmund-von Braun reaction.

While one could be tempted to view this as an SyAr reaction, the reactivity of the aryl
halide is in the order of Ar-I> Ar-Br > Ar—Cl. Furthermore, the reaction requires Cu(I)
CN - other cyanides such as potassium or sodium cyanide do not react. Instead, the
reaction is thought to involve oxidative addition of the aryl halide to the copper(l) salt,
which then undergoes reductive elimination. While the reaction can in principle be cat-
alytic because copper (I) is regenerated, in this particular reaction, the copper salt also
serves as the source of the cyanide nucleophile, so it is used in stoichiometric quanti-
ties. Furthermore, the reaction usually requires high temperatures. Alternative ap-
proaches use palladium catalysts with cyanide sources such as Zn(CN), or KCN to
prepare aryl nitriles from the corresponding aryl halides or triflates [85, 86]. Palladium-
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catalyzed cyanations have even been extended to aryl chlorides, which do not react
readily in Rosendmund-von Braun reaction conditions [87].

These palladium-catalyzed cyanation reactions have been used for the prepara-
tion of active pharmaceutical ingredients containing nitriles. For example, in the syn-
thesis of taranabant, a candidate for the treatment of obesity, a palladium-catalyzed
cyanation was used to convert the aryl bromide to the nitrile (Figure 6.50) [88].

B LS
Pd(OAc), (2 mol%)
Br P(o-tolyl); (8 mol%) NC
Et,Zn (3 mol%)
Zn(CN), (0.6 equiv.)
Cl DMF Cl

Figure 6.50: Palladium-catalyzed cyanation for the synthesis of taranabant.

taranabant

As another example, a palladium-catalyzed cyanation was also used for the prepa-
ration of citalopram, which is used as a treatment for depression. During develop-
ment, this reaction was carried out under microwave conditions using Zn(CN), as
the cyanide source and a catalyst system of Pd,(dba); and Xantphos as the ligand
(Figure 6.51) [89].

F F
Pd,(dba)s (0.6 mol%) PPh, PPh,
Xantphos (1.1 mol%) o
o Zn(CN), (0.6 eq.) 0 O O
TMEDA, DMF

microwave O
HoN HoN Xantphos
N

Br .
citalopram

Figure 6.51: Palladium-catalyzed cyanation in the synthesis of citalopram.

6.5 Direct arylation (C-H functionalization)
6.5.1 Introduction to direct arylation

The transition metal-mediated cross-coupling reactions discussed thus far require an
aryl halide (or pseudohalide such as a triflate) and an organometallic species. An at-
tractive alternative to these reactions is a coupling directly at a C-H site of an aro-
matic ring. This direct arylation approach has the advantage that it avoids the need
for prior functionalization of the aromatic ring. One potential challenge with this type
of approach is that regiochemistry may be difficult to control where there are several
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C-H sites available for reaction. Despite the potential regiochemical challenges, di-
rect arylation has emerged as a viable tool for the formation of aryl-aryl bonds.

Direct arylation can be classified into three general types: (1) direct arylation
with aryl halides, (2) oxidative direct arylation with organometallic reagents, and (3)
direct arylation with arenes, which is sometimes referred to as dehydrogenative ary-
lation (Figure 6.52) [90, 91].

transition metal

catalyst
O =0 O+

-HX

transition Metal
catalyst

oxidant
H M -
-MH

transition Metal
catalyst

oxidant
H H -

Figure 6.52: General types of direct C—H arylation.

Direct arylation reactions usually make use of Pd catalysts, although Rh and Ru have
also been used. These reactions are usually carried out in polar aprotic solvents such
as DMF, DMA, DMSO, or CH3CN at elevated temperatures. The reaction usually in-
volves a base such as a carbonate or pivalate. The role of the base is not always clear,
although in some cases there is evidence that it is involved directly in the C-H inser-
tion step.

6.5.2 Direct arylation with aryl halides

The direct C-H functionalization using aryl halides or pseudohalides have been
extensively explored. The general mechanism involves oxidative addition to a
Pd(0) catalyst, followed by a C—H insertion to generate a palladium biaryl spe-
cies, which undergoes reductive elimination to yield the biaryl and regenerate
the Pd(0) (Figure 6.53) [90, 91].

The mechanism of the C—H insertion step is central to the reaction and may vary
depending on the reaction conditions and substrates, and is not clearly establish-
ed for all reactions. Some of the proposed mechanisms for C-H insertion include:
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Figure 6.53: General mechanism of direct arylation involving aryl halides with arenes.

(i) electrophilic aromatic substitution of the metal, (ii) C-H bond oxidative addi-
tion (which in the case of palladium catalysts would involve a Pd(IV) intermedi-
ate), (iii) a Heck-type reaction, (iv) a o-bond metathesis reaction, or a concerted
Sg3 reaction [90].

6.5.2.1 Intramolecular direct arylation reactions with aryl halides

As described above, one of the potential challenges of direct arylation is the regio-
chemistry of arylation, especially when multiple aryl C-H groups are available. In
the case of intramolecular direct arylation reactions, the regiochemistry is largely
determined by the cyclic metallocycle intermediate in the reaction, with five- and
six-membered rings being the preferred final products. Some of the earliest exam-
ples of direct arylations were intramolecular cyclization reactions using Pd(OAc),
and base, conducted at elevated temperatures to yield benzofurans, carbazoles,
and fluorenone (Figure 6.54) [90, 92].

Many of the early examples of intramolecular direct arylation made use of aryl
iodides or aryl bromides. Fagnou and coworkers showed that direct arylations
could be carried out with aryl chlorides, bromides, and iodides using Pd(OAc), with
PCy;-HBF, as a ligand in the presence of K,CO5 [93]. These reaction conditions were
used to prepare a wide variety of cyclized products with five- or six-membered
rings. For some selected examples, see Figure 6.55. Interestingly, they observed
that aryl iodides reacted poorly under these conditions, which they attributed to io-
dide poisoning the catalyst. This problem was avoided by using silver carbonate to
scavenge the iodide.
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Pd(OAc), (10 mol%) R=4-NO, 78%
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= | Na,CO3;, DMA \ o 2-NO, 76%
. A R 2-CN  80%
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EtsN, CHiCN
CO,H
27 1s0°C 3% COzH
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(0] 190°C 100%
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Figure 6.54: Representative examples of intramolecular direct arylation reactions.

For an example of the application of an intramolecular direct arylation in total syn-
thesis, we will consider the synthesis of gilvocarin M. Recall that earlier in this chapter
we considered the synthesis of defucogilvocarin, a gilvocarin structure is missing the
sugar unit (Figure 6.31). In that synthesis, the target compound was prepared by a se-
quence involving directed ortho-metalation (DoM, Section 4.2.1), followed by Suzuki
coupling (Section 6.3.1.4), and an anionic Fries rearrangement (Section 4.2.3). Suzuki
and coworkers reported an alternative approach to gilvocarin M that uses an intramo-
lecular direct arylation for the formation of the biaryl (Figure 6.56) [94]. First, the naph-
thol unit was prepared from the iodoaryl triflate by treatment with n-BuLi to form the
benzyne, which underwent a Diels—Alder reaction with 2-methoxyfuran. The cycload-
duct aromatized under the reaction conditions to form the substituted naphthol. The
naphthol was acylated with the aryl acid chloride, which was followed by direct aryla-
tion using (PPh;),PdCl, with sodium acetate in N,N-demethylacetamide to give the tet-
racyclic product. Finally, cleavage of the benzyl groups gave (+)-gilvocarin M.

6.5.2.2 Direct arylation using directing groups

While intramolecular direct arylations usually proceed with good regioselectivity,
intermolecular direct arylations can be more challenging. One approach to control
the regiochemistry of direct arylation reactions is to use directing groups. Typically,
these directing groups possess a lone pair of electrons to coordinate to the transi-
tion metal catalyst. The C-H insertion then takes place near the directing group,
usually proceeding through a five- or six-membered metallacycle intermediate. Ex-
amples of directing groups that have been used in these direct arylations include
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Figure 6.55: Representative intramolecular direct arylations of aryl chlorides, bromides, and
iodides [93].

phenols, carbonyls, imines, pyridines, oxazolines, and related five-membered N-
heteroaromatic compounds.

For example, Miura reported the regioselective arylation of compounds such as
2-phenylphenol and 1-naphthol (Figure 6.57) with aryl iodides [95]. These reactions
both use catalytic Pd(OAc),, cesium carbonate as the base, and take place in DMF
at elevated temperatures. For both reactions, the aryl group is added selectively to
the adjacent ring nearest the phenol group.

Mechanistically, this reaction is thought to proceed by in situ formation of the
Pd(0) complex, which undergoes oxidative addition with the aryl iodide. The Pd(II)
complex then coordinates to the phenoxide, followed by a C—H insertion on the ad-
jacent ring and then reductive elimination. Cesium carbonate was essential for the
reaction, likely because its high solubility in DMF facilitated the C—H insertion step
by facilitating deprotonation. As an extension of the previous example, multiple ar-
ylations can take place when an excess of the aryl halide is used. For example,
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Figure 6.56: Synthesis of gilvocarin using an intermolecular direct arylation reaction [94].
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Pd(OAc), (5 mol%)
Cs,CO3 O
OH
molecular sieves H3CO
DMF, 100 °C
Pd(OAc);, (2.5 mol%) O OH
CS2CO3
molecular sieves OO

DMF, 110 °C

Figure 6.57: Intermolecular direct arylations using phenols as directing groups [95].

phenol can undergo direct arylation and when this reaction is carried out with a
large excess of the aryl halide, can result in pentaarylation (Figure 6.58) [96]. Ortho
arylation of phenols with aryl bromides has also been carried out under similar con-
ditions using rhodium(I) catalysts such as RhCI(PPhs); or [RhCl(COD)],.
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OH Br Pd(OAc); (5 mol%) OH
PPhg, CSzCO3
N
8 eq.

xylenes, reflux I O I

Figure 6.58: A polyarylation reaction in palladium-catalyzed direct arylation.

6.5.2.3 Direct arylation without directing groups

Among the early examples of direct arylations lacking a directing group, Fagnou
and coworkers reported the direct arylation of electron-deficient fluorinated ben-
zenes using aryl halides (Figure 6.59) [97]. The reaction works well for electron-rich
and electron-deficient aryl halides. For polyfluorinated benzenes where more than
one C—H site is available, in some cases diarylation is observed. However, diaryla-
tion can be minimized by using an excess of the fluorobenzene. In these systems,
the reactivity depended on the acidity of the C-H group, suggesting that anionic
ligands or bases are involved in the C—H bond breaking.

—<: >—Br
X _/Fn

\ 7/

£ /P Pd(OAc), (5 mol%)
P(t-Bu),CH-HBF,
K,COs3, DMA
120 °C

E F F F R

F F F F
oD 00

F F

Figure 6.59: Direct arylation reactions of polyfluorinated benzenes.

Following this study, Fagnou and coworkers extended this study to the direct aryla-
tion of benzene using aryl halides in the presence of Pd(OAc),, a activating phos-
phine ligand such as DavePhos, potassium carbonate, and pivalic acid as a co-
catalyst (Figure 6.60) [98]. These conditions furnished the corresponding biaryls in
good yields. Under these conditions, it is thought that the pivalate binds to the
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palladium and plays an important role in the C-H insertion step by facilitating the
deprotonation of the benzene. Competition experiments with benzene and electron-
rich anisole or electron-deficient fluorobenzene show that the electron-deficient
arene is more reactive. However, depending on the substrate, controlling regio-
chemistry of the direct arylation in these systems can still be a challenge.

Pd(OAC), (2-3 mol%) PCy,
©/H | xB" DavePhos (2-3 mol% @_@
+
R/ = K,CO3 O O
t- BUCOzH (30 mol% MezN
DMA
DavePhos

Figure 6.60: Palladium-catalyzed direct arylation of benzene using an activated phosphine ligand
and pivalic acid as a co-catalyst.

6.5.2.4 Direct arylation of heteroaromatic compounds

Direct arylation of heteroaromatic compounds has been explored extensively. There
are many examples of intramolecular direct arylation reactions involving heteroaro-
matic rings [90]. As with other intramolecular direct arylations, the regiochemistry of
intramolecular direct arylations with heteroaromatic compounds is often determined
by the size of the ring being formed. In contrast, for intermolecular direct arylation of
heteroaromatics, the structure of the heteroaromatic system has a significant influence
on the regiochemistry of arylation, although the catalyst, ligand, and other reaction
conditions can also be important. Here, we will briefly consider the regiochemistry of
direct arylation for some of the common heteroaromatic systems.

Pyrroles, furans, and thiophenes, which are all electron-rich aromatic consisting
of five-membered rings, generally react at the 2-positions, adjacent to the heteroatom
(Figure 6.61). Similarly, benzofurans and benzothiophenes undergo arylation at the
2-position. Some of these reactions are sensitive to electronics, and will work most
effectively with electron-deficient aryl halides [90].

@ PPh3)4 / \
4 } X R
KOAc, DMA

X=0,8

Figure 6.61: General example of direct arylation of furans and thiophenes.

Conjugated thiophene derivatives have been the focus of considerable attention
due to their potential applications as fluorophores and in organic electronic materials.
Given that direct arylation methods introduce aryl groups at the 2-positions of thio-
phenes, this presents an alternative approach as compared with transition metal-
catalyzed cross-coupling using organometallic reagents. Indeed, Schipper and Fagnou

printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

168 — 6 Transition-metal-mediated C—C bond forming reactions of aromatic compounds

have shown that direct arylation is synthetically useful for the preparation of several
thiophene-based materials, often offering advantages over the typical cross-coupling
methods [99]. For example, Figure 6.62 shows the synthesis of a conjugated compound
that was investigated as a fluorescence marker for amyloid aggregate associated with
Alzheimer’s disease [100]. The original synthesis formed the aryl thiophene bond by
preparation of the tributylstannyl thiophene, followed by a Stille coupling. Schipper
and Fagnou showed that this transformation could be achieved in one step via a direct
arylation, avoiding the use of toxic organotin species [99]. Following this, the target
compound could be accessed following the original report: the formyl group was in-
stalled by lithiation and trapping with DMF. Condensation with malononitrile, fol-
lowed by deprotection gave the desired product.

Pd(OAc),

1. n-BuLi, TMEDA
PCy;HBF :
S 7\ B oTBS YariEra S 7\ hexanes
\ /s r PivOH \ /s
KoCOj4 oTBS 2.DMF
toluene
| NeoN
* EtOH
OHC_ S 7\ piperidine NC._- s / \
\ / s 2. HCI \ / s
OTBS CN OH

Figure 6.62: Preparation of a fluorescent biomarker using direct arylation.

The regiochemistry of direct arylation of indoles depends on the structure of the in-
dole substrate, the reacting alkyl halide, and the reaction conditions and generally
favors substitution at either the 2- or 3-position of the indole ring [101-103]. Early
studies on the direct arylation of indoles showed that NH and N-alkyl indoles un-
dergo direct arylation at the 2-position, while N-tosyl indoles undergo arylation at
the 3-position, especially when the aryl halide is bulky (Figure 6.63) [101].

The differences in regiochemistry can be rationalized by considering the pro-
posed mechanism of the arylation reaction (Figure 6.64) [103]. Following oxidative
addition of the aryl halide, the reaction is thought to proceed via an electrophilic
metalation to yield a cationic intermediate with the metal at the 3-position. At this
stage, two possible pathways can occur: 1,2-migration of the palladium, followed
by deprotonation and reductive elimination to give the 2-arylindole, or deprotona-
tion instead of 1,2-migration to give the 3-metalloindole, followed by reductive elim-
ination give the 3-arylindole. For unhindered substrates, the 1,2-migration occurs
readily, favoring the 2-arylindole, while for bulky aryl groups, the 1,2-migration is
slow, so the 3-arylindole is favored.

There are not many reported examples of intermolecular direct arylation of pyr-
idines. Direct arylation at the 2-position of pyridine was achieved with aryl halides
in the presence of Pd/C and zinc, although the yields were modest [104]. Fagnou
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j\ KOAc, DMA /
R =H, Me, Et, i-Pr

) \-R
Oy - e e
N “ R KOAc, DMA

\ Cl N
Ts

AN R = Me, Et, i-Pr

Figure 6.63: Direct arylation of indoles with chloropyrazines [101].

H base
N PdAr(L reductlve N

elimination R
1,2-Pd
migration
PdAr(L), Ar
Ar-Pd-X(L PdAr( L)n base
A\ A\ - N
N N reductive N
R elimination R

Figure 6.64: Proposed mechanism of indole arylation showing the formation of 2- and 3-
arylindoles.

reported a higher-yielding direct arylation of pyridine N-oxides with aryl bromides
and showed that reaction took place selectively at the 2-positions in good yields
(Figure 6.65) [105]. The pyridine-N-oxide could readily be converted into the corre-
sponding pyridine using ammonium formate with Pd/C. This approach provides a
convenient route to 2-arylpyridines, which is important because 2-pyridyl organo-
metallic reagents such as boronates and stannanes that could be used for tradi-
tional cross-coupling reactions tend to be unstable.

Pd(OAc), yZ
t-BusP-HBF, | HCOONH,
N X
\O K,COs, toluene ®6 | R pdcC
S) CH3OH

Figure 6.65: Direct arylation of pyridine N-oxides to yield 2-arylpyridines.
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One example of the use of direct arylation of heteroarenes is in the preparation of
an imidazotriazine derivative (Figure 6.66) [106]. The target compound is a GABA ago-
nist, so researchers at Merck were interested in developing a synthesis that would per-
mit more detailed investigation of its biological activity. The synthesis began with
a Suzuki coupling of 2-fluorophenylboronic acid with 2-bromo-3-fluorobenzonitrile
to give the corresponding biphenyl. Following this, electrophilic bromination was
achieved using dibromodimethylhydantoin. The direct arylation reaction of the
aryl bromide and the imidazotriazine was achieved using Pd(OAc), with PPh; and
KOAc in dimethylacetamide gave the target compound in good yield.

NG [(allyl)PdCI], NG,
tBUSP O
B(OH), + Br O O
KF, H,O/THF H2S04
F F F F CH3CN

HO N
N HO
= \lé N
. N
Br NC - /N\/) cl ZF
N N /N /
N NG

c E Pd(OAc),, PPh,
KOAc, DMA O
Fr

Figure 6.66: Synthesis of a biologically active imidazotriazine by direct arylation [106].

6.5.3 Direct arylation using organometallic species

Direct arylations involving organometallic species such as boronic acids have not
been as extensively used as aryl halides, but nonetheless offer a complementary ap-
proach for carbon-carbon bond formation [91, 107]. Most commonly carried out
using palladium or rhodium catalysts, these reactions share some common mecha-
nistic features with the reactions involving aryl halides with two noteworthy differ-
ences: the first step of the reaction is a transmetallation reaction involving a Pd(II)
catalyst, an oxidant is needed to regenerate the Pd(II) species after the reductive
elimination step (Figure 6.67) [91, 107]. Thus, the catalytic cycle begins with a C-H
insertion reaction on the Pd(II) catalyst, leads to loss of HX. This step is followed by
a transmetallation using the organometallic reagent. Reductive elimination leads to
the formation of the aryl-aryl bond and a Pd(0) species. The Pd(0) complex is then
oxidized using a stoichiometric oxidant to regenerate the Pd(II) species.
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Figure 6.67: General mechanism of direct arylation involving organometallic species with arenes.

Pd(ll)

For example, boronic acids and boronate esters have been used in direct aryla-
tion reactions using palladium or rhodium catalysts in the presence of an oxidant
[108-110]. The reaction is not limited to aryl boronic acids, but can also be used to
introduce alkyl groups (such as methyl groups) onto aromatic rings. To control re-
gioselectivity, pyridyl and carboxylic acid groups have been used as directing
agents. Figure 6.68 shows some representative direct arylations involving boronic
acids, boronates, or trifluoroborates using either palladium or rhodium catalysts,
and a stoichiometric oxidant, such as silver oxide, benzoquinone, TEMPO, or oxy-
gen [108-110].

6.5.4 Direct arylation with arenes: dehydrogenative coupling

In Section 6.2.3, we explored the oxidative coupling of aromatic compounds using
metal salts. In those reactions, the metal served as a stoichiometric oxidant. It is
also possible to perform transition metal-catalyzed coupling of two arenes. The re-
action is usually carried out with a Pd(II) catalyst in the presence of an oxidant.
Mechanistically, the reaction is thought to proceed via C—H insertion into the Pd(II)
catalyst, followed by a second C-H insertion to give a diaryl palladium intermedi-
ate, which undergoes reductive elimination to yield the biaryl and a Pd(0) species
(Figure 6.69) [111]. The Pd(0) species is then reoxidized to Pd(II).
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Figure 6.68: Direct arylation of boronic acids in the presence of an oxidant.

In addition to the challenge of controlling the regiochemistry of the direct ary-
lation, achieving a direct arylation reaction between two different arenes is a chal-
lenge because a mixture of products is often observed resulting from homocoupling
and heterocoupling. This challenge imposes limitations on the scope of these aryla-
tion reactions.

There are several examples of palladium-mediated intramolecular oxidative
couplings. Early examples involve the formation of dibenzofurans from the corre-
sponding diphenyl ethers using stoichiometric amounts of palladium [112]. Subse-
quently, the formation of carbazole derivatives with catalytic palladium(II) salts
with oxidants such as Cu(OAc), or oxygen was reported [113-115]. More recently,
Fagnou and coworkers have shown that diphenylamines undergo oxidative coupling
to form the corresponding carbazoles in the presence of Pd(OAc), and potassium car-
bonate and pivalic acid open to air, avoiding the need for added stoichiometric oxidiz-
ing agents (Figure 6.70) [116]. Ohno and coworkers extended this approach conduct a
one-pot aryl amination and oxidative coupling [117, 118].
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Figure 6.69: Proposed catalytic cycle for direct C—H arylation of arenes.

Pd(OAc), (cat.)
©\ /@ K,CO; (cat.)
N N

PivOH
H air H

Figure 6.70: Formation of carbazole via a intramolecular dehydrogenative coupling.

One approach to achieve intermolecular cross-coupling is to control the stoichi-
ometry of the reactants, usually using one of the coupling partners in excess [119].
Alternatively, when one of the arenes is an electron-rich heteroaromatic compound,
effective heterocoupling can be achieved. For example, Stuart and Fagnou showed
that N-acetyl indoles can undergoes palladium-catalyzed arylation with benzene
derivatives [111], giving the 3-arylindoles as the major product, while DeBoef and
coworkers reported different conditions for the reaction of benzofurans and indoles
with unactivated arenes to give direct arylation at the two- or three-position of the
heteroaromatic system (Figure 6.71) [120]. In the first example, Cu(OAc), is used as
the stoichiometric oxidant, and the additives such as 3-nitropyridine and cesium
pivalate were found to improve the rate of reaction. In the second example, oxygen
was used as the stoichiometric oxidant in the presence of catalytic heteropoly-
molybdovanadic acid.
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Figure 6.71: Direct C—H arylation of heteroaromatic compounds.

6.6 Axially chiral biaryls: synthetic approaches

6.6.1 Atropisomerism and axial chirality

Highly substituted biaryls bearing three or four groups ortho to the biaryl bond can
be chiral. The chirality arises from a restricted rotation around the biaryl bond due to
the presence of the ortho-substituents and is referred to as atropisomerism. As shown

in Figure 6.72, the tetra-ortho-substituted biaryl is not the same as its mirror image,
provided that at least some of the R groups are different (i.e., R! # R? and/or R®> = R%).

R1 O R2
R® ! R*

Figure 6.72: Enantiomers of atropisomeric biphenyls.

Atropisomeric biaryl motifs are found in many natural products natural products,
so development of synthetic strategies for these chiral biaryls is important for the
study of biologically active natural products and their synthetic analogs [121, 122].
Figure 6.73 shows korupensamine A, steganacin, and gossypol as three examples of
natural products containing an atropisomeric biaryl.

Atropisomeric biaryls have also emerged as an important class of ligands for
metal-catalyzed asymmetric synthesis. For example, compounds such as 2,2’-
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binaphthol (BINOL), the corresponding phosphine (BINAP), and related ligands
have found wide use in asymmetric catalysis (Figure 6.74).

OH OCH,

HO
O NH

OH ° OCHg

iPr
3 (@) H OH
g
O HO
T OH
{1

O ho

iPr

korupensamine A steganacin gossypol

OH
y o

Figure 6.73: Examples of natural products containing an atropisomeric biaryl motifs.

(S)-BINOL (R)-BINAP

Figure 6.74: Atropisomeric binaphthyl derivatives.

As an example of the utility of atropisomeric biaryls as ligands for asymmetric syn-
thesis, BINAP has been used effectively as a ligand in rhodium and ruthenium-
catalyzed asymmetric hydrogenation reactions. For example, the industrial synthesis
of the analgesic drug naproxen relies on an asymmetric hydrogenation using BINAP
as a chiral ligand (Figure 6.75) [123, 124].

H3CO o H, H5CO o
>98% ee
OH

(S)-BINAP OH
Ru(OAc),

naproxen

Figure 6.75: Synthesis of the analgesic naproxen using an asymmetric hydrogenation with a chiral
BINAP ligand.

Axially chiral biaryls are also used as components in liquid crystalline systems to
induce bulk, macroscopic properties that are essential for the applications of these
systems [125-128]. Some examples of atropisomeric biaryls used to induce bulk chi-
rality in liquid crystalline systems are shown in Figure 6.76.
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OO Q'

%@ FOror

Figure 6.76: Examples of axially chiral biaryls used in liquid crystals [126, 128].

The successful synthesis of enantioenriched atropisomeric biaryls faces two

challenges:

1. The biaryl bond with three or four ortho-substituents is very sterically con-
gested, making the aryl-aryl bond formation potentially challenging.

2. The preparation of enantioenriched atropisomeric biaryls requires either a reso-
lution of enantiomers, or preferably a stereoselective reaction to produce one
enantiomer in high yield.

Below we will consider the general methods for preparing sterically congested biar-
yls in racemic form, and then explore some methods for preparing enantioenriched
chiral biaryls.

6.6.2 Approaches to racemic atropisomeric biaryls

We have already seen several approaches for the synthesis of biaryl compounds.
However, based on the sterically crowded nature of atropisomeric biaryls, some of
these methods, including many of the standard cross-coupling approaches, are either
ineffective or of more limited scope. Nonetheless, there are several approaches for
the preparation of these compounds. In the absence of stereochemical control of the
reaction, racemic mixtures are produced, which can be resolved classically or via
methods such as chiral stationary phase HPLC to produced enantioenriched forms.
The Ullmann coupling can proceed even using highly substituted, sterically con-
gested aryl halides (including those with two substituents ortho to the halogen) and
can consequently be used to access atropisomeric biphenyls (e.g., Figure 6.77) [129].

\ /
OMe o g
- (2
NO, A, DMF
OMe MeO  NO, O,N  OMe

Figure 6.77: Synthesis of atropisomeric biaryls via Ullmann coupling [129].

Another common approach to access atropisomeric biaryls is an oxidative coupling
using reagents such as copper salts or FeCls, a reaction that was introduced in
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Section 6.2.3. As an example of oxidative coupling to prepare axially chiral biaryls,
let us consider the synthesis of BINAP, a binaphthyl-derived phosphine ligand that
is effective for asymmetric catalysis — especially asymmetric hydrogenations [130].
One of the syntheses of BINAP is outlined in Figure 6.78 [131]. The first step is an
oxidative coupling of 2-naphthol using FeCl; to produce BINOL. BINOL was then
converted to the corresponding dibromide, followed by Grignard reagent formation
and treatment with Ph,POCI to produce the phosphine oxide (sometimes referred to
as BINAPO). At this stage, the racemic phosphine oxide is resolved using a tartaric
acid derivative via fractional crystallization and treatment with base to give the op-
tically pure phosphine oxides. Finally, reduction of the phosphine oxide with tri-
chlorosilane gave BINAP in optically pure form.

FeCls OO oH PPha, Br, OO 1. Mg, THF
OH idati

Br

OH 2 o0
oxidative CH3CN Br Il
coupling PhPhP\CI

racemic racemic

HO,C o%o

Ph Ph
Pth O%OHC%H OO

PPh,
PPh
2 2. fractional PPh,
crystallization
racemic 3. base
4. HSIiCl, (S)-BINAP

Figure 6.78: Synthesis of (S)-BINAP [131].

6.6.3 Stereoselective approaches to axially chiral biaryls

A desirable alternative to racemic synthesis and resolution of axially chiral biaryls
is to prepare them stereoselectively [121, 122, 132]. Strategies for the stereoselective
synthesis of biaryls include the use of chiral auxiliaries, chiral reagents, and chiral
catalysts.

As an example of the use of chiral auxiliaries to enable the stereoselective syn-
thesis of atropisomeric biaryls, the Ullmann coupling has been used along with chi-
ral oxazolines as auxiliaries. As a representative example, Meyers used chiral
oxazolines as chiral auxiliaries to prepare biaryls in a diastereomeric ratio of 93:3 in
favor of the (S)-configuration biaryl (Figure 6.79) [133, 134]. The product could be
further purified to achieve 100% diastereoselectivity. The stereochemical outcome
avoids unfavorable steric interactions of the isopropyl groups on the oxazolines,
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Figure 6.79: Chiral oxazoline auxiliaries for stereoselective Ullmann coupling [133].

and may be further enhanced by chelation of the oxazolines with the Cu(I) or Cu(II)
salts in the course of the reaction.

As a demonstration of the application of the stereoselective Ullmann coupling,
Meyers used this methodology for the stereoselective synthesis of (S)-(+)-gossypol, a
compound isolated in racemic from cotton seeds [135]. Interestingly, the two enantiom-
ers of gossypol display distinctly different biological activities. In this synthesis, the
naphthoic acid derivative was converted to the corresponding chiral oxazoline using
(S)-tert-leucinol, followed by bromination to give the bromonaphthalene (Figure 6.80).
Ullmann coupling of this bromonaphthalene derivative was carried out using activated
copper in DMF to give the binaphthyl in a good yield and a 17:1 diastereomeric ratio.

tBu tBu,

o iPr 1. (COCl), K i ~N iPr
2. (S-tertleucinol () (P ( |

OO, B OO e OO
OCHj; OCHjy AcOH Br

OCH3

OCH; OCHs N och, OCHs
tBu

1. TFA
Cu 2. Ac,0
DMF 3. LiAlH,

Figure 6.80: Stereoselective synthesis of (S)-(+)-gossypol [135].
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After purification to give the pure diastereomer, the chiral auxiliary was removed and
the diol was reduced to the corresponding dimethyl compound. The methoxy groups
were cleaved using BBr3, and the benzylic alcohol groups were converted to the corre-
sponding aldehydes using Swern oxidation, to give (S)-(+)-gossypol.

Chiral auxiliaries have also been used to prepare axially chiral biaryls via
Suzuki coupling. For example, Broutin and Colobert used a chiral B-hydroxy
sulfoxide auxiliary appended to aryl halides to achieve diastereoselective biaryl
formation (Figure 6.81) [136].

BOH:2  py0Ac),

dppf
Ap-Tol +
H3C/©\/\ p-1o
CsF, dioxane

| OHO

Figure 6.81: Diastereoselective Suzuki coupling using a B-hydroxy sulfoxide auxiliary [136].

Oxidative coupling reactions described in Section 6.2.3 can in some cases be carried
out asymmetrically in the presence of metal salts and chiral ligands. For example, the
oxidative coupling of 2-naphthol to prepare enantiomerically enriched 2,2’-BINOL has
been reported using CuCl, and an excess of (S)-amphetamine (Figure 6.82) [137]. This
reaction achieved a good yield and a 96% ee, with the high enantioselectivity being
explained by a dynamic kinetic resolution. In a related example, a cross-coupling of 2-
naphthol with the methyl ester of 3-hydroxy-2-naphthoic acid using CuCl, and sparte-
ine as the chiral ligand proceeded in good yield, but with only a 41% ee (Figure 6.82)
[138]. These reactions have the disadvantage of using stoichiometric amounts of cop-
per and an excess of the chiral ligand.

Ph™ >

NH,
(excess) OH
OH CuCly(1eq.) O‘ OH

CO,CHj
CO,CHg CUC|2 Oe OH
‘ ‘ “OH “: sparteme OO OH

Figure 6.82: Enantioselective oxidative coupling using stoichiometric copper salts [137, 138].
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Diastereoselective oxidative couplings have to form atropisomeric biaryls have
also been carried out using chiral substrates. For example, a synthesis of (-)-viridi-
toxin makes use of a diastereoselective oxidative coupling using 20 mol% [VO(acac),]
in air to prepare the biaryl with a 3:1 diastereoselectivity (Figure 6.83) [139]. In this
reaction the stereoselectivity is influenced by the existing stereocenters.

iPr<
o OCHO [VO(acac),]

HO : R air

R = CH,CH,OTIPS

OH OH O

(-)-viriditoxin

Figure 6.83: Diastereoselective oxidative coupling in the synthesis of (-)-viriditoxin [139].

Given the broad utility of cross-coupling reactions, there is considerable interest in
the development of asymmetric cross-couplings. Furthermore, since these reactions
involve transition metal catalysts, they should be amenable to asymmetric synthesis
by incorporation of chiral ligands into the catalyst. However, one significant chal-
lenge for development of asymmetric cross-couplings for the synthesis of atropiso-
meric biaryls is that these reactions are somewhat sensitive to sterics and often do
not work well for highly substituted substrates. Nevertheless, with appropriate choice
of ligand and reaction conditions, there are now numerous examples of stereoselec-
tive cross-coupling reactions (such as the Suzuki—Miyaura coupling) [132]. However,
many of the examples reported focus on the synthesis of chiral tri-ortho-substituted
biaryls. Asymmetric synthesis of tetra-ortho-substituted biaryls via cross-coupling
methods remains a challenge.

Among the earliest examples of asymmetric cross-coupling was reported by Hay-
ashi, Ito, and coworkers, who used chiral ferrocenylphosphine ligands in Kumada
cross-coupling to prepare optically active binaphthyls [140]. This pioneering formed
the basis for the development of other asymmetric cross-coupling reactions. For ex-
ample, one of the first examples of an asymmetric Suzuki coupling was reported by
Cammidge and Crépy, who explored the used of several different ligands for the prep-
aration of enantioenriched binaphthyls [141]. They found that the use of palladium
(I1) chloride in the presence of a chiral ferrocene-based ligand gave the binaphthyl
with an ee of up to 85%, although the yield was a modest 50% (Figure 6.84). In the
same year, Yin and Buchwald reported an asymmetric Suzuki coupling to prepare a
chiral phenyl naphthalene [142]. They used a chiral binaphthyl ligand with Pd,(dba);
to couple a substituted bromonaphthalene with ortho-substituted phenylboronic
acids and were able to achieve yields and ee of more than 90% in some cases.

printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

6.6 Axially chiral biaryls: synthetic approaches — 181

PdCl, CHy q(mcm)z
* — CHy ligand: Fe |
CH CH, ligan < CHs
| s ! ®  CsF, DME OO
o o
_/

"(S)-(R)-PFNMe"

B(OH
)2 Pdy(dba);
O ligand:
p OEt I|gand F{ PCy2
Br OE
toluene

Figure 6.84: Early examples of asymmetric Suzuki couplings [141, 142].

In 2020, Tang and coworkers showed that tetra-ortho-substituted biaryls could be
prepared via Suzuki coupling using the chiral phosphine ligand BaryPhos [143]. For
example, sterically congested aryl bromide bearing two ortho-substituents was suc-
cessfully coupled with a similarly congested aryl trifluoroborate to give the desired
tetra-ortho-substituted biaryl in good yield and an enantiomeric excess above 90%
(Figure 6.85). This method was successfully extended to a variety of biaryls bearing
methoxy groups and/or formyl groups in the ortho-positions. Indeed, it is thought
that the stereochemical control of the reaction is aided by hydrogen bonding of the
hydroxyl group on BaryPhos with the oxygen of the methoxy or formyl groups.

HyCO
Br BF;K Pdy(dba)s O
H3CO\©/CHO Hacoj©/CH0 BaryPhos  h,co CHO

+

HCO KsPO, H;CO. CHO
Toluene/H,0

BaryPhos

Figure 6.85: Asymmetric Suzuki coupling to prepare a tetra-ortho-substituted biaryl [143].

As an example of this asymmetric Suzuki coupling, Tang and coworkers used this
methodology for the preparation of (—)-gossypol [143]. As an interesting modification,
since the two aryl units are identical, they showed that the bromonaphthalene pre-
cursor could undergo a domino Miyaura borylation and Suzuki cross-coupling in the
presence of bis(pinacolato)diboron, Pd,(dba);, and BaryPhos (Figure 6.86).
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H,CO

H,CO

TMB = trimethoxybenzyl

—— 6 Transition-metal-mediated C-C bond forming reactions of aromatic compounds

OCHg Pd,(dba)s

I I Br (R,R)-BaryPhos
CHO

OTMB

— (-)-gossypol
B,pin,, K3PO4

Figure 6.86: Synthesis of (-)-gossypol via a domino Miyaura borylation and asymmetric Suzuki
coupling [143].
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7 Other transition-metal-mediated reactions
of aromatic compounds

7.1 Introduction

In Chapter 6, the focus was on transition-metal-mediated carbon—carbon bond forma-
tion with aromatic rings. In this chapter, we will consider some important methods for
forming bonds between heteroatoms and aromatic rings. Aromatic rings bearing ether
or amine linkages are widely used, especially in the context of biologically active mol-
ecules. As such, several methods for creating carbon-heteroatom bonds using transi-
tion metals have been developed and will be explored in this chapter. In addition, the
formation of aryl carbon-boron bonds has become very important, especially for the
preparation of boronic acids and boronate esters that can be used for Suzuki—Miyaura
cross-coupling reactions or direct arylation reactions. We have already seen how aryl-
boronic acids can be prepared from the corresponding aryllithium species. In this
chapter we will examine some of the transition-metal-catalyzed approaches that serve
as important alternatives to aryllithium species.

7.2 Aromatic C-N and C-0 bond formation
7.2.1 Copper-catalyzed aryl C-N and C-0 bond formation

Aromatic amines are important compounds as synthetic intermediates and as com-
ponents of biologically active compounds. One of the common methods for access-
ing aromatic amines is by electrophilic nitration and reduction of the nitro group.
While this approach remains important and useful, electrophilic nitration has con-
straints in terms of regiochemistry and functional group compatibility. Similarly,
phenols and aryl ethers can be prepared by classical approaches, such as reaction
of aryl diazonium salts. Again, this reaction relies on the methods that can have
limitations of functional group tolerance. There is consequently an impetus for the
development of alternative methods for the formation of aryl-N and aryl-0 bonds.

In Chapter 6, we saw the Ullmann coupling could be used to prepare biaryls
from aryl halides using stoichiometric amounts of copper. In the early 1900s, Ull-
mann also showed that copper could be used to couple aryl halides with amines or
phenols to form aryl amines or diaryl ethers (Figure 7.1) [1,2]. Shortly thereafter,
Goldberg showed that the arylation of amines could be performed with catalytic
amounts of copper [3]. Goldberg also demonstrated that copper could catalyze the
amidation of aryl halides [3].

The Ullmann condensation is typically carried out with either a catalytic or stoi-
chiometric copper species in the presence of base at elevated temperatures. The

https://doi.org/10.1515/9783110562682-007
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i o
Q. -, 0

CO,H

Cucat. ©\ /@

210°C

Figure 7.1: Ullman’s copper-mediated synthesis of aryl amines and aryl ethers.

reaction has been carried out using copper metal, copper(I) salts, and copper(II)
salts, although it is thought that copper(I) species are the active catalysts. The
mechanism of the reaction is not clearly established, but may involve oxidative ad-
dition of the aryl halide to Cu(I) to give a Cu(Ill) intermediate, followed by amine
coordination and reductive elimination. Alternatively, it may be a radical mecha-
nism via single-electron transfer from the Cu(I) species [4].

The harsh reaction conditions of the Ullmann reaction to form ethers and aryl
amines means that it is not frequently used. Instead, copper-catalyzed modifications
of the reactions with ligands or palladium-catalyzed methods have mostly supplanted
the traditional approach because they enable the reaction to take place under mild
conditions. Nonetheless, the reaction does still find some use for the preparation of
aryl-nitrogen bonds. For example, Perepichka and coworkers recently used the Ull-
mann reaction for the preparation of a trioxaazatriangulene, which served as a precur-
sor for the preparation of semiconducting covalent organic frameworks (Figure 7.2) [5].
The synthesis consisted of an Ullmann reaction between 2,6-difluoroaniline and
2-iodo-1,3-dimethoxybenzene in the presence of copper, potassium carbonate, and
18-crown-6 ether to form the diarylamine. Following this, a second Ullmann coupling
was carried out (at even higher temperatures) to form the substituted triarylamine.
The methoxy groups were then cleaved using BBr; and the phenols were used for a
threefold nucleophilic aromatic substitution reaction to form the trioxaazatriangu-
lene. This compound was then nitrated to provide a synthetic handle for further func-
tionalization in the formation of the covalent organic framework.

While the Ullmann reaction can be carried out in the absence of added ligands,
the use of ligands has been shown to improve reactivity and allow the reaction to pro-
ceed at much lower temperatures. The role of the ligands in the Ullmann reaction is
not clear, but may include improving solubility of the copper species or improving ox-
idative addition. In the case of bidentate ligands, it has been suggested that they
block sites and force the aryl groups in proximity to facilitate reaction. Typical ligands
used in Ullmann reactions include bidentate ligands, usually incorporating N-donors
or N- and O-donors [4]. Some representative ligands used in Ullmann reactions are
shown below in Figure 7.3. It should be noted that one of the advantages of the ligands
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H,CO OCH, F OCH,
OCH,
BC

(o]

H
Cu
K,CO3 , 18-crown-6 K2003, 18-crown-6

o-dichlorobenzene me5|tylene 200 °C
160 °C

N — N
2. K,CO3, DMF Ac,0, AcOH
O

1.BBrs, CHCl, O o HNO, (o) Jj: "0

NO,

Figure 7.2: Synthesis of a trioxaazatriangulene via the Ullmann reaction [5].

used in the Ullmann reaction is that they are often much simpler than those used for
some palladium-catalyzed coupling reactions.

NP | D
’]‘ COH D‘COZH Z

ZN
Z/

OH

Figure 7.3: Representative ligands used for Cu-catalyzed C-N and C-0 bond formation.

Copper-catalyzed amination of aryl halides has been used for the preparation of
natural products and other biologically active molecules [6]. For example, the alka-
loid martinellic acid, which was prepared using a copper-catalyzed aryl amination
reaction, as outlined in Figure 7.4 [7].

1. SOCI,/MeOH

NH, Cul
| N KocO | CO,H 2. Ac,0
+ HO_~_A~_COEt 22x=3 -
| N - ~NOH

3. ag. NaOH
H 4. Ac,0

DMF, H,0

CO,H (cocly,
J/ CHyCl,
/\/OAC

then AICl3 N

Figure 7.4: Copper-catalyzed aryl amination as part of the synthesis of martinellic acid [7].
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Copper catalysts can also be used for the preparation of N-aryl amides and car-
bamates in Goldberg-type reactions. For example, in a synthetic approach to the an-
tibiotic linezolid, an oxazolidinone was appended to an aryl halide using catalytic
cuprous iodide and trans-1,2-diaminocyclohexane as a ligand in dioxane in the
presence of potassium carbonate (Figure 7.5) [8].

o]
M
Q OTHP 0 NHA
\\«»OTHP F b‘/ F \\1:)\/ ’

(\Nj@/ Cul, K,CO;4 (\ND/ :(\ND

(0] E)SEGNHZ O\) o)
NH»

Figure 7.5: Copper-catalyzed coupling of an aryl bromide and an oxazolidinone as part of a

synthesis of linezolid [8].

Linezolid

Triarylamines with hole-transporting properties for applications in xerography are
readily accessed by copper-catalyzed amination of aryl iodides [9,10]. For example,
the synthesis of the triarylamine derivatives can be achieved by reacting the diaryl-
amine with an aryl iodide using catalytic cuprous iodide, 1,10-phenanthroline as
the ligand, and an excess of potassium hydroxide (Figure 7.6) [9]. Similar reactions
can be carried out using Cu(OAc), as the catalyst, which presumably undergoes re-

duction to Cu(I) in situ [10].
cat. Cul Q
1,10-phenanthroline

| CH;3
YT D Y
N KOH, toluene
H H3C

cat. Cul
1,10-phenanthroline
OO W D N S
HsC N KOH, toluene
H HsC

Figure 7.6: Examples of Cu-catalyzed aryl aminations for the preparation of hole-transporting
materials [9].

P
P

Hs

In addition to copper-catalyzed aryl amination reactions, copper-catalyzed aryl C-O
bond formation has been used for the synthesis of potential therapeutic agents. For
example, a large scale synthesis of a potential anti-inflammatory agent made use of a
copper-catalyzed C—0 bond formation (Figure 7.7) [11]. In this reaction, 4-acetyl-2-
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bromomethanesulfonanilide was brominated ortho to the sulfonanilide. Following
this, a copper-catalyzed reaction with 2,4-difluorophenol in the presence of cuprous
chloride and potassium carbonate in pyridine gave the desired diaryl ether. It should
be noted that while the reaction is in principle catalytic in CuCl, a large amount of
CuCl (0.75 eq.) was used.

NHSO,CH,4 NHSO,CHj, NHSO,CH;
i ﬁj
AcOH CUC| 0 75 eq. )

K2C03
o) pyridine

Figure 7.7: Synthesis of a potential anti-inflammatory agent via Cu-catalyzed ether formation [11].

Another example of the application of copper-catalyzed C-O formation in the syn-
thesis of pharmaceutically active ingredients is seen in the scale-up synthesis of a
leukotriene A4 hydrolase inhibitor, which was under investigation as a therapeutic
for the prevention of heart attacks. In this synthesis, a copper-catalyzed ether for-
mation between 4-chloro-1-bromobenzene and 4-methoxyphenol was carried out
using cuprous iodide, cesium carbonate, and N,N-dimethylglycine (Figure 7.8) [12].
Unlike the previous example, which required high copper loading, this reaction
took place with 10% copper iodide.

8 cul \@O
/©/ r HO\©\ Cs,CO;3 /©/ \©\ HO,C
+
Cl OCH, N,N-dimethylglycine ¢ OCH3 <

1,4-dioxane e}
s

Figure 7.8: Copper-catalyzed ether formation in the synthesis of a therapeutic to prevent heart
attacks [12].

7.2.2 Palladium-catalyzed aryl amination

While copper-catalyzed aryl C-N and C-O bond formation has proven useful, the re-
actions still often require harsh reaction conditions and limitations in the scope of the
reaction. As such, there is considerable interest in the development of new methods
that tolerate a wider variety of functional groups and take place under milder condi-
tions. The first examples of a palladium-catalyzed aryl amination was reported by Mi-
gita and coworkers, who showed that aryl bromides could be converted into the
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corresponding N,N-diethylanilines using n-BusSnEt, in the presence of palladium
chloride and P(o-tol); [13]. Since then, palladium-catalyzed aryl amination methods
developed by Buchwald and Hartwig have significantly impacted synthetic chemistry
by broadening the scope of aryl amination through methods that tolerate a variety of
functional groups [14-17]. Indeed, palladium-catalyzed aryl amination is often re-
ferred to as the Buchwald-Hartwig reaction. In general, these reactions are carried
out with an aryl halide, a primary or secondary amine, a palladium catalyst, and a
strong base (Figure 7.9).

R R1 sz(dba)3 R R,]
q ) P(o-tolyl : )
= R2(H) NaOfBu — R2(H)

Figure 7.9: A generalized palladium-catalyzed aryl amination reaction.

The mechanism of the Buchwald-Hartwig reaction is very similar to the mechanism
of the palladium-catalyzed cross-coupling reactions we explored in the previous
chapter, and is outlined in Figure 7.10 [15, 18]. The first step is formation of a coordi-
natively unsaturated palladium(0) complex by ligand dissociation. This complex
undergoes oxidative addition with the aryl halide to form a palladium(II) intermedi-
ate. At this point, the amine coordinates to the palladium and the base deprotonates
the amine. Finally, reductive elimination leads to the formation of the aryl-nitrogen
bond and the regeneration of the palladium(0) species.

The Buchwald-Hartwig reaction is broad in scope — aryl halides or pseudohalides
can react with a variety of amines, ranging from anilines, aliphatic amines, heteroaro-
matic compounds, to amides. The most common base used is sodium t-butoxide, but
other bases such as LIHMDS, Cs,C0Os, K,COs, and K5PO, have also been used. The reac-
tion is usually carried out at elevated temperatures (80—110 °C) in solvents such as
dioxane or toluene. As with the cross-coupling reactions discussed in the previous
chapter, the reaction requires a palladium(0) catalyst, although often palladium(II)
precatalysts such as Pd(OAc), are used and the active catalyst is generated in situ.
Considerable effort has been devoted to the design of ligands that promote effective
aryl amination, with the most common being dialkylbiaryl phosphines [18,19]. We
saw some of these ligands in Chapter 6 in the context of palladium-catalyzed cross-
coupling reactions. Figure 7.11 shows some of the different dialkyl biarylphosphines
that have been developed for aryl amination reactions.

The structural features of these ligands have an impact on reactivity. For example,
the phosphine typically bears large, electron-rich alkyl substituents such as t-butyl
groups or cyclohexyl groups. The electron rich groups promote oxidative addition,
while the sterically bulky groups promote reductive elimination. The adjacent aryl ring
makes the ligands less susceptible to oxidation in air, while the presence of ortho
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Figure 7.10: Catalytic cycle for the Buchwald—Hartwig aryl amination.

I PCy, ‘ P(tBu), l PCy, PCy PCy
Me,N O I H,CO ! OCHj, ,

DavePhos JohnPhos SPhos RuPhos
XPhos
‘ O OCHj3
P(tBu), PCy, 3CO PCYz
Pr C iPr iPr ] iPr
iPr iPr
tBuXPhos Me4tBuXPhos BrettPhos

Figure 7.11: Representative dialkyl biaryl phosphine ligands for Buchwald—Hartwig aminations.

substituents on that ring enhances the dissociation of other ligands to form the coordi-
natively unsaturated active catalyst [18].

Despite the ligand design to prepare highly activated catalysts for aryl amina-
tion, there is no single ideal catalyst system for carrying out these reactions. Differ-
ent catalytic systems are chosen depending on the amine nucleophile and the aryl
halide. Surry and Buchwald provide an overview of some of the typical conditions
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used for different classes of reactants, highlighting the choices of different bases,
ligands, and catalysts [18].

While palladium-catalyzed aryl aminations are effective with anilines, primary
and secondary aliphatic amines, and even amides, they are not as effective for the
preparation of anilines because ammonia can complex strongly with the palladium
catalyst. Fortunately, there are surrogates for ammonia that can be used to access
anilines. The most common surrogate is benzophenone imine [20,21]. It can be read-
ily used for the aryl amination reactions and then deprotected by acidic hydrolysis,
catalytic transfer hydrogenation or transamination with hydroxylamine to give the
aniline (Figure 7.12) [20].

NH
imine
/©/Br Ph)J\Ph NYPh cleavage NH;

B —— _— >

Pd,(dba) Ph

R 2 3
{BuXPhos R R
K3PO,, DME

Figure 7.12: Preparation of anilines by aryl amination with benzophenone imine [20].

Given the prevalence of aryl amine bonds in natural products and in active pharma-
ceutical ingredients, palladium-catalyzed amination reactions have been applied
extensively to the synthesis of biologically active compounds. These reactions pres-
ent an alternative to other methods, such as nucleophilic aromatic substitution,
which generally require electron-deficient aromatic rings. Below we will provide se-
lected examples of applications of palladium-catalyzed aryl aminations because the
utility of these reactions has been reviewed thoroughly [17,19].

As an example of the use of aryl amination in the synthesis of natural products,
Campeau et al. demonstrated a concise synthesis of the carbazole-based natural prod-
uct mukonine (Figure 7.13) [22]. The phenol starting material was converted to the cor-
responding triflate and then reacted with 2-chloroaniline in a Buchwald-Hartwig
amination reaction to product the substituted diarylamine. Following this, a palla-
dium-catalyzed intramolecular direct arylation gave mukonine. In a follow-up study,
Fagnou and coworkers showed that the direct arylation using the aryl chloride could
be replaced by a palladium-catalyzed dehydrogenative coupling [23].

An example of palladium-catalyzed aryl amination applied toward medicinal
chemistry is shown in Figure 7.14 [24]. The final product shown served as a precur-
sor to several compounds with activity as delta opioid receptor agonists. It was pre-
pared by a sequence of two palladium-catalyzed arylation reactions — the first
using BINAP as a ligand and the second using xantphos.

Aryl amination methods have also found use in the preparation of materials. For
example, they are well-suited to the preparation of triarylamines, which we have al-
ready seen are of interest as hole-transporting materials. Harris and Buchwald showed
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Figure 7.13: Synthesis of mukonine [22].

o
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N OJ ﬁj OJ Br ﬁj OJ
©) Pd,(dba), N Pd,(dba), N

BINAP xantphos
NaOt-Bu NaOt-Bu
toluene toluene
Figure 7.14: Synthesis of precursors to delta opioid receptor agonists via aryl amination [24].

that unsymmetrical triarylamnes can be prepared in a one-pot fashion from aniline pre-
cursors [25]. By reacting substituted anilines with aryl bromides and aryl chlorides in
one pot, they took advantage of the differential reactivity of aryl bromides and aryl
chlorides, allowing the selective synthesis of triarylamines bearing three different aryl
groups. A representative example and reaction conditions are shown in Figure 7.15.

CHjy

Pd,(dba)
NH, Br Cl NazOt-Bu3
- T
h o - S OA!
oom,

toluene

Figure 7.15: One-pot synthesis of unsymmetrical triarylamines via Pd-catalyzed aryl amination [25].

Aryl amination has also found utility in the synthesis of novel luminescent materi-
als, including compounds designed to exhibit thermally activated delayed fluores-
cence (TADF). For example, a luminescent material was prepared by linking a
dimethyl dihydroacridine with a dibromofluorene via a palladium-catalyzed aryl
amination (Figure 7.16) [26]. The remaining bromo group on the fluorine moiety
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was then converted to a boronate ester via a Miyaura borylation, and then linked to
a phenanthroimidazole acceptor unit via a Suzuki cross-coupling.

Pd,(dba)s

toluene/EtOH

Figure 7.16: Synthesis of a luminescent material via aryl amination [26].

7.3 Transition-metal-catalyzed borylation reactions

We have seen that aryl boronic acids and boronate esters are useful precursors for
Suzuki cross-coupling reactions. These reactions are widely used because boronic
acids are air and moisture stable, and the reaction has excellent functional group tol-
erance. Arylboronic acids and boronate esters have synthetic utility that extends be-
yond cross-coupling reactions. They can be converted into other functional groups,
as summarized in Figure 7.17 [27]. They can undergo protodeborylation, oxidation to
the corresponding phenol, or conversion to the nitro- or haloarene. These transforma-
tions are not widely used because there are often simpler ways to access these groups
directly. Nonetheless, these transformations can sometimes be useful.

Thus far, we have seen that arylboronic acids can be prepared by reacting or-
ganometallic reagents such as Grignard reagents or aryllithium species with tri-
methyl borate (Figure 7.18) [27].

While this method is effective for preparing boronic acids and versatile because
aryllithium species can be prepared in a number of ways, it is not suitable for mole-
cules that are sensitive to strongly basic conditions. Furthermore, the preparation
of the aryllithium via lithium-halogen exchange is typically carried out at low tem-
peratures, which can lead to low solubility of the reactant and therefore lower
yields. Consequently, there is an incentive to find alternative approaches for the
preparation of aryl boronic acids and aryl boronates. In this section, we will explore
two alternative approaches for the preparation of aryl boronate esters using transi-
tion-metal-catalyzed reactions. The first is the palladium-catalyzed formation of
aryl boronates from the corresponding aryl halides, while the second is the iridium-
catalyzed direct borylation of an arene.
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QB(OH)Z AgNO; 2.2 eq.
TMSCI 2.2 eq.
o

CuBr
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CuCl
“ O
X=Cl, Br

Figure 7.17: Summary of other reactions of arylboronic acids.

QH deprotonation
F‘ 1. B(OR)3
Cro 225 o
RU_~ 2. H;0*
Br lithium-
halogen

exchange

Figure 7.18: Preparation of arylboronic acids via aryllithium species .

7.3.1 Palladium-catalyzed borylation of aryl halides

One such alternative is the palladium-catalyzed borylation of aryl halides using bis
(pinacolato)diboron (B,pin,) in the presence of potassium acetate to produce the
corresponding aryl boronate ester (Figure 7.19) [28]. This reaction is often referred
to as the Miyaura borylation.

o 0 PdCl,(dppf) o
Oroe J s Oy
o) o) ko)

KOAc, DMSO

Figure 7.19: The Miyaura borylation reaction.

The reaction is typically carried out at moderately elevated temperatures in solvents
such as DMSO or dioxane, which usually avoids the solubility problems that can be
seen with lithium—-halogen exchange. The resulting boronate ester can usually be
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purified by column chromatography. One disadvantage of the reaction is that boro-
nate esters are generally less reactive than boronic acids toward Suzuki cross-
couplings.

Mechanistically, the Miyaura borylation consists of an oxidative addition, trans-
metallation involving the diboron reagent, and reductive elimination (Figure 7.20)
[28]. The active Pd(0) catalyst is generated in situ from PdCl,(dppf).

0O
O O
(0]

Oxidative
Reductive Pd(0) Addition
Elimination
L‘Pd/© Pd(ll) I"Pd/()
Y B-O U X

“OAc
0O ligand
AcO-B_ L. X~ exchange
(] Pd
/

Figure 7.20: Catalytic cycle for the Miyaura borylation of aryl halides.

As seen in the mechanism outlined in Figure 7.20, using a diboron reagent such as
B,pin, uses only one of the two boronate groups, which is not ideal from the per-
spective of atom economy. Fortunately, it is possible to use the dialkoxyborane
(e.g., HBpin) in the Miyaura coupling [29]. When HBpin is used in the standard
Miyaura coupling conditions, dehalogenation of the aryl halide is the major prod-
uct. However, when a tertiary amine such as Et;N is used as a base, the desired bor-
ylation reaction is the major product and dehalogenation is suppressed.

The Miyaura borylation is used primarily for the preparation of boronate esters
that serve as reactants for Suzuki cross-coupling reactions. Given the widespread
use of the Suzuki cross-coupling, there are numerous examples of the use of the
Miyaura coupling in multistep synthesis. Here, we will explore a few illustrative ex-
amples that target different applications.

The Miyaura borylation has been used to prepare oligophenylenes and related
compounds for potential applications as in OLEDs. Specifically, a biphenyl bearing
pyridyl arms was prepared for its potential as an electron-transporting material in
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phosphorescent OLEDs (Figure 7.21) [30]. The synthesis begins with a Suzuki cross-
coupling with 1-bromo-3-iodobenzene and the pyridyl boronate ester, where the
coupling takes place selectively at the more reactive iodide. The bromide is then
converted into the corresponding boronate ester using a Miyaura borylation. Fol-
lowing this, a fourfold Suzuki coupling using the boronate ester and a tetrabromo-
biphenyl gave the desired branched oligophenylene derivative.

SAasus

PdCl,(dppf)
KOAc -

dioxane 7%0

Pd(PPh3),
K,CO3
toluene/EtOH

Figure 7.21: Synthesis of an electron-transporting material for phosphorescent OLEDs [30].

As another example of the application of the Miyaura borylation toward the synthesis
of materials, we will consider the synthesis of a chromophore exhibiting TADF [31].
The synthesis is outlined in Figure 7.22. The synthesis began by N-protection of 3-
bromocarbazole, followed by a borylation of the bromide. The resulting boronate
ester underwent Suzuki coupling with 1,4-dibromobenzene to give the bis(carbazolyl)
benzene. The triisopropylsilyl (TIPS) protecting groups were removed, and the carba-
zoles were then reacted with the fluoro-substituted phthalonitrile in a nucleophilic
aromatic substitution, giving the final TADF material.

For an example of the application of the Miyaura borylation in the synthesis of
pharmaceutical compounds, we consider the synthesis of abemaciclib, which was de-
veloped by Eli Lilly for the treatment of breast cancer and granted FDA approval in
2015. This synthesis highlights several of the transformations we have seen in previous
chapters (Figure 7.23) [32]. In the first step, 4-bromo-2,6-difluoroaniline was treated
with the Vilsmeier reagent formed from N-isopropylacetamide and POCI; to form the
corresponding amidine. Unlike the Vilsmeier reactions we have considered thus far,
which act as electrophiles in aromatic substitution, here the Vilsmeier reagent reacts at
the aniline nitrogen. Treatment with potassium t-butoxide leads to deprotonation of
the amidine nitrogen and intramolecular nucleophilic aromatic substitution to yield
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TIPS BrOB'
TIPS \ 1
TIPSCI , " PdCly(dppf)
NaH/THF Q KOAc, dioxane
O PdCl,(dppf) B

KOAc 2. TBAF, THF
dioxane

A A~ IIC“
@ ) —

@

Figure 7.22: Synthesis of a TADF material [31].

the corresponding benzimidazole. Subsequent Miyaura borylation yields the aryl bor-
onate ester, which was used for Suzuki coupling with the chloropyrimidine. Finally,
a palladium-catalyzed aryl amination on the remaining chloro group yielded target
compound.

7.3.2 Iridium-catalyzed direct borylation

The Miyaura borylation requires the site of borylation be functionalized as either an
aryl halide or triflate. A potentially attractive alternative is a direct borylation of an
arene. As with direct arylation reactions described in Chapter 6, there is a potential
challenge with controlling the regiochemistry of borylation. Nevertheless, the pros-
pect of direct borylation offers the potential advantage of a more concise synthesis. A
number of different metal-catalyzed borylation reactions have been explored, includ-
ing rhodium and rhenium catalyzed processes [33]. These reactions were carried out
at elevated temperatures and generally had low catalytic turnover. In 2002, Ishiyama
et al. developed an iridium-catalyzed direct borylation that takes place under mild
conditions and is highly efficient [34,35]. This reaction, which uses bis(pinacolato)di-
boron as the borylating agent and an iridium catalyst such as [Ir(OMe)(cod)], with
4,4¢-di-tert-butyl-2,2’-dipyridyl (tbpy) (Figure 7.24). The reaction is usually carried out
in hydrocarbon solvents such as cyclohexane or octane, but is also compatible with
more polar solvents such as THF. This reaction has become the most widely used
methods for direct borylation of arenes [33,36].
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Figure 7.23: Synthesis of abemaciclib [32].
B\
R [Ir(OMe)(cod)], R o]
dtbpy
cyclohexane

Figure 7.24: Iridium-catalyzed direct borylation.

Figure 7.25 shows a simplified version of the accepted mechanism for iridium-
catalyzed direct borylation [37]. Ancillary ligands such as tbpy and COD have been
omitted. The iridium complex undergoes an initial oxidative addition of B,pin,, fol-
lowed by reductive elimination to give the iridium boronate complex. A second oxida-
tive addition with B,pin, give the iridium(III) complex with three boronate groups.
Intermediate complexes such as this have been isolated, providing support for their
involvement in the reaction. At this stage, the arene reacts via a C-H insertion reaction.
Reductive elimination leads to the formation of the aryl boronate ester product and an
iridium hydride complex. Another oxidative addition of B,pin,, is followed by reductive
elimination of pinacolborane (HBpin) and regenerates the active iridium(III) species. It
should be noted that HBpin can also undergo oxidative addition (instead of B,pin,),
followed by reductive elimination of H, to regenerate the catalytically active species.
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Figure 7.25: A simplified mechanism of iridium-catalyzed direct borylation.

The direct borylation avoids the need for prior functionalization such as haloge-
nation to introduce the boronate. The regiochemistry of the borylation is deter-
mined primarily by steric considerations, where borylation occurs primarily at the
least hindered site. This is explained by considering that the C-H activation occurs
on the sterically crowded tris(boryl) intermediate [37, 38]. As shown in the examples
in Figure 7.26, borylation ortho to another substituent is disfavored. In the first ex-
ample, for a monosubstituted benzene, a mixture of meta- and para-products is ob-
tained. The predominance of the meta, substituted product may be explained in
part by probability: there are two meta and only one para-position available for re-
action. It is noteworthy that changing the substituent from an electron-donating
methoxy group to an electron-withdrawing trifluoromethyl group has little influ-
ence on the regiochemistry [34, 35].

The regiochemistry of Ir-catalyzed direct borylation presents the opportunity to ac-
cess different substitution patterns than those obtained through electrophilic aromatic
substitution or directed metalation reactions. For example, Marder and coworkers
showed that pyrene, which normally undergoes electrophilic aromatic substitution at
the 1, 3, 6, and 7 positions will undergo direct borylation at the least hindered 2 and 7
positions (Figure 7.27) [39]. Similarly, tetraborylation of perylene leads to substitution
at the 2, 5, 8, and 11 positions (Figure 7.27). Still, when more than one sterically similar
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Figure 7.26: Regiochemistry of Ir-catalyzed direct borylation of substituted arenes.

site is present, a mixture of isomers is observed. For example, monoborylation of naph-
thalene gives exclusively 2-substituted product, but diborylation gives and approxi-
mately equal mixture of the 2,6- and 2,7-disubstituted products (Figure 7.27) [39].

(= _oom ® ®
O e O o —— 3o
Q [Ir(OMe)(cod)], Q Q
dtbpy

cyclohexane

Bpin Bpin

VTR e e
=D e (=0

dtbpy

cyclohexane Bpin Bpin

lI I Bpin

B,pin, Bpin Bpin

‘O “ [Ir(OMe)(cod)]»

Bpin Bpin
dtbpy
cyclohexane

Figure 7.27: Ir-catalyzed direct borylation of some polycyclic aromatic hydrocarbons.

Direct borylation of heteroaromatic systems has also been explored. With heteroar-
omatic systems, the regiochemistry of borylation is influenced by the position of
the heteroatom. Five-membered heteroaromatics (pyrrole, furan, and thiophene)
and the corresponding benzo-fused systems (indole, benzofuran, and benzothio-
phene) all undergo direct borylation preferentially at the 2-position, adjacent to the
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heteroatom (Figure 7.28) [40]. In contrast, direct borylation of pyridine gives a 2:1
mixture of borylation products at the 3- and 4-positions. Borylation of quinoline
yields borylation exclusively at the 3-position [40].

U B2pin2 @\
(r(COD)OMe), X
X=NH, O, S dtbpy, octane

Q== Qi
X X Bpin

[Ir(COD)(OMe)],
X=NH, O, S dtbpy, octane

Bpin

Bpin
N Bopin, | Xy BPin . | A
|
N [Ir(COD)(OMe)l, N” Nig

dtbpy, octane

X Boping | - Bein
| _

N [Ir(COD)(OMe)], N
dtbpy, octane

\

Figure 7.28: Direct borylation of some heteroaromatic compounds[40].

The regiochemistry of borylation on pyrrole and indole can be altered by introduc-
ing a bulky protecting group, such as a TIPS group. Perhaps not surprisingly, the
bulky group blocks borylation at the 2-position. Instead, borylation takes place at
the 3-position (Figure 7.29) [40].

Bpin
/) Bapinz J \i
N frcob)ome), N
TIPS  dtbpy, octane TIPS
Boo Bpin
2ping
< 2 \) < 2 \;
N”  [I(COD)(OMe)], N
TIPS dtbpy, octane TIPS

Figure 7.29: Direct borylation of N-protected pyrrole and indole [40].

If the 2-position of indole is blocked by a substituent, borylation at the 3-position
becomes sterically disfavored and reaction takes place exclusively at the 7-position
(Figure 7.30) [41].
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Figure 7.30: Direct borylation of 2-substituted indole [41].

In general, the regiochemistry of direct borylation of heteroaromatic compounds
is due to a combination of electronic effects and steric effects. In some cases, it is pos-
sible that the heteroatom directs the site of reaction by coordination [41]. However,
has also been shown that the site of direct borylation in heteroaromatics correlates to
the acidity of the C—H group, suggesting that position is electronically predisposed to
C-H activation [42]. Since the structures of heteroaromatics are quite diverse, predict-
ing the regiochemistry of borylation can become challenging. Hartwig and coworkers
have probed the direct borylation of a variety of heteroaromatics and developed guide-
lines for predicting the regiochemistry of borylation in these systems [43].

To demonstrate the utility of direct borylation as a potential alternative to the
Miyaura borylation, Hartwig and coworkers developed a direct borylation approach
for the synthesis of a substituted pyrimidine with potential as a type II diabetes thera-
peutic agent (Figure 7.31) [43]. The original synthesis, which was developed by re-
searchers at AstraZeneca, started from 5-bromo-2-chloropyrimidine [44]. The starting
material reacted with a Boc-protected piperazine in a nucleophilic aromatic substitu-
tion at the 2-position. Following this, the bromide was subjected to Miyaura boryla-
tion, followed by oxidation to give the hydroxy-pyrimidine, which could be converted
into the final target. The sequence of Miyaura borylation and oxidation proceeded in a
modest 23% vyield. In contrast, the direct borylation approach used 2-chloropyrimidine
as a starting material, which is much less expensive. Direct borylation and oxidation
proceeded in 91% yield (Figure 7.31). The direct borylation also proceeds at room tem-
perature with very low catalyst loading. For this reaction, [Ir(cod)(OMe)], was used
with 3,4,7,8-tetramethyl-1,10-phenanthroline as a ligand instead of tbpy because the
resulting catalyst shows much higher reactivity [45]. In this case, the direct borylation
allows the use of cheaper starting materials and proceeds in higher overall yield than
the Miyaura borylation.

As discussed above, one of the disadvantages of aryl boronate esters is that they
are less reactive than the corresponding boronic acids. To address this potential
drawback, Hartwig and coworkers developed a one-pot procedure for direct boryla-
tion, followed by conversion to the more reactive arylboronic acid or aryltrifluorobo-
rate (Figure 7.32) [46]. The did so by using low catalyst loadings and choosing THF as
a solvent, which is compatible with the subsequent conversions.

Interestingly, in the presence of a base such as potassium ¢-butoxide, an isomeri-
zation of the boronate groups can be observed, suggesting that the borylation is revers-
ible under these conditions and can lead to the most favored product (Figure 7.33) [47].
This reversibility is clearly illustrated below, where borylation of the para-substituted
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AstraZeneca approach (Miyaura borylation)

/A 1. Bopiny
N Boc—N NH N Pd(OAc), N
= N . N= KOAc, DMF /. N=
cl :>—Br - ————————~ Boc-N N }OH
_<\N / BocN_ N—{ }Br 2. NaBO; 4H,0 ¢ '\__/ _<}\, /
N THF, H,0

Br. o
O,
-
Boc—N  N— :/>—o o
Cs,CO3, DMF ~—~ N \—@s:o
|

Hartwig's approach (direct borylation)
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Figure 7.31: Comparison of syntheses of a potential type Il diabetes therapeutic via Miyaura
borylation and via direct borylation [43].
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THF KHF, BF4K
HyC
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Figure 7.32: One pot direct borylation and conversion to the arylboronic acid or aryltrifluoroborate.
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Figure 7.33: Direct borylation/isomerization in the presence of base [47].

benzene diboronate leads to isomerization and borylation to produce 1,3,5-tris(boro-
nate) in good yield.

This interesting feature can be exploited to prepare polyborylated aromatic com-
pounds with high selectivity. For example, biphenyl, pyrene, coronene, and corannu-
lene can all be polyborylated with high regioselectivity (Figure 7.34) [47].
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Figure 7.34: Polyborylated polycyclic aromatic hydrocarbons.

References

(1

[2]

E]

[4]

5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

Ullmann F. NoUeber eine neue Bildungsweise von Diphenylaminderivaten. Ber Dtsch Chem
Ges. 1903;36:2382-84.

Ullmann F, Sponagel P. Ueber die Phenylirung von Phenolen. Ber Dtsch Chem Ges.
1905;38:221-2212.

Goldberg I. Ueber phenylirungen bei Gegenwart von Kupfer als Katalysator. Ber Dtsch Chem
Ges. 1906;39:1691-92.

Sambiagio C, Marsden SP, Blacker AJ, McGowan PC. Copper catalysed Ullmann type
chemistry: From mechanistic aspects to modern development. Chem Soc Rev.
2014;43:3525-50.

Lakshmi V, Liu C, Rao MR, Chen Y, Fang Y, Dadvand A, et al. . A two-dimensional poly
(azatriangulene) covalent organic framework with semiconducting and paramagnetic states. )
Am Chem Soc. 2020;142:2155-60.

Evano G, Blanchard N, Toumi M. Copper-mediated coupling reactions and their applications
in natural products and designed biomolecules synthesis. Chem Rev. 2008;108(8):3054-131.
Ma D, Xia C, Jiang J, Zhang J, Tang W. Aromatic nucleophilic substitution or Cul-catalyzed
coupling route to martinellic acid. ) Org Chem. 2003;68(2):442-51.

Mallesham B, Rajesh BM, Rajamohan Reddy P, Srinivas D, Trehan S. Highly efficient Cul-
catalyzed coupling of aryl bromides with oxazolidinones using Buchwald’s protocol: A short
route to linezolid and toloxatone. Org Lett. 2003;5(7):963-65.

Goodbrand HB, Hu NX. Ligand-accelerated catalysis of the Ullmann condensation:
Application to hole conducting triarylamines. ) Org Chem. 1999;64(2):670-74.

Bender TP, Graham JF, Duff JM. Effect of substitution on the electrochemical and xerographic
properties of triarylamines: Correlation to the hammett parameter of the substituent and
calculated HOMO energy level. Chem Mater. 2001;13(11):4105-11.

Zanka A, Kubota A, Hirabayashi S, Nakamura H. Process development of a novel anti-
inflammatory agent. The regiospecific bromination of 4’-acetylmethanesulfonanilide. Org
Proc Res Dev. 1998;2(2):71-77.

Enache LA, Kennedy I, Sullins DW, Chen W, Ristic D, Stahl GL, et al. . Development of a
scalable synthetic process for DG-051B, a first-in-class inhibitior of LTA4H. Org Proc Res Dev.
2009;13(6):1177-84.

Kosugi M, Kameyama M, Migita T. Palladium-catalized aromatic amination of aryl bromides
with N,N-Diethylamino-Tributyltin. Chem Lett. 1983;12:927-28.

Hartwig JF. Recent advances in palladium- and nickel- catalyzed chemistry provide new ways
to construct C-N and C-O bonds. Angew Chem Int Ed. 1998;37:2046-67.

printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



212

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

—— 7 Other transition-metal-mediated reactions of aromatic compounds

Wolfe JP, Wagaw S, Marcoux JF, Buchwald SL. Rational development of practical catalysts for
aromatic carbon-nitrogen bond formation. Acc Chem Res. 1998;31(12):805-18.

Hartwig JF. Carbon — heteroatom bond-forming reductive eliminations of amines, ethers, and
sulfides. Acc Chem Res. 1998;31(12):852-60.

Ruiz-Castillo P, Buchwald SL. Applications of palladium-catalyzed C-N cross-coupling
reactions. Chem Rev. 2016;116(19):12564-649.

Surry DS, Buchwald SL. Dialkylbiaryl phosphines in Pd-catalyzed amination: A user’s guide.
Chem Sci. 2011;2(1):27-50.

Surry DS, Buchwald SL. Biaryl phosphane ligands in palladium-catalyzed amination. Angew
Chem Int Ed. 2008;47(34):6338-61.

Bhagwanth S, Adjabeng GM, Hornberger KR. Mild conditions for Pd-catalyzed conversion of
aryl bromides to primary anilines using benzophenone imine. Tetrahedron Lett. 2009;50
(14):1582-85.

Wolfe JP, Ahman J, Sadighi JP, Singer RA, Buchwald SL. An ammonia equivalent for the
palladium catalyzed amination of aryl halides and triflates. Tetrahedron Lett. 1997;36
(36):6367-70.

Campeau LC, Parisien M, Jean A, Fagnou K. Catalytic direct arylation with aryl chlorides,
bromides, and iodides: Intramolecular studies leading to new intermolecular reactions. )
AmChem Soc. 2006;128(2):581-90.

Liégault B, Lee D, Huestis MP, Stuart DR, Fagnou K. Intramolecular Pd(ll)-catalyzed oxidative
biaryl synthesis under air: Reaction development and scope. ] Org Chem. 2008;73
(13):5022-28.

Griffin AM, Brown W, Walpole C, Coupal M, Adam L, Gosselin M, et al. Delta agonist hydroxy
bioisosteres: The discovery of 3-((1-benzylpiperidin-4-y)){4-[(diethylamino)carbonyl]phenyl}
amino)benzamide with improved delta agonist activity and in vitro metabolic stability. Bioorg
Med Chem Lett. 2009;19(21):5999-6003.

Harris MC, Buchwald SL. One-pot synthesis of unsymmetrical triarylamines from aniline
precursors. ] Org Chem. 2000;65(17):5327-33.

Reddy SS, Sree VG, Gunasekar K, Cho W, Gal YS, Song M, et al. Highly efficient bipolar deep-
blue fluorescent emitters for solution-processed non-doped organic light-emitting diodes
based on 9,9-Dimethyl-9,10-dihydroacridine/phenanthroimadazole derivatives. Adv Opt
Mater. 2016;4(8):1236-46.

Hall DG editor. Boronic Acids: Preparation and Applications in Organic Synthesis and
Medicine. Weinheim: Wiley-VCH Verlag; 2005.

Ishiyama T, Murata M, Miyaura N. Palladium(0)-catalyzed cross-coupling reaction of
alkoxydiboron with haloarenes: A direct procedure for arylboronic esters. ] Org Chem.
1995;60(23):7508-10.

Murata M, Watanabe S, Masuda Y. Novel palladium ( 0) -catalyzed coupling reaction of
dialkoxyborane with aryl halides : Convenient synthetic route to arylboronates lation
between arylmagnesium or -lithium reagents and or bromides 1, giving the corresponding
products 3 Bearing in mind. ) Org Chem. 1997;62(entry 6):6458-59.

Su SJ, Tanaka D, Li Y], Sasabe H, Takeda T, Kido J. Novel four-pyridylbenzene-armed
biphenyls as electron-transport materials for phosphorescent OLEDs. Org Lett. 2008;10
(5):941-44.

Chen D, Kusakabe Y, Ren Y, Sun D, Rajamalli P, Wada Y, et al. Multichromophore molecular
design for thermally activated delayed-fluorescence emitters with near-unity
photoluminescence quantum yields. ] Org Chem. 2021;86(17):11531-44.

Flick AC, Leverett CA, Ding HX, McInturff E, Fink SJ, Helal CJ, et al. Synthetic approaches to the
new drugs approved during 2017. ) Med Chem. 2019;62(16):7340-82.

EBSCChost - printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

References = 213

Mkhalid IAl, Barnard JH, Marder TB, Murphy JM, Hartwig JF. C-H activation for the construction
of C-B bonds. Chem Rev. 2010;110:890-931.

Ishiyama T, Takagi J, Ishida K, Miyaura N, Anastasi NR, Hartwig JF. Mild iridium-catalyzed
borylation of arenes. High turnover numbers, room temperature reactions, and isolation of a
potential intermediate. ] Am Chem Soc. 2002;124(3):390-91.

Ishiyama T, Takagi J, Hartwig JF, Miyaura N. A stoichiometric aromatic C?H Borylation
catalyzed by Iridium(l)/2,2’-Bipyridine complexes at room temperature. Angew Chem Int Ed.
2002;41(16):3056-58.

Hartwig JF. Borylation and silylation of C-H bonds: A platform for diverse C-H bond
functionalizations. Acc Chem Res. 2012;45(6):864-73.

Tamura H, Yamazaki H, Sato H, Sakaki S. Iridium-catalyzed borylation of benzene with
diboron. Theoretical elucidation of catalytic cycle including unusual iridium(V) intermediate.
Am Chem Soc. 2003;125(51):16114-26.

Nguyen P, Blom HP, Westcott SA, Taylor NJ, Marder TB. Synthesis and structures of the first
transition-metal tris (boryl) complexes: (eta-6-Arene)Ir(BO2C6H4)3. | Am Chem Soc.
1993;115:9329-30.

Coventry DN, Batsanov AS, Goeta AE, Howard JAK, Marder TB, Perutz RN. Selective Ir-
catalysed borylation of polycyclic aromatic hydrocarbons: Structures of naphthalene-2,6-bis
(boronate), pyrene-2,7-bis(boronate) and perylene-2,5,8,11-tetra(boronate) esters. Chem
Commun. 2005;2172-74.

Takagi J, Sato K, Hartwig JF, Ishiyama T, Miyaura N. Iridium-catalyzed C-H coupling reaction of
heteroaromatic compounds with bis(pinacolato)diboron: Regioselective synthesis of
heteroarylboronates. Tetrahedron Lett. 2002;43(32):5649-51.

Paul S, Chotana GA, Holmes D, Reichle RC, Maleczka RE, Smith MR. Ir-catalyzed
functionalization of 2-substituted indoles at the 7-position: Nitrogen-directed aromatic
borylation. ] Am Chem Soc. 2006;128(49):15552-53.

Vanchura BA, Preshlock SM, Roosen PC, Kallepalli VA, Staples RJ, Maleczka RE, et al.
Electronic effects in iridium C-H borylations: Insights from unencumbered substrates and
variation of boryl ligand substituents. Chem Commun. 2010;46(41):7724-26.

Larsen MA, Hartwig JF. Iridium-catalyzed C-H borylation of heteroarenes: Scope,
regioselectivity, application to late-stage functionalization, and mechanism. ] Am Chem Soc.
2014;136(11):4287-99.

Scott JS, Birch AM, Brocklehurst K|, Broo A, Brown HS, Butlin R}, et al. Use of small-molecule
crystal structures to address solubility in a novel series of g protein coupled receptor 119
agonists: Optimization of a lead and in vivo evaluation. ] Med Chem. 2012;55(11):5361-79.
Preshlock SM, Gha B, Maligres PE, Krska SW, Maleczka RE, Smith MR. High-throughput
optimization of Ir-catalyzed C—H Borylation: A tutorial for practical applications. ] Am Chem
Soc. 2013;135:7572-82.

Murphy JM, Tzschucke CC, Hartwig JF. One-pot synthesis of arylboronic acids and aryl
trifluoroborates by Ir-catalyzed borylation of arenes. Org Lett. 2007;9(5):757—-60.

Eliseeva MN, Scott LT. Pushing the Ir-catalyzed C-H polyborylation of aromatic compounds to
maximum capacity by exploiting reversibility. ] Am Chem Soc. 2012;134(37):15169-72.

EBSCChost - printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost - printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

8 Constructing aromatic rings

8.1 Introduction

Benzene and several of its derivatives are common compounds that are readily avail-
able from petroleum feedstocks. As such, in many cases, the synthesis of aromatic
compounds containing benzene rings starts from simpler precursors containing a
benzene ring. There are some situations, however, where it is useful to construct a
benzene ring from non-aromatic precursors. This approach can allow access to ben-
zene substitution patterns that are not otherwise easy to access. Another important
situation for the construction of an aromatic ring from non-aromatic precursors is for
heteroaromatic compounds, which are important in a variety of applications, yet are
not readily available. In this chapter, we will see some of the strategies for making
benzene rings from non-aromatic precursors. Some of these reactions will be used in
the Chapter 9-11 in the context of preparing polycyclic aromatic compounds. This
chapter will also highlight some of the approaches for preparing heteroaromatic com-
pounds. Given the number of different heteroaromatic rings and variety of synthetic
methods to access them, the goal here is not a comprehensive review, but rather to
highlight some of the general strategies for preparing heteroaromatics and show
some of the examples of how these are applied.

8.2 Preparing benzene rings from non-aromatic precursors

8.2.1 Cycloaddition reactions

Diels—Alder reactions are well known for the construction of six-membered rings.
The product of a Diels—Alder reaction is a cyclohexene (or a cyclohexadiene if the

dienophile is an alkyne), and these can be converted to the corresponding benzene
by oxidation (Figure 8.1).

7z -2 H2
1 — O
~ OX|dat|on)
Cor—— O
X OX|dat|on)

Figure 8.1: Diels—Alder reactions as an approach to benzene rings.

Many examples of Diels—Alder reactions to prepare aromatic rings involve a cyclic diene,
where the initial cycloadduct undergoes elimination of a small molecule to generate the

https://doi.org/10.1515/9783110562682-008
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aromatic ring. These reactions are referred to as cheletropic eliminations, and are essen-
tially retro-cycloaddition reactions. The general concept and mechanism is shown in
Figure 8.2.

@X”_,L.©
o — )

Figure 8.2: General mechanism of a cheletropic reaction.

In these reactions, loss of small molecules such as CO, CO,, and SO, are common. For
example, cyclopentadienones can be prepared by aldol condensation and then react
with acetylenes to produce the corresponding substituted benzene [1]. Figure 8.3
shows how this approach can be used to prepare hexaphenylbenzene [2]. In this ex-
ample, benzil reacts with 1,3-diphenylacetone in a twofold aldol condensation to
product tetraphenylcyclopentadienone. The tetraphenylcyclopentadienone under-
goes a Diels—Alder reaction with diphenylacetylene, which is followed by expulsion
of carbon monoxide to form the central benzene ring. This approach can be powerful
for the preparation of highly substituted benzenes that often cannot be accessed
readily by cross-coupling methods because of steric constraints.

0
(0] O (0] KOH Ph ph Ph—==—Ph O O
S en e @
Ph Ph EtOH b Ph,0, A O O

Figure 8.3: Synthesis of hexaphenylbenzene via a Diels—Alder/cheletropic reaction [2].

A potential limitation of the use of cyclopentadienones is that some have limited
stability, presumably because of their partial antiaromatic character. In these
cases, the aldol condensation does not go to completion, instead generating an
aldol addition intermediate [3]. Fortunately, the cyclopentadienone can often be
generated in situ in the presence of acid, allowing the Diels—Alder reaction to take
place (Figure 8.4) [4].
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o

oS g

‘ CO,CH,
O ‘ CO,CH,

Figure 8.4: In-situ formation of a cyclopentadienone, followed by Diels—Alder reaction [4].

H3CO,C—==—CO,CH,

Thiophene-1,1-dioxides can also undergo Diels—Alder reactions and cheletropic
elimination of SO, to produce a new benzene ring [5]. Thiophene-1,1-dioxides can be
prepared by oxidation of the corresponding thiophenes, using oxidizing agents such
as mCPBA, peracetic acid, or trifluoroperacetic acid (Figure 8.5). Upon treatment with
an alkene, the thiophene-1,1-dioxide undergoes a Diels—Alder reaction, followed by
cheletropic elimination of SO, to give a cyclohexadiene, which can often be converted
to the benzene ring by an elimination or an oxidation reaction [5].

0s P
RCO,H R 3y R R
= H20, E) -0 - . L,bMR - -
<" ~/0 2

(RCO3H)

Figure 8.5: Preparation of thiophene-1,1-dioxides and subsequent Diels—Alder reaction.

For example, 3,4-di-tert-butylthiophene was oxidized to the corresponding dioxide
using mCPBA (Figure 8.6) [6]. A Diels—Alder reaction with phenyl vinyl sulfone leads
to cheletropic extrusion of SO,, followed by elimination of phenylsulfenic acid to give
o-di-tert-butylbenzene. In this case, aromatization is driven by the elimination of phe-
nylsulfenic acid. The thiophene-1,1-dioxide could also react with an alkyne to give
the aromatic ring directly after SO, extrusion, without the need for extra elimination
step. It should be noted that this method allowed the preparation of an aromatic ring
bearing two bulky tert-butyl groups ortho to one another — a substitution pattern that
is not easily achieved by other methods because of steric congestion.

This reaction can also be used to prepare substituted naphthoquinones and an-
thraquinones with a regiochemistry that would not be seen by direct bromination
(Figure 8.7) [7]. 3,4-Dibromothiophene was converted into the corresponding thio-
phene-1,1-dioxide using peroxytrifluoroacetic acid, which was generated from hydrogen
peroxide with trifluoroacetic anhydride. This compound underwent a Diels—Alder reac-
tion with benzoquinone, followed by expulsion of SO, to give the hydroquinone, which
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SOPh
SOPh
_/vx -PhSOH
_— mCPBA 0 (-S02)
< = So
==—CO,CH; COCH,
(-SO2)

Figure 8.6: Preparation of sterically crowded benzenes via Diels—Alder reactions of thiophene-1,1-
dioxides [6].

underwent oxidation under the reaction conditions to produce the desired naphthoqui-
none. An excess of benzoquinone was used to prevent formation of the anthraquinone,
as well as a homo-Diels Alder reaction between thiophene dioxide units. This excess
benzoquinone also likely served as the oxidizing agent for the quinone formation.

O\]\;l o) OH
Br- Br- (0)
D — X0 ——
o’ (CFsCO), g, O AOH g Br

0o OH

o

Poe

Br
o

Figure 8.7: Preparation of substituted naphthoquinones from thiophene-1,1-dioxides [7].

8.2.2 Transition metal-catalyzed alkyne cyclotrimerization

Another approach to preparing benzene rings from acyclic precursors is a formal
[2 + 2 + 2] cycloaddition of alkynes, shown schematically in Figure 8.8.

[2+2+2]
H‘ )\E cycloaddition ©
=z

Figure 8.8: Hypothetical [2 + 2 + 2] cycloaddition of alkynes to form a benzene ring.

While this reaction should in principle be exothermic, it would be entropically unfa-
vorable and the probability of orienting three alkynes with the appropriate geometry
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to undergo cycloaddition is very low. As such, thermal [2 + 2 + 2] cycloaddition reac-
tions are not generally practical. In 1948, Reppe and coworkers reported the nickel
(II)-catalyzed cyclotrimerization of acetylene to form benzene, showing that this
transformation could be achieved with the help of transition metals [8]. Since then,
several approaches for the preparation of aromatic rings by alkyne cyclotrimerization
have been developed, using transition metal catalysts involving cobalt, nickel, and
rhodium, among others [9, 10]. Among the most noteworthy is the use of cobalt cata-
lysts for alkyne cyclotrimerization developed by Vollhardt and coworkers [9]. They
first reported that (17°-cyclopentadienyl)cobalt dicarbonyl, CpCo(CO)s, could catalyzed
the reaction of 1,5-hexadiyne with bis(trimethylsilyl)acetylene (BTMSA) to give 4,5-
bis(trimethylsilylbenzocyclobutene) (Figure 8.9) [11].

TMS NV CpCo(CO)
X 2
(cat.) TMS
o+ —_—
7 - TMS
™S = Z octane

Figure 8.9: Preparation of a benzocyclobutene via cobalt-catalyzed cyclotrimerization [11].

This transformation is significant not only because it demonstrates the formal [2 + 2 + 2]
cycloaddition of alkynes to form a benzene ring, but also because in this case the
product is a benzocyclobutene, which can undergo electrocyclic ring-opening to
form an o-quinodimethane, which is a highly reactive diene that can be used for
subsequent transformations. For example, heating the benzocyclobutene in the
presence of a dienophile such as maleic anhydride gives the Diels—Alder adduct
in high yield (Figure 8.10) [11].

o o)
T™S T™S O\V\jo T™S
o —| XX|—= :
™S T™S T™S

e}

Figure 8.10: Reactions of benzocyclobutenes [11].

The mechanism of this reaction is not clearly established, but there are two plausible
mechanistic scenarios, outlined in Figure 8.11. The mechanism is thought to begin by
sequential dissociation of the CO ligands and coordination of two alkynes. For conve-
nience, coordination of the alkyne moieties of the 1,5-hexadiyne is shown, but coordi-
nation of BTMSA is perhaps more likely because it is generally used in excess. With
two alkyne units coordinated, the next step is an oxidative coupling, giving the
metallocyclopentadiene. At this point, there are two possible pathways. The first
involves a Diels—Alder reaction between the third alkyne and the metallocyclopen-
tadiene, followed by dissociation from the metal complex. The second involves alkyne
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coordination, followed by a migratory insertion to give the metallocycloheptatriene,
which undergoes an electrocyclic ring-closing to form the six-membered ring. Again,
dissociation from the metal gives the final product.

N
-2C0 A -~
CP’CO\ - Cp*C@:I alkyne
Z

= coordination

~
Cp*Co/

CpCo(CO), +

Diels Alder ;
Mej3Si
Me3Si—==—SiMe; \/
SiMe3
Migratory
Me;Si insertion
Cp omitted for clarity Cp,
. Co
Me;Si Me;Si \ N
VY
Me;Si
Electrocyclic
reaction
CpCo Cp,
; . Co
Me38|:©:| Me38|:®:| Me;Si
Me;Si Mes;Si = MesSi

Figure 8.11: Proposed mechanism of alkyne cyclotrimerization.

Vollhardt applied this methodology to the preparation of a variety of natural prod-
ucts, including the synthesis of steroid hormones [12-14]. For example, Vollhardt
used the alkyne cyclotrimerization for the total synthesis of estrone (Figure 8.12)
[12, 14]. In this synthesis, the cyclopentanone with the pendant hexadiyne unit re-
acted with BTMSA in the presence of CpCo(CO), to yield the benzocyclobutene de-
rivative. Upon heating in decalin, the benzocyclobutene underwent an electrocyclic
ring-opening to give the o-quinodimethane, which underwent an intramolecular
Diels—-Alder reaction with the vinyl group, resulting in in an elegant construction of
the steroid skeleton. A regioselective protiodesilylation (recall Section 2.6.1), fol-
lowed by an oxidation with Pb(0O,CCF5), gave the desired estrone in racemic form.
Vollhardt and coworkers also used the cobalt-catalyzed alkyne cyclotrimeriza-
tion to access [n]phenylenes. [n]Phenylenes are compounds where two or more ben-
zene rings are linked by two bonds ortho to one another, as shown in Figure 8.13.
Because the alkyne cyclotrimerization strategy can be used for the preparation of
benzene rings, including strained systems such as benzocyclobutene, it is well-suited
to accessing phenylenes. For example, biphenylene can be prepared by cyclotrimeri-
zation involving 1,2-bis(ethynyl)benzene and BTMSA to prepare the bis(trimethyl-
silyl)biphenylene, which could be protiodesilylated using trifluoroacetic acid to
give biphenylene (Figure 8.14) [15]. The strategy was also extended to the preparation
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0 TMS———TMS 7
— T™S decane ™S
CpCo(CO), TMS A ) ‘\’l
T™S e

(cat.)

/?/ /E/

1.TFA, CCly
HO

intramolecular
2. Pb(O,CCF3);

Diels Alder

Figure 8.12: Synthesis of estrone via Vollhardt alkyne cyclotrimerization [14].
[3]lphenylene [4]phenylene

biphenylene
Figure 8.13: Representative [n]phenylene structures.

of [3]phenylene, as outlined in Figure 8.14. Starting with 1,2,4,5-tetraiodobenzene,
a fourfold Sonogashira coupling gave the tetrakis(ethynyltrimethylsilyl)benzene,

which could be desilylated under basic conditions to give 1,2,4,5-tetraethynelben-
zene — an unstable compound that was prone to detonation upon heating. A twofold

alkyne cyclotrimerization with BTMSA gave the [3]phenylene bearing TMS groups,
which could be desilylated under basic conditions to give [3]phenylene [15].

TMS  CpCo(CO), ™S

=

~ (cat.)
+ |l

N ™S ™S

™S s « P
! = TMs S ~ KOH x TMS—=—TMS
PdCl,(PhCN), = T CHOH N CpCo(CO),
T™MS (cat.)

Cul, piperidine ™S
TMS TMS £BUOK
HgpH —_— NN
TMS t-BuOH

T™S
Figure 8.14: Synthesis of biphenylene and [3]phenylene via alkyne cyclotrimerization.

This same synthetic approach, using a combination of Sonogashira cross-couplings
and alkyne cyclotrimerizations, could be extended to the synthesis of angular phenyl-
enes, such as in the synthesis of the angular [4]phenylene and angular [5]phenylene
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outlined in Figure 8.15 [16]. The synthesis began with a sequence of two Sonogashira
coupling reactions on o-bromoiodobenzene with two differentiated silyl acetylenes.
Selective removal of the TMS group was followed by cobalt-catalyzed cyclotrimeriza-
tion with trimethylsilyl acetylene to give the substituted biphenylene. The silyl
groups were converted to the corresponding iodo groups by an ipso iododesilylation
using ICl. A sequence to two more Sonogashira couplings gave the trialkyne, which

GHa Si(CH3),R
R I 3)2
R-Si—=
Br TMS—= Br iy Z K2COs
: - _ s - -
| PdCly(PPhs), ©/\ PdCl,(PPhg) CH30H
Cul, Et;N X ws  Cul e X EtOH
piperidine MS
toluene R = C(CH3),CH(CH3),
Si(CHg),R Si(CHa)2R ' _
= TMS— T™S  |cl | TMS—==
0.0 CHLC 0.0 PdCl,(PPh),
“ CpCo(CO), H2Cl Cul, Et;N
A (cat.)
Si(CH3),R
= (CH3)2
I ™s '
Z X
PdCI,(PPh3),
Cul, EtsN 0.0
2. TBAF, THF
angular
[4]phenylene
™S
CH
| Redi 0 L Si(CH3),R I Si(CH3),R
| i Z TMS—= Z
“OO el QU =
PdCly(PPhs), PdCl,(PPhg),
Cul, Et;N Cul, Et;N

| TMS
I | z gn

pZ
K,CO3 .
CHOH PdCl,(PPh3),
Et,0 Cul, EtzN O.

O O CpCo(CO),

(cat.)

™S
Si(CH3),R

TBAF

| |

THF
e

Figure 8.15: Synthesis of angular phenylenes [16].

angular
[5]phenylene
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underwent cyclotrimerization to give the angular [4]phenylene. A similar approach
was followed for the preparation of the corresponding angular [5]phenylene.

This methodology could be further extended to the preparation of triangular [4]
phenylenes and even [7]phenylenes, as outlined in Figure 8.16 [17, 18]. The synthesis
of both of these compounds began with a sixfold Sonogashira coupling of trimethyl-
silyl acetylene with hexabromobenzene. A cyclotrimerization with BTMSA followed
by protiodesilylation gave the triangular [4]phenylene. For the triangular [7]phenyl-
ene, cyclotrimerization with the protected triyne gave the ethynyl-substituted [4]

T™MS
Br ™S || ™S || o
Br Br =—TMS X FZ KF/H,0 A = TMS—=—Tms
| 18-crown-6
Br Br  PdCly(PPhg), — [ = [ CpCo(CO),
Z A DME = AN .
Br Cul BN 1ys l ™S I (cat.)
TIPS
1. TBAF, THF
toluene
2. TMS—==—TMS
CpCo(CO),

Figure 8.16: Synthesis of triangular [4]- and [7]-phenylenes [17, 18].
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phenylene, which could be deprotected and subjected to another cyclotrimerization
reaction with bis(trimethylsilyl)acetylene to give the TMS-substituted [7]phenylene.

Cobalt-catalyzed alkyne cyclotrimerizations are not limited to the synthesis of
benzocyclobutenes or [n]phenylenes, and can also be used for the preparation of
other highly substituted benzenes. For example, the reaction has been used to pre-
pare substituted hexaphenylbenzenes by cyclotrimerization of diphenyl acetylenes
using cobalt catalysts such as CpCo(CO), or Co,(CO)g (Figure 8.17) [19, 20].

R

o C
Coz(CO)g O
= T

R =Cy2H2s R I ‘

R

-
I R

Figure 8.17: Synthesis of substituted hexaphenylbenzenes by cobalt-catalyzed alkyne
cyclotrimerization [19, 20].

We saw in the previous section that hexaphenylbenzenes could be prepared by a
step-wise aldol condensation to produce the cyclopentadienone, followed by a
Diels—Alder reaction with diphenyl acetylene. The alkyne cyclotrimerization offers
a more direct method of preparing hexaphenylbenzenes in one step from diphenyl
acetylenes. On the other hand, the condensation/Diels—Alder approach allows dif-
ferent substituents to be installed on the phenyl rings.

8.2.3 Olefin metathesis

Ring-closing olefin metathesis (RCM) has become a widely used approach for the prep-
aration of double bonds. The generalized reaction is shown below and uses metal
alkylidene catalysts such as those developed by Schrock and Grubbs (Figure 8.18).
Mechanistically, the reaction consists of a sequence of [2 + 2] cycloadditions and cy-
cloreversions and is usually under thermodynamic control.

RCM is generally carried out under mild conditions and very tolerant of differ-
ent functional groups. Olefin metathesis can also be useful for the construction of
aromatic rings [21]. As an example of one strategy, acyclic octatrienes can undergo
olefin metathesis to produce cyclohexadienones, which tautomerize to the corre-
sponding phenols (Figure 8.19) [22]. This approach has also been used for the prep-
aration of substituted anilines. This method has the advantage that it can be used
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R Ry catalyst R
\CCHZ + Hzcj _— 5_557 + HQC:CHZ
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Mes—N_ _N-M HPr
es— —Mes
NP a _pn PO N Pr
catalysts: I/Il?u :Ruj FiC N
PCy; Cl71 O'"Mo=
PCy; FsC Ph
FsC——©
Grubbs | Grubbs Il Schrock

Figure 8.18: Some common catalysts for olefin metathesis.

to achieve substitution patterns that are not readily achieved using more conven-
tional methods that focus on functionalizing existing benzene rings.

MesN_ _NMes
on T ek _P" 0 OH
CH3 o Ph CH; tautomerization g CH
/ PCy; s
—_— —
CHs CHs
CHs

Figure 8.19: An example of olefin metathesis to prepare an aromatic ring [22].

As an example of the use of olefin metathesis to prepare an aromatic ring as part of
a total synthesis, we will consider the synthesis of hasubanonine reported by Castle
and coworkers (Figure 8.20) [23]. This synthesis also highlights some of the chemis-
try we have seen in earlier chapters. The synthesis begins with nitration of 4-
benzyloxy-2,3-dimethoxybenzaldehyde. Since there are two sites on the aromatic
ring that are activated, the regiochemistry of nitration is likely influenced by the
steric bulk of the benzyloxy substituent. The nitro group was then reduced using
FeS0O, in ammonium hydroxide. The resulting aniline was converted to the diazo-
nium salt using t-butyl nitrite and tetrafluoroboric acid and reacted with KI to give
the corresponding aryl iodide. At the same time, regioselective iodination of 3,4-
dimethoxybenzaldehyde was achieved by directed ortho-metalation using n-BuLi
and N,N,N-trimethylethylenediamine, followed by phenyllithium, and ultimately
trapped with 1,2-diiodoethane to yield the desired iodide. This modified DoM proto-
col was used to achieve good regioselectivity for the ortho-lithiation step [24]. The
resulting aryl iodide was converted to the corresponding pinacol boronate ester
using Miyaura borylation conditions. Suzuki coupling of the aryl boronate with the
aryl iodide gave the desired biphenyl. The formyl groups were converted to the
vinyl groups via a Wittig reaction, which set the stage for olefin metathesis using
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Figure 8.20: Synthesis of hasubanonine [23].

Grubb’s second generation catalyst, which gave the desired phenanthrene deriva-
tive. A sequence of subsequent steps gave the natural product hasubanonine. It
should be noted that during these steps, the aromatic ring created through olefin
metathesis was ultimately lost. However, the synthesis provides an instructive sum-
mary of several of the reactions we have explored and demonstrates the use of ole-
fin metathesis for the preparation of aromatic compounds.

8.3 Preparing aromatic heterocycles

The synthesis of aromatic heterocycles is very important because of the prevalence
of these systems in biologically active compounds ranging from natural products to
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synthetic pharmaceuticals. The synthesis of heteroaromatic compounds is also di-
verse — much like the number of different heteroaromatic systems. A thorough ex-
ploration of the construction of heteroaromatic rings could be the subject of its own
textbook [25]. Here, the goal is to highlight some of the general approaches to heter-
oaromatic rings and provide some illustrative examples.

8.3.1 Five-membered ring heterocycles
The simplest five-membered heteroaromatic compounds are those with one hetero-
atom, such as pyrrole, furan, and thiophene. One of the general synthetic approaches

to all of these compounds is from the 1,4-dicarbonyl compounds (Figure 8.21).

1,4-diketone

+
y \2r Lawesson's Reagent
NH3
A -
v 0 2 R >g” "R
N
R4 N R
H

Figure 8.21: Synthetic approach to five-membered heteroaromatic compounds from 1,4-dicarbonyl
compounds.

2

For example, the synthesis of furans from 1,4-dicarbonyls under acidic conditions
is known as the Paal-Knorr furan synthesis. The mechanism of the reaction is out-
lined in Figure 8.22 [26].

D< H* transfer / R
R—(/_>—R — R /O(f‘v

o J enolizaton  OH O. @O OH "O-'—)®0H2
and ) H
protonation
;' H O H
e )
RN R R Ng” R
[©]

Figure 8.22: Mechanism of the Paal-Knorr furan synthesis.
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The corresponding Paal-Knorr synthesis of pyrroles uses a diketone and ammo-
nia (Figure 8.23) [25]. The mechanism is likely similar, although it involves nucleo-
philic attack on the carbonyl by ammonia prior to cyclization using the nitrogen as
the intramolecular nucleophile. A limitation of the scope of both of these methods is
that there are a limited number of readily available 1,4-dicarbonyl starting materials.

H
N
H3C CHj
ch)J\/\”/CH?, - U

Figure 8.23: Paal-Knorr pyrrole synthesis.

A conceptually related approach is the Knorr synthesis, in which an a-aminoketone
reacts with ethyl acetoacetate (Figure 8.24) [25]. The resulting imine undergoes an in-
tramolecular condensation reaction to give the substituted pyrrole.

R CO,Et

o
NH _ | -
RJ\/ 2 OEt OEt /Y

Iz

Figure 8.24: The Knorr synthesis of pyrroles.

Sometimes, the amino ketone is generated in situ from the B-keto ester (such as
ethyl acetoacetate) by reaction with sodium nitrite to give the oxime, followed by
reduction with zinc (Figure 8.25) [25].

EtO,C
o o NaNO,

)J\/”\ OEt  AcOH M AcOH

Figure 8.25: Variation of the Knorr synthesis of pyrroles.

CO,Et

As described above, thiophenes can be prepared in a similar way using the 1,4-
dicarbonyl compounds in the presence of P,S; or Lawesson’s reagent. An alternative
approach to thiophenes is the Hinsberg synthesis, which involves the condensation
of the sulfide shown with a 1,2-dicarbonyl compounds (Figure 8.26) [27]. The product
is a thiophene with ester groups attached to the 2 and 5 positions and R groups (from
the 1,2-dicarbonyl) attached at the 3 and 4 positions. This compound can often be de-
carboxylated to give the 3,4-disubstituted thiophene, presenting an alternative to the
Paal-Knorr synthesis, where substituents are attached at the 2 and 5 positions.
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o o
>\ ( R R
EtO OEt R R /m\
\n/\s/\n/ 4NaoEt > EtO,C S CO,Et
© © EtOH

Figure 8.26: The Hinsberg thiophene synthesis.

Five-membered heteroaromatic compounds with two heteroatoms include imid-
azole, thiazole, oxazole, and pyrazole. Two common five-membered heteroaromatics
containing more than two heteroatoms are triazole and tetrazole (Figure 8.27).

N s o N ¥ §
N N, N
W ) ) W O (N
N N N N N—N
imidazole thiazole oxazole pyrazole triazole tetrazole

Figure 8.27: Five-membered heteroaromatic compounds with two heteroatoms.

One general approach to 5-membered heteroaromatic rings with two-nonadjacent
heteroatoms involves reaction of an a-bromo-carbonyl compound with an amidine
or thioamide. This approach is illustrated for the synthesis of imidazoles and thia-
zoles (Figure 8.28).

2
NH O R C
&2 . i o TI\\ g3 thiazole
;
RUTS Br~ "R R" S
2
T G
+ NN 3 imidazole
1 | R
R'" “NH, B “R? R1J\”

Figure 8.28: Synthesis of thiazoles and imidazoles.

In contrast, oxazoles are not prepared in the same way because amides are not reac-
tive enough. Rather, an intramolecular cyclization of the dicarbonyl under acidic
conditions, similar to the synthesis of furans (Figure 8.29).

Pyrazoles are usually prepared by the condensation of a 1,3-dicarbonyl com-
pounds with hydrazine (Figure 8.30).

For an example of the applications of the synthesis of pyrazole, we can consider
the synthesis of sildenafil, which is better known under its trade name Viagra™.
The synthesis begins with pyrazole formation by condensation of a pB-keto ester
with hydrazine (Figure 8.31) [28]. Following this step, the pyrazole nitrogen was
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R2
o Oy R?
; + — X i/\g—w
R" "NH, Br~ O R® R H

Figure 8.29: Synthesis of oxazoles.

R)J\/U\R +  HN-NH, ———— R/UH\R

Figure 8.30: General synthesis of pyrazoles.

methylated using dimethyl sulfate, and the ester was hydrolyzed. Pyrazole under-
went electrophilic nitration at the remaining available position, and the carboxylic
acid was converted to the amide in a two-step sequence. Reduction of the nitro
group using hydrogen and palladium on carbon gave the necessary aminopyrazole,
which was transformed in a sequence of steps to sildenafil.

H I\I/Ie Me
o o HN-NH,  EtO:C( N 1.Me;80, HOCL N HNO;  HOLC_J{

I M ~THo | N LN
EtO,C H20 2. NaOH/H,0 H,S0,

l\llle
EtO HN
1 SOCI2 N\ H2 Pd/C -
/ N
2. NH4OH

Figure 8.31: Synthesis of sildenafil [28].

8.3.2 Six-membered ring heterocycles

Six-membered N-heteroaromatic compounds such as pyridines, pyrazines, pyrimi-
dines, and pyridazines (Figure 8.32) are structural motifs that are frequently seen in
biologically active molecules. There are numerous approaches to these compounds,
but many involve reactions of amines with carbonyl compounds as a key step.
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XN Ny N N
| I | |

N" N7 N7 NN
pyridine pyrazine pyrimidine pyridazine

Figure 8.32: Some six-membered N-heteroaromatic compounds.

One of the classical approaches to prepare pyridines is known as the Hantzsch pyri-
dine synthesis, which consists of the reaction of a B-keto ester with an aldehyde
and ammonia (Figure 8.33) [29, 30]. The reaction consists of condensation reactions
between the B-keto ester and the aldehyde, followed by imine formation and cycli-
zation to give a dihydropyridine as the initial product. The dihydropyridine can be
oxidized to the corresponding pyridine using oxidizing agents such as DDQ.

R
R

PN H DDQ R
EtO,C 0~ H CO,Et EtO,C CO,Et Et0,C._~_-CO:Et
PTG § Gl §
(6] [e) N N
NH,

H
a dihydropyridine

Figure 8.33: The Hantzsch pyridine synthesis.

The Hantzsch pyridine synthesis described above is well suited to symmetrically
substituted pyridines. In order to prepare dissymmetric pyridines, a modification of
the Hantzsch pyridine synthesis consists of a reaction of an o,p-unsaturated carbonyl
with an enamine (Figure 8.34) [29, 30]. Mechanistically, this reaction consists of a con-
jugate addition of the enamine with the o,B-unsaturated carbonyl, followed by a con-
densation between the amine and the remaining carbonyl to give a dihydropyridine.

R R H
MeOZCf CO,Me EtOZC\’/\)iCOZEt
D
R" ™0 H,N™ TR2 1

RUTNT TR,

Figure 8.34: Modified Hantzsch pyridine synthesis for unsymmetrical pyridines.

This method has been used for the preparation of felodipine, a dihydropyridine
derivative that is a calcium ion transport inhibitor used to reduce blood pressure
(Figure 8.35).

Six-membered heterocyclic systems with two nitrogen atoms include pyrazines,
pyrimidines, and pyridazines. Pyrazines are generally prepared by condensation of
1,2-diones with 1,2-diamines, followed by oxidation (Figure 8.36). The synthesis of
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Figure 8.35: Synthetic approach to felodipine.

benzopyrazines (often refers to as quinoxalines) are prepared using a similar ap-
proach, but without the need for an oxidation step (Figure 8.36).

R_o HoN R__N R__N
X J—— 1) )
HoN R™ SN R™ N

R™ O

[0]

R_0O HoN R._N
I j@ - = I | benzopyrazines
R0 H,N R \N (quinoxalines)

Figure 8.36: General approach to the synthesis of pyrazines and quinoxalines.

For example, a condensation of a 1,2-dicarbonyl and a 1,2-diamine can be used in
the synthesis of folic acid (Figure 8.37).

Similarly, pyridazines are usually prepared by condensation of 1,4-dicarbonyls
with hydrazine, followed by oxidation (Figure 8.38).

For an example, consider the synthesis of cyanamid, an herbicide used on cotton
(Figure 8.39) [31]. In this case, hydrazine was condensed with a keto-ester to give the
dihydropyridazinone, which was oxidized to the pyridazinone using bromine. This
compound could then be converted into the chloropyridazine using POCl;. A nucleo-
philic aromatic substitution with sodium methoxide gave the final product.

Pyrimidines can be prepared by condensation of 1,3-dicarbonyl compounds with
urea, thiourea, or amidines such as guanidine. Using urea, thiourea, or guanidine re-
sults in the corresponding heteroatom-substituted pyrimidine, while when amidines are
used, the corresponding hydrocarbon-substituted pyrimidine is produced (Figure 8.40).
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Figure 8.37: Synthesis of folic acid.
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Figure 8.38: General approach to pyridazines.
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Figure 8.39: Synthesis of cyanamid.
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Figure 8.40: General synthetic approaches to pyrimidines.
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For an example, consider a synthesis of the antibacterial agent trimethoprim,
which has a diaminopyrimidine unit (Figure 8.41) [32]. Condensation of the 1,3-
dicarbonyl (represented here as the enol tautomer) with guanidine results in the
aminopyrimidine. The hydroxyl group was then converted into the chloride using
POCI;, followed by nucleophilic aromatic substitution with ammonia.

NH; NH,

OH O N)%N NAN

X NH ‘ \
H5CO o8 o 1. POCI 7 ONH,
3 HN" NHy  HscO i 8 H,CO

2. NHj

H,CO ocH H3CO H,CO

8 OCHj3 OCHj,

trimethoprim
(antibacterial)

Figure 8.41: Synthesis of trimethoprim.
8.3.3 Fused heteroaromatics

There are also numerous different benzo-fused heteroaromatics that are found
widely in natural products as well as synthetic compounds, usually biologically ac-
tive compounds targeted for therapeutics. Here, we will explore some of the syn-
thetic approaches for indoles, quinolines, and isoquinolines (Figure 8.42).

N = _N
H N
indole quinoline isoquinoline

Figure 8.42: Structures of simple benzo-fused heteroaromatic compounds.

8.3.3.1 Synthesis of indoles

Indoles are frequently seen in natural products — most notably the amino acid tryp-
tophan, which serves as the starting point for the biosynthesis of other important
biomolecules like serotonin. Because of their importance in natural products and
biologically active molecules, there are numerous approaches for the synthesis of
indoles [33, 34].

One of the best known classical approaches for the preparation of indoles is the
Fischer indole synthesis, where a ketone reacts with phenylhydrazine under acidic
conditions (Figure 8.43) [35].

The accepted mechanism for the Fischer indole synthesis is outlined in Figure 8.44
[35]. It consists of phenylhydrazone formation between the phenylhydrazine and
ketone, followed by tautomerization. The enamine tautomer undergoes a [3,3]
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R H* mR
©\N,NH2 N — N

H 0 H

phenylhydrazine substituted indole

Figure 8.43: Fischer indole synthesis.

sigmatropic rearrangement, resulting in carbon—carbon bond formation and a dis-
ruption of aromaticity. Rearomatization is accompanied by a cyclization where
the aryl nitrogen attacks the imine intermediate. Finally, elimination of ammonia
gives the indole. The reaction is typically carried out under acidic conditions,
ranging from strong acids such as polyphosphoric acid, weaker acids such acetic
acid, to Lewis acids such as ZnCl, or BF;3 - Et,0.

©\ Nite H3C)OLR ‘; ©\ ,NACHS ©\ (NH

Figure 8.44: Mechanism of the Fischer indole synthesis.

Although the Fischer indole synthesis is over 100 years old, it has been used widely
and continues to be a useful tool for the for the preparation of indoles. A well-
known classical example of the application of the Fischer indole synthesis is in
Woodward’s 1954 synthesis of strychnine (Figure 8.45) [36, 37].

)
OCH3
NHNH, H,c OCHs
©/ + OCHj3
OCH;

strychnine

Figure 8.45: Fischer indole synthesis as part of Woodward’s strychnine synthesis.

Indoles are also used as active pharmaceutical ingredients — most notably in a class
of drugs known as triptans, which are used to treat migraines [38]. The indole moi-
ety in these compounds is often prepared by a Fischer indole synthesis. For an ex-
ample, we will consider a synthesis of almotriptan, which uses a modified Fischer
indole synthesis known as the Grandberg variation (Figure 8.46) [39]. In this syn-
thesis, the aniline bearing the sulfonamide was converted to the corresponding
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Figure 8.46: Synthesis of almotriptan [39].

phenylhydrazine by diazotiation using sodium nitrite and subsequent reduction
using stannous chloride. The phenylhydrazine then reacted with chlorobutaralde-
hyde diethyl acetal in HCI with Na,HPO,, in the modified Fischer indole synthesis to
give the tryptamine derivative. In this reaction, the protected aldehyde reacts with
the phenylhydrazine to form the corresponding hydrazone. Following the indole
formation, the ammonia released during the reaction displaces the chloride to give
the tryptamine in a single step. Finally, the amine was methylated by a twofold re-
ductive amination using formaldehyde and sodium borohydride.

A variation of the Fischer indole synthesis is known as the Japp—Klingemann
reaction, where the phenylhydrazone is accessed directly from the aryl diazonium
salt without the need to prepare the phenylhydrazine. Typically, the aryldiazonium
salt is treated with a pB-ketoester, which undergoes deacylation and phenylhydra-
zone formation (Figure 8.47) [33]. The phenylhydrazone can then undergo Fischer
cyclization to give the corresponding indole-2-carboxylate ester.

R

0
CoEt ©\
©\ VTR ? NN COE @E&cma
N, H \[ N
R R

H

Figure 8.47: The Japp—Klingemann indole synthesis.

The Japp-Klingemann reaction has been applied to the synthesis of sumatriptan, as
outlined in Figure 8.48 [40]. The aniline starting material was converted to the diazo-
nium salt and treated with the B-ketoester shown to give the arylhydrazone. The aryl-
hydrazone underwent Fischer cyclization in acetic acid to give the indole. Finally,
ester hydrolysis was followed by decarboxylation using copper powder in quinolone
to give sumatriptan.

Modern methods for the preparation of indoles have also been developed. For ex-
ample, Larock and coworkers developed a palladium-catalyzed annulation reaction of
iodoanilines with alkynes (Figure 8.49) [41, 42]. The reaction involves an iodoanline,
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Figure 8.48: Synthesis of sumatriptan using a Japp-Klingemann reaction [40].

an alkyne, a palladium catalyst such as Pd(OAc),, weak base, and a chloride source
such as LiCl. As shown in Figure 8.49, when an unsymmetrical alkyne is used, the
regiochemistry favors the larger R group of the alkyne attached to the indole nitrogen.

RS
Z | Pd cat., LiCl pZ {
Rt | —— R | R
NS NHR1 RS — RL A N
R

Figure 8.49: Synthesis of indoles via the Larock heteroannulation.

The proposed mechanism for this annulation reaction is outlined in Figure 8.50 [42].
The reaction is thought to proceed by reduction of Pd(OAc), to a Pd(0) species, fol-
lowed by chloride coordination. Following this, the aryl iodide underwent oxidative
addition to Pd(0) and the alkyne coordinated to the PA(II) complex. The alkyne under-
went a migratory insertion into the aryl-Pd bond and the amine coordinated to the pal-
ladium, displacing the iodide to form a six-membered palladacycle. Finally, reductive
elimination led to formation of the indole and regeneration of the active catalyst. The
regiochemistry of the reaction is determined by the alkyne insertion step, where the
larger group is positioned further from the aryl group, presumably for steric reasons.
The Larock heteroannulation reaction has been applied to the synthesis of riza-
triptan, an anti-migraine triptan marketed as the benzoic acid salt under the brand
name Maxalt®. The synthesis is outlined in Figure 8.51 [43]. The synthesis begins
by ortho-iodination of the substituted aniline with ICl. Following this, the palla-
dium-catalyzed heteroannulation reaction with the bis-TES-propargyl alcohol gave
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Figure 8.50: Proposed mechanism of the Larock heteroannulation [42].
the indole. The TES groups were cleaved under acidic conditions, and the alcohol

was converted into the dimethylamino group via mesylation and reaction with di-
methylamine to yield the desired rizatriptan.

N—\\ N—\\

Et3Si———
K@\ OTES
H, CaCO, Pd(OAc),, NayCOy

A\
2
CH30H/H,0 DMF N

N N7\ N\y—
4_\\N OH N N
N’ N
HCl 1. MsCl
N\ A\ Rizatriptan
CH3OH 2. (CHa) NH N
N H

Figure 8.51: Synthesis of rizatriptan via Larock heteroannulation [43].

N
4_\\ OTES

Another palladium-catalyzed method for preparing indoles involves an intramolec-
ular Heck reaction. For an example of an intramolecular Heck reaction, iodoanilines
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can react with carbonyl compounds to form enamines, which undergo intramolecu-
lar Heck reactions to form indoles (Figure 8.52) [44].

R3
3
o~ R Pd(OAc),/ DMF R A
Ri\ l * - R l JI — R R?
NH, 07 R? N R2 X N

Figure 8.52: Intramolecular Heck reaction for the synthesis of indoles [44].

8.3.3.2 Synthesis of quinolines

Quinoline consists of a pyridine ring fused to a benzene ring. There are several dif-
ferent reactions used to prepare quinolines, but many can be generalized as consist-
ing of imine formation and an electrophilic substitution (Figure 8.53). These can
either be done sequentially or in a single synthetic step.

P
N
Y —CfL— O,
N NH, "0 NH, %

electrophilic

imine substitution 1,3-dicarbonyl

Figure 8.53: Generalized approach to quinolines.

The Combes quinolone synthesis is a good example of a one-step synthesis of qui-
nolines from an aniline and a 1,3-dicarbonyl (Figure 8.54). This reaction is carried
out in the presence and acid, and can be viewed as imine formation followed by
electrophilic aromatic substitution and dehydration. Electron-donating substituents
meta to the aniline (Z groups as shown in Figure 8.54) enhance reactivity because
these will promote the electrophilic substitution step. An important consideration is
that unsymmetrical 1,3-dicarbonyl compounds (where R = R’) will lead to a mixture
of regioisomers.

R

o o
H,S0,

L, A 2 oy e

z NH, 5 N R

Figure 8.54: Combes quinoline synthesis.

A related reaction is the Knorr quinolone synthesis, in which an aniline and a B-
keto ester react at elevated temperature to give either the 2-quinolone or 4-quinolone
(Figure 8.55). Again, a mixture of regioisomers can result. Quinolones are an important
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target in their own right, but can also be converted into the corresponding chloroquino-
lines using POCl.

o o R R
>130°C
X A
@ v AN —— @ —_— @
NH N” NOH N0
OH (@]
©f\1 Qﬁ
o
N R H R

quinolones

Figure 8.55: Knorr quinolone synthesis.

Another classic approach to quinolines involves the reaction of an aniline with an
o,B-unsaturated carbonyl in the presence of acid and an oxidizing agent to form a
quinoline (Figure 8.56). This reaction is known as the Skraup reaction [45].

R
R
H* o)
L ﬁ @fﬁ
NH, [O] N”

Often the reaction is carried out with glycerol as a reactant, which undergoes dehy-
dration and oxidation to form acrolein in situ. The Skraup reaction typically involves
combining the aniline, glycerol or o,B-unsaturated carbonyl, acid, and oxidizing
agent together. The reaction is very exothermic and sometimes violent. Mechanisti-
cally, the reaction consists of a conjugate addition of the aniline to the a,p-unsatu-
rated carbonyl, an acid-catalyzed electrophilic cyclization, and an oxidation of the
resulting dihydroquinoline (Figure 8.57).

= o Ho_ R
R_M "
+ | o
NH N N
2 H H
R R
@ - @
~
N N
H

Figure 8.57: Outline of the mechanism of the Skraup reaction.

Figure 8.56: The Skraup reaction.
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The reactions discussed thus far lead to 2- and 4-substituted quinolines and
have potential challenges in terms of regioselectivity. An alternative method that
addresses both of these issues is the Friedldnder quinoline synthesis, which in-
volves the reaction of an 0-amino aldehyde with an enolizable ketone or aldehyde
(Figure 8.58) [46].

(0]
1 1
CHO R\)J\Rz mR
O: N/ R2

NH, base

Figure 8.58: The Friedldnder quinoline synthesis.

There are two plausible mechanisms for the reaction (Figure 8.59). The first mecha-
nism involves aldol condensation, followed by intramolecular imine formation. Alter-
natively, it is possible that imine formation occurs first, followed by an intramolecular
condensation.

Mechanism 1: Aldol condensation, then cyclization
O
9 o, OH
R R R
N —
2 2
NH, 07 "R? o R d R
NH, NH,
1 1
N R N R N R2
- . R2 ——— R2
N N i:: /:: 1
Ca L %o N on N" TR
Mechanism 2: Imine formation, then intramolecular aldol

o o) o} 0
R H
OO ot — Clee— L, e O
Cre N_/<_ N_/<_ N=(_
H 0© \ g2 OH R2

— Oy @ﬁi — O OO

HRZ

R1
S

NH,

Figure 8.59: Plausible mechanisms for the Friedldander quinoline synthesis.

A variation of the Friedldnder quinoline synthesis uses a nitrobenzaldehyde and
carries out the aldol condensation first. The second step involves reduction of the
nitro group and cyclization (Figure 8.60).
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=y R!

CHO R\)J\Rz @ﬁ( H, Pd/C @(\kﬁ ©\/\/E
base

NO,

Figure 8.60: A variation of the Friedlander quinoline synthesis.

The Friedlander quinoline synthesis has been applied to the synthesis of quino-
line-containing natural products and synthetic analogs. For example, camptothe-
cin, which along with its analogs has been the subject of considerable research
efforts due to its anticancer potential, was prepared by Danishefsky and coworkers
using the Friedldnder quinoline synthesis as a key step (Figure 8.61) [47].

o)
CHO NaOH
YUy
CO,H
NH, N 2H H,0 5
O CO,CH,4

camptothecin

Figure 8.61: Friedldnder quinoline synthesis as part of the synthesis of camptothecin [47].

8.3.3.3 Synthesis of isoquinolines

Isoquinoline derivatives are also widely found in natural products with biological
activity, and as such there are numerous approaches to the syntheses of isoquino-
lines, as well as dihydro- and tetrahydro-isoquinolines.

One approach to isoquinolines is the Pictet—Spengler reaction, which involves
reacting a 2-phenylethylamine and an aldehyde to form a tetrahydroisoquinoline
(Figure 8.62) [48, 49]. The reaction involves imine formation, followed by an acid-
catalyzed electrophilic cyclization. The tetrahydroisoquinoline can be converted
into the corresponding isoquinoline via oxidation.

NH; e} H*
+ —_— —
©/\/ R)J\H l&“ NH
R R

a tetrahydroisoquinoline

Figure 8.62: Pictet-Spengler reaction.

An alternative method is the Bischler-Napieralski isoquinoline synthesis, which uses
2-phenylethylamine and an acid chloride instead of an aldehyde (Figure 8.63) [50].
The amine and the acid chloride react to form an amide, which is then treated with
POCl;, which leads to an intramolecular Vilsmeier-Haack reaction. The dihydroiso-
quinoline product can then be oxidized to the corresponding isoquinoline.

printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



8.3 Preparing aromatic heterocycles =—— 243

NH, fo) POCls [O] | A
@/\/ + RJ\CI HN\];O _N =N
R R R

dihydroisoquinoline

Figure 8.63: Bischler-Napieralski isoquinoline synthesis.

The Bischler—Napieralski isoquinoline synthesis has been applied to the prepara-
tion of papaverine, an opium alkaloid natural product with a variety of therapeutic
uses, along with some of its derivatives [51]. An overview of the synthetic approach is
shown in Figure 8.64 [25]. The substituted phenylethylamine reacts with the acid
chloride to give the amide. This amide is then treated with POCl;, creating the imi-
nium electrophile that undergoes an intramolecular electrophilic aromatic substitu-
tion to give the dihydroisoquinoline, which can be dehydrogenated using palladium
on carbon to give papaverine.

Q H,CO
cl m
H.CO NH NH POCI
+
H5CO OCHjg

HsCO

OCH;
H,CO

H,CO
O s N
~
H,CO _— N
OCH,4 H3CO
O OCH;
OCH,4 O
OCH;

Figure 8.64: Synthesis of papaverine via a Bischler-Napieralski reaction.

Another method for preparing isoquinolines is known as the Pomeranz—Fritsch re-
action [52]. It consists of the reaction of a benzaldehyde with an aminoacetalde-
hyde diethyl acetal, followed by treatment with acid (Figure 8.65). The reaction
involves imine formation, followed by an acid-catalyzed acetal hydrolysis and
electrophilic cyclization.
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(0] H N/\rOEt
2
— - K(oa _

OEt

Figure 8.65: The Pomeranz—Fritsch isoquinoline synthesis.
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9 Fused aromatic rings — polycyclic aromatic
hydrocarbons

9.1 Introduction to polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are a diverse class of organic molecules.
They are found in fossil fuels such as crude oil, coal, and oil shale, and are also
produced during incomplete combustion. PAHs also present environmental con-
cerns and are known to be carcinogenic.

The historical motivations for the synthesis of PAHs include the production of
quinone dyes, fundamental studies on the nature of aromaticity, and to further un-
derstand the carcinogenic properties of these compounds. More recently, a renewed
interest in the synthesis of PAHs stems from their potential utility as organic semi-
conductors or light-emitting materials. By virtue of molecular properties such as a
low HOMO-LUMO gap and the ability to interact via m-stacking interactions, these
compounds can often transport charge, thereby serving as a potential alternative to
inorganic semiconductors. As such, there is a considerable effort to develop new
synthetic methods for the preparation of PAHs. In this chapter, we will explore
some of the general features of PAHs, including reactivity and stability. We will
also explore some of the general approaches for the synthesis of PAHs, which will
form the basis for the synthetic applications discussed in Chapters 10 and 11. For a
more detailed discussion of the synthesis and reactivity of PAHs, Clar and Harvey
each have books focused entirely on the synthesis of PAHs [1, 2].

9.1.1 Classification and nomenclature of PAHs

PAHs are often classified based on how the rings are fused as cata-condensed sys-
tems, or as peri-condensed systems. Cata-condensed systems have ring fusions that
only share two carbons (Figure 9.1). Peri-condensed systems have carbon atoms
that serve as the fusion point for three rings (Figure 9.2).

In addition to their nomenclature, other descriptions of PAH structural motifs are
used frequently. These descriptions of structural features are shown in Figure 9.3.
The descriptions zigzag periphery, K-region, bay regions, arm-chair periphery, and
fjord regions are not pertinent in terms of formal nomenclature, but are useful de-
scriptors that are often used and have implications for reactivity.

To facilitate the discussion of the chemistry and reactivity of PAHs, it is useful
to introduce some of the basic nomenclature of this diverse class of compounds.
For a more detailed discussion of nomenclature of PAHs, refer to Harvey’s Polycyclic
Aromatic Hydrocarbons [1]. Figure 9.4 shows the names of some of several of the

https://doi.org/10.1515/9783110562682-009
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Figure 9.1: Selected examples of cata-fused PAHs. Note that the carbon atoms indicated are at the
junction of two rings.

Figure 9.2: Selected examples of peri-fused PAHs. Note that the carbon atoms highlighted are at
the fusion of three rings.

bay regions
zig-zag periphery arm-chair periphery

K-region — QO OO
- ford _
O regions g !

Figure 9.3: Descriptions of structural features of PAHs.

basic PAHs, whose names are used as parent structures for many of the more com-
plex structures.

To name a PAH, the structure is drawn to place the maximum number of rings
oriented horizontally, and if more than one orientation is possible, choose the one
that orients the maximum number of rings in the upper right quadrant. Carbon
atoms are numbered in a clockwise direction starting with the carbon atom in the
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Figure 9.4: Structures of some of the parent PAH structures.

uppermost ring farthest to the right. For the purpose of numbering, carbon atoms
that form a ring fusion point are omitted. An examination of the numbering shown
in Figure 9.4 shows how this rule is applied, but it should be noted that the two
structures in the box (phenanthrene and anthracene) are exceptions to this rule,
with the central ring given the highest numbers.

The parent name is chosen to have as many rings as possible (i.e., it should be
as far from the beginning of the list of structures shown in Figure 9.4). Any rings
that are added to the parent structure through ring fusion should be as simple as
possible and are named as prefixes (e.g., benzo, naphtho, anthra). To denote the
position of fused ring components, the bonds of the parent PAH are labeled with
letters alphabetically starting from the left side of the ring in the upper right quad-
rant and moving clockwise around the ring system. This is similar to the numbering
system, but the numbers denote a carbon atom where a simple substituent can be
attached, while the letters denote a bond that can be a point of ring fusion. The
position of ring fusion is indicated with the corresponding letter(s) in square brack-
ets. In Figure 9.5 are some representative examples of named compounds, where
the parent PAH for the name is indicated with darker lines, and where the lettering
for the substituents are indicated. Also note that these structures are drawn with
the maximum number of rings in the horizontal direction, and the maximum num-
ber of rings in the upper right quadrant, where applicable. The nomenclature sys-
tem is not necessarily applied consistently — especially when it comes to the choice
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of the parent PAH. As such, different names are sometimes applied to the same
compound. However, the basic approach to naming does usually allow the struc-
tures to be deduced from the names.

o s EPUVe 0
oo G0 GCO, oCC
e O 0

anthracene benz[a]anthracene dibenz[a,c]anthracene dibenz[a,h]anthracene
O Q00 QU

j ihT9f O

naphthacene benzo[a]naphthacene dibenzo[de,grlnaphthacene

(tetracene)

chrysene dibenzo[b,deflchrysene naphtho[1,2-g]chrysene

Figure 9.5: Illustrative examples of the nomenclature of PAHs.

9.2 Stability and reactivity of PAHs
9.2.1 The aromatic sextet

In Chapter 1, we discussed the well-known Hiickel rule for aromaticity, which re-
quires 4 n +2 m-electrons in a cyclic conjugated system for aromaticity. In the case of
benzene rings, this implies six m-electrons, which Armit and Robinson referred to as
a “m-aromatic sextet” [3]. Hiickel’s rule applies only to monocyclic systems. So, how
do we effectively describe aromatic stabilization in polycyclic systems? In 1972, Clar
used the concept of the aromatic sextet for polycyclic aromatic systems by consider-
ing the polycyclic system as distinct aromatic sextets based on their Kekulé reso-
nance structures [4]. Clar’s rule states that the resonance structure with the largest
number of aromatic sextets is the most important for describing the properties of
PAHs. To clearly indicate the rings that have an aromatic sextet (often referred to as a
Clar sextet), a circle is used. It is important to note that for a given Clar structure, if
aring that is fused to a sextet, that ring cannot possess a sextet because any shared
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ni-bonds are already accounted for in the aromatic sextet. Figure 9.6 shows some of
the Kekulé resonance structures of phenanthrene and anthracene and the corre-
sponding Clar structures. If we consider phenanthrene, it can either be represented
as having one aromatic sextet on the central ring, or two aromatic sextets on the ter-
minal rings. Because the latter structure has the most sextets, it is considered the
most important for describing the properties of phenanthrene. In anthracene, three
Clar structures can be drawn; however, in the case of anthracene, the maximum
number of Clar sextets is one. Because any one of the three rings can be drawn with
an aromatic sextet, sometimes a single Clar structure is drawn with an arrow that in-
dicates that the sextet can “migrate” between rings.

©)

Figure 9.6: Clar structures of phenanthrene and anthracene.

If we consider the Clar structure with the maximum number of aromatic sextets, it
implies differences in reactivity. For example, based on the Clar structure of phenan-
threne, the 9,10-positions are more olefin-like in character. Indeed, when phenan-
threne is reacted with bromine, it undergoes electrophilic addition at the central ring
like an alkene rather than electrophilic aromatic substitution. Similarly, the central
ring is more prone to oxidation. For anthracene, one aromatic sextet is shared among
three rings, suggesting that the overall aromatic stabilization of a given ring is lower.
If we consider the longer acenes, we see that even though the number of rings is ex-
tended as compared to anthracene, each structure still only has one aromatic sextet
(Figure 9.7). This suggests that the longer acenes should have less benzenoid charac-
ter and consequently be less stable and more reactive, which is consistent with the
observed behavior of these compounds. Further, there are studies which suggest that
longer acenes are can be represented as an open-shell diradical species, rather than a
closed shell structure. Clar’s approach provides qualitative support for this because
an open shell diradical can be represented as having two Clar sextets, as shown for
heptacene in Figure 9.8.
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anthracene tetracene pentacene hexacene

Figure 9.7: Clar structures of acenes.

ESIVC=9

Figure 9.8: Clar structure for heptacene in a closed-shell and in an open-shell diradical state.

Some more representative Clar structures of common PAHs are shown in Figure 9.9.
Note that pyrene has two sextets and olefin-like K-regions. Picene is an isomer of penta-
cene, yet because the rings are fused in an angular fashion, picene has three sextets
and is quite stable compared to pentacene. Triphenylene and tetrabenz[a,c,h,jlanthra-
cenes are examples of structures that considered to be fully benzenoid PAHs, because
all of the m-electrons are used in aromatic sextets. Fully benzenoid PAHs are predicted
to be very stable.

pyrene picene triphenylene tetrabenz[a,c,h,jlanthracene

Figure 9.9: Clar structures of some common PAHs.

The number of Clar sextets in a structure can also be used to rationalize trends in UV-
visible absorption spectra. If we consider an isomeric series of PAHs with different
maximum numbers of Clar sextets, there is a qualitative correlation between the
number of sextets and the absorption maxima. For example, consider pentacene
and its isomers shown in Figure 9.10. The longest absorption wavelength of penta-
cene is approximately 575 nm. In proceeding to benzo[a]tetracene, which has two
aromatic sextets, we see a substantial blue shift in the absorption maximum to ca.
450 nm. Proceeding from benzo[a]tetracene to dibenz[a,c]anthracene, which has
three aromatic sextets, we see a similar large blue shift to ca. 350 nm. A compari-
son of dibenz[a,c]anthracene with dibenz[a,h]anthracene and benzo[g]chrysene,
all of which have three aromatic sextets, shows that they have relatively similar
absorption maxima (ca. 350 nm for dibenz[a,h]anthracene and ca. 335 nm for
benzo[g]chrysene) [4]. Clar’s aromatic sextet rule is a simple model developed
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nearly 50 years ago, but remains a useful tool for understanding and predicting

the reactivity and properties of PAHs [5].

pentacene benzo[a]tetracene dibenz[a,clanthracene

dibenz[a,h]anthracene benzo[g]chrysene

Figure 9.10: Clar structures of pentacene and its isomers.

9.2.2 General reactivity of PAHs

In Chapter 2, we outlined some of the considerations for electrophilic aromatic sub-
stitution with polycyclic aromatic systems. Often they show increased reactivity to-
ward electrophilic substitution as compared to benzene. The regiochemistry of
substitution will depend on the PAH under consideration, but can usually be ratio-
nalized based on the stability or the carbocation intermediate. As with simple ben-
zene derivatives, substituents can have activating or deactivating effects and can
direct the site of electrophilic substitution.

Because PAHs often have relatively lower aromatic stabilization energies, with
some rings having less aromatic character, there are several reactions that can be
readily carried out on PAHs where the delocalized n-system at one of the rings is
broken. We will briefly explore oxidation, reduction, and cycloaddition reactions of
PAHs. We will also see that the Clar’s concept of the aromatic sextet is a useful tool
for understanding reactivity.

Some PAHs are susceptible to oxidation using a variety of oxidizing agents. For
example, PAHs can often be oxidized to the corresponding quinones using oxidizing
agents such as chromic acid or related Cr(VI) reagents. In PAHs with meso regions,
the oxidation usually takes place at those sites [1]. The result is a 1,4-quinone, as
shown by the oxidation of anthracene (Figure 9.11). Oxidation can also take place at
the K-region to give the corresponding 1,2-quinones, as shown for the oxidation of
pyrene, which, depending on conditions can be oxidized to the dione or the tetraone
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(Figure 9.11). For example, K-region oxidation of pyrene to give pyrene-4,5-dione can
be accomplished using RuQs, which is generated in situ from RuCl; and NalO,.[6] Di-
hydroxylation using OsO, can also take place at the K-region to give the correspond-
ing diols. The regiochemistry of oxidation can be explained using Clar’s sextet rule.
For example, in the oxidation of the meso position of anthracene, the oxidation takes
place in such a way that the number of Clar sextets is increased from one to two. In
the case of K-region oxidation, the number of Clar sextets remains unchanged.

0O

(0] (0]
e oS
9 s
(6]
Figure 9.11: Examples of oxidation reactions.
PAHs can also be reduced by hydrogenation using H, and catalysts such as Pd/C.

Often, hydrogenation will take place at the K-region, preserving the number of Clar
sextets, as shown in the examples in Figure 9.12 [7, 8].

H,, Pd/C .

H,, Pd/C O

Figure 9.12: Hydrogenation of the K-region using H, and Pd/C.

3
&

Interestingly, the regiochemistry of hydrogenation depends on the catalyst used. For
example, in the reduction of benz[alanthracene, using palladium on carbon results
in hydrogenation at the K-region, but if platinum is used as a catalyst, hydrogenation
occurs at one of the terminal rings (Figure 9.13) [7]. The reason for the unexpected
hydrogenation of the terminal ring when platinum is used is not understood.

The hydrogenation of PAHs can in some cases be exploited to control the regio-
chemistry of other reactions such as electrophilic aromatic substitution. For exam-
ple, electrophilic aromatic substitution of pyrene typically occurs at the 1-, 3-, 6-,
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r Hy/Pd r HyfPt r

Figure 9.13: Regioselectivity of hydrogenation depends on the catalyst [7].
and 7-positions, as shown in Figure 9.14. However, hydrogenation at the K-regions
to give tetrahydropyrene allows electrophilic aromatic substitution to take place at

the 2- and 7-positions [9]. The tetrahydropyrene can then be oxidized using reagents
such as DDQ to reform the PAH (Figure 9.14).

E
(O e A e
O = G

H
Pd/C

oy e e, e
Ly Q=

Figure 9.14: Controlling the regiochemistry of electrophilic aromatic substitution in pyrenes via
hydrogenation (E = electrophile).

In addition to oxidation and reduction reactions, PAHs can also participate in cyclo-
addition reactions. For example, the bay region of some PAHs can react as a diene,
as shown for perylene in Figure 9.15 [10]. The initial Diels—Alder adduct can be oxi-
dized to the corresponding aromatic system in air of in the presence of an oxidizing
agent. We will see examples of how this reaction is used to prepare PAHs from
smaller precursors.

o0 AR DO
(6)

(L — LI Te -2 T

YOG O %

Figure 9.15: Perylene as a diene in a Diels—Alder reaction [10].

Some PAHs, especially acenes such as anthracene can also participate in cycloaddition
reactions [11]. For example, anthracene reacts with dienophiles such as maleic anhy-
dride, or with benzynes to form triptycenes, which we saw in Chapter 5 (Figure 9.16).
Anthracene can also undergo [4 +4] photodimerization [12] as well as photooxidation
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in the presence of oxygen to form an endoperoxide, which is ultimately oxidized to the
corresponding quinone along with other side products (Figure 9.16) [13]. It should be
noted that in each of these reactions, the reactant (anthracene) possesses only one Clar
sextet, while the cycloaddition product possesses two sextets — one on each of the ter-
minal rings. Longer acenes such as tetracene, and pentacene are even more susceptible
to these types of reactions.

Figure 9.16: Cycloaddition reactions of anthracene.

9.3 Synthetic approaches to PAHs

In this section, we will explore some of the synthetic methods for preparing polycy-
clic aromatic systems from simpler precursors. This will include some of the classi-
cal approaches that are no longer as widely used, as well as some of the enduring
methods and modern transition metal-catalyzed reactions. Some examples of the
synthetic applications of these methods will be provided, but most of the examples
will be shown in the next two chapters.

9.3.1 Haworth synthesis
One of the classic approaches to the preparation of PAHs is by annulation using the

Haworth synthesis. The Haworth synthesis is a multistep approach involving Friedel-
Crafts acylation using succinic anhydride, reduction, acid-catalyzed intramolecular
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acylation, reduction, and then dehydrogenation. Figure 9.17 shows this sequence for
the preparation of phenanthrene from naphthalene [14].

0 o]
o) Reduction
¢} OH (Clemmensen OH
AICl3 of Wolff Kishner)
L — O e

(0]
. 1. reduction
H ‘ 2. dehydrogenation O

o I

Figure 9.17: Synthesis of phenanthrene from naphthalene via a Haworth synthesis [14].

The product formed during the Haworth synthesis is determined by the regiochem-
istry of the initial Friedel-Crafts acylation with anhydride as well as the regiochem-
istry of the acid-catalyzed electrophilic cyclization. The first step is governed by the
typical factors that influence electrophilic aromatic substitution touched upon in
Chapter 2. The electrophilic cyclization step is also determined by the regiochemical
tendencies for electrophilic substitution, but can also be influenced by the choice of
reagents and steric factors. For an example of the effect of reagents, let us consider
the cyclization step for 4-(2-phenanthryl)butyric acid (Figure 9.18). Electrophilic cy-
clization under acidic conditions using HF leads to cyclization at the 3-position of
phenanthrene [15]. In contrast, converting the carboxylic acid to the corresponding
acid chloride using thionyl chloride and SnCl, gave cyclization at the 1-position
(Figure 9.18) [16]. The explanation for this difference in regiochemistry is that the
acid-mediated electrophilic cyclization of the carboxylic acid is under thermody-
namic control, while the electrophilic cyclization of the acid chloride is under ki-
netic control. This observation also suggests that there may be circumstances
where poor regiochemical control leads to a mixture of products.

PPY

- (AU
PPeP

) O\ )

socl,
SnCly
¢}

Figure 9.18: Regiochemistry of electrophilic cyclizations in the Haworth synthesis [15,16].
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The classical Haworth synthesis can be extended beyond the use of succinic anhy-
dride to other anhydrides such as phthalic anhydride or naphthalene 2,3-dicarboxylic
anhydride (Figure 9.19). These reactions lead to extended PAHs, but are otherwise
analogous to the traditional Haworth synthesis. In the first example, a Friedel-Crafts
acylation of triphenylene with phthalic anhydride gave acylation at the 2-position.
Electrophilic cyclization of the keto acid gave the quinone, which could be reduced to
give dibenzol[a,c]naphthacene [17]. In the second example, the acylation of naphtha-
lene with or naphthalene 2,3-dicarboxylic anhydride gave a mixture of regioisomers.
Each of these could be cyclized to the corresponding quinones, which could be re-
duced to the corresponding pentacene and benzo[alnaphthacene [18].

Figure 9.19: Modification of the Haworth synthesis using phthalic anhydride and naphthalene
carboxylic anhydride.

As an example of a modified Haworth synthesis, we will consider the synthesis of
2-hydroxybenzo[a]pyrene, which was prepared in order to study it biological prop-
erties as a carcinogen. The synthesis of 2-hydroxybenzo[a]pyrene is outlined in
Figure 9.20 [8]. The synthesis started from pyrene, which was hydrogenated at the
K regions to give the corresponding tetrahydropyrene.This was done to direct the
regiochemistry for the introduction of the hydroxyl group and the succinic anhydride
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to be used in formation of the new ring. Friedel-Crafts acylation introduced the
acetyl group in the 2-position, which was converted in to a methoxy group by a
sequence of Baeyer—Villiger oxidation, methanolysis of the acetate, and methyla-
tion using dimethyl sulfate. The methoxy-substituted product was then used in a
Haworth approach: acylation using succinic anhydride in the presence of AlCl;
was followed by a Clemmensen reduction. This was followed by acid-catalyzed
electrophilic cyclization to give the cyclohexanone. In this case, the carbonyl was
removed using a Wolff-Kishner reduction. The three rings were aromatized using
palladium on carbon, and the methoxy group was cleaved using HBr to give the
final product.

Hp
QCO Pd/C Q.O Ac,0
Q . AICI;
(0]

O 1. m-CPBA
CH3 2. NaOCHj, CH30H
3. NaH, (CH30),S0,

Figure 9.20: Synthesis of 2-hydroxybenzo[a]pyrene [8].

In some cases, there are challenges with the regiochemical control of the electrophilic
aromatic substitution step. An alternative approach is to use a Grignard reagent (or
organolithium) and react it with the anhydride. For example, using the Grignard re-
agent derived from 9-bromophenanthrene with phthalic anhydride avoids the forma-
tion of other regioisomers (Figure 9.21) [19]. The keto-acid can then be converted to
dibenz[a,c]anthracene [20].

Figure 9.21: Synthesis of PAHs via a Grignard reaction with phthalic anhydride.
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9.3.2 The Pschorr synthesis

The Pschorr reaction involves an intramolecular cyclization using an aryldiazonium
salt with an adjacent aromatic ring (see Section 3.6.4). The reaction takes place in the
presence of a copper catalyst, or with sodium iodide. The Pschorr reaction can be
used to prepare PAHs such as phenanthrene from amino-substituted stilbenes [21,22].
The amino-stilbene starting material is typically prepared by a Perkin condensation
of phenylacetic acid with o-nitrobenzaldehyde, followed by reduction of the nitro
group. Following the Pschorr cyclization reaction, phenanthrene carboxylic acid can
be decarboxylated [22]. This sequence is outlined in Figure 9.22. More recently, ferro-
cene was used as a homogeneous catalyst for the Pschorr cyclization [23].

©\/ CHO  Ac,0, EtzN O CO,H FeSO,H,0 O CO,H
com + I Gy
NO;  Perkin NH,OH
condensation

NaNO, O COH| Cu O COzH

NH,

{
O{O

Figure 9.22: The Pschorr synthesis of phenanthrene [22].

9.3.3 The Elbs reaction
The Elbs reaction is a classic way to prepare PAHs by pyrolysis of an alkyl diaryl
ketone. In 1884, Elbs demonstrated that anthracene could be prepared from o-meth-
ylbenzophenone (Figure 9.23) [24].
(6]
L0 e o
CO0
Figure 9.23: The Elbs reaction [24].

Mechanistically, this reaction can be viewed as an electrocyclic ring-closing of the
enol tautomer of the diaryl ketone, followed by dehydration (Figure 9.24).

As a general synthetic strategy for the synthesis of PAHs, the Elbs reaction has
not been used as widely as Haworth-type syntheses. Nonetheless, can be used to
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electrocyclic ring oH rearrangment

OH
tautomerization _ closing
—_— % u(\‘ — . .

zo

CHs Wy
H
OGO dehydration l l l
H H

Figure 9.24: General mechanism of the Elbs reaction.

access a variety of structures, including acenes. For an example of the Elbs synthesis,
we will consider the preparation of benzo[b]naphtha[1,2-k]chrysene (Figure 9.25) [25].
The synthesis begins with a Friedel-Crafts acylation of 2,6-dimethylnaphthalene
using naphthoyl chloride and AICl;. A second Friedel-Crafts acylation using benzoyl
chloride gave the diketone. Heating this compound led to a twofold Elbs reaction to
give the desired benzo[b]naphtha[1,2-k]chrysene.

(0]
: () (e
S ORE e LIRT ~=—
AICI5
(0]

RO — 900
(0 900

Figure 9.25: Synthesis of benzo[b]naphthal[1,2-k]chrysene involving the Elbs reaction [25].

9.3.4 Diels—Alder cycloadditions

The Diels—Alder reaction is a classic approach for forming six-membered rings
which can subsequently be aromatized. Here, we will explore some of the ways in
which Diels—Alder reactions have been used to form PAHs.

Quinones are ubiquitous dienophiles and these can be used for the preparation
of PAHs by reduction of the adduct. For example, 1-vinylnaphthalene can undergo
a Diels—Alder reaction with benzoquinone. The initial adduct oxidizes to the corre-
sponding quinone, which can be reduced to the fully aromatic PAH using a reduc-
ing agent such as LiAlH, (Figure 9.26) [26].
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(0]

chloranil
B 1)
Y

LiAIH, OO

Figure 9.26: Synthesis of chrysene via a Diels—Alder reaction [26].

Maleic anhydride can also be used as a dienophile for the elaborations of PAH
structures. Indeed, some PAHs themselves can react as dienes, as we saw in Sec-
tion 9.2.2. For example, perylene can undergo a Diels—Alder reaction with maleic
anhydride at the bay region (Figure 9.27) [10]. The resulting adduct can rearomatize
and the anhydride can be removed by hydrolysis and decarboxylation.

OO P
+ IE/\EO
GO

Figure 9.27: Diels—Alder reaction of perylene with maleic anhydride [10].

Arynes can also be used as dienophiles for the direct preparation of PAHs without
the subsequent need to reduce the quinone. For example, in the reaction below,
1-bromo-2-fluoronaphthalene in the presence of Mg forms a Grignard reagent,
which then undergoes elimination to form a naphthalyne (Figure 9.28) [27]. This
naphthalyne in turn undergoes a Diels—Alder reaction with vinylnaphthalene.
Again, the initial dihydro-adduct undergoes spontaneous oxidation to rearoma-
tize and form the picene, albeit in low yield.

Mg, THF ‘
reﬂux OO

Figure 9.28: Diels—Alder reaction of an aryne with vinylnaphthalene to form picene [27].

In Chapter 5, we saw that can undergo Diels—Alder cycloaddition reactions of arynes
with dienes including heteroaromatic compounds such as furan. Extrusion of the
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bridging heteroatom from the resulting adduct can be used to prepare the corre-
sponding fused aromatic system as shown in Figure 9.29.

J -0 — J0 —— A0
= X

Figure 9.29: Generalized synthesis of PAHs from arynes.

This approach can be used to access a number of PAH structures, depending on the
structure of both the aryne and the heteroaromatic compound. Furan is a widely
used heterocycle for this type of reaction. The resulting Diels—Alder adduct is typi-
cally converted to the corresponding aromatic structure in a two-step sequence in-
volving reduction, followed by dehydration. This approach was used in the synthesis
of chrysene, shown in Figure 9.30 [28]. The substituted naphthalene can form the bis
(aryne) upon treatment with phenyllithium via lithium—-halogen exchange and elimi-
nation. The arynes then react with furan in a Diels—Alder reaction. The resulting ad-
duct is reduced, and then undergoes acid-catalyzed dehydration to give chrysene.

& ©
Br PhLi Pd/C
e B
OTs w MeOH

HCI, EtOH O‘O

Figure 9.30: Synthesis of chrysene via aryne reaction with furan [28].

Pyrroles can undergo similar reactions with arynes, with the nitrogen bridge being
removed in a subsequent step by oxidation using a peroxy acid such as mCPBA
(Figure 9.31) [28].

Isobenzofurans can also serve as dienes in the synthesis of PAHs. Isobenzofurans
can be generated in situ from the hydroxyl acetal under acidic conditions [29], or from
the cyclic acetal in the presence of a strong base such as LDA (Figure 9.32) [30]. Both
of these reactions likely proceed via the cyclic acetal and involve a 1,4-elimination to
generate isobenzofuran. In the presence of dienophiles, Diels—Alder reactions take
place. For example, in the presence of naphthoquinone, the isobenzofuran reacts to
form tetracenequinone (Figure 9.32) [29]. Similarly, in the presence of benzoquinone,
either 1,4-anthraquinone or 6,13-pentacenequinone are formed, depending on the
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Figure 9.31: Oxidative removal of the nitrogen bridge resulting from addition of a pyrrole to an
aryne [28].

stoichiometry of the reaction. In this reaction, the initial Diels—Alder adduct under-
goes dehydration in the reaction conditions to form the new aromatic ring.

OCHj

(@]
OCH3 cOH ‘
“p| —° 9999
OCHjy =
@j °

Figure 9.32: Diels—Alder reaction of isobenzofuran with naphthoquinone [29].

Isobenzofurans can also undergo Diels—Alder reactions with arynes to form new
PAHs upon aromatization. For example, Rickborn and coworkers used a bis(trime-
thylsilyl)isobenzofuran in a reaction with benzyne, which was generated by dehydro-
halogenation of bromobenzene in the presence of a strong base (Figure 9.33) [31]. The
TMS groups of the Diels—Alder adduct could be removed using TBAF or under basic
conditions, and the product could be reduced to the PAH system either by a two-step
sequence of reduction and dehydration, or in the presence of Fe,(CO)o.

Li
OFt T™S ‘@
3 eq. n-BulLi 0 TMSCI
S

o) B —

I\
o

cat. LDA Li
T™MS

1. L|AIH(OtBu)3

2. Ac,0

KOH/DMSO

Figure 9.33: Reaction of an isobenzofuran with a benzyne to form anthracene [31].

EBSCChost - printed on 2/13/2023 12:43 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost -

9.3 Synthetic approaches to PAHs = 265

Another cycloaddition approach for the formation of fused aromatic rings in-
volves the reaction of o-xylylenes (also known as o-quinodimethanes) with dieno-
philes [32,33]. Referred to as the Cava reaction, the o-xylylene is typically generated
in situ from the corresponding tetrabromide derivative via an iodide-induced 1,4-
elimination of bromine. The o-xylylene then undergoes a cycloaddition reaction,
followed by elimination of HBr to generate the aromatic ring (Figure 9.34).

Bry, hv
_orNBS,hv NBS, hv 1 KI, DMF R
R

Figure 9.34: The Cava reaction.

An alternative to this approach is to use the dibromide, which yields the tetrahydro-
naphthalene derivative. Depending on the substrate, this product may oxidize to
the corresponding aromatic system on standing in air, or may require a subsequent
oxidation step (Figure 9.35).

Br KI DMF
Br

Figure 9.35: Modified Cava reaction to generate a tetrahydronaphthalene.

Several examples of the use of the Cava reaction for the preparation of PAH systems
are shown in Figure 9.36. The first example shows that reaction of 1,2-dibromo-4,5-
bis(dibromomethyl)benzene with simple dienophiles in the presence of KI in DMF
can be used to prepare substituted naphthalenes [34, 35]. It is noteworthy that the
substitution pattern is distinctly different from that typically achieved through elec-
trophilic aromatic substitution, and the bromo substituents provide synthetic handles
for further modifications, such as cross-coupling reactions. The second entry shows
how reaction with quinones such as 1,4-anthraquinone to produce more extended
polycyclic systems [36]. Example 3 shows how bis(benzylic bromides) can be used in
the Cava reaction. In this case, the product of the initial reaction with benzoquinone
undergoes a tautomerization and a subsequent air oxidation to rearomatize [36].
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Bry, hv
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Figure 9.36: Representative examples of the Cava reaction [34-36].

9.3.5 The Wittig reaction

The Wittig reaction has been used for the preparation of extended PAHs by reaction of
o-xylylene bis(triphenylphosphonium) bromide with 1,2-diones such as phenanthrene-
quinone (Figure 9.37) [37]. This methodology has been used in a limited number of
cases, but the reaction is typically carried out in biphasic conditions with aqueous
lithium hydroxide and dichloromethane. The reaction is typically left for several days,
or carried out under ultrasound conditions to accelerate the reaction [38]

O PPh,Br O
‘ 0 PPhsBr ‘ g c
—_—
O O LioH, bcMm O

Figure 9.37: Synthesis of dibenz[a,c]anthracene via a Wittig reaction [37].

In the example above, the Wittig reaction is used directly in the formation of an aro-
matic ring. More commonly, the Wittig is used to prepare an aryl alkene that is con-
verted to the corresponding aromatic ring via a subsequent cyclization. For example,
consider the synthesis of 9-hydroxybenzo[a]pyrene, which was investigated as a po-
tential metabolite of benzo[a]pyrene with carcinogenic properties (Figure 9.38) [39].
The synthesis began with a Suzuki-Miyaura cross-coupling between the naphthalene
boronate ester and the bromobenzene bearing formyl groups. The biaryl product was
converted into the bis(vinyl ether) using a twofold Wittig reaction. Under acidic condi-
tions, the vinyl ether groups were converted into the corresponding aldehydes, which
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underwent acid-catalyzed cyclization and dehydration to dive the desired benzo[a]pyr-
ene structure. The final step removed the methoxy protecting group to liberate the
hydroxyl.

OHC MeQ
- g/j/\ OHC O \=PPh,
< Pd(PPh
e o . Br@ (PPhg), MeO
Na,CO, CHO
DME

OHC

MeO = )
MeO QO L HO ‘O
2.BBr
e

Figure 9.38: Synthesis of 9-hydroxybenzo[a]pyrene [39].

OMe

9.3.6 Photocyclization (the Mallory—Katz reaction)

A common approach for the formation of PAHs via intramolecular aryl C-C bond
formation is via oxidative photocyclization of stilbene derivatives. For example, cis-
stilbene undergoes oxidative photocyclization to form phenanthrene (Figure 9.39).
The reaction proceeds via a 6m-electron photoinduced electrocyclic ring closing re-
action to form a dihydrophenanthrene, which undergoes subsequent oxidation to
form phenanthrene.

Figure 9.39: Synthesis of phenanthrene via photocyclization of cis-stilbene.

This reaction was discovered by Mallory and coworkers, who also extended it to the
preparation of other PAHs. The reaction was typically carried out in the presence of a
substoichiometric amount of iodine in the presence of air. This reaction relied on the
presence of air as a formal oxidant. As shown in Figure 9.40, the reaction could be
used to photocyclize stilbene derivatives as well as terphenyls. Subsequently, Katz
and coworkers showed that the use of a stoichiometric amount of iodine as an oxi-
dant, along with propylene oxide to scavenge the HI produced, improved the yields
significantly [40, 41]. As an example, the preparation of benzo[c|chrysene from the
corresponding alkene proceeded in quantitative yield (Figure 9.40) [42].

A limitation of the reaction is that it typically requires photochemical reactors,
and often needs to be carried out at low concentrations to avoid photodimerization
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Figure 9.40: Some examples of PAH synthesis via photocyclization.

and other side reactions. Nevertheless, this reaction has found wide utility for the
synthesis of PAHs, including hindered systems such as helicenes, which we will ex-
plore in Chapter 11.

9.3.7 Cyclodehydrogenation reactions

Cyclodehydrogenation refers to the direct coupling of two aromatic rings with the
formal loss of hydrogen. This type of reaction has been used extensively for the for-
mation of PAHs. One type of cyclodehydrogenation reaction is known as the Scholl
reaction, which typically involves either inter- or intramolecular coupling in the
presence of the Lewis acid such as AICl; at elevated temperatures. A second type of
cyclodehydrogenation is essentially an oxidative dehydrogenative coupling involv-
ing an oxidant, and is usually carried out at room temperature. We saw this latter
reaction in briefly in Section 6.2.3 in the context of biaryl formation. While these
two reactions were once considered as distinct, the two have become conflated in
the literature, and are both commonly referred to as the Scholl reaction [43]. One
potential source of confusion between the two reactions is that FeCl; is a reagent of
choice, which can serve as a Lewis acid and as an oxidant. For a more detailed dis-
cussion of these two reactions, Gryko, Butenschén, and coworkers have a review
focused on the comparison of oxidative aromatic coupling and the Scholl reaction
[43]. For the purposes of this discussion, the Scholl reaction with a Lewis acid will
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be treated as mechanistically distinct from oxidative aromatic coupling. However, it
is important to acknowledge that some aspects of the mechanism remain unclear
and may vary depending on the substrate and the reaction conditions.

The direct coupling of two aromatic rings was first reported by Scholl and Man-
sfeld, who showed that the polycyclic quinone could undergo cyclization to the cor-
responding fused quinone in the presence of anhydrous AlCl; (neat) at 140 °C
(Figure 9.41) [44].

O

—_—
LI e

(0]

Figure 9.41: The first report of Lewis acid-mediated aromatic ring fusion by Scholl and Mansfeld [44].

The original Scholl reaction involved heating in neat AlCl;, but it was also found
that a 1:1 mixture of AICl; and NaCl, which forms a liquid above 100 °C could be
used to carry out the reaction. Other Lewis acids or even Brgnsted acids have been
used, but AlCl;/NaCl is the most common conditions.

The mechanism of this reaction has been the subject of much discussion, but is
generally thought to proceed via an arenium cation mechanism. Figure 9.42 outlines
the proposed mechanism using o-terphenyl as a representative example. The first step
of the reaction is the formation of an arenium cation by protonation or by formation of
a o-complex with the Lewis acid. In Figure 9.42, it is depicted as protonation for the
sake of simplicity. The arenium cation served as an electrophile that is attacked by the
other aromatic ring, generating the new carbon-carbon bond in an electrophilic aro-
matic substitution. The final step requires the formal loss of hydrogen to regenerate
the aromatic ring and is the least understood. It is possible that this oxidation is occur-
ring with the help of oxygen in air. It has also been proposed that carbonyl groups,
which are present in many of the examples of the Scholl reaction, serve as an oxidizing
agent, leading to the formation of a secondary alcohol, which is reoxidized to the ke-
tone in the presence of air. Indeed, the Scholl reaction often works well for carbonyl-
containing compounds despite the fact that the carbonyl should disfavor the formation
of the arenium cation [43]. A radical mechanism for the Scholl reaction has also been
proposed, however, there is experimental and theoretical support for the arenium cat-
ion mechanism, at least in cases where the reactant is a Lewis acid and not an oxidant.

The Scholl reaction has been used to access a variety of polycyclic aromatic sys-
tems, including synthetic dyes. Selected examples of the Scholl reaction are shown
in Figure 9.43.
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Figure 9.42: Proposed arenium cation mechanism for the Scholl reaction.

X we

Figure 9.43: Representative examples of the Scholl reaction [45-47].

The traditional Scholl reaction has the drawback that it requires relatively
harsh conditions and high temperatures, which means it has limitations in terms of
practical applicability. On the other hand, oxidative cyclodehydrogenation in the
presence of an oxidant is often carried out under relatively mild conditions at room
temperature. The most common reaction conditions for oxidative cyclodehydroge-
nation are FeCl; in CH,Cl,. In some cases, nitromethane is also added in order to
solubilize the FeCl;. Other reagents that have been used for this reaction include
MoCls, Cu(OTf),/AlCl;, VOF; with BF5-Et,0, or DDQ with methanesulfonic acid.

The mechanism of oxidative is thought to proceed via a radical cation mecha-
nism, although the mechanistic distinction between this mechanism and the are-
nium cation mechanism is not always clear. The proposed mechanism is outlined
in Figure 9.44. The first step is a one-electron oxidation of one of the aromatic rings
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to generate a radical cation intermediate. The radical cation then undergoes a radi-
cal coupling to form the new carbon—carbon bond, resulting in a delocalized cation
on one ring and a delocalized radical on the other ring. This species undergoes
a second one-electron oxidation to give a dicationic species, which loses two pro-
tons in the final step to rearomatize.

‘g oxidation ‘g * oxidation *

Figure 9.44: Proposed mechanism for oxidative cyclodehydrogenation.

Oxidative cyclodehydrogenation is most effective for electron-rich substrates — often
alkyl- or especially alkoxy-substituted arenes. This reactivity is expected because
these compounds are more prone to oxidation, and because electron-donating sub-
stituents can stabilize the radical and cationic intermediates. Figure 9.45 shows some
selected examples of oxidative cyclodehydrogenation reactions.

There are some situations where oxidative cyclodehydrogenation does not give
the desired product due to unwanted side reactions such as chlorination or rearrange-
ments. Chlorination has been observed by mass spectrometry during the synthesis of
large graphitic sheets via cyclodehydrogenation [51]. Structural rearrangements in-
volving phenyl migrations have also been reported for oxidative cyclodehydrogena-
tion of electron-rich oligophenylenes. For example, King reported that the oxidative
cyclodehydrogenation of an octamethoxy quaterphenyl using (bis(trifluoroacetoxy)
iodo)benzene (PIFA) and BF5Et,0 did not yield the expected product, but rather one
where a methoxy group appears to have shifted position (Figure 9.46).[52]

The product cannot be explained by simple bond rotation to a different conformer.
Rather, King and coworkers proposed a phenyl shift to explain the rearrangement. In-
voking an arenium cation, the proposed mechanism is shown in Figure 9.47. After pro-
tonation of one of the two inner rings, a phenyl migration takes place (here shown via
a cyclopropyl intermediate) to give the rearranged carbon skeleton. At this point, a
bond rotation is followed by the cyclization and oxidation steps to give the observed
rearranged product.

Miillen and coworkers also reported unusual rearrangements during an at-
tempted cyclodehydrogenation of a dimethoxy-substituted hexaphenylbenzene
[53]. Rather than the expected hexa-peri-hexabenzocoronene, two products were
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O CH,Cl,

RO:@ FeCls
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.
BF3Et,O
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Figure 9.45: Representative oxidative cyclodehydrogenation reactions [48-50].

OCH; OCH;
H3;CO
PIFA
H,CO O OCHs  BFy Et,0 HsCO OCH,
O O —X%—
HsCO O OCH; CH,Cl, H;CO OCH;
OCH; expected product
(not formed) OCH
OCH; 3
OCHj;

observed H;CO
product OCHj,

Figure 9.46: Rearrangement during the oxidatic cyclodehydrogenation of an octamethoxy
quaterphenyl [52].
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phenyl
migration

bond rotation

Figure 9.47: Proposed mechanism for rearrangement during oxidative cyclodehydrogenation.

isolated: an isomeric hexa-peri-hexabenzocoronene where one of the methoxy
groups had migrated, and an unusual quinone product (Figure 9.48).

The apparent migration of the methoxy group was explained by a phenyl migra-
tion similar to that described by King and coworkers. The quinone formation, how-
ever, follows a different path. The proposed mechanism is outlined in Figure 9.49. In
their proposed mechanism, following protonation (or o-complex formation with the
Fe(Ill)), the intramolecular carbon—carbon bond formation takes place with the car-
bon attached to the central ring (para to the methoxy group) to form the spirocyclic
system. Oxidation causes rearomatization of one ring and hydrolysis leads to loss of
methanol and formation of the quinone. This sequence is then repeated on the oppo-
site side of the molecule to give the final quinone product.

Despite the fact that oxidative cyclodehydrogenation is mostly limited to elec-
tron rich substrates and does sometimes suffer from side reactions such as the rear-
rangements discussed above, it has become a very powerful tool for the preparation
of a wide variety of PAHs, including some impressively large nanographene struc-
tures. Some of these examples will be explored in Chapter 10.
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Figure 9.48: Rearrangements during the oxidative cyclodehydrogenation of a methoxy-substituted
hexaphenylbenzene [53].

OCH,
g

R

Figure 9.49: Proposed mechanism of quinone formation.
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9.3.8 Cyclodehydrohalogenation reactions

An alternative to the Mallory reaction and cyclodehydrogenation reactions is the pho-
tochemical cyclodehydrochlorination reaction (sometimes referred to as a CDHC reac-
tion). The reaction is thought to proceed through a photochemical electrocyclic ring
closing, followed by elimination of HCl (Figure 9.50). It resembles the Mallory reac-
tion, but does not rely on an oxidation of the photocyclized intermediate. Another
possible mechanistic explanation for the reaction is a homolytic carbon-halogen
bond cleavage, followed by a radical coupling. However, the reaction works best
with aryl chlorides; if a radical reaction were occurring, one would anticipate aryl
bromides and iodides to be more reactive.

Figure 9.50: Proposed mechanism of the photochemical cyclodehydrohalogenation (CDHC) reaction.

The reaction was first reported in the early 1970s for the synthesis of dibenzonaph-
thacene, which involves two cyclization steps (Figure 9.51) [54, 55].

Figure 9.51: Synthesis of dibenzonaphthacene via a CDHC reaction.

More recently, the reaction has been proposed as a viable alternative to cyclode-
hydrogenation reactions. The CDHC reaction has the disadvantage that requires a
chloro-functionalized precursor. However, it has the advantage of better control
of regioselectivity. It also circumvents some of the challenges of cyclodehydroge-
nation reactions, such as rearrangements. For example, as shown in Figure 9.52,
attempted formation of alkoxy-substituted dibenzonaphthacenes via oxidative cy-
clodehydrogenation gave only the phenyl-substituted triphenylene, which was
the result of a rearrangement. In contrast, photochemical CDHC reaction on the
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corresponding chloro-substituted precursors gives the desired dibenzonaphtha-
cenes in moderate yields, without any apparent rearrangements [56].

OR

OR
FeCls O
CH,Cl, ‘O

OR
R = CgHys 40%
(only isolated product) (not formed)
O CGHG (45-67%)
R=C H2n+2

Figure 9.52: Attempted synthesis of dibenzonaphthacenes by cyclodehydrogenation reaction
versus CDHC reaction [56].

The scope of this reaction has been expanded and used for a more diverse set of
compounds, enabling the preparation of a number of different PAHs. These reac-
tions are often carried out in solvents such as benzene or cyclohexane, although
more recently, the reaction has been successfully performed in acetone in the pres-
ence of aqueous sodium carbonate. In these latter conditions, the base may serve to
promote the elimination step, or at very least quench the HCI produced during the
reaction. The following examples illustrate the scope of the reaction, which toler-
ates heteroatoms as well as sterically congested systems (Figure 9.53) [57].

9.3.9 Aryne cyclotrimerization and related reactions
In Chapter 5, we saw that arynes generated under mild conditions from the correspond-
ing trimethylsilyl aryl triflate can undergo cyclotrimerization in the presence of a Pd(0)

catalyst to produce triphenylenes (Section 5.3.4) [58]. This methodology can be used to
access a variety of extended PAHs, including nonplanar systems. Figure 9.54 shows
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Figure 9.53: Examples of PAH formation using the CDHC reaction [57].

some representative examples of PAHs prepared by aryne cyclotrimerization. More ex-
amples will be discussed in Chapters 10 and 11.

9.3.10 Ring-closing metathesis

In Chapter 8, we saw that olefin metathesis could be used to prepare aromatic rings.
This same reactivity makes it potentially useful for the preparation of polycyclic sys-
tems. While this methodology could in principle be used to prepare a wide variety of
PAHs, especially angular PAHs with a K-region, the use of olefin metathesis is limited
by poor solubility of some of the reactants resulting PAH products. As an example of
the use of ring-closing metathesis for the preparation PAHs, Grubbs first- and second-
generation catalysts have been used to prepare phenanthrenes in high yields under
mild conditions (Figure 9.55) [59].

King and coworkers extended this approach to the preparation of more complex
PAHs by forming multiple aromatic rings in a single step [60]. They showed that di-
benz[a,jlanthracene and dibenz[a,h]anthracene could be prepared in high yields using
Grubbs catalyst (Figure 9.56). Furthermore, to provide a general approach to larger
PAHs with poor solubility, they showed that Schrock’s catalyst with CS, as a solvent
was effective for carrying out the same reaction [60]. The synthesis of dibenz[a,jlan-
thracene began by electrophilic bromination of m-xylene, followed by a twofold
benzylic bromination. The bis(dibromomethyl)-dibromo benzene was converted
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@iﬂws CsF, [Pd(PPh3),] OO
oTf  CHiCN,rt O
TMS
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TMS, OTf
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OQ CH4CN, rt.

Figure 9.54: Examples of synthesis of PAHs via aryne cyclotrimerization.

N/ Grubb's
Ru catalyst 2
RIA— N\ / CH,Cl, RIA— N\ /

Figure 9.55: Synthesis of phenanthrene via ring-closing metathesis (RCM).

into the dialdehyde by hydrolysis with AgNOs. The dialdehyde reacted with meth-
ylenetriphenyl phosphorene in a double Wittig reaction to give the divinyl ben-
zene, which reacted in a Suzuki—Miyaura cross-coupling with o-styrylboronic acid
to give the desired tetravinylterphenyl precursor to the olefin metathesis. The final
olefin metathesis reaction could be carried out using either Grubbs or Schrock cat-
alysts, giving the desired PAH in good yield. A similar approach was followed for

the synthesis of dibenz[a,h]anthracene starting from p-xylene.

This approach has also been used for the preparation of other “ladder-type”
oligomers using a Suzuki-Miyaura cross-coupling, followed by olefin metathesis

using Grubbs second-generation catalyst (Figure 9.57) [61].
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Figure 9.56: Synthesis of PAHs by olefin metathesis [60].
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Figure 9.57: Synthesis of substituted PAHs via RCM [61].

9.3.11 Alkyne benzannulation

Cyclization of aryl alkynes can be used to prepare a wide variety of polycyclic aro-
matic systems [62]. These reactions are usually electrophilic cyclizations as outlined
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in Figure 9.58, where electrophilic addition to the alkyne is followed by cyclization
and rearomatization.

E+r\//R E_R E R E R
® H
BN 5 Y, 0

Figure 9.58: Electrophilic alkyne benzannulation.

This type of cyclization was reported by Goldfinger and Swager, who reported the
twofold cyclization of bis(arylethynyl)terphenyls. The reaction was carried out using
a Bregnsted acid as the electrophile (trifluoroacetic acid) or using I(py).BF, as an io-
dine source (Figure 9.59) [63, 64]. Under these conditions, the electron-donating alk-
oxy groups were essential for the reaction to occur, consistent with electrophile
addition as the first step, generating a carbocation that is resonance stabilized by the
alkoxy group.

CF4CO,H
CH,Cl,

or
I(py)2BF4

C12H250

Figure 9.59: Synthesis of PAHs by electrophilic alkyne benzannulation [64].

Subsequently, the scope of the reaction has been expanded to include a broader set
of electrophiles and also include substrates that are not activated by electron-
donating alkoxy groups. Most notably, Larock showed that electrophiles such as
ICl, I,/NaHCOs;, NBS, and p-O,NC¢H,SCl could be used to carry out cyclization on
alkynyl biaryls with a number of functional groups and heterocyclic rings [65, 66].
For example, 2-(1-alkynyl)biaryls, which were prepared via Sonogashira coupling,
underwent electrophilic cyclization with ICl to produce the corresponding iodo-
substituted phenanthrenes (Figure 9.60). The iodo group could then be used for fur-
ther functionalization.
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ICI ‘ '
—_—
O CH,Cl, O Ph

Figure 9.60: Electrophilic cyclization of alkynes using ICL [66].

Liu extended this approach to prepare dibenzo[g,p]chrysene derivatives by a
two-step electrophilic cyclization with ICl, followed by a palladium-catalyzed intra-
molecular arylation (Figure 9.61) [67].

O .
O‘ O PACIy(PPha),
O CH,Cl, ‘ O DMA, NaOAc

Figure 9.61: Synthesis of dibenzo[g,plchrysenes via alkyne benzannulation/intramolecular
arylation [67].

We saw above Brgnsted acids such as TFA could be used for electrophilic alkyne
benzannulations. Chalifoux and coworkers extended this approach to the prepara-
tion of pyrenes and peropyrenes [68]. For example, starting from the substituted
2,6-dialkynylbiphenyl, and initial cyclization was carried using TFA out to prepare
the corresponding phenanthrene. The second cyclization was achieved using triflic
acid (Figure 9.62). This approach has also been used for the synthesis of graphene
nanoribbons, which we will see in Chapter 10.
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Figure 9.62: Synthesis of substituted pyrenes via twofold alkyne benzannulation [68].

9.3.12 Asao-Yamamoto benzannualation

In 2002, Asao, Yamamoto and coworkers reported the AuCls-catalyzed benzannula-
tion of ortho arylethynyl benzaldehydes with alkynes in a formal [4+2] cycloaddi-
tion to form a substituted naphthalene (Figure 9.63) [69].

(0]

H cat. AuCl3
C == O

0~ R

Figure 9.63: Gold-catalyzed Asao—Yamamoto benzannulation to prepare substituted naphthalenes [69].

Mechanistically, it is thought that the Lewis acid coordinates to the aryl alkyne, which
allows an intramolecular cyclization of the carbonyl onto the alkyne (Figure 9.64).
The resulting complex undergoes a Diels—Alder reaction with the alkyne, which is fol-
lowed by cleavage of the C-Au bond and a rearrangement to form the naphthyl
ketone.

Subsequent studies showed that the reaction could be carried out using Cu
(OTf), in the presence of a protic acid such as CF5CO,H [70]. In the presence of a
Brgnsted acid, the reaction outcome changes: the cycloadduct undergoes protonol-
ysis of the C—Cu bond, which is followed by a retro-Diels—Alder reaction to give a
substituted naphthalene and a carboxylic acid as a byproduct (Figure 9.65) [70]. In
the case where the reactant is o-(phenylethynyl)-benzaldehyde, the byproduct is
benzoic acid.

The scope of this reaction has been expanded to the preparation of a variety of
fused aromatic systems by Dichtel and coworkers. For example, they demonstrated a
benzannulation on bis(phenylethynyl)terphenyl with o-(phenylethynyl)benzaldehyde
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cyclization

AuCl,

Figure 9.64: Proposed mechanism of the Aso-Yamamoto benzannulation with AuCls [69].
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Figure 9.65: Proposed mechanism of benzannulation in the presence of Cu(OTf), and acid.

to produce the corresponding doubly benzannulated product (Figure 9.66) [71]. The
same method was used for the benzannulation of poly(phenylene ethynylene)s to
produce poly(ortho-arylene)s.

When functionalized benzaldehyde derivatives are used with unsymmetrically
substituted alkynes, two regioisomeric products can be produced (Figure 9.67).
Dichtel and coworkers explored the factors controlling the regiochemistry of the
benzannulation reaction. They showed that the regiochemistry of the reaction is de-
termined by the step where cycloaddition of the alkyne occurs. The regioselectivity
of the step is largely governed by electronic effects and not sterics, where an aryl
group bearing electron-donating substituent is able to stabilize the partial positive
charge on the alkyne carbon in the transition state [72].
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Figure 9.66: Synthesis of oligo(ortho-arylenes) via Asao-Yamamoto benzannulation.

R cHo Ar Cu(OTf),
1 CF4CO,H R Ar, R Ary
.
< :
AN
Ph Ar, C,H4Cly Ary Ary

Figure 9.67: Different regioisomers formed during the Asao—Yamamoto benzannulation.
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10 Synthesis of select classes of polycyclic
aromatic hydrocarbons

10.1 Introduction

The previous chapter outlined some of the key reactions used to form polycyclic aro-
matic hydrocarbons. These reactions and others have been used to access a wide va-
riety of polycyclic aromatic structures. In this chapter, we will consider a selection of
classes of polycyclic aromatic hydrocarbons and outline different approaches to syn-
thesize them. Given the variety of polycyclic aromatic structures, this will not be a
comprehensive set of compounds. Instead, selected types of PAHs will be considered
which illustrate some of the fundamental reactions discussed in previous chapters,
as well as compounds that have been the focus of considerable research interest be-
cause of their interesting properties such as self-assembly, photophysical, or elec-
tronic properties.

10.2 Synthesis of linear fused aromatic structures — the acenes

Acenes consist of linear fused benzenoid rings (Figure 10.1). Regardless of the num-
ber of fused aromatic rings, they possess only one aromatic sextet, which results in
lower aromatic stabilization as the acene length is increased. As a consequence,
longer acenes are more reactive and prone to photodimerization and photooxida-
tion reactions. Pentacenes and longer acenes also exhibit low HOMO-LUMO gaps,
making them attractive candidates for applications in organic electronics as semi-
conducting materials [1, 2]. Here, we will focus on synthetic approaches to penta-
cenes and longer acenes because they have been the focus of considerable research
efforts, in part because of their potential electronic properties, but also because of
the challenge of preparing long acenes with limited stability.

anthracene tetracene pentacene general acene structure

Figure 10.1: Structures of acenes.

https://doi.org/10.1515/9783110562682-010
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10.2.1 Synthetic approaches to pentacenes

The first synthesis of pentacene was reported by Clar and John in 1929 (Figure 10.2)
[3]. They used the Elbs reaction (see Section 9.3.3) to prepare the pentacyclic frame-
work. This reaction took place at high temperature (400 °C) in the presence of copper.
The resulting 6,13-dihydropentacene could be dehydrogenated either by sublimation
over copper at 380 °C or by refluxing in xylenes in the presence of chloranil .

(0] (0]

—=— O
L 1L 1 "
3 3
6,13-dihydropentacene

Figure 10.2: The first synthesis of pentacene by Clar and John [3].

Subsequently, Bailey and Madoff reported an alternative synthesis using a Diels—
Alder reaction to prepare the hydrocarbon framework (Figure 10.3) [4]. Their synthesis
involved the reaction of 1,2-dimethylenecyclohexane with benzoquinone in a twofold
Diels—Alder reaction. The oxygen atoms were removed by thioacetal formation and
desulfurization using Raney nickel. Dehydrogenation to give pentacene was achieved
using palladium on carbon at ca. 250 °C.

EtS SEt

EtSH
C< ZnCIz
dloxane
EtS SEt

Figure 10.3: Synthesis of pentacene by Bailey and Madoff via a Diels—Alder reaction [4].

One of the most widely used approaches to pentacene derivatives involves base-
mediated aldol condensation of phthalaldehyde with 1,4-cyclohexanedione to pro-
duce 6,13-pentacenequinone (Figure 10.4) [5]. The pentacenequinone can be reduced
using methods such as aluminum in cyclohexanol [6]. Alternatively, the quinone
units can be used as a functional handle for the introduction of other substituents.
For example, treating a protected acetylene such as triisopropylsilyl acetylene with a
strong base such as butyllithium or ethylmagnesium bromide generates the acetylide
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anion, which can undergo nucleophilic addition at the carbonyls to generate a diol.
The crude diol can then be reduced using SnCl, to give the corresponding diethynyl
pentacene (Figure 10.4) [7]. These ethynyl-substituted pentacenes are important be-
cause they are more resistant to photodimerization and photooxidation than the par-
ent pentacene. Furthermore, the bulky ethynyl substituents impact packing in the
solid state, which has important implications for their semiconducting properties [7].

o} [0}
CHO KOH Al
L, C 0 s G0
CHO ethanol cyclohexanol
o O

TIPS

TIPS

1. =—TIPS
2. n-BuLi

3. SnCly, AcOH

Figure 10.4: Synthesis of pentacene derivatives via condensation.

The Diels—Alder approach to pentacenes by Bailey and Madoff shown in Figure 10.3
requires extensive dehydrogenation to aromatize the rings. An alternative is to use an
o-quinodimethane (o-xylylene) as the diene, which can be generated in situ, with ben-
zoquinone as a dienophile to prepare pentacenequinone. For example, 1,4-dihydro-2,3-
benzoxathiin-3-oxide eliminates SO, upon heating to generate the o-quinodimethane,
which undergoes a twofold Diels—Alder reaction with benzoquinone to form the octa-
hydropentacenequinone (Figure 10.5). This compound is then oxidized using bro-
mine and pyridine in DMF to form pentacenequinone, which can be reduced to
pentacene [8].

0O
o, ox].
S‘\O
o (0]
OO“ reduction pentacene
(o]

Figure 10.5: Synthesis of pentacene via a Diels—Alder reaction of o-quinodimethane [8].

Br,

pyridine

In a related approach, Luo and Hart used the o-quinodimethane generated from ben-
zocyclobutene to prepare pentacene (Figure 10.6) [9]. Specifically, benzocyclobutene
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was heated in the presence of the naphthalyne-furan adduct where it underwent a
Diels—Alder reaction to give the pentacyclic framework. Acid-catalyzed dehydration
gave the dihydropentacene, which was dehydrogenated using Pd/C.

0 — C@ LD —— QO
O OSSO 40000
dehydrogenation

dehydration

Figure 10.6: An alternative pentacene synthesis from benzocyclobutene [9].

Another variation on the Diels—Alder reaction using an o-quinodimethane is the Cava
reaction, where the o-quinodimethane is generated from a,a,a’,a’-tetrabromo o-xylene
via 1,4-elimination of Br, using sodium or potassium iodide (see Section 9.3.4) [10, 11].
Anthony and coworkers used this approach to access pentacenequinones and ethynyl
pentacenes bearing electron-withdrawing groups (e.g., see Figure 10.7) [12].

Br o o)
Br Br Nal Br: Br 4 TIPS——1i
* OO, eoe
Br Br DMF g, Br 2.SnCly, Hy0 ll
Br o 0]

Br-

Figure 10.7: Synthesis of pentacenes using the Cava reaction [12].

Pentacene has also been prepared by a Diels—Alder reaction with a TMS-substituted
isobenzofuran and a benzyne (Figure 10.8) [13]. Reaction of 1,4-dibromobenzene with
lithium tetramethylpiperide (LTMP) generated a bromo-substituted benzyne, which
underwent a cycloaddition reaction with the isobenzofuran to give the endoxide.
This sequence was repeated with a second equivalent of the isobenzofuran and LTMP
to give the pentacyclic framework. Treatment with trifluoroacetic acid leads to desily-
lation and formation of the diketone, which could be converted to pentacene upon
reduction with LiAlH, and dehydration.
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TMS
Br LTMP Br LTMP
= _—
> - I (I
Br _—
TMS ¢}
=

™S
™S ™S o
— O
I I
™S ™S o

Figure 10.8: Synthesis of pentacene via Diels—Alder reactions of benzynes with isobenzofurans [13].

pentacene

10.2.2 Synthesis of larger acenes

Some of the synthetic approaches used to prepare pentacene derivatives can also
be used for the preparation of larger acenes. A challenge of preparing larger acenes
is that they are more prone to photooxidation and photodimerization reactions.
One of the early syntheses of hexacene makes use of a condensation approach (Fig-
ure 10.9) [14]. Condensation of 2,3-naphthalenedicarboxaldehyde and quinizarin
gave the dihydroxy-hexacenequinone. This compound was reduced using hydrogen
and zinc to give dihydrohexacene, which was dehydrogenated to yield hexacene.

(0] OH O OH
OO - OO0 == oy 22—
+ B —
CHO EtOH
O OH O OH

CuO
COC0 e 20

Figure 10.9: Synthesis of hexacene via condensation [14].

Strategies for the synthesis of hexacenes and higher acenes generally involve pre-
paring acenes bearing stabilizing groups that prevent photodimerization and photo-
oxidation, or by constructing the carbon skeleton as a masked and stable acene
precursor, where the final acene is generated under inert conditions in the solid
state or in a stabilizing matrix. An example of the former approach was reported by
Anthony and coworkers, who showed that ethynyl-substituted hexacenes could be
prepared from the corresponding hexacene- and heptacene-quinones (Figure 10.10)
[15]. While the ethynyl triisopropylsilyl group was effective at stabilizing pentacene,
the corresponding hexacenes and heptacenes were not stable in solution or in the
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solid state. However, using bulkier t-butyl groups on the silane lead to improve-
ments in stability, such that the hexacene was stable as a solid, or in solution in the
dark in air-free conditions. The heptacene was stable enough for spectroscopic
characterization, but decomposed in solution, even under oxygen-free conditions.

SiRs

1. R3S|’L| N
OO‘OOO 2 SnCl,, H,0 =

R =i-Pr
SiR3 ) R =tBu
S|R3

1R3S| N
OOO‘OOO

SiRs

Figure 10.10: Synthesis of ethynyl-substituted hexacenes and pentacenes [15].

Neckers and coworkers showed that unsubstituted acenes such as hexacene and hep-
tacene could be prepared by a photodecarbonylation as the last step in the synthesis
(Figure 10.11) [16]. The synthesis began by reaction of 2,3-dibromonaphthalene with
butyllithium to form the naphthalyne which underwent a Diels—Alder reaction with
bicyclo[2,2,2]oct-2,3,5,6,7-pentaene. The product was dehydrogenated using chlora-
nil in toluene, and the bridging alkene was dihydroxylated using 0sO, to give the
corresponding diol. The diol was then converted to 7,16-dihydro-7,16-ethanohepta-
cene-19,20-dione using a modified Swern oxidation with DMSO and trifluoroacetic
acid. The dione was then used in a photodecarbonylation (a Strating—Zwanenburg
reaction) to give the corresponding heptacene. This reaction was carried out both
under inert conditions in solution and in an solid poly(methyl methacrylate) (PMMA)
matrix. While the product could be characterized by UV-visible spectroscopy, mass
spectrometry, and 'H NMR, heptacene degraded even in the PMMA matrix. A similar
approach was also reported for the preparation of hexacene [17], as well as larger
acenes such as octacene, nonacene [18], and even undecacene [19].

The synthesis of higher acenes in a solid polymer matrix has the disadvantage
of only being amenable to small-scale synthesis. More recently, Jancarik et al. re-
ported a related approach for the bulk synthesis of higher acenes such as heptacene
via a thermal decarbonylation reaction (Figure 10.12) [20]. The synthesis uses 7,7-
dimethoxy-2,3,5,6-tetramethylenebicyclo[2.2.1]heptane as a diene in a Diels—Alder
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Br n-BulLi chloranil
L, - e COONOCD
Br toluene toluene
OH

HO
0 ‘OOO o ‘OOO
NMO, acetone
— 0 ‘OOO 0000 00S
—>
CHQClz

Figure 10.11: Synthesis of heptacene via photodecarbonylation [16].

reaction with naphthalyne, which was generated from the corresponding trimethyl-
silyl naphthyl triflate. Then, the dimethyl acetal was cleaved to give the bicyclic ke-
tone, which underwent thermal cheletropic decarbonylation at elevated temperatures
to give heptacene. Interestingly, heptacene prepared under these conditions was ther-
mally stable provide it is kept under inert conditions. When stored as a solid, it also
did not undergo dimerization, perhaps because the solid state packing does not favor
dimerization [20].

co._OCHs

HsCO_ _OCHs; Ha
O TMS 1. CsF, CH4CN ‘
oTf 2.DDQ, toluene ‘i QQ

— CoCooCo

neat

Figure 10.12: Synthesis of heptacene via thermal decarbonylation [20].

10.3 Synthesis of phenacenes

Phenacenes consist of angular fused benzene rings, as exemplified by phenan-
threne, chrysene, and picene (Figure 10.13). Unlike the acenes, every other ring in
in a phenacene possesses a Clar aromatic sextet, meaning they are much more sta-
ble. Phenacenes are of interest as organic semiconducting materials such as field-
effect transistors [21].
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phenanthrene chrysene picene [6]-phenacene
([5]-phenacene)

Figure 10.13: Some representative structures of phenacenes.

To illustrate some of the early approaches to the synthesis of phenacenes, we
will consider the synthesis of picene using the Pschorr reaction (Section 9.3.2) as a
key step (Figure 10.14) [22]. This synthesis involved a condensation of benzene-1,2-
diacetonitrile with o-nitrobenzaldehyde to produce the stilbene derivative. The ni-
triles were then hydrolyzed to the corresponding carboxylic acid and the nitro
groups were reduced to produce the anilines. At this stage, the Pschorr reaction
was carried out: diazotization of the amines in the presence of copper gave the
fused aromatic system. Finally, the carboxylic acid groups were removed via decar-
boxylation with soda lime to give picene.

COZH
NaNO, CO2H soda lime O‘
Cu powder heat OO

Figure 10.14: Synthesis of picene using the Pschorr reaction [22].

Another early approach for the synthesis of phenacenes is the Haworth synthesis,
which we saw for the preparation of phenanthrene in Section 9.3.1. This general ap-
proach was used to prepare picene, as outlined in Figure 10.15 [23]. This synthesis
starts with the Friedel-Crafts acylation of dihydrophenanthrene with succinic anhy-
dride. This was followed by Wolff-Kishner reduction of the ketone and esterification
of the carboxylic acid. The same sequence of Friedel-Crafts acylation, reduction, and
esterification was repeated to add the four-carbon chain to the other aromatic ring.
The dihydrophenanthrene unit was then converted to the corresponding phenan-
threne using palladium on carbon. Finally, the esters were hydrolyzed to yield the
dicarboxylic acid. Treatment with polyphosphoric acid led to the twofold electro-
philic cyclization to give the desired regioisomer as the major product, along with a
significant portion of one of the other regioisomeric products. Fortunately, these two
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O Ovo O 1. Wolff-Kishner
CO,H reduct|on
90 90
AICl3 2. esterification

O O
CI—<_>—OCH3 1. Wolff-Kishner
reduction
CO,CH,4 CO,CH,4
AlCl3 ©) 2. esterification
H3CO,C H3CO,C
1. Pd/C ‘
2. saponification OO
HO,C

1. LIAIH,

Figure 10.15: Preparation of picene via a Haworth synthesis [23].

products could be separated chromatographically. The desired regioisomer was then
reduced using LiAlH, and aromatized using palladium on carbon to give picene.

Harvey and coworkers reported an approach to several PAHs by reacting enamine
salts with aryl-substituted alkyl halides, followed by cyclization and oxidation. They
applied this approach to the synthesis of picene, as outlined in Figure 10.16 [24]. The
cyclohexyl enamine salt reacted with the alkyl iodides in a nucleophilic substitution to
give the bis cyclohexanone derivative. In the presence of a strong acid such as methane
sulfonic acid, electrophilic cyclization at the ketones, followed by dehydration oc-
curred. Oxidation using DDQ led to dehydrogenation to yield the fully aromatic ring
system.

| BrMg., -
osson ({0
+ S
2DDQ

Figure 10.16: Synthesis of picene via enamine chemistry [24].
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Harvey and coworkers also extended this approach to the synthesis of [6]phena-
cene (Figure 10.17) [24]. The synthesis started with electrophilic bromination of 3,7-di
(t-butyl)naphthalene to give the dibromonaphthalene. Electrophilic removal of the t-
butyl groups using AlCl; gave 1,5-dibromonaphthalene. This sequence highlights the
use of bulky t-butyl groups to sterically control the regiochemistry of bromination,
and also exploits the reversibility of electrophilic aromatic substitution using t-butyl
groups. The dibromonaphthalene underwent twofold lithium-halogen exchange
using butyllithium, and the resulting dianion was trapped with ethylene oxide to
give the diol. The diol was converted to the dibromide using PBr; and then reacted
with the enamine salt as described above. Acid-catalyzed cyclization and dehydration
was followed by dehydrogenation using palladium on carbon gave [6]phenacene.

Br Br OH
OO Br, OO AlCly 1. n- BuLi OO
2. O
VAN
Br Br HO

o0
A 90

PBr3

Figure 10.17: Synthesis of [6]phenacene [24].

The most common approach to the synthesis of phenacenes involves the formation
of stilbene units — often by a Wittig reaction, followed by photocyclization. This ap-
proach was pioneered by Mallory and coworkers, with an example of the synthesis
of [7]phenacene shown in Figure 10.18 [25].

OHC

(g e
—_—
Q Q 2. PPh, ag. NaOH, CH,Cl,

CA Ty 2 B850

Figure 10.18: Mallory’s synthesis of [7]phenacene via photocyclization [25].
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10.4 Perylenes and rylenes

Fusing naphthalene units in a peri-condensed manner gives a class of compounds
known as rylenes. The simplest compound in this class of is perylene, where two
naphthalenes are peri-condensed. Extending the number of naphthalene units
gives terrylene, quaterrylene, pentarylene, and so on. (Figure 10.19). Rylenes and their
derivatives are of interest as dyes and as electron-accepting materials.

perylene terrylene quaterrylene

Figure 10.19: Representative structures of rylenes.

The first synthesis of perylene was reported by Scholl, who showed that 1,1-binaphthyl
could be converted to perylene using the classical Scholl reaction conditions of AlCl; at
140 °C (Figure 10.20) [26]. Subsequently, Clar used an intermolecular Scholl reaction
using AlCl;/NaCl melt with perylene and 1-bromonaphthalene to produce the corre-
sponding brominated terrylene as a mixture of isomers, which was reductively debro-
minated to give terrylene (Figure 10.20) [27].

A|C|3
140 °C

: “ — i !

Figure 10.20: Synthesis of perylene and terrylene via Scholl reaction.
Another classical approach to the synthesis of perlyene involves the Haworth synthe-

sis (Figure 10.21) [28]. Starting from anthracene, a twofold Friedel-Crafts acylation
with succinic anhydride was followed by reduction (Clemmensen or Wolff-Kishner).
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An acid-catalyzed electrophilic cyclization of the dicarboxylic acid gave the dione,
which was followed by reduction and dehydrogenation to give perylene.

0=°~_0
s coy
H+
e D ——
2. reduction

reduction

_ =

dehydrogenation

Figure 10.21: Preparation of perylene via a Haworth synthesis [28].

One of the challenges of preparing larger rylenes is their low solubility. To avoid
this issue, solubilizing alkyl substituents are added. By adding ¢-butyl groups to
naphthalene precursors, Miillen and coworkers were able to prepare quaterrylene
(Figure 10.22) [29]. The synthesis began with a Suzuki-Miyaura cross-coupling
with 4,4’dibromo-1,1"-binaphthyl and the ¢-butyl-substituted naphthalene boronic
acid. The first set of ring-closing reactions was achieved using potassium metal in
DME, while the final ring-closing to form the quaterrylene was achieved with a
modified Scholl reaction using AlCl; and CuCL.

N O
B(OH
OO e OO
o = :
+ —_— —_—
OO toluene OO DME
) 90

AlCI3
CuCl,

—_—

cs,

Figure 10.22: Synthesis of a substituted quaterrylene [29].
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10.5 Synthesis of triphenylenes and related compounds
10.5.1 Triphenylenes

Triphenylenes consist of three benzene rings fused to give a compound with three-
fold symmetry (Figure 10.23). By virtue of the three Clar sextets, triphenylene is sta-
ble. Substituted triphenylenes such as the hexaalkoxytriphenylenes, as shown in
Figure 10.23, are of interest mostly because they can often exhibit columnar liquid
crystal phases and exhibit potential as organic semiconductors [30].

OR

OR
< IPUSe
sogneogET ™
D 0
OR

OR
Figure 10.23: Triphenylene and a hexaalkoxytriphenylene.

An overview of some of the early triphenylene syntheses and the reactivity of tripheny-
lenes was reviewed by Buess and Lawson [31]. Here we will consider a few representa-
tive examples. One of the classical approach to triphenylenes uses a Haworth synthesis
(Figure 10.24), consisting of a Friedel-Crafts acylation of naphthalene using succinic
anhydride, followed by reduction to produce the dicarboxylic acid [32]. Conversion to
the acid chloride, followed by intramolecular Friedel-Crafts acylation gave the corre-
sponding dione with the requisite carbon framework in place. The dione was converted
to the triphenylene by reduction, dehydration, and dehydrogenation.

A related approach for the preparation used a Grignard reaction with succinic an-
hydride instead of electrophilic substitution. In this synthesis, 9-bromophenanthrene
was converted to the corresponding Grignard reagent and reacted with succinic anhy-
dride (Figure 10.25) [33]. The ketone was then reduced via the semicarbazide, and
electrophilic cyclization gave cyclohexanone derivative. Reduction of the carbonyl
with zinc gave tetrahydrotriphenylene, which could be dehydrogenated by heating in
the presence of selenium.

The classical approaches described above are not readily extended to substi-
tuted triphenylenes, nor does do they tolerate many functional groups. Conse-
quently, several modern synthetic approaches have been developed that make
use of milder conditions and are amenable to the synthesis of triphenylenes with
a variety of substitution patterns [34]. These methods can be classified in the fol-
lowing ways: (i) trimerization of appropriately substituted benzenes, (ii) coupling
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O
19 CO,H
eq
A|C|3 1. SOC|2 0
o 2. AICI3 0]
2. KOH, NH,NH
27 CO,H 70%

1. Zn/Al H+ O‘O
—»
2. Pd/C 300 °C O

Figure 10.24: Synthesis of triphenylene using a Haworth synthesis [32].
O HCI

~ NHNH2 P20s

OO 2. Na, EtOH OO toluene

Figure 10.25: Synthesis of triphenylene via Grignard reaction with succinic anhydride [33].

of biphenyls with substituted benzenes, or (iii) a stepwise approach where cross
coupling methods are used to prepare ortho-terphenyls, which are then subjected
to oxidative cyclization to form the corresponding triphenylene (Figure 10.26).
Each of these approaches has its advantages and limitations. The first approach is
most suited to symmetrical triphenylenes, the second approach allows access to
C,-symmetric triphenylenes, while the third approach allows access to either C,-
symmetric triphenylenes, or if the cross-coupling is carried out sequentially, dis-
symmetric triphenylenes where each of the outer rings has different substituents.
As we saw in Chapter 9, oxidative cyclodehydrogenation is a viable approach for
the formation of polycyclic aromatic systems by forming aryl-aryl bonds directly un-
substituted positions on a benzene ring (Section 9.3.7) [35]. This approach has been
widely used for the preparation of electron-rich triphenylenes (Figure 10.27) [36]. The
most common reagent used for this reaction is FeCls, but other reagents such as
DDQ/CH5SO0sH [37] or MoCl; [38] are also used. As an example, 1,2-dialkoxybenzenes
undergo an oxidative cyclotrimerization in the presence of FeCl; to form the corre-
sponding triphenylenes in high yields [39]. Oxidative cyclodehydrogenation can be
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io:%@:: O

: sothe

Figure 10.26: General approaches for the synthesis of triphenylenes.

used to access triphenylenes with lower symmetry as well. For example, biphenyls
can react with substituted benzenes directly to form a triphenylene (Figure 10.27)
[36, 40]. Depending on the substitution on the biphenyl, either C,-symmetric or
dissymmetric triphenylenes can be accessed. The substituted biphenyls are typi-
cally prepared either by cross-coupling (e.g., Suzuki-Miyaura) or homocoupling
reactions. Oxidative cyclization can also be used to prepare triphenylenes from
the corresponding o-terphenyl derivative (Figure 10.27). Again, the terphenyl is
typically prepared by transition metal cross-coupling methods. The oxidative cy-
clization reaction is limited to electron-rich systems and does not work effectively
for electron-deficient aromatic rings.

Oxidative cyclization of terphenyl derivatives has also been extended to the

preparation of dibenz[a,c]anthracenes from the corresponding diaryl naphthalenes.
For example, Williams and coworkers prepared a hexaalkoxy dibenz[a,c]anthracene
by Suzuki coupling of a dibromonaphthalene with 3,4-dimethoxyphenylboronic acid
to yield the diaryl naphthalene. The diaryl naphthalene was then treated with FeCl;
to give the corresponding dibenz[a,c]anthracene (Figure 10.28) [41]. A similar strategy
has been used to prepare a variety of substituted dibenz[a,c]anthracenes [42-45].
An alternative to the formation of triphenylenes via oxidative cyclodehydrogenation
is a photocyclization (Mallory reaction — see Section 9.36) of the terphenyl. For exam-
ple, triphenylene itself can be formed from o-terphenyl by irradiation in the presence
of iodine (Figure 10.29) [46]. This method has also been applied to the preparation of
substituted triphenylenes [47].

Triphenylenes can also be prepared by a sequence of cross-coupling reac-
tions. For example, the tetraalkoxy biphenyl (prepared by Suzuki cross-coupling)
was brominated and then converted into the corresponding diboronic acid via lith-
ium-halogen exchange (Figure 10.30) [40]. The diboronic was then reacted with an
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RO CH,Cl, RO
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R'O R'O
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R'O Br R20 B(OH), FeCly Oe OR3
. - . -
10:©/ R20:©/ Pd cat. ‘ CH,Cl, O OR?
R?0 R%0
OR? OR?

R?0 B(OH), OR2
R'0 Br RZOD/ R'0 O FeCly
Pd cat. R0 O O CH,Cl,
OR?

OR?

R'O Br

Figure 10.27: Representative triphenylene syntheses via oxidative cyclodehydrogenation.

OCHjg
OCHj,
C10H210 OO Br  (HO),B OCHj Pd(PPh) C1oH210 ‘O ‘
C1oH210 Br NaCO, C1oH210
10121 OCHj3 DME/H,0 1021
ocH OCHjy
3 OCHjg

OCH;
FeCIa C1oH210 OO“
CHCl  cyoH,00 O

OCH,

OCH,

Figure 10.28: Synthesis of a substituted dibenz[a,c]anthracene [41].

ortho-dibromobenzene to yield the triphenylene. This approach can be used for the
preparation of triphenylenes with low symmetry, bearing different substituents on
each ring. Furthermore, unlike oxidative cyclization methods, this method is not lim-
ited electron-rich systems.
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Figure 10.29: Synthesis of triphenylene via photocyclization.

R'O n-BuLi (HO),B

B(OCHs)
o O Q oo 8y
CHCIs 3. aq. HCI

AcOH B(OH), OR?

Py

OR?
R0 Br RO OO
PA(PPhy)s R'O ‘
Na,CO3 OR?

DME/H,0 )

o]
Py
<)

Figure 10.30: Synthesis of triphenylenes by Suzuki coupling [40].

Palladium-catalyzed aryne cyclotrimerization (Chapters 5 and 9) can be used to
prepare triphenylenes. Penia and coworkers showed that in the presence of a Pd(0)
catalyst such as Pd(PPhs),, benzynes generated either from 1,2-dibromobenzene or
the appropriate trimethylsilyl aryl triflate formed the corresponding triphenylene in
moderate yield (Figure 10.31) [48].

n-BuLi

Pd(PPh3),
o
o \ O‘

CsF
™S Pd(PPhj)s
CH3CN

Figure 10.31: Synthesis of triphenylene via benzyne cyclotrimerization [48].

As discussed in Chapter 6, aryl-aryl bonds can be forms by the nickel-mediated homo-
coupling of aryl halides. When ortho-dibromobenzenes are used, triphenylenes can be
prepared — a reaction often referred to as the Yamamoto coupling (see 6.2.2) [49].
The Yamamoto coupling has the disadvantage that it requires a stoichiometric amount
of an air-sensitive nickel complex such as Ni(COD), that requires the use of a glove
box. However, the reaction conditions allow the preparation of electron-deficient
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triphenylenes that are not readily prepared by oxidative cyclization reactions
such as the Scholl reaction. For example, as shown in Figure 10.32, the nickel-
mediated coupling of the electron-deficient ester and imide give the correspond-
ing triphenylenes in good yields [50].

Coch3

Ni(COD), (1.25 eq.) CO,CH3
COD (2 eq.)
BFD:COZCHa bpy (125 eq H3002C
Br CO,CHj THF, r.t. H;CO,C
CO,CHj3

Ni(COD), (1.25 eq.)
0 COD (2 eq.)
bpy (1.25 eq.)

Br
N—CgH47
Br THF, r.t.

Figure 10.32: Synthesis of electron-deficient triphenylenes via Yamamoto coupling [50].

The Yamamoto coupling can also sometimes offer a more concise synthetic ap-
proach than palladium-catalyzed aryne cyclotrimerization methods [50]. However,
for electron-rich substrates, the well-established oxidative cyclization methods
such as the Scholl reaction are usually more convenient.

10.5.2 Trinaphthylenes and larger starphenes

Trinaphthylenes and starphenes are extended versions of triphenylene. However,
the methods for the synthesis of these compounds are not well developed. Oxida-
tive cyclization methods such as the Scholl reaction that are widely used for the
preparation of triphenylenes are not effective for the preparation of trinaphthylenes
and lead to complex mixtures [51]. The first synthesis of trinaphthylene consisted of
a trimerization of naphthoquinone by heating at reflux in pyridine, followed by re-
duction using zinc dust or HI (Figure 10.33) [52]. These harsh reaction conditions
are not necessarily amenable to the preparation of substituted trinaphthylenes.
Substituted trinaphthylenes have been prepared by annulation of the corre-
sponding triphenylenes using a Cava reaction. For example, trinaphthylenes bearing
imide groups were prepared from hexamethyltriphenylene by benzylic bromination,
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O
“ pyridine
reflux
O

Figure 10.33: Synthesis of trinaphthylene [52].

followed by a Cava reaction with an N-alkyl maleimide (Figure 10.34) [53]. The
hexamethyltriphenylene starting material was prepared from the corresponding
aryl trimethylsilyl triflate via a palladium-catalyzed aryne cyclotrimerization. The
disadvantages of this approach are the need to prepare the trimethylsilyl aryl tri-
flate and the relatively low yield of both the aryne cyclotrimerization (34%) and
the Cava reaction (35-40%).

Br

hV, CC|4
Br.

Figure 10.34: Synthesis of trinaphthylenes from triphenylenes via the Cava reaction [53].

Another approach toward the synthesis of substituted trinaphthylenes focused on an
aryne cyclotrimerization of the appropriate naphthalene precursor (Figure 10.35) [51].
Starting from the appropriate 6,7-dibromo-2,3-dialkoxynaphthalene (which was pre-
pared in three steps from 2,3-dihydroxynaphthalene), a lithium—halogen exchange was
carried out and the aryllithium species was trapped with trimethyl borate and oxidized
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to give the bromo-naphthol. Silylation of the naphthol was achieved using hexamethyl-
disilazane. A second lithium-halogen exchange resulted in migration of the silyl group
and trapping the aryloxy anion with triflic anhydride to yield the aryne precursor. This
approach for preparing aryne precursors was discussed in Section 5.2.4. Finally, treat-
ment of the aryne precursor with CsF and catalytic Pd(PPhs), gave the desired trinaph-
thylene in modest yield.

1. n-BulLi
2. B(OMe

RO Br HMDS, THF RO OTMS
e L,
RO Br RO

1. n-BuLi ROOTf CsF, Pd(PPhy),
2.TH0 RO TMS  CH3CN/THF

Figure 10.35: Synthesis of trinaphthylenes via aryne cyclotrimerization [51].

Subsequently, Bunz and coworkers showed that the same alkoxy-substituted tri-
naphthylenes could be accessed in a more concise fashion by Yamamoto coupling
of the 6,7-dibromo-2,3-dialkoxynaphthalenes (Figure 10.36) [54].

Ni(COD),

ROBr e
—_—
RO Br THF

Figure 10.36: Synthesis of trinaphthylenes via Yamamoto coupling [54].

Larger starphenes have not been extensively studied, in part because of their low sol-
ubility and the challenges in their synthesis. Clar and Mullen reported the synthesis
of “decastarphene,” so named because it contains 10 aromatic rings (Figure 10.37)
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[55]. The synthesis begins with a two-fold Friedel-Crafts acylation of phenanthrene
using phthalic anhydride [56]. The carbonyl groups were reduced using Zn in aque-
ous KOH, and the product was subjected to another Friedel-Crafts acylation/reduc-
tion sequence using naphthalene 2,3-dicarboxylic anhydride. Treatment with zinc
dust at high temperature leads to electrophilic cyclization and reduction. Finally,
treatment with soda-lime gave the starphene. The synthesis requires high tempera-
tures and harsh conditions and is not suitable for substituted starphenes. Further-
more, purification of the final product was challenging due to its low solubility.

CO,H
: g
aq. KOH
OO0 = “ ()
AlCly cat. CuSO,

o
S0
O Zn
—_—
AICl3, TCE cat. CuSO,

ZnCl,, 380 °C

PR

2. soda-lime, 310 °C O

1. Zn, NaCl 'O OQ

Figure 10.37: Synthesis of “decasterphene” [55].

Much more recently, Bunz and coworkers described the synthesis of soluble star-
phenes using the Yamamoto coupling (Figure 10.38) [57]. The synthesis began with a
Cava reaction between 1,2-dibromo-4,5-bis(dibromomethyl)benzene and naphthoqui-
none using sodium iodide to give the dibromo-tetracenequinone. Ethynylation using
ethynyltriisopropylsilane and butyllithium gave the diol, which was reduced to the
corresponding tetracene using NaH,PO,. Finally, the dibromotetracene was trimer-
ized using standard Yamamoto coupling conditions to give the desired starphene
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derivative. Unlike the parent starphenes, these compounds were much more soluble
and amenable to characterization in solution and by X-ray crystallography.

Br Q o =-TIPS
B Br ‘O Nal Br OO‘O n-BuLi
+ >
Br Br DMA Br
Br o o}
TIPS
TIPS I
\ OH Kl .
Br NaH,PO,  Br X Ni(COD),
COD, bpy
= ,
Br AcOH Br THF
Y/ It
TIPS TIPS
TIPS

Figure 10.38: Synthesis of soluble starphenes via Yamamoto coupling [57].

A large starphene consisting of 16 fused benzene rings was prepared using meth-
ods inspired from recent synthesis of higher acenes along with a palladium-
catalyzed aryne cyclotrimerization (Figure 10.39) [58]. As we saw for a synthesis
of heptacene, the synthesis involved the Diels—Alder reaction of 7,7-dimethoxy
-2,3,5,6-tetramethylenebicyclo[2.2.1]heptane with one equivalent of benzyne gen-
erated from 2-(trimethylsilyl)phenyl triflate in the presence of fluoride. The cyclo-
adduct was then aromatized using DDQ. A second sequence of benzyne addition
and oxidation was carried out with the diaryne precursor 1,4-bis(trimethylsilyl)
phenyl-2,5-bis(triflate) to give an extended trimethylsilyl aryl triflate. This com-
pound was treated with catalytic Pd,(dba); to effect the aryne cyclotrimerization.
Finally, deprotection of the acetal using TMSI and cheletropic thermal decarbon-
ylation gave the starphene [58].
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1. CsF, CHsCN
H3CO_ OCH,

TfO T™S
s HaCOL OCH :@i
@ . 1. CsF, CH5CN OO ™S oT
OTf 2.DDQ, toluene

2. DDQ, toluene

H;CO_ OCH;

COROC e
Tms CHaCN

OCH;
OCH,
1. TMSI
CH,Cl,
2.170°C

neat

Figure 10.39: Synthesis of a large starphene with pentacene “branches” [58].

10.6 From coronenes to larger PAHs

Coronene is a planar, disk-shaped polycyclic aromatic compound consisting of six
benzene rings that are ortho-fused in a cyclic fashion, creating a central six-membered
ring. It is part of a class of compounds called circulenes, which we will discuss in
more detail in Chapter 11.

The first synthesis of coronene was reported by Scholl and Meyer in 1932 (Fig-
ure 10.40) [59]. The synthesis begins with a Friedel-Crafts acylation of m-xylene with
the diacid chloride to give the bis lactone, which was hydrolyzed and oxidized to
give the hexa-carboxylic acid. This compound was reduced and underwent electro-
philic cyclization to give the dibenzocoronene-tetraone derivative. The keto groups
were removed by another reduction using HI and phosphorus and the product was
then decarboxylated using soda lime in the presence of copper to give the di-peri-
dibenzocoronene. This compound was then oxidized to the coronene-tetracarboxylic
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acid by heating in nitric acid, and finally decarboxylated using soda lime at 500 °C to
give coronene.

CHj3
AICI3
+ B —
CH, nitrobenzene

]
H

o CH3
O‘O 1. KOH, CH30H
_—
KMnO4
3C °

O‘ soda lime O‘
) o OOO

Figure 10.40: The first synthesis of coronene [59].

HO,C  CO,H

The synthesis by Scholl and Meyer long, used harsh conditions, and suffered from
low yields. Clar and Zander developed a more concise synthesis of coronene start-
ing from perylene (Figure 10.41) [60]. They reacted perylene with maleic anhydride
in a Diels—Alder reaction in the presence of chloranil as an oxidizing reagent. The
anhydride moiety was then removed by heating the Diels—Alder adduct in the pres-
ence of soda lime to produce the corresponding benzoperylene. This sequence of
cycloaddition followed by decarboxylation and decarbonylation was then repeated to
give coronene. A much more recent modification to Clar and Zander’s approach
showed that the benzoperylene could be converted to coronene by two-electron reduc-
tion of the benzoperylene using sodium metal and ultrasound, and reacting the result-
ing dianion with bromoacetaldehyde diethyl acetal (Figure 10.42) [61]. The acetal
product was then cyclized by treatment with concentrated sulfuric acid under ultra-
sound conditions. This latter approach avoided the high temperature conditions for
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the decarboxylation/decarbonylation step and could more readily be performed on a
larger scale.

0=9~_0
o ‘O U
soda lime “ Chloranil
—_—
350-440 oC
e}

soda lime “‘O‘
400 oC O

= OR
O
It d
‘O ultrasoun BY OR H,S0,
ultrasound

Figure 10.42: Alternative approach to coronene [61].

A distinctly different synthetic approach developed by Davy and Reiss made use of a
photocyclization of a naphthalenophane diene as a key step (Figure 10.43) [62]. The syn-
thesis began by treating 2,7-bis(bromomethyl)naphthalene with sodium sulfide to pro-
duce the bisthioether. The bisthioether was then methylated with (CH;);0BF, to give the
corresponding sulfonium salt. Treating the sulfonium salt with sodium hydride in THF
lead to a Stevens rearrangement to give the substituted [2.2lnaphthalenophane [63].
Another methylation with (CH;);0BF, gave the sulfonium salt, which underwent
elimination under basic conditions to give [2.2](2,7)-naphthalenophane-1,11-diene.
Finally, UV irradiation in the presence of iodine gave coronene [62].
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Figure 10.43: Synthesis of coronene from a cyclophane by photocyclization [62].

When the coronene system extended by peri-fusion of six additional benzene
rings, the result is hexa-peri-hexabenzocoronene (Figure 10.44). This compound is
stable, possessing seven Clar sextets, but is not surprisingly insoluble.

Figure 10.44: Hexa-peri-hexabenzocoronene.

One of the early syntheses of hexa-peri-hexabenzocoronene was reported by Clar
and coworkers (Figure 10.45) [64]. The reaction involved bromination and ring-
fusion at high temperatures.

An alternative approach to hexa-peri-hexabenzocoronene reported by Schmidt
and coworkers started with the substituted anthraquinone, which was treated with
phenyllithium to give the corresponding diol (Figure 10.46) [65]. Subsequent reac-
tion with AlICl; in NaCl resulted in cyclodehydrogenation, which was followed by
aromatization at high temperature in the presence of copper.

As mentioned above, hexa-peri-hexabenzocoronene is quite insoluble and challeng-
ing to characterize. The addition of solubilizing groups can be used to improve solubil-
ity, but the harsh conditions of the synthetic approaches described above are not likely
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Figure 10.46: Synthesis of hexa-peri-hexabenzocoronene by Schmidt and coworkers [65].

suitable for the preparation of substituted hexa-peri-hexabenzocoronenes. Miillen and
coworkers showed that the Scholl reaction or oxidative cyclodehydrogenation
could be used effectively to prepare substituted hexa-peri-hexabenzocoronenes
[66, 67]. These substituted hexa-peri-hexabenzocoronenes have been explored for
their self-assembly to form columnar mesophases when substituted with flexible
alkyl chains [67]. They are typically prepared by cyclodehydrogenation of the cor-
responding hexaphenylbenzene derivative, which is prepared either by transition
metal-catalyzed alkyne cyclotrimerization (Section 8.2.2), or by a Diels—Alder
reaction of the tetraphenylcyclopentadienone with a diphenyl acetylene (Sec-
tion 8.2.1). One of the representative syntheses of these substituted hexa-peri-
hexabenzocoronenes is shown in Figure 10.47 [67]. The synthesis began with the
alkyl-substituted aniline, which was converted into the corresponding aryl iodide via
diazotization and reaction with potassium iodide. A Sonogashira coupling reaction
with trimethylsilylacetylene gave the ethynyl benzene. The TMS group was cleaved in
the presence of fluoride, and then the terminal alkyne was subjected to another
Sonogashira coupling to obtain the substituted diphenylacetylene. This com-
pound underwent cobalt-catalyzed cyclotrimerization in the presence of Co,(CO)s.
Finally, cyclodehydrogenation using AICl; and Cu(OTf), in carbon disulfide gave
the hexa-peri-hexabenzocoronene.

This approach, reported by Miillen and coworkers, has been used to prepare larger
PAHs. For example, reaction of 1,4-bis(phenylethynyl)benzene with tetraphenylcyclo-
pentadienone gave octaphenylquinquephenyl (Figure 10.48) [68]. Oxidative cyclization
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Figure 10.48: Synthesis of an elongated nanographene [68].

using AlCl; and Cu(OTf), gave the elliptical PAH compound with the formula C;gHo.
This highly insoluble compound was characterized by mass spectrometry.

Using the same synthetic approach, Miillen and coworkers have extended con-
structed even larger graphitic systems. While these compounds are insoluble, they rep-
resent an approach to structurally defined nanographenes. For example, as outlined in
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Figure 10.49, Miillen and coworkers were able to prepare a nanographene with the for-
mula with 222 carbon atoms [69, 70]. The synthesis involves a tri-alkyne (prepared by
Sonogashira cross-coupling) which underwent a two-fold Diels—Alder reaction with tet-
raphenylcyclopentadienone to give the bis(pentaphenylbenzene)-substituted acety-
lene, which was subjected to alkyne cyclotrimerization to give the highly branched
oligophenylene with 37 benzene rings. Finally, cyclodehydrogenation gave the target
nanographene. This latter step is impressive because it involved the formation of 54
carbon—carbon bonds in a single step.

Ph Ph
2 eq.

AICI,
Cu(OT),

cs,

Figure 10.49: Synthesis of a larger nanographene [69, 70].
10.7 Graphene nanoribbons

Thus far, we have considered the preparation of structurally defined PAHs. If we ex-
tend the aromatic rings further, we can achieve graphene-like structures. One area of
recent interest is the preparation of graphene nanoribbons (GNRs), which are narrow
strips of graphene that have promising properties for organic electronics. These GNRs
While there are “top-down” approaches for the preparation of GNRs from graphene
including lithographic methods [71], sonochemical methods [72], and unzipping car-
bon nanotubes [73]. The bottom-up synthesis from well-defined molecular precursors
has the potential advantage of preparing atomically precise GNRs [74, 75]. Below we
will consider some select examples of synthetic approaches for the preparation of
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GNRs, focusing primarily on solution-based methods. We will see that some of these
methods for preparing GNRs draw on the synthetic methods for other PAHs.

For example, Miillen and coworkers used a Suzuki polymerization and Scholl reac-
tion for the preparation of a GNR (Figure 10.50) [76]. Their synthesis began with a Su-
zuki coupling using a 2,3,5,6-tetraaryl-1,4-diiodobenzene with 4-bromo-phenylboronic
acid to give the dibromohexaphenylbenzene. The bromo groups were then converted
into the corresponding boronate esters by lithium-halogen exchange and trapping
with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. This monomer was then re-
acted with the diiodide from the first step under Suzuki cross-coupling conditions to
yield an oligophenylene polymer. Finally, an oxidative cyclization using FeCl; have
the fused GNR.

R R
B(OH) 1. n-Buli
THF
e O W
F’|d PPthsae 2 0
aliqua ) /
i-PrO-B
O Q a0 XS, o
R R
R R R R
0, 0
d o) Pd(PPhg),

aliquat 336

(2 Q) DRI
R R R

Figure 10.50: Synthesis of a GNR via Suzuki polymerization and Scholl reaction [76].

An alternative polymerization approach is to use a Yamamoto coupling. It the advan-
tage of using one monomer, in contrast to the Suzuki coupling which typically has
two different monomers to carry out the polymerization. For example, Sinitskii and
coworkers used a Yamamoto coupling to prepare an arylated poly(triphenylene),
which could then be converted to the GNR via a Scholl reaction (Figure 10.51) [77]. The
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synthesis began with electrophilic bromination of phenanthrenequinone, which then
reacted with 1,3-diphenylacetone to prepare the cyclopentadienone. A Diels—Alder re-
action with diphenylacetylene gave tetraphenyltriphenylene, which was subjected to
a Yamamoto polymerization. Finally, cyclodehydrogenation was achieved using FeCls,
giving a zigzag GNR.

[0} O

. a0 04O
a8 JE N, SL T

T OO
PhyO bpy, COD
SO T
s )

FeCly

>

CH,Cly, CH3NO,

— —n

Figure 10.51: GNR synthesis involving a Yamamoto polymerization [77].

Miillen and coworkers also applied their method for preparing hexa-peri-hexaben-
zocoronenes and other discrete nanographenes for the synthesis of GNRs. Specifi-
cally, they used a cyclopentadienone with a pendant acetylene unit to carry out a
Diels—Alder polymerization, followed by a Scholl reaction to prepare the GNR
(Figure 10.52) [78].

In the previous chapter we saw the Asao—Yamamoto benzannulation used to pre-
pare polycyclic aromatic systems by reaction of diarylacetylenes with o-(phenyle-
thynyl)benzaldehyde (Section 9.3.12). Dichtel and coworkers used this method to
prepare a polyarene which could be converted into the corresponding GNR by
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Figure 10.52: Preparation of a GNR by a Diels—Alder polymerization/Scholl reaction sequence [78].

oxidative cyclization (Figure 10.53) [79]. The synthesis began with conversion of
the alkoxy-substituted bromonaphthalene to the corresponding boronic acid via
lithium-halogen exchange and trapping with trimethyl borate. A twofold Suzuki cou-
pling with the diethynyl dibromobenzene, gave the dinaphthylbenzene derivative.
Cleavage of the trimethylsilyl groups using K,CO5; gave the dialkyne monomer.
This monomer was reacted with 1,4-diiodobenzene as a co-monomer in a Sonoga-
shira to give the poly(p-phenylene ethynylene). The poly(p-phenylene ethynylene)
was then treated with o-(phenylethynyl)benzaldehyde under Asao—Yamamoto benzan-
nulation conditions to give the corresponding polyarylene, which was treated with DDQ
and methanesulfonic acid gave the GNR.

In one of the earliest reports of the synthesis of GNRs, Goldfinger and Swager
used a combination of Suzuki coupling and an acid-catalyzed benzannulation
(Figure 10.54) [80]. The synthesis of one of the monomers began with a twofold Sono-
gashira coupling of an alkoxyphenyl acetylene with 1,4-dibromo-2,5-diiodobenzene to
yield the bis(arylethynyl)benzene derivative. The bromides were then converted to the
corresponding iodides by lithium-halogen exchange, followed by trapping with io-
dine. This monomer was then reacted with the 2,5-dialkyl-benzene-1,3-diboronic acid
in a Suzuki cross-coupling to produce a polyphenylene. Finally, benzannulation using
trifluoroacetic acid produced the GNR.

In a related approach toward GNRs, Chalifoux and coworkers reported the synthe-
sis of substituted GNRs based on a rylene core via Suzuki polymerization and acid-
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Figure 10.53: Synthesis of GNRs via Asao—Yamamoto benzannulation [79].

mediated benzannulation (Figure 10.55) [81]. The synthesis begins with the conversion
of 4-bromo-2,6-diiodoaniline to the corresponding triazene using sodium nitrite and di-
ethylamine. In Section 3.6.3, we saw that aryl triazenes can be used as masked aryl
iodides. This was followed by a Sonogashira reaction using the (4-alkoxyphenyl)acety-
lene at the aryl iodides to give the bis(arylethynyl)benzene. The triazene was converted
into the corresponding aryl iodide, which was converted into the corresponding boro-
nate ester by lithium-halogen exchange, trapping with trimethyl borate, and treatment
with pinacol. The bromo-substituted boronate ester was then polymerized under Su-
zuki cross-coupling conditions. Finally, treatment with trifluoroacetic acid followed by
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Figure 10.54: Swager’s GNR synthesis via Suzuki polymerization and benzannulation [80].

triflic acid lead to benzannulation, giving the desired GNR with pendant alkoxyphenyl
units as solubilizing groups.

In contrast to the solution-based synthetic approaches described above, Miillen,
Fasel, and coworkers demonstrated the synthesis of GNRs from molecular precursors
on metal surfaces at high temperatures [74]. For example, the monomer 10,10’-
dibromo-9,9’bianthryl was thermally sublimed onto a gold surface resulting in de-
halogenation to give a surface-stabilized biradical, which coupled to form a linear
polymer (Figure 10.56). Subsequent heating to 400 °C led to cyclodehydrogenation
to give the GNR with well-defined width, as shown by scanning tunneling microscopy
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Figure 10.55: Synthesis of a rylene GNR via Suzuki polymerization and benzannulation [81].

and Raman spectroscopy [74]. Since this contribution, the on-surface synthesis method
has been used to prepare a variety of different GNRs [75].

200 °C O O 400 °C
L
" 00

n

Figure 10.56: Synthesis of atomically precise GNR on a gold surface [74].
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11 Nonplanar aromatic compounds

11.1 Introduction

Most aromatic compounds are planar — indeed one of the accepted criteria for aro-
maticity is planarity, in part because delocalization of the m-electrons requires an
essentially parallel alignment of the atomic p-orbitals on adjacent atoms. However,
it is easy to imagine that small deviations from planarity would not disrupt aromatic-
ity. The question then becomes: at what point does deviation from planarity disrupt
aromaticity? The answer to this may depend in part on what measure of aromaticity
is being used. The deliberate synthesis of nonplanar aromatic systems has been moti-
vated in part to probe the limits of aromaticity, and in part to explore the synthesis of
challenging molecular structures. Additionally, however, nonplanar aromatic com-
pounds often exhibit interesting properties that make them functional materials, and
can potentially serve as synthetic precursors for the bottom-up synthesis of fullerenes
and carbon nanotubes. For all of these reasons, the synthesis of nonplanar aromatic
compounds is an area of active research.

One of the challenges of preparing nonplanar aromatic compounds is of course
overcoming the normal tendency of aromatic compounds to be planar. Contorting ar-
omatic rings out of plane may disrupt aromaticity and introduce strain, so it comes
with an energetic cost. In general, there are two approaches for the preparation of
nonplanar aromatic systems: i) aromatic compounds with steric crowding that forces
the molecules to adopt a nonplanar geometry, and ii) systems that adopt a nonplanar
geometry due to the constraints of covalent bonds. The first approach is exemplified
by compounds such as helicenes and “twistacenes,” while examples of the second
approach includes fullerene fragments, cyclophenylenes, and some cyclophanes. In
this chapter, we will explore some of the synthetic approaches to select classes of
nonplanar aromatic systems. While many of the synthetic methods are based on reac-
tions seen in previous chapters, the synthetic strategies also necessarily include ways
to overcome or circumvent the strain in the nonplanar systems.

11.2 Helicenes and related contorted polycyclic compounds

11.2.1 Helicenes

Helicenes are polycyclic aromatic hydrocarbons consisting of ortho-fused benzene
rings [1, 2]. To avoid steric congestion, these compounds adopt helical geometry.

Helicenes are named according to the number of aromatic rings that comprise them
(Figure 11.1).

https://doi.org/10.1515/9783110562682-011
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ﬁ a
[4]helicene [5]helicene [6]helicene [7]helicene

Figure 11.1: Representative helicene structures.

One of the interesting features of these compounds is that their helical configu-
ration means that they are chiral, existing as either a right-handed or left-handed
helix [3]. The right-handed helix is denoted P, while the left-handed helix is denoted M
(Figure 11.2). The smaller helicenes are not configurationally stable and can racemize
easily. The larger helicenes are configurationally stable and exhibit interesting chiropti-
cal properties.

P)-helicity M)-helicity

Figure 11.2: Helical chirality in helicenes.

The earliest syntheses of helicenes focused on [5]helicene, and involved the Pschorr
cyclization of diazonium salts as a key step (see Section 3.6.4). As shown in Figure 11.3,
reduction of nitro-substituted bis-stilbene was followed by a Pschorr cyclization, which

Pschorr

HO,C COH  Fe(OH), HOC COH 1 diazotization
NH,OH J N 2.Cu
B — e

w0 ()

HO,C CO,H )
6 Decarboxylation O O
() —

Figure 11.3: Synthesis of [5]helicene via Pschorr reaction [4].
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gave the helicene precursor along with the non-helical isomer as a side product [4].
This reaction highlights one of the challenges associated with the preparation with hel-
icenes — cyclization reactions such as this can lead to poor selectivity for the helicene
product. Subsequent decarboxylation gave [5]helicene.

Another early synthetic approach toward helicenes made use of intramolecular
Friedel—-Crafts cyclization reactions, similar to strategies used to prepare polycyclic aro-
matic hydrocarbons seen in Chapter 9. For example, in 1956, Newman and coworkers
used the dicarboxylic acid derivative and conducted sequential Friedel-Crafts acyla-
tion reactions, followed by Wolff-Kishner reductions to remove the carbonyl groups
(Figure 11.4) [5]. Finally, aromatization was achieved at high temperature in the pres-
ence of rhodium and alumina to give [6]helicene.

o)
HO,C COzH ‘ COH N, . COH 1. pClg
Q0 SO0 - O —
. —_ _—

0

“ N,H,, NaOH “ Rh/ALOs; ‘O‘
— 0 — g

O OO benzene 300 °C O O

Figure 11.4: Synthesis of [6]helicene via Friedel-Crafts cyclizations [5].

()

A widely used strategy for the preparation of helicenes made use of photocyclization
and oxidation (see Section 9.3.6). For example, in 1967, photocyclization and oxidation
was used to prepare [4]helicene (Figure 11.5) [6]. However, when the same reaction was
used to prepare [5]helicene, 1,12-benzoperylene was isolated as the major product [7].
In this case, presumably [5]helicene is formed and undergoes a subsequent photocycli-
zation reaction (Figure 11.5).

In the same year, Martin reported the synthesis of [7]helicene via photocycliza-
tion (Figure 11.6) [8]. This synthesis was significant because it was the first report of
a [7]helicene. The synthesis begins with a Friedel-Crafts acylation of phenanthrene
with the acid chloride, which was followed by reduction and dehydration to give
the stilbene analog. Photocyclization using a mercury lamp in the presence of io-
dine gave [7]helicene in good yield. This photocyclization has been extended to the
preparation of helicenes as large as [13]helicene [9].

One of the challenges of photocyclization methods and indeed other cyclization
reactions such as the Pschorr reaction is control of the regiochemistry of cyclization
to form a helical product. This challenge is illustrated in Figure 11.7, which shows the
two potential photocyclization products that can be produced during the preparation
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hv(Hg lamp)
cyclohexane
SO 00‘
—_— —_—
OO benzene OO

Figure 11.5: Photocyclization to form [4]helicene and 1,12-benzoperylene [6, 7].

AICI 1. L|A|H4 Qa N
nltrobenzene i !

hv, 1, gQO

Hg lamp a
—_—
benzene CO

Figure 11.6: Synthesis of [7]helicene via photocyclization [8].

s O,
ool e

Figure 11.7: Possible regioisomers during photocyclization reactions.
of [6]helicene. If photocyclization occurs at position A, the desired helicene is ob-

tained. However, if photocyclization occurs at position B, benzo[a]naphtha[1,2-h]an-
thracene is obtained.
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To prevent the undesired regioisomer, both the Martin and Katz groups used a
bromo substituent at position “B” as a protective group to block the undesired
photocyclization (Figure 11.8) [10, 11]. The bromo substituent can then be removed
by lithium-halogen exchange and trapping the aryllithium with water.

. Br Br  1.n-BuLi Q
hv, I gag ether g %
O Q benze(r;e O O 2.H,0 OO

/Q

Figure 11.8: Controlling regiochemistry of photocyclization using a “bromo auxiliary” [10, 12].

Another strategy for the preparation of helicenes involves Diels-Alder reactions
[13, 14]. Among the earliest examples of this approach involved starting with
3,3",4,4'-tetrahydro-1,1"-binaphthalene as a diene and reacting it with maleic anhy-
dride, followed by removal of the anhydride and aromatization to give [5]helicene
(Figure 11.9) [14].

O
0D OO OO e OO
0 PbO, 1.NBS
—_— > —_ —_—
selNsogNcogie e

Figure 11.9: Synthesis of [5]helicene via Diels—Alder reaction [14].

A similar approach has been used for the preparation of substituted helicenes by
using similar dienes and dienophiles such as N-phenylmaleimide, quinones, and
benzynes (Figure 11.10) [15, 16].

A noteworthy advance in the synthesis of helicene derivatives via Diels—Alder
reactions reported by Katz and coworkers involve the Diels—Alder reaction of di-
vinylarenes with benzoquinone to prepare the corresponding helicenebisquinones
(Figure 11.11) [17, 18]. This synthesis demonstrated the viability of Diels—Alder reac-
tions for preparing functionalized helicenes and allow them to be prepared on a
gram scale.

Yet another approach for preparing helicenes was inspired by Kharash’s method
for the preparation of phenanthrene by treating 2,2’-bis(bromomethyl)-1,1’-biphenyl
with potassium amide in liquid ammonia (Figure 11.12) [19]. The reaction has been
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Br. Br H3CO H3CO
HsCO 3 1.CuCN, DMF
Br 2. DDQ, xylene CN
Br Br OO 3. NBS, NaOAc OO
—_— —_—
O‘ t-BuLi, toluene O‘ Br OO CN
H5CO H3CO H3CO

Figure 11.10: More examples of helicene syntheses via Diels—Alder reactions [15, 16].

R R
(0]
t. Cl;CCO,H O °
cat. 3/ 2
. ' O
toluene R O o

R O R=H
excess R=0Cq,Hs5
(0]
R4
R R
2 o 2 <
1
cat. ClsCCO,H Ry OO
Q + _— @) g
O
O toluene R4 C 0
L e X
Ry excess R4, Rz = OCyaHas

Figure 11.11: Synthesis of helicenebisquinones via Diels—Alder reactions [17, 18].

Br  KNH,
—_—
Br ||q NH3

Figure 11.12: Preparation of phenanthrene [19].
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referred to as a carbenoid coupling or a “benzylic-type” coupling, although studies by
Gingras and coworkers suggest that the reaction does not proceed through a carbene
intermediate [20].

Although the mechanism of the reaction is not fully understood, the reaction
has been used successfully to prepare helicenes [21, 22]. For example, the synthesis
of [5]helicene is outlined in Figure 11.13 [22]. The triflate starting material, which
was derived from 2,2’-binol, was subjected to Kumada coupling to introduce the
methyl groups. Benzylic bromination gave the bis-bromomethyl binaphthyl deriva-
tive, which was treated with LiHMDS in THF and HMPA to give [5]helicene in good
yield. This approach has also been used for the preparation of [7]helicene [20].

OO CHzMgBr NBS

oTf 5% NiCly(dppp) PhCO
_—

soals

LIHMDS QQO

—_—
THF, HMPA a

Figure 11.13: Synthesis of [5]helicene via a carbenoid coupling [22].

Two conceptually similar approaches to helicenes consist of a McMurry coupling
[22], as well as ring-closing metathesis (Figure 11.14) [23]. While the yields of the
McMurry coupling were quite low, the olefin metathesis reaction produced heli-
cenes in high yield.

Another approach to helicenes consists of intramolecular [2 + 2 + 2] cyclotri-
merization of alkynes (see Section 8.2.2). An example of this approach is shown
in Figure 11.15 [24]. This reaction begins with a selective Sonogashira coupling
of 2-bromoiodobenzene with trimethylsilylacetylene, followed by an in situ re-
moval of the silyl group and addition of 1-iodo-2-bromonaphthalene, which gave
a second selective Sonogashira coupling. This sequence enabled the one-pot prepara-
tion of the dissymmetric alkyne, and highlights selectivity for aryl iodides over aryl bro-
mides in Sonogashira couplings. The resulting dibromo-substituted diarylacetylene
was then subjected to a twofold palladium-catalyzed Suzuki cross-coupling to give the
trialkyne. Deprotection of the alkynes was followed by a nickel-mediated cyclotrimeri-
zation reaction to give the helicene derivative in good yield.
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Figure 11.14: Helicenes via McMurry coupling and ring-closing olefin metathesis [22, 23].

1. = TMS O . Pd(PPhs),Cl,
r

Pd(PPh3),Cl,, Cul K,COg4
_— —_—
Br 2. DBU, water | | O,
| | B B
ot a7
TIPS

O Ni(COD), O O
‘ PPh; O’

R =TIPS
R=H

Figure 11.15: Synthesis of helicenes via alkyne cyclotrimerization [24].

11.2.2 Stereoselective helicene syntheses

One of the most interesting structural features of helicenes is their chirality. As such,
there is an interest in preparing enantiomerically pure helicenes [3]. One way to
achieve enantiomerically enriched helicenes is by separation of enantiomers. As an
example, resolution of [6]helicene was achieved by forming a diastereomeric charge
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transfer complex with 2-(2,4,5,7-tetranitro-9-fluorenylidene-aminooxy)propionic acid
(TAPA), shown in Figure 11.16 [5, 25]. Another approach involved the manual separa-
tion of enantiomorphic crystals — an approach that relies on crystallization of the
compounds as chiral conglomerates [26, 27]. A more common approach for separat-
ing helicene enantiomers is by chiral stationary phase HPLC. At the same time, sev-
eral approaches to stereoselective synthesis of helicenes have been explored. During
the preparation of helicenes via photocyclization, attempts have been made to con-
trol chirality using circularly polarized light to achieve the photocyclization [28], and
by carrying the photocyclization in a chiral nematic medium as the solvent [29].
While both of these approaches are conceptually interesting and elegant, the enantio-
meric excess achieved for both was very low.

H
H3C\;002H
.0
N

e Shas
Figure 11.16: “(-)-TAPA,” a chiral compound, used for the

NO, NO, resolution of [6]helicene.

More conventional approaches for achieving stereochemical control such as chiral
auxiliaries or chiral catalysts have been explored and are in some cases effective for
the preparation of enantio-enriched helicenes. Enantiomerically pure chiral groups
or auxiliaries have been attached to helicene precursors to induce a preferred heli-
cal configuration via a diastereoselective reaction. For example, the enantiopure
paracyclophane was attached to a [4]helicene via a Wittig reaction, producing a stil-
bene derivative that could undergo photocyclization with high diastereoselectivity
(Figure 11.17) [30].

D @

)

0o R
base benzene

’Qa Wittig reaction .OO 'QS

Figure 11.17: Diastereoselective helicene formation incorporating a chiral paracyclophane [30].

Chiral menthyl groups have been used to induce a diastereoselective photocycliza-

tion as outlined in Figure 11.18 [31]. In the first example, a substituted 5-helicene
bearing two menthyl groups was prepared in a 7:3 mixture of diasteromers. When
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QO P QO

Figure 11.18: Menthyl groups as chiral auxiliaries for diastereoselective helicene synthesis [31, 32].

al
al

this strategy was combined with a bromo auxiliary, a substituted [6]helicene was
prepared in good yield and diastereomeric ratios as high as 98:2 [32]. Unlike the
previous examples, where the chiral component remains in the structure, attaching
the menthyl groups as esters means that these can function as true chiral auxilia-
ries that can be removed to give the enantiomerically enriched helicene.

As another example, a chiral cyclopentane was incorporated into a stilbene pre-
cursor and used to direct the helicity upon photocyclization. Hydrolysis and dehy-
dration of the chiral cyclopentanol derivatives gave the corresponding helicene
terminated with cyclopentadienyl rings in enantiomeric excess of greater than 89%
(Figure 11.19) [33]. This functionality was exploited to prepare helical metallocenes.
When two chiral cyclopentane groups were used in conjunction with a bromo
group to prevent formation of the linear photocyclization product, a diastereomeric
ratio of more than 99:1 was achieved for the photocyclization [34]. The bromo group
was then removed by lithium-halogen exchange and treatment with aqueous am-
monium chloride, and the chiral groups were removed as in the previous example
by hydrolysis and dehydration.

The examples of diastereoselective helicene syntheses presented thus far have
all focused photocyclization as the key step to form the helicene. However, diaster-
eoselective syntheses of helicenes has also been achieved using other approaches.
For example, Diels—Alder reactions of vinyl aromatic compounds with benzoqui-
none bearing a chiral sulfoxide group has been used to prepare helicenebisqui-
nones with enantiomeric excesses of up to 88% (Figure 11.20) [35].

An alternative to a diastereoselective helicene synthesis using covalently linked
chiral moieties is a true asymmetric synthesis using a chiral catalyst. For example,
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Figure 11.19: Diastereoselective helicene synthesis using a chiral cyclopentanol auxiliary [33, 34].
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Figure 11.20: Diastereoselective Diels—Alder reactions with a chiral benzoquinone [35].

olefin metathesis using a chiral ruthenium catalyst has been used to prepare enan-
tio-enriched [7]helicenes (Figure 11.21) [36]. Depending on the catalyst used, either
the (M) or (P) helical forms could be favored. It should be noted that the bianthryl
precursor is actually racemic, so this enantioselective reaction is essentially a ki-
netic resolution, where the catalyst reacts preferentially with one enantiomer. Con-
sequently, yields are modest.
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Figure 11.21: Helicene synthesis by asymmetric olefin metathesis [36].

As a final example, enantioselective synthesis of a substituted [5]helicenes was
reported using palladium-catalyzed aryne and alkyne [2 + 2 + 2] cocyclotrimeriza-
tion (see Chapters 5 and 9) in the presence of a chiral ligand (Figure 11.22) [37]. Spe-
cifically, the trimethylsilyl naphthyl triflate and dimethyl acetylene dicarboxylate
was treated with CsF in the presence of catalytic Pd,(dba); and a chiral ligand such
as BINAP. Under these conditions, modest enantiomeric excesses of up to 60%
were observed.

OCHjg H3CO,C
CO,CH; CsF 6
Pdy(dbal; HsCOL— B

™S (R)-BINAP C OCH,
CO,CH, CH,CN/THF Q
OCH;4

oTf

Figure 11.22: [5]Helicenes via palladium-catalyzed [2 + 2 + 2] cocyclotrimerization [37].

11.2.3 Other benzannulated PAHs

There are many nonplanar polycyclic aromatic hydrocarbons that feature steric crowd-
ing similar to helicenes and often have structural features similar to helicenes, but
which are more complex. For example, hexabenzotriphenylene (Figure 11.23) is nonpla-
nar and can be thought of as a set of three [5]helicenes fused at the central ring. The
compounds can adopt either a Ds-symmetric propeller conformation or a C,-symmetric
conformation.
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Dj Ca

Figure 11.23: Conformations of hexabenzotriphenylene.

The first definitive synthesis of hexabenzotriphenylene was reported by Pascal
and coworkers, who used flash vacuum pyrolysis of phenanthrene-9,10-dicarboxylic
anhydride (Figure 11.24), which was prepared by photocyclization of diphenyl maleic
anhydride [38]. Using this approach, the flash vacuum pyrolysis at 700 °C gave hexa-
benzotriphenylene in a 5% yield. X-ray crystallographic analysis revealed that hexa-
benzotriphenylene adopted a Ds;-symmetric, propeller-like conformation.

flash vacuum
pyrolysis

_—

700 °C

Figure 11.24: Synthesis of hexabenzotriphenylene by flash vacuum pyrolysis.

Subsequently, Pefia et al. showed that hexabenzotriphenylene could be prepared
via a palladium-catalyzed aryne cyclotrimerization (see Chapter 9) as outlined in
Figure 11.25 [39]. The synthesis began with bromination of 9-phenanthrol, which was
followed silylation both at the bromo substituent and the alcohol. Following that, the
trimethylsilyl ether was cleaved and the resulting phenoxide was trapped with triflic
anhydride to give the trimethyl silyl triflate as the aryne precursor. Treatment of this
compound with CsF in the presence of Pd,(dba); led to aryne formation and cyclotrime-
rization to give hexabenzotriphenylene. Interestingly, the compound prepared by
aryne cyclotrimerization yielded the C,-symmetric conformation, which slowly con-
verted to the more stable D;-symmetric conformation in solution [40].

This methodology was extended to other contorted polycyclic aromatic hydrocar-
bons containing helicene units embedded in the structure. For example, the aryne
cyclotrimerization of 1,2-naphthalyne gave a mixture of products — the major product
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Figure 11.25: Synthesis of hexabenzotriphenylene via aryne cyclotrimerization [39].

T™MS

consisting of a [5]helicene unit and a [4]helicene unit, and the minor product consist-
ing of three fused [4]helicenes (Figure 11.26) [39]. When 3,4-didehydrophenanthrene
was used as the aryne precursor, the product consisted of a [7]helicene fused with a
[5]helicene [41].

CH4CN

ot
X s | O
O TMs 5% Pda(dba)s O O‘
0

2.7 : 1 ratio

TMS
O CsF |
O OTf 5% Pdy(dba)s O O
—_—
5 g | — 8RS

Figure 11.26: Preparation of other contorted PAHs via aryne cyclotrimerization [39, 41].

In Chapter 9, we saw the synthesis of hexa-peri-hexabenzocoronenes, which are pla-
nar PAH systems. In contrast, when benzene rings are cata-fused to coronene, a non-
planar PAH with [4]helicene is obtained. Despite their nonplanar structures, these
hexa-cata-hexabenzocoronenes can still stack effectively and have been investigated
for their potential semiconducting properties [42-44]. One of the first syntheses of
these compounds was reported by Nuckolls and coworkers (Figure 11.27) [42]. The
synthesis began by converting pentacenone to the corresponding thioketone using
Lawesson’s reagent. The thione was then reacted with diphenyl diazomethane in a
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Figure 11.27: Synthesis of hexa-cata-hexabenzocoronene via olefination and photocyclization [42].

Barton—Kellogg olefination to produce the tetrasubstituted alkene. A benzylic oxidation
of these compounds using KMnO,, gave another carbonyl, which was subjected to the
same sequence thionation and olefination to give the bisolefin. This was photocyclized
in the presence of iodine and propylene oxide to give hexa-cata-hexabenzocoronene.
The same approach could be applied to the synthesis of substituted systems.

An alternative approach to access hexa-cata-hexabenzocoronenes involves uses
Suzuki coupling and Scholl reactions as the key steps (Figure 11.28) [43, 45]. The syn-
thesis begins by a reaction of 6,13-pentacenequinone with CBr, and PPh; (a Ramirez
reaction) to give the bis(dibromoolefin). This compound was then reacted with phe-
nylboronic acid in a Suzuki—-Miyaura cross-coupling to give the tetraphenyl bisolefin,
which was cyclized using FeCls. Again, this synthetic approach could also be applied
to the synthesis of substituted hexa-cata-hexabenzocoronenes.

In Chapter 9, we saw the nickel-mediated Yamamoto coupling as an alternative to
palladium-catalyzed aryne cyclotrimerization for the preparation of threefold symmet-
ric polycyclic aromatic hydrocarbons such as triphenylenes and trinaphthylenes. This
reaction has not been widely explored for the preparation of nonplanar polycyclic aro-
matic hydrocarbons. In one notable exception, Gingras and coworkers reported the
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B(OH)
CBr,, PPh, OO‘OO Q :
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TPdPPhCL

PPh3, K,CO3
Br Br toluene/H,O

OO‘OO
CH20I2 CH;3NO,

Figure 11.28: Synthesis of hexa-cata-hexabenzocoronenes via Suzuki coupling and Scholl
reaction [45].

OO Ni(COD),
‘ Br bpy, coD
—_—
Br THF

Figure 11.29: Synthesis of PAHs containing helicene units via Yamamoto coupling [46].

Yamamoto cyclotrimerization of a dibromo-substituted [5]helicene to prepare a large
PAH with six helicene units embedded within its structure (Figure 11.29) [46].

11.3 Twisted acenes

We have already explored the synthesis of acenes (such as tetracene and pentacene)
in Chapter 10. While we generally think of acenes as being planar, the crystal struc-
tures of many acenes do show minor deviations from planarity and the energetic cost
of deformation from planarity is relatively modest. Because of this, it is possible to
induce a twist from planarity in acenes by attaching several bulky substituents to the
periphery [47]. To relieve the strain imposed by the steric interactions of the bulky
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substituents, the acene shows a twist from planarity. For example, decaphenylan-
thracene shows a twist of 63° from end-to-end (Figure 11.30) [48]. This strategy can
be used in conjunction with benzannulation, combining some of the features seen in
the contorted aromatics in the previous example with bulky substituents to induce a
twist. An example of this approach is seen in diphenyltetrabenz[a,c,h,jlanthracene
which features an end to end twist of 66° (Figure 11.30) [49].

Ph  Ph Ph
Ph li li li Ph li [i [i
Ph Ph

Ph  Ph Ph

Figure 11.30: Examples of twisted acenes (a.k.a. “twistacenes”).

The challenge of synthesizing these compounds is overcoming the steric crowding.
Consequently, many of the syntheses of twisted acenes employ high temperatures
and are often low yielding. The synthesis of larger twisted acenes often employs
Diels—Alder reactions with arynes as key steps. For example, as shown in Figure 11.31,
decaphenylanthracene was prepared by reacting the tetraphenylanthranilic acid with
isoamyl nitrite to prepare the diazonium carboxylate [48]. The diazonium carboxylate
underwent in situ elimination to generate the benzyne, which reacts with the isoben-
zofuran derivative in a Diels—Alder reaction. The Diels—Alder adduct was then re-
duced using Zn to give the target decaphenylanthracene in low yield.

Ph Ph
Ph
S
Ph Ph o _ Ph Ph Ph
Ph
Ph NH, >/\/0NO Ph Pt Ph Ph
R Ph
B —
Ph CO,H  DCE, reflux Ph Ph Ph
Ph Ph Ph Ph Ph

Ph  Ph Ph
e —
—_—
AcOH h Ph
Ph  Ph Ph

Figure 11.31: Synthesis of decaphenylanthracene [48].
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A similar approach was used for the preparation of dibenzotetracene (Figure 11.32)
[50]. The resulting tetracene derivative featured an impressive end-to-end twist of 105°.

O L a T 1'h
CO,H Ph ONO
=
NH, = Ph 2. Zn/AcOH
Ph Ph ph

Figure 11.32: Synthesis of a twisted dibenzotetracene [50].

Diels—Alder reactions of arynes has also been used to prepare twisted benzannulated
pentacenes and even heptacenes. For example, in the preparation of tetrabenzopen-
tacene outlined in Figure 11.33, the isobenzofuran reacted with the diaryne generated
from tetrabromoterphenyl in the presence of n-BuLi [51]. It is likely that the elimina-
tion to form the arynes happens sequentially such that the second benzyne formation
occurs after the first benzyne has reacted. Again, the use of the isobenzofuran re-
quires a final reduction step to remove the oxygen and generate the fully aromatized
system. In this case that reduction is achieved using n-BulLi in the presence of TiCls.
The tetrabenzopentacene product is particularly interesting because the twisted ge-
ometry makes it chiral and the barrier to inversion is high enough that it is configura-
tionally stable. A similar approach was used to prepare the benzannulated heptacene
(Figure 11.33) [52]. However, in this case, the arynes were generated from trimethyl-
silyl aryl triflate, which is reacted with the cyclopentadienone.

Ph

Br.
Ph Br Br
= Ph
(Lp —
1. n-BuLi
Ph 2. n-BuLi/TiCl3
TfO TMS
Ph :@:
TMS OTf
=0 ——
TBAF
Ph

Figure 11.33: Synthesis of twisted pentacenes and heptacenes via aryne chemistry [51, 52].
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11.4 Circulenes and related curved polycyclic
aromatic hydrocarbons

Circulenes are a class of compounds where benzene rings are ortho-fused to produce
polycyclic system with central rings of varying sizes and benzene rings on the periph-
ery (Figure 11.34). They are named according to the number of benzenes joined to
form a ring, which also defines the size of the central ring. [6]-Circulene, which is
also referred to as coronene, is a planar polycyclic aromatic system (see Chapter 10).
When the central ring of coronene is replaced with either a smaller ring (such as the
five-membered ring of corannulene), or a larger ring (such as in [7]- or [8]-circulene),
a nonplanar structure results. Corannulenes adopt a bowl-shaped curved structure,
while the [7]- and [8]-circulenes adopt a saddle-shaped curved structure [53].

[5]-circulene [6]-circulene [7]-circulene 8]-circulene
(corannulene) (coronene)

Figure 11.34: Structures of the circulene family.

11.4.1 [5]-Circulenes — corannulenes

Corannulene is a bowl-shaped compound with five fused benzene rings. It has been
the subject of interest because it is a fragment of fullerenes such as C¢q and could
potentially be used for the bottom-up synthesis of fullerenes [54]. It is also of inter-
est because its curved structure makes it suitable for molecular recognition with
fullerenes [55-57].

The first preparation of corannulene was reported in 1966 by Lawton and Barth
using a 16-step synthesis [58]. In the early 1990s, Scott and coworkers developed a
much more concise synthesis using flash vacuum pyrolysis as a key step (Figure 11.35)
[59, 60]. In Scott’s synthesis, acenaphthenone underwent a one-pot condensation
with the triketone, followed by a Diels—Alder reaction with norbornadiene to give the
disubstituted fluoranthrene derivative. This dione was treated with PCl; to yield the
bis(chloroethylene) derivative. This compound was subjected to flash vacuum pyroly-
sis at high temperature to give corannulene as the major product in 35-40% yield.

Soon after Scott’s concise synthesis, Siegel reported an alternative synthesis of
corannulene (Figure 11.36) [61]. The synthesis began with 2,7-dimethylnaphthalene,
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Figure 11.35: Scott’s synthesis of corannulene via flash vacuum pyrolysis [60].
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Figure 11.36: Siegel’s corannulene synthesis [61].

which was subjected to chloromethylation using paraformaldehyde and HCI, followed
by cyanation, and hydrolysis to produce the carboxylic acid. The carboxylic acid was
converted to the acid chloride using SOCI, and then underwent an intramolecular
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Friedel-Crafts acylation to produce the ketone. Subsequent oxidation gave 2,7-
dimethylacenaphthenone, which was reacted with pentanone under basic condi-
tions, followed by a Diels—Alder reaction with norbornadiene to give 1,6,7,10-
tetramethylfluoranthene [62]. The tetramethylfluoranthene was then reacted with
NBS to achieve benzylic bromination. The brominated compound could be used to
generate corannulene directly by flash vacuum pyrolysis. Alternatively, treatment
with sodium sulfide gave the bis-sulfide, which could be oxidized to the sulfone
using hydrogen peroxide in acetic acid. Heating to 400 °C led to extrusion of SO,
gave corannulene in low yield along with side products such as dihydro- and tet-
rahydrocorannulenes, which could be converted into corannulene using palla-
dium on carbon,

Rabideau reported an alternative synthesis of corannulene from 1,6,7,10-
tetramethylfluoranthene [62], which was a key intermediate in Siegel’s synthesis
(Figure 11.37) [63]. Instead of benzylic bromination to introduce one bromine on
each of the methyl groups, Rabideau and coworkers conducted the benzylic bromina-
tion to introduce two bromines on each methyl, yielding 1,6,7,10-tetrakis(dibromo-
methyl)fluoranthene. Under basic conditions, this compound underwent a benzylic
coupling, similar to that seen in some of the helicene syntheses. The resulting tetrabro-
mocorannulene could be debrominated using LiAlH, and DDQ, or used to prepare
functionalized corannulene derivatives. Modifications of this synthetic approach have
been used to prepare corannulene in kilogram quantities [64].

O NBS, CCl, Br,HC O CHBr, NaOH Br Q Br
(N — [ ) pre—— O' o
OO BroHC OO CHBr2  gioxane/water OO
LiAIH,4, DDQ OQ'
—
Figure 11.37: Synthesis of corannulene via a benzylic coupling [63].

Another bowl-shaped fullerene fragment is sumanene, which consists of four ben-
zenoid rings and three five-membered rings (Figure 11.38).

O Figure 11.38: Structure of sumanene.
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In 2003, Sakurai developed a concise synthesis of sumanene from norbornadiene
and features a ring-opening metathesis/ring-closing metathesis sequence as the key
steps (Figure 11.39) [65]. The synthesis begins by lithiation of norbornadiene and trap-
ping with 1,2-dibromoethane, followed by treatment with tributyltin chloride to give
the unsaturated bromo-substituted stannane. This was subjected to a copper-mediated
trimerization to give benzotris(norbornadiene) as a mixture of syn and anti isomers.
The syn isomer was treated with ethylene in the presence of Grubbs catalyst, which
lead to ring-opening metathesis of the norbornadiene units, followed by a ring-closing
metathesis to give the cyclized product. Oxidation using DDQ gave sumanene.

1. n-BuLi, KOtBu ‘

BrCH,CH,Br . c;u(z C4H35SCO,) 4
r
L7 —— 0 -
2. BugSnCl SnBu, ‘ ‘

syn anti

i H2C=CH, DDQ O‘
0 —— O
ﬂ ol ﬁ>cy3 Ph toluene .
b C|'l | uﬂ
PCys;
syn (10 mol%)

Figure 11.39: Synthesis of sumanene [65].

11.4.2 [7]-Circulenes and related systems

Introducing seven-membered rings into PAHs, such as in [7]-circulene, induces a cur-
vature. The first synthesis of [7]-circulene was reported by Yamamoto and coworkers as
outlined in Figure 11.40 [66, 67]. The synthesis begins by reduction of 5,5’-dimethyl
-2,2-dinitrobiphenyl using tin in HCl. The diamino biphenyl was converted into the di-
bromide via diazonium salt formation and reaction with mercuric bromide. Following
this, a benzylic bromination gave the bromomethyl groups, which were converted into
the thiols. At this stage, a reaction of the dithiol with 2,7-bis(bromomethyl)naphthalene
gave the dithiacyclophane. The sulfides were methylated using (MeO),CHBF,, and the
product underwent a Stevens rearrangement with sodium hydride to give the bis(sul-
fide). Oxidation with mCPBA, followed by pyrolysis gave the unsaturated cyclophane.
A photochemical cyclization of the unsaturated cyclophane yielded the fused system
with 6 aromatic rings. Following this, a twofold lithium—-halogen exchange on the di-
bromide and trapping with DMF gave the diformyl compound. This compound was
subjected to McMurry coupling conditions to give [7]-circulene.
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Figure 11.40: Synthesis of [7]-circulene [66].

Exploiting the idea that the introduction of seven- and eight-membered rings
into polycyclic aromatic systems can introduce curvature, several other approaches
for the synthesis of these compounds have been explored.

For example, Scott, Itami, and coworkers have prepared a propeller-shaped PAH
containing seven-membered rings (Figure 11.41) [68]. This synthesis of this compound
started from the brominated PAH, which reacted with the 2-boryl-2’chlorobiphenyl in
a threefold Suzuki coupling. The product was then subjected to threefold direct aryla-
tion to give the final propeller-shaped molecule bearing three seven-membered rings.

11.5 Cyclophanes and cyclophenylenes

Another way to distort aromatic systems from planarity is to constrain them to a
ring. Here we will explore some of the synthetic approaches to nonplanar cyclo-
phanes and paracyclophenylenes, where the incorporation of aromatic structures
into a ring causes curvature. These systems are of fundamental interest for the un-
usual photophysical and electronic properties that arise from curvature, for probing
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Figure 11.41: Synthesis of a contorted PAH containing three cyclooctatetraene units [68].

the limits of aromaticity, and as potential molecular precursors for the bottom-up
synthesis of carbon nanotubes.

11.5.1 Cyclophanes

Cyclophanes consist of an aromatic ring with a chain bridging two non-adjacent posi-
tions on the ring. Some representative general cyclophanes are shown in Figure 11.42.
Cyclophanes can also include more than one aromatic unit, as in [2.2]paracyclophane,
as well as more than one bridging unit. Cyclophanes have also been prepared that con-
tain polycyclic aromatic units [69].

(cHy

=
K(CH - =

[n]metacyclophane [n]paracyclophane [2.2]paracyclophane

Figure 11.42: Representative cyclophane structures.
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Cyclophanes present an attractive approach for accessing nonplanar aromatic
systems by controlling the length of the bridging chain. Specifically, shortening the
length of the bridging chain, imposes strain that causes the aromatic ring to distort
from planarity. In simple [n]cyclophanes containing one benzene ring, small distor-
tions from planarity can be observed. More dramatic distortions from planarity are
observed in some polycyclic systems. For example, Bodwell and coworkers have
shown that compounds such as 2,7-pyrenophanes can show significant deviations
from planarity (Figure 11.43) [70].

SR
CR=SD
Figure 11.43: The general structure of a 2,7-pyrenophane.

To prepare these compounds, they relied on a valence isomerization/dehydrogenation
(VID) reaction, which involved 6m-electron electrocyclic ring closure of the correspond-
ing [2.2]metacyclophane diene, followed by oxidation, as depicted in Figure 11.44 [70].

-Ha O

Figure 11.44: Pyrene via a valence isomerization/dehydrogenation (VID) reaction.

This VID reaction had been used to successfully prepare a number of different nonpla-
nar pyrenophanes with varied linking groups. One example is outlined in Figure 11.45
[70]. The synthesis began by alkylating the phenol using the appropriate dibromoal-
kane and was followed by reduction of the esters and conversion to the benzyl bro-
mides. The sulfide-containing cyclophane was then prepared using sodium sulfide
with alumina. The sulfides were then methylated using (MeO),CHBF,, which under-
went a Stevens rearrangement to give the desired product as a mixture of isomers. A
subsequent methylation and elimination gave the cyclophane diene, which underwent
the VID reaction to yield the pyrenophanes. In this particular example, the cyclophane
diene was not isolated and underwent electrocyclic ring-closing followed by a se-
quence of [1,5]-hydride shifts prior to oxidation.

To achieve a more highly curved aromatic system, an extended aromatic sys-
tem, teropyrene, was incorporated into a cyclophane (Figure 11.46) [71].

This synthesis also made use of the VID reaction as the key step for forming the
fully conjugated teropyrene unit, but followed a different approach to access the cyclo-
phane diene precursor. The synthesis began with a two-fold Friedel-Crafts alkylation of
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Figure 11.45: Synthesis of 2,7-pyrenophanes [70].

Figure 11.46: Terepyrene and a (2,11)tereopyrenophane [71].

pyrene with 2,9-dichloro-2,9-dimethyldecane using AlCl; as the Lewis acid (Figure 11.47).
Electrophilic substitution of pyrene usually takes place at the 1-, 3-, 6-, and 8-positions.
However, Friedel-Crafts alkylation with hindered electrophiles such as t-butyl groups
takes place at the less hindered 2- and 7-positions. This regioselectivity was exploited to
achieve substitution at the 2-position of the pyrenes. The compound was then formy-
lated using ClL,CHOCH; and TiCl, (Rieche formylation — see Section 2.3.4) at the 6-
positions of the pyrene rings. The formyl groups were then bridged using a McMurry
coupling. The sequence of formylation and McMurry coupling was repeated to yield the
cyclophane diene, which underwent VID using DDQ in m-xylene in very good yield, giv-
ing a highly curved cyclophane.

11.5.2 Cycloparaphenylenes

Cycloparaphenylenes (CPPs) consist of phenyl rings linked via the para-positions to
form a ring. These compounds have been a synthetic target for some time because
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Figure 11.47: Synthesis of a (2,11)teropyrenophane [71].

of the inherent synthetic challenge. They can also be thought of as the basic repeat
unit of an armchair carbon nanotube. As such, the controlled synthesis of CPPs
could serve as a platform for the bottom-up synthesis of carbon nanotubes with uni-
form diameter.

The first successful synthesis of a CPP was reported by Jasti and Bertozzi [72].
Their approach consisted of preparing macrocycles containing cyclohexadienes,
which served as precursors to aryl rings. Their synthesis is outlined in Figure 11.48.
It began by treating 1,4-diiodobenzene with n-butyllithium to effect a lithium—halogen
exchange. The aryllithium was then reacted with benzoquinone to undergo nucleo-
philic addition to the quinone carbonyls. The resulting adduct was then protected
using methyl iodide. The iodides were then converted into the boronate esters by
lithium—halogen exchange and treatment with isopropyl pinacol borate. The resulting
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boronate ester was reacted with the iodide in a Suzuki cross-coupling to give a mixture
of macrocycles containing 9, 12, and 18 rings in low yields. The macrocycle containing
nine rings was formed in the lowest yield (ca. 2%), but this product was unexpected
given the starting materials and likely results from a homocoupling of the diboronate
ester as one of the steps toward macrocycle formation. These different macrocycles
were readily separated using column chromatography and then converted to the aro-
matic CPPs by a reductive aromatization method using lithium naphthalenide as the
reducing agent. This reductive aromatization is thought to proceed by a one-electron
reduction, which results in C—O bond cleavage to generate lithium methoxide and a
stabilized radical intermediate (Figure 11.49). A second one-electron reduction gave an
alkyllithium intermediate, which was aromatized by a second equivalent of lithium
methoxide. Despite the low temperatures, the reductive aromatization still provides the
strained CPPs in reasonable yield. This synthetic approach had the drawback that the
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Figure 11.49: Proposed mechanism for reductive aromatization.

macrocyclization step was low yielding and nonselective, requiring separation of the
different macrocycles. Nonetheless, the synthesis of these CPPs was an impressive
achievement because it demonstrated that these strained CPPs could be accessed syn-
thetically and opened up a new field of study into cyclophenylenes.

The reductive aromatization was later used by Xia and Jasti to prepare the highly
strained [6]CPP [73]. This synthesis is outlined in Figure 11.50. Unlike the initial synthe-
sis of CPPs, which resulted in a mixture of macrocycles that required separation, this
synthesis was designed to prepare [6]CPP selectively. The synthesis started with oxida-
tion of 4-bromo-4’[(trimethylsilyl)oxy]biphenyl using phenyliodine(III) diacetate (PIDA)
and water to give the unsaturated ketone. The alcohol was deprotonated and the com-
pound was treated with the biphenyl aryllithium, which performed a nucleophilic ad-
dition to the ketone. The resulting diol was then protected as the methyl ethers, similar
to the first CPP synthesis. The silyl protecting group was removed and the resulting
phenol was subjected to another oxidation at the using PIDA. The resulting unsatu-
rated ketone underwent nucleophilic addition with 4-bromophenyllithium, and the re-
sulting diol was again protected as the methyl ethers as in the previous steps. This
gave a pentacyclic precursor with terminal bromo substituents. This compound was re-
acted with the boronate ester of 1,4-benzenediboronic acid in a Suzuki coupling to give
the desired macrocycle in a low yield of 12%. The low yield of this macrocyclization
step is not surprising given the strain of the product. With this compound in hand, the
reductive aromatization using lithium napthalenide, followed by quenching with io-
dine, proceeded in reasonable yield to give the target [6]CPP.

Following Jasti and Bertozzi’s synthesis of CPPs, Itami and coworkers reported a
selective synthesis of [12]CPP (Figure 11.51) [74]. As in Jasti and Bertozzi’s synthesis, 4-
iodophenyllithium was generated by lithium-halogen exchange, but was reacted with
1,4-cyclohexanedione to give the saturated cyclohexanediol bearing iodophenyl groups.
This common building block was protected with methoxymethyl (MOM) groups and
converted to the corresponding diboronate via a Miyaura coupling. The cyclic tetramer,
bearing the desired 12 rings, was prepared by a sequence of two Suzuki cross-coupling
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Figure 11.50: Synthesis of [6]CPP [73].

reactions. The tetrameric macrocycle was converted into [12]CPP in good yield by treat-
ment with p-toluenesulfonic acid under microwave conditions. This last step achieved
the deprotection of the methoxymethyl protecting groups, eightfold dehydration, and
oxidative aromatization in a single step. Subsequently, Itami and coworkers demon-
strated that this approach could be used for the size-selective preparation of larger CPPs
[75].

The CPP syntheses discussed thus far all make use of palladium-catalyzed Suzuki
cross-coupling as the key step for preparing the macrocycles that serve as the precur-
sors for the CPPs. Itami subsequently explored a “shotgun” approach to CPP formation
using a single tricyclic monomer using nickel-mediated Yamamoto coupling conditions
(Figure 11.52) [76]. The synthesis began with 1,4-dibromobenzene, which was converted
to the corresponding 4-bromophenylcerium reagent by lithium-halogen exchange and
treatment with CeCl;. The arylcerium reagent was reacted with 1,4-cyclohexanedione
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Figure 11.51: Itami’s selective synthesis of [12]CPP [74].

in a twofold nucleophilic addition to give the cis-diol, which was protected with MOM
groups. The phenylcerium reagent was chosen to avoid monoaddition and give the
desired cis-diol in high selectivity. The resulting dibromo monomer was subjected to
Yamamoto coupling conditions and gave dodecacyclic macrocycle in a reasonable
yield of 22%. The yield could be further improved to 27% when the corresponding
iodides were used. With this macrocycle in hand, deprotection and aromatization
proceeded to give [12]CPP good yield using NaHSO, - H,O in m-xylene/DMSO at reflux
in air — a modification of the microwave conditions described previously. Subse-
quently, it was shown that one of the side products of the macrocyclization gave the
[9]CPP precursor. This synthetic approach was significant because is concise and sim-
ple, making it amenable to larger scale preparation of [12]CPP.

In another ground-breaking study, Yamago and coworkers reported the synthesis
of highly strained [8]CPP using a distinctly different approach. Rather than using six-
membered rings as “masked” benzene rings with less strain, they prepared an organ-
ometallic macrocycle with relatively little strain (Figure 11.53) [77]. Specifically, they
reacted 4,4’-bis(trimethylstannyl)biphenyl with dichloro(cycloocta-1,5-diene)plati-
num(Il) to give the square planar macrocycle. After a ligand exchange with 1,1-bis
(diphenylphosphino)ferrocene, treatment with bromine led to reductive elimination
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Figure 11.53: Yamago’s synthesis of [8]CPP from a platinum macrocycle [77].

to form the aryl-aryl bonds of [8]CPP. This synthesis is impressive because it pro-
duced the highly strained CPP in only three steps.

The synthesis of paracyclophenylenes and other carbon rings is a rapidly evolv-
ing field and has been extended to the synthesis of carbon nanocages [78, 79] and
other topologically interesting structures [80]. In the coming years, we are certain
to see new methods developed for the preparation of aromatic compounds and the
application of these methods to the preparation of elaborate carbon nanostructures
that capture the imagination, and whose properties are waiting to be explored.
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(diacetoxyiodo)benzene 103
(Me0),CHBF, 350, 353
(phenyD[o-(trimethylsilyl)phenylliodonium
triflate 103
[18] annulene 9
[2+2] cycloadditions 109
[4+2] cycloaddition 106
[4 + 2] cycloaddition 106
[4+4] photodimerization 255
[6]phenacene 298
[7lphenacene 298
[Ir(OMe)(cod)], 204
[n]phenylenes 220, 224
1,10-phenanthroline 194, 209
1,1-dimethoxyethylene 110
1,3-dipolar cycloadditions 111
1,4-cyclohexadiene 125-126
1,4-cyclohexanedione 290
1,4-diradical 125-126
18-crown-6 ether 104, 192
1-aminobenzotriazole 101-102
2,2’bipyridine 135
2-methoxyfuran 106
2-methyl-3-butyn-2-ol 155, 157
3-hydroxyindole 3
4,4'-di-tert-butyl-2,2’-dipyridyl 204-205, 209

abemaciclib 203, 205

acenes 251-252, 255, 261, 289, 293-295, 310

acetamide 61-62

acetyl hypofluorite 16

acetylides 57

acridones 42

activating groups 20, 24

active pharmaceutical ingredients 1, 3-4, 10

acylium ion 18

addition—elimination mechanism 39

AlCl; 78, 259, 261, 268-270, 298-300,
314-316

aldehydes 40, 46

alizarin 2

alkyllithium 51

alkyllithiums 74-75, 85, 88, 100

alkyne benzannulation 279-282

alkyne cyclotrimerization 121-122, 218-221,
224, 315, 317

alkynes 153, 156-157
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altretamine 56

amides 75-76

amidine 203

aminobenzoic acid 101

amphetamine 179

anilines 16, 18, 20, 26, 29, 42, 51, 58,
61, 64

anionic N Fries rearrangement 82

anionic ortho-Fries rearrangement 80-83

anisidine 98

anisole 74-75

anisotropy of induced current density 10

anthracene 2, 249, 251-256, 259-260, 264,
266, 277

anthranilic acid 112

anthraquinone 2, 118-120

anthraquinones 77-79, 217

antiaromatic 5,7, 9

arenium ion 13

arm-chair periphery 247

aromatic sextet See Clar sextet

aromatic stabilization energy 6-7

aryl amines 191-192

aryl bromides 51

aryl cation 59, 61, 67

aryl halide 132-133, 139-140, 142-143,
145-147, 149-154, 159-160, 164, 168

aryliodides 64-65

aryl radical 59-60, 65-67

aryl zinc 145-146

arylboronic acids 73, 200

aryllithium 143, 145-146

aryllithium species 73-74, 76-79, 81, 83-86,
88, 95, 114, 191, 200-201

arylsilanes 73

arylstannanes 73

aryne cyclotrimerization 121-122, 277-278,
305-308, 310, 341-343

arynes 95, 105, 107-111, 113, 115, 121,
262-264, 276

Asao-Yamamoto benzannulation 282, 284,
319, 321

atrazine 56-57

atropisomerism 174-176

azides 112

azobenzenes 63-64, 66

azobis(isobutyronitrile) 28
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B(OCH5); 143

B(OiP); 143

Baeyer-Villiger 78

Baeyer-Villiger oxidation 259

Balz—-Schiemann reaction 61-62

Barton-Kellogg olefination 343

BaryPhos 181

bay region 247

BBr; 62,78, 179, 192

benzenedithiol 48

benzimidazole 204

benzocyclobutene 291-292

benzocyclobutenes 109, 219-220

benzofuran 78

benzoin condensation 46

benzophenone imine 198

benzophenones 42, 46

benzoquinone 290-291, 333, 338-339, 355

benzothiadiazole-1-1-dioxide 102

benzotriazoles 112

benzylic bromination 349-350

benzyne 52, 95-104, 106-110, 112-114, 116-118,
120-121, 125, 163, 292, 305, 310, 333

Bergman cyclization 125-126

BHT 24

bianthraquinone 134

biaryl 65, 131-134, 136, 138, 145-147, 150, 161,
163, 171, 174-177, 179-181

Bidentate nucleophiles 45

BINAP 175, 177, 198, 340

BINOL 175, 177, 179

biphenyl 65

biphenylenes 109

biphenyls 138, 176

biphyscion 134-135

bis(pinacolato)diboron 201-202, 204-205

bis(trimethylsilyl)acetylene 219-221, 223-224

Bischler-Napieralski isoquinoline
synthesis 242

boronic acid 143-145, 147, 170-172

Breslow intermediate 47

bromoanisole 98-99, 117

bromobenzene 51

bromofluorobenzene 99-100

bromophenols 103

bromopyridines 54

bromoxynil 24

Buchwald—Hartwig reaction 196

butyllithium 290, 294, 298, 309

cacalol 78, 80

caerulomycin C 90-91

calicheamicins 126

carbamates 51, 76, 81-82

carbazole 43

carbazoles 162, 172

carbenoid coupling 335

carbon nanotubes 329, 352, 355

carbonyl groups 42

Castro-Stephens reaction 153

cata-condensed PAHs 247

catechols 45

catenarin 78

Cava reaction 265-266, 292, 306-307, 309

Celecoxib 63

cesium carbonate 195

cesium fluoride 53, 104, 111, 123

C-H insertion 161, 163-164, 167, 170-171

cheletropic reaction 107, 216-217, 295, 310

chiral auxiliaries 177

chirality 174-175, 330, 337-340, 346

chloranil 290, 294, 312

chlorobenzene 40

chloromethylation 348

chloropyridine 55

chlorosulfonation 15

chrysene 252, 261-263, 267, 281, 295

circulenes 347, 350

citalopram 160

Clar sextet 250-252, 254, 256

Clayden rearrangement 51

Clemmensen reduction 27, 259

closed-shell configuration 5

C0,(CO)s 224

Combes quinolone synthesis 239

complex-induced proximity effect 75

concerted nucleophilic aromatic
substitution 52

copper metal 132-133, 159, 192

copper(l) salts 59-60, 192

copper(l) thiophene-2-carboxylate 133

corannulene 210, 347-349

coronene 210, 311-314, 342, 347

covalent organic frameworks 45, 192

CpCo(CO), 219-220, 224

cross-coupling reaction 131, 133-134, 139-147,
149-150, 154, 160, 168-169, 173, 176, 179-180

cryptaustoline 113-114

cryptowoline 113-114
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Cs,C03 196

CsF 308, 340-341

Cu(OAc), 194

Cul 153,157

cuprous chloride 195

cuprous cyanide 159

cuprous iodide 194-195

cyanamid 232

cyanuric acid 56

cyanuric chloride 56-57

cyanuric fluoride 57

cycloadditions 95, 105, 109, 111

cyclobutadiene 5, 7-8

cyclodehydrochlorination 275

cyclodehydrogenation 268, 270-276,
302-304, 314-315, 317, 319, 322

cycloparaphenylenes 354-358

cyclopentadienones 216

cyclophanes 329, 351-353

Dacarbazine 64

damnacathol 120

DavePhos 166

DDQ 255, 270, 297, 302, 310, 320,
349-350, 354

deactivating groups 18, 20-21, 23-24, 26

decaphenylanthracene 345

defucogilvocarin V 147-148

dehalogenation 133

dehydrobenzannulenes 155

dehydrogenative coupling 138, 173, 198, 268

dengibsin 84

dengibsinin 84, 145-146

diamagnetic anisotropy 8

diaminocyclohexane 194

diaryl ethers 191

diastereomeric charge transfer complex 337

diazonium carboxylate 95, 101, 107, 345

diazonium salt 39, 58-67, 101, 191, 142, 157,
159, 225, 330, 350

dibenz[a,c]anthracene 303-304

dibromonitrobenzene 132-133

dichloromethyl methyl ether 19

dichlorotetrazine 47

didehydrobenzene 95

Diels—Alder reaction 106-108, 215-220, 255,
261-264, 290, 310, 312, 317, 333-334,
345-347, 349

diethyl malonate 101, 117
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difluoroaniline 192, 203

dihaloarenes 100

dihydroxylation 254

diiodoethane 77

dimethyl acetylenedicarboxylate 122

dimethylamine 56, 64

direct arylation 160-163, 165-168,
170-173, 351

directed metalation groups 75-77, 84

directed ortho metalation 74-78, 81, 83, 85,
92, 103-104, 145, 163

directed remote metalation 82-85

directing effect 41

disproportionation 132, 136

dithianthrene 48

duloxetine 43

dyes 1-2, 4

dynamic covalent chemistry 47

dynemicin 107-108

dynemicins 126

Elbs reaction 260-261, 290
electron-withdrawing group 41
electrophilic aromatic substitution 13, 162
elimination—addition mechanism 52, 97
ene reaction 110

enediyne 125

enolate 114, 117

ent-clavilactone B 115

erythroglaucin 78

esperamicins 126

estrone 220

ethylmagnesium bromide 290
eupolauramine 84

FeCl; 138-139, 176, 268, 270, 302-303,
318-319, 343

felodipine 231

Fischer indole synthesis 234-236

fjord region 247

flash vacuum pyrolysis 341, 347-349

fluorenones 84, 123-124, 145, 162

fluoride 41, 43, 47, 51, 54, 61-62

fluorobenzenes 45

fluoronaphthalene 43

fluoronitrobenzene 51

fluorosulfonate 53

fluoxetine 43

flupirtine 55-56

Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

printed on 2/13/2023 12:43 AMvia .

368 —— Index

formyl group 77-78, 168

formylation 78

fredericamycin A 78

Friedel-Crafts acylation 17-18, 27-28,
256-259, 261, 296, 299, 301, 309, 311,
331, 349

Friedel-Crafts alkylation 17-18, 27-28, 30

Friedlander quinoline synthesis 241-242

Fries rearrangement 32

furans 34, 57,167, 207

gilvocarins 106, 147, 163, 165

Goldberg reaction 191

Gomberg-Bachmann reaction 65-66, 131

gossypol 174, 178, 181-182

graphene nanoribbons 281, 317-323

Grignard 107, 115

Grignard reaction 301-302

Grignard reagents 73, 82, 95, 139, 149, 153,
177, 200, 259, 262

Grubbs catalyst 277, 350

gymnopusin 84

halodesilylation 31

halogen dance reaction 86-92

halogenation 16

halomethylation 18

halomethylium ion 18

Hantzsch pyridine synthesis 231

hasubanonine 225

Hauser annulation 118

Haworth synthesis 256-258, 296-297,
299-302

Heck reaction 150-153, 238-239

helicenebisquinones 333-334

helicenes 329, 336, 340

heptacene 251-252, 293-295, 310

heteropolymolybdovanadic acid 173

hexabenzotriphenylene 340-342

hexacene 293-294

hexamethyldisilazane 103

hexa-peri-hexabenzocoronene 271, 314-315

hexaphenylbenzene 216, 315

hexaphenylbenzenes 89-90

Hinsberg thiophene synthesis 229

Hiyama coupling 148-149

Hiyama-Denmark reaction 149

homocoupling 131-137, 139, 172

Hiickel’s rule 5

hydrazine 40, 229, 232
hydrazone 101
hydrogenation 6, 254-255
hypophosphorous acid 60

ICl 280-281

imidazoles 229

imidazolium salt 46, 53

indigo 2-3, 62

indoles 234-239

indolyne 114-115

inductive effects 95, 97-98, 118
iodine monochloride 16
iodomethane 64, 77,79, 81, 84
isoamyl nitrite 58, 101, 345
isobenzofurans 263-264, 292, 345-346
isodesmic reactions 7
isoquinolines 234, 242-243

Japp-Klingemann reaction 236-237

ketorolac 57

kinetic isotope effects 53-54

kinetic versus thermodynamic control 33
Knorr pyrrole synthesis 228

Knorr quinolone synthesis 239-240
Kolbe-Schmitt process 23

K-region 247, 252-255, 277
Kumada-Corriu coupling 149-150, 335

lactonization 82

Larock heteroannulation 237-238

Lawesson’s reagent 342

leaving group 39, 41, 49-50, 53, 55

leaving groups 41-42, 55

ligands 141-142, 180, 192, 196

linezolid 194

liquid crystal 301

liquid crystal display 4

liquid crystals 62, 84,131

lithium diisopropyl amide 75, 79, 82-83, 88,
90, 92

lithium diisopropylamide 134, 145, 147

lithium mercury amalgam 100

lithium naphthalenide 356

lithium tetramethylpiperide 79, 88, 292

lithium—-halogen exchange 73, 85-86, 88-89,
100, 103, 114, 143, 157, 298, 303, 307, 318,
320-321, 333, 338, 350, 355, 357-358
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losartan 144-145

luminescence 43-45, 155, 199-200
lycorines 108

lysergic acid 108-109

maleic anhydride 255, 262, 333, 341
malonic esters 45

malononitrile 168

martinellic acid 193

mauveine 2

McMurry coupling 335-336, 350, 354
mCPBA 217, 350

Meisenheimer complex 39-41, 49-50
melleine 117

menthyl groups 337

methoxymethyl ether 76-77

methyl thioglycolate 62
methylpiperazine 43

Michael acceptor 118

migratory insertion 123, 150-151, 220, 237
Mitsunobu reaction 62

Miyaura borylation 181-182, 200-204, 209
Miyaura coupling 225, 357

MoCls 270, 302

multicomponent reaction 113, 115-116
mumbaistatin 120

N,N’-difluoro-1,4-diazoniabicyclo[2.2.2]octane
salts 16

N,N-dimethylglycine 195

nanographenes 316, 319

Nanokid 157-158

naphthalyne 207, 262, 292, 294-295

naphthoquinone 306, 309

naphthoquinones 217

naproxen (TM) 153, 175

N-bromosuccinimide 16, 28

n-BusSnEt, 196

n-Buli See n-butyllithium

n-butyllithium 74-75

N-chlorosuccinimide 16

Negishi coupling 145-146

N-fluoro-bis(trifluoromethansulfonyl)amine 16

NHCs See N-heterocyclic carbenes

N-heterocyclic carbenes 46

Ni(COD), 135, 305

Ni(PPhs), 135

nitration 14, 191

nitrene 101
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nitric acid 14-15, 29

nitronium tetrafluoroborate 15

N-methylcrinasiadine 114

NO,* 14

nomenclature of PAHs 247

nonacene 294

norbornadiene 347, 349-350

N-phenylmaleimide 333

nuclear magnetic resonance 8

nucleophiles 42-43, 46, 49-52, 58-59, 95, 97,
113

nucleophilic addition 39, 41, 53, 55, 59

nucleophilic aromatic substitution 39-47, 50,
52-55, 57, 62,192, 198, 203, 209

nucleus-independent chemical shift 9

o-bis(trimethylsilyl)benzene 103

ochratoxin 81

octacene 294

ofloxacin 43-44

olefin metathesis 224-225, 277-279, 335-336,
339-340

open-shell configuration 5

o-quinodimethanes 219-220, 265, 291-292

organic light-emitting diodes 4

organosilane 149

organotin reagents 147

0s0, 254, 294

o-trimethylsilyl aryl triflate 82, 95, 102-104,
112, 121

oxazoles 229-230

oxazolines 76

oxidation of PAHs 253

oxidation of the benzylic positions 28

oxidative addition 60, 132-133, 136, 140,
142-143, 153-154, 159, 161-162, 164, 168,
192, 196, 202, 205, 237

o-xylylenes. See o-quinodimethanes

Paal-Knorr furan synthesis 227

Paal-Knorr pyrrole synthesis 228

palladium 62, 134, 139-143, 146, 148-151,
153-154, 159-162, 166-168, 170-173, 180

palladium-catalyzed aryl amination 195

papaverine 243

Pb(0OAc), 101

PCls 55

Pd(OAc), 124, 141, 145, 150, 162, 164, 166, 170,
172
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Pd(PPhs),Cl, 141 potassium anilide 87
Pd(PPhs), 121-122, 141, 147, 305, 308 potassium aryl trifluoroborates 144
Pd,(dba); 122, 141, 160, 180-181, 310, potassium carbonate 192, 194-195
340-341 potassium ferricyanide 62, 139
pentacene 252-253, 256, 258, 290-293, 311 potassium hydride 52-53
pentacenequinone 290-291, 343 potassium hydrogen fluoride 144
pentacenone 342 potassium hydroxide 42
pentarylene 299 potassium iodide 292, 315
peracetic acid 217 potassium t-butoxide 96, 203, 209
peri-condensed PAHs 247 propylene oxide 267
periodic acid 16 protiodesilylation 31, 220, 223
Perkin condensation 260 protodeborylation 200
perylene 206, 299-300, 312 Pschorr cyclization 67, 131, 260, 296, 330
pharmaceutical 43, 61 Pschorr reaction 67
pharmaceuticals 3, 131, 147 pyrazine 36
phenacenes 295-296, 298 pyrazines 56, 230-232
phenanthrene 122, 249, 251, 257, 260, pyrazoles 230
267, 278, 281, 295-296, 309, 331, pyrene 206, 210, 252-254, 258-259,
333-334, 341 266-267
phenanthrenequinone 266 pyridazine 36
phenanthridine 124 pyridazines 56, 230-233
phenanthrols 84 pyridine 36, 195, 208
PhenoFluor 53 pyridine N-oxides 36
phenols 16, 20, 29, 32, 47, 53, 58-59, 76 pyridine-N-oxide 169
phenoxazines 45 pyridines 55-57, 164, 168, 230-231
phenylhydrazine 234, 236 pyridone 79
phenylhydrazines 63 pyridones 55
phenyliodine(lll) diacetate 357 pyridyl ethers 55
phenyllithium 96, 314 pyrimidine 36
PhNTf, 103 pyrimidines 56, 230-231, 233
photocyclization 267-268, 298, 303, 305, pyrrole 34-35,207-208
313-314, 331-333, 337-338, 341, 343 pyrroles 57,167
photodecarbonylation 294-295
photodimerization 289, 291, 293 quaterrylene 299-300
photooxidation 289, 291, 293 quinizarin 293
phthalaldehyde 290 quinoline 208
phthalic anhydride 258-259 quinolines 234, 239-241
picene 252,262, 295-297 quinones 253, 258, 265, 333
Pictet-Spengler reaction 242
pinacol boronate ester 144 Ramirez reaction 343
pivalic acid 166-167, 172 Raney nickel 290
pKa reduction of acyl groups 27
- of benzene 74 reduction of nitro groups 26
POCl; 19, 55, 203 reductive elimination 60, 123, 132, 136,
polycyclic aromatic hydrocarbons 95, 107, 122 140-141, 143, 150, 153154, 159, 161, 164,
polymers 45 168, 170-171, 192, 196, 202, 205, 237
polyphosphoric acid 296 regiochemistry 21, 97-99, 160, 162-163,
Pomeranz-Fritsch reaction 243 167-168, 172, 206, 209, 253-255,
potassium amide 87-88, 97 257-258, 283, 331
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regiochemistry of electrophilic aromatic
substitution 20, 41, 97-99, 117-118

retro-Brook reaction 103

reversibility 47

Rieche formylation 19, 354

rizatriptan 237-238

Rosendmund-von Braun reaction 159-160

rubiadin 120

RuOs; 254

rylenes 299-300

Sandmeyer reaction 59-60

Scholl reaction 268-270, 299-300, 306, 315,
318-320

SeAr mechanism 13

sec-butyllithium 75

selenium 301

semiconductors 301

sildenafil 229

silyl migration 103-104

Singulair™ 151-152

Skraup reaction 240

Smiles rearrangement 48-49, 116, 120-121

Sy1reaction 59

SnCl, 63, 291

sodium amide 51-52, 87-88, 95-97, 99, 109,
113-114, 117

sodium borohydride 60

sodium hydride 43, 46, 50, 313, 350

sodium iodide 65

sodium nitrite 58, 61-62, 64, 101

sodium sulfide 42, 313

sodium t-butoxide 196

Sonogashira coupling 153-159, 221-223, 315,
320, 335

sparteine 179

stability of aromatic compounds 6

stannous chloride 26

starphenes 306, 308-310

stereoselective synthesis 337

Stevens rearrangement 313, 350, 353

stilbenes 260, 267

Stille coupling 146-148, 168

Strating-Zwanenburg reaction 294

strychnine 235

succinic anhydride 256, 258, 296, 299,
301-302

sulfonamides 76
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sulfonanilide 195

sulfonation 15, 30-31

sulfones 49, 76

sulfuric acid 61, 78

sulfuryl fluoride 53

sumanene 349-350

supramolecular chemistry 47

Suzuki—Miyaura coupling 143-145, 147, 163,
170, 179-182, 200, 202-204, 266, 278,
300, 303, 318, 320, 335, 343-344, 351,
356-358

Swern oxidation 179

TADF See thermally activated delayed
fluorescence

taiwanins 122

taranabant 160

t-butyllithium 75, 114

teropyrene 353

terrylene 299

tetraalkylammonium tribromides 16

tetrabutylammonium fluoride 104, 111, 264

tetracene 252, 256

tetrafluoroboric acid 60, 62

tetrafluorophthalonitrile 48

tetrafluoroterephthalonitrile 45

tetrahydropyrene 255, 258

tetramethylammonium fluoride 53

tetramethylethylenediamine 75

tetramethylethylynediamine 75, 81

tetraphenylanthracene 107

tetraphenylcyclopentadienone 106-107, 216

the harmonic oscillator model of aromaticity 8

thermally activated delayed fluorescence 44,
199, 203

thianthrene 48

thiazoles 229

thiocarbamates 51

thioindigo 62-63

thiophene 34-35, 207

thiophene-1,1-dioxides 217

thiophenes 57, 139, 147, 167

thioxanthones 42

thymol 61

thymoxamine 61

TiCl, 19,78

tin(ll) chloride 157

transmetallation 140, 143, 149, 154, 170
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triarylamines 194, 198-199
triazenes 63-65, 155, 321

triazines 56-57

tribromobenzene 61

triflic acid 103

triflic anhydride 103
trifluorobenzonitrile 41
trifluoroperacetic acid 217
triisopropylsilyl acetylene 290
trimethylsilyl acetylene 155, 157, 335
trimethylsilyl chloride 77, 103
trimethylsilyl iodide 65
trinaphthylenes 306-308
trioxaazatriangulene 192-193
triphenylene 121-122, 252, 258, 275
triphenylenes 301-307

triptycene 107

trisphaeridine 114

Truce-Smiles rearrangement 50-51
twisted acenes 345

Ullmann coupling 132-135, 176-178, 191-192
Ullmann reaction 132-135, 176-178
umpolung 46

undecacene 294

ureas 51

UV-visible absorption spectra 252

valence isomerization/dehydrogenation 353
Vilsmeier—Haack reaction 19, 35, 242
vinylnaphthalene 261-262

vinyltributyltin 148

viriditoxin 180

welwitindolinone alkaloids 114

Wheland intermediate 13

Wittig reaction 266, 278, 298, 337
Wolff-Kishner reduction 27, 259, 296, 331

xanthate 42
xanthones 42, 47
xantphos 198
xerography 194

Yamamoto coupling 137, 305-306, 308-310,
318, 343-344, 358, 360

zigzag periphery 247
zinc 293, 301, 306, 309
Zn(CN), 159-160

ZnCl, 146

B-hydride elimination 123, 141, 149-151
o-bond insertion 117-119
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