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Preface

Our job as chemists is mainly about problem solving. Therefore, the most inter-
esting aspect of chemistry is not what works, but what does not work, and why.
Difficult or “impossible” reactions, poor selectivities, low yields, expensive cata-
lysts, or excessive waste generation are nothing to shrink away from, but great
opportunities for relevant chemical research.

Ten years ago, I wrote “Side Reactions in Organic Synthesis,” with the aim
of highlighting the competing processes and limitations of some of the most
common reactions used in organic synthesis. Although some readers found the
title confusing (and, yes, there are no side reactions), I also received a lot of positive
feedback. For this reason I decided to write a second sequel.

In the first book of this series the focus had been alkylations, that is, substitu-
tions at sp carbon. An equally important area of organic synthesis is aromatic
substitution, the main topic of the present book. Again, I try to show the main
problems and limitations of popular synthetic transformations, hoping to help
chemists to identify byproducts and plan better syntheses. As in my earlier titles,
my main aim is to encourage bold experimentation, to inspire, challenge, and
motivate.

Because time is a precious resource, I have kept the texts short (chemists can
assimilate graphical information faster than text), and included in all equations
a short code for the source. This code has the format year-journal-first page. For
instance, 08joc4956 means J. Org. Chem. 2008, 4956. The abbreviations used for
the journals can be found in the “Journal Abbreviation List.” All patents can be
downloaded at worldwide.espacenet.com.

I would like to thank Paul Hanselmann and Marcel Suhartono for proofreading
and for the many instructive chemical discussions. I am also thankful for the
help and support provided by the editors at Wiley-VCH, in particular by Anne
Brennfiihrer.

)

Visp, Switzerland Florencio Zaragoza Dorwald
May 2014






Glossary and Abbreviations

Ac
acac
Ada
AIBN

aq

BINAP
Boc
bpy
CAN
cat
cod
coe
concd
cot

Cp
Cp*k

Cy
cym
DABCO
dba
DBU
DCE
DDQ
DMA
DME
DMF
DMI
DMPU
DMSO
DPEphos
dppb
dppf
dppp

Acetyl, MeCO

Acetylacetone, pentane-2,4-dione
Adamantyl
2,2'-Azobis(2-methylpropionitrile)
Aqueous

Undefined aryl group
2,2'-Bis(diphenylphosphino)-1,1’-binaphthyl
tert-Butyloxycarbonyl

2,2'-Bipyridine

Ceric ammonium nitrate, (NH,),Ce(NO;),
Catalyst or catalytic amount
1,5-Cyclooctadiene

cis-Cyclooctene

Concentrated

1,3,5-Cyclooctatriene

Cyclopentadienyl
Pentamethylcyclopentadienyl
Cyclohexyl

Cymene, 4-isopropyltoluene
1,4-Diazabicyclo[2.2.2]octane
1,5-Diphenyl-1,4-pentadien-3-one
1,8-Diazabicyclo[5.4.0Jundec-5-ene
1,2-Dichloroethane
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
N,N-Dimethylacetamide
1,2-Dimethoxyethane
N,N-Dimethylformamide
1,3-Dimethylimidazolidin-2-one
1,3-Dimethyltetrahydropyrimidin-2-one
Dimethyl sulfoxide
Bis[(2-diphenylphosphino)phenyl] ether
1,4-Bis(diphenylphosphino)butane
1,1’-Bis(diphenylphosphino)ferrocene
1,3-Bis(diphenylphosphino)propane

X
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dtbpy
€q
Fmoc
GDP
Hal
HFIP
HMPA
L
LTMP
Mes
Ms
MS
MW
NBS
NCS
NIS
NMP
Nu
PEGDM
phen
pin
Piv
PPA
pyr

SET
SNAr
Syl

Sn2
S-phos
st.mat.
TBAB
TBAF
TEMPO
TFA
TFAA
TfOH
THF
TMEDA
T™MP
Tol

Ts

xantphos

2,6-Di(tert-butyl)pyridine

Equivalent

9-Fluorenylmethyloxycarbonyl

Gross domestic product

Undefined halogen
1,1,1,3,3,3-Hexafluoro-2-propanol
Hexamethylphosphoric triamide, (Me,N);PO
Undefined ligand

Li-TMP

Mesityl, 2,4,6-trimethylphenyl
Methanesulfonyl

Molecular sieves

Microwave

N-Bromosuccinimide
N-Chlorosuccinimide

N-Iodosuccinimide
N-Methylpyrrolidin-2-one

Undefined nucleophile

Poly(ethylene glycol) dimethacrylate
Phenanthroline

pinacolyl

Pivaloyl, 2,2-dimethylpropanoyl
Polyphosphoric acid

Pyridine

Undefined alkyl group

Single electron transfer

Aromatic nucleophilic substitution
Monomolecular nucleophilic substitution
Bimolecular nucleophilic substitution
2-(2',6’-Dimethoxybiphenyl)dicyclohexylphosphine
Starting material

Tetrabutylammonium bromide
Tetrabutylammonium fluoride
(2,2,6,6-Tetramethyl-piperidin-1-yl)oxyl
Trifluoroacetic acid

Trifluoroacetic acid anhydride

Triflic acid, F;CSO;H

Tetrahydrofuran
N,N,N’,N’-Tetramethyl-1,2-ethylenediamine
2,2,6,6-Tetramethylpiperidine

Tolyl

Tosyl, 4-toluenesulfonyl

Weight
4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene
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ac
acr
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ang
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1
Electrophilic Alkylation of Arenes

1.1
General Aspects

For large-scale industrial organic syntheses, electrophilic alkylations of arenes
are essential (Scheme 1.1). Their attractive features include the absence of waste
when alcohols or olefins are used as electrophiles, the large scope of available
starting materials, and the high structural complexity attainable in a single step.
The main issues are low regioselectivity, overalkylations, and isomerization of
the intermediate carbocations. Important products resulting from this chemistry
include isopropylbenzene (cumene — starting material for phenol and acetone),
ethylbenzene (starting material for styrene), methylphenols, geminal diarylalkanes
(monomers for polymer production), trityl chloride (from CCl, and benzene [1]),
dichlorodiphenyltrichloroethane (DDT) (from chloral and chlorobenzene), and
triarylmethane dyes.

To obtain acceptable yields, careful optimization of most reaction parameters is
often required. Because the reactivity of an arene increases upon alkylation (around
2-3-fold for each new alkyl group), multiple alkylation can be a problem. This
may be prevented by keeping the conversion low, or by modifying the reaction
temperature, the concentration, the rate of stirring, or the solvent used (e.g.,
to provide for a homogeneous reaction mixture). In dedicated plants, processes
are usually run at low conversion if the starting materials can be recycled. In
the laboratory or when working with complex, high-boiling compounds, though,
electrophilic alkylations of arenes can be more difficult to perform.

Typical electrophilic alkylating reagents for arenes include aliphatic alcohols,
alkenes, halides, carboxylic and sulfonic esters, ethers, aldehydes, ketones, and
imines. Examples of alkylations with carbonates [2], ureas [3], nitroalkanes [4],
azides [5], diazoalkanes [6], aminoalcohols [7], cyclopropanes [8], and thioethers
(Scheme 1.14) have also been reported. Amines can be used as alkylating agents
either via intermediate conversion to N-alkylpyridinium salts [9] or by transient
dehydrogenation to imines [10]. Some examples of Friedel-Crafts alkylation are
given in Scheme 1.2.

In most instances, the electrophilic alkylation of arenes proceeds via
carbocations, and complete racemization of chiral secondary halides or alcohols is
usually observed. Only if neighboring groups are present and capable of forming

Side Reactions in Organic Synthesis I11: Aromatic Substitutions, First Edition. Florencio Zaragoza Dérwald.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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OH
R_A —
X - (|)>\R
Ahg — R = RC
I '\ll)\R

R
R
R y R
@
o -
—
Scheme 1.1  Mechanism of the Friedel-Crafts alkylation.

cyclic configurationally stable cations, arylations can occur with retention of
configuration [18].

Stabilized carbocations (e.g., tertiary carbocations) are easy to generate, but they
are less reactive (and more selective) than less stable cations. Thus, the trityl or
tropylium (C,H,™) cations react with anisole but not with benzene. On the other
hand, carbocations destabilized by a further positively charged group in close
proximity will show an increased reactivity [7, 19]. Highly stabilized cations may
even be generated and arylated under almost neutral reaction conditions [20].

1.1.1
Catalysis by Transition-Metal Complexes

Electrophilic alkylations of arenes by olefins or alkyl halides can be catalyzed
by soft electrophilic transition metals, for example, by Pd, Rh, or Ru complexes
(Scheme 1.3). Most of the reported examples proceed via aromatic metallation
through chelate formation. With Ru-based catalysts, selective meta-alkylation can
be achieved when using sterically demanding electrophiles (fifth equation in
Scheme 1.3).

Reactions where carbocation formation is the slowest (rate-determining) step can
be catalyzed by any compound capable of stabilizing the intermediate carbocation
(and thereby promote its formation). This form of catalysis should be most
pronounced in nonpolar solvents, in which free carbocations are only slightly
stabilized by solvation. Some transition-metal complexes, for example, IrCl, and
H,[PtCly], catalyze Friedel-Crafts alkylations with benzyl acetates, probably by
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Scheme 1.2 Examples of Friedel—Crafts alkylations [11-17].
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Scheme 1.3 Transitions-metal-catalyzed arene alkylations [21-26].
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Scheme 1.4 Catalysis of Friedel-Crafts alkylations [28].

transient formation of benzylic metal complexes (Scheme 1.4). Because racemi-
zation is also observed in these instances, the intermediate complexes are likely
to undergo fast transmetallation. Ru-based catalysts have been developed that
enable the preparation of enantiomerically enriched alkylbenzenes and alkylated
heteroarenes from racemic alcohols [27] (Scheme 1.18).

1.1.2
Typical Side Reactions

The rearrangement of intermediate carbocations is a common side reaction in
Friedel-Crafts chemistry (Scheme 1.5). Rearrangements can sometimes be avoided
with the aid of transition-metal-based catalysts, because the intermediate complexes
are less reactive than uncomplexed carbocations.

Carbocations can also act as oxidants and abstract hydride from other molecules
[31]. The newly formed carbocations may also alkylate arenes and lead to the
formation of complex product mixtures (Scheme 1.6).

When using noble metal halides as catalysts, or a-haloketones, o-haloesters
(Section 1.3.5), or perhaloalkanes as electrophiles, arenes may undergo
halogenation instead of alkylation (Scheme 1.7). Alkyl halides with the halogen
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BF3 B
0-20°C, 2 h r
+ FN"g, —>89%
4eq 1eq 64joc2317
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Scheme 1.5 Rearrangement of carbocations during Friedel—Crafts alkylations [29, 30].
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+ + >'/ EE—— +
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- O O ’ >'/© ' >'/©)\
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Scheme 1.6 Hydride abstraction by carbocations as side reaction during Friedel-Crafts
alkylations [32].

OH Et0,C.__CO,Et o OH
, FOLSCOE neat 100°C /©/ + Et0,C._COEt
Br 82% Br

01bcsj179

OH
DMF, CCl,
COQMe CI 20°C. 4 1 cl CO,Me
34%

US 2011306621

1.0eq 1.1eq
0.2 eq AuCly
0.6 eq AgOTf cl
DCE
+TIOT TN 120°C,1h
35% conversion
04ja13596 12% 20%

Scheme 1.7 Halogenation of arenes by alkyl halides and by AuCl; [30, 33, 34].
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bound to good leaving groups (positions where a carbanion would be stabilized)
are electrophilic halogenating reagents.

If the concentration of alkylating reagent is too low, arenes may undergo
acid-catalyzed oxidative dimerization (Scholl reaction) [35]. This reaction occurs
particularly easily with electron-rich arenes, such as phenols and anilines.

1.2
Problematic Arenes

1.2.1
Electron-Deficient Arenes

Yields of alkylations of electron-deficient arenes by carbocations are usually low.
This is mainly because the reaction is too slow, and the carbocation undergoes rear-
rangement and polymerization before attacking the arene. If no alternative reaction
pathways are available for the carbocation, though, high-yielding Friedel-Crafts
alkylations of electron-deficient arenes can be achieved (Scheme 1.8).

(0]
H,SO,
. _~_OH 90°C,1.2h
25% conversion
1eq 2eq of benzophenone
91joc7160
O O o}
SAGR : -
products
0.6% 19% 3.2% 2.4%
COH N H,SO, (27% SOs) %
/@/ S OK)O 135°C, 6 h /Cdo
HO,C o 65% HO,C
EP 1118614
1.00 eq 0.85 eq
H,SO,
NO, NO
50 °C, 1 week cl 2
™ - oo o
35%
2.4 eq 1.0 eq US 2758137

Scheme 1.8 Friedel—Crafts alkylation of electron-deficient arenes [36-38|.
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1 Electrophilic Alkylation of Arenes

Electron-deficient arenes can be alkylated by olefins or alkyl halides via inter-
mediate arene metallation. Chelate formation is usually required and crucial for
the regioselectivity of transition-metal-catalyzed reactions (Scheme 1.9). The Ru-
and Rh-catalyzed ortho-alkylation of acetophenones and acetophenone-imines by
alkenes can even proceed at room temperature [39]. With sterically demanding alkyl
halides, Ru complexes can mediate meta-alkylations [24]. When conducted in the
presence of oxidants, these reactions can yield styrenes instead of alkylbenzenes
[40—42] (see also Section 2.3).

ethylene (30 bar), PhMe o)

(0] (0]
10% RuH,(H,)»(PCys),
/@)K 23°C, 24 h /@ij\/
+
cl O1asc192 cl al

89% 7%

2.5% [RuCly(p-cymene)],
OMe 30% 1-AdaCO,H O__N

O N 2 eq K,CO4 OMe
Cl PhMe, 100 °C, 20 h
N
e O
o 09014966

1.0eq 1.5eq

N~ >Ph 2% RhCI(PPhy)s e}
| PhMe, 150 °C, 2 h
N NG then hydrolysis
95%
02cej485
20% Pd(OAc), AN

N
N/\> 1 eq Cu(OAc), N/\>
\N + @ 10 eq TFA \N
o S

DCE, 110°C, 48 h

| _ =
BF, CF; 53% CF,
1.0eq 1.5eq 10ja3648

Scheme 1.9 Ru-, Rh-, and Pd-catalyzed, chelate-mediated alkylation of electron-deficient
arenes [43-46].

The metals used as catalysts for this ortho-alkylation of acetophenones insert
not only into C-H bonds but also at similar rates into C-O and C-N bonds
(Scheme 1.10). The selectivity can sometimes be improved by the precise choice of
the catalyst [47]. Another potential side reaction of the alkylations described above
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2.5% [RuCly(p-cym)]»
15% PPhg

MeO O 30% NaHCO, MeO O (EtO)3Si
PhMe, 140 °C, 60 h
+ 2 Si(OE), @é\
09ja7887 SI(OEt
1eq 2eq 20% 25%
SNH O
4% RuH,(CO)(PPhg),
O\B/O PhMe, 111 °C, 20 h
| %
Ph 87%
1.0 eq 1.2 eq 07ja6098
N o % Ph O
0._.0 as above
+ ? + /\SiMeg 99% @é\
Ph SiMe,
1.0eq 2.0eq 2.0 eq

Scheme 1.10 Ru-catalyzed ortho-alkylation and -arylation of acetophenones [50, 51]. Further
examples: [52, 53].

is aromatic hydroxylation, which can readily occur if oxidants are present in the
reaction mixture [48, 49].

Some heteroarenes, such as pyridine N-oxides, thiazoles, or imidazoles, are
strongly C—H acidic, and can be metallated catalytically even without chelate
formation. In the examples in Scheme 1.11, the intermediates are, in fact, metal
carbene complexes.

Under forcing conditions, fluoro- or nitrobenzenes can also be metallated with-
out chelate formation, and trapped in situ with a number of electrophiles, including
aldehydes and ketones (Scheme 1.12). Owing to the competing Cannizzaro reaction
and the potential cleavage of ketones by strong nucleophiles (e.g., Haller—Bauer
reaction), these reactions may require a large excess of electrophile and
careful optimization.

Electron-deficient arenes and heteroarenes, such as pyridinium salts, can react
with carbon-centered, electron-rich radicals. These can be generated from alkanes,
alkyl halides, carboxylic acids, and some diacylperoxides [58] (Scheme 1.13), or
by oxidation of boranes [59]. The regioselectivity of such alkylations is, however,
often poor.

1.2.2
Phenols

Phenols are inherently problematic nucleophiles in Friedel-Crafts type chemistry
because the free hydroxyl group can deactivate Lewis acids and because phenols
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2% [Rh(cod)Cl],
5% Ph,PCH,CH,PPh,
0.25 eq CsOAc, PhMe

X 0
o) + 2 \’< 120 °C, 24 h
NS o 86%
07 1 eq 5eq 12ang3677
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€]

%/O I}l/ 0\4
(6] O O

o
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>+ Y e
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\ 12ang3677 \
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2 eq BuyNOAc
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13% |Igand |igand:
5% FeCly
TMPMgCI-LiCl H
THF,20°C,6h ~
D - v O |
S 74% S N
1.8 eq 1.0 eq 10014277 H
Scheme 1.11  Metallation and alkylation of C—H acidic heteroarenes [54-56].
F o} , F OH
E | 1.5 eq t-BuOLi E
DMF, 20°C, 2 h O O
+ _——
O,
MeO F cl 93% MeO F cl
E 09j0c8309 F
1eq 3eq
o) 1.5 eq t-BuOLi \ OH
/@ DMF, 105 °C, 20 h cl
A
09j0c8309
1eq 3eq

Scheme 1.12 Metallation and alkylation of C—H acidic arenes [57].
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are tautomers of enones and may themselves act as electrophiles (see below).
Moreover, phenols readily dimerize to biaryls in the presence of oxidants.

Under suitable reaction conditions, though, phenols can be alkylated at carbon,
without extensive O-alkylation. Stabilized carbocations are soft electrophiles, and
react preferentially with soft nucleophiles, such as arenes or olefins. Phenol
O-alkylation under acidic conditions is observed only with hard alkylating reagents
(diazomethane, dimethyl carbonate, methanol, methyl esters, alkoxyphosphonium
salts (Mitsunobu reaction), or acetals). O-Alkylated phenols sometimes rearrange
to C-alkylated phenols in the presence of acids [66] (Scheme 1.14).

At high temperatures, phenols and aluminum phenolates are C-alkylated by
olefins (Scheme 1.15). This reaction proceeds less readily and has a narrower scope

0]

O
O
OH O \n/\ OH O OH O

HO OH BUOH, 82°C_ HO. OH HO OH
60% conversion
OH O 02tet1751 OH O OH O
51% 6%

10% Rug(CO)4,

5% dppb, 2 eq (t-BuO), COH
COH air, 135 °C, 12 h
* 65%
9 eq 11014977
9 eq CGH12, 10% RU3(CO)12 =
= | 5% dppb, 2 eq (t-BuO), - | = |
Sy 135°C, 12 h NT Sy
11014977
70% 10%

dppb: 1,4-bis(diphenylphosphino)butane

3 eq Hy05 (30% in H,0)
1 eq H,SO,, DMSO

X | 0.2eq FeSO4-?H20 X
+ >'/ 20 °C, 20 min
_ -
N 84% N
1 eq 3 eq 89]005224

\

Scheme 1.13  Alkylation of arenes with radicals [59—64]. Further examples: [65].
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N
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[ \] 80 °C
+
_ 24% N N
HO,C COLH N WO 2008048967 [ b | j
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2.5 eq Mn(OAc);
OH 1eqTFA OH
KF4B AcOH/H,0 1 :1
SN \D 50°C, 18 h oN
g J ot 59% N
11011852
1eq 1eq
Boc
0.9 eq FeSO, ,{1
Boc 6 eq H,05 (30% in H,0)
! 2 eq H,S0O,, DMSO
AN V 40°C, 3 h
. A
_ 50%
N | ; ~
09joc6354 N
1eq 2eq

Scheme 1.13  (Continued)

than the corresponding reaction of aluminum anilides (see next section). Although
ortho-alkylation occurs first, upon prolonged reaction with an excess of olefin,
2,4,6-trialkylated and higher alkylated phenols result [72, 73]. At high pressure,
even Diels—Alder reactions with the olefin may occur [74]. Today, a number of
important alkylphenols are prepared by high-temperature alkylations with olefins
in the presence of heterogeneous catalysts [73, 75].

Some bis-electrophiles can alkylate phenols both at oxygen and at carbon. 1,3-
Dienes, for instance, react with phenols in the presence of acids [78] or Rh
complexes [79] to yield chromanes (Scheme 1.16).

Phenols are tautomers of cyclohexadienones, and may react as such. In particu-
lar, 1- or 2-naphthols, 1,3-dihydroxybenzenes, and 1,3,5-trihydroxybenzenes show
strong cyclohexenone character. Phenols and arylethers react with arenes in the
presence of aluminum halides or HF/SbF; to yield 3- or 4-arylcyclohexenones
[81-83]. The precise outcome of these reactions is difficult to predict; depending on
the amount of acid used and the basicity of the phenol, either conjugate arylation
of an enone or arylation of a dication can occur (Scheme 1.17). Moreover, 4,4-
disubstituted cyclohexenones, which also may be formed, undergo acid-mediated
rearrangement to 3,4-disubstituted cyclohexanones. Phenols substituted with leav-
ing groups (halides, hydroxyl groups) can undergo elimination after the arylation
and yield 3- or 4-arylphenols.
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EtOH
88%
HO

11tet8146

1% [PhH(PCys,)(CO)RuH]BF,

OH
10% cyclopentene
Ph PhMe, 100 °C, 8 h
+ Ho/\r -
MeO 9 %
1.0 eq 1.2 eq 12ja7325

0.2 eq Me3SiOTf

98%
Me MeO™ O

\\OH

98joc2307
1eq
0.01 eq [Ir(cod)Cl],
NO2 0.04 eq SnCl,

90°C,1h
" " 74%

07joc3100

3eq CHO
1eq
0.1 eq CuBr,
0.2 eqFe
SH 'DCE, 84°C,20h_
HO._Ph 4
72%
1.0eq 1.1 eq 1051261

Scheme 1.14 C-Alkylation of phenols and thiophenols under acidic conditions [67-71].

1.2.3
Anilines

Regardless of being N-protonated by acids, anilines can be alkylated at carbon and
at nitrogen under acidic reaction conditions. Suitable alkylating reagents include
alcohols, ethers, alkenes, aldehydes, ketones, and alkyl halides.

Despite the electron-withdrawing effect of ammonium groups, Friedel-Crafts
alkylations of anilines usually proceed with ortho and para selectivity, and more
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4% Al(OPh),4
320 °C, 60 bar, 10 h OH OH
56joc712 *
24% 8%
4% Al(OPh),
240 °C, 38 bar,2 h OH
61%
56joc712
Al,220°C,1.5h
then cyclohexene o Pd/C oH
_ 180°C,11h Ph 340°C, 4 h Ph
JP 2009269868 62%

(two steps)

Scheme 1.15 Alkylation of aluminum phenolates with alkenes [76, 77].

0.5% TIOH
CH DCE, 20°C, 2 h 0
. DOE 207%.2h
_ 63%

11joc9353
1.0eq 1.5¢eq

1% RuH(PhH)(PCy3)(CO)BF,

OH
3 eq cyclopentene o)
HO/jL PhMe, 100 °C, 12 h
+
O,
o w1

1.0eq 1.2 eq 12ja7325

Scheme 1.16 Formation of chromanes from phenols [68, 80].

readily than Friedel-Crafts alkylations of the corresponding benzenes. Thus,
although aniline hydrochloride can be para-tritylated in acetic acid (first example
in Scheme 1.18), benzene does not react with the trityl cation.

The precise outcome of the reaction of anilines with alkylating reagents can
be difficult to predict. Stoichiometric amounts of strong acids usually favor C-
alkylations. At high temperatures or in the presence of acids, N-alkylanilines
may be dealkylated and act as alkylating agents themselves [91-93]. Occasionally,
mixtures of N- and C-alkylated products are obtained (Scheme 1.19).

If anilines are treated with aldehydes or ketones in the presence of acids at
room temperature, reversible aminal, imine, or enamine formation usually occurs.
Upon heating, irreversible alkylation at carbon can take place. Thus, if aniline is



1.2 Problematic Arenes

) e
o AlCls

&

OH (0] O

ArH | - H®

eAICI
o e
®

Ar Ar

1.5 eq AlBrj 0 0
1.5 eq CgHg
70°C,5h

73z0k2158 Ph Ph
12% 34% Ph

1.5 eq AICl; (0]
excess CgHg
20°C,52h

75%
73z0k2158 Ph

O4cc1754 Ph

AICI5, CeHg

80°C,1h OO
7 0O,
5% Ph

04cc1754

(e}
Ar’ f
&
6

o AICl3, CgHg
OO 20°C, 16 h

90%

se

Cl

Scheme 1.17 Acid-mediated arylation of phenols [84, 85].

treated with formaldehyde at a low temperature, only aminals, benzylamines, or
Troger’s base are formed. At higher temperatures, though, diarylmethanes are
the main products (Scheme 1.20). Hydride transfer from aldehydes or anilines to
intermediate iminium salts causes the formation of N-alkylanilines as byproducts.

15
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Scheme 1.18 Examples of C-alkylations of anilines [27, 86—90].
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Scheme 1.19 Examples of C- and N-alkylations of anilines [94—97]. Further examples:
98, 99.
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Scheme 1.20 Formation of diarylmethanes from anilines and formaldehyde [100-103].
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One side reaction often observed during the preparation of diarylmethanes from
anilines is the formation of triarylmethane dyes. A suitable oxidant is air, and
the oxidation can be catalyzed by vanadates (Scheme 1.21). Even if oxygen is
rigorously excluded, small amounts of these dyes will result from oxidation by the
intermediate iminium salts.

Anilines can be selectively ortho-alkylated with olefins under basic reaction
conditions. This requires conversion of the aniline into an aluminum anilide by
treatment with Al/AICl; (Scheme 1.22). This interesting reaction is, however, of
little scope, and not well suited to alkylate phenols [76].

1.4 eq HCI (25%)
1.0 eq HCHO (35%)

O CEE

10 eq
NH
0.002 eq (NaVOy), ‘
air, 110 °C, 3 h _ | Pararosaniline

HoN O O NH,

Scheme 1.21 Formation of triarylmethane dyes from diarylmethanes [104].

4-7% (PhNH)zAl
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. o (]
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u 262°C, 17 h
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10eq 0.7€d  \v0 2009029383 °

0.25% RhCl3-3H,0
0.5% PPhg
ethylene (100 bar)

H
o = O
+
79ja490 =

7.5% 2.5%

Scheme 1.22  Alkylation of anilines with olefins [105-107]. Further examples: [108].
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1.2.4
Azoles

Azoles with a free NH group can be alkylated at nitrogen or at carbon. The outcome
of such reactions is barely predictable, in particular for substrates containing arenes
(e.g., indoles, benzimidazoles, etc.). Azoles may also be alkylated after stoichio-
metric metallation, which enhances the scope of regioselectivities even further.
N-Alkylation is favored by hard electrophiles (e.g., methylating reagents), while
soft electrophiles (e.g., olefins) lead sometimes to clean C-alkylations. Illustrative
examples of the alkylation of non-metallated azoles are given in Scheme 1.23.

1.1 eq 1N NaOH
EtOH, 79 °C, 1 h, then

N H 0.7 eq PhCH,Br
79°C, 24 h
A\
[N> <\N] EP 0301456
N Ph Ph
H M
N N Ph N N N N
LT ™ D> T + [>T
N N N N N N
H H \_
16% 23% Ph 17%

2.5% [RhCl(coe),],

7.5% PCys
5% lutidine-HCI
N\ THF, 150 °C, 15 h N\
> + M 80% N
H

coe: cis-cyclooctene

04joc7329

4% PdCl,(MeCN),
2 eq norbornene

2 eq K2CO3
DMA, H,0, 70 °C
@ * 4/_(7 % > CO,Et
N Br CO,Et 65% N
H 12ja14563 H

Scheme 1.23  Alkylation of azoles [109-111].

1.3
Problematic Electrophiles

1.3.1
Methylations

Because Friedel-Crafts alkylations require the formation of free carbocations or
carbocation-like intermediates, methylations do not proceed readily. Phenols can
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Scheme 1.24 Methylation of arenes with methanol, methyl chloride, and methyl radicals
[112-115].

be C-methylated with MeOH, but high temperatures are required (Scheme 1.24).
In acid-catalyzed methylations, free methyl cations are probably not formed, and a
complex of catalyst with the methylating reagent is more likely to be the reactive
intermediate [112].

1.3.2
Olefins

Upon reaction with an arene under acidic reaction conditions, unsymmetric olefins
can yield two different products: the one resulting from the more stable carbocation
(the Markovnikov product), or the one resulting from the less stable but more
reactive carbocation (the anti-Markovnikov product). As with other acid-mediated
additions to alkenes, arenes are usually alkylated by the predominant, more stable
carbocation. This can also be the case for transition-metal-catalyzed alkylations
[116]. Catalysts have been developed, however, that enable the preparation of linear
alkylarenes from terminal olefins [117, 118] (Scheme 1.3).
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Olefins substituted with electron-withdrawing groups (Michael acceptors) alky-
late arenes with the more electrophilic p-carbon (e.g., [119]). Nitroalkenes do so,
too, but may be hydrolyzed to ketones upon treatment with strong aqueous acids
(Scheme 1.25).

Q\SP % SbFs Q\S/P O\\é/
NN HE, -20 °C, 10 min “NH N
H % SbF " Ho ok
el Cl
cl 8% cl
8.4% 13% 71%
1001868 27% 55% 17%
64% 0%

10 eq FaCSOSH

@
. )32 —40 °C, 1 min Ho\lN’OH
89joc733 @ )\ 92%

30 eq 1eq

57 :43

Scheme 1.25 Aromatic alkylations with olefins [120, 121].

A typical side reaction of acid-mediated alkylations with olefins is the oligomer-
ization of the alkene. Styrenes and acrylates polymerize particularly easily. This can
sometimes be avoided by keeping the concentration of alkene low, because olefins
require a minimum concentration to polymerize. In the presence of oxidants or
transition metals, the reaction of arenes with olefins can yield styrenes instead of
alkylarenes (Section 2.3).

1.33
Allylic Electrophiles

The reaction of arenes with allylic electrophiles often yields mixtures of isomeric
products. It is not always the dominant (more stable but less reactive) resonance
formula that controls regioselectivity; steric effects also influence the course of the
reaction (Scheme 1.26). The results may always be rationalized somehow, but the
predictive value of such rationalizations is limited.

In the presence of acids, allylic electrophiles are synthetic equivalents of the
1,3-propylene dication. Accordingly, one potential side reaction is the cyclization
of the product to yield indanes. Such cyclizations can sometimes be avoided by a
large excess of arene. If Pd-based catalysts are used, Heck-type vinylations (instead
of allylic substitution) are a further side reaction to be expected (Scheme 1.27).
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Scheme 1.26 Examples of the alkylation of arenes with allylic electrophiles [122-124]. Fur-
ther examples: [125, 126].

1 eq AIClg
CH,Cl,
\/K 20°C, 12 h .
o (O
1 eq EP 0826654
0.05 eq Cu(OTf),
CH,Cl, .
"¢ 60 °C, 16 h O
* 78% .
1.0eq 1.1eq 11asc1055
5% Pd(OAc),
2 eq AgOAc
5% DMSO in THF
Ao )\/ 110°C, 20 h
Tone 78% .
120174
3eq

86.9.5

Scheme 1.27 Cyclizations and Heck reaction of allylic electrophiles [126—128].
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Acrylates are a further type of 1,3-dielectrophile that can cause the formation of
bicyclic products upon acid-mediated reaction with arenes (Scheme 1.28).

17 eq F3CSOzH Q
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—_—— +
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_—
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1eq O%
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+
CFs 101002219
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Scheme 1.28 Acid-mediated reactions of acrylic acids with arenes [129].

1.3.4
Epoxides

Arenes are usually alkylated by epoxides at the carbon atom that forms the
more stable carbocation. Alkyl-, aryl-, or alkenylepoxides will therefore mostly
yield primary alcohols, while epoxides substituted with electron-withdrawing
groups will mostly yield secondary alcohols. Epichlorohydrin and glycidyl ethers
also tend to yield secondary alcohols upon acid-mediated reaction with arenes
(Scheme 1.29).

Epoxides are reactive intermediates and may lead to product mixtures if
the reaction conditions are not carefully chosen. Typical side reactions include
rearrangement of the oxiranes to aldehydes or ketones, dimerization or oligomer-
ization of the oxirane, and alkylation of the arene by the newly formed alcohol
(Scheme 1.30).
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Scheme 1.29 Examples of the alkylation of arenes with epoxides and aziridines [130-132].
Further examples: [133].
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Scheme 1.30 Side reactions during the alkylation of arenes by epoxides [134-136).
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1.35
a-Haloketones and Related Electrophiles

Alkylhalides with the halogen attached to a C—H acidic position (a-haloketones,
a-haloesters, a-halonitriles, etc.) display a peculiar reactivity. Removal of the halide
to produce a (destabilized) carbocation is difficult, and only a few examples of
acid-catalyzed arene alkylations with such electrophiles have been reported [137,
138] (Scheme 1.31). Nucleophilic substitutions at such alkyl halides, however, can
proceed with ease. Initial addition of the nucleophile to the carbonyl group is a
possible reason for the enhanced reactivity of these electrophiles [139].

2 eq AICI
o 80 90, 5h o
+ )J\/CI 2%

75eq 1eq 40ja1622

YCOZMe 4 eq CgHg, 2 eq AICI5 ~_CO,Me

o 80°C,6h :
\ - 0,
S 80% @
85joc3945
3 eq AICl,
45°C,16 h
O\\S/P o then NaOH CO.H
v oY """ then HCI 2
O 83%
solvent 1eq EP 0665212

CO,H
2% KBr, 0.4% Fe,05

200-218°C,20 h
" Gl COH 70% (crude) OO
34% (purified)
50ja4302

3eq 1eq

Scheme 1.31 Electrophilic alkylation of arenes with a-haloketones and related electrophiles
[140-143].

Because arenes can also react with ketones, esters, and nitriles, this is a side
reaction to be expected when alkylating arenes with o-haloketones and related
electrophiles (Scheme 1.32). Moreover, a-haloketones may also act as halogenating
reagents or oxidants [144], and can dimerize or trimerize in the presence of bases.

Ketones and esters may also be converted to radicals, which can then add to
arenes or heteroarenes. The most common strategies to generate these radicals
include the photolysis of a-haloketones or -esters, and the oxidation of ketones
(Scheme 1.33). Because aliphatic a-haloesters absorb UV light of short wavelengths
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Scheme 1.32  Arene alkylation or acylation with a-chloroketones and -nitriles [145-148].

only, the arene cannot usually be used as solvent, because it would not allow the
required UV light to reach the haloester (second example in Scheme 1.33).

a-Diazoketones or o-diazoesters are precursors to metal carbene complexes,
which can undergo direct insertion into aromatic C—H bonds (Scheme 1.34).
The intermediate carbene complexes, though, are highly reactive and electrophilic,
and can alkylate many functional groups and abstract hydride and cyclopropanate
alkenes, alkynes, and even arenes. For this reason, diazocarbonyl compounds (or
diazoalkanes [6]) are only rarely used as electrophilic alkylating reagents for arenes.

The arylation of a-haloketones and related electrophiles via vicarious nucleophilic
substitution is discussed in Section 8.2.3.

1.3.6
Nitroalkanes

A few examples have been reported of the alkylation of arenes with nitroalkanes,
with the nitro group acting as leaving group [4] (Scheme 1.35). This reaction
is complicated by numerous potential side reactions. Nitro groups can act as
carbon electrophiles without loss of the nitro group. Moreover, in the presence
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Scheme 1.33  Arylation of a-haloesters and ketones via radicals [149-151].

of strong acids, nitro groups can react with arenes at oxygen. For instance,
2-aryl-1-nitroethanes are converted to O-aryloximes when treated with triflic acid
(Scheme 1.35). In this type of reactions, nitro groups become electrophilic at
oxygen. Examples have also been reported of electrophilic aromatic aminations
with nitro groups (last example, Scheme 1.35).

In the presence of dehydrating reagents, primary nitroalkanes (RCH,NO,) can
be converted to nitrile oxides, which are highly reactive and readily dimerize,
polymerize, rearrange to isocyanates, react with nucleophiles, or undergo 1,3-
dipolar cycloadditions.

1.3.7
Ketones

Upon catalysis by acids, simple dialkylketones react cleanly with only electron-rich
arenes, such as phenols, anilines, or pyrroles, but not with benzene or toluene.
The resulting tertiary benzylic alcohols usually alkylate a second arene molecule,
to yield geminal diaryl alkanes. Dehydratization of the intermediate alcohols and
oligomerization of the resulting olefin are also occasionally observed. If the alcohol
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Scheme 1.34 Reaction of a-diazoesters with arenes [152, 153].

is the desired product, a mildly acidic catalyst and carefully optimized conditions
will often be required.

Isopropenylbenzene, for instance, cannot be directly prepared from acetone and
benzene (for recent research, see [159]) because the readily formed cumyl cation
reacts with benzene [160]. The direct preparation of isopropenylbenzene from
acetone would be valuable because, during the production of phenol from cumene
hydroperoxide, one equivalent of acetone is formed, which cannot currently be
used directly for the preparation of cumene. Processes have been developed in
which acetone is hydrogenated to isopropanol, which is then converted to propene
and used to alkylate benzene (Scheme 1.36). The direct alkylation of benzene
with isopropyl alcohol is possible [161, 162], but most catalysts for Friedel-Crafts
alkylations are deactivated by water, and isopropylations with propene are therefore
more convenient than isopropylations with isopropanol.

Only ketones substituted with electron-withdrawing groups, such as trifluo-
romethylketones, 1,2-diketones, or a-ketocarboxylic esters, react with unactivated
arenes. Fluorenones are also quite reactive because O-protonated fluorenones are
antiaromatic. The initially formed alcohols do not form carbocations readily and
can often be isolated (Scheme 1.37).

Potential side reactions of the Friedel-Crafts alkylation with ketones is the
formation of diarylmethanes, the oligomerization of the products, and aldol con-
densation of the starting ketone. Moreover, in the presence of oxidants, ketones
may be a-arylated via intermediate radical formation [151]. If Friedel-Crafts alky-
lations with ketones are conducted in the presence of hydride donors, a reductive
alkylation of arenes can occur (Scheme 1.38).
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Scheme 1.35 Reactions of nitroalkanes with arenes [154—157]. Further examples: [158].

Strongly C—H acidic ketones, such as p-ketoesters, are readily palladated at
carbon. The resulting intermediates can undergo p-hydride elimination to yield
a,p-unsaturated ketones. The latter are Michael acceptors, capable of alkylating
electron-rich arenes (Scheme 1.39).

Occasionally, benzylic electrophiles are attacked by nucleophiles not at the
benzylic position but at the arene (e.g., first equation in Scheme 1.37). Examples
have been reported of the electrophilic arylation of unsubstituted arenes with
tetralones and related aryl ketones (Scheme 1.40).

“OH
1%
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Scheme 1.37 Alkylation of arenes and heteroarenes by ketones [163-167].
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Scheme 1.38 Reductive aromatic alkylation with ketones [168].
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Scheme 1.40 Arylation of benzene with tetralone [83].

1.3.8
Alcohols

Alcohols are widely used electrophiles for Friedel-Crafts alkylations. Alcohols are
often more reactive than alkyl halides, but require more acid to alkylate arenes.
Primary, non-benzylic alcohols are rarely used as alkylating reagents, owing to their
fast rearrangement to more stable secondary or tertiary cations.

As is the case with other electrophiles, alcohols that do not readily form carbo-
cations are not well suited for arene alkylation. No examples for cationic arene
alkylations with 2,2,2-trihaloethanols or cyanohydrins, for instance, could be found.
Only a few examples have been reported of alkylations with a-hydroxycarboxylic
acids or a-hydroxyketones, and most of these examples were alcohols with
carbocation-stabilizing a-substituents (e.g., benzylic alcohols).

Under strongly basic conditions, indole can be alkylated at C-3 with glycolic
acid, but this reaction proceeds by oxidation of the alcohol to an intermediate
aldehyde (Scheme 1.41). A similar alkylation of fluorene with alcohols at the
benzylic methylene group has also been reported [170, 171].
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Alcohols or esters thereof, which upon dehydratization yield Michael acceptors,
react as soft electrophiles, and are well suited for the alkylation of electron-rich
arenes (first equation, Scheme 1.41).

2-Amino- and 2-alkoxyethanols are further types of alcohol that do not readily
alkylate arenes under acidic conditions. Oxygen and nitrogen are more electro-
negative than carbon, and the corresponding carbocations are destabilized by an
inductive effect. Moreover, the acids will protonate amines and ethers, and thus
further slow down the formation of the required dications. Otherwise, only activated
alcohols (e.g., benzylic or allylic alcohols) or intramolecular alkylations proceed in
acceptable yields (Scheme 1.42).
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2
Electrophilic Olefination of Arenes

2.1
General Aspects

This chapter will focus on reactions that enable the attachment of alkenyl groups to
unfunctionalized aromatic C—H groups. Most known instances of such reactions
are electrophilic olefinations of electron-rich arenes and olefinations via in situ
metallation of the arene (Scheme 2.1). In principle, an electron-deficient arene
may also be olefinated by reaction with electron-rich alkenes or alkynes, but few
instances of such reactions have been reported.

2.2
Olefinations with Leaving-Group-Substituted Olefins

The electrophilic olefination of electron-rich arenes with vinyl halides or related
electrophiles is of little scope. Vinylic carbocations are highly reactive intermediates,
prone to rearrangements, reduction, and unselective electrophilic attack. A large
excess of nucleophile is usually required to attain acceptable yields (Scheme 2.2).

C-H acidic arenes or heteroarenes (pK,<27) can be olefinated with vinyl
halides in the presence of Cu(I) salts. This reaction proceeds via formation of an
arylcopper intermediate, which is olefinated by the vinyl halide (Scheme 2.3). The
olefination of the arylcopper intermediate is analogous to the arylation of arylcopper
intermediates by aryl halides in the Ullmann reaction [5-8], and probably proceeds
via nucleophilic addition of the arylcopper intermediate to the olefin, followed by
elimination of a copper halide.

Arenes may also be metallated by chelate formation, and the resulting interme-
diates can react with leaving-group-substituted olefins (Scheme 2.4). Most reported
examples are ruthenium-, rhodium-, and palladium-catalyzed olefinations. Suitable
olefinating reagents include vinyl acetates, vinylboronic esters, alkenylcarboxylic
anhydrides, and p-haloacrylates [11, 12]. The mechanism of these reactions has not
been elucidated in all instances, but probably proceeds via aryl(vinyl)metal com-
plexes, which are formed in two steps from the starting materials. As illustrated
by the penultimate example in Scheme 2.4, groups other than hydrogen may be
replaced by a metal during chelate formation.

Side Reactions in Organic Synthesis I11: Aromatic Substitutions, First Edition. Florencio Zaragoza Dérwald.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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s
0

]
X
R_~® e-rich arene
vinyl
cation
e-poor
R arene ) —HX e
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+M — -
T oxidation

Scheme 2.1 Mechanisms of the olefination of unfunctionalized arenes. X, leaving group for
nucleophilic displacement; M, metal, typically Pd.

2.3
Olefinations with Unsubstituted Olefins

Aryl halides can be olefinated with unsubstituted alkenes by the Heck reaction
[16]. The olefination of arenes without leaving group at the arene or the olefin is
formally an oxidation, and stoichiometric amounts of an oxidant will be required
to regenerate the catalyst (e.g., Pd(Il) from Pd(0)). Common oxidants are oxygen,
Cu(Il) salts, benzoquinones, peroxides, or prohibitively expensive Ag(I) salts [17]
(Schemes 2.5 and 2.6).

The regioselectivity of the metallation of an arene is controlled by the acidity
of the aromatic C—H group, by chelate formation, or by steric repulsion. A large
number of functional groups can direct the metallation into their ortho positions.
These chelate-forming groups include carbonyl groups, azoles, pyridines,
pyrimidines, pyrazines, tertiary amines, sulfonamides, amides, alcohols, silanols,
and triazenes [37].

As alternative to an external oxidant, one of the starting materials may also
contain a reducible functional group, which can act as oxidant (e.g., last example
in Scheme 2.6).

Substituted arenes without chelating groups are usually olefinated with poor
regioselectivity. Few examples of meta-selective vinylations have been reported
(Scheme 2.7).
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2.3 Olefinations with Unsubstituted Olefins
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Scheme 2.3 Copper-catalyzed olefination of C—H acidic arenes [9, 10].
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Scheme 2.4 Olefination of arenes metallated via chelate formation [13-15].
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Scheme 2.5 Oxidative vinylation of benzene with acrylates [18, 19]. Further examples:
[20-23].
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The reaction conditions required for the oxidative olefination of arenes can some-
times bring about the dehydrogenation of alkyl groups. For some starting materials,
it has been possible to generate the required olefin and perform its arylation simul-

taneously (Scheme 2.8). This

strategy could be valuable when the intermediate

olefin is unstable or otherwise difficult to handle (e.g., owing to its toxicity).

CO,Me
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Scheme 2.6 (continued)

Typical side reactions of the direct olefination of arenes with olefins include
oligomerization of the alkene and intramolecular addition of chelate-forming func-
tional groups to the alkene. In particular, five-membered heterocycles are formed
easily, and their formation can be difficult to suppress. Moreover, unsymmetric
alkenes devoid of electron-withdrawing or electron-donating groups often yield
mixtures of isomers (Scheme 2.9).

Because alkenyl groups do not significantly modify the electronic properties
of arenes, one common side reaction of the olefination of arenes is multiple
alkenylation. Aryl halides can give mixtures of products of oxidative vinylation and
Heck reaction. In the absence of oxidants, some catalysts can cause the formation of
alkylarenes instead of alkenylarenes [44]. Complex- or chelate-forming functional
groups or impurities capable of deactivating the catalyst (cyanide, imidazoles,
pyridines, or sulfur-containing compounds) are a further problem. One more
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Scheme 2.7 Meta olefination of arenes [38, 39].
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Scheme 2.8 In situ generation of an olefin by dehydrogenation [40].

potential side reaction is the oxidative homocoupling of the arene. This happens
easily with electron-rich arenes, such as phenols and anilines. High reaction
temperatures combined with oxidants and acids or bases can cause the deacylation
of electron-rich arenes and other functional group transformations (Scheme 2.10).
Stoichiometric amounts of oxidants render these reactions inherently hazardous.
Only oxidation-resistant solvents should be used (haloalkanes, acetonitrile, acetone,
or acetic acid), and in large-scale preparations the oxidant should be dosed as the
reaction proceeds, to avoid the accumulation of larger quantities of reactants.
Further potential side reactions of the olefination of electron-rich arenes or
heteroarenes with electron-deficient alkenes are cycloadditions. Naphthalenes,
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Scheme 2.9 Formation of bicyclic products and regioisomers during the olefination of
arenes [41-43].

anthracenes, and furans undergo Diels—Alder reactions with electron-deficient
alkenes particularly easily [49] (Scheme 2.11).

2.4
Olefinations with Alkynes

Alkynes, being synthetic equivalents of vinylhalides, can olefinate arenes directly,
for example, in the presence of Pd- or Ru-based catalysts (Scheme 2.12). No oxidants
are required, because the reactions are not oxidations but hydroarylations (addition
of an arene to an alkyne).

Terminal and internal alkynes often show different reactivity, and some reaction
conditions are only suitable for either terminal or internal alkynes, but not for both.
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Scheme 2.10 Side reactions during the oxidative olefination of arenes [24, 45-48].
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Scheme 2.11 Diels—Alder reactions of furans [50, 51].
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Scheme 2.12 Aromatic vinylations with alkynes [52-54].

Thus, in the first example of Scheme 2.12, only internal alkynes can be used, while
in the second example only terminal alkynes yield olefinated arenes. Acetylene itself,
the most important alkyne, is regrettably hardly ever tested in these new reactions.

Typical side reactions are similar to those seen with the olefination with alkenes:
multiple olefinations, cyclizations, and the formation of mixtures of isomers
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Scheme 2.13  Side reactions during the olefination of arenes with alkynes [56—61]. Further
examples: [62, 63].
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(Scheme 2.13). Moreover, the resulting styrenes may alkylate arenes and cause the
formation of geminal diarylalkanes [55]. Some Lewis acids can also catalyze the
addition of water, alcohols, amines, or thiols to alkynes.

Electron-deficient heteroarenes can be alkynylated by (explosive) copper or silver
acetylides. The first intermediates of such reactions are alkynyl dihydroarenes.
In the absence of oxidants, the alkynyl group may act as hydrogen acceptor, and
cause the rearomatization of the heteroarene. Catalysts and conditions have been
identified that allow the one-pot olefination of such electron-deficient arenes with
terminal alkynes (Scheme 2.14).
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Scheme 2.14 Vinylation of pyridines with alkynes [64, 65]. Further examples: [66].

Methods have also been developed that enable the oxidative alkinylation of
arenes (Scheme 2.15). The reaction seems to work best with electron-rich arenes
and electron-deficient alkynes. The latter are excellent Michael acceptors, and most
nucleophiles will readily add to starting materials and products.

When considering to upscale reactions as those shown above, it should be
kept in mind that alkynes tend to oligomerize or explode at high concentrations,
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Scheme 2.15 Oxidative alkinylation of arenes [67].
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in particular in the presence of transition metals. Moreover, terminal alkynes
readily dimerize to 1,3-butadiynes in the presence of air and copper salts (Eglinton
reaction).

References

1.

Stang, P.J. and Anderson, A.G. (1978)
Preparation and chemistry of vinyl tri-
flates. 16. Mechanism of alkylation of
aromatic substrates. J. Am. Chem. Soc.,
100, 1520-1525.

. Roberts, R.M. and Abdel-Baset, M.B.

(1976) Friedel-Crafts alkylations
with vinyl halides. Vinyl cations and
spirobiindans. J. Org. Chem., 41,
1698-1701.

. Sun, H., Hua, R., Chen, S., and Yin, Y.
(2006) An efficient bismuth(III) chloride-

catalyzed synthesis of 1,1-diarylalkenes
via Friedel-Crafts reaction of acyl chlo-
ride or vinyl chloride with arenes. Adv.
Synth. Catal., 348, 1919-1925.

. Brand, J.P., Chevalley, C., Scopelliti, R.,

and Waser, J. (2012) Ethynyl benzio-
doxolones for the direct alkynylation of
heterocycles: structural requirement,
improved procedure for pyrroles, and

insights into the mechanism. Chem. Eur.

J., 18, 5655-5666.

. Beletskaya, I.P. and Cheprakov, A.V.

(2004) Copper in cross-coupling reac-
tions; the post-Ullmann chemistry.
Coord. Chem. Rev., 248, 2337-2364.

. Hassan, J., Sévignon, M., Gozzi, C.,

Schulz, E., and Lemaire, M. (2002)
Aryl-aryl bond formation one century
after the discovery of the Ullmann
reaction. Chem. Rev., 102, 1359-1469.

10.

1.

12

13.

. Sperotto, E., van Klink, G.P.M., van

Koten, G., and de Vries, J.G. (2010)
The mechanism of the modified Ull-
mann reaction. Dalton Trans., 39,
10338-10351.

. Cohen, T. and Cristea, I. (1976) Kinetics

and mechanism of the copper(I)-induced
homogeneous Ullmann coupling of
o-bromonitrobenzene. J. Am. Chem. Soc.,
98, 748-753.

. Do, H.-Q., Khan, RM.K,, and Daugulis,

0. (2008) A general method for copper-
catalyzed arylation of arene C—H bonds.
J. Am. Chem. Soc., 130, 15185-15192.
Mousseau, J.J., Bull, J.A., and Charette,
A.B. (2010) Copper-catalyzed direct
alkenylation of N-iminopyridinium
ylides. Angew. Chem. Int. Ed., 49,
1115-1118.

Daugulis, O., Zaitsev, V.G., Shabashov,
D., Pham, Q.-N., and Lazareva, A. (2006)
Regioselective functionalization of unre-
active carbon-hydrogen bonds. Synlett,
3382-3388.

Zaitsev, V.G. and Daugulis, O. (2005)
Catalytic coupling of haloolefins with
anilides. J. Am. Chem. Soc., 127,
4156-4157.

Matsuura, Y., Tamura, M., Kochi, T.,
Sato, M., Chatani, N., and Kakiuchi,

F. (2007) The Ru(cod)(cot)-catalyzed
alkenylation of aromatic C-H bonds

57



58 | 2 Electrophilic Olefination of Arenes

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

with alkenyl acetates. J. Am. Chem. Soc.,
129, 9858-9859.

Jin, W., Yu, Z., He, W., Ye, W,

and Xiao, W.-J. (2009) Efficient
Rh(I)-catalyzed direct arylation and
alkenylation of arene C-H bonds

via decarbonylation of benzoic and
cinnamic anhydrides. Org. Lett., 11,
1317-1320.

Ueno, S., Kochi, T., Chatani, N., and
Kakiuchi, F. (2009) Unique effect

of coordination of an alkene moiety

in products on ruthenium-catalyzed
chemoselective C—H alkenylation. Org.
Lett., 11, 855—858.

Beletskaya, I.P. and Cheprakov, A.V.
(2000) The Heck reaction as a sharpen-
ing stone of palladium catalysis. Chem.
Rev., 100, 3009—-3066.

Le Bras, J. and Muzart, J. (2011) Inter-
molecular dehydrogenative Heck
reactions. Chem. Rev., 111, 1170-1214.
Yokota, T., Tani, M., Sakaguchi, S., and
Ishii, Y. (2003) Direct coupling of ben-
zene with olefins catalyzed by Pd(OAc),
combined with heteropolyoxometalate
under dioxygen. J. Am. Chem. Soc., 125,
1476-1477.

Kubota, A., Emmert, M.H., and Sanford,
M.S. (2012) Pyridine ligands as promo-
ters in Pd'/O-catalyzed C—H olefination
reactions. Org. Lett., 14, 1760-1763.
Yamada, T., Sakaguchi, S., and Ishii, Y.
(2005) Oxidative coupling of benzenes
with o,p-unsaturated aldehydes by the
Pd(OAc), /molybdovanadophosphoric
acid/O, system. J. Org. Chem., 70,
5471-5474.

Milstein, D., Weissman, H., and Song,
X.P. (2002) Method for the production
of aryl alkenes. WO Patent 02055455.
Vasseur, A., Harakat, D., Muzart, J., and
Le Bras, J. (2013) Aerobic dehydrogena-
tive Heck reactions of heterocycles with
styrenes: a negative effect of metallic
co-oxidants. Adv. Synth. Catal., 355,
59-67.

Shang, X., Xiong, Y., Zhang, Y., Zhang,
L., and Liu, Z. (2012) Pd(II)-catalyzed
direct olefination of arenes with allylic
esters and ethers. Synlett, 259-262.
Cho, S.H., Hwang, S.J., and Chang, S.
(2008) Palladium-catalyzed C—H func-
tionalization of pyridine N-oxides: highly

25.

26.

27.

28.

29.

30.

31.

32,

33.

selective alkenylation and direct arylation
with unactivated arenes. J. Am. Chem.
Soc., 130, 9254-9256.

Park, S.H., Kim, J.Y., and Chang, S.
(2011) Rhodium-catalyzed selective ole-
fination of arene esters via C—H bond
activation. Org. Lett., 13, 2372-2375.
Patureau, F.W., Besset, T., and Glorius,
F. (2011) Rhodium-catalyzed oxidative
olefination of C—H bonds in acetophe-
nones and benzamides. Angew. Chem.
Int. Ed., 50, 1064-1067.

Padala, K. and Jeganmohan, M. (2012)
Highly regio- and stereoselective
ruthenium(II)-catalyzed direct ortho-
alkenylation of aromatic and hete-
roaromatic aldehydes with activated
alkenes under open atmosphere. Org.
Lett., 14, 1134-1137.

Mochida, S., Hirano, K., Satoh, T., and
Miura, M. (2010) Synthesis of stilbene
and distyrylbenzene derivatives through
rhodium-catalyzed ortho-olefination and
decarboxylation of benzoic acids. Org.
Lett., 12, 5776-5779.

Garcia-Rubia, A., Fernandez-Ibafiez,
M.A., Gomez Arrayas, R., and
Carretero, J. (2011) 2-Pyridyl sulfox-
ide: a versatile and removable directing
group for the Pd!'-catalyzed direct C—H
olefination of arenes. Chem. Eur. J., 17,
3567-3570.

Neumann, J.J., Rakshit, S., Droge, T.,
Wiirtz, S., and Glorius, F. (2011)
Exploring the oxidative cyclization

of substituted N-aryl enamines: Pd-
catalyzed formation of indoles from
anilines. Chem. Eur. J., 17, 7298-7303.
Rakshit, S., Grohmann, C., Besset, T.,
and Glorius, F. (2011) Rh(IlI)-catalyzed
directed C-H olefination using an oxi-
dizing directing group: mild, efficient,
and versatile. J. Am. Chem. Soc., 133,
2350-2353.

Boele, M.D.K,, van Strijdonck, G.P.F., de
Vries, A.-H.M., Kamer, P.C.J., de Vries,
J.G., and van Leeuwen, P.W.N.M. (2002)
Selective Pd-catalyzed oxidative coupling
of anilides with olefins through C-H
bond activation at room temperature. J.
Am. Chem. Soc., 124, 1586-1587.
Zhang, X., Fan, S., He, C.-Y., Wan, X,
Min, Q.-Q., Yang, J., and Jiang, Z.-X.
(2010) Pd(OAc), catalyzed olefination of



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

highly electron-deficient perfluoroarenes.

J. Am. Chem. Soc., 132, 4506—4507.
Padala, K. and Jeganmohan, M. (2011)
Ruthenium-catalyzed ortho-alkenylation
of aromatic ketones with alkenes by
C-H bond activation. Org. Lett., 13,
6144-6147.

Zheng, L. and Wang, J. (2012) Direct
oxidative coupling of arenes with olefins
by Rh-catalyzed C—H activation in air:
observation of a strong cooperation of
the acid. Chem. Eur. J., 18, 9699-9704.
Liu, B., Fan, Y., Gao, Y., Sun, C., Xu,
C., and Zhu, J. (2013) Rhodium(III)-
catalyzed N-nitroso-directed C-H
olefination of arenes. High-yield, ver-
satile coupling under mild conditions. J.
Am. Chem. Soc., 135, 468—473.

Wang, C., Chen, H., Wang, Z., Chen,
J., and Huang, Y. (2012) Rhodium(III)-
catalyzed C—H activation of arenes
using a versatile and removable triazene
directing group. Angew. Chem. Int. Ed.,
51, 7242-7245.

Zhang, Y.-H., Shi, B.-F., and Yu, J.-

Q. (2009) Pd(II)-catalyzed olefination
of electron-deficient arenes using 2,6-
dialkylpyridine ligands. J. Am. Chem.
Soc., 131, 5072-5074.

Truong, T. and Daugulis, O. (2012)
Directed functionalization of C-H
bonds: now also meta selective. Angew.
Chem. Int. Ed., 51, 11677-11679.
Shang, Y., Jie, X., Zhou, J., Hu,

P., Huang, S., and Su, W. (2013)
Pd-catalyzed C—H olefination of
(hetero)arenes by using saturated
ketones as an olefin source. Angew.
Chem. Int. Ed., 52, 1299-1303.
Wrigglesworth, ].W., Cox, B.,
Lloyd-Jones, G.C., and Booker-Milburn,
K.I. (2011) New heteroannulation reac-
tions of N-alkoxybenzamides by Pd(II)
catalyzed C-H activation. Org. Lett., 13,
5326-5329.

Wang, H. and Glorius, F. (2012) Mild
rhodium(I1I)-catalyzed C—H activa-
tion and intermolecular annulation
with allenes. Angew. Chem. Int. Ed., 51,
7318-7322.

Li, Z., Zhang, Y., and Liu, Z.-Q. (2012)
Pd-catalyzed olefination of perfluo-
roarenes with allyl esters. Org. Lett., 14,
74-77.

44,

45.

46.

47.

48.

49.

50.

51.

52.

References

Ackermann, L., Novak, P., Vicente, R.,
and Hofmann, N. (2009) Ruthenium-
catalyzed regioselective direct alkylation
of arenes with unactivated alkyl halides
through C—H bond cleavage. Angew.
Chem. Int. Ed., 48, 6045—-6048.

Jiang, H., Feng, Z., Wang, A,, Liu, X.,
and Chen, Z. (2010) Palladium-catalyzed
alkenylation of 1,2,3-trizoles with termi-
nal conjugated alkenes by direct C-H
bond functionalization. Eur. J. Org.
Chem., 2010, 1227-1230.

Vasseur, A., Harakat, D., Muzart, J., and
Le Bras, J. (2012) ESI-MS studies of the
dehydrogenative Heck reaction of furans
with acrylates using benzoquinone as
the reoxidant and DMSO as the solvent.
J. Org. Chem., 77, 5751-5758.

Zhang, Y., Li, Z., and Liu, Z.-Q. (2012)
Pd-catalyzed olefination of furans and
thiophenes with allyl esters. Org. Lett.,
14, 226-229.

Pindur, U. and Adam, R. (1990) Ther-
mal 1,6-electrocyclization reactions

of acceptor-substituted 2,3-divinyl-
1H-indoles yielding functionalized
carbazoles. Helv. Chim. Acta, 73,
827-838.

Rodriguez-Escrich, C., Davis, R.L.,
Jiang, H., Stiller, J., Johansen, T.K.,
and Jergensen, K.A. (2013) Breaking
symmetry with symmetry: bifacial selec-
tivity in the asymmetric cycloaddition of
anthracene derivatives. Chem. Eur. J., 19,
2932-2936.

de la Hoz, A., Diaz-Ortiz, A., Fraile,
J.M., Gémez, M.V., Mayoral, J.A.,
Moreno, A., Saiz, A., and Vizquez, E.
(2001) Synergy between heterogeneous
catalysis and microwave irradiation in
an efficient one-pot synthesis of ben-
zene derivatives via ring-opening of
Diels—Alder cycloadducts of substituted
furans. Synlett, 753-756.

Muller, G.W., Saindane, M., Ge, C.,
Kothare, M.A., Cameron, L.M., and
Rogers, M.E. (2007) Process for the
preparation of substituted 2-(2,6-
dioxopiperidin-3-yl)isoindole-1,3-dione.
WO Patent 2007136640.

Tsukada, N., Mitsuboshi, T., Setoguchi,
H., and Inoue, Y. (2003) Stereoselective
cis-addition of aromatic C—H bonds to

59



60| 2 Electrophilic Olefination of Arenes

53.

54.

55.

56.

57.

58.

59.

60.

alkynes catalyzed by dinuclear palla-
dium complexes. J. Am. Chem. Soc., 125,
12102-12103.

Cheng, K., Yao, B., Zhao, J., and Zhang,
Y. (2008) RuCl,-catalyzed alkenylation
of aromatic C—H bonds with terminal
alkynes. Org. Lett., 10, 5309-5312.
Ding, Z. and Yoshikai, N. (2012) Mild
and efficient C2-alkenylation of indoles
with alkynes catalyzed by a cobalt
complex. Angew. Chem. Int. Ed., 51,
4698-4701.

Li, H.-J., Guillot, R., and Gandon,

V. (2010) A gallium-catalyzed
cycloisomerization/Friedel-Crafts
tandem. J. Org. Chem., 75, 8435-8449.
Hashimoto, Y., Hirano, K., Satoh, T.,
Kakiuchi, F., and Miura, M. (2013)
Regioselective C—H bond cleavage/
alkyne insertion under ruthenium
catalysis. J. Org. Chem., 78, 638—646.
Too, P.C., Chua, S.H., Wong, S.H.,
and Chiba, S. (2011) Synthesis of aza-
heterocycles from aryl ketone O-acetyl
oximes and internal alkynes by Cu-Rh
bimetallic relay catalysts. J. Org. Chem.,
76, 6159-6168.

Tran, D.N. and Cramer, N. (2011) Enan-
tioselective rhodium(I)-catalyzed [3 + 2]
annulations of aromatic ketimines
induced by directed C—H activations.
Angew. Chem. Int. Ed., 50, 11098-11102.
Li, B.-J., Wang, H.-Y., Zhu, Q.-L., and
Shi, Z.-J. (2012) Rhodium/copper-
catalyzed annulation of benzimides
with internal alkynes: indenone synthe-
sis through sequential C-H and C-N
cleavage. Angew. Chem. Int. Ed., 51,
3948-3952.

Ragaini, F., Ventriglia, F., Hagar, M.,
Fantauzzi, S., and Cenini, S. (2009)

61.

62.

63.

64.

65.

66.

67.

Synthesis of indoles by intermole-

cular cyclization of unfunctionalized
nitroarenes and alkynes: one-step syn-
thesis of the skeleton of fluvastatin. Eur.
J. Org. Chem., 2009, 2185-2189.
Nakatani, A., Hirano, K., Satoh, T., and
Miura, M. (2012) A concise access to
(polyfluoroaryl)allenes by Cu-catalyzed
direct coupling with propargyl phos-
phates. Org. Lett., 14, 2586-2589.
Chidipudi, S.R., Khan, I., and Lam,
H.W. (2012) Functionalization of
Cyp3—H and C ) —H bonds: synthe-

sis of spiroindenes by enolate-directed
ruthenium-catalyzed oxidative annula-
tion of alkynes with 2-aryl-1,3-dicarbonyl
compounds. Angew. Chem. Int. Ed., 51,
12115-12119.

Dong, W., Wang, L., Parthasarathy,

K., Pan, F., and Bolm, C. (2013)
Rhodium-catalyzed oxidative annula-
tion of sulfoximines and alkynes as an
approach to 1,2-benzothiazines. Angew.
Chem. Int. Ed., 52, 11573-11576.
Beveridge, R.E. and Arndtsen, B.A.
(2010) A direct, copper-catalyzed func-
tionalization of pyridines with alkynes.
Synthesis, 1000—1008.

Murakami, M. and Hori, S. (2003)
Ruthenium-mediated regio- and stereo-
selective alkenylation of pyridine. J. Am.
Chem. Soc., 125, 4720-4721.

Agawa, T. and Miller, S.I. (1961)
Reaction of silver acetylide with
acylpyridinium salts: N-benzoyl-2-
phenylethynyl-1,2-dihydropyridine. J.
Am. Chem. Soc., 83, 449-453.

de Haro, T. and Nevado, C. (2010) Gold-
catalyzed ethynylation of arenes. J. Am.
Chem. Soc., 132, 1512-1513.



3
Electrophilic Arylation of Arenes

3.1
General Aspects

Most arene arylations belong to one of the reaction types sketched in Scheme 3.1.
In the first step, an arene is metallated by the insertion of a metal into a C-H or
C-X bond. The second step can proceed either via the formation of a diarylmetal
intermediate which undergoes reductive elimination or by aromatic nucleophilic
substitution. In many of the examples presented below, radicals are formed as
intermediates.

Only few examples of the arylation of unsubstituted arenes with aryl halides
had been reported until recently [1]. The oldest examples are copper-catalyzed,
Ullmann-type reactions of aryl halides (mostly iodides) with other arenes or het-
eroarenes. Usually, though, the Ullmann reaction [2, 3] converts aryl halides into
homodimers. Yields of heterodimers are, therefore, often low. Further disadvan-
tages of the Ullmann reaction are the required stoichiometric amounts of copper
and the high reaction temperature. Typical side reactions of the Ullmann reaction
include halogen exchange, reductive dehalogenation, and nucleophilic aromatic
substitutions.

In recent decades, a number of more convenient alternatives to the classic
Ullmann conditions have been developed [4]. The improvements include the use
of only catalytic amounts of transition metals, lower reaction temperatures, and a
better functional group tolerance.

3.2
Arylations with Aryl Halides

3.2.1
Via Cationic Intermediates

Most aryl halides are not electrophilic enough to arylate electron-rich arenes
in the absence of catalysts. Even in the presence of strong Lewis acids, aryl
halides wusually remain unchanged. Only highly electrophilic heteroarenes,
such as 2,4,6-trichlorotriazine (cyanuric chloride), or arenes capable of

Side Reactions in Organic Synthesis I11: Aromatic Substitutions, First Edition. Florencio Zaragoza Dérwald.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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©/X M ©/'V'X ArX or ArH ©/Af

DG

DG\
H M ©/MLn ArX or ArH Ar
X - PhH O -H’ O
L ®

Scheme 3.1 Mechanisms of biaryl formation. M, metal; X, hydrogen or leaving group; DG,
directing group.

forming stabilized cations by halogen abstraction or protonation (e.g., 9,10-
dichloroanthracene and thiophene) arylate other arenes in the presence of AlCl,
(Scheme 3.2).

2.5 eq AlCl3

0.9 eq m-xylene OH
1,2-dichlorobenzene
85 °C, 4 h, then Cl
cl 1.4 eq m-xylene N 1 eq resorcine OH
NSN 35°C,6h NN 80°C, 3h

A N N
o >N eI EP 0779280 ' 7
61%

Scheme 3.2 Arylation of cyanuric chloride [5]. Further examples: [6].

Because the complete abstraction of halides from arenes to generate aryl cations
is unfavorable (because no effective charge delocalization is possible in aryl
cations), most transition-metal-free arylations with aryl halides will proceed via
an addition—elimination mechanism. In acid-catalyzed arylations, the aryl halide
can be protonated to yield a more reactive intermediate, which will, however, not
necessarily react at the halogen-bearing carbon atom (Scheme 3.3). Nor will it react
forcibly with the most stable or representative resonance formula because this will
also be the least reactive one. The complexity of such reactions is further increased
by reactions of the protonated with the unprotonated aryl halide (Scheme 3.3,
last equation).
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Scheme 3.3 Acid-mediated arylations of 2-chlorothiophenes [7-9].

3.2.2
Via Radicals

Most arylations with aryl halides proceed either via metal-halogen exchange or
by the formation of aryl radicals. The latter can be generated in several ways,
for instance, by treatment of aryl halides with tertiary alkanolates (Scheme 3.4).
The best results are usually obtained with two arenes of unlike electron density,
and with a large excess of the “radical accepting” arene (to prevent homodimer
formation). Examples of uncatalyzed reactions of this type and alcoholate-mediated
arylations catalyzed by transition metals have been reported (Scheme 3.4). Radical-
based mechanisms have also been proposed for copper-catalyzed, Ullmann-type
arylations with aryl halides [10].
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Scheme 3.4 Transition-metal-catalyzed arylations with aryl halides mediated by strong

bases [11-15]. Further examples: [16].
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Scheme 3.4 (Continued)

Because radicals are less sensitive than charged intermediates to variations
of electron density in the reacting partner, their regioselectivity is usually low.
Accordingly, mixtures of regioisomers are often obtained during arylations with
aryl radicals (Scheme 3.5).

Reactions performed in the presence of a large excess of a strong base can easily
yield unexpected products. If weakly acidic compounds are deprotonated, they often
become strong reducing reagents, and will be oxidized by even weak oxidants. Air
and other potential oxidants (ketones, polyhaloalkanes, or nitro compounds) should
be meticulously excluded from the reaction mixture. Moreover, strong bases can
lead to aryne formation and thereby to mixtures of regioisomers.

Aryl radicals can also be generated by thermolysis of benzoylperoxides
(Scheme 3.6). This reaction is of little scope, because acylperoxides are also acylating
reagents and can oxidize many functional groups (amines, thioethers, sulfoxides,
olefins, ketones, arenes, etc.). Moreover, the outcome of these reactions varies
strongly depending on the substitution pattern at the arene [21, 22]. Many peroxides,
including diacylperoxides, are explosive, and can detonate spontaneously.

Radicals are short-lived intermediates, and often require high concentrations of
a radical acceptor to give satisfactory yields. Processes that compete with the main
reaction include radical dimerization (homocoupling), reduction (e.g., H-transfer
from the solvent or other hydrogen donors), or reaction with oxygen to form peroxyl
radicals. Radicals can also induce the oligomerization of alkenes or alkynes.

323
Via Transition-Metal Chelates

Arenes substituted with a coordinating functional group can be metallated under
mild conditions and without strong bases by chelate formation. Arylruthenium



66 | 3 Electrophilic Arylation of Arenes

1 eq Phl Ph
N, 1.5eqKOtBu Ph
| 50 °C, 5 min
—
N 63%
40 eq 08014673 36:21:

5% [Cp*IrHCI],

Ph
| OMe 3.3quOtBU OMe Ph OMe OMe
@ . @( 80°C, 30h . O . Q
55% Ph

1eq 40 eq 04cc1926 72:16:12
OH 20% Pd(PPhy), OH O O
Br 3 eq KOtBu
DMA, 95 °C, 2 d O + O
(0] 97joc2 o HO o
87% 2-5%

2 eq (MegSi)3SiH

A 2 eq AIBN

/

N Br Cl 84%
00013933

1eq solvent
Boc 1.1 eq BugSnH
N AIBN, PhMe
MeO,C Z 112°C, 1h
N0 02tet1453
P
Bog Boc, Boc
g § »
MeO,C + MeO,C. AN MeO,C Y
O +
N\ N~ ~O N~ ~O
26% 13% | 5% |

Scheme 3.5 Formation of regioisomers during arylations with aryl radicals [11, 17-20].
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Scheme 3.6 Generation and reactions of aryl radicals from diacylperoxides [23, 24].

and -palladium chelates generated this way can react with aryl halides to yield
biaryls after reductive elimination and regeneration of the catalyst (Scheme 3.7).

3.24
By Transition-Metal Catalysis

A number of arylation reactions with aryl halides have been reported that are
assumed to proceed by metallation of an unsubstituted arene without chelate forma-
tion. Though not strictly necessary, oxidants are sometimes added to these reactions.
The regioselectivity can be low and difficult to predict (Scheme 3.8), but the prin-
ciples governing the regioselectivity (or lack of it) are slowly being understood [33].
Moreover, products of homocoupling are occasionally obtained as byproducts.
One typical side reaction of transition-metal-catalyzed arylations with aryl halides
is the homocoupling of the aryl halide. This reaction can occur under amazingly



63 | 3 Electrophilic Arylation of Arenes

DG DG, DG. >|< DG
H _HX \[RU] ArX \[RU] Ar
+ X—[Ru — /L — + X—[Ru]
r

-N 0.63% [RuCly(p-cymene)],  OAc
2 eq K,CO3, NMP

OAc N N\/ \ N\/
140°C,9h
+
80%
Br 12syn3231

1.1eq 1.0eq
I\ 5% Ru(MesCO,),(p-cymene) I\
O.__N K>COj3, PhMe O.__N OMe
OMe 120°C, 18 h
+
50%
cl 10015032

~ | Br 120 °C, 20 h
N +
94%

2.5% [RuCl,(p-cymene)], O
Z 3 eq K,CO3, NMP =
NS
N
09asc1737
1.0eq 25eq

2.5% [RuCl,(p-cymene)],

=
= 3 eq K,CO4, NMP |
o Cl N 120 °C, 24 h SN
N +
N~ 47% O
09asc1737 |
1.0 eq 25eq N -~
5% Pd(OAC), O
/N XN 2 eq AgOAC /N AN
¢ B ' AcOH, 120 °C, 48 h < B
NT N + NT N
89%
07N oA 10012008 "N oac
AcO y 30 eq AcO ,
OAc 1eq OAc

Scheme 3.7 Arylations via intermediate transition-metal chelate formation [25-31]. Further
examples: [32].
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Scheme 3.7 (Continued)

mild conditions [46—48] (Scheme 3.9). To prevent homocoupling, in most of the
examples given above one of the reactants must be used in a large excess.

33
Arylations with Diazonium Salts

A further simple way to generate aryl radicals is the treatment of arenediazonium
salts with aqueous base (Gomberg—Bachmann reaction). Thereby, diazo anhydrides
(Ar—N=N-O-N=N-Ar) are formed that undergo thermal homolysis to yield aryl
radicals. In the presence of a large excess of another arene, arylation occurs, and
unsymmetric biaryls result (Scheme 3.10). Alternatively, aryl radicals may also be
generated by the photolysis of arenediazonium salts [51].

Not all aryl- or heteroarylamines can be converted to diazonium salts.
Electron-deficient heteroarenediazonium salts (e.g., those prepared from 2- or
4-aminopyridines or 2-aminopyrimidines) undergo fast aromatic nucleophilic
substitution of nitrogen, and are often hydrolyzed to hydroxyarenes. Diazonium
salts prepared from 2-(primary alkyl)anilines are base-labile, and readily cyclize to
indazoles [60]. The diazotization of electron-rich anilines can occasionally lead to
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Scheme 3.8 Transition-metal-catalyzed arylation of unsubstituted arenes with aryl halides
or tosylates [34—41]. Further examples: [33, 42-45].
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Scheme 3.8 (Continued)
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Scheme 3.9 Homocoupling of aryl halides [49, 50].
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Scheme 3.10 Arylations with aryl radicals generated from diazonium salts [52-58]. Further
examples: [59].
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Scheme 3.10 (Continued)

aromatic nitrosation or nitration [61]. Some heteroaryl radicals rearrange to more
stable radicals faster than adding to arenes (Scheme 3.11).

3.4
Arylations with Other Functionalized Arenes

Benzoic and heteroaromatic acids are further precursors for aryl radicals or
metallated arenes, and can be used for the arylation of aromatic C-H bonds
(Scheme 3.12). Benzoyl radicals, formed by the oxidation of benzoic acid salts,
decarboxylate so quickly to aryl radicals that no byproducts resulting from the
benzoyl radicals are usually observed.

Arylpalladium complexes generated by metallation of aromatic C-H groups
through chelate formation readily undergo homocoupling reactions. To achieve
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Scheme 3.11 Decomposition pathways of 2-pyridine and 4-pyrimidinediazonium salts
62, 63].
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Scheme 3.12 Arylations with arenecarboxylic acids [64—66]. Further examples: [67].
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Scheme 3.13  Palladium- and iron-catalyzed arylation of aromatic C—H groups with boronic
acids [68-70].
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Scheme 3.14  Arylation of arenes with arene iodonium salts and sulfinates [71-73].
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Scheme 3.15 Oxidative homodimerization of arenes [75-81].

heterocouplings, the challenge is to find oxidants that will not react with the
nucleophilic coupling partner or with the metallated arene but just convert Pd(0)
to Pd(II). One such oxidant is benzoquinone, a suitable reagent for oxidative
Suzuki couplings. Although benzoquinone can undergo Heck reaction with aryl-
palladium complexes, coupling with the boronic acid is faster. Similar arylations
with arylboronic acids have been achieved with iron catalysis and air as oxidant
(Scheme 3.13).
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Scheme 3.16 Oxidative heterodimerization of arenes [82, 84—90]. Further examples:
[91-96].
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Scheme 3.16 (Continued)

A number of other aromatic electrophiles have been used for the preparation
of biaryls from unsubstituted arenes. These include aryl iodonium salts, sul-
fonyl chlorides, and sulfinates (Scheme 3.14). Few examples of such reactions
have been reported, and little is known about their scope and functional group
tolerance.

3.5
Arylations with Unsubstituted Arenes

Oxidative dimerizations of arenes offer an attractive approach to large, symmetric
molecules. Important syntheses of this type include couplings of phenols to
symmetric 2,2'- or 4,4’ -dihydroxybiphenyls (e.g., for the synthesis of binaphthol [74])
and the oxidative dimerization of pyridine to 2,2’-bipyridine, the key intermediate
for the herbicide diquat (Scheme 3.15).
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1.4 eq iPrMgCl, LiCl, ZnCl,
F 2,2,6,6-tetramethylpiperidine
5% NiCl,, O,, THF, 0-60 °C

NO, 73%
F 10011200
F
F 5% CuClp, O OMe E
E 2 eq tBuOLi = OH
DMF, 20 °C, 2 h F
MeO F 09ja17052 MeO F
F MeO F
F 56% 38%

Scheme 3.17 Oxidative dimerization of metallated arenes [97, 98].

The oxidative coupling of two different arenes is a more difficult reaction,
prone to yielding regioisomeric mixtures of homo and heterodimers [82]. Careful
selection of the reacting partners and reaction conditions, though, can sometimes
lead to high-yielding biaryl syntheses (Scheme 3.16). Common side reactions
include oxidative transformations of functional groups, oxidation to quinones, as
well as hydroxylation, amidation, sulfenylation, and halogenation of the arenes. In
the presence of oxygen and copper salts, N,N-dimethylformamide (DMF) can be
oxidized to cyanide [83], which can lead to the cyanation of arenes or the poisoning
of transition-metal catalysts.

Acidic arenes can be metallated and dimerized by oxidants to yield symmetric
biaryls (Scheme 3.17). Potential side reactions include reaction of the metallated
arene with the oxidant and aromatic nucleophilic substitutions.

Mixtures of oxidants, and flammable organic solvents, and strong bases can
decompose violently, and are usually too dangerous for large-scale preparations.
Reactions such as those shown in Scheme 3.17 should better be conducted in less
flammable solvents and with solid or liquid oxidants that allow a more precise and
controlled dosing.
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4
Electrophilic Acylation of Arenes

4.1
General Aspects

The acylation of arenes and heteroarenes with electrophilic acylating reagents,
in particular the Lewis acid-mediated version, is called after their developers, the
Friedel-Crafts acylation (Scheme 4.1). This reaction gives quick access to a large
variety of aromatic ketones, and is one of the most important C—C bond-forming
reactions. In most instances, stoichiometric amounts of AlCl, are required, because
the products deactivate one equivalent of Lewis acid. Stoichiometric amounts of
other Lewis acids (TiCl,, SnCl,, or FeCl,), trifluoroacetic anhydride [1], or catalysis
by Brensted acids (HF, HCl, H;PO,, MsOH, or TfOH), Lewis acids (ZnCl,,
Fe,0; [2], or BHal;), or insoluble acids [3, 4] can also mediate Friedel-Crafts
acylations if the arene is nucleophilic enough. As alternative to one equivalent
of AICl;, a mixture of AICl; and Al may be used, because the HCI formed will
oxidize Al to AICl;. Under microwave irradiation, Zn powder [5] and Al powder
[6] can also be used as catalysts. Friedel-Crafts acylations can also be conducted
in neat HF or TfOH without any further catalysts. For large-scale industrial
processes, where waste disposal and recycling are important issues, catalytic
processes or recoverable acids (e.g., HF or trifluoroacetic acid) are particularly
valuable.

Intramolecular Friedel-Crafts acylations usually proceed more readily than
intermolecular reactions. Electron-donating groups direct acylations into their
ortho and para positions.

Electron-rich arenes, such as alkoxyarenes or alkylarenes, or electron-rich hete-
roarenes (pyrroles, indoles, and thiophenes) undergo Friedel-Crafts acylation
most easily, and may not require stoichiometric but just catalytic amounts of
acid. In fact, electron-rich arenes will often decompose or oligomerize in the
presence of large amounts of strong acids, so that weaker acids must be used (see
Scheme 4.33).

In most Friedel-Crafts acylations, acyl halides are used as the acylating
reagent, but with electron-rich arenes even weak acylating agents may be
sufficiently reactive, for instance, anhydrides, carboxylic esters [7] or acids,
nitriles, or amides [8] (Scheme 4.2). Less electron-rich arenes, however, require

Side Reactions in Organic Synthesis I11: Aromatic Substitutions, First Edition. Florencio Zaragoza Dérwald.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.

85



86 | 4 Electrophilic Acylation of Arenes
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Scheme 4.1 Mechanism of the Friedel-Crafts acylation. X=leaving group, LA = Lewis acid,
R=alkyl, aryl.
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Scheme 4.2 Examples of Friedel-Crafts acylations [9-12].



4.1 General Aspects

strong acylating agents, such as acyl halides, ketenes, or mixed carboxylic
sulfonic anhydrides.

If a high reaction temperature is required, the choice of the solvent may become
difficult. Most suitable (i.e., non-nucleophilic) solvents (e.g., CCl,, CHCl,, CH,Cl,,
1,2-dichloroethane, or ethers) are not stable under forcing Friedel-Crafts condi-
tions. If the arene itself cannot be used as solvent, nitrobenzene, nitromethane,
or sulfolane [13] may be an option. Friedel-Crafts acylations in ionic liquids have
also been reported [14, 15], but not all ionic liquids are sufficiently stable for this
purpose. Imidazolium salts are particularly reactive toward acylating reagents [16].

Because ketones may act as electrophiles under Friedel-Crafts conditions, an
excess of arene can lead to hydroxyalkylations and olefin formation (Friedel—Crafts
alkylation; Schemes 1.37 and 4.3).

o}
o 0.25 eq AlCl, O
100°C, 6 h
+ E— +
cl 84j0c3832 O X
2eq 1eq 12% 78%
AICI,
, o CH,Cl,, ~38 °C
Fe + cl =
95ac871
5 5 d
‘) @\/& > Feﬂ
| | |
Fe + Fe + Fe \
<= <= <>
30-60% N )
e
10%

Scheme 4.3 Vinylation as side reaction of Friedel-Crafts acylations [17, 18].

Arylketones can also be prepared from unsubstituted arenes by alkylation
with 1,1,1-trihaloalkanes or synthetic equivalents thereof, followed by hydrolysis
(Scheme 4.4). Potential side reactions include the halogenation of the arene and
the reaction of the product as an electrophile or a halogenating reagent.
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F 5% [Pd(MeCN),](BF,),
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F 20°C,2h
89% o
07014639
OMe 2 eqAICl5 MeO o)
MeO FF CH,Cly MeO _Ph
. X Ph 20°C,1h S
Br~ S8~ 90%
11ejoc5911
1eq OMe 2 eq ) MeO
OMe 2 gq ACICIs MeO O OMe
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Scheme 4.4 Friedel—Crafts acylations with vinyl and alkyl halides [19, 20].

4.2
Problematic Arenes

4.2.1
Dealkylation/Isomerization of Arenes

A number of arenes do not undergo Friedel-Crafts acylation in the expected way.
Electron-rich alkylarenes may isomerize or be dealkylated upon treatment with
acids. In fact, secondary or tertiary alkyl groups may serve as the leaving group for
aromatic electrophilic substitutions (ipso substitution), in the same way as protons,
metals, or trialkylsilyl groups.

Electron-rich alkylbenzenes with benzylic C—H groups are potential hydride
donors, and can reduce carbocations while themselves undergoing oligomerization
by Friedel—Crafts alkylation (Scheme 4.5).

Alkoxybenzenes can be dealkylated during Friedel-Crafts acylations to yield
2-acylphenols (Scheme 4.6). In polyalkoxyarenes, mostly the 2-alkoxy group is
dealkylated, which points to chelate formation as the main driver of this reaction.
Depending on the acid used, the alkyl cations formed during such dealkylations
may also alkylate arenes.

422
Styrenes

Olefins and alkynes can also be acylated by acyl halides. Electron-rich alkenes (enol
ethers and enamines) react with strongly electrophilic acyl halides (e.g., trihaloacetyl
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Scheme 4.5 Examples of alkyl group migration, reduction, and ipso substitution during
Friedel-Crafts acylations [21-24].
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Scheme 4.6 Ether cleavage during Friedel-Crafts acylations [25-27].
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chlorides and phosgene) without any additional catalyst [28]. Less nucleophilic
olefins, though, will often require catalysis. In styrenes and alkynylbenzenes,
acylation of the alkene/alkyne can compete with the acylation of the arene.
Depending on the starting materials and the precise conditions, enones or 2-
haloethylketones can result. Oligomerization of the alkene or alkyne is a common
side reaction (Scheme 4.7).

0.4 eq ZnCl,,
Ac,0,0°C,2h 0
20 °C,1h
901a8126
65% 12%
o dcl
2% Rh(acac)(CO)AsPhg cl P

Cl . \/\/\/ toluene, 110 °C, 14 h .

75%
08015469
OMe
OMe 2 eqAICl3 0
o = CH,Cl,
0°C, 15 min
+ —_—
Cl 35%

1 eq o 11jmc8362 O
= 4 eq H,SO,
H,0, 100 °C, 4 h . O
—_—
77-81% O

oscv(4)665

Scheme 4.7 Acylation of alkenes and alkynes [29-32]. Further examples: [33, 34].

423
Anilines, Phenols, and Thiophenols

Anilines and phenols will first be acylated at the heteroatom during Friedel-Crafts
acylations, but the resulting anilides and arylesters still undergo C-acylation with
the expected ortho/para selectivity. To avoid N-acylation of anilines, mixtures of
nitriles and boron trihalides can be used as acylating reagents instead of acyl
halides or anhydrides. Anilides can be selectively ortho-acylated via Pd catalysis [35]
(Scheme 4.8).
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Scheme 4.8 Reaction of aniline and thiophenol derivatives with electrophiles [36—40].
Further examples: [41].

Treatment of anilides and arylesters with acids can bring about the migra-
tion of the acyl group from the heteroatom to carbon (Fries rearrangement).
Esters of thiophenols do not undergo Fries rearrangement, but yield orthoesters
instead [42].

Arenes with basic functional groups (amines, pyridines, imidazoles, ketones,
amides, ureas, etc.) will consume one additional equivalent of acid during
Friedel-Crafts acylations, and may form insoluble salts. Because Friedel-Crafts
acylations are usually conducted in nonpolar solvents, salts may precipitate and
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prevent efficient stirring and mixing of the starting materials. One way to solve
this problem is to use small amounts of DMF (N,N-dimethylformamide) [43] or
sulfolane as solvent, or to skip the solvent and melt the starting materials together
with an excess of AlICl, [44].

Tertiary amines, including N,N-dialkylanilines, are sometimes dealkylated by
acylating reagents under surprisingly mild conditions [45, 46] (Scheme 4.9). Parti-
cularly easy are demethylations, debenzylations, and detritylations.

’i> 1.1 eq DABCO cl
N 2 eq oxalyl chloride N/_\_/

/@/ MeCN, 30 °C, 2 h o
MeO 81% MeO

02syn34 o)
&/

~n7 POCI3, DMF SNTSN SN

N 80 °Cs15 min NN N

then watér, NH4PFg o CHO
PF, +
OO 05rjoc1100 6

CHO CHO

82% 8%

Scheme 4.9 Dealkylation of tertiary amines by acylating reagents [47, 48].

424
Electron-Deficient Arenes

Electron-deficient arenes cannot be readily acylated. A few examples have
been reported of intermolecular Friedel-Crafts acylations of sulfonylarenes,
benzonitriles, other benzoic acid derivatives, or electron-deficient heteroarenes
(pyridines, pyrimidines, triazoles, or pyrazoles). In most examples, these were
activated by electron-donating substituents. Nitroarenes and arylketones, though,
undergo Friedel-Crafts acylations under forcing conditions (Schemes 4.10
and 4.11).

0 2.5 eq FaCSOH, Q

omMe NO: 85°C,8h O O NO.
82%

Scheme 4.10 Benzoylation of nitrobenzene [49].
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Scheme 4.11 Friedel-Crafts acylation of acylbenzenes [50, 51].
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The Friedel-Crafts acylations usually stop after the first acylation, because
acyl groups strongly deactivate arenes toward electrophilic attack. At higher
temperature, however, it is sometimes possible to perform two acylations of the
same arene, even ortho or para to the first introduced acyl group (Scheme 4.11).

If electrophilic acylation is too difficult, electron-poor arenes and heteroarenes
can sometimes be acylated via metallation [52-57] or by acyl radicals [58, 59]
(Scheme 4.12). Oxidative acylations, such as the last two examples in Scheme 4.12,
can be difficult to optimize because of the many potential side reactions, such as
aromatic hydroxylation [60].

4.2.5
Azoles

Often, pyrroles, imidazoles, and indoles undergo Friedel-Crafts acylation under
surprisingly mild reaction conditions (Scheme 4.13). The regioselectivity, though,
can be difficult to predict. The high yield in the last example in Scheme 4.13 is
remarkable because ketene formation and ketene dimerization can, in principle,
compete with the acylation of the imidazole.

During the C-acylation of azoles, a number of additional reactions can
lead to unexpected results. Some azoles and azines dimerize upon treatment
with strong electrophiles (Scheme 4.14), presumably via intermediate carbene
formation, which can cause problems in Friedel-Crafts acylations and other
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Scheme 4.12  Acylation of electron-deficient arenes via metallation [52, 59, 61, 62]. Further
examples: [63, 64].

electrophilic substitution reactions (alkylations, halogenations, nitrations,
etc.). Despite its high thermal stability, imidazole is remarkably unstable
under conditions of Schotten—Baumann acylations, and is usually cleaved
to 1,2-bis(acylamino)ethylenes (Bamberger cleavage [70]). Dimerization or
oligomerization of heterocycles can sometimes be avoided by strong acids, which
reduce the nucleophilicity of heteroarenes and prevent the formation of carbenes.

The regioselectivity of the Friedel-Crafts acylation of indoles depends on the
precise substitution pattern and reaction conditions, and can be difficult to predict.
Even the type of acylating reagent and the solvent can influence the regioselectivity
of the acylation [72]. Unlike pyrrole, unsubstituted indole is usually acylated
at position 3 [73]. Occasionally, though, the acylation of benzylic positions and
dimerization are also observed (Scheme 4.15).
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Scheme 4.13  Friedel—Crafts acylation of imidazoles [65-68]. Further examples: [69].

4.3
Problematic Electrophiles

4.3.1
Problematic Acyl Halides

Some acyl halides can decompose upon treatment with acids and cause the
formation of unexpected products. If decarbonylation of the corresponding acyl
cation yields a stable carbocation, decarbonylation and alkylation by this car-
bocation may become significant (Scheme 4.16). Other readily decarbonylating
acyl halides include oxalyl chloride, other a-oxoacyl halides, and o-amino or
a-oxycarboxylic acid-derived acylating reagents [77-80]. Only electron-rich arenes
(anisoles, thiophenes, etc.) will yield the expected ketones in Friedel-Crafts acy-
lations with such unstable acyl halides. The decarbonylation of acyl halides can



96 | 4 Electrophilic Acylation of Arenes

o Ph
" o 1.5 eq NEt, " Q{\l
MeCN, 20 °C, 2 h
N LI e
[N> Ph™ ~ClI 80% | N N |
H oscv(7)287
1.0eq 1.5¢eq Ph/&o O//I\Ph
OsOEt O~ OEt
aq phosphate buffer (pH 6)
[N\> j\ j’\ 20°C, 4-15 h [NH [NH
+
N, E0” 07 OEt 100% NS0 NH
H
1eq 8eq 80ja6784 Por 0P o
| X
@
| A ('s)' 20°C,3d N”
+ —_—
N cal 40% N
1eq 2eq oscv(5)977 | (?\l _
H

Scheme 4.14 Dimerization and cleavage of heteroarenes upon treatment with electrophiles
[16, 70, 71].

be catalyzed by traces of Pd [81-83] or Rh [84, 85], and clean reactors and
stirring bars (or chelate forming ligands) should be used to prevent this
side reaction.

Acid-mediated rearrangements or the cleavage of strained carbo- or heterocycles
are other potential side reactions of Friedel-Crafts acylations. Arylthioethers, cyclo-
propanes [88, 89], and many other compounds are acid-labile, and can rearrange
under the strongly acidic reaction conditions (Scheme 4.17).

Acrylic acid derivatives can react both as acylating and alkylating reagents.
Acryloyl chlorides usually acylate first. Cyclization of arylvinylketones to
indanones is sometimes observed, especially with o-substituted acrylates
(Scheme 1.28). A further side reaction is the addition of chloride or
other nucleophiles to the highly electrophilic vinyl group of the product
(Scheme 4.18).

Strong electrophiles, such as trichloroacetyl chloride, phosgene, or trifluo-
roacetic anhydride, can act as oxidants. When these reagents are used with
triethylamine as base, acylated enamines are regularly formed as byproducts
[95, 96] (Scheme 4.19). Tertiary amines can also be N-acylated and dealkylated
by acyl or sulfonyl halides. These are some of the reasons why acylations
under anhydrous conditions with tertiary amines as base often yield complex
product mixtures. Inorganic aqueous bases (Schotten—Baumann conditions)
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Scheme 4.15 Acylation of indoles and benzoxazoles [72, 74-76].

are far superior for the preparation of amides or sulfonamides to anhydrous
conditions. Alternatively, the tertiary alkylamine may be replaced by pyridine
or (the cheaper) 3-picoline. 2-Alkylpyridines are not suitable bases for acyla-
tion reactions because these bases are readily acylated at the (acidic) 2-alkyl
group [97].
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Scheme 4.15  (Continued)

43.2
Carboxylic Esters and Lactones

Lactones and noncyclic carboxylic acid esters are dielectrophiles that can react with
nucleophiles as either alkylating or acylating reagents. Simple alkyl esters usually
alkylate arenes, but under optimized conditions Friedel-Crafts acylations can be
achieved (Scheme 4.20).

Butyrolactones and valerolactones react with arenes in the presence of AlCl,
first as alkylating reagents to yield w-arylalkanoic acids. If the reaction is allowed
to proceed, acylation may ensue, to yield cyclic or acyclic ketones. If polyphos-
phoric acid is used as catalyst, though, acylation of arenes is the first reaction
(Scheme 4.21).

If the reaction conditions are too harsh, ring fission of lactones can occur before
reaction with the arene. The resulting carbocations may rearrange to more stable
cations by hydride migration or yield olefins, and cause the formation of unexpected
isomers (Scheme 4.22).



4.3 Problematic Electrophiles

(0]
O 1.3 eq AICl5
© 0°C,0.5h
+ Cl —_— +
50ja4169
1.0 eq 82% 8%
i S
HN 0 AICly, CS, HN HNJ\ NH o
46°C,2.4h
+ Cl U —— + +
(41% conversion)
84joc655 17% 3%, 13%
€]
| co!
(0] (0]

e @
H H H H
Scheme 4.16 Friedel—Crafts acylations with pivaloyl chloride [86, 87].
0)
S/\ polyphosphate ester S
CO.H CHCI3, 20°C, 1 h

A\ 2 A\ Ny g
N 92j0c2694 N N
H H H

51% 8%

0 (0]
1.2 eq AICI; cl
DCE 0°C,2h
T ’ Fr
° FF
11joc3450 78 : 92
o)
2% BBry
o) DCE,20°C,05h MeO
/©/\ then MeOH, NEt,
) ;TR
86c1621 MeO

Scheme 4.17 Acid-mediated transformations of acyl halides [90-92].



100 | 4 Electrophilic Acylation of Arenes

o 2.0 eq A|C|3 (/@)\/\
DCE, 20°C,55h_
=
</© " CI)]\/ 97%

1.0eq 1.2¢eq 02syn2431 46 : 54
(0]
Q Gt 815G, 30
oH12, , CO.H
+ = S E—— 2
CI)J\/ 5%
1eq © 2 eq 90joc2060 COzH

Scheme 4.18 Friedel—Crafts acylation with acryloyl chloride [93, 94].
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Scheme 4.19 Oxidation of trialkylamines by acylating reagents [98, 99].

Hard organometallic reagents, such as Grignard or organolithium compounds,
however, react with lactones first by adding to the carbonyl group, to yield o-
hydroxyalkylketones (Scheme 4.23). Soft organometallics, for example, cuprates,
however, are often alkylated by lactones [104].

In propiolactones, the reactivity toward nucleophiles is reversed: in the presence
of strong Lewis acids, propiolactones acylate arenes. The same is true for hard
organometallics [108, 109], whereas soft organometallics are preferentially alkylated
[108, 110] (Scheme 4.24).
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Scheme 4.21 Friedel—Crafts acylations and alkylations with butyrolactones and valerolac-
tones [100-102].

433
Carbonic Acid Derivatives

Carbon dioxide can react with arenes in the presence of either strong bases
or strong acids. One important example of this reaction is the preparation of
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Scheme 4.22 Friedel-Crafts acylations with lactones [103].
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Scheme 4.24 Reaction of propiolactones with various nucleophiles [111-115].

salicylic acid by the carboxylation of sodium phenolate (100bar, up to 190°C;
Kolbe—Schmitt synthesis). Unfortunately, this valuable reaction is of limited scope,
and only gives high yields with some phenolates [116], but not with alkoxyarenes,
anilines, or thiophenols. Even dilithiated carbazoles do not readily react with
CO, [117].

A number of alternative (but more expensive) reaction conditions have been
developed that enable the direct carboxylation with CO, of less strongly acti-
vated arenes (Scheme 4.25). The first example in Scheme 4.25 proceeds via an
arylaluminum intermediate.

Carbon disulfide is also quite unreactive in the presence of AlICl, and arenes,
and is often used as solvent for Friedel-Crafts reactions. Electron-rich arenes,
though, can be dithiocarboxylated with CS, (Scheme 4.25). For instance, toluene
is converted to dithio-4-toluic acid in the presence of AlBr; (24% yield after 24 h at
20°C [118]).
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Scheme 4.25 Carboxylation of arenes with CO, [118-120] and CS, [121].

An alternative to the reaction with unreactive CO, are Pd-, Rh-, or Ru-catalyzed
carbonylations with CO or formic acid (Scheme 4.26). Aryl bromides are the most
common starting materials for Pd-catalyzed carbonylations, but unsubstituted
arenes can also be used [53, 55, 122] (Scheme 4.26). Further alternatives include
acetylation followed by haloform reaction, or lithiation followed by treatment with
CO,. As shown by the last reaction in Scheme 4.26, Pd catalysis in the presence
of carboxylic acids and oxidants can also lead to aromatic hydroxylation. In the
presence of alcohols, alkoxylations may also occur [123].

Phosgene or triphosgene can be used to prepare benzoyl chlorides [126], but
benzophenones are common byproducts. A synthetic equivalent of phosgene is
oxalyl chloride, which decarbonylates in the presence of AICl;, and can be used to
prepare benzoyl chlorides in high yield (Scheme 4.27).

Cyanogene halides (Hal-CN) may react either as electrophilic cyanidation
reagents or as halogenating agents. Halogenation is particularly preferred with
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Scheme 4.26 Pd-catalyzed carboxylation of arenes [124, 125].

cyanogen bromide and in the absence of strong Lewis acids (Scheme 4.28; for
cyanations, see, e.g., [131]).

A few examples of Friedel—Crafts reactions with carbonic acid derivatives, such
as carbamoyl chlorides (R,NCOCI), aryl chloroformates (ArOCOCI), or isocyanates,
have been reported (Scheme 4.29). These reactions work best with electron-rich
arenes, which even react with carbamates or ureas [136]. Aliphatic chlorofor-
mates (ROCOCI) cannot be used as C-acylating reagents under acidic conditions
because these reagents mainly alkylate arenes [137]. At high temperatures and
in the presence of AICl;, aryl chloroformates can be converted to aryl chlorides
(Scheme 8.65).
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Scheme 4.27 Reaction of triphosgene and oxalyl chloride with arenes [127-129]. Further
examples: [130].

434
Formic Acid Derivatives

Formyl halides decompose to CO and hydrogen halide, and are too shortlived for
synthetic applications [141]. Only formyl fluoride (bp 29 °C) is sufficiently stable
to be used in Friedel-Crafts acylations, and has in fact been used to prepare
benzaldehydes [142]. Benzaldehydes can also be prepared by treating arenes with
HCI/CO in the presence of AlCl; (Gattermann—Koch reaction, e.g., [143]).

Mixed anhydrides usually acylate with the less electrophilic acyl group,
and the mixed acetic—formic acid anhydride will therefore acetylate and not
formylate arenes. No Friedel-Crafts acylations with formic acid esters have been
reported, probably because formates readily decarbonylate under acidic (and
basic) conditions [144]. Certain catalysts, though, can promote the formylation
of benzene or other arenes with formic acid [145]. Electron-rich aryl formates
do undergo Fries rearrangement in fair yields [146]. The best yields for
electrophilic formylations, however, are achieved with the Vilsmeier reaction
(DMF/POCI;). Further alternatives include the Reimer—Tiemann reaction
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Scheme 4.28 Cyanations and brominations with BrCN [132-135].

(formylation of phenols with chloroform and a base, e.g., [147]) and formylations
with urotropine (Duff reaction, e.g., [148]), formaldehyde, HCN, or MeOCHCI,
(Scheme 4.30).

The formylating intermediate of the Reimer—Tiemann reaction is dichlorocar-
bene [153], and only phenols and pyrroles can usually be formylated. A comple-
mentary reaction is the vicarious nucleophilic substitution with the trichloromethyl
anion at strongly electron-deficient arenes to yield dichloromethyl arenes, which
are synthetic equivalents of benzaldehydes [154].

Because uncomplexed carbenes are highly reactive and therefore only sparsely
selective, yields of the Reimer—Tiemann reaction are generally low. Typical bypro-
ducts result from the attack of the carbene at substituted positions, from cyclo-
propane formation, and from reactions of dichlorocarbene or the trichloromethyl
anion with functional groups (Scheme 4.31). Under optimized conditions, the yield
of some of these byproducts may be sufficient for preparative purposes [155].

Electrophilic formylations proceed well only with electron-rich arenes. Electron-
deficient arenes and heteroarenes are better formylated via metallation or by
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Scheme 4.29 Friedel-Crafts carboxylation with carbonic acid derivatives [138-140].
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Scheme 4.30 Examples of electrophilic aromatic formylations [149-152].
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Scheme 4.31 Side reactions of the Reimer—Tiemann reaction [156-159]. Further
examples: [160].
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radical formylations. The regioselectivity of the latter, though, is often poor
(Scheme 4.32).

2 eq tBuOOH, 1 eq CF3CO,H CHO
o 0.01 eq FeSO,4, MeCN (200 mL)
r W 82°C,5h X X
then 10% H,SO, +
o_ _0O 290y
75% N” "CHO N

86j0c536 6:4

+
N

83 eq

1.5 eq LiCl, THF

—25°C, 0.3h Y
©\/j/ then 1.75 eq DMF @(\/E
/>N \ 91% N” >CHO

1.0eq

MgCI 09ejoc1781
1.5eq

Scheme 4.32 Formylation of electron-deficient arenes [56, 161].

435
Mixed Carboxylic Anhydrides and Other Polyelectrophiles

Electrophiles with more than one electrophilic functional group of similar reac-
tivity are inherently problematic. One important class of polyelectrophiles is
mixed carboxylic anhydrides. Counterintuitively, these react with arenes under
acidic conditions mainly with the less electrophilic carbonyl group (Scheme 4.33).
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© o o _0°C.3h
+
)J\OJ\/\ T %

S

W

1eq

27:73

3 eq SnCl,
0°C,5h

63joc674
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mainly tar
" 66joc1283
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" )J\O)J\/\ 77,% \_/ +

39: 61
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Scheme 4.33  Selectivity of mixed anhydrides in Friedel-Crafts acylations [162, 163].



4.3 Problematic Electrophiles | 111

For instance, acylations of arenes with the mixed acetic—formic anhydride do not
yield benzaldehydes but acetophenones. The reason for this could be that the
less electrophilic acyl group forms an acyl cation more readily. To achieve higher
chemoselectivity, one of the two acyl groups must be sterically shielded or strongly
deactivated electronically.

In contrast to mixed carboxylic anhydrides, mixed carboxylic carbonic anhydrides
react in the expected way with the more electrophilic acyl group (Scheme 4.34).

O O (6]
O)J\O/\ CGHG’ A|C|3
—_—
_N %o .
o 38% o N
86sc1839
2v12
MeO. 30 OC, 5h MeO
o 9 O NH
O HN\« F 84% 5 E
10eq ° F US 2012123144 F
5.7 eq

Scheme 4.34 Friedel—Crafts acylation with mixed carboxylic carbonic anhydrides [164, 165].

The acid-mediated conversion of acetals and related compounds into carbo-
cations often proceeds faster than the formation of acyl cations. Therefore,
compounds containing both a reactive acyl group and the synthetic equivalent
of an acetal substructure can react faster as alkylating reagent than as acylating
reagent (Scheme 4.35). Under basic reaction conditions, though, the acyl group is
often more reactive [166].

(@) cat ZnClz, CH2C|2 o}
Py reflux, 26 h L
* o N el ey Nl
H (]

4eq 1eq 63joc1825

MeO
1eq SnCl, X
o_\\o MeO CH,Cl,, 0 °C m
+ > Z OMe
N 39%
o] OMe NH
09tet4440 o

Scheme 4.35 Friedel-Crafts alkylation with aldehyde derivatives [167, 168].
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5
Electrophilic Halogenation of Arenes

5.1
General Aspects

Halogenation is an important tool for the functionalization of arenes. Most
halogenations proceed by electrophilic aromatic substitution of hydrogen or other
electropositive groups, for example, silanes, boranes, main group and transition
metals, and secondary or tertiary alkyl groups. The halogens are ortho/para directing
but only slightly deactivating, and polyhalogenation is a common side reaction.
Regioselectivity is often an issue, too.

One alternative mechanism, which often dominates when arenes are easily
oxidized (i.e., have low oxidation half-wave potentials), is single-electron transfer
between the arene and the halogenating reagent. The intermediate radical cation
can then either abstract a halide from the halogenating reagent, to yield a pair of
radicals, or abstract a halogen radical to yield a protonated aryl halide. Halogen
radicals can also be formed by thermal or photochemical homolytic cleavage of the
halogenating reagent, and add to the arene. A further potential mechanism is the
classical radical chain halogenation (last equation, Scheme 5.1).

Large-scale halogenations are usually performed with elemental halogens or, less
wastefully, with halides and an oxidant (O,, H,0,, or electrochemical oxidation).
Gas-phase halogenations at high temperatures or gas-phase photohalogenations
are conducted on a very large scale. Reagents such as PCls, SO,Cl,, SOClL,,
CuCl,, and ArSO,Cl can also be used for oxidative chlorinations. For small-scale
preparations, a more precise dosing of halogenating agent can best be achieved
with solid halogenating reagents, such as N-halo amides or imides.

When interhalogens are used as the halogenating reagent, it is usually the heavier
halogen that forms the bond to carbon, but not always (Scheme 5.2). The selectivity
depends on whether the halogenation proceeds via ions or radicals [1].

5.2
Typical Side Reactions

The outcome of halogenations with non-halogens can be difficult to predict,
because more than one product can be formed. Non-radical halogenations with

Side Reactions in Organic Synthesis I11: Aromatic Substitutions, First Edition. Florencio Zaragoza Dérwald.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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N-halosuccinimides, for instance, often yield N-arylsuccinimides instead of aryl
halides. Similarly, sulfonyl halides do not only halogenate but often also act
as sulfonylating reagents (Scheme 5.3). N-Halosuccinimides are unsuitable for
the halogenation of unreactive substrates because N-halosuccinimides readily
isomerize into unreactive 3-halosuccinimides [4]. A better alternative is trichloroiso-
cyanuric acid.

Aromatic halogenations in the presence of nucleophiles can lead to arylation
of the latter. This often happens during fluorinations, but can also occur with
brominations or iodinations (Scheme 5.4). Alternatively, a nucleophile present in
the reaction mixture may be oxidized by the halogenating reagent, and be converted
into a competing electrophile. Such side reactions can be avoided only by excluding
other nucleophiles from the reaction mixture. During fluorinations, though, even
dichloromethane may act as chloride donor.
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Scheme 5.4 Competition of other nucleophiles with halides during halogenations [9-13].
Further examples: [14].



5.3 Regioselectivity

Instead of hydrogen, other substituents may be replaced during aromatic elec-
trophilic halogenations. Particularly sensitive are tertiary and secondary alkyl
groups, as well as alkyl groups that readily form a stable carbocation, such as
1-hydroxyalkyl or benzyl groups (Scheme 5.5).

O OH 1.2 eq CsSO,F O ?
O MeCN, 35 °C, 1 h O F
+
97j0c4916

oH o 1.1 eq HCIO, (1M) Br
THF,20°C, 18 h & N
N o+ e © | N
N N 92% N
\ 87joc4384 \
1.0eq 1.1eq

Scheme 5.5 Electrophilic substitution of hydroxyalkyl groups [15, 16].

Aromatic iodinations can be accomplished by treatment of arenes with potassium
iodide and oxone [17]. An excess of oxone may, however, convert aryl iodides into
iodonium salts, which are strong oxidants, and can bring about the Hofmann
rearrangement of amides [18], aromatic hydroxylations, biaryl formation [19], or
other oxidations.

5.3
Regioselectivity

Electrophilic aromatic halogenations show similar regioselectivities as other elec-
trophilic aromatic substitutions, but mixtures of regioisomers are often obtained
(Scheme 5.6). Halogenations via radicals are even less regioselective than ionic
halogenations, and can also cause aliphatic halogenation. Small amounts of iodine
or the hydrogen halide formed during the reaction can modify the regioselectivity of
halogenations, and it will therefore usually be easier to optimize the regioselectivity
of aromatic halogenations if the reaction mixture is buffered (e.g., by using an
acid or a base as solvent), to keep the proton concentration approximately constant
throughout the reaction.

High regioselectivities can sometimes be attained by intermediate chelate for-
mation, or by intramolecular transfer of Hal* (Scheme 5.7). In most reported
examples, the halogenation is directed into the ortho position of phenyl groups.
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Scheme 5.6 Regioselectivity of brominations [20-24].
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Scheme 5.7 Directed regioselective halogenations [25-31]. Further examples: [32].
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5.4
Catalysis

Aromatic halogenations can be catalyzed by enhancing the electrophilicity of the
halogenating reagent (usually with acids), or by enhancing the nucleophilicity of
the arene (often by bases or by metallation). Examples of transition-metal catalysis
have been reported in which aromatic metallation occurs before halogenation
(Scheme 5.8). An alternative mechanism is single-electron transfer from the arene
to a metal cation, followed by addition of the halide to the arene, oxidation,
and deprotonation.

Halogenations in the presence of transition metals can yield numerous unex-
pected products. Common side reactions include oxidative dimerization of the
arene [14], hydroxylation, and various functional group transformations. If reactive
solvents are used, such as dimethyl sulfoxide (DMSO) or N,N-dimethylformamide
(DMF), strong Lewis acids can cause still further unwanted transformations
(Scheme 5.9).
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Scheme 5.8 Catalyzed aromatic electrophilic halogenations [31, 33-36]. Further examples
and mechanistic studies: [37-40].

5.5
Fluorinations

The high reactivity of elemental fluorine, the exothermicity of C—F bond formation,
the basicity of fluoride, and other properties of fluorine complicate fluorinations.
Direct electrophilic fluorination with F,/N, mixtures is possible, but rarely used
because of its low selectivity. Other fluorinating reagents have been developed that
are easier to handle and enable more selective fluorinations.



130 | 5 Electrophilic Halogenation of Arenes

X 2 eq CuCl, X A
N DMF, 80 °C, 30 h N . N
\ 64% conversion \ cl \ 7 cHo
MeO,C 09011187 MeO,C MeO,C
57% 10%

CO,Me 1.5 eq CuCl,
N MeCN, 40 °C, 17 h N =

s N7 09011187 N

FeBrg, CHCly

/" 07joc7207

H
N O
3 eq FeBrg
i THF/H,0 5 : 2
20°C,20h
96% N
H

Br

Scheme 5.9 Formylation and arene dimerization as side reactions of halogenations in the
presence of transition metals [41, 42].

Typical side reactions of electrophilic aromatic fluorinations include multiple
fluorination, dearomatization [43], substitution of other halogens or hydroxyl
groups by fluorine, and reactions of the substrate with other nucleophiles or with
the solvent (e.g., hydroxylation or acetoxylation; see Scheme 5.4). Treatment of
arenes with synthetic equivalents of F* in the presence of other nucleophiles
can yield little fluoroarene and a lot of arylated nucleophile (see, e.g., [44] and
Scheme 5.10). Electrophilic fluorinations usually require the absence of oxidizable
solvents and nucleophiles. Most potential intermediates X—F will not fluorinate,
because fluoride is usually the better leaving group.

The reaction of strong fluorinating reagents with acetophenones can bring about
deacylation and the formation of fluorinated arylethers (Scheme 5.11). Sulfur
fluorides will usually convert acetophenones into 1,1-difluoroethylbenzenes.
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Scheme 5.10 Electrophilic fluorinations [43, 45—47]. Further examples: [48].
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Scheme 5.11 Reaction of acetophenones with XeF, [49].

Sulfur fluorides (SF, or R,NSF;) are the reagents of choice to convert carbonyl
groups into geminal difluorides. These reagents are not well suited for electrophilic
aromatic fluorinations, but may do so anyway in the case of catechols (Scheme 5.12).
Polyhydroxybenzenes, such as catechol, resorcinol (1,3-dihydroxybenzene), or
phloroglucinol (1,3,5-trihydroxybenzene), can behave as ketones and thus undergo
oxygen—fluorine exchange upon treatment with sulfur fluorides.

MeO _SF
6eq e \/\N 3
on  1.05eq Phi(OAc), MeO._]
CHClz, 20 °C, 5 min 0 CHCly, 20 °C, 1 h
OH 1102714 o
F o) F F
oy +
F
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43% 10% 26%

Scheme 5.12  Fluorination of catechols [50].

5.6
Electron-Deficient Arenes

Electron-deficient benzenes can often be halogenated cleanly, as long as they do not
contain sensitive functional groups (Scheme 5.13). Strong mineral acids (H,SO,
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Scheme 5.13 Halogenation of electron-deficient arenes [51, 52]. Further examples: [53].

or HNO;) are best suited as solvents, and the reactivity of the halogenating reagent
may be further enhanced by aluminum halides or other Lewis acids.

Polyhaloarenes or other acidic arenes can be halogenated via in situ metallation
by strong bases (Scheme 5.14). A requirement for the base is that it should
be unreactive toward the halogenating reagent, and only few bases fulfill this
requirement. Tertiary alcoholates seem to be well suited, but one must be cautious,
nevertheless, because mixtures of strong bases and electrophiles can decompose
violently. On a larger scale, such reactions should be conducted in a dose-controlled
manner, that is, by adding either the base or the halogenating reagent slowly, as
the reaction proceeds.
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2.5 eq tBuOLi
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74%
NO, 11joc3416

Cl

Cl 4 eq tBuOLi Cl
15eqICl
cl DMF, 120°C,3h  ©

90%
cl Cl 09j0c8309 cl cl
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Scheme 5.14 Halogenation of C—H acidic arenes by in situ metallation [54, 55].

5.6.1
Pyridines

Pyridine is as electron-deficient as nitrobenzene, and is therefore difficult to halo-
genate. Treatment of pyridine with bromine leads to polymers, and only pyridinium
salts can be brominated (under forcing conditions) in fair yield (Scheme 5.15).
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Scheme 5.15 Halogenation of pyridines [56—60]. Further examples: [61].

Lewis acid “catalysis” requires an excess of Lewis acid because the pyridine will neu-
tralize one equivalent of the acid. The chlorination of pyridine is best accomplished
thermally or photochemically in the gas phase [56].

The reactivity of pyridines can be enhanced by conversion to the N-oxides.
By treatment with POCI; or phosgene, pyridine N-oxides are converted to
2-chloropyridines in high yield. Similarly, N-aminopyrroles are converted to
2-chloropyrroles by treatment with HCI (Scheme 5.16).

5.6.2
Benzoic Acid Derivatives

Benzoic acid derivatives are often halogenated with poor or unpredictable regiose-
lectivity. After an initial halogenation of position 3 (meta), the second halogenation
usually occurs at position 6 (ortho) (Scheme 5.17). Large amounts of Lewis acids
may be required to achieve high yields [65]. Carbonyl groups are usually meta-
directing, but can also be ortho-directing by chelate formation or intramolecular
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Scheme 5.17 Halogenation of benzoic acids and benzoates [66—69].
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Hal™ transfer. In the presence of strong acids, benzoyl cations may be formed that
are strongly deactivated and difficult to halogenate. Moreover, esters, amides, or
nitriles may undergo hydrolysis or alcoholysis upon treatment with strong acids.

One further problem of the halogenation of benzoic acids is their propensity to
decarboxylate, in particular in the presence of transition metals [70—73]. Decar-
boxylative halogenation (Hunsdiecker reaction) usually occurs upon treating silver
salts of benzoic acids with halogens, but may also take place without salt formation
and in the absence of silver (Scheme 5.18). Hydroxybenzoic acids, naphthalenecar-
boxylic acids, cinnamic acids, and many heteroarenecarboxylic acids decarboxylate
particularly easily.
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Scheme 5.18 Decarboxylative halogenations [74-77].

Benzonitriles can also be difficult to halogenate, and mixtures of meta- and
ortho-halogenated products often result [65] (Scheme 5.19). Moreover, cyanogroups
are readily hydrated or hydrolyzed in the presence of strong acids or bases. The
resulting amides will be N-halogenated by most halogenating reagents, and undergo
Hofmann rearrangement when treated with bases.
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Scheme 5.19 Halogenation of benzonitriles [68, 78—80]. Further examples: [81].

5.7
Electron-Rich Arenes

The halogenation of electron-rich arenes and heteroarenes proceeds readily, and
can be difficult to control. Multiple halogenations, arene hydroxylation, formation
of quinones or quinone imines (from arylethers, phenols, or anilines), loss of
aromaticity, and even C—C bond cleavage can occur if an excess of halogenating
reagent, a strong oxidant, or too stringent reaction conditions are used. In fluorina-
tions with F,, this is often observed but also chlorinations can cause rearrangements
and C-C bond cleavage (Scheme 5.20).

137



138 | 5 Electrophilic Halogenation of Arenes

S0O,Cl,, S,Cl,
AlCl,, 69 °C, 9 h
92joc5712 c
[
cl
Clcl ¢l cl | Cl Cl
c ~ ol
OO O o
Cl cl cl
C| cl’ ¢l cl’ ¢l ¢ c Cl
Y 8%
® 33% ®
+ ClI —H
Cl
Cl
Clcl Cl o a © _— Cl
cl “ cl cl [
./ H —HCI
A % Cl % Cl
cl Cl cl
Cl Cl
cl Cl ClI c Cl c Cl

Scheme 5.20 Exhaustive chlorination of methylnaphthalene [82].

5.7.1
Phenols and Arylethers

The uncontrolled chlorination of phenol yields polychlorinated cyclohexenones,
cyclohexadienones, and benzoquinones. At high temperatures, even chlorinated
dibenzodioxines may be formed. Clean monohalogenation of phenols and alkoxy-
benzenes requires low reaction temperatures and a slight excess of halogenating
agent only. Scavengers such as amines or thioethers may be used to diminish
the reactivity of the halogenating reagent and improve the selectivity. Under care-
fully controlled conditions, even hydroquinones can be monohalogenated without
significant quinone formation (Scheme 5.21).

Alkylphenols can be readily dealkylated during halogenations if the reaction
mixture is not buffered (Scheme 5.22). Similar dealkylations are also frequently
observed with other electron-rich alkylarenes (see, e.g., Scheme 5.5). In the absence
of bases, halogenations with halogens will generate hydrogen halides, which can
catalyze numerous unwanted transformations.

During halogenations of 2-aryl or 2-heteroarylphenols, cyclization to benzofurans
may occur (Scheme 5.23).

5.7.2
Anilines

Under basic conditions, anilines are readily halogenated, but may also be oxidized
(e.g., to quinones) and polymerized. Better yields are often obtained under acidic



5.7 Electron-Rich Arenes | 139

O

/©/0Me Cly, 25°C, 5 h /@:
o 82joc5270

52% 26% 22%
(+ other non-
aromatic products)
2.4 eqBr,

/©/OH tBuOMe, —13 °C, 2 h /©:OH
85%
HO HO Br

00sl1561

SO,Cl,
Ph__ O tetramethyl-
piperidine
PhMe, 70 °C

11014224
58% 15%

Scheme 5.21 Halogenation of phenols and arylethers [83-85].
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Scheme 5.22 Dealkylation of phenols during halogenation [86].
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Scheme 5.23 Formation of benzofurans from 2-arylphenols [87, 88].
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Scheme 5.24 Halogenation of anilines [91-97].
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reaction conditions. Weak acids (e.g., AcOH) lead mostly to ortho/para halogena-
tions, while strong acids (e.g., H,SO, as solvent) can sometimes promote meta
halogenations, but only rarely are pure products obtained [89, 90] (Scheme 5.24).

Some typical side reactions of the halogenation of anilines include the halo-
genation or dehydrogenation of alkyl groups and the oxidation to quinones
(Scheme 5.25). One older technical process for the production of benzoquinone is,
in fact, the oxidation of aniline [98]. The oxidation of anilines with H, 0O, in acetic
acid can lead to the formation of nitroso and nitrobenzenes [99].
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Scheme 5.25 Dehydrogenation and oxidation of anilines [100-102].

N-Acylated anilines are ortho/para halogenated under most reaction conditions.
As with unacylated anilines, N-halogenation can readily occur [103], but the
products are halogenating reagents themselves and are readily reduced. One
further competing process during the halogenation of anilides is the cyclization to
benzoxazoles (Scheme 5.26). This cyclization can become dominant for thioamides
(cyclization to benzothiazoles) or N-aryl amidines (cyclization to benzimidazoles),
because thiazoles and imidazoles are quite stable aromatic heteroarenes (more
aromatic than oxazoles) that are readily formed.

Tertiary amines can be dealkylated by treatment with halogens or cyanogen
halides. N-Dealkylation is therefore a potential side reaction during the halogenation
of N-alkylanilines (Scheme 5.27).
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Scheme 5.26 Halogenation of N-acylanilines [104—106].
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Scheme 5.27 N-Dealkylation of anilines during bromination [107-109].
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Scheme 5.28 Examples of the halogenation of azoles [110-116]. Further examples: [117].
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5.7.3
Azoles
Most azoles can be halogenated cleanly, but some optimization of the reaction
conditions may be required. Pyrroles and indoles are highly nucleophilic, and will
often be halogenated faster than most other electron-rich arenes (Scheme 5.28).
As in the case of electron-rich arenes, the halogenation of electron-rich azoles
can be beset with byproducts caused by intermediate radical formation or other
oxidations. Hydroxylation or the formation of lactams is occasionally observed
during the halogenation of pyrroles and indoles (Scheme 5.29).
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Scheme 5.29 Lactam formation during the halogenation of azoles [118, 119].

The regioselective halogenation of azoles can sometimes be difficult. A possible
alternative is the exhaustive halogenation of an azole, followed by selective reduc-
tive dehalogenation (Scheme 5.30). The regioselectivity of such dehalogenations,
however, is highly substrate-dependent and again difficult to predict.
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Scheme 5.30 Examples of the dehalogenation of polyhaloimidazoles and -thiazoles
[120-122].
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Scheme 5.31 Halogenation of an azidoimidazole [124].

Arenes substituted with heteroatoms bearing a leaving group (aryl azides, N-
arylhydroxylamines, N-halo-N-arylamides, N-arylhydrazines, etc.) can rearrange to
yield disubstituted arenes [123]. Such rearrangements sometimes also occur with
azoles and other heteroarenes (Scheme 5.31).

Side-chain halogenation is a further side reaction observed during the halogena-
tion of azoles, which may even occur in the absence of radical starters (Scheme 5.32).
Indoles halogenated in positions 2 or 3 are unstable, and sometimes trimerize to
benzenes during their formation (Scheme 5.33).
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Scheme 5.32  Side reactions during the halogenation of alkylindoles [125, 126].
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Scheme 5.33 Trimerization of 2- and 3-haloindoles [127].
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5.8
Sensitive Functional Groups

Halogens and most halogenating reagents are strong oxidants. Halogenations
are therefore often accompanied by dehydrogenations and radical oligomeriza-
tions. Many functional groups react with halogenating reagents, and selective

halogenations can require careful control of the reaction conditions. Avoiding an
excess of halogenating reagent, adjusting the pH, or adding a scavenging reagent
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Scheme 5.34 Aromatic halogenation of olefin-containing arenes [114, 128-130].
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to consume the excess halogenating reagent (amines or thioethers) sometimes
suffices to achieve highly selective aromatic halogenations.

5.8.1
Alkenes

The addition of halogens to alkenes is a fast reaction, and only highly reactive
arenes will be halogenated faster than alkenes. A few instances of such reactions
have been reported, but yields are mostly low. One exception is iodination: normal
alkenes do not react with iodine, so aromatic iodination is possible in the presence
of olefins (Scheme 5.34).

Compounds that undergo p-elimination during halogenations may be trans-
formed into 1,2-dihalides or halohydrins, depending on the halogenating reagent
used (Scheme 5.35; see also Scheme 5.6).

5.8.2
Amines

When tertiary amines are treated with halogens, iminium ions are usually formed,
which undergo hydrolysis to yield aldehydes or ketones and dealkylated amines
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90°C,4h /@/\ Br
> 85%
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Scheme 5.35 Bromination of a benzyl bromide [131].
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Scheme 5.36 Oxidative cleavage of amines [134, 135].
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[132, 133]. When amines are dealkylated under oxidative conditions, the removed
alkyl groups can be converted into reactive alkylating or acylating reagents. These
newly formed reactive intermediates may cause alkylation or acylation of electron-
rich arenes (Scheme 5.36).

5.8.3
Ethers

Electron-rich benzylic ethers are sensitive to oxidants, and can be converted to
aldehydes or ketones during halogenation reactions. These reactions proceed
either via radicals or by hydride abstraction (Scheme 5.37).

5.8.4
Thiols and Thioethers

Most thiols are strong reducing reagents and will be oxidized to symmetric
disulfides by halogens. A large excess of halogen can lead to the halogenation of

@
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Scheme 5.37 Oxidation of ethers upon treatment with halogenating reagents [136—138].
Further examples: [139].
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thiols at sulfur. Both sulfenyl halides and disulfides can react with electron-rich
arenes to yield aryl thioethers, in particular when activated by halogenating agents
or Lewis acids.

Thioethers will usually be converted to sulfoxides and then to sulfones when
treated with a halogenating reagent in the presence of water. This can sometimes
be avoided by using acetic acid as solvent, or by avoiding protic solvents altogether.
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Scheme 5.38 Halogenation of thiols, thioethers, and sulfoxides [140-143].
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Scheme 5.39 Halogenation of benzaldehydes [144, 145].
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Thioethers and sulfoxides will be attacked by most halogenating reagents to yield
electrophilic intermediates that are capable of reacting with various functional
groups in unpredictable ways (Scheme 5.38).

5.8.5
Aldehydes, Ketones, and Other C—H Acidic Compounds

Aldehyde-derived acetals, aminals, oximes, hydrazones, and hydrates are potent
hydride donors, and can be oxidized by halogenating reagents. Accordingly, the
oxidation of aldehydes can sometimes be prevented by excluding water, alcohols,
and amines from the reaction mixture. The oxidation of aldehydes is, nevertheless,
a common side reaction of halogenations (Scheme 5.39).
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Scheme 5.40 Halogenation of C—H acidic ketones and amides [146—150].
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Scheme 5.41 Halogenation and oxidation of benzamides [18, 151].

Alkylketones and other C—H acidic compounds are readily halogenated at
carbon. In the case of strongly C—H acidic compounds, these reactions are
reversible. Electron-rich arenes, such as phenols or acylated anilines, will usually
be halogenated faster than ketones (Scheme 5.40).

5.8.6
Amides

Amides are readily N-halogenated. In the case of ammonia-derived amides, the
resulting products undergo dehydrohalogenation upon treatment with bases and
rearrange to isocyanates (Hofmann rearrangement). With some oxidants, Hofmann
rearrangement may even occur in the absence of bases. If an excess of oxidant is
used in the presence of water, the intermediate amine may be oxidized further, for
instance, to quinones (Scheme 5.41).
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6
Electrophilic Formation of Aromatic C—N Bonds

6.1
Nitration of Arenes

6.1.1
Mechanisms

The electrophilic nitration of arenes, a key step for the preparation of most older
explosives, is usually performed with NO,* generated from mixtures of nitric and
sulfuric acid. Alternatives to sulfuric acid as dehydrating reagent include Ac,O,
trifluoroacetic anhydride, or acidic heterogeneous catalysts [1]. Isolated nitronium
salts, for example NO,BF,, and O;/NO, [2], are also useful nitrating reagents.
Nitrations in ionic liquids [3] and eutectic melts [4] have also been reported.
Nitrosations with NO* often yield nitroarenes as byproducts [5] (Scheme 6.1).

1.8 eq HNOg
N\] H,SO,, 50 °C, 21 h ]
cl N 82%

030prd318

1 eq HNO3
10% Hf(OTf),

/@/F DCE, 84 °C, 24 h /@EF
F 65% F NO,

00slI57

Scheme 6.1 Examples of aromatic mononitrations [6, 7].

Nitrations proceed by the same mechanism as other electrophilic aromatic
substitution reactions. Because of the strong electron-withdrawing effect of the
nitro group, multiple nitrations would not usually be expected, but often such
products are obtained as byproducts in small quantities (Scheme 6.2). Exhaustive
polynitrations require harsh reaction conditions, and will often fail as a result of
oxidative degradation of the products. Penta- or hexanitrobenzene, for instance,
cannot be prepared by direct nitration but only by nitration of anilines, followed by
oxidation or substitution of the activating amino group [8].

Side Reactions in Organic Synthesis I11: Aromatic Substitutions, First Edition. Florencio Zaragoza Dérwald.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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NO.
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40% 24% 4%
o} (0]
HNOj,, H,SO,
Q.O reflux, 9.5 h O,N Q.O NO,
51%
oscv(5)1029 NO, NO,

Scheme 6.2 Examples of multiple aromatic nitrations [9-12].

Electrophilic nitrating reagents do not only attack unsubstituted aromatic posi-
tions, but can also substitute other groups than hydrogen [13] (Scheme 6.3).
These include SiR;, BR,, SO;H, SR, CO,H, halides [14, 15], alkyl groups [16],
formyl groups [17, 18], and other acyl groups. This lack of selectivity is one
reason why aromatic nitrations are only rarely applied to structurally complex
intermediates.



Measi\©/SiMe3

B(OH),

B(OH),
T
>'/ o

6.1 Nitration of Arenes

5 eq HNO3
Ac,0,130°C, 1 h

90jmc1430

Me,Si NO,  MesSi SiMe;  MegSi
(O O GRS

50% 15%

\S'/ /©/
>( o

2 eq Bi(NO3)3-5H,0
1 eq K28208
CeHe, 70 °C, 12 h

82%
12011736

2 eq Bi(NOj)5-5H,0
1 eq K,S,04

\
S
14 \i
S
MeO
e
MeO OMe
MeO
Me0\©:COZH
OH

OH
>k?/cozm

Scheme 6.3
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Ipso substitution of various functional groups by nitro groups [8, 19-25].
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HNO, (90%) NO
H,S0,, (96%) 2

ON NO, 80°C,2.5h

O,
.47 Yo 02N N02
86joc3261

NH,
HNO; (70%)

MeO:CEI AcOH, 20 °C, 16 h MGOJCENOZ
MeO | 75% MeO |

12ang1724

Scheme 6.3  (Continued)

Many functional groups can be oxidized under the conditions of electrophilic
nitration. NO, " is a strong oxidant, capable of converting electron-rich arenes into
aryl radical cations.

Arenes can also be nitrated with NO, [26]. This reaction also proceeds via aryl
radical cations (Scheme 6.4), which can lead to a number of byproducts, such
as side-chain nitrated products, biaryls, and diarylmethanes or -ethanes. Benzylic
nitration is also occasionally observed during nitrations with acetyl nitrate [27].

75% conversion
94joc3314 64% 30% 2%
mechanism: 89ja2263

1 eq HNO,

(6]
90°C,5h
+ N-OAc
02joc5663
excess
/@/\Noz /©/\OH /@O
+ +

59% 28% 12%

0.13 eq

Scheme 6.4 Benzylic nitrations [26, 28, 29].

6.1.2
Regioselectivity

Nitrations often show lower regioselectivity than Friedel-Crafts acylations, and
the removal of isomers by recrystallization is not always easy. Sometimes, the
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regioselectivity of electrophilic aromatic nitrations is enhanced by using H,SO,
with a high concentration of SO, as solvent (Scheme 6.5).

NH NH NH
H HNO3 (85%) B H
—5 °C,4h
O4ejoc1 544
75% 20%
0 HNO3

H,SO, (0% SOs)

O O 70°C, 0.5 h
81joc5014
0 0 ON O
O.N NO, NO, NO,
SACANORASEIOAS
O,N

89% 6% 5%

HNO,
o oleum (12% SOs)

20°C,05h
caelts S raraiiisgvn
84% OoN

81joc5014 )
HNOg | o, 94
HoSO, | 457ess7
80°C, 2 h 5jcs378

OZN\©/COQH

Scheme 6.5 Regioselectivity of aromatic nitrations [30—32].

Because nitrosations often proceed with higher regioselectivity than nitrations,
and nitrosoarenes can be oxidized in high yield to nitroarenes, for example
with peracids or hydrogen peroxide, the sequence nitrosation/oxidation may be a
useful alternative to direct nitration [33] (Scheme 6.6). Nitrosations often lead to
nitroarenes as byproducts or main products (e.g., [5]), and careful optimization may
be required to attain high yields of nitrosoarenes. Nitrous acid can also dealkylate
tertiary amines [34].
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Scheme 6.6 Reaction of arenes with nitrous acid [35-38].
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6.1.3
Catalysis

Electrophilic aromatic nitrations can be catalyzed by acids that enhance the concen-
tration of NO,*. Some instances of transition-metal catalysis have been reported
that probably proceed by intermediate aromatic metallation (Scheme 6.7).

1.5 eq AgNOg
| A 0.5 eq Cu(OAc), | N
_N 1,2,3-trichloropropane
0,,130°C, 24 h

75%

1.5 eq AgNOg
0.5 eq Cu(OAc), |
11016536 1,3-dichloropropane ~N
0,,130°C, 24 h
Cl Cl

78%
ﬁ 10% Pd(OAc), ﬁ
/ 2 eq AgNO,, 2 eq CAN N/

©/N\N DCE, 130 °C, 48 h ©: ~N
55% NO,

10cej13590

Scheme 6.7 Catalyzed aromatic nitrations [39, 40].

6.1.4
Electron-Deficient Arenes

Even electron-deficient arenes can usually be nitrated. Careful control of the reaction
temperature is critical, because electrophilic nitrations are highly exothermic and
thermal runaways and explosions are common. At high temperatures, a complete
oxidative degradation of the arene may occur (Scheme 6.8).

HNO4/H,SO,
NO2 6 100, vol) NO- HNO,4
30°C, 3h 130 °C, 24 h
91% 06014867
NO NO
NO, 06014867 NO, NO, o 2 o 2
RSO,
+
HO,C
NO, NO, NO,
46% 51%

Scheme 6.8 Oxidation of nitronaphthalenes to phthalic acids [41].
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Pyridines are electron-deficient heteroarenes and are difficult to nitrate directly.

Their N-oxides, however, are more electron rich (but also C—H acidic), and undergo
nitration regioselectively at position 4 (Scheme 6.9).

1 eq NO,BF, NO, NO- N
| B CH,Cl,, 20 °C, 4 h | B | X 2
+
i —
NG 90joc5179 N N

2eq 28% 6%
2 eq NO,BF,
B MeCN, 82 °C, 20 h B NO,
I~ 48% =
Br N Br 91joc3006 Br N Br

0.5 eq NOzBF4

CH,Cl,, 50 °C, 24 h | N o
BF
43% 5 (;9\]/ N
91joc3006 ro r
NO,
2 eq KNO4

2eqTFA, 1 eq TFAA
20 °C, 6 h, then NO NO
AN s s R 2 = 2
O Na$,0s H0, 120 [ o /E\/E o
N 83% N 038" 'N° SOz
050bc538

a HSOL = 0
lo | © s | o . P
NO, N” ~S0q N" "SOs
NO, NO,
°
g HNO4/H,S0, (1.0 : 2.9, vol)
/ N= 100 °C, 20 h
_@N N/ 86%

O
o) 04thl121

&%

Scheme 6.9 Nitration of pyridines and pyridine N-oxides [42—45].

Because pyridines do not readily react with electrophiles, reactions of functional
groups attached to pyridines are common side reactions. Pyridines with primary or
secondary alkyl groups at positions 2 or 4 are C—H acidic, and can be halogenated,
acylated, or nitrated at the alkyl group. The resulting polyhalo- or polynitroalkyl
groups are good leaving groups, and can be displaced by nucleophiles (e.g., [46]).
Under forcing conditions, alkylpyridines will be oxidized to pyridinecarboxylic acids.
Some heteroarenecarboxylic acids undergo partial or complete decarboxylation if
heated too strongly [47] (Scheme 6.10).
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2.5 eq TFAA
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X
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7 eq HNO;4

(20% in water)

X 175°C, 1h xCOH 235°0c,2h - COH
| = 27% | pZ | _

Us 2702802  HOLT N N

Scheme 6.10 Reaction of alkylpyridines with nitric acid [44, 48].

Amides with an NH group can be nitrated at nitrogen [49], but this reaction is
only rarely observed. Anilides are usually cleanly nitrated at carbon (Scheme 6.11).
N-Nitramides are strong oxidants, and are readily reduced during work-up by even
weak reducing agents.

HNO, Q Q
NH 0°C,1h OQN\@i‘)‘H OzN\©i‘J\,/NOZ
+
approx 11

100%
83j0c3220 T

o

aq concd HCI, MeOH
65 °C, 5 min, 86% |

2.2 eq O,NBF,

CN " sulfolane, 115°C, 1h  O2N CN
50%

oscv(5)480

Scheme 6.11 Nitration of benzamides and benzonitriles [50, 51].

6.1.5
Electron-Rich Arenes

Electrophilic nitrations of reactive arenes are usually conducted at low temperature
with a slight excess of nitrating reagent only, to avoid the many potential side
reactions. These include dearomatization, polynitration, and oxidative degradation
of the arene or its substituents.

Alkyl groups can be dehydrogenated or oxidized to alkyl nitrites, ketones, or
carboxylic acids during electrophilic aromatic nitrations. In fact, heating with
nitric acid is one of the cheapest and most environmentally friendly methods for
the conversion of alkylarenes or -heteroarenes into carboxylic acids. Particularly
sensitive are alkyl groups that form stable carbocations (secondary alkyl, allyl, and
benzyl) (Scheme 6.12).
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Ph
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Scheme 6.12 Dealkylation and oxidation of alkylarenes by nitric acid [52-55].

Alkylbenzenes can yield acetoxybenzenes or phenols upon nitration in
HNO;/Ac,0 [56]. Mechanistic studies [57] suggest that these products arise from
the 1,4-addition of acetyl nitrate to the arene, followed by elimination of HNO,
(Scheme 6.13). The formation of phenols may be prevented by using NO,BF,
or HNO;/H,SO, as nitrating reagent. Mixtures of HNO; and H,0, can cause
extensive hydroxylation of electron-rich arenes [58].
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H NO, H NO,

HNO3

®

+ HNO,

H OAc

0.5 eq HNOg
2eqAc,0,0°C AcO O2N

61pcs369 *

98joc8448 51% 3% 16%
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20 °C, 1 month O,N
C O
45jcs378 HO

Scheme 6.13 Formation of acetoxybenzenes and phenols during electrophilic nitrations
32, 59, 60].

6.1.5.1 Anilines

Anilines are nitrated mostly in the meta position in the presence of strong acids,
but yield ortho/para nitroanilines if the aniline is not completely protonated
(Scheme 6.14). Anilines can also be nitrated at nitrogen (to yield potentially

NO,
1 eq KNO;
H,S0,, 0-20 °C, 1 h /@\/j
11ejoc1504 N
48% 1%

1.5 eq HNO3 (aq 70%) O.N
Ac,0, ~10 10 20 °C, 4 h \©\/j .
N N

88 H

11ejoc1504
O)\ O,N O)\
50% 50%
1 eq KNO3
1 eq HySO,, O,N
CH,Cl,, 20 °C, 2.5 h \©\/j
11ejoc1504 l}l
Fmoc 99% Fmoc
3.2 eq HNO3 H
NM2 H,s0,0-30°C,3n | O=N N-No, ON N
79joc2499 NO 12% o
NO, NO, NO,

Scheme 6.14 Nitration of anilines [61, 62].
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explosive nitramines), but this requires an unprotonated amino group. The strong
acids used for most nitrations usually prevent N-nitration of anilines, and only
anilines of low basicity (e.g., polynitroanilines) will undergo N-nitration. In the
presence of reducing reagents (e.g., NO,), aromatic nitramines may be reduced
and dehydrated to diazonium salts (last equation, Scheme 6.14).

_ 2 eq HNO3
Boc N MeNO,, 0°C,1.5h B¢~ \
coMe @ ——— 2 " CO,Me
N 82%
H

92joc1277
HNO,, AcOH NO- N\ N\
20°C,8.5h Q . A\
64joc1158 N N
H H O=N H
19% 51%
NaN03, H2804
A 0°C, 10 min O-N A
N 95% N
H 12jmc1940 H
HNO, %2 No,
23% N
65j0c3457 OaN H
HNO, CHO
@E\g AcOH, 65 °C /@E\g
N 22% N
H 62joc2250 H
NaNOz CHO
H,SO, \Cf\g
93% N
H
Br Br
OMe HNO (65%) OMe
\ MeCN 20 °C 0.5h \
COqEt 6% CO,Et
N (o]
MeO H 05tet853 MeO

Scheme 6.15 Nitration of indoles [63—68]. Further examples: [47, 69].
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6.1.5.2 Indoles
The outcome of indole nitration can be difficult to predict. Depending on the
precise substitution pattern and reaction conditions, all positions of indole can be
nitrated (Scheme 6.15).

Because indoles readily undergo oxidation by single-electron transfer, oxidative
dimerization is a typical side reaction of the treatment of indoles with electrophiles
(Scheme 6.16).

QMe HNO, (65%) QMe H
3 o y OMe
\, ~ MeCN,0%C,3h O \_—_l O . starting
MeO H 05tet853 MeO H \ material
OMe
35% 39%
OMe
Ph HNO, (65%)
N MeCN, 0 °C, 4 h
Ph 86%
N (-]
MeO H 05tet853

Ph OMe

Scheme 6.16 Nitric acid-mediated oxidative dimerization of indoles [68].

6.1.5.3 Phenols

The nitration of phenols with nitric acid is usually ortho/para selective. Impor-
tant side reactions include multiple nitrations and the oxidation to quinones
(Scheme 6.17).

OH 1.2 eq HNOg oH "
1.05 eq (CF4CO0),0, Et,0 NO,
—78 °C to —40 °C, 75 min +
87joc4464

approx 85% 10%
10 eq HNO3
OH 0.3 eq iPrOH oH Q
CeHyp 65 °C, 12min  O2N
+
US 3694513
NO, 86% O 5%

Scheme 6.17 Nitration of phenols [70, 71].
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Treatment of phenols with nitrous acid can yield the expected benzoquinone
oximes (tautomers of nitrosophenols) but also a number of other products.
If a phenol readily forms a quinone upon oxidation (dihydroxybenzenes and
aminophenols), meta-nitrated phenols may be formed by conjugate addition of
nitrite to the quinone. Nitrosophenols may also be oxidized further to nitrophe-
nols by an excess of nitrous acid (Scheme 6.18). Moreover, nitrosophenols are
OH O OH
5 eq NaNO,
AcOH, H,0, 0 °C ©
e o NO, .
89cpb1422 TN~ 1% NO,
\n/NH \n/N \n/NH
(0] (@) O
OH Q
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77% |
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1 eq NOBF,
MeCN, air
jouls - eullow
12 oc4402
KF4B g NO,
71% 10%
1.1 eq NaNO,

N,

o R ey o

N OH 74% N OH
HO,C._J HO,C._J

OH

06joc7835 1.1eq O OH
L, e
DMF, 153 °C, 5 h HOBS/\L J@[ \
. N 0
53% HOZC\)

Scheme 6.18 Reaction of phenols with nitrous acid or NOBF, [72-75].
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electrophilic aminating reagents, and can aminate other electron-rich arenes. Such
reactions can sometimes be prevented by keeping the reaction times short and the

temperature low.

6.2
Electrophilic Aromatic Aminations

Electrophilic aminations are inherently problematic because the reactivity of arenes

increases upon amination. The yield of monoaminated product can sometimes be

increased by using a large excess of arene, but this is not always practical. In recent

years, though, a number of useful procedures for electrophilic aromatic amination

have been developed (Scheme 6.19).
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(78, 79].
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Intermolecular electrophilic aromatic aminations [76, 77]. Further examples:
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Scheme 6.20 Oxidative aromatic aminations with amines [80—83]. Hal, halogen; X, leaving
group; R, alkyl, aryl. Further examples: [84, 85].



6.3 Electrophilic Aromatic Amidations

The amination of unsubstituted aromatic positions can also be achieved by
treating electron-rich arenes with halogens and amines (Schemes 6.20 and 6.21), or
strongly electron-deficient arenes with amines in the presence of an oxidant. The
transition-metal-catalyzed variations of these reactions probably proceed by arene
metallation (Scheme 6.20).

6.2.1
Typical Side Reactions

N-Halogenated amines may act as either electrophilic aminating or halogenating
reagents. Similarly, substituted hydroxylamines can mediate both aminations
and hydroxylations. Moreover, N-halo or hydroxylamines are oxidants, and can
lead to dehydrogenations, oxidative dimerizations, or the formation of radicals
(Scheme 6.21).

Anilines readily undergo oxidation, and tend to oligomerize in the presence of
oxidants. Diarylamines can be cyclized to carbazoles, and other aniline derivatives
may cyclize to indoles, benzimidazoles, or other heterocycles when treated with
oxidants (Scheme 6.22). This could be one further reason for the low yield of most
electrophilic aromatic aminations.

6.3
Electrophilic Aromatic Amidations

Because anilides are not as readily oxidized as anilines, the electrophilic formation of
RCON-Ar bonds is often cleaner than electrophilic aromatic amination. Numerous
examples of successful aromatic amidations have been reported (Scheme 6.23).
As in the case of aminations, these can be realized either with amides bearing a
leaving group at nitrogen or with amides and an external oxidant. When using
transition-metal catalysts, the reaction can proceed either via C-metallated arenes
or via N-metallated amides.

Intramolecular aromatic amidations usually proceed even more smoothly
than intermolecular reactions. Closely related to amidations are arylations by
nitrenes and benzimidazole preparations by cyclization of N-arylamidoximes and
intramolecular aminations with nitro compounds (Scheme 6.24).

6.3.1
Typical Side Reactions

Electrophilic amidations are similar to halogenations, and similar side reactions
can be expected. Because amides are poor nucleophiles, other nucleophiles and
even halides may compete with amides during arylations. Moreover, the products
are often easily halogenated or hydroxylated under the required reaction conditions
(Scheme 6.25).
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Scheme 6.22 Oxidative transformations of aniline derivatives [89-92].
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Scheme 6.23 Examples of electrophilic aromatic amidations and carbamoylations [93-98].
Further examples: [99].
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Scheme 6.24 Electrophilic aromatic aminations with azides, oximes, and nitroalkenes
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Scheme 6.25 Halogenations and acetoxylation as side reactions of aromatic amidations
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As external oxidant for amidations, hypervalent iodine compounds are often
used, for instance PhI(OAc),. These may first react with the arene, followed by
aromatic nucleophilic displacement of iodobenzene (Scheme 6.26). Such reactions
will yield the desired product only when aromatic nucleophilic substitution at the
phenyl group is significantly slower than at the oxidized starting arene. Moreover,
hypervalent iodine compounds occasionally react as iodinating reagents.
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Scheme 6.26 C-N Bond formation with hypervalent iodine reagents [106—108].

As in the case of halogenations and nitrations, benzylic amidation and substitu-
tion of other groups than hydrogen are to be expected during aromatic electrophilic
amidations (Scheme 6.27).
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Scheme 6.27 Benzylic amidation and substitution of methoxy groups as side reactions of
aromatic amidations [109-111].
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In the case of intramolecular amidations proceeding via N-metallated amides,
the amidation of aliphatic non-benzylic positions is sometimes observed
(Scheme 6.28).
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Scheme 6.28 Intramolecular aliphatic amidation [112]. Further examples: [113, 114].
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7
Electrophilic Formation of Aromatic C—S Bonds

7.1
Sulfonylation

7.1.1
General Aspects

The preparation of arenesulfonic acids, arenesulfonyl chlorides, and sulfones from
arenes is a widely used and versatile reaction (Scheme 7.1). The yields are generally
high because the products are unreactive and only slowly sulfonylate the excess
arene. Sulfones are, though, often obtained as byproducts in small quantities in
the synthesis of aromatic sulfonic acids or sulfonyl halides [1].

H,SO, (20% SOj) o

191

40°C, 18 h, then O\\s”
~o Na,COj NaO”~ o
81%
WO 2008040934
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Scheme 7.1 Examples of the preparation of arene sulfonic acids and sulfonyl halides [2-5].
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The AlCl;-mediated conversion of arenesulfonyl chlorides into diarylsulfones
proceeds smoothly with simple substrates (Scheme 7.2). For alkanesulfonyl halides,
though, special catalysts and conditions are required [6]. Sulfonic anhydrides
sulfonylate arenes more cleanly than sulfonyl halides [7, 8] because the latter often
act as halogenating reagents or oxidants.

5.6 eq CgHg
\\/, 1.2 eq A|C|3 \\/, 10 eq C|803H \\/,
92% 100%
08jmc7670
2 eq AlCl5 ) ,9 2 eq AlCl;
0,000 excess CgHg S excess CgHg O\\S/,O
S0 S~ 77% 2% I
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870
Cl O
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Te (does not work with

alkanesulfonyl chlorides)

5% [Ru(p-cymene)Cl,],

\\ // 2eq KZCOB O 0 =
MeCN, 115 °C, 15 h N |
N
4% o
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Scheme 7.2 Examples of aromatic sulfonylations [7-11]. Further examples: [6, 12, 13].




7.1 Sulfonylation

7.1.2
Typical Side Reactions

One reason for the poor yield of sulfonylations with sulfonyl halides is that the
latter often act as halogenating agents instead of sulfonylating agents (Scheme 7.3).
In contrast to acyl anions, sulfinates (RSO, ™) are stable and good leaving groups,
and often react as such (e.g., as leaving group in p-eliminations, RSO, X as synthetic
equivalent of X*). Even the preparation of sulfonamides from sulfonyl chlorides
can give low yields when conducted under anhydrous conditions. High yields
of sulfonamides are usually obtained only under Schotten—Baumann conditions
(in the presence of aqueous base). Hydrolysis of the sulfonyl halide is seldom a
problem, because sulfonyl halides, in particular arenesulfonyl chlorides, do not
readily react with water or aqueous bases.

1 eq MeMgBr, 20 °C, 1 h

X then 1 eq PhSO,CI X
N\ THF,20°C, 3 h o
N 75% N
H 87joc3404 H
PhSO,CI
KOH, H,0 | 90%
CeHe
X Cl X X
N\ ) . Yo
N N N S—Ph
\ H //
SO,Ph O

Scheme 7.3 Oxidation of an indole with benzenesulfonyl chloride [14].

Acid-catalyzed aromatic sulfonylations with sulfonic acid derivatives are
reversible, which can lead to the isomerization to more stable isomers, to
transsulfonations, or to desulfonations (Scheme 7.4). Such reactions can be
suppressed by reducing the reaction temperature and the amount and strength of
acid used.

Sulfonic acid derivatives can act as oxidants, and convert electron-rich arenes
into radical cations. Biaryls are the typical byproducts formed from intermediate
radicals (Scheme 7.5). In the presence of transition metals, arenesulfonyl halides
and other derivatives of arenesulfonic acids can also act as arylating reagents [17].

Sulfuryl chloride (SO,Cl,) is not a convenient reagent for the preparation of
sulfonyl chlorides or sulfones, because this reagent is an even more powerful
chlorinating agent than arenesulfonyl chlorides (Scheme 7.6). Only if metallated
arenes are to be chlorosulfonylated under anhydrous conditions can sulfuryl
chloride be used as electrophile, but the yields tend to be low. The conversion of
arenes into arenesulfonyl halides works best with halosulfonic acids (HalSO;H). In
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Scheme 7.4 |somerization of sulfones [15, 16].
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Scheme 7.5 Oxidations and arylations with sulfonic acid derivatives [10, 18].



7.2 Sulfinylation
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Scheme 7.6 Reaction of arenes with sulfuryl chloride [20, 21].

MeO MeO

the presence of iodine, though, even chlorosulfonic acid can act as a chlorinating
reagent [19].

7.2
Sulfinylation

7.2.1
General Aspects

Sulfoxides can be prepared by direct sulfinylation of unsubstituted arenes with
sulfinic acid derivatives (Scheme 7.7), but numerous byproducts may result. An
alternative to the direct sulfinylation (or sulfonylation) is sulfenylation followed by
oxidation [8, 22].

7.2.2
Typical Side Reactions

As shown in Schemes 7.7 and 7.8, sulfinylations are problematic because the
resulting sulfinic acids and sulfoxides can react as electrophiles under the reaction
conditions required for their preparation. Even poor nucleophiles (e.g., halides)
can add to the cationic intermediates generated from sulfoxides and electrophiles.
Aliphatic alcohols will usually be oxidized to aldehydes or ketones by sulfoxides in
the presence of electrophiles (Swern and Pfitzner—Moffatt oxidations).

Similar to sulfonylations, sulfinylations are reversible. Treatment of aromatic
sulfoxides with acids or other catalysts can bring about rearrangement to more
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Scheme 7.7 Examples of aromatic sulfinylations [23-27].
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Scheme 7.8 Decomposition reactions of sulfoxides [28, 29].

stable isomers (Scheme 7.9). Moreover, acids such as AICl; can cause the dispro-
portionation of sulfoxides into sulfones and thioethers. Strong bases [30], OsO,
[31], or electrophiles (as in the Pummerer rearrangement) can also induce the
disproportionation of sulfoxides or the p-elimination of ArSO~ [32]. Because of this
high reactivity of sulfoxides, dimethyl sulfoxide (DMSO) is a hazardous solvent,
ill-suited for most large-scale applications.

CN TFA, CH,Cl, CN
~ 20°C, 2 h O\\s ‘C@
NN 97% 7NN
—S 89jmc1202
o)

Scheme 7.9 Acid-mediated rearrangement of a sulfoxide [33]. Further examples: [34].

The preparation of sulfinic acid chlorides or sulfoxides from thionyl chloride
has been reported [35], but must be done carefully. In addition to the problems
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Scheme 7.10 Byproducts formed during reactions with thionyl chloride [36-40]. Further
examples: [41].
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mentioned above, various functional groups are chlorinated, sulfinylated, dehy-
drogenated, or otherwise oxidized by thionyl chloride, which can cause the
formation of unexpected products (Scheme 7.10). Because of the many poten-
tial side reactions of electrophilic sulfinylations, sulfinic acids are usually prepared
by reduction of sulfonyl chlorides, and not by electrophilic sulfinylation with
SOCI, or SO,.

7.3
Sulfenylation

7.3.1
General Aspects

Arylthioethers can be prepared from electron-rich arenes and disulfides [33],
thioethers, sulfenyl halides or sulfenyl amides (RS—NR,) [43], or esters (RS—OR)
(Scheme 7.11). These reactions can be catalyzed by acids, oxidants [44], and
copper or palladium complexes. In the presence of strong acids, arenes react with
sulfoxides to sulfonium salts, which can be dealkylated with various nucleophiles
to yield thioethers [29, 45].

7% AICI;
150°C, 0.5 h
NH;  then add 1 eq MeSSMe NH, NH,
150-170°C, 10 h +
89j0c2985 SMe MeS
1eq 21% 48%
OH O S,CI
SO CCl,, 77°C, 16 h
=N 77%
EP 0763526
1eq 1eq
OH O
H
Ph
SN,
S
N

Scheme 7.11  Electrophilic sulfenylation of arenes [42, 46—51]. Further examples: [52].
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Scheme 7.11  (Continued)

7.3.2
Typical Side Reactions

During sulfenylations with disulfides, thiols are formed as byproducts. These are
strongly nucleophilic and can cause unwanted substitution reactions, including
the dealkylation of thioethers. Further side reactions include multiple sulfenylation
and halogenation of the arene (Scheme 7.12).
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References
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Scheme 7.12  Side reactions during electrophilic aromatic sulfenylations [53, 54].
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8
Aromatic Nucleophilic Substitutions

8.1
General Aspects

Although less important than aromatic electrophilic substitutions, aromatic nucle-
ophilic substitutions are valuable transformations in organic synthesis. Many
drugs, agrochemicals, and other structurally complex compounds comprise aro-
matic nucleophilic substitutions in their industrial syntheses. Numerous reviews
have been published [1-4].

8.1.1
Mechanisms

Aromatic nucleophilic substitutions can proceed by an addition—elimination
mechanism (SyAr), by an abstraction—addition mechanism (Sy1), via radicals
(Sgn1), or via intermediate formation of an aryne (Scheme 8.1). The first mecha-
nism is predominant for electron-deficient arenes or heteroarenes capable of
delocalizing a negative charge to electronegative atoms. Electron-withdrawing
groups in the ortho or para position to the leaving group enhance the rate
of SyAr reactions, whereas electron-donating groups inhibit them. Particu-
larly powerful rate-enhancing groups are diazonium, iminium, nitroso, and
nitro groups.

Naphthyl derivatives undergo SyAr reactions particularly readily (Scheme 8.2)
because the dearomatization of naphthalenes requires less energy than that of
monocyclic arenes (only one of the two rings of naphthalene is fully aromatic)
[5, 6]. 2-Nitronaphthalenes, for instance, behave chemically more as nitroalkenes
than as nitroarenes [7].

8.1.2
Regioselectivity

Because the addition of a nucleophile to an electron-deficient arene is reversible,
smooth substitutions will occur only at arenes with good leaving groups. For S Ar
reactions, good leaving groups include fluoride, nitrite, sulfonates, the remaining
halides, and sulfinates. In the presence of oxidants, hydride may also be a suitable

Side Reactions in Organic Synthesis I11: Aromatic Substitutions, First Edition. Florencio Zaragoza Dérwald.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Scheme 8.1 Mechanisms of aromatic nucleophilic substitution.
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Scheme 8.2 S, Ar reaction at naphthalenes [6, 8, 9].

leaving group. The precise ranking of leaving groups also depends on the solvent
(solvation of the nucleophile, the Meisenheimer complex, and the leaving group)
and on the nucleophile (hydrogen bonding in the Meisenheimer complex) [10-12].
The amino group, for instance, is a poor leaving group in aprotic solvents, but is
easier to displace than chloride by hydroxide in water as solvent (Scheme 8.3).
6-(Alkylsulfonyl)purines react faster with MeOH/DBU (1,8-diazabicyclo[5.4.0]
undec-5-ene) than 6-iodopurines, but more slowly with aniline than 6-iodopurines
[13]. A further example of solvent effects in aromatic nucleophilic substitutions is
given in Scheme 8.4.
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Scheme 8.3 Displacement of amino groups in water [11].
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Scheme 8.4 Solvent effects in aromatic nucleophilic substitutions [14].

Cine and tele substitutions, that is, the attack of a nucleophile at the adja-
cent (cine) or more distant (tele) positions of the leaving group, are only rarely
observed in aromatic nucleophilic substitutions [15] (Schemes 8.5 and 8.6, see
also Scheme 3.3). In most instances, the electrophiles are highly electron-deficient

H ©
X X
S)
R R

+H 1 +H
H H
H X
B, ﬁj
R
l —HX
H

H
Nu _ N
o = I} ﬁ)
R R
X
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Scheme 8.5 Mechanisms for cine and tele aromatic nucleophilic substitutions.
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arenes or heteroarenes of low aromaticity, where the non-aromatic intermediates
have sufficiently long half-lives for proton transfer reactions and double-bond
migrations to occur. Protic solvents often facilitate these startling reactions. One
strategy to avoid cine or tele substitutions is to use transition-metal catalysts.
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Products of aromatic nucleophilic substitution may also rearrange to more stable
isomers. Polyhaloarenes, for instance, readily isomerize in the presence of strong
bases (Scheme 8.7). Indolylthioethers can isomerize in the presence of acids,
sometimes under remarkably mild reaction conditions (Scheme 8.7).

¢ KOtBu, DMF o cl cl ¢
u,
cl Cl 29°C, 10 min cl cl cl
+ + +
80joc4660 cl
Ci Ci cl cl
5% 19% 13%
Cl Cl
cl Cl Cl
+
cl
Cl Cl
N J
Y
19%
SPh TFA
20°C,1.5h
N - . N—sph
N 91% N
\ 92joc2694 \
® ®
\H _ /
® Ph
Cry
N
\

Scheme 8.7 Isomerization of polyhaloarenes and indolylthioethers [27, 28].

Alkyl halides may compete with the aromatic electrophile during Sy Ar reactions.
Usually, uncatalyzed SyAr reactions proceed more slowly than Sy 2 reactions of
reactive alkyl halides (Scheme 8.8). The precise order of reactivity will, however,
depend on the structure of all reagents, the solvent [29], and the precise reaction
conditions. Aromatic substitutions can be accelerated by transition-metal cataly-
sis because aryl halides often react faster with transition-metal complexes than

alkyl halides.
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Scheme 8.8 Aliphatic S 2 reactions may compete with Sy Ar reactions [30, 31].

Benzyl halides can react with nucleophiles either by direct aliphatic Sy 2 reaction
or by nucleophilic attack at the arene. The latter type of substitution will be favored
in electron-deficient arenes, or in arenes of low aromaticity, such as naphthalenes.
Nucleophilic attack at the arene will also be favored by steric shielding of the
benzylic C—Hal bond. Surprising results, though, are frequent (Scheme 8.9).

Arenes and alkanes can be metallated at unexpected positions by chelate for-
mation. A few examples have been reported of the arylation of alkyl groups using
this strategy (Scheme 8.10). Because both the alkane and the aryl halide can be
metallated, products of homocoupling can be expected as byproducts in these
intriguing reactions.

813
Acid-/Base-Catalysis

Whether aromatic nucleophilic substitutions are catalyzed by acid or base depends
on the basicity of both the nucleophile and the electrophile. Protonation will gene-
rally increase the electrophilicity of electrophiles but decrease the nucleophilicity
of nucleophiles.

Upon protonation, electron-deficient heteroarenes, such as pyridines, pyrimi-
dines, or pyrazines become more reactive toward nucleophiles. Aromatic nucle-
ophilic substitutions at such heteroarenes can therefore be acid-catalyzed or
autocatalytic (if no external acids or bases are added) (Scheme 8.11). This catalytic
effect will, however, decrease upon increasing basicity of the nucleophile.

8.1.4
Transition-Metal Catalysis

Aromatic nucleophilic substitutions may also be catalyzed by transition metals.
Palladium, nickel, and copper complexes can strongly facilitate substitution reac-
tions which would otherwise require high temperatures. For instance, Pd catalysis
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Scheme 8.9 Reaction of benzyl halides with nucleophiles [32-36].
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Scheme 8.9 (Continued)
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Scheme 8.10 Chelate-mediated arylation of a cyclohexyl group [37].

5 eq PhNH, _Ph
F MeCN, 70 °C HN

NSy slow /NfN
ArOCO O<N |N/) - ~ ArOCO <N | /)

07ja5962 o} N

ArOCO  OCOAr 5 eq PhNH, ArOCO  OCOAr
) 2eqTFA
Ar = mesityl MeCN, 50 °C
fast

Scheme 8.11  Acid-catalyzed SyAr reaction of a 6-fluoropurine [13].

can mediate the conversion of aryl bromides into anilines without displacement or
elimination at alkyl chlorides (first equation, Scheme 8.12).

The catalysis by copper(I) is assumed to proceed as sketched in Scheme 8.13.
Complexation of alcohols or amines with Cu(I) salts enhances their acidity, and
leads, in the presence of bases, to the formation of copper alcoholates or amides.
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Scheme 8.12 Pd- and Cu-catalyzed aromatic nucleophilic substitutions [38-41].
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|
NuH = ROH, R,NH, R3CH

Scheme 8.13 Mechanism of copper(l)-catalyzed aromatic nucleophilic substitutions
[42, 43].

These undergo oxidative addition to aryl iodides or bromides to yield Cu(III)
intermediates, which release the product upon regeneration of the catalytically
active Cu(I) complex.

Catalysis by Pd complexes is similar to catalysis by copper, the main difference
being that oxidative addition of the aryl halide occurs before reaction with the
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nucleophile. Moreover, Pd catalysis is better suited for unreactive electrophiles,
such as aryl chlorides, sulfonates, or carbamates.

For both metals, strong ligands promote the regeneration of catalytically
active complexes, and prevent the formation of stable, catalytically unreactive
complexes with the nucleophile. Thus, the use of chelating ligands (1,3-diketones,
diphosphines, ethylenediamines, phenanthrolines, bipyridines, amino acids, etc.)
has significantly broadened the scope of copper- and palladium-catalyzed aromatic
substitutions. Bidentate phosphine ligands even promote Pd-catalyzed aromatic
nucleophilic substitutions with thiols, with as little as 0.01% of catalyst [44].

Because transition-metal catalysis proceeds via oxidative addition of an aryl halide
to a metal, the reactivity of aryl halides toward nucleophiles is different from that in
uncatalyzed SyAr reactions (Scheme 8.14). Copper catalysis is most effective with
aryl iodides and bromides, whereas palladium-based catalysts can be used for aryl
chlorides, bromides, iodides, sulfonates, carbamates, and diazonium salts. Aryl
fluorides, anilines, nitroarenes, and arylsulfones are usually inert toward copper or
palladium complexes.

4% Pd(OAc),
8% DPEphos
2.5 eq K,COy
J\/\/ dioxane, 85 °C
74%
1.5eq 07joc2232

10eq

Y\A

Scheme 8.14 Selectivity of Pd-catalyzed and uncatalyzed substitutions at a
polyhaloquinoline [45].

125°C, 24 h \Q\)j

One potential side reaction of transition-metal-catalyzed SyAr is biaryl formation
(the Ullmann reaction). This reaction is promoted by low concentrations of nucle-
ophile, high temperatures, and the presence of oxidants (e.g., air). Anilines and
phenols are particularly prone to undergo oxidative dimerization, and diarylamines
and diarylethers can yield carbazoles and dibenzofurans upon oxidative dehydro-
genation. Oxidants combined with transition-metal catalysis and high temperatures
can also cause a number of other unwanted oxidations, such as dehydrogenations
of benzylic amines [46], benzylic alcohols, or other functional groups. If dimethyl
sulfoxide (DMSO) is used as solvent for copper-catalyzed SyAr reactions, further
potential byproducts are methylthioethers [47] (Scheme 7.11). In the presence of
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N,N-dimethylformamide (DMF), aryl iodides undergo Pd-catalyzed conversion to
N,N-dimethylbenzamides [48].

Arylpalladium and arylnickel complexes readily dimerize in the presence of
various reducing agents, such as zinc [49], glucose [50], hydroxylamine, isopropanol,
hydroquinone, DMF, amines [51], or phosphines [52]. Reducing agents can also
promote the formation of unsubstituted arenes (ArH from ArHal).

8.2
Problematic Electrophiles

8.2.1
Incompatible Functional Groups

Because SyAr reactions often require strong nucleophiles, other functional
groups may also react with the nucleophile. Especially sensitive are alde-
hydes, which may undergo Cannizzaro-type redox reactions, deformylation,
or irreversible addition of the nucleophile (to yield, e.g., bisulfite addition
products, cyanohydrins, or thioacetals). Nevertheless, numerous successful
examples of SyAr reactions of halogenated benzaldehydes have been reported
(Scheme 8.15). Particularly stable (and unreactive) are 4-alkoxy, 4-hydroxy, and
4-aminobenzaldehydes.

on #° o~
o~ MeCN o
0D -G e (3L
+ + —_
> T e T OO0
OMe

03011155

1.0eq 1.1eq 1.2eq OMe

1eq

2 eq NaH

Br F HS DMF,20°C,16h  Br Sj<
* \!< 61%
| |
o) 09ang7064 o

2eq

Scheme 8.15 S, Ar reactions of halogenated benzaldehydes [53, 54].

Some nucleophiles, such as thiols, sulfide [55], sulfite, sulfinic acids, alcoholates,
and cyanide, may also reduce functional groups in the electrophile. Nitro, nitroso,
formyl, and diazonium groups are particularly easy to reduce. If the electrophile
is very electron deficient and sterically inaccessible, a reduction via single-electron
transfer (SET) can also occur.
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8.2.2
Non-Activated Arenes

In the absence of transition-metal complexes, non-electron-deficient aryl halides
undergo SyAr under forcing conditions only (Scheme 8.16) or photochemically
[56]. If the nucleophile is strongly basic, the reaction may proceed via aryne
formation and yield mixtures of regioisomers. Basic nucleophiles and high reaction
temperatures can cause numerous side reactions, such as the Cannizzaro reaction
of aldehydes and the cleavage of esters, amides, carbonates, carbamates, ketones
(Haller—Bauer reaction), sulfones, and sulfoxides [57]. In the presence of oxygen
or other oxidants, strong bases can lead to peroxide formation, hydroxylations, or
dehydrogenation of many organic compounds. Forcing conditions, in particular
in the presence of traces of transition metals, may lead to the displacement of
substituents which would usually not be considered as leaving groups.

NaOH (15% in H,0)

Cl 360-390 °C, 280-300 bar OH OH OH
+ | Ph,O + +
then HCI Ph Ph

main product minor byproducts
neat \P/
p~ 190 °C, 70 h
SlMe3 63%
i F
1eq 10ejoc1111
1.2 eq NaH
DMA
HO NHz 62% cl 0 NH
1.1eq 1.0 eq 04joc1571
N=\ 10 eq K3PO,, DMF N=\
F 190 °C (MW), 1 h N
| 91%
|
1e 4eq 12ang8012
@I 4 eq Nay,SO3 O\\S/P
©/ \@ HZO, 100°C,1h ©/ \ONa
) 95%
Br 53ja2708

Scheme 8.16 Uncatalyzed Sy Ar reactions at non-electron-deficient arenes [58-64].
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Scheme 8.16 (Continued)

One often-used synthesis of phenols consists in treating sulfonic acids with
NaOH/KOH melts at 250-300°C [65, 66]. This reaction generally only yields
products of substitution and no regioisomers. In 1926, phenol was produced
at Dow in Midland from chlorobenzene and NaOH by pumping the starting
materials through a long (about 1 mile) tube at 300 °C (residence time: 10—30 min;
Hale—Britton process; first equation in Scheme 8.16) [67].

Fluorine — but also the other halogens — increases the C—H acidity of arenes.
Polyhaloarenes may therefore act as electrophilic halogenating reagents (transfer of
Hal* to nucleophiles), or undergo isomerization (‘“halogen dance”) in the presence
of strong bases (Scheme 8.7).

A laboratory trick for the activation of non-electron-deficient aryl halides is
complexation with chromium tricarbonyl [68] (Scheme 8.17). Unfortunately, for

1.5 eq NaH OEt
H DMF, 20 °C, 2 h
then |, THF O
v ° Sy OFt 0°C,1h o
\ v l// 95% H
N F °
N
Boc

mQ

T

L (OC)sCr 0501937

Scheme 8.17 S Ar at arene chromium tricarbonyl complexes [69].
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most industrial applications this method will generate too much waste and be too
expensive.

Steric demand does not seem to prevent SyAr reactions from occurring, and
many successful examples of substitutions at 2,6-dialkylaryl halides have been
reported [70] (Scheme 8.18). The nucleophiles in these examples were, however,
rather small (cyanide, halides, azide, nitrite, etc.).

N
Br 1.5 6q CuCN ¢

DMF, 120 °C, 16 h
72%
00joc8797

Scheme 8.18 Sy Ar reaction at a sterically demanding aryl bromide [71].

8.2.3
Nitroarenes

Owing to its strong electron-withdrawing effect, the nitro group is the preferred
activating group for Sy Ar reactions. 1-Chloro- or 1-fluoro-2,4-dinitrobenzene reacts
with many nucleophiles already at room temperature. It should be kept in mind,
though, that the nitro group is an excellent leaving group, too, and sometimes it
can be difficult to predict which group will be displaced. Moreover, nitroarenes
sometimes show little aromatic character, and react more like nitroalkenes. For
instance, nitroarenes undergo 1,3-dipolar cycloadditions with azomethine ylides
[72]. Nitro groups are also readily reduced by electron-rich nucleophiles, which can
lead to a further set of byproducts (Scheme 8.19).

Because of this high reactivity, nitrobenzene is a dangerous solvent, capable of
violent decomposition either upon excessive heating or upon treatment with acids
or bases. Numerous explosions of nitrobenzene have been reported.

Nitroarenes and some electron-deficient heteroarenes can be alkylated by
an addition—elimination mechanism (“vicarious nucleophilic substitution”)
(Scheme 8.20). Attack at hydrogen-substituted positions is usually faster than
addition to halogen-substituted positions, so that 2- or 4-halonitrobenzenes can
undergo, in the presence of an oxidant (the nitroarene, DMSO), displacement of
hydrogen faster than displacement of halides [82—85]. The addition of primary or
secondary amines to nitroarenes, followed by hydride abstraction, has also been
reported [86, 87].

Suitable alkylating reagents for vicarious nucleophilic substitutions are
a-halosulfones and related C—H acidic compounds with a leaving group at
the acidic C-H group. Unfortunately, this reaction proceeds well only with
nitroarenes, and almost no examples have been reported of other electron-deficient
arenes undergoing this reaction [92].

Closely related to the vicarious nucleophilic substitution with carbon nucleophiles
are the reactions of nitroarenes with peroxides (Scheme 8.21), hydrazines (e.g.,
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Scheme 8.19 S Ar reactions of nitrobenzenes [73-80]. Further examples: [57, 81].

H,N-NMe,1[93]), azides (Section 8.3.6), or hydroxylamines. Because unsubstituted
positions at the nitroarene can react as well, the regioselectivity of these reactions
is difficult to predict.

One remarkable but unexpected reaction of nitrobenzenes is the von Richter
rearrangement (Scheme 8.22). Upon treatment with cyanide in refluxing aqueous
ethanol, 1-nitroarenes are converted into 2-carboxyarenes. This reaction proceeds
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Scheme 8.20 Mechanism and examples of vicarious nucleophilic substitution [88—91]. X,
leaving group; Z, electron-withdrawing group.

faster than the aromatic nucleophilic substitution of bromide or chloride because
the addition of nucleophiles to unsubstituted positions in arenes is usually faster
than the addition to substituted positions [84].

Bromonitrobenzenes can be converted to nitrobenzonitriles by using potassium

hexacyanoferrate(II) powder (which does not mediate the von Richter rearrange-

ment [98]) or Zn(CN), as cyanide source, and nickel [99], copper, or palladium
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Scheme 8.21 Amination and hydroxylation of nitroarenes [94—97]. Further examples: [7].
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Scheme 8.22 Mechanism of the von Richter rearrangement [98].

[100—102] catalysis (Scheme 8.23). In these reactions, it is important to keep the
concentration of cyanide as low as possible to prevent the formation of stable,
catalytically unreactive transition-metal cyanides. By adding a reducing reagent
(Zn or iPrOH [103]), catalytically active Pd(0) can be regenerated from unreactive
Pd(CN),, and by working under strictly aprotic basic conditions the formation of
HCN can be prevented, which reacts faster with Pd complexes than cyanide [104].
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Scheme 8.23 Catalyzed Sy Ar reaction of nitrobenzene halides with cyanide [40, 105].

Nitroarenes may also just add cyanide, and then be oxidized to nitrobenzonitriles
(Scheme 8.19), or eliminate water to yield 2-nitrosobenzonitriles (Scheme 8.25).
The low yield of these reactions is caused by the dual function of the nitroarene as
oxidant and as precursor to the product.

Nitroarenes are readily reduced, either to nitrosoarenes or anilines, or
by SET to aryl radicals. Typical nucleophiles that can reduce nitroarenes
include sulfide(s), sulfite, and alcoholates (Scheme 8.24). These reductions can
sometimes be avoided by lowering the amount of nucleophile or the reaction
temperature [79].

Sterically demanding nitroarenes can be precursors for aryl radicals when treated
with electron-rich nucleophiles (Scheme 8.24). Because of their steric demand, the
resulting radicals will mostly abstract hydrogen from other reaction partners or
undergo rearrangement reactions.

Nitroarenes can be reduced by aqueous sulfite. The intermediate nitrosoarenes
readily add sulfite, and aminobenzenesulfonic acids or (sulfamino)benzenesulfonic
acids are usually obtained (Piria reaction). Intermediate N-arylhydroxylamines can
rearrange to aminophenols under acidic reaction conditions.

C-H acidic compounds, such as cyanoacetates, malonates, or P-ketoesters,
can be condensed with nitrosoarenes. The reaction of cyanoacetates with
electron-deficient nitroarenes in the presence of bases leads to the formation of
oxalamides of 2-aminobenzonitriles (Scheme 8.25). This reaction proceeds via the
formation of 2-nitrosobenzonitriles [110]. With halonitroarenes, this reaction can
be prevented by catalyzing the Sy Ar process with transition-metal complexes.

The cyanide required for the first reaction in Scheme 8.25 must result from
the base-mediated degradation of the cyanoacetamide. In fact, in the presence
of bases, cyanoacetic acid derivatives and malononitrile can act as a source of
cyanide (Scheme 8.26). Therefore, one potential side reaction of S Ar reactions
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Scheme 8.24 Reduction of nitroarenes by various nucleophiles [106—-109].

with cyanoacetic derivatives is the formation of benzonitriles or benzoic acids. The
latter may also result from oxidative degradation of the arylated cyanoacetic acid
derivatives [114].

Nitroarenes are strong oxidants, and can react with alcohols, amines, or other
potential hydride donors, in particular in the presence of transition metals. High
reaction temperatures, as are sometimes required for SyAr reactions, and residual
catalysts can therefore cause the reduction of nitroarenes and the formation of
various byproducts. For instance, the reaction of nitroarenes with primary alcohols
can yield quinolines (Scheme 8.27).

Some heteroarenes can undergo ring-opening reactions when treated with
nucleophiles. 3-Nitrothiophenes, for instance, are cleaved by secondary amines
(Scheme 8.28).
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Scheme 8.25 Reaction of cyanoacetic acid derivatives with nitroarenes [110-112]. Further
examples: [113].
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Scheme 8.26 S, Ar reactions of malononitrile [114, 115].

8.2.4
Diazonium Salts

Although elemental nitrogen is an excellent and environmentally friendly leaving
group, arenediazonium salts are not always suitable electrophiles for SyAr reac-
tions. Arenediazonium salts add nucleophiles at nitrogen under basic reaction
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Scheme 8.27 Iridium-catalyzed reaction of propanol with nitrobenzene [116].
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Scheme 8.28 Ring fission of a nitrothiophene [117].

conditions, and are powerful one-electron oxidants. The classical Sandmeyer pro-
tocol, which requires substoichiometric but still substantial quantities of copper
salts, and related copper-free substitution reactions can convert arenediazonium
salts to aryl halides, aryl azides, nitroarenes, phenols, benzoic acids, benzoni-
triles, benzaldehydes, acetophenones, benzenesulfonyl chlorides, arylthioethers,
and arylthiolesters [118]. Vinylations and arylations of arenediazonium salts can be
achieved with the Meerwein and Gomberg—Bachmann reactions. There are, how-
ever, no high-yielding and generally applicable procedures for the displacement of
diazonium groups by amines or alcohols. If arenediazonium salts are treated with
alcohols under acidic conditions, mixtures of ethers and reduced arenes result,
the ratio depending on the substitution pattern of the arenediazonium salt [119].
Only diazonium salts substituted with alkyl or alkoxy groups or ortho-substituted
with groups capable of stabilizing an aryl cation sometimes undergo clean S Ar
reactions in the presence of acids [120] (first example in Scheme 8.29). Under
basic reaction conditions, though, amines and alcohols add to the diazonium group
to yield triazenes and diazoethers, which decompose thermally via aryl radicals
to yield the reduced arenes and other products. Amines and alcohols react with
aryl radicals mainly as hydrogen atom donors (H-abstraction from H-C-N/O).
Under basic conditions, alcoholates may also reduce diazonium salts by hydride
transfer [121].
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Scheme 8.29 Reaction of arenediazonium salts with alcohols [119, 122-124].

The diazonium group strongly activates arenes for Sy Ar reactions. In particular,
electron-deficient arenediazonium salts, which require strong acids and higher
reaction temperatures to be formed (because the last (dehydration) step is slow),
are susceptible to nucleophilic aromatic displacement of ortho halides or nitro
groups [125] (Scheme 8.30). Such reactions can be avoided only by excluding
potential nucleophiles from the reaction mixture, for example, by using HBF,

instead of HCl or H, SO, for the diazotization.

1 eq PhOH OH
cl
NO, 2 eq NaHCOj N /@/ NO,
NoCl 1,0, EtOH, 0 °C, 10 min N cl

+
79j0c3342

CO,Me CO,Me CO,Me

36% 10%

Scheme 8.30 S Ar reactions at arenediazonium salts [126].
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8.2.5
Phenols

Some phenols, in particular polyhydroxybenzenes and naphthols, occasionally
behave as ketones (cyclohexadienones), and undergo facile displacement of the
hydroxyl group by ammonia or other nucleophiles. As with ketones (e.g., acetal or
enamine formation), such reactions occur preferentially in the presence of acids
(Scheme 8.31).

0 0
6 eq NaHSO4 N
HO OH H,0, 100 °C, 2 weeks HO S\ONa
27%
34ja1628
OH g
0.5 eq TsOH
PhH, 80°C, 1 h
AN J 10
OO ML 96% OO
OH 04thl457 Sei
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CH,Cl,
0 C 1h
0+ w “
84joc3641
Cl 59% 29% 9%
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OH O
OH O
Nas DMF N
” \r/N\N 90°C,1h O(C14Ha0)
+ —_—
O(C14H29) /N\’\]' 90%
e EP S\FN
I 1eq 1eq 0763526 ! N
ph” N

Scheme 8.31 Phenols as electrophiles in SyAr reactions [127-130].

8.2.6
Arylethers and Arylthioethers

Alkoxybenzenes can be suitable electrophiles in SyAr reactions (Scheme 8.32).
Many examples have been reported of the displacement of methoxide from
2-methoxybenzoic acid derivatives by strong nucleophiles [131, 132]. Arylethers
may, however, also react as alkylating reagents [133, 134].
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Scheme 8.32 Reactions of arylethers with nucleophiles [133, 135—140]. Further examples:
[141].
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Also arylthioethers can be used to arylate nucleophiles (e.g., Grignard reagents
[142]), but may also act as alkylating reagents (Scheme 8.33). For instance, the
treatment of aryl halides with thiols can lead to the formation of thiophenols by
thiol-mediated dealkylation of the intermediate aryl thioether (Scheme 8.61).

CHO CHO

OH 5 eq tBuSNa OH
O DMF, 153 °C, 8 h O
® ®
MeS 03ja10508 HS

Scheme 8.33 Arylthioethers as alkylating reagents [143]. Further examples: [144].

8.2.7
Other Phenol-Derived Electrophiles

Arylsulfonates are suitable electrophiles for Sy Ar reactions, but with some nucle-
ophiles cleavage of the S—O bond can occur [145, 146]. Alkanesulfonic acid aryl
esters, for instance, are base-labile, and can convert alcoholates to sulfonic esters
(Scheme 8.34). S—O Bond cleavage and the formation of phenols can be avoided
by using Cu- or Pd-based catalysts.

1.6 eq Na
. pnespn | NMP.90°C.2h OH
73%
‘ O,N
1eq 0.6 eq 02joc1776
ot NMP, 204 °C, 5 min '\O
*HN 98%
OaN 0401985 O,N
1.0eq 25eq ° 2

~ N
NaOtBu \/\/Q
(@) S

12013886

.
AT o ST

Scheme 8.34 Arylsulfonates as electrophiles in Sy Ar reactions [147-149].

/©/ = N MeCN, 80 °C, 16 h /©/
/,\\

77%
MeO 2 MeO
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Phenol-derived esters, carbonates, and carbamates are still more readily cleaved
by nucleophiles than sulfonates, and are rarely used as electrophiles for SyAr
reactions. Again, with the aid of transition-metal catalysis such reactions can
sometimes be accomplished (Scheme 8.35).

5% Ni(cod),

10% ligand =
O\”/[< /@ 1.4 eq NaOtBu (\ - |
~ PhMe, 80 °C, 3 h N N
Y oy om0

87% N
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1.0eq 1.2eq

10ang2929
@
ligand NN o
\—/ cl

( 10% NiCl,(DME), 20% ligand
0.5 eq PhB(pin), 1.5 eq NaOtBu (\o
/@/O\H/N\/ K\O dioxane, 80 °C, 3 h N\)
+
MeO 0 HN. ] 66% oo /©/
e

1.0eq 1.2eq

®
12014182 ligand NN
/
o
cl

Scheme 8.35 Carboxylates and carbamates as leaving group in SyAr reactions [150, 151].
Further examples: [152].

8.2.8
Arynes

Arynes are a particularly reactive group of electrophilic arylating reagents.
These intermediates are generated by f-elimination from aryl halides, diazotized
anthranilic acid, or (2-silylaryl)triflates. Owing to the high energy of arynes, even
weak nucleophiles will be arylated. The intermediate zwitterions can undergo a
wealth of amazing but capricious chemistry (Scheme 8.36).
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Scheme 8.36 Reactions of arynes with ethers [153, 154].

83
Problematic Nucleophiles

8.3.1
Enolates

Enolates can, as any other ambident nucleophile, lead to mixtures of isomeric
products. In nonpolar solvents, such as ethers, metal enolates do not dissociate
completely, and the oxygen-bound metal can prevent O-arylations. Neverthe-
less, arylations of alkali enolates must usually be optimized by trial and error
(Scheme 8.37).

Closely related to ketone enolates are phenolates, which may also undergo
either C- or O-arylation upon treatment with an electrophilic arylating reagent
(Scheme 8.38). Numerous parameters can influence the selectivity of such
transformations, and high-yielding reaction conditions are sometimes difficult
to find.

The C-arylation of ketones can also be catalyzed by transition metals, and
O-arylation is only rarely seen in these reactions (Scheme 8.39). In the case of
Pd-catalyzed C-arylations of ketones, palladium is bound to carbon (and not to
oxygen), and reductive elimination leads mainly to C—C bond formation [161].



234 | 8 Aromatic Nucleophilic Substitutions

E solvent CN CN
\©/ 30°C, 15h_ F l F\©/O
+
solvent 0

T 5% o
. 29% 9%
92joc5577 HMPT 20% 36%
DMSO 1% 41%
0 CF CF
cF. NaH o | 8 = |
X 3 solvent N X
+ — N+ o N
F X~ °N
F F
solvent, X
030prd267 DMSO, F 36:64
THF, F 78:22
THF, CI >95:5
DME, ClI >98:2
CN R
o 1.1 eq KN(SiMe3), (o)
X THF, =78 °C t0 20 °C, 2.5 h
» * 0 X
c” N el 36% |
13joc762 Cl N~ °Cl
1.0 eq 1.0eq
o 5 eq CsOH
15% catalyst \@ CO,Et
O,N NO s
é/COQEt . 2 \@[ ? PhMe, -20°C, 2h_
F >90% conversion
1.0e 13e CozEt
-ed > eq (rac)
06joc4980
catalyst
o 5 eq CsOH
15% catalyst CO,Et
é/coza . OZN\@:NOZ PhMe, 40 °C, 2 h \©i
E >90% conversion
COZEt
1.0eq 1.3 eq
<1:50 87% ee
06joc4980
catalyst

Scheme 8.37 C- And O-arylation of ketone- and lactone-derived alkali enolates [155-158].
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Scheme 8.38 Arylation of phenolates [159, 160].
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Scheme 8.39 Preparation of benzofurans by C- and O-arylation of 1,3-diketones [162].

83.2
Organomagnesium and Related Organometallic Compounds

Owing to their chemical hardness, instead of reacting as nucleophiles, polar
organometallic reagents will usually tend to react as bases, as single electron
donors, or lead to halogen—metal exchange. For instance, if aryl halides are
treated with BulLi in tetrahydrofuran (THF) at room temperature, butylarenes may
result, not by SyAr but by reaction of ArLi with BuBr [163, 164]. Moreover, many
functional groups react with polar organometallics, too. Therefore, these reagents
can transform electron-deficient arenes in many different ways, and are only rarely
used as nucleophiles for Sy Ar reactions (Scheme 8.40).

Transition-metal complexes can sometimes catalyze the displacement of leaving
groups from arenes by converting polar “hard” organometallics into softer organo-
transition-metal complexes, or by cleaving the arene—leaving group bond. Numer-
ous examples of transition-metal-catalyzed arylations of polar organometallics have
been reported, mostly with complexes of Fe [169], Ni [170, 171], Pt, and Pd [172]
(Scheme 8.41).
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Scheme 8.40 Uncatalyzed Sy Ar reactions of polar organometallic reagents [165-167].

Further examples: [168].
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Scheme 8.41 Transition-metal-catalyzed Sy Ar reactions with organometallic compounds
[169, 173-178].
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Scheme 8.41 (Continued)

The reaction of polar organometallics with strongly electron-deficient arenes
can be complicated by SET and other redox processes. Typical byproducts
include the dehalogenated arenes and symmetric biaryls formed by homocou-
pling of the aryl halide. Grignard reagents can add directly to nitroarenes or
reduce them to nitrosoarenes. The latter are electrophilic both at nitrogen and
oxygen, and can form C-N or C-O bonds with an excess Grignard reagent
(Scheme 8.42).

Closely related to the last example in Scheme 8.42 is the preparation of indoles
by treatment of nitroarenes with an excess of a vinylmagnesium halide (Bartoli
reaction [182], Scheme 8.43). It is assumed that this reaction also proceeds via
an intermediate nitrosoarene. Yields are usually low, also because of the poor
regioselectivity of the addition of the Grignard reagent to the nitrosoarene.

Some arenes are sufficiently acidic to be deprotonated by organomagnesium or
related organometallics. In the presence of oxidants (e.g., nitroarenes), biaryls may
be formed as byproduct. Biaryls may also be formed upon treatment of electron-
deficient aryl halides with polar organometallic reagents in the absence of oxidants
(Scheme 8.44).
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Scheme 8.42 Reaction of nitroarenes with Grignard reagents [179-181].
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Scheme 8.43 Preparation of indoles from nitroarenes [183].
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Scheme 8.44 Biaryl formation by oxidative dimerization of metallated arenes and during
Negishi couplings [184, 185]. Further examples [186].

Organolithium and organomagnesium reagents can readily mediate
halogen—metal exchange at polyhaloarenes. The resulting metallated arenes may
be sufficiently stable to yield dehalogenated arenes upon hydrolysis. Alternatively,
pB-elimination may occur and cause the formation of arynes. Arynes are strong
electrophiles, and can arylate the excess of organometallic reagent (Scheme 8.45).
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Scheme 8.45 Dehalogenation and aryne formation from aryl halides [187-189).

8.3.3
Ammonia

A number of successful S Ar reactions with ammonia have been reported
(Scheme 8.46). Although di- or triarylamines may also be formed, these potential
byproducts can usually be avoided by using a large excess of ammonia. If this
strategy fails, amides [190], azide (Section 8.3.6), or (Me,;Si),NH can be used as
(more expensive) alternative to ammonia.

Compared to aliphatic amines, ammonia is less nucleophilic and a weaker base.
Therefore, other nucleophiles present in the reaction mixture (water, alcohols, or
the newly formed aniline) may react with electrophiles at similar rates as ammonia.

241
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Scheme 8.46 Monoarylation of ammonia [191-193]. Further examples: [194].

Other side reactions include reduction of the electrophile and biaryl formation
(Scheme 8.47).

A further potential synthetic equivalent of ammonia is nitrite. While nitrite reacts
with alkyl halides to yield mixtures of nitroalkanes and alkyl nitrites, arylation of
nitrite mostly yields nitroarenes (Scheme 8.48), which can be reduced to anilines,
for example, by hydrogenation.

834
Primary and Secondary Amines

Most amines react with electron-deficient arenes in the expected way, and SyAr
is a valuable and often used strategy for the preparation of substituted anilines
(Scheme 8.49). Occasionally, though, unexpected side reactions may occur. For
catalyzed aromatic nucleophilic substitutions, the identification of suitable catalysts
can be an issue, because many amines form stable, unreactive complexes with
copper and other transitions metals.

For unreactive aryl halides, transition-metal catalysis and strong bases may be
required, and arynes and thus mixtures of regioisomeric products are sometimes
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Scheme 8.47 Byproduct formation during Sy Ar with ammonia and synthetic equivalents
thereof [195-197].

formed. As alternative to low-boiling amines, their formamides can sometimes be
used in Sy Ar reactions [206, 207].

For the N-arylation of aliphatic or aromatic amines, suitable bases include
hydroxide, alcoholates, and carbonates, which indicates that amines react much
faster as nucleophiles than oxygen bases. Occasionally, though, phenols can result
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Scheme 8.48 Arylation of nitrite [198—200].

as byproducts [208]. Amines that are easily dehydrogenated (e.g., benzylamines)
can cause the reduction of the electrophile. Di- and triarylamines are also readily
oxidized (e.g., to carbazoles), and air must be rigorously excluded during the
preparation of such compounds, in particular if strong bases are used. Strong
bases can always lead to weird byproducts (Scheme 8.50) and should be avoided
if possible.

8.3.5
Tertiary Amines

N-Aryl quaternary ammonium salts are difficult to prepare by N-arylation of
tertiary amines because the products are quickly dealkylated by the tertiary amine
(Scheme 8.51). Because tertiary amines are not always nucleophilic enough for
SyAr reactions, strongly electrophilic arylating reagents, such as arynes, may be
required to achieve N-arylation of tertiary amines.
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Scheme 8.49 N-Arylation of amines [201-205].
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Scheme 8.50 N-Arylation of alkylamines and anilines [132, 209-211].
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Scheme 8.50 (Continued)

8.3.6
Azides

247

Clbe
N OLi
\

SyAr reactions with metal azides often yield anilines instead of aryl azides
(Scheme 8.52). The reduction of the initially formed azide can be caused by
even weak reducing reagents, for instance, by NaOtBu [215], ethanol [216],
HBr, or by an excess of metal azide [217]. Nevertheless, many examples of
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Scheme 8.51 Arylation of tertiary amines by arynes [212-214].

successful preparations of aryl azides from aryl halides have been reported [218].
Best results were obtained with Cu(I)-diamine complexes as catalysts, and in
the presence of ascorbate (to regenerate Cu(I) from Cu(Il)). In addition to the
reduction of intermediate azides to anilines, typical side reactions during
SyAr with azide include the reduction of nitro groups and the reduction to
unsubstituted arenes.

Organic azides undergo 1,3-dipolar cycloadditions and can react as nucle-
ophiles with a number of functional groups. Ketones, for instance, react
with azides under acidic conditions to yield amides, and 2-azidobenzoates
can cyclize to yield benzotriazinones (Scheme 8.53). Moreover, aryl azides
are thermally labile, and react with various acids to yield substituted anilines
(as do N-arylhydroxylamines). Acidic reaction conditions generally accelerate
azide decomposition, whereas most azides are quite stable in the presence of
bases [222].

83.7
Hydroxide

The main side reactions of aromatic nucleophilic substitutions with hydroxide
are the formation of diarylethers and the transformation of functional groups
(Scheme 8.54). Byproducts of the preparation of phenol from chlorobenzene
include diphenylether and 2- and 4-phenylphenol (Scheme 8.16).
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Scheme 8.52 S, Ar reactions with azide [216, 217, 219, 220]. Further examples: [221].
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Scheme 8.53 Reactions of aryl azides [223-225].

Phenols may also be formed upon treatment of aryl halides with carbonate or
carboxylates. These nucleophiles are less basic than hydroxide and usually do not
saponify carboxylic esters (Scheme 8.55).

Benzoic acids and arenesulfinic acids can undergo decarboxylative/desulfinyla-
tive substitution in the presence of Pd- or other transition-metal complexes
[230-234]. This is a potential side reaction of the transition-metal-catalyzed O-
arylation of benzoic and arenesulfinic acids.

8.3.8
Alcohols

Because of the hardness of alkoxides, these often react rather as bases than as nucle-
ophiles. Nevertheless, numerous examples of successful aromatic nucleophilic
substitution with alcoholates have been reported (Scheme 8.56).

Deprotonated aliphatic alcohols with a-hydrogen are not only strong bases but
also potent hydride donors and thus reducing reagents (dry alcoholates may
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Scheme 8.54 Conversion of aryl halides into phenols [226—229].

ignite in air). Hence, the O-alkylation or O-arylation of alcoholates does not
always give high yields of ethers, and p-eliminations, reductions, and the cleavage
of carboxylic or carbonic acid derivatives are often seen as side reactions. In
the last example in Scheme 8.57, the reduction may also have been caused
by iodide.

Aminoalcohols can be selectively arylated either at nitrogen or at oxygen
(Scheme 8.58). Treatment of the resulting products with strong bases can cause
aryl group migration from oxygen to nitrogen [247].

The O-arylation of aliphatic alcohols can also be catalyzed by palladium com-
plexes. However, even in the presence of these catalysts, numerous byproducts
may result (Scheme 8.59).
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Scheme 8.55 Arylation of carbonates and carboxylates [235-238].

8.3.9
Thiols

Although thiols are strong nucleophiles and in principle suitable for Sy Ar reactions,
thiols are also strong reducing reagents and capable of reacting with a number
of functional groups. Nevertheless, numerous high-yielding examples of aromatic
nucleophilic substitutions with thiols have been reported (Scheme 8.60). Despite
the strength of many sulfur-metal bonds, these reactions can sometimes be
catalyzed by transition-metal complexes.

Common side reactions of the arylation of alkylmercaptanes with aryl halides
are the reductive dehalogenation of the aryl halide as well as the formation of
thiophenols, diarylthioethers, and dialkylthioethers. The latter result from the
cleavage of intermediate arylalkylthioethers by an excess of thiol (Scheme 8.61),
and their formation may be prevented by catalysis and lower reaction temperatures.
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Scheme 8.56 Aromatic nucleophilic substitutions with alcohols [239-242].

Because of the high nucleophilicity of thiols, even weak electrophiles can
effectively compete with aryl halides. Alkylesters or carbonates, for instance,
readily alkylate thiols, and should not be used as solvents for these reactions [262].

Synthetic equivalents of H,S are thiocyanate salts (M* SCN~). Aryl halides
usually react with thiocyanate at sulfur, but the resulting arylthiocyanates can
rearrange to isothiocyanates. In the presence of water, the intermediate thiocyanates
may also be hydrolyzed to thiophenols, which can be arylated by the electrophile
(Scheme 8.62).

8.3.10
Halides

Because of their low nucleophilicity, SyAr reactions with halides often proceed
only slowly (Scheme 8.63). Substitutions by iodide are the easiest, while those
with fluoride usually require strictly anhydrous conditions and high temperatures.
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Scheme 8.58 Arylation of aminoalcohols [248].
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[249, 250]. Further examples: [251, 252].
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Scheme 8.60 Arylation of thiols [241, 253-256]. Further examples: [44, 257-260].
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Because fluoride is the most basic halide, it tends to cause most side reactions
(cleavage of ethers, oxidation of aldehydes to carboxylic acids, competition by other
nucleophiles, or decarboxylations).

Iodide is a good reducing reagent, and can reduce benzylic alcohols
[279] and dehalogenate aryl halides. Such reductions proceed particularly
readily with electron-deficient arenes, such as polynitrobenzenes or pyridines
(Scheme 8.64).

aq concd HBr
ON NO, 110 °C, 15 min

N02 74% Br
N02 NO2

O,N NO,

aq concd HI

as above O:N NO,

84joc4575

3 eq Nal
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Scheme 8.64 Reductions by iodide [280, 281].

Phenols can be activated in situ by 2-haloimidazolium halides, which can then
undergo halodeoxygenation (Scheme 8.65). Alternatively, phenols may be converted
to triflates or other fluorinated sulfonates, and then transformed into aryl fluorides
by palladium-catalyzed Sy Ar with fluoride [282].
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Scheme 8.65 Conversion of phenols or derivatives thereof into aryl halides [283, 284].
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Epilogue

Economics, Politics, and the Quality of Chemical Research

Prosperity

In the “first world,” we enjoy a never-seen degree of prosperity. We spend only a
pittance of our salaries on basic needs, and, although an ever-increasing number of
people are living off the government, our economies are still eking out some growth.
We even spend taxpayers’ money on research without any practical use (astronomy,
ancient history, paleontology, literary studies, etc.). Opinions may diverge on the
pertinence of spending everybody’s money on satisfying the curiosity of a few
(including mine), but most will agree that prosperity is a good thing, worth
contributing to and enhancing further.

What is prosperity and where does it come from? Prosperity means a broad
choice of inexpensive, high-quality products for everyone, and is the consequence
of high productivity and free trade. Sophisticated tools, free access to information,
and free flow of ideas enable each person in a prosperous country to generate high
value with little effort, and employees in the private sector of prosperous societies
do so. Free trade enables specialization and mass production, and lowers the prices
of all products through economies of scale. High productivity and free trade give
us spare time to learn new skills and to develop still more sophisticated production
processes and cheaper and better products. Therefore, most of us spend less than
a few hours per day to produce the food and clothes we need. Fifty years ago, food
and clothes represented a much larger fraction of our expenses, owing to lower
productivity and more trade barriers.

Increasing productivity naturally brings about deflation. Most people find this
natural deflation unbearably painful, in particular the falling salaries. To keep
everybody happy, labor unions and central banks actively debase our currencies
and thereby cause nominal prices and salaries to rise (inflation), creating the
illusion of increasing wealth. Real prices, however, relentlessly fall in prosperous,
technologically advancing societies.

Why does productivity rise and poverty decline in developed countries? The
main driving force is competition. To earn money, companies must provide their
products at a competitive (=low) price. Their earnings are the difference between
production costs and sales income (net margin), and each company in a free,
capitalistic society will strive to lower their production costs and gain market
share by decreasing the price of their products while improving their quality and

Side Reactions in Organic Synthesis I11: Aromatic Substitutions, First Edition. Florencio Zaragoza Dérwald.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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attractiveness for the customers. Forced competition, combined with a sensible
patent and copyright law, and the protection of private property rights will naturally
bring about technological progress, falling prices, and prosperity for everyone. I say
“forced competition,” because in free societies government-endorsed price fixing
(e.g., minimum wages," tariffs, other protectionist measures) and monopolies
will pop up spontaneously and reduce prosperity unless laws avert this. Even
democracies tend to implement protectionist and other prosperity-diminishing
schemes, not because politicians are ignorant of the absurdity of these measures
but because protectionism is popular and politicians are forced to do what the
majority wants [1, 2]. Protectionism and mercantilism” can probably only be
curtailed by a better economic education.

Interestingly, growing productivity does not lead to fewer jobs in general, but
to fewer low-skill jobs (of low value generation) and more high-skill jobs (of high
value generation). Thus, there are usually plenty of jobs in countries with respect
for property and contract. Because of our innate drive to avoid physical efforts and
unpleasant work, and thus to develop better technologies, we are condemned to
live in a world of continuously disappearing low-skill jobs, falling real prices, and
increasing demand for high-skill workers. In countries where the disappearance of
low-skill jobs is artificially suppressed, no qualified workers are available for high-
skill jobs (they have low-skill jobs and no incentive to seek a higher qualification),
and the degree of prosperity lags behind that of more liberal countries.

The low quality and high price of governmental “products” as well as the
low productivity of governmental institutions is a direct consequence of the lack
of competition. The government has a local monopoly, and monopolies, as any
economic entity, aim to lower their expenses (by reducing the quality of their
products) and increase their income (by raising the prices). This would put
any private enterprise out of business, but because nobody competes with the

1) Salaries are the price of labor, and should be inefficient local producers, the whole country

2)

freely established by supply and demand, as
any other price. Of course, salaries cannot be
a function of the employee’s financial needs,
but must correspond to the market value of
one’s contributions. Price-fixing of salaries
will keep them from attaining the optimal
level (the level at which employment is maxi-
mized), and will usually reduce employment.
H. Hazlitt, Economics in One Lesson, Ludwig
von Mises Institute, Auburn, Alabama 2008.

Mercantilism is the mistaken notion that
exports are good for the prosperity of a
country and imports are bad, that is, that
money is more valuable than goods or
services. Mercantilism, the main cause of
protectionism (and the US depression of
the 1930s, numerous wars, and poverty
in the third world), was refuted by Adam
Smith, Frédéric Bastiat, and others long ago.
By establishing trade barriers to “protect”

becomes poorer: citizens have to pay higher
prices, which leaves them with less money
to spend on other things, and producers
suffer because of the lower purchasing power
of their customers and the smaller market
for their goods. Trade barriers prevent
efficient mass production and economies of
scale, making everything more expensive
but nobody richer. Prosperity and strong
companies arise when people are allowed to
specialize, find their comparative advantage,
and purchase the products of their choice,
no matter where these were produced.
It is prosperity-destroying and nobody’s
duty to protect incompetent producers
and their squandering of resources. C.
L. Hooper, Mercantilism Lives. April 4,
2011. Library of Economics and Liberty.
www.econlib.org/library/Columns /y2011/
Hoopermercantilism.html.


http://www.econlib.org/library/Columns/y2011

Slavery and Freedom

government, it can get away with this revenue-enhancing behavior. The only option
for unhappy citizens is to leave the country.

A lot of people and companies actually do this, and a scary response of politicians
is to enhance international cooperation, and “harmonize” laws and taxes (think
European Union). Thereby the little competitive pressure on governments to
perform, caused by their citizens and companies leaving the country, vanishes,
and the cooperating countries turn into dictatorships, with politicians doing as
they please. In fact, international “tax harmonization” is similar to price fixing
between companies, and detrimental for prosperity. We need more international
competition, also between governments, not less.

So much for economic essentials, which are, however, often misunderstood.
Despite 100years of failed socialistic experiments and millions in deep poverty
because of political meddling and obstruction of free markets and competition,
some people still view politicians as benevolent, honest, and wise, and believe that,
if such politicians enjoy unrestricted power, society will flourish. They are wrong.
The history of mankind is a history of oppression and plunder of the powerless by
the powerful.

Slavery and Freedom

When appraising economic systems throughout history, it is not just a matter
of their economic performance but also of the degree of justice and freedom for
every citizen and of the protection of minorities. The Roman Empire or North
America until 1865 may be considered economically sound, but being based on
slavery these were inherently unjust and ethically improper. Because a large part
of the population did not enjoy freedom, these economies did not attain their full
potential of prosperity growth. Just like a free market will provide the optimal price
for each good (the price at which the turnover of the good is highest), freedom
to choose the profession and business one is best suited for will lead to the most
productive society and fastest prosperity growth.

Slavery was abolished throughout the world during the nineteenth century, but
a disguised form of slavery was reintroduced in many countries after the Second
World War: the welfare state. And just as the abolition of slavery was unthinkable
before the nineteenth century, the welfare state has become dogma today.

The modern welfare state is a system of shielding the individual from the con-
sequences of his decisions, of penalizing individual performance-driven affluence,
of systematic expropriation of companies and large parts of the population, of a
dwindling right to privacy, and of politicians meddling in our choices of when
and what to buy, when to work, and how many children to raise. Instead of doing
their job (serving the people), many politicians consider their mission to tell us
what to do and to control our lives. Governmental employees enjoy a high degree
of job security, little performance pressure, generous pensions, and numerous
privileges, all financed by the private sector and by loans from future generations
of workers and companies [3]. In most countries of the EU, the highest tax bracket
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plus “social contributions” exceed 50% of income. Of the leftovers, citizens have to
pay up to 25% (Scandinavia, 2013) of value-added tax on all their purchases, and for
certain items even more. People with high-skill jobs in welfare states work more
than 20 years exclusively for feeding public employees and for financing unrealistic
promises made by former, never accountable politicians.

Economists have been trying to figure out whether high taxes are harmful to the
economic well-being of a country, but they could find no clear correlations between
gross domestic product (GDP) growth and taxes or the number of governmental
employees [4, 5]. It seems that, as long as taxes do not exceed a certain level, the
prosperity of a country mainly depends on the degree of economic freedom [6].
Nevertheless, the numbers required for such comparisons are collected differently
in each country, and it is tempting to distort them. Because the public sector is
a monopoly and is not forced by competition to be efficient, countries with large
public sectors will waste more resources than countries with smaller public sectors.

High taxes combined with no economic freedom, as in socialistic paradises like
India, Venezuela, or Cuba, cause, unsurprisingly, rapid economic deterioration
and widespread poverty. Once a socialistic majority is firmly established in a
country, the return to freedom is difficult. Knowing who will vote for them (the
poor), socialistic politicians will always try to impoverish a country, to increase the
number of their followers and stay in power. Socialistic policies achieve just that:
poverty for everybody.

One aspect economists rarely discuss is the ethical aspect of taxes. The forced
dispossession of citizens is theft, and is forbidden by most constitutions. Even the
most primitive rules for living together in peace consider theft a crime: for instance,
the biblical Ten Commandments. The right to property must have originated early
in history, as it allows for an effective collaboration among members of a group. We
are a gregarious species, and our tendency to establish a rule of law and property
rights within a group is probably genetic. Without property rights, everyone would
have to spend valuable time and efforts to protect himself from his neighbors, and
no peaceful collaboration among people would be possible. Each of us experiences
deep discomfort and a diminished quality of life at the prospect of being robbed
or having to pay a price dependent not on what we receive but on what we earn.
Outsized cash needs of a thief do not make his stealing less criminal. There are no
limits to the money politicians can spend on bribing voters.

The creeping abolishment of property rights by the welfare state (i.e., the legaliza-
tion of theft) is a return to prehistoric barbarism. It undermines social coherence
and continuously diminishes the resources available to enhance prosperity, by
transferring them from the efficient private sector to the inefficient public sector.
Because the rule of law no longer protects the working citizen in advanced welfare
states, he must protect himself by increasing his efforts to minimize or evade taxes.
He spends hours not only poring over excessively complex tax forms but also on
figuring out what to tell and what not to tell, instead of enjoying his life or doing
something productive. Thousands of working hours and creative efforts are wasted.

Enter the industry of tax avoidance and minimization: lawyers, bankers, tax
consultants, investment managers, tax-self-help-guide writers, thousands of smart



The Quality of Chemical Research

people doing nothing but to lighten the tax burden of ordinary citizens. Again, this
is an economic disaster. Together with the tax collectors (and most politicians),
these people produce nothing, and do not add to our prosperity. Well, yes, one
could argue that the tax minimization industry enhances prosperity by increasing
the wealth and purchasing power of their clients, but the country would be better
off by just lowering the tax burden and thereby making tax minimization less
worthwhile. A lot of productive resources could be freed up, to develop new drugs,
new solar panels, cheaper food, clothes, and so on, and thus increase everybody’s
prosperity by lowering prices. As Ronald Reagan said (and did) [7], the best way for a
government to increase its tax revenue is to cut taxes. By liberating the US economy
from the stranglehold of excessive bureaucracy and taxes, he set off two decades of
strong prosperity growth and the formation of many innovative, now world-leading
companies and millions of new jobs. Similarly, the partial dismantling of global
trade barriers during the last 30 years (the “globalization”) has boosted prosperity
in all the participating countries and lifted millions out of poverty. There must be a
positive correlation between freedom, ethical correctness, and prosperity. And the
less intrusive a government, the more ethically acceptable it is.

The Quality of Chemical Research

When scanning chemical journals, one gets the impression that many chemists
are more focused on increasing their number of publications than on solving
relevant problems (I am not completely blameless here). Wrong incentives set
by the financing institutions are the main reason for this. These boost the quick
publication of irrelevant work, and pervert generations of young scientists by
teaching them that science is mainly about pretentious publishing and overstat-
ing the relevance of one’s projects [8]. Although excellent chemical research is
being done at most universities, a number of academic research groups do not
assess with sufficient objectivity the quality of their projects. So, what are “good”
research projects?

Most readers probably live in prosperous societies, and believe to be able to
afford irrelevant research. Satisfaction at work, though, increases with the perceived
relevance of one’s efforts, and chemists are no exception here. Moreover, in view
of our current more pressing problems (devastation of the oceans, increasing
antibiotic resistance of bacteria, irreversible destruction of our atmosphere, lack of
universal antiviral agents, etc.) that are seriously threatening the mid-term survival
of our species, nobody can afford irrelevant research today.

I would define “good research” as “relevant research,” and “relevant” as some-
thing that in a more or less direct way will enhance our productivity and thereby
everyone’s quality of life and prosperity. So, “bad research” would be “irrelevant
research,” that is, research that would not affect our quality of life and prosperity
in any way, and would therefore be a waste of money.

Although many relevant projects may also be commercially relevant, that does not
need to be so. In fact, highly relevant research, such as the study of the ozone hole
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or other anthropogenic environmental changes, are commercially meaningless but
crucial to our future prosperity, and must therefore be energetically pushed and
subsidized by governments.

Chemists are in a good position to enhance prosperity by increasing productivity
and lowering prices. Industrial chemical research basically deals with questions
like “how can this product be produced cheaper?” and “how can the quality of
this product be improved without increasing its costs?” In companies reliant on
proprietary materials (pharmaceuticals, agrochemicals, cosmetics, etc.), a further
important question is: “which compound or mixture of compounds will have
the properties we are looking for?” Hence, highly relevant chemical research is
the development of improved (= cheaper, cleaner, safer, shorter, simpler, higher
yielding, more selective) synthetic methods (not costlier alternatives) and the
development of synthetic methods that enable the preparation of new classes of
compounds with potentially valuable properties. Mechanistic studies can also be
relevant if the resulting knowledge assists the development of improved synthetic
methods or new compound classes.

Popular, irrelevant chemical research themes, often disguised and insulated
from criticism as ‘“basic research,” include

 new, expensive methods and reagents for preparing cheap compounds (i.e.,

compounds readily accessible by less costly routes);

syntheses of irrelevant natural or unnatural products (unless the true target is

new, valuable synthetic methodology);

« the study of irrelevant reaction mechanisms, kinetics, stereoselectivities, or
regioselectivities.

Some critical aspects of organic synthesis that are often ignored by academic
chemists, include

the cost of the required catalyst (price is the most important quality criterion of a
synthetic method);

the recyclability of noble metal catalysts;

« the amount and type of waste generated (ideal: no waste; ok: water, CO,, N,,
combustible organic compounds; a pain: H,SO,, H;PO,, salts of Na, K, Mg, Ca,

Al, Si; unacceptable: stoichiometric amounts of transition-metal salts);
+ the thermal safety and upscalability of reactions.

Concerning the last point above, in recent years the use of microwave heating
and closed vials has become widespread (for reactions at temperatures above the
boiling point of the solvent). New chemistries developed in closed reactors are
particularly difficult to scale up, and therefore less valuable than new chemistries
conducted under more realistic conditions.

So, a highly relevant area of chemical research is the modification of important
organic transformations so that less expensive catalysts, reagents, and solvents are
needed, less critical waste is generated, and the risk of thermal runaway events is
reduced. Some specific areas of current high relevance include
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catalysts for the reduction of esters, amides, ureas, carboxylic acids, aldehydes,
and ketones with hydrogen under mild conditions (hydrogen is the cheapest,
environmentally most friendly reducing agent);

catalysts for the hydrogenolytic cleavage of aliphatic carbon—heteroatom bonds
under mild conditions;

catalysts for the reductive formation of C-C bonds with hydrogen as reducing
reagent;

catalysts for the selective oxidation of organic compounds with air (e.g., olefins,
alcohols, alkyl halides, or ethers to aldehydes, ketones, or carboxylic acids;
hydroxylations; etherifications; halogenations; aminations; amidations; dehydro-
genations; ethers to acetals or esters, methyl groups to alcohols, aldehydes, or
carboxylic acids);

C-C bond-forming reactions where only hydrogen, water, nitrogen, CO, or CO,
are formed as byproducts;

catalysts for the transient conversion of alcohols/enols into strong electrophiles
(e.g., for the use of alcohols as alkylating reagents, of phenols as arylating
reagents, for the conversion of ketones into vinyl halides or allenes, etc.);
catalysts for Sy2 reactions (e.g., for the conversion of unreactive alkyl chlo-
rides, alcohols, ethers, esters, thioethers, amines, etc. into other compounds by
nucleophilic displacement under mild conditions);

better software for the prediction of the outcome of reactions (regioselectivity,
stereoselectivity, potential byproducts, solvent effects).

Although research can be planned, the results and their significance cannot. The

impact of many scientific discoveries that caused strong boosts of prosperity could
not have been foreseen. Often, disruptive, high-impact findings originate from
unfashionable research subjects or from projects that challenge established views.
Such projects are disliked by most peers, and can be difficult to fund. It is therefore
important that chemists both in academia and industry are not pushed too hard
to deliver quick “publishable” or lucrative results, but also get the opportunity
to work on visionary, long-term, high risk—high return projects. Also, if financed
by public money, these projects should be based on ambitious, worthwhile, and
relevant goals.
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organometallics, hard and soft

— acylation 94,97, 102, 103

— arylation 235-241

— reaction with lactones 102, 103
ortho alkylation of acetophenones

ortho-directed halogenation 127-129

ortho-directing groups 46, 68
orthoesters, formation 91, 109

oxalyl chloride 92
oxazoles
— acylation 98

, 95, 104, 106

— from anilides 142

— arylation 74, 98

— dimerization 74,77

oxidation of
—acetals 151

— alcohols 94, 139, 227

— aldehydes 94,1

50, 151

— alkyl groups 164, 166, 169, 170
— amines 100, 148

— anilines 18, 138, 141, 148

— diarylamines 179

— diarylmethanes
— naphthalenes 1
— phenols 173

— sulfoxides 150

18
67

— thioethers 149-151

— thiols 149-151
— thiophenes 162
oxiranes, arylation

23,24

ozone, for nitration 161

paraquat 76
pararosaniline 18
peroxides

— as methylating reagents 20
— reaction with nitroarenes 222
Pfitzner—Moffatt oxidation 195

phenacyl halides
phenol, synthesis

25
28, 30, 217

8



phenols

— acylation 90

— alkylation 9, 11, 20, 26

— arylation 15, 66, 139, 235, 246

— carboxylation 103, 105

— conversion to aryl halides 259

— deoxygenation 20, 132, 229

— dimerization 78

— as electrophiles 15

— formation 105, 171, 217, 248, 251

— formylation 106-109

— halogenation 6, 132, 139, 147

— methylation 20

— nitration 164, 173, 174

— nitrosation 174

— oxidation 173, 174

— SyAr reactions of 206, 229

— sulfenylation 196, 199

phenylacetic acids, halogenation 127

phenylalanine, halogenation 127

phosgene 90, 96, 104, 106

phosphines, arylation 217

phthalic acids

— acylation 100

— as electrophile 93

— formation by oxidation of naphthalenes
167

Piria reaction 224, 225

pivaloyl chloride, decomposition 99

polyelectrophiles 22, 23,100, 110

polyhaloarenes, isomerization 210

polynitroarenes, preparation 162-173

1-propanol, as electrophile 7

propiolactones, as electrophiles 103

Pummerer reaction 197

purines, SyAr 206, 213

pyridine

— arylation 66, 71,75, 76

— dimerization 76, 96

— halogenation 124, 133-136

— nitration 168

— olefination 56

pyridines

— acylation 94,110

— alkylation 11, 12, 234

— amination 175, 176

— arylation 65, 66, 68, 70, 71, 76

— cyanation 214

— dealkylation 169

— dimerization 76, 96

— halogenation 124, 133-136

— metallation 94

— nitration 168

— olefination 47,49, 53

Index

pyridine N-oxides

— alkylation 10, 22

— arylation 53, 64,78

— halogenation 135

— nitration 168

— olefination 49, 53

pyrroles

— alkylation 24, 27, 31

— amidation 180

— amination 135

— arylation 66, 75

— conversion to lactams 144
— conversion to pyridines 109
— dimerization 130

— formation 76

— halogenation 123, 130, 135, 143, 144
— imidation 123

— nitration 162

- sulfenylation 123, 197

— sulfinylation 197

q

quaternization of amines, by arylation 244,
248

quinolines

— formation 109, 227

— formylation 110

— from tetrahydroquinolines 141

— SNAr 215, 240

quinones

— addition of nitrite to 174

— alkylation 11, 12

— from anilines 141

— from benzamides 152

— from phenols 173, 174

r

racemization, of electrophiles during
alkylations 1,5

radicals, arylation 11, 12, 20, 27, 63-67,
72-74,110

rearrangement

—allylic 21, 22,52, 53,55

— of carbocations 5, 6, 89, 93

— of cyclopropanes 99

— of hydrazones 179

— of polyhaloarenes 138, 210

— of sulfoxides 197

— of thioethers 99, 210

— von Richter 220, 223

reduction of

—aryl halides 71, 145, 229, 236, 241, 243,

249, 254, 255, 259
— azido groups 145, 249, 250
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294 | Index

reduction of (contd.) sulfones

— bromomalonates 6 — formation 191-194

— nitro groups 220, 225-227, 239, 249, 254 - SyAr 208, 235

— sulfoxides 150, 196, 197 sulfonic acids

— tertiary alcohols 31 — formation 191, 217, 225, 229

reductive alkylation 31 — SNAr 206

Reimer—Tiemann reaction 107-109 sulfonic acid anhydrides, arylation 192

resveratrol, iodination 147 sulfonic acid esters, see sulfonates

rhodanide ion, arylation of 257 sulfonium salts, formation 196

sulfonylation 191

s sulfonyl halides

saccharin, N-benzylation 183 — arylations with 194

salicylic acid, preparation 103 — conversion to sulfones 194

Sandmeyer reaction 227 — formation 191, 192

scavengers, for halogenations 138, 147, 148  sulfoxides

Scholl reaction 7 — alkylation with 10

Schotten—Baumann procedure 193 — as electrophiles 196

silanes — formation 196, 197

— ipso substitution 163 — isomerization 197

— nitration 163 — reduction 150

— reaction with benzyl esters 101 sulfur fluorides 132

- as reducing agents 31 sulfuric acid

SNAr  205-259 — as solvent 141

— vs benzylic substitution 211, 212 - sulfonylation with 191

— solvent effects 207, 234, 236 sulfuryl chloride (SO,Cl,)

solvents for Friedel-Crafts acylation 87,92, - chlorination with 140, 195
103 — sulfonylation with 195

solvents for oxidations 51 Swern oxidation 195

steric crowding, SyAr 219

stilbenes t

— formation 27, 48-50, 54, 55, 241 tele substitution 207-209

— halogenation 147 terephthalic acid

styrene — hydroxymethylation 7

— arylation 16 — iodination 135

— dimerization 90 tertiary amines

styrenes — N-arylation 244, 248

— acylation 88, 90 — dealkylation 92, 100, 142, 148, 166, 248

— formation 45-57 — dehydrogenation 100

substitution, aromatic — displacement 238
nucleophilic  205-259 — nitrosation 142, 166

succinimides, N-halo 121-123 tetrahydroquinolines

sulfenylation 199-201 — halogenation 141, 147

sulfide ion, SyAr 220 — nitration 171

sulfinates tetralones

— arylation with 75 — arylation 32

— conversion to sulfoxides 196, 197 — formation 15, 88, 101, 102

— formation 193 1,2,4,5-tetramethylbenzene (durene)

sulfinylation 195 — acylation 93

sulfite ion, arylation 225 — alkylation 22

sulfolane, as solvent 87, 92 — nitration 164

sulfonamides, N-arylation 180, 181 thiazoles

sulfonates (sulfonic acid esters) — arylation 70, 74, 77

— cleavage 231,243 — dehalogenation 145, 241

— formation 191 — dimerization 77



— formation 141
thiocyanates, formation 107, 124

— from anilines 124
— by SyAr 257
thioethers

— cleavage 150, 257

— conversion to thiocyanates 107

— formation 123, 208, 216, 220, 225, 227,
229, 230, 233, 252

— halogenation 149-151

— isomerization 99, 210

— nucleophilic displacement

— oxidation 149-151

thiols

— arylation 216, 220, 225, 229, 252, 253

— formation 220, 257

— halogenation 149-151

thionyl chloride (SOCL,)

— chlorinations with 150, 198

— dehydrogenations with 198

— reaction with anilines 140

13, 88, 229-231

— reaction with cinnamic acids 198
— reaction with pyridine 96
— reaction with sulfoxides 150, 196

- sulfinylations with 198
thiophenes

— acylation 102, 110

— alkylation 10, 33

— arylation 63, 64, 78

— cleavage 227

— dimerization 76

— formation 198

— metallation 10, 102

— nitration 162, 163

— olefination 51, 53
thiophenols

— acylation 90, 91

— alkylation 13

— arylation 230

— formation 220, 231, 257
toluene

— bromination 126

— reaction with CS, 103, 104

Index

toluenesulfonamides, halogenation 127
tosyl chloride, chlorination with 123, 128
triarylmethane dyes 18

triazenes, cyclization to benzotriazoles 179

1,3,5-triazines, arylation 62

triazoles, olefination 53

(trichloromethyl)arenes, reaction with
nucleophiles 209

triethylamine, dehydrogenation 100

trifluoromethylation 8, 16

trihaloalkanes, as electrophiles 88, 209

trihaloethanols, as electrophiles 32
trinitrobenzene

— arylation 71

— formation 259

trioxane 7, 110

triphosgene 106

tritylation of arenes 16

trityl chloride 1

Troger’s base 17

twofold acylation of arenes 93

u
Ullmann coupling reaction 45, 63
urotropine 107, 108

v

valerolactone, as electrophile 101, 102

vanadates, catalysts for oxidations 18

vicarious nucleophilic substitution 107, 219,
221

Vilsmeier reaction 92, 106

vinyl acetates, as electrophiles

vinylic carbocations 47

vinylsilanes, alkylation with 9

von Richter rearrangement 220-223

48

X
xenon fluorides 132
xylene, nitration 164, 171
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