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Since the 1950s, diaryliodonium(lll) salts have been demonstrated to participate in various arylation reactions, forming aryl—

heteroatom and aryl—carbon bonds. Incorporating the arylation step into sequential transformations would provide access

to complex molecules in short steps. This focus review summarizes the double functionalization of carbon—iodine(lll) and

ortho carbon—hydrogen bonds using diaryliodonium(lll) salts. This involves arylation/intramolecular rearrangement,

arylation followed by electrophilic aromatic substitution, three-component [2 + 2 + 2] cascade annulation, sequential metal-

catalyzed arylations, and double functionalization via aryne formation.

1. Introduction
1-1. General properties of diaryliodonium(lll) salts

Diaryliodonium (ArtAr2I*X-,  diaryl-A3-iodanes)
hypervalent iodine(lll) compounds, which are generally air- and
moisture-stable salts that have been employed as arylating
agents in organic synthesis.»2 Various aryl-heteroatom and

salts are

aryl—carbon bonds can be constructed via transition-metal-free
and -catalyzed transformations of diaryliodonium salts.

The structures of these compounds have a trigonal bipyramidal
geometry and exhibit a T-shape, wherein two aryl groups are
arranged on each of the equatorial and apical positions (Figure
1a). The iodine(lll) centre shares a hypervalent three-centre-
four-electron bond with the counter anion and one aryl group
on each of the apical positions. The nonbonding HOMO of the
hypervalent bond contains a node at the central iodine atom
(Figure 1b); therefore, the iodine centre of diaryliodonium salts
have electrophilic properties.
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X=Br, Cl, F, OTs, OTf, PFg, BF4... X—I—Ar

Ar = aryl or heteroaryl

Figure 1. General structure of diaryliodonium salts

Various synthetic methods have been developed to obtain
diaryliodonium salts. Some of typical preparation methods for
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diaryliodonium salts constitute dehydrative condensation of
electron-rich arenes with hypervalentiodine(lll) species, such as
(diacetoxyiodo)arenes, [hydroxy(tosyloxy)iodo]arenes, and
iodosoarenes.'23 Metal-iodine(lll) exchange is also effective
approach to the synthesis of various diaryliodonium salts,
wherein organometallic aryl species, including aryllithium,
arylsilane, arylstannane, arylboronic acid, and arylboronate are
employed.* The combination with iodine(lll) transfer reagents
provides useful access to symmetrical diaryliodonium salts
bearing the same aryl groups.®> Based on these aryl—iodine(lll)
bond formations, one-pot methods for the preparation of
diaryliodonium salts have been well developed, which are
recognized as robust methods. These involve the oxidation of
aryl iodides with appropriate oxidants followed by introduction
of arenes.®’ The combination of arenes with elemental iodine
has also been employed for one-pot synthesis.®

1-2. Utilization of diaryliodonium salts to arylation reactions

The diaryliodonium salts react with nucleophiles to generate
the Nu-I"" intermediate via ligand exchange with the counter
anion (Scheme 1a). Subsequent ligand coupling of the
nucleophiles with the aryl group at the equatorial position
affords the corresponding arylation products 1, owing to the
high leaving group ability of aryliodide. Beringer and co-workers
performed the reactions of diphenyliodonium salts with various
nucleophiles in the 1950s.1° After their pioneering work, several
groups have developed arylation reactions of a wide range of
nucleophiles with diaryliodonium salts under transition-metal-
free conditions. Functionalized arenes, such as aryl ethers,’
esters,®®10 gamines,!! amides,'? azides,!3> and fluorides!4 are
synthesized using diaryliodonium salts via ligand exchange
followed by ligand coupling. Carbon nucleophiles, such as
ketones, esters, and nitroalkanes, can be employed for C—C
bond formations.'® Biaryls are also synthesized in the absence
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a) Transion metal-free functionalization via ligand exchange
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Scheme 1. Various transformations of diaryliodonium salts

of transition metals via single electron transfer (SET) or
nucleophilic substitution reactions.®

Since the mid-2000s, biaryl synthesis enabling C—C bond
formation has been developed by the Sanford and Gaunt groups
using palladium and copper catalysts, respectively (Scheme
1b).17.18 |n these reactions, the generation of high valent metal
species, such as aryl—palladium(IV) and aryl-copper(lll), via the
oxidation of palladium(ll) or copper(l) by diaryliodonium salts
have been proposed. The high-valent aryl-metal intermediates
undergo reductive elimination to afford the desired biarly
products 1. On the other hand, the C—N bond formation of
diaryliodonium salts with N-heterocyclic arenes was achieved
via a transition-metal-catalyzed coupling reaction.?®

In addition, diaryliodonium salts serve as aryne precursors
when an appropriate activating group is attached at the ortho
position of the iodonium(lll) group (Scheme 1c).2%21-23 Various
combinations of aryne generation methods have been
reported, such as the application of carboxylate with heating,?!
silyl groups in conjunction with fluoride anions,?2 and boronic
acids in the presence of water.23 Diaryliodonium salts without
activating groups at the ortho position also serve as aryne
precursors when subjected to ortho-deprotonation by a strong
base.?426 Thus generated aryne intermediates would react with
various trapping reagents to afford the corresponding ortho-
bifunctionalized arenes 2.

The above-mentioned synthetic methods provide access to
various diaryliodonium salts (Ar'Ar2I*X’). However, symmetrical
diaryliodonium salts (Ar! = Ar?) containing the extremely
electron-rich, -poor, or sterically hindered aromatic rings are
difficult to prepare. In contrast, unsymmetrical diaryliodonium
salts (Ar! # Ar?) bearing these aryl groups are relatively
accessible. The chemoselectivity of the arylation strongly
depend on the nature of introduced aryl groups, including
electron inductive and steric effects.?’ To control the reactivity
and unified chemoselectivity of the arylation, auxiliary aryl
groups, such as thienyl,2® anisyl,?® trimethoxyphenyl (TMP),3°
and mesityl (Mes) groups3! have been employed as aryl groups
in diaryliodonium salts. These aryl groups serve as inert dummy

2| J. Name., 2012, 00, 1-3

ligands during the arylation reaction, and bond formation
proceeds with the opposite aryl groups.

1-3. Double functionalization of C-I"' and ortho C-H bonds

Diaryliodonium salts serve as electrophiles in the arylation
reactions of various nucleophiles. Sequential transformations
after the arylations produce highly functionalized aryl
compounds. For example, Sheradsky et al. reported in 1980 that
a diaryliodonium salt reacted with  N-hydroxy-N-
methylacetamide (3) to afford N-(2-hydroxyphenyl)-N-methyl-
acetamide (4) instead of N-phenoxy-N-methylacetamide, which
was unexpected (Scheme 2a).32 In this reaction, the authors
suggested that N-arylation occurred initially followed by
rearrangement to afford the final product, although the other
mechanisms involving radical or aryne formations can be also
acceptable. The nucleophiles are designed such that they
provide a double functionalization system through an arylation—
rearrangement sequence with simple diaryliodonium salts.

a) Via arylation/reairangement sequence (by Sheradsky,1980)

Br Me
N QH N0
L« wty e XY
r Me
Me’ o) DMSO, rt Me’ OH
(Ar = 4-Me-CgHy) ¢ 3 4 T

Me, e M
N

o e
1 rearrangement N
Y I3 X
Me’ © Me’ O Me O

suggested mechanism

z-Z

b) Via benzyne generation (by Akiyama, 1974)
Br-~

N OBu E
\
/@ Ar  + NaOBu —— + J@[
Me' ‘BuOH Me E Me O'Bu
(Ar = 4-Me-CgHy) 5 5'
l E' (E=H)
(T(III) ~OBu O'Bu _
O — 1 —= L0 QX
Me' H Me' Me - Me’ O'Bu
Aoy (ratio=1:1)

Scheme 2. Early examples for ortho C-H bond functionalization of
diaryliodonium salt

Arylation using diaryliodonium salts typically produces
regioismers (5 and 5’) in the presence of a strong base, wherein
the aryne generation competes with direct arylation (Scheme
2b).24 In this reaction, the aryne intermediate is generated via
ortho C—H deprotonation despite the absence of an activating
group at the ortho position of the iodonium group. Controlling
aryne generation in the presence of an appropriate trapping
reagent would produce double-functionalized arenes.

In this focus double
functionalization systems using diaryliodonium salts, wherein
the C—I"" and ortho C—H bonds are converted to C—C or C—
heteroatom bonds (Scheme 3). These

construct highly functionalized arenes from relatively simple

review, we summarize various

transformations
diaryliodonium salts, which can contribute to the synthesis of

organic functional materials and natural products bearing
complicated skeletons.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 3. Double functionalization of C-I"" and/or ortho C-H bonds

2. Stepwise double functionalization
2-1. Arylation/rearrangement sequence

As shown in Scheme 2a, the reaction of diaryliodonium salts
with hydroxylamine affords double-functionalized products
through nucleophilic substitution followed by rearrangement.
Various hydroxylamines have been employed to obtain the
corresponding double functionalization products via a similar
reaction pathway.

Pyridine N-oxides (6) were employed as hydroxylamines to
achieve double functionalization (Scheme 4a).33 Heating a
mixture of diphenyliodonium hexafluorophosphate and
pyridine N-oxide at 120 °C afforded 2-pyridinium phenol
hexafluorophosphate (7), which was converted to a stable
betaine upon treatment with K,COs;. The crystal structure,
confirmed by X-ray diffraction, showed that the N-O bond was
cleaved with the insertion of a phenylene group. According to
the mechanism proposed by the authors, the reaction proceeds
via arylation followed by a 1,3-radical rearrangement. After the
O-arylation, the N—O bond of 7-int was homolytically cleaved
under heating conditions to afford a pyridine cationic radical
along with a phenoxy radical. Rearrangement of the radical at
the ortho carbon atom followed by bond formation with the
pyridine cationic radical furnishes the double-functionalized
products. The authors also performed density functional theory
(DFT) calculations to confirm the proposed mechanism.

a) -
X, - A~ OH
1 o Ot £
d Y + N 5 Z N[ —— R I +
RL [ A I R I SO
S ~# DCE, 120°C N Z | 1,3-radical -
(Ar = R-CgHy) rearrangement X N
(X = PFg or OTf) 6 7-int 7,upto 91%
b) X Ts cuoTh, [ s ] -~ NHTs
N N+ (10 mol%) N+ rRL
RET™ * o RET O SN
N ~ DCE, 130°C N (A ,’\O
(Ar = R-CgHy) - N x
(X = PFg or OTf) 8 9-int 9, up to 85%

Scheme 4. Arylation followed by [1,3]-rearrangement sequence

The pyridine N-amidate (8) also underwent a similar reaction at
120 °C, which led to the formation of the 2-pyridinium aniline
derivative (9) (Scheme 4b).3* The corresponding arylation
intermediate 9-int was isolated by performing the reaction at a
lower temperature of 80 °Cin the presence of a copper catalyst.
Treatment of the intermediate at 130 °C furnished the
rearranged product. The authors demonstrated the reactions of
various combinations of diaryliodonium salts and pyridinium N-
amidate in the presence of a copper catalyst to afford 2-
pyridinium aniline derivatives.

This journal is © The Royal Society of Chemistry 20xx
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The Su and Mo group employed N-hydroxybenzotriazinone and
N-hydroxybenzotriazole as hydroxylamines, which undergo the
arylation of the hydroxy group followed by [3,3]-rearrangement
to afford double functionalization  products.3>  N-
Hydroxybenzo[1,2,3]triazin-4(3H)-one (10) reacted with
diaryliodonium triflate at 80 °C in the presence of KO'Bu to
produce N-aryl benzo[1,2,3]-triazin-4(1H)-one (11) (Scheme
5a).3%2 The reaction when performed at a lower temperature of
50 °C, generated the O-arylation product 11-int, which was
converted to phenol derivatives 11 by treatment at 80 °C. The
authors also performed mechanistic studies. The reaction
proceeds even in the presence of radical trap TEMPO, which
suggests that a radical process is not involved. The crossover
reaction indicates that N-O bond cleavage occurs via an
intramolecular [3,3]-rearrangement.

R e Q [ 2 R—i\/I[OH
P : HO. KO'Bu AN O SNy
R—— [ Ar + ,{‘ —_— R—\ | ,:‘\ —
N DCE N o)
(Ar = R-CgHy) 10 80°C 11-int
11, up to 88%
- [ OH
b) TfO . R _/ |
0 HOy KO'Bu A 5O SN
RL [ A+ i —|R— | . —_— “N
S N=N MeCN X N=N 60 °C
(Ar = R-CgHy) 12 %~ 13-int

13, up to 85%

Scheme 5. Arylation followed by [3,3]-rearrangement sequence

In the case of N-hydroxybenzotriazole (12), the arylation of the
hydroxy group proceeded smoothly even at room temperature
(Scheme 5b).3%® The O-arylation product 13-int was converted
(13) via a [3,3]-
rearrangement at 60 °C. In this reaction, [1,3]-rearrangement

to N-(2-hydroxyaryl)-benzotriazoles

products were also generated as side products. The authors also
demonstrated a one-pot reaction for sequential O-arylation and
[3,3]-rearrangement.

O-Arylketoximes equipped with a-hydrogen atoms also lead to
which generates the corresponding
ketoimine bearing a 2-phenol moiety at the a-position, which

[3,3]-rearrangement,

then converts readily to benzofuran derivatives 14 via
subsequential cyclization in the presence of an acid (Scheme 6).

(o}

R'\)J\ H*
A0 A A0
R_\O/ | transoximation R_\O/ )\
Ar ———————— OEt
R

O-aryl ketoxime O-aryl ethyl ketoximate

l [3,3] rearrangement
H
+ 1

OH + O, Q,
NH
R NHo_H RmArz — R*@E%Ar
Ar —NH,
& ke b

Scheme 6. Benzofuran
cyclization sequence

synthesis via [3,3]-rearrangement/

The starting O-arylketoximes can be prepared via the O-
arylation of ketoximes. Ethyl hydroxamate also provides O-
species via O-arylation of ethyl
acetohydroxamate, followed by transoximation with ketones in

arylketoxime

J. Name., 2013, 00, 1-3 | 3
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the presence of an acid. The Kurti,?® Togo,3” and Olofsson
groups3® independently reported the transition-metal-free
synthesis of benzofuran, which involves the [3,3]-
rearrangement/cyclization of O-arylketoximes generated via O-
arylation of oxime derivatives with diaryliodonium salts.

Karti and coworkers demonstrated the O-arylation of ketoxime
15 or ethyl acetohydroxamate 16 with various diaryliodonium
salts in the presence of KO!Bu (Scheme 7).36 The resulting
arylation products were transformed to the corresponding
benzofurans 14 via a [3,3]-rearrangement/cyclization process in
the presence of HCI. In this study, the authors applied the one-
pot synthesis of benzofuran derivatives via O-arylation of
ketoximes.

o}
KkoBu__ _@’ HCI, H,0 R@%“
_©/ Ar dloxane rt H\Ar dioxane, 70 °C .
15 14
=R-CgHy) o
R
Ar
¢ Moy y O HCI, H,0 0
\A | NaO'Bu R _@’ )N\ , Haf R P
rr OEt MeCN, rt OEt MeCN, 70 °C 4
= R-CgHa) 16 14

Scheme 7. Benzofuran synthesis induced by O-arylation of oxime
derivatives (two-step procedure)

Diaryliodonium triflate reacted with ketoxime in the presence
of KO!Bu at room temperature to generate an O-aryl ketoxime,
which underwent a [3,3]-rearrangement/cyclization sequence
in the presence of HCl at 70 °C to afford the final products. The
Togo group focused on the one-pot synthesis of benzofuran
derivatives 14 using ketoximes 15 as the nucleophiles (Scheme
7a).3’ The authors synthesized various 2-arylbenzofurans via O-
arylation of a ketoxime 15 with diaryliodonium triflate, followed
by treatment with HCI at 70 °C in a one-pot sequential
procedure. On the other hand, the Olofsson group employed
ethyl acetohydroxamate 16 as a starting material for the one-
pot synthesis of benzofuran 14 (Scheme 7b).3%8 After the
reaction of diaryliodonium salts with ethyl acetohydroxamate
16 in the presence of NaO!Bu at room temperature for 0.5 h,
the reaction mixture was treated with ketones in the presence
of HCl at 70 °C to afford the corresponding benzofurans.

N-Hydroxyindoles 17 can also participate in O-arylation with
diaryliodonium salts, which induces the following [3,3]-
rearrangement/cyclization sequence to afford benzofuro-
indolines 18 (Scheme 8).3° Vincent and coworkers.
demonstrated that diaryliodonoum triflate reacted with N-
hydroxyindole in the presence of K,COs; to produce the
corresponding benzofuro-indolines 18 (path a). In this reaction,
pyrroloindolines 19 were also formed via side-chain attacks
during cyclization (path b) followed by O-phenylation. When an
amidoxime 20 is used as an oxime, the corresponding
benzoxazoles 21 can be obtained via similar sequential
reactions, involving C—N bond formation induced by [3,3]-
rearrangement (Scheme 9).4° Mo and coworkers reported that
amidoximes 20 reacted with diaryliodonium triflates to
generate O-arylation products at 70 °C even under base-free
conditions. The obtained O-aryl amidoximes were treated with

4| J. Name., 2012, 00, 1-3
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Scheme 8. Benzofuroindoline synthesis induced by O-arylation of
N-hydroxyindole

TfO HO.

: N O.,  CFiCOOH o
\ + | 3
A ——— R L oo R-@[ R
R-©/ ' HzN)\R' DCE, 70 °C HZN)\R- CCls, 100 °C N
(Ar = R-CgHa) 20 MS 3A O-aryl amidoxime 21

[3,3] rearrangement

T—NH;
OH H+ +C$H
L e R

Scheme 9. Benzoxazole synthesis induced by O-arylation of oxime
derivatives (two-step procedure)

trifluoroacetic acid to transform them to benzoxazoles 21

through [3,3]-rearrangement/cyclization. In this study,
however, the one-pot synthesis of benzoxazoles was not
demonstrated.

The Su and Mo group demonstrated the construction of 2,3-
quaternary fused indolines containing a tetracyclic skeleton 23,
which involves sequential reactions triggered by the arylation of
the ketoxime (22) (Scheme 10).%! The authors prepared alkynyl-
tethered oximes 22 as starting materials and subsequently
treated them with diphenyliodonium triflate in the presence of
KOH. In this case, arylation occurred at the nitrogen atom to
generate a nitrone, accompanied by 2,3-fused indoline. After
optimizing the reaction conditions, they found that the two-
step procedure improved the reaction yield: an alkynyl-
tethered oxime was treated with KOH in CCl, at room
temperature and then heated at 80 °C. In this reaction, an
alkynyl-tethered nitrone was initially generated by N-arylation,
which underwent [3 + 2] cycloaddition followed by [3,3]-
rearrangement followed by rearomatization to furnish the final
products 23. Various 2,3-quaternary fused indolines can be
synthesized via such elegant sequential reactions.

23

Q =0, NMe up to 75%

(Ar = R-CgHa) ¢ 22, “|

aromatization T

[3+2] cycloaddition
R —_— R:

/
N / N
Ot
nitrone

Scheme 10. Construction of 2,3-quaternary fused indolines via O-
arylation of oxime derivatives

[3,3] rearrangement

Q> _N R
LA
o d

This journal is © The Royal Society of Chemistry 20xx
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O-Arylation of N-hydroxyaniline (24 and 27) proceeds with
diaryliodonium salt to generate N,O-diarylhydroxylamine,
which undergoes [3,3]-rearrangement to afford a highly
functionalized biphenyl with both hydroxy and amino groups on
each phenyl ring (25 and 28) (Scheme 11).42% This
transformation can be applied to the transition-metal-free
synthesis of 2-amino-2’-hydroxy-1,1'-binaphthyl (NOBIN)-type
ligands as described below.

Gao and coworkers performed the reaction of N-
hydroxynaphthylamine 24 with diaryliodonium salts in the
presence of NaHCO3 at 35-50 °C to afford the corresponding
biaryls 25, including NOBIN-type ligands (Scheme 11a).%2 In this
case, the [3,3]-rearrangement occurred smoothly under mild
conditions. The obtained racemic biaryls 25 were successfully
resolved by NHC-catalyzed kinetic resolution  with
isovaleraldehyde to obtain enantioenriched NOBIN-type
biaryls. The authors synthesized various NOBIN-type biaryls
using this sequential protocol. The resulting chiral biaryls were
further transformed into various biaryl derivatives, which can
be used as chiral ligands. In the same year, the Tan and Li group
reported the construction of NOBIN-type biaryls involving O-
arylation and [3,3]-rearrangement under similar conditions
(Scheme 11b).*32 The authors found that the combination of
diaryliodonium tetrafluoroborate, Na,CO3, and a mixed solvent
of dichloromethane and trifluoroethanol (5:1) improved the
reaction yield. The preparation of enantioenriched NOBIN was
also performed via NHC-catalyzed kinetic resolution or in the
presence of a chiral auxiliary, albeit with one example.
Furthermore, the addition of a copper catalyst was effective for
the arylation step, accelerating the sequential reaction.3?

a) Gao's report

_©/

—_—
O DCE, 35-50 °C
= R c6H4) 24

HO., ,Bz

NaHCO;

up to 90%
(o] kinetic resolusion
Bu, K.CO
. H™ "Bu, K2CO3 By
0}
cat. P N\_n . ‘
NN Bu ‘/ Bu
_ O
(R)-25 (recovered) BF4 Bu
b) Tan's report
" HOL ,Cbz \ .Cbz OH ,Cbz
Ar condmons
(l ) or (i) O
(Ar= 2Nap 27 28

i) NazCO3 (1.3 eq), CH,CI/TFE, it up to 95%

(||) Cu(OCOCF3); (10 mol%)
NapCOj3 (1.3 eq), CHCly, rt

Scheme 11. Synthesis of NOBIN-type biaryls induced by O-arylation
of N-hydroxy-2-aminonaphthol

up to 98%

The reaction of O-naphthylhydroxylamines (29 and 31) with
diaryliodonium salts also produces NOBIN-type biaryls via N-
arylation followed by [3,3]-rearrangement (Scheme 12).432 In
this reaction, the hydroxy groups in the generated biaryls were
arylated again to afford a NOBIN-type ligand bearing naphthyl

This journal is © The Royal Society of Chemistry 20xx
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ether 30 (Scheme 12a). On the other hand, Gao reported that
the second arylation was partially suppressed by the addition of
a copper catalyst to afford a NOBIN-type ligand bearing free
hydroxy group 32 (Scheme 12b).** In a similar manner, 1,1’-
binaphthyl-2,2’-diamine  (BINAM)-type ligands 34 were
successfully synthesized using N-naphthylhydrazines (33) as
nucleophiles via an N-arylation/[3,3]-rearrangement sequence,
which was performed by Tan and Xiang’s group (Scheme 13).430

a) Tan's report R'
HN\
Cs,CO3 (1.5 €q)
Ar + 4>
toluene, rt
(Ar = 2-Nap)

b) Gao's report

0)

(Ar = p-R-CgHs)

CuBr (10 mol%)
CspCO3 (1.5 eq)
e

DCE, 30 °C

32, up to 77% (main product)

BF4 , HNWR cuococks), (10 mol%)

Scheme 12. Synthesns of NOBIN-type biaryls induced by N-arylation
I\ NaZCO3 (1.3 eq)

of O-arylhydroxylamine
(Ar = 2-Nap) 33

Scheme 13. Synthesis of BINAM-type biaryls induced by N-arylation
of N-arylhydrazine

34, up to 56%

2-2. Arylation followed by electrophilic aromatic substitution

Electrophilic aromatic substitution can also be a key reaction for
the second step in the double functionalization of the C—I/ortho
C-H bonds of diaryliodonium salts. the
transformation of diaryliodonium salts via arylation followed by

In this section,

intramolecular electrophilic aromatic substitution is discussed.
Electrophilic afford the corresponding
cyclization product occurs after the ligand coupling when the

substitution to

electrophilic moiety is attached to the appropriate position.
Chen and coworkers reported that the reaction of 2-
cyanoaniline (35) with 2 equivalents of diarylidonium triflate in
the presence of a Cu(OTf), catalyst produced 9-aminoacridine

derivatives 36 at 65 °C (Scheme 14).%> Both the amino and nitrile
N,
H2N u(OTf, (10 mol%) S
0 s LG
NC’

/©/ DCE, 65 °C NH
(Ar = p-R-CgHg) /@ 36
2 eq. up to 92%

s> o]

R 36-int
Scheme 14. Synthesis of 9-aminoacridine via amination/
electrophilic substitution sequence

electrophilic
aromatic substitution

J. Name., 2013, 00, 1-3 | 5
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nitrogen atoms of 2-cyanoaniline are initially arylated in the
presence of a copper catalyst to generate 36-int, and then
intramolecular electrophilic substitution with the generated
nitrilium cation proceeds to afford the cyclized product 36.
When the reaction was performed using 2 equivalents of 2-
cyanoaniline, the corresponding quinazoline derivative was
obtained.

2-Acylanilines, such as 2-aminophenyl ketones 37 and 2-
aminobenzoates 39, undergo a similar annulation via
nucleophilic amination followed by intramolecular electrophilic
substitution to generate acridine 38 (Scheme 15a) or 9-
acridinone derivatives 40 (Scheme 15b), respectively.*® The
former reaction proceeded at 130 °C in the absence of a copper
catalyst, whereas the addition of a Cul catalyst enhanced the
reactivity to furnish the products even at 65 °C. On the other
hand, the efficient preparation of 9-acridinones 40 requires
both a copper catalyst and a high temperature of 130 °C.
Xanthone derivatives 42 were also synthesized via nucleophilic
etherification followed by electrophilic substitution in the
presence of a copper catalyst (Scheme 15c¢).#” Wang and
coworkers reported the synthesis of xanthene derivatives 44
employing 2-hydroxybenzylalcohol 43 and diaryliodonium
triflate  via sequential nucleophilic and electrophilic
substitutions (Scheme 15d).*® In this reaction, the phenolic
hydroxy group is arylated by diaryliodonium triflate in the
presence of NaOH to afford the corresponding diarylmethanol
derivative. Treatment of the reaction mixture with triflic acid
afforded the corresponding xanthene derivative 44 via
intramolecular electrophilic substitution under a one-pot
sequential conditions.

O/ W, :@ conditions [ (:],Nujij]_> . _(:LNU J@

(Ar = R-CgHy)
coupling
partner

o #4

DCE, 130 °C or CuOTf (20 mol%)  CuOTf (10 mol%)  NaOH (1.1 eq)
conditions  Cul (10 mol%) DCE, 130 °C DCE, 130 °C 1,4-dioxane, 40 °C
DCE, 65 °C then, TfOH (2.2 eq)

X0 000 L0 G0

38, up to 95% 44, up to 95%

Scheme 15. Synthesis of acridine and xanthene derivatives

40, up to 96% 42, up to 89%

Utilizing the reaction of diaryliodonium salts and 2-
aminophenyl ketones 45, the Grimsdale group synthesized
diazapentacene derivatives 46, which have potential
applications in  organic electronics (Scheme 16).%°
Diaminodiketones 45 were reacted with 2 equivalents of
diphenyliodonium triflate at 70 °C in the presence of a Cul
catalyst to afford 5,7-diazapentacenes bearing hexyl (46a) or

phenyl groups (46b) at positions 12 and 14.
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OO X0

46a, R cus 30%
46b, R = Ph, 55%

Scheme 16. Synthesis of 5,7-diazapentacene derivatives

TfO NHz  Cul (20 mol%)
+
Ph o DCE 70°C

2 equiv

Copper-catalyzed N-arylation followed by electrophilic
substitution can enable the construction of phenazine
derivatives 49 from benzoxadiazoles 47 (Scheme 17).%°
Benzoxadiazole 47 reacted with diaryliodonium triflate in the
presence of a CuBr catalyst at 70 °C to afford phenazine N-oxide
48. In the first step, one nitrogen atom of benzoxadiazole 47 is
selectively arylated to generate a nitrogen cation intermediate
48-int via isomerization with N-O bond cleavage. Sequential
electrophilic substitution formed a phenazine skeleton 48. The
reduction of the resulting phenazine N-oxides 48 using
Zn/NH,4Cl or P(OEt); produces the corresponding phenazine

derivatives 49.
@ Ij

(Ar= PRC6H4)¢
)
A — T @E Ij

O~ N
48 int

Scheme 17. Synthesis of phenazine derivative

R CuBr 10 mol%) N\
F 2
N

O 48
T up to 94%

DCE, 70°C Zn/NH,CI

or P(OEt)3

The Togo group employed halocyclization as the second step in
the double functionalization of diaryliodonium salts (Scheme
18).51 The alkynyl moiety is introduced to the aryl group by
ligand coupling, and then the resulting alkyne bearing an aryl
group is converted to the cyclization product in the presence of
a halogen source via halogenative electrophilic substitution.

IO H-Nu

"
I\ conditions 1 conditions 2
Ar o+ //

R R'

(Ar = p-R-CgHa)
* halocycliation T
Nu +_ N
PO g*
R X
A% N;\;I
[oN
BF3
alkyne conditions 1 conditions 2 product
a) OH BUONa (1.1 eq) NIS (1.1 eq)
MgSO, BF 3! OEtz (1.1 eq)
F benzene/DCE  CH;Cly, 0 °C
R 50 rtto 60 °C
51, up to 86%
b) HNTTS  Cul(5mol%)  NIS (1.5 eq)
K3PO4 (1.2eq) BF3e OEtz (1.5eq)
. = CH,Cly, rt CH,Cly, 0 °C;
R 52 then NaOH (10 eq)
53, up to 89%
c) OH CuCl (5 mol%)  NIS or NBS (2.0 eq) 0.
K,CO3 (0.5 eq)  BF3OEt, (1.1 eq)
ph # ©  DCE, 50°C CH,Cl,, 40 °C

55a, X = I 45%
55b, X = Br, 28%

Scheme 18. Ligand coupling/halocyclization sequence (two-step
procedure)
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The reaction of propargyl alcohol 50 with diaryliodonium triflate
proceeded in the presence of NaO'Bu to generate the
corresponding aryl ether, which underwent iodocyclization
upon treatment with N-iodosuccinimide and boron trifluoride
to afford 3-iodochromene 51 (Scheme 18a).512 This sequential
reaction can be applied in a one-pot reaction. Various chromene
derivatives were synthesized based on C-I bond
functionalization. In the case of propargyl amine 52, a copper
catalyst is required in the first step (Scheme 18b).5'® The
obtained phenylpropargylamine was transformed into a 3-
iodoquinoline derivative 53 via iodocyclization in the presence
of N-iodosuccinimide and boron trifluoride, followed by
treatment with NaOH. The use of N-bromosuccinimide or N-
chlorosuccinimide produced the corresponding bromo- and
chloroquinolines. The authors also performed a one-pot
transformation and  further functionalization of 3-
iodoquinolines. Propynoic acid 54 can also be employed for the
ligand coupling, followed by halocyclization using N-
iodosuccinimide or N-bromo-succinimide to afford the
corresponding halocoumarins 55 (Scheme 18c).°'c When the
combination of tetrabutylammonium bromide and Na,S,0g was
used in the bromocyclization step, the reaction proceeded via
radical-mediated spirocyclization followed by 1,2-ester
migration to generate 56 (Scheme 19).°2

OH CuCI5moI%) "BusNBr R 0.__0 0_0
— —
O/ CH;CIZ 50°C  DCE/M,0 Br \R Br

90 °C Ph Ph
56, up to 79% \ 56", not formed

SR Y R LY,

step 1
oxiadtion/ Ph

1,2-ester migration

Scheme 19. Ligand coupling/halocyclization sequence via 1,2-ester
migration (two-step procedure)

(Ar = p-R- CSHA)l

2-3. [2 + 2 + 2] Cascade annulation via copper-catalyzed aryl C-N
bond formation

As described in the introduction section, diaryliodonium salts
serve as an aryl source for hypervalent metal—-aryl species, such
as aryl—copper(lll) intermediates, which have high
electrophilicity and react with various nucleophiles. The
combination of diaryliodonium salts with nitrile derivatives can
generate N-aryl nitrilium cations in the presence of copper(ll).
The cationic species can be converted to cyclization products via
reactions with nucleophiles, followed by intramolecular
electrophilic substitution. This [2 + 2 + 2] cascade annulation
using diaryliodoniumsalts with nitriles has been
investigated especially by Chen’s group since 2013.

The reaction of diphenyliodonium hexafluorophosphate with 3
equivalents of benzonitrile (57, Ar! = Ph) in the presence of a
catalytic amount of Cu(OTf), afforded the corresponding
quinazoline derivative, wherein two benzonitrile moieties were
incorporated into the product 59 (Scheme 20).°3 Various
diaryliodonium salts, aryl nitriles 57, or aliphatic nitriles 58 have

well

This journal is © The Royal Society of Chemistry 20xx
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been employed. Furthermore, the authors performed a three-
component reaction using two different nitriles. Diaryliodonium
hexafluorophosphate and aryl nitrile 57 were stirred at 120 °C
for 0.5 h, and then the reaction mixture was treated with a
second nitrile 58 at 120 °C to furnish the corresponding
products 59.

PFs ., A

I Cu(OThH, (10 mol%) AN
R{)/ W+ NC-Ar' + NC-R! ——————— 5 R | Y
™

N AN
57 sg DCE 130°C
(Ar = R-CgHa) T

r— Cu(l) =&— Cu(ll) electrophilic
Al substitution

+ =z

> Cu(nl)_i> NP

R— | rRL

X N=-Ar' S

N Ar!
z
——cET Y
N=R'! S fN
N-aryl nitrilium cation

R' 59

+

1

=Ph, 84%

"R=H, A , th R'=
N R=H A= 4MeOCH,, 90%
R=4M Ar' = Ph, 89%

Ar' R=2F, Ar = Ph, 94%
Scheme 20. Quinazoline synthesis induced by [2 + 2 + 2] annulation

Bu, 61%
= CH,Br, 55%
= Br, 65%
= COOEt, 60%

The three-component annulation reaction using diaryliodonium
salts with nitriles leads to the regioselective synthesis of
quinoline derivatives 61 in the presence of alkynes (Scheme
21).>* A mixture of diphenyliodonium hexafluorophosphate,
aryl nitrile 57, phenyl acetylene 60, and Cu(OTf), as a catalyst at
120 °C produced 2,4-diphenylquinoline 61 in a high yield.
Various diaryliodonium salts, terminal or internal alkynes, and
nitriles were employed for this transformation, and highly
substituted quinoline derivatives were synthesized. In this
reaction, the diaryliodonium salt reacts with the nitrile in the
presence of a copper catalyst to generate the N-aryl nitrilium
cation, which is attacked by an alkyne to afford an alkenyl cation
and subsequently electrophilic substitution occurs to furnish
the annulation product 61.

PFs

+ 1
) R' Cu(OT), (10 mol%) AN Nap AT
R{)/ Ao+ NC-Art s ———— R |
S Ph DCE, 120 °C XN R!
57 60
Ph 61

electrophilic
substitution

¥

u(l) ~€— Cu(ll)

(Ar = R- CSHA) T

Ar

R -cr—i» o

N=Ar! N-ary! nitrilium Ph/

cation

NgPh R'=H, 73% Ny
R' = Ph, 90%
R! R1 = Et, 87% 7

Ph = COOEt, 95% Ph

Ar' Ar' = 4-MeOCgHq, 85%
Ar'! = 4-BrCgH,, 67%
Et Ar'=2-ICgHs, 64%
Ar' = 2-thienyl, 82%

Scheme 21. Quinazoline synthesis induced by [2 + 2 + 2] annulation

The other two groups applied the three-component [2 + 2 + 2]
annulation to the synthesis of functionalized quinolines bearing
halogen 63 or nitrogen substituents 65 (Scheme 22). Wang and
Hu’s group employed 1-halogeneted alkynes 62 to prepare 3-
halogenated quinolines 63, which can be derivatized to C-3
substituted quinolines via further transformations, such as
catalytic coupling reactions (Scheme 22a).>> Park and coworkers
synthesized 4-aminoquinolines 65 using ynamides 64 as the
alkyne components in the presence of a CuTC catalyst at 75 °C
(Scheme 22b).%6 Furthermore, the obtained 65 were converted
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to the corresponding quinolinylmethanesulfonamides via [1,3]-
rearrangement.

a _ 1
b eR + X Cu(OTR, (10 mol%) R-Z | N
1 1 = 2 e TR
- —_—
R@/ A TNCRATE Arz/ DCE, 120 °C X
NS 57 62 A
(Ar = R-CgHa) X=1lorBr 63, up to 90%
b) - N A
PFs Ar2 )
+ =" cutc(omol%) R
s nooats B CUTC OO @ArZ
R Mes s EtOAG, 75 °C )
57 64 MS 4A Bn”" Ms

65, up to 95%
Scheme 22. Application to haloquinoline and aminoquinoline
syntheses

When a diaryliodonium salt reacted with a nitrile tethered to an
alkyne moiety 66, [2 + 2 + 2] annulation proceeded to afford
polycyclic quinolines 67 (Scheme 23a).57 A substrate bearing a
cyano group, 1-bromoalkyne also participates in the cascade
annulation to afford the corresponding bromoquinoline, which
can be further transformed into various polycyclic quinoline
derivatives. On the other hand, Novak and coworkers applied
the [2 + 2 + 2] annulation to chromenoquinoline synthesis (69)
using arylpropynyloxybenzonitriles 68, which were prepared
from hydroxybenzonitrile and propargyl bromide (Scheme
23b).5® The reaction proceeded smoothly at 75 °C in the
presence of a CuCl catalyst to afford the corresponding
products 69. Various aryl groups bearing functional groups can
be incorporated into chromenoquinoline derivatives.

a -
) PFs ,

| NC Cu(OTf); (10 mol%) @ Ny )
Y + —» R ’
R‘©/ Ar R1%_> " “beE, 130 °C AT
(Ar = R-CgHy) 66 n=1,23 R'
R'=Ph, Br 67, up to 96%
b) @ -
QR CuCl (10 mol%) @
R EtOAG, 75 °C A0

Ar*—/
68 69, up to 80%

Scheme 23. Application to polycyclic quinoline syntheses

The combination of a diaryliodonium salt, aryl nitrile 57, and
aryl aldehyde 70 to produce benzo[1,3]oxazine 71 via a similar
three-component [2 + 2 + 2] annulation was also reported
(Scheme 24).>° This reaction was catalyzed by CuBr at 120 °C to
afford 2,4-diaryl-4H-benzo[d][1,3]oxazine derivatives 71. N-Aryl
nitrilium cations generated in situ react with benzaldehyde to
generate benzyl cations, which undergo electrophilic
substitution to accomplish the cyclization.

PFs N Ar'

N ) CuBr (10 mol%) R NG
R Ar + NC-Ar'+ HJJ\AZ —_— 0
57 70 ™ DCE, 120 °C L
(Ar=R- CSHA) 71, up to 95%

electrophilic _H
substitution

@J» P el s e

N=—Ar'
N-aryl nitrilium )l\
cation Ar?
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Scheme 24. Benzo[1,3]oxazine synthesis induced by [2 + 2 + 2]
annulation

When 2-formylbenzonitrile 72 is employed for the reaction with
diaryliodonium salts, N-aryl nitrilium cations are trapped
intramolecularly with the formyl group to generate a cyclic
cation intermediate (Scheme 25). The Miao and Li group
constructed N-aryl isoindolinone derivatives 73 utilizing these
cyclization events.®° The reaction of diaryliodonium triflate and
2-formylbenzonitrile 72 in the presence of the Cul catalyst at 80
°C afforded the isoindolinone derivatives 73 incorporated with
two folds of 2-formylbenzonitriles. The nitrilium cation 73-int-a
is initially generated via arylation, which undergoes
intramolecular cyclization followed by rearrangement to afford
the cyclic nitrogen cation species 73-int-b, and then the second
formylbenzonitrile attacks the cation intermediate. Similarly,
the sequential cyclization/rearrangement proceeds again to
generate 73-int-c. In the final step, electrophilic substitution
proceeded to afford bis(isoindolinone) derivatives 73. When the
reaction was conducted in the presence of excess
diaryliodonium salt in the presence of Cu(OTf), at 110 °C,
different isoindolinone derivatives 74 were obtained, wherein
the cation intermediate 73-int-b was trapped by the generated
iodomesitylene.

The above-mentioned cyclic nitrogen cation species could also
be trapped by dihydrofuran derivatives, which are generated
from cyclopropyl ketones 75 in the presence of copper catalyst
(Scheme 26).51 A three-component reaction consisting of a
diaryliodonium salt, 2-formylbenzonitrile 73, and cyclopropyl

Cul (5 mol%)
—_—
DCE, 80 °C

cu(l) &
Cu(OTf), (5 mol%)
DCE, 110 °C

(with 3 eq. I(lll) salt)

73
up to 84%

%;5
@@

N ,|
73-int-b NC

Scheme 25. Reaction of aryl(mesityl)iodonium salt with 2-
formylbenzonitrile

rearrangement\ | Mes)

Cu(OAc), (10 mol%)

s ﬁ@ S Loy

(Ar = 4-R-CgH,)
vbc u(l)~€— Cu(ll)

dlhydrofuran

76 R
up to 83%

electrophilic
substitution
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Scheme 26. Three component annulation with dihydrofuran
generated in situ

ketone 75, proceeds in the presence of a Cu(OAc), catalyst to
afford the pentacyclic isoindolinone derivatives 76.

In addition to the nitrile derivatives, isothiocyanate and
carbodiimide participate in the copper-catalyzed [2 + 2 + 2]
annulation with diaryliodonium salts and alkynes to produce
the corresponding fused heterocycles (Schemes 27 and 28). The
Guo and Li group synthesized tetracyclic thiochromenoindole
78 using isothiocyanate tethered with an alkynyl moiety 77
(Schemes 27).52 The reaction proceeded at 50 °Cin the presence
of the Cu(OTf), catalyst and K,COs. Isothiocyanate 77 is initially
arylated by the diaryliodonium salt in the presence of a copper
catalyst to generate the cation intermediate 78-int-a, which
undergoes intramolecular cyclization with an alkyne moiety to
generate 78-int-b via the 5-endo-trig mode rather than 6-endo-
trig cyclization. Electrophilic substitution furnishes the
corresponding thiochromenoindoles 78.

Cu(OTM; (10 mol%)
PFG " KoCOs ( 10eq
ocesoc L

78
up to 70%

electrophilic T

( =R-CgHa)
Cu(l)~&— Cu(ll)
substitution
=N
+S,/C .
G — T I
r

78-int-a 78-int-b  Ar

Scheme 27. Thiochromenoindole synthesis induced by [2 + 2 + 2]
annulation

The Zhang group demonstrated a three-component [2 + 2 + 2]
annulation using isothiocyanate 79 or carbodiimide 80
combined with a diaryliodonium salt and alkyne to afford 81
and 82, respectively (Scheme 28).53 The mixture of
diaryliodonium salt, carbodiimide 80, and alkyne was treated at
120 °C in the presence of a copper catalyst to afford the
corresponding iminoquinoline 82. Copper-catalyzed arylation
initially generates an aza-allenyl cation intermediate, which
reacts with the internal alkyne to afford an alkenyl cation
species stabilized by the aryl ring. In the final step, electrophilic
substitution proceeds to accomplish cyclization.

[CuOTflz* CeHg
Ph (2.5 mol%)

DCE, 120 °C

(Ar=4-RCgHs) 79,Q=S

80,Q=NR'

81,Q =S, upto 86%
82, Q =NR', up to 83%

Scheme 28. Three component annulation with isothiocyanate or
carbodiimide

2-4. Sequential metal-catalyzed arylation reactions

Aryl—copper(lll) species generated from diaryliodonium salts
and copper catalysts also participate in C—C bond formation.
Gaunt has developed the catalytic carbofunctionalization of
alkenes and alkynes using diaryliodonium salts, wherein the

This journal is © The Royal Society of Chemistry 20xx
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aryl—copper(lll) species served as a carbon electrophile to
generate key carbocation intermediates.l8<%¢ The authors
reported that the reaction of diaryliodonium triflate and
terminal alkenes 83 in the presence of a copper catalyst
afforded a tetralin derivative 84 via double functionalization of
diaryliodonium salts (Scheme 29).54 The copper-catalyzed
arylation of the alkene moiety initially occurs to generate the
carbocation intermediate 84-int-a, which undergoes hydride
shift to transfer the cation centre generating 84-int-b. Finally,
the electrophilic substitution reaction furnished the tetraline
derivative. Overall, carbocyclization via double C-C bond
formation was achieved by using diaryliodonium salt and an
alkene in the presence of a copper catalyst.

o]

O, AN éj)LOCu 7
A~ LH (10 mol%) R @Q
R@ Ar R'R2 CHqCly, 70 °C R1R?
(Ar = R-CgHa) 83 MS 4A 84, up to 76%
&* electrophilic T
substitution | ~

in
Y —i» LI —= T )
R1R? hydride sift

R'R?
R‘ R? 84-int-b
Scheme 29. Copper-catalyzed carbocyclization using alkene and

diaryliodonium salt

84-int-a

As discussed in the introduction section, the combination of a
diaryliodonium salt with a palladium catalyst generates an
organometallic  aryl-palladium(lV) intermediate, which
undergoes an arylation reaction via reductive elimination.
Sequential arylation via organometallic species enables the
double functionalization of the C—l/ortho C—H bonds of the
diaryliodonium salts.

The Wang and Han group reported the reaction of coumarin 85
and 3 equivalents of diaryliodonium triflate in the presence of a
palladium catalyst, which afforded the fused tetracyclic
compound, 4,5-benzocoumarin 86 (Scheme 30).6> The authors
proposed that the in situ generated aryl palladium species
attacks the C4 position of the coumarin with a synergetic C—H
activation to afford a cyclic aryl—palladium(IV) 86-int-a, which
undergoes reductive elimination to form an aryl-aryl bond.
Sequential oxidative C—H bond activation assisted by
diaryliodonium triflate generates a cyclic palladium(IV) species
87-int-b, which undergoes reductive elimination to furnish the
double-functionalization product 87. In the cyclization step, a
palladium(0/I1) catalytic cycle via C—H bond insertion can be also
acceptable mechanism.
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_ o o
O , 7

0 Pd(OAc), (10 mol%) o

Baed

(Ar = p-R-CgHy) 85 86, up to 95%

3eq. pd!
o o Pd"

[0 o Ar,JOTf o

JiisNsecaNl<es

DMF, 100 °C

oTf 4 B’
R 86-int-a oTf 86-int-b AT OTf

Scheme 30. Synthesis of 4,5-benzocoumarin via palladium-
catalyzed C-H bond arylation

Introduction of an indole moiety enables electrophilic
palladation to generate o-indole—palladium(ll) species, which
undergo subsequent oxidative arylation with diaryliodonium
salts via the palladium(ll/1V) cycle.!’® Jana and coworkers
demonstrated the palladium-catalyzed coupling reaction of 2-
phenylindole 87 and diaryliodonium triflate to achieve
sequential arylation/cyclization affording pentacyclic arenes 88
(Scheme 31).56 After electrophilic palladation, C—H bond
activation occurs at the phenyl group in the presence of the
diaryliodonium salt to generate a cyclic aryl-palladium(IV)
intermediate 89-int-a, which underwent reductive elimination
to introduce the aryl group. The generated organometallic
palladium(ll)  species 89-int-b  undergoes sequential
rearrangement to furnish 89-int-c. The authors suggested that
subsequent C—H bond insertion generate a cyclic palladium(ll)
intermediate 89-int-d, and then reductive cyclization proceeds
to form the corresponding product 89. When the second
palladacycle generation occurs faster than the rearrangement,
a regioisomeric product is obtained. It is also possible that the
final cyclization proceeds through a palladium(ll/IV) catalytic
cycle promoted with the aid of diaryliodonium salt.

BFy , O

“ NH AcOH/HFIP, 110 °C
(Ar = p-R-CgHg)

O
2.5eq.
h P
e
N

PdY
ol et
R
88-int-a ¢ O

Pd(OAC), (10 mol%)
KoHPO,

O‘

up to 85%

Ar,IBF,
Pd" <—— pd°

Pd” 4
| T O
R N—pg'!
Q NH OAc
88-int-c

Scheme 31. Sequential C—H bond arylation/cyclization using indole
derivative

0O
o

In the case of imidazopyridine 89, two aryl groups were
introduced before the cyclization to achieve sequential triple C—
C bond formation, which was performed by Han and Wang’s
group (Scheme 32).57 Similar to the report of Jana, double
arylation initially occurs via sequential electrophilic palladation,
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oxidative cyclopalladation, and reductive elimination.
Subsequently, dehydrogenative cyclization via C-H bond
activation leads to the final product 90.

Park and Hong employed a 4-quinazolinone derivative 91 as a
directing group to induce C—H bond palladation (Scheme 33).%8
The electrophilic palladation of the nitrogen atom followed by
oxidative C—H bond activation generates the palladacyclic
intermediate  92-int-a. Reductive elimination of the
palladium(lV) species leads to aryl-aryl bond formation
generating 92-int-b. The authors proposed that subsequent
cyclization proceeds via a palladium(0/Il) catalytic cycle to
afford the m-extended product 92, although cyclization via a
palladium(11/1V) catalytic cycle combined with a silver oxidant
cannot be ruled out.

Pd(OAC), (10 mol%)
KoHPO,

8
3

4 N AcOH, 100 °C N

O
90
up to 83% \ /A

Ar p-R-CgHa)

3eq. /\\ /

pd" [Pd]

R

pd_~
AcO/ N N

W/,
Scheme 32. Sequential double C—H bond arylation/cyclization using
indole derivative

Pd(OAc); (20 mol%)
BrettPhos (30 mol%)
o AgOCOCFs; (1.0 eq)
I+ KOAC (4.0 eq)
W + HN"SN @ ————
)\© DMF, O,, 130 °C )\©
R o]
(Ar = p-R-CgHy) 91 up to 97%

1.1eq.

pd"
Pd" <— Pd°
AcO O
R u
S Pd
N N Ac O/ Pd”‘ )
92-int-a 92-int- b

Scheme 33. Sequentlal C-H bond arylation/cyclization using 4-
quinazolinone derivative

Carboxylic acid also serves as a directing group for the C—H
palladation step (Schemes 34 and 35).%70 Han and coworkers
reported the reaction of diaryliodonium triflate and 1-
naphthoic acid 93 producing benzanthrone derivatives 94 in the
presence of a palladium catalyst and triflic acid (Scheme 35).5°
In this reaction, C—H bond palladation occurs at the C8 position
rather than at the C2 position to generate a cyclic palladium(I1V)
species 94-int-a. The second C—C bond formation proceeds
through intramolecular electrophilic substitution of 94-int-b
induced by triflic acid.
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Pd(OAc); (10 mol%)
TfOH (2.0 eq
O DeE s
(Ar = p-R- C6H4
2eq. de up to 73%
\ " electrophilic
Pd\ substitution
/@ o HO
94-int-a 94-int-b O

Scheme 34. Sequential C-H bond arylation/cyclization using
naphthoic acid via electrophilic substitution

Under basic conditions, C—H bond palladation occurs at
relatively inert C2 position of 1l-naphthoic acid. The use of
NaO?’Bu instead of triflic acid afforded fluorenone derivatives 95
(Scheme 35).7° The authors proposed that an acyl radical (95-
int-c) is the reaction intermediate, which is generated via 95-
int-b assisted by NaO!Bu and diaryliodonium triflate. Sequential
carbonylative cyclization furnishes the final product 95.

Pd(OAc), (10 mol%)
OO NaO'Bu 1.0 eq) O
/©/ xylene, 110 °C O’ Q
R HO™ "0 o3 R
(Ar = p-R-CgHy) O o5
25eq. pg! carbonylat/ve up to 89%

cyclization

OO
/@’ " ‘ﬁ? 95-int-c

95-int-a [ArIO] *
P e
PdLy 0 NaO'Bu ) \.__

Buo-"
Al 95-int-b Ar/\

Scheme 35. Sequential C-H bond
naphthoic acid via acyl radical

arylatlon/cycllzatlon using

The oxidative addition of aryl bromide also induces palladacycle
formation even in the absence of directing groups (Scheme 36).
The combination of diaryliodonium triflate and 2-
bromobiphenyl 96 afforded triphenylene 97 in the presence of
a Pd(PPhs), catalyst.”* The cyclic palladium(IV) intermediate 97-
int-a is generated via oxidative addition, followed by oxidative
C—H bond activation by a diaryliodonium salt, which undergoes
reductive elimination to generate 97-int-b. Subsequently,
dehydrogenative cyclization via palladium-catalyzed C—H bond
activation proceeds to generate the final product 97. In this
reaction, the authors propose that the sequential C—C bond
formation involves the palladium(0/11/1V) catalytic cycle.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 36. Synthesis of triphenylene via sequential palladium-
catalyzed arylations
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The Xiang and Feng group also achieved triphenylene synthesis
via the double functionalization of diaryliodonium salt using a
copper catalyst, wherein electron-rich biphenyls 98 were
employed as coupling partners (Scheme 37).72 The authors
proposed that the reaction proceeds via a SET mechanism: the
copper(l) catalyst is oxidized by the diaryliodonium salt to
generate a copper(lll) intermediate, which serves as the oxidant
for the electron-rich biaryl 98 to induce the first C—H bond
arylation. The formed terphenyl 99-int is further oxidized by the
copper(lll) intermediate to convert it into the final triphenylene
product 99.

OMe OMe
OMe OMe
TfO O
R o,+ CuCl (20 mol%) R
\ + —_——
j:)/ Mes O DCE, 90 °C R
R 99

OMe
up to 84%
& OMe

CUHI [
eOMe\ OMe
OMe
X oY
) Q) "o &
OMe
OMe

Scheme 37. Synthesis of triphenylene via sequential copper-
catalyzed arylations

single
electron
transfer

O

99-int OMe

The You group employed an iridium catalyst for the double
functionalization of C-lI and C-H bonds of diaryliodonium
triflate using azobenzene 100 as the coupling partner in the
presence of a silver oxidant (Scheme 38).73 The azo group serves
as a directing group for C—H metalation to generate a cyclic
iridium(lll) intermediate 101-int-a’* from azoarene 100 with
iridium(lll) species formed in situ. The diaryliodonium salt
oxidizes the iridium(lll) species to afford cyclic iridium(V)
intermediates 101-int-b, which undergo reductive elimination
to form aryl-aryl bonds. Likewise, the second arylation
proceeds via the iridium(l11/V) catalytic cycle. In the final step,
oxidative cyclization of 101-int-c is induced by silver carbonate
to afford the corresponding 5,6-phenanthrolinium 101, which
can be applied to mitochondria-targeted fluorescent probes.

J. Name., 2013, 00, 1-3 | 11



Organic-& Biomolecular Chemistry

[Cp*IrClyl, (2.5 mol%)
AgSbFg (10 mol%) R’

@ Ag2003 (2.0 eq) O O
N',N
!

Mes = \#N AcOH/TFE air, 120 °C

R Ar 100 O Ar 101
25eq. Cp*lr‘”xz up to 99%
1
Cp -|r‘H [Cp* |rC|2]2 /‘/%\
Ar AngFs =N

)>-Z

r

/@’ \ 101-int-a
R AT 101-int-b 101-int-c
¢ Cp*ir'x;
—|2+
O e T
D

; 2+
R
Cp\
> Cp™-i |\ O \ N
N

Scheme 38. Synthesis of 5,6-phenanthroIm|um via
catalyzed arylation/cyclization sequence

iridium-

As shown in the above examples, directing groups are required
to promote C-H bond metalation to induce the following
arylation reaction in almost all cases. Greaney and coworkers
demonstrated a sequential functionalization strategy consisting
of the introduction of a directing group via N-arylation followed
by ruthenium-catalyzed C—H bond arylation induced by the
introduced directing group (Scheme 39).7> The reaction of
pyrazole 102 and diaryliodonium triflate proceeded with or
without a copper catalyst to generate the corresponding N-aryl
pyrazole 103-int and iodoarene. Treatment of the reaction
mixture with a catalytic amount of ruthenium salt at 140 °C led
to the C-H bond arylation with the generated iodoarene to
afford the coupling product 103. The introduced pyrazole serves
as a directing group for C—H bond activation to induce the next
coupling reaction. Specific mesityliodonium salts and/or 1,2,3-
triazoles can also be employed for sequential N-arylation/C—H
bond arylation strategies accompanying selective aryl transfer.

1. Cul (5 mol%), KoCOg, 70 °C

X_ \p S

IN =

\, +
R-@ Ar HNWZ™~~ 2. [RuCl,(p-cymene)l, (10 mol%)

MesCOOH (30 mol%)
=R'-CgHa) 102

Ex OTfor OTs) KZCO3 140°C 1%

C-H bond

| arylation

Ll e
H 103.int
without Cul
Me
\Ng% R=R"=H,68% r}N
°N R=R"=Me, 73% N
R R=R"=F, 50%
O with Cul O
R' R=R'=0Me, 73% OMe
R=R'=COOMe, 51% 77% (without Cul) 54% (with Cul)

Scheme 39. Introduction of directing group followed by C—H bond
arylation

3. Double functionalization via aryne generation

As described in the introduction, diaryliodonium salts provide
the aryne intermediates when aryl group has an appropriate
activating substituent, such as carboxylate,?! silyl group,?? and
boronic acid,?3 at the ortho position. Among them, the silylated

12 | J. Name., 2012, 00, 1-3

diaryliodonium salts developed by Kitamura have been widely
employed and expanded to the generation of hetaryne
including 3,4-didehydrothiophene and 3,4-didehydropyrroles
(Scheme 40a).”® On the other hand, aryne generation induced
by ortho-deprotonation of diaryliodonoum salts without
activating groups at the ortho position was already reported in
the 1970s (Scheme 40b).2425

a) Aryne and hetaryne generation via desilylation
b
N -
Z Y F z
R A — R |
SiMe,

b) Aryne generation via deprotonation and trapping study
O’Bu

X_

SiMe;
' Q=$,NBoc

—|dJ
hetaryne
. o N"Nou
R— | \ base Ol _ Ph Ph
o Ph

Ph Z
aryne Ph » RTL |
X Ph
-COo

Ph
Scheme 40. Early studies for aryne generation from diaryliodonium
salts

According to Akiyama, the reaction of bis(4-tolyl)iodonium
bromide with NaO'Bu generated a mixture of 3- and 4-tert-
buthoxytolunene via an aryne intermediate.?* Cadogan et al.
employed tetraphenylcyclopentadienone as a trapping reagent
for aryne intermediates generated via the thermal
decomposition of diaryliodonium chloride in the presence of
sodium acetate, albeit in low yields.?> These early studies
suggest that controlling the ortho-deprotonation to generate
aryne leads to the double functionalization of diaryliodonium
salts.

The Stuart group developed an efficient method for the
generation of an aryne intermediate via ortho C-H
deprotonation of a diaryliodonium salt, which was subjected to
cycloaddition to achieve the double functionalization of C—I and
C—H bonds (Scheme 41a).”” The reaction of aryl(mesityl)-
iodonium tosylates with furan 104 in the presence of LIHMDS
afforded the corresponding oxabicyclic products, 105 and 106.
In this reaction, the iodomesitylene moiety served as the
effective leaving group. When the aryl group has an electron-
withdrawing substituent at the meta-position, deprotonation
occurs selectively at the 2-position. However, the reaction using
(3-tolyl)(mesityl)iodonium salt generates a mixture of
regioisomeric cycloaddition products, 106 and 106’. Contempo-
raneous with the reports published by the Stuart reports, Wang
et al. demonstrated aryne generation using KO!Bu salts and
applied it to the N-arylation of amides.”® In this report, the
authors performed a cycloaddition reaction with furan 104 to
prove the aryne formation. However, the corresponding
oxyabicyclic compound 107 was obtained in a moderate yield,
and only one example was reported (Scheme 41b).
N-Arylpyrroles 108 can also participate in cycloaddition
reactions via aryne intermediates from aryl(mesityl)iodonium
salts, as reported by Han and Wang (Scheme 42).7° The reaction
proceeds in the presence of LIHMDS to afford the
corresponding bridge-ring arylamines 109, which are further

This journal is © The Royal Society of Chemistry 20xx
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transformed into diarylamines via acid-catalyzed ring-opening
reactions.

a) Stuart's report

Tf°|+ LiHMDS (1 eq)
+
/©/ Mes OG toluene, 13°C R
R 104 105, up to 79%
TO , LiHMDS (1 eq) R
I + O(j @ + @
Mes toluene, 13 °C
104 R 106 106"
R up to 89%
R=EWG sole product not formed
b) Wang's report R=Me mixture (4.2:1)
O , KO'Bu (2 eq)
I + O(j _— = O@
/@ Mes = toluene, rt Me'
Me 104 107, 56%

Scheme 41. Aryne formation followed by cycloaddition with furan

Ar,
20
R—\

109, up to 96%

To " _LiHMDS (15eq)
+
N

Scheme 42. Aryne formatlon followed by cycloaddition with
pyrroles

toluene 0°C

The double functionalization strategy via the aryne
intermediate provides access to multi-substituted benzene
derivatives, which are found in naturally occurring compounds
and pharmaceuticals. Stuart and Cheong’s group achieved the
regioselective synthesis of 1,2,3,4-tetrasubstituted benzene by
double functionalization via aryne formation (Scheme 43).80
Aryl(mesityl)iodonium salts bearing multi substituents reacted
with N,N-dimethylimidazolidinone 110 in the presence of
NaO!Bu to afford the corresponding bicyclic product containing
a 1,2,3,4-tetrasubstituted benzene moiety 111. Various
aryl(mesityl)iodonium salts and arynophiles, 112-115, are
amenable to selective transformation leading to the
corresponding 1,2,3,4-tetrasubstituted benzenes, 116—119. The
authors also performed computational studies including DFT
calculations to examine the regioselectivity of aryne formation,
wherein both substituents on the aryl group contributed the
selectivity.

TsO ,
N M NaO'Bu ( 15eq) 3
Mes + _N_ N<
R Y ,os ot
e}
RZ

110 111, upt075%

other arynophile

O.
Ph =
OB -+~ Az E j
o N - ¥
H” > Ph N Me3SiO

112 113 1 1 5
product

P Me” C.QE

116,85%
Scheme 43. Synthesis of 1,2,3,4-tetrasubstituted benzenes via
aryne formation

117, 44% 118, 47% 119, 56%

Furthermore, Stuart and coworkers demonstrated aryne
generation using TMP-iodonium salts as aryne precursors,

This journal is © The Royal Society of Chemistry 20xx
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which addresses the limitations of aryl(mesityl)-iodonium salts,
such as narrow aryl scopes and competing substitution
reactions (Scheme 44).81 As described in the introduction
section, TMP group also serves as an inert dummy ligand.
Similar to the above-mentioned examples, various
combinations of TMP-iodonium salts with arynophiles can be
employed for double functionalization to afford multi-
substituted benzene derivatives, 120-125.

TsO_+ Nu..  NaO'Bu (1.5 eq)

Nu.,
N + P R‘@ H
R T™MP e grOume " £

standard conditions R =NOy, 70%
R = OMe, 86% OG’] R =Br, 87%
R with LIHMDS in toluene 3, R =Cl, 75%
120 R=CN,78% R=F,77%

R = COOMe, 69% R A2

\ Ph
N Q Nr O
3 -Bu N
N\ N Cl
¢l o ¢l Ph OMe cl

122, 68% 123, 94% 124, 97% 125, 63%
Scheme 44. Double functionalization of TMP-iodonium salt via

aryne formation

Hetaryne was also successfully generated by the C-H
deprotonation of a diaryliodonium salt, leading to subsequent
cycloaddition.82 Dohi and Takenaga et al. reported the first
generation of uracilyne (a heteroaryne analog of uracil) via the
deprotonation of uracil-iodonium tosylate (Scheme 45), which
can be prepared from uracil via a simple condensation with a
Koser-type reagent. Optimization of the reaction conditions
indicated that the ortho-trifluoromethyl phenyl group was the
most appropriate dummy aryl ligand for this transformation.
The combination of uracil-iodonium tosylate and furan 126 in
the presence of LIHMDS afforded the corresponding
oxyabicyclic product 127. Pyrroles 128 also serve as trapping
reagents to afford bridge-ring amines 131. Furthermore,
various arynophiles, such as nitrones 112, pyrans 129, and
diselenides the double
functionalization of C—I and C—H bonds to generate uracil
derivatives, 132—134 (Scheme 46).

130 have been employed for

W base Nu
i 4 |

uracilyne

Scheme 45. Uracilyne generation for double functionalization
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