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General Introduction

Palladium-catalyzed arylation reaction of aryl halides and its applications

An aromatic ring is a general structural motif ubiquitously found in the field of organic
electronics, pharmaceuticals, natural products and chemical biology (Figure 1).! Generally,
introducing aromatic rings into organic molecules can greatly influence their physical properties
through elongation of n-conjugated systems, introduction of planarity, and enhancement of intra-
and intermolecular CH-n and m—7 interactions. These attractive features consequently have
prompted a large number of synthetic chemists to discover novel functional aromatic molecules.
In fact, the 2014 Orange Book published by Food and Drug Administration (FDA) in the United
States reported that a benzene ring is the most frequently contained cyclic structure in the

approved drugs.?
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Figure 1. Representative functional aromatic compounds.
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Along with the discovery and development of novel functional compounds, the synthetic
methodologies for aromatic ring-containing molecules have also been sophisticated with the aim
of constructing the desired aromatic rings in a regioselective fashion. As one of pioneering studies,
a cross-coupling reaction between aryl Grignard reagents and aryl halides by nickel and palladium
catalysts was developed by Kumada, Tamao and Corriu.® This simple and efficient reaction has
encouraged many researchers to apply various nucleophiles into this cross-coupling manifold
(Figure 2). Later, catalytic systems applicable to various aryl halides and aryl nucleophiles such
as aryl zinc (Negishi coupling),* aryl tin (Migita—Kosugi—Stille coupling),’ aryl borane (Suzuki—
Miyaura coupling)® and aryl silane (Hiyama coupling)’ have been developed by many

researchers.?

Kumada-Tamao-Corriu coupling

+ [MQ]

[Mg] = MgCl, MgBtr...

Negishi coupling

+ [Zn]

[Zn] = ZnCl, ZnBr, Znl

Kosugi-Migita-Stille coupling

X I [Sn] M

X = Cl, Br, I, OTf [Sn] = Sn(alkyl),

Suzuki-Miyaura coupling

+ [B]

[B] = B(OH),, B(OR),, BF;K...

Hiyama coupling

+ [Si]

[Si] = Si(alkyl)s, Si(Oalkyl)s...

Figure 2. Representative Pd/Ni-catalyzed cross-coupling.

Various modes of transformation that have built up in this trend have contributed significantly
in the area of pharmaceutical synthesis, as evidenced by the analysis of reactions used in the
process chemistry routes of 128 drug candidate molecules from AstraZeneca, GlaxoSmithKline,

and Pfizer.” The number of reactions used for the synthesis of 128 compounds was 1039, of which
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116 (11%) were related to C—C bond formation. This is the fourth most classified reaction after
"alkylation and allylation of heteroatoms", "deprotection" and "acylation". In addition, 22% of
the reactions of C—C bond formation are reactions using palladium catalyst, most of which are
Suzuki couplings and related reactions such as Heck reactions and Sonogashira couplings. This
statistical analysis shows the importance of palladium-catalyzed C—C bond formation reaction in
drug manufacturing. Moreover, it is not hard to imagine that palladium-catalyzed coupling
reactions are more important in early drug discovery, as convergent synthetic methods are

preferred for structure-activity relationship studies. !

Emergence of C—H arylation

In recent decades, palladium-catalyzed C—H arylation reaction with aryl halides has been
actively studied as a more straightforward reaction with less waste. One of early examples in
palladium-catalyzed C—H arylation of aryl halide was disclosed by Nakamura et al. in 1982,
where intermolecular C—H phenylation of 5-methylisoxazole with iodobenzene preferentially

proceeded at C4-position in the presence of Pd(OAc); as a catalyst (Scheme 1)."!

cat. Pd(OAc),
_Nahco; oTs
©\ N
, HMPA 100 °C | g

Scheme 1. Pd-catalyzed C—H arylation reaction reported by Nakamura et al.

In 1985, Ohta et al. discovered palladium-catalyzed C—H arylation of chloropyrazines with
indoles (Scheme 2).'? Starting with the reaction with indole, they demonstrated that the reaction
can be applied to substrates such as furan, thiophene, pyrrole, benzofuran, benzothiophene,

oxazole, thiazole, imidazole, benzooxazole, and benzothiazole.'?



[1989]
cat. Pd(PPhg3),
AcOK
ped
DMF reflux
[1989]

cat. Pd(PPhg3),
Ny Alk HQYY AcOK
Joatine
AlK N/ | DMF, reflux

S

X
Y

N,
N,

IOO

Scheme 2. Pd-catalyzed C—H arylation reaction reported by Ohta et al.

In 1996, Miura and co-workers reported the observation of a palladium-catalyzed C-H
arylation reaction between 2-phenylphenol and iodobenzene (Scheme 3).!* Inspired by this
transformation, they reported the regioselective mono-, di-arylation of 2-phenyphenol in the
presence of catalytic Pd(OAc), and Cs>CO;s as a base.!” Later on, they reported the triarylation of
mono-substituted thiophenes. !¢
cat. PdCl,

LiCl
cho3

Monoarylation [1996]

Diarylation [1997]

O cat. Pd(OAc), O
| . H H C32CO3
HO O DMF 100 °C O

Triarylation [2002] cat. Pd(OAc),
Johnphos
Br NG CSQCO3
A
H S H  o-xylene, reflux

65% yield

Scheme 3. Pd-catalyzed C—H mono-, di-, tri-arylation reaction reported by Miura et al.

Recently, it has become possible to perform the C—H arylation of electron deficient arenes.

Fagnou and co-workers reported C—H arylation of electron-deficient perfluorobenzenes with aryl
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halides through palladium catalysis (Figure 3a).!” It was a great surprise that perfluoroarene with
no particular directing group reacts easily. Based on the results of a series of studies, they
proposed that this reaction occurs by a concerted reaction mechanism in which the deprotonation
of C—H occurs through abstracting by the coordinating carboxylate ligand on the palladium along
with simultaneous metalation (Figure 3b). This reaction mechanism via concerted six-membered
ring transition state was also proposed by Echavarren'® and now named as Concerted Metallation-
Deprotonation (CMD) mechanism."” Owing to the significant dedication to expand possible
aromatic substrates in the palladium-catalyzed C—H arylation chemistry, current methodologies
tolerate not only electronically biased arenes but also simple benzene derivatives as applicable

substrates (Figure 3c¢).2

(a) C-H arylation of perfluorobenzene reported by Fagnou [2006]

cat. Pd(OAc),
cat. P'Bu,Me-HBF,

ch03
DMA, 120 °C

iR@\ FF
: d/>/

Me, 'BuP F F

....................................................................................................

(c) C-H arylation of benzene reported by Fagnou [2006]

cat. Pd(OAc),
cat. P'Bu,Me-HBF,
cat. PivOH

Kgco3 R—-
L O ——
DMA/PhH, 120 °C

(Excess)

W/

Figure 3. (a) C-H arylation of perfluorobenzene. (b) Reaction mechanism of concerted

metalation-deprotonation mechanism. (¢) C—H arylation of benzene.

A representative application of palladium-catalyzed direct arylation method is the natural
product synthesis.?! As an early example, Bringmann and co-workers reported the total synthesis

of (-)-ancistrocladin employing palladium-catalyzed intramolecular C—H arylation as a key
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reaction (Scheme 4).> The precisely designed coupling precursor bearing bromonaphthalene
moiety underwent the intramolecular ring-closing C—H arylation in the presence of PdCl,(PPhs),
catalyst and stoichiometric NaOAc in dimethylacetamide (DMA) to afford the corresponding
lactone derivative. Then, the obtained lactone intermediate was converted to the target (—)-

ancistrocladin through four-step reactions.

intramolecular

Pd-catalyzed
NBz C-H arylation BN OMe oM

BzN

(_\ H cat. PdCIy(PPhj),
NaOAc w L|AIH4 o

Br O OMe
D
S

OMe OMe OMe OMe
OMe OMe

CCI,Br-CCl,Br, polym. PPhy

OMe OM OM
S e )
w' OH Hz 10% Pd/C w L|AIH4 w
90 >

OMe OMe OMe OMe OMe OMe

(-)-ancistrocladin

Scheme 4. Synthesis of (—)-ancistrocladin.

There is also a large benefit using C—H arylation reactions in the phase searching for
physiologically active substances. For example, in 2015, Itami, Yoshimura, Irle and co-workers
reported the synthesis of molecules that modulate mammalian circadian clock by late-stage Pd-
catalyzed C-H arylations (Figure 4).* The molecule KL0O1 was initially found as a period
lengthening molecule for mammalian circadian clock that stabilizes CRY protein. Subsequently,
SAR studies revealed that GO061, a derivative where the furan moiety was converted to a
thiophene retained the activity. Then, by employing palladium-catalyzed C—H arylation with
iodoarenes or arylboronic acids, successful conversion of GO061 into various thiophene-
terminus-arylated derivatives was achieved. Interestingly, the regioselectivity of C4- and C5-
positions on thiophene was completely switched by the choice of arylating agents. As a result, the
structure-activity relationship of period lengthening and shortening was thoroughly investigated

with diverse arylated derivatives, which was enabled by nature of late-stage functionalization of
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C—H arylation.

o P

soch3
KL0O1

Period lengthening compound
(Inhibitor of CRY degradation)
. i)
*,

Pd catalyzed C5 C-H arylation
/ - ()
O \/K/ ~S0,CH3

4 Period lengthening activity

N s0,cH,
(HO),B
> 9
\ P catalyzed C4 C-H ary/ation @

O \)\/ ~S0,CH3

Period shortening activity

Activity switch site
found in the research

GO061

Figure 4. Derivatization of KLO0O1 by late-stage Pd-catalyzed C—H arylations.

As another example that utilizes palladium-catalyzed C—H arylation in the synthesis of useful
compounds, annulative m-extension (APEX) reaction has recently emerged for synthesizing
polycyclic aromatic system.”* APEX reaction is one of reaction concepts that implements one-
step or stepwise aromatic ring extension from unfunctionalized arene substrate to further n-
extended fused aromatic ring. Therefore, the APEX reaction involves inter- and intramolecular
C—H bond functionalizations. For example, Itami, Ito and co-workers disclosed the first example
of K-region (a convex armchair edge of PAH)-selective single step APEX reaction of PAHs using
dibenzosiloles as m-extending agents under palladium catalysis (Scheme 5).» The
Pd(CH3CN)4(SBF¢)»/o-chloranil catalytic system is essential to facilitate APEX reaction of
phenanthrenes to afford the corresponding dibenzo[g,p]chrysenes. This APEX reaction proceeds
with exclusive K-region selectivity, and the following mechanistic investigation with
computational DFT calculations elucidated the mechanism of C-H arylation, origin of
regioselectivity and the three roles of o-chloranil as a ligand, stoichiometric oxidant and base

through the transformation.?®
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] cl :
r Cl o
cat. Pd(CH3CN),(SbFe), O O ; ;
o-chloranil “ e o
1,2-dichloroethane, 80 °C , cl
O O i o-chloranil
i role 1. Pd ligand :
cat. Pd(CH3CN)4(SbFg),
o-chloranil
1,2-dichloroethane, 80 C

48% ' role 2. oxidant !
\_role 3. base )
Scheme 5. K-region selective single-step APEX reaction of phenanthrene using dibenzosiloles.

Later, Itami, Ito and co-workers also developed an alternative palladium-catalyzed APEX
reaction using diiodobiaryl compound as the m-extending reagent (Scheme 7).>” The extensive
conditions screening revealed that the combination of cationic Pd(CH3CN)4(BF4),, silver pivalate
and triflic acid realized double C—H arylation of various unfunctionalized polycyclic aromatics
such as phenanthrene, corannulene, fluoranthene and thiophene derivatives to afford m-extended
molecules efficiently. Furthermore, when chrysene was used as a template PAH, two-fold APEX
followed by Scholl-type cyclodehydrogenation occurred, yielding highly fused helical

nanographene.
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\ TfOH

A or Z/ \) 70% 43%
" Ng 1,2-dichloroethane, 50 °C

’ aeve | ‘
Q’Q“O O S\
© 2o s

cat. Pd(CH3CN),(BF4)2

AgOTf

LNV e
1,2-dichloroethane, 50 °C' “ 0

not detected 32%

e
3
B g G S5

Scheme 6. Single-step APEX reaction of various polycyclic compounds using diiodobiphenyl.

Palladium-catalyzed multiple C—H arylations of nitrogen-containing heteroarenes
with aryl halides

As mentioned earlier, the multiple C—H arylation of thiophenes, i.e. Pd-catalyzed APEX
reaction at C2 and C3 positions has been developed so far (Schemes 3 and 6), but multiple C—-H
arylation (APEX reaction) of pyrroles and indoles in a single step was difficult. The reason for
the difficulty is that the C2 and C3 positions of indole and pyrrole have different electronic
characters, and thus it is difficult to achieve simultaneous arylations at C2 and C3 positions under
same reaction conditions.

In 2007, a Pd-catalyzed C2-selective C—H arylation of indoles with aryl iodides was reported
by Sames and co-workers (Figure 5).%® The reaction of indole and iodobenzene with Pd(OAc).,
PPhs, and CsOAc selectively occurs at the C2 position of indoles. In this report, C2-arylated
indole was preferentially formed rather than C3-arylated indole, and diarylated product was not
reported. These facts imply that this catalytic system is not appropriate for C3-arylation nor

double arylation such as APEX reaction. At about a same time of report by Sames, a C3-selective
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C-H arylation of indoles with aryl bromides was reported in 2007 by He, Zhang and co-workers
(Figure 6).%° The reaction conditions reported by He, which employs aryl bromide and potassium
carbonate as a base, are different from those in Sames’ reaction. The results also showed a
decrease in the yield of C3-arylated product when an electron-withdrawing group was introduced
on the benzene ring of indole. From these facts and other mechanistic investigations, He, Zhang
and co-workers inferred that the reaction can proceed through electrophilic substitution. In
addition, there was no information about formation of diarylated product at C2 and C3 positions,
which suggests that the catalytic system is also not suitable for double arylation and APEX
reaction.

Sames [2007]

cat. Pd(OAc),
&y O O
N
N DMA, 125 °C

75% GC yield
15:1

Possible reaction mechanism /@
Y - 70 = OO = OO
N AcC “hoAc Ln -Pd(O)L, N
H

Figure 5. Pd-catalyzed C2-selective C—H arylation of indole reported by Sames.
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He [2007]

cat. Pd(PPhs),

Y

1,4-dioxane, reflux

65% isolated yield
1:36

Possible reaction mechanism + Q
Y D o e — s

N Br -Br DN n
H N /
H N+

n

Figure 6. Pd-catalyzed C3-selective C—H arylation of indole reported by He.

To achieve diarylation at the C2 and C3 positions of indoles, development of a novel catalytic
system as well as reaction conditions is needed. In particular, the choice of base and ligand on
palladium would be important to overcome reactivity barriers and steric hindrance. A part from
this, developing an annulative arylation reagent is also one of effective strategies for obtaining
multi-arylated heteroarenes because once C—H arylation occurs at C2 or C3 positions of
indoles/pyrroles, successive intramolecular C—H arylations at C3 or C2 positions are thought to
be easily achieved. From these viewpoints, the APEX reaction is one of the few methods that can
efficiently perform multi-arylation of pyrroles/indoles. In fact, the palladium-catalyzed APEX
reactions of N-tosylindole and N-methylindole were demonstrated using dibenzogermole and
diiodobiphenyl in the author’s laboratory as peripheral demonstrations in APEX reaction of PAHs
(Scheme 7).27** However, the reaction efficiency was not sufficient and reaction conditions were
also not modified for heteroarenes, thus resulting in low yields of products and only three
successful substrate examples. It could be attributed to decomposition of electron-rich
heteroarenes by highly oxidative and/or acidic conditions using Pd/o-chloranil or
Pd/AgOT{/TfOH. Thus, more mild reaction conditions and catalytic system will be needed for

achieving APEX reaction of electron-rich heteroarenes such as indoles and pyrroles.
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Itami [2017]

cat. Pd(OAc),
Q AGOTf O
\ o-chloranil O
| +  Ge > |
N / 1,2-dichloroethane, 40 °C N
Ts/ O Ts
Itami [2017] 30% yield
cat. Pd(CH3CN)4(BF4)2
O AgOTf
Q\J I TfOH
+ >
h ! O 1,2-dichloroethane, 50 °C

37%

Scheme 7. Single-step APEX reaction of indoles using dibenzogermole and diiodobiphenyl.

Palladium-catalyzed C—H arylations of azoles with aryl halides

The difficulty of C—H arylation reaction varies greatly depending on the kind of heteroarenes.
1,3-Azoles such as N-methylbenzimidazole, benzothiazole, benzoxazole, and benzothiophene
exhibit different reactivities toward direct arylation when these substrates are subjected to typical
C-H arylation conditions with Pd catalyst and iodobenzene (Figure 7).>! The reactions proceed
well with benzoxazole and benzothiazole. On the other hand, the reactions with benzothiophenes
and benzimidazoles do not proceed well. These differences are caused by the different acidities

of the C2 hydrogen atoms which are highly affected by surrounding heteroatoms.

D T2 0 a0

N cat. Pd(OAc),
\ Cs,CO,
> 2% 40%
DMF, 140 °C
N N
QL - -0
(] S o] S

95% 16%

Figure 7. Pd-catalyzed C—H arylation of benzoazoles with iodobenzene.

To achieve direct arylation of benzothiophenes and benzimidazoles, Miura and co-workers
found that the addition of copper salts is effective. The reactions of benzimidazole and
benzothiazole, which give only 2% and 40% of the desired product under the conditions shown

in Figure 8, were improved by the addition of a copper salt (Figure 8). Miura and co-workers
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hypothesized that the copper cation of the salt coordinates to the heteroatoms on azoles can reduce
the electron density of azoles, and thus resulting in increased acidities at C2 positions. The
activation of C—H bonds by copper cation was also suggested by Gorlesky with DFT calculations
(Figure 9).% Calculating the activation free energy for the reaction through CMD mechanism with
palladium without copper salts, the most reactive C—H bond to deprotonate is found to be the C5
position. On the other hand, when a copper salt is included in the calculation, the activation free

energy of deprotonation of the C2 position decreases and becomes the most reactive site for

—~
N N
@ \>_H @ \>—H cat. Pd(OAc), ©:N ©:S
N\ S \

deprotonative palladation.

Cul

Cs2C0s 91% 82%

\

DMF, 140 °C

Q-+ Qo -0

0,
Reaction mechanism hypothesized by Miura [1998] A1%

N ! H—prd N,
S—H s _—
S 2 —HI —PdO S
Cul
Cu cordination
Lowering PKa of C2 C-H bond

Figure 8. The use of copper iodide in Pd-catalyzed C-H arylation of benzoazoles with

iodobenzene.

Gorelsky [2012]
Free energy of activation for C-H deprotonation
[*AG298 K, kcal mol']

| *29.6 PQE:I) *23.4 Lucl :

: o Hu
PN cucl AN, i N2
: | H | S=H —

t 4N 265 N 82! H S N\
| %250 220 \ :

Figure 9. Free energy of activation for deprotonation of the C2 position on N-methylimidazole.
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Functional group tolerability must also be considered for achieving efficient direct arylation of
azoles. For example, C2 arylation reactions of imidazoles containing amide/imide/urea in their
structures are very rare and difficult to perform. In addition to the inherent low reactivity in the
C2 positions of imidazoles, coordination of electron-rich amide moiety to palladium catalyst can
inhibit catalytic activity and turnover. Furthermore, relatively high temperature is required for the
direct arylation of functional imidazole derivatives, which can degrade the substrate.>* An
example of C2 arylation reactions of imidazoles using Pd/Cu catalysis to complex structures is
the synthesis of arylated xanthine derivatives by Hong et al.3* At that time, the arylation reaction,
under typical reaction conditions using Pd(OAc),, PivOH, and K>CO3 in DMF, the reaction did
not proceed (Table 1, Entry 1). However, in the presence of a copper salt, the reaction progressed
(Entry 2). Although several direct arylations of imidazoles with Cul have been achieved,
substrates are still limited to simple structures having less or no functional group. There is still
high demand to expand the applicable substrate scope having various functional groups which are

very important for preparing complex molecules such as natural products and pharmaceuticals.

N\

0
Q <:> cat Pd, base 0 Q
DMF, 140 C SN N /
J\ |’>_H }\in»_@_'“
0“ N "N \
I

entry reagents yield

1 Pd(OAC),, PivOH, K,CO4
2 Pd(OAc),, Cul, Cs,CO4 78%

Table 1. Direct C—H arylation of xanthine

Palladium-catalyzed arylations of carboxylic acids with aryl halides

Next to the development of palladium chemistry toward C—C bond formation, arylation of N—
H and O-H bonds with aryl halides has also been well studied. In 1995, Buchwald and Hartwig
independently found the palladium-catalyzed intermolecular arylation of amine N—H bonds with
aryl bromides in the presence of alkoxide or silylamide as a base (Figure 10).*> While Ullmann—
Goldberg reaction®® using copper reagents was widely used for amination of aryl halides before
1995, the newly discovered palladium-catalyzed amination rapidly became popular because of its

wider substrate scope even under milder conditions.*’.
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cat. PdCly(o-tolyl3P),

Buchwald [1995]

SN R’ base | = base : NaOBu

| + H'}l - // N~ .
S P R" toluene, 100 °C R ) Hartwig [1995]
R Br R" base : LIHMDS

Figure 10. Pd-catalyzed N-H arylation reaction reported by Buchwald and Hartwig.

The discovery of new transformation has opened chemists’ eyes and gave rational insights into
the construction of catalytic systems that enable the heteroatom-arylation of amide, sulfonamides,
alcohols, thiols and so on (Figure 11).%° Each coupling reaction is accomplished by finding the
optimal conditions in terms of solvent, reaction temperature and especially ligands. The
monodentate biarylphosphines (Buchwald ligands)*! with various substituents found in a series

of studies allow a wide variety of couplings regardless of the nucleophilicity of the heteroatom.

(R @ >

+ H'}‘ ' N/ F N,R
R R A
R’ @ | =
*  HO” > SANGR
R
D X © LI
+ =
H2N R’ R/ m R’
X = Cl, Br, I, OTf
AN
. A\ /,O @ - | O\\ //O
S > N
HN" s R N
Q@ S
. R |

f
2
Y

¢
\

!
P

Figure 11. Representative Pd-catalyzed heteroatom-arylation.

However, in the palladium-catalyzed cross-coupling reactions, there are still challenging
transformations that have still remained undeveloped. One of them represents the cross-coupling
between aryl halides and carboxylic acids as nucleophiles to affect Caryi—Oacyi bond formation
affording aryl esters (Figure 12a). From a synthetic aspect, this transformation is complemented
by Ouryi—Cacyt bond formation such as the condensation reaction of carboxyl acids and those
derivatives with arenols*, but the transformation involved in Cary—Oacy1 bond formation has hardly
been investigated in terms of both synthetic chemistry and organometallic chemistry. This is

easily rationalized by following two assumptions: 1) carboxylate has a low nucleophilicity so that
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it tends to deviate from Pd even if its coordinated (Figure 12b), 2) reductive elimination of Ar—
OCOR from Ar-Pd—OCOR s less likely to occur in the Pd-complex having cation-coordinated
k'-carboxylate.*’. In addition, the aryl-palladium—carboxylate (Ar-Pd-OCOR) intermediate is
known to act as an active species, and preferentially induces the C—H activation through CMD
pathway rather than the reductive elimination of aryl carboxylate (Ar—OCOR), affording diaryl
Pd species (Ar-Pd-Ar’) followed by biaryls (Ar—Ar’") (Figure 12¢)."”” Even in the related metal-
catalyzed reactions in situ-forming aryl metal carboxylate (Ar—M—OCOR), Cary—Oacy1 bond in Ar—
OCOR is easily cleaved by oxidative addition of electron-rich low-valent metal such as nickel(0)
(Figure 12d).** This implies the reductive elimination forming Ar—-OCOR is quite challenging
compared to other elementary steps. In fact, there are only few reports achieving Ar—OCOR
formation through reductive elimination.* However, simple palladium-catalyzed O-H arylation
of carboxylic acids with aryl halides has remained undeveloped, when we started the research in
2016 (Figure 12a).*® Therefore, the novel synthetic strategy including reasonable design or

selection of catalysts and ligands are demanded toward achieving such a transformation.
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(@) Cary=Oacy1 bond forming cross-coupling & O, —C.y bond forming condensation

Pd-catalyzed condensation
Cary=Oacy bond formation Oaryi~Cacy bond formation

O,
0, Pd cat. >—R O,
B e O e Do B
HO no example well known X
(Ar—-OCOR)

(b) Cordination mode of carboxylate to palladium

(0]
o L,PdX; Q . o M=K, Cs,Ag 7 H—R
R —_— N N Iy N\,
> ~———— X—Pd—O or Pd\ R ~—
HO —HX ! L7 O Pd—X
R = alkyl, aryl " ) o L,
k“-coordination 1 L
k'-coordination
(c) Ar-Pd—OCOR undergoes arylation

)

>_R reductive elimination O>_R
@ P?_O L O few reports

L, —PdL,,

(Ar—-Pd-OCOR) (Ar—-OCOR)

C—H activation reductive
via CMD mechanism elimination

- OO T O

—PdL,
—-HOCOR

(Ar-Pd-Ar") (Ar=Ar")
well known well known

(d)* Reported C,,, -0,y bond cleavage by nickel o
(0] cat. 0

e ]
>—R Ni(O)L,, R R R"
O A D o T

R = t-Bu, NMe,  Oxidative Ln a-C—H arylation

(Ar-OCOR) ~2ddition (ANi_OCOR)  Of ketone

Figure 12. (a) Cary—Oacy1 bond formation and Oaryi—Cacyt bond formation. (b) Coordination mode
of carboxylate to palladium. (c) Ar—Pd—OCOR undergoes arylation. (d) Example of Caryi—Oacyi

bond cleavage by nickel.*

Overview of this thesis

As described above, the development of Pd-catalyzed arylation reactions has advanced
significantly in the recent decades for exploring arene-based functional molecules. Through
improvements and optimizations of these reactions, the scope of nucleophiles that react with aryl
palladium species has been widely expanded. Currently, the reactions utilizing nucleophiles
generated from heteroatom—H and C—H bonds are now practically applicable, greatly contributing
to the development of arene-based functional molecules. However, several challenging Pd-
catalyzed reactions still remain difficult to achieve, such as the multi-arylation and/or APEX

reaction of unfunctionalized heteroles, C—H arylation of azoles with highly functionalized
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structures, and arylation of O—H bond in carboxylic acids. In this thesis, the development of novel
Pd-catalyzed arylations of inactive O—H and C—H bonds is described. Newly designed electron-
deficient N-heterocyclic carbene (NHC) ligands, palladium-catalytic system as well as reaction
conditions with aryl halides enable a series of novel O—H/C—H arylations reaction of carboxylic
acids, electron-rich heteroarenes and highly functionalized heteroarenes. Synthesis and
bioactivity of novel plant-growth stimulant compounds possessing unusual imidazole core by the
newly developed C—H arylation reaction is also described.

Chapter 1 describes a series of new arylated 2-azahypoxanthine (AHX) derivatives which were
synthesized by Pd-catalyzed C—H arylation of AHX derivatives (Figure 13). The rice-growth-
promoting activity of the arylated AHX synthesized in this study was evaluated. Among the
synthesized compounds, C8-phenyl-substituted AHX derivative showed remarkable growth-

promoting activity on rice.

1. N-protection
o] 2. C-H arylation

3 deprotection
o >
N\‘N N \
H
AHX arylated AHX

stronger plant growth activity

Figure 13. C-H arylation of 2-azahypoxanthine.

Chapter 2 describes a Pd-catalyzed APEX reaction of indoles and pyrroles (Figure 14). In the
presence of palladium pivalate and silver carbonate, diverse indoles or pyrroles were coupled with
diiodobiaryls in a double direct C—H arylation manner to afford corresponding m-extended
heteroarenes in a single step. This catalytic system enables to provide structurally complicated
and largely m-extended nitrogen-containing polycyclic aromatic compounds that are otherwise

difficult to synthesize by classical coupling reactions.

\ O cat. Pd(OPiv),
| AN Ag,CO3
—»
N ' O - DMF/DMSO
1
R rd ~

Figure 14. Pd-catalyzed APEX reaction of indoles and pyrroles with diiodobiaryls.
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In Chapter 3, the first Pd-catalyzed arylation of O-H bond of carboxylic acids, so-called
esterification, with aryl iodides is described (Figure 15). A Pd-based catalytic system consisting
of electron-deficient NHC ligands such as IBn" [1,3-bis {(pentafluorophenyl)methyl}-imidazole-
2-ylidene)] was found to significantly accelerate the C.r,i—O bond-forming esterification reaction.
A series of aryl iodides and carboxylic acids undergoes a cross-coupling reaction to provide the

corresponding aryl esters in moderate to good yields.

cat. [Pd(cinnamyl)Cl],

IBnF-HBr
Ag,CO;
0O, MS4A
I + >—R ._ >—R N\ N
l

HO 1,4-dioxane

IBn"-HBr

................................

Figure 15. C,ry1—Oacy bond forming Pd-catalyzed cross-coupling reaction.
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Chapter 1

Discovery of Plant Growth Stimulants by
C-H Arylation of 2-Azahypoxanthine

Abstract

A series of new AHX derivatives were synthesized by Pd-catalyzed C—H arylation. Their rice
growth-promoting activity was evaluated in vivo. Among the synthesized compounds, C8 phenyl-
substituted AHX showed remarkable growth-promoting activity on rice. The present study shows
the power and significant opportunity of C—H functionalization chemistry to rapidly transform

biologically active natural products into more active compounds.
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1. Introduction

“Fairy ring” is naturally-occurring ring-shaped thick growth or necrotic spot of grasses, which
are commonly seen on the lawn (Figure 1). Occasionally, fruiting bodies of fungi are also seen in
the fairy rings. The term “fairy rings” originates from the myths and superstitions associated with
their occurrence in the Middle Ages. The first scientific article discussing this phenomenon dates
back in 1675.! In 1995, Couch proposed that this mysterious ring is a result of the interaction

between a fairy-ring-forming fungus and a plant.?

Figure 1. Fairy ring on the turfgrass field, University of Shizuoka, Japan. Reprinted with
permission by Dr. Makoto Inai. Copyright Dr. Makoto Inai.

More recently, Kawagishi and co-workers disclosed that the key molecular players of this
interaction are plant-growth stimulating compound 2-azahypoxanthine (AHX) and plant-growth
inhibitor imidazole-4-carboxamide (ICA) identified from one of the fairy-ring-forming fungi,
Lepista sordida.® These compounds have been termed “fairy chemicals” (FCs).* The regulation
of plant growth by FCs has been observed in all the plants tested, regardless of their species,
demonstrating their broad effectiveness. Furthermore, treatment of FCs increased the yields of
rice, wheat, and other various types of crops in greenhouse and/or field experiments.>>
Furthermore, Kawagishi and co-workers also reported that AHX and its metabolite 2-aza-8-
oxohypoxanthine (AOH) are endogenously produced in plants by a new purine metabolic
pathway.**® Based on the findings, Kawagishi and co-workers have hypothesized that FCs are a

new family of plant hormone.’
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Figure 2. Fairy chemicals isolated from fairy-ring-forming fungi, Lepista sordida.

Despite the intriguing plant-growth activity of AHX, the mechanism of how AHX enhances
plant growth remains poorly understood. Furthermore, the structure-activity relationship (SAR)
of AHX derivatives has not yet been defined due to the challenges associated with chemically
modifying AHX. There are two main reasons for the difficulty in synthesis of AHX derivatives.
Firstly, AHX has a rare 1,2,3-triazin-4(3H)-one structure that is uncommon among natural
products. The unique structure limits the availability of suitable chemical reactions and synthetic
methods for modifying AHX. Secondly, AHX has only three hydrogen atoms available for
substitution (Figure 3a). The limited number of substitution site further complicates the synthesis
of AHX derivatives. Initially, synthesis of N, N'-dialkyl AHXs and N-alkyl AHX through a simple
alkylation reaction and evaluation of their effects were performed to find molecules that show an
enhanced plant growth-promoting activity (Figure 3b). While various alkyl AHXs 5-8, 5, 7" and
8’ having benzyl, 4-methoxybenzyl and 2-trimethysilylethoxyl groups were synthesized and
tested, all the compounds did not show significant growth activity on both shoot and root
comparing to AHX (Figures 4a and 4b). Conversely, compounds 5, 6 and 7 showed slight plant

growth inhibition on root.

(a) Structural feature
o}
He N * Rare 1,2,3-triazin-4(3H)-one structure (colored blue)
’}1 | \>8—H * Only three hydrogen atoms to be substituted (colored red)
N
NT N

N

H

(b) Initial study
o

O (o} R R
N-alkylation R ! ~ N
HN I N\ E— - N I N + ’}l)jj[ \>
fll > > \ /> N\\N N
SN N N

Ng
N \

H N,N'-dialkyl AHX R

Figure 3. (a) Structural features of AHX. (b) Initial synthesis of AHX derivatives.
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Figure 4. Structure-activity relationship of 5, 5', 6, 7, 7' and 8 on the growth of rice. (a) Effect of
compounds 5, 6, 7 and 8 on the growth of shoot and root in rice. (b) Effect of compound 5’ and
7' on the growth of shoot and root in rice. (c) Chemical structures of the compounds 5, 5’, 6, 7, 7"
and 8. Germinated seeds were treated with 0.1 mM solution of 5, 5, 6, 7, 7', 8 and AHX. Results
are the mean + standard deviation (n = 4). Asterisk indicates a value that is significantly different
from the control (Student’s t-test, p < 0.05). Number sign indicates a value that is significantly

different from the AHX treated group (Student’s #-test, p < 0.1).

Then, functionalization of remaining C—H bond on imidazole ring in AHX and SAR study of
obtained AHX derivatives were investigated. There are several known methods for introducing
an aryl group directly at the C2 position of NH imidazole: 1) coupling reaction with haloarenes
using Pd/Cu catalysis (Scheme 1a),® 2) coupling reaction with diaryliodonium salts using Pd
catalyst (Scheme 1b),? 3) Minisci-type arylation reaction with aryl boronic acids (Scheme 1c),°
4) electrophilic arylation reaction with aryl diazonium salts (Scheme 1d),'" and also reaction using

transition metal catalysts such as rhodium.'> For arylation of C8 position of AHX, several
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preliminary attempts, including halogenation and direct arylation, were conducted. However,
these attempts encountered challenges due to the instability of the AHX skeleton and the lower
reactivity observed at the C8 position. Therefore, an alternative appropriate synthetic method was

required for obtaining C8-arylated AHX derivatives.

(a) Coupling reaction with Ar-X using Pd/Cu catalysis
Rossi [2006]

N cat. Pd(OAc),
A+ ) —2~ @%(}
H +
N 8
H

DMF, 140 °C

(b) Coupling reaction with diaryliodonium salts using Pd catalyst
Zhang [2012]

@EN\ _Q cat. Pd(OAc), ©: >_©
N THF 60 °C
H

“OTf

(c) Minisci-type arylation reaction with aryl boronic acids
Baran [2010]

TFA
cat. AgNOg; N
N K2S,04 E 2
[\>_H + (HO)2B—©— > | N
H 1:1 CH2C|2-H20, rt H

(d) Electrophilic arylation reaction with aryl diazonium salts
Narasimhan [2009]

N NaOAc
G =D mree O
H - HzO 0°Ctort

Cl

Scheme 1. Brief summary of reported direct C—H arylation of NH imidazoles.

In this chapter, the application of C—H arylation chemistry to synthesize AHX derivatives and
the evaluation of their plant growth-promoting activity is descrived.!* The easy access to these
derivatives allowed to rapidly discover a novel plant-growth stimulator that shows stronger
activity than the original AHX (Figure 5). Owing to the general synthetic difficulty of C8-
functionalized AHX derivatives, the AHX derivatives synthesized by the newly established
method can possess an unexpected activity toward plant growth-regulation and an potential for

identifying the target protein of AHX.
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1. N-protection

o] 2. C-H arylation
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HN Ny > deprorecton
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H
AHX arylated AHX

stronger plant growth activity

Figure 5. Brief summary of this chapter.
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2. Results and Discussion

2-1. One step synthesis toward C8-substituted AHX derivatives

Extensive screening of reaction conditions was conducted to synthesize C8-arylated AHX in
one step by C-H arylation. Initially, Pd/Cu-catalyzed direct C—H arylations of AHX were
examined based on the reaction reported by Rossi (Table 1).® However, no production of desired
compound 3 was observed regardless of the equivalent of copper (entries 1 and 2) or the
equivalent of base (entries 3 and 4). Although the direct C—H arylation of AHX using
diphenyliodonium triflate as an arylating reagent was performed based on Zhang’s report,’

desired compound 3 was not obtained under all conditions shown in entries 5-8.

Table 1. Pd-catalyzed direct C—H arylation of AHX.

0 Pd(OAc), (5.0 mol%) o
N . additive N
H[}j | \> + arylating - Hl}l | N
Na N reagent solvent, temp. Ns
N N N
H 16-19 h H
AHX
0.2 mmol 3
entry arylating reagent additive solvent temp. ('C) yield
1 Phl (2.0 eq.) Cul (2.0 eq.) DMF 140 N.D.
2 Phl (2.0 eq.) Cul (3.0 eq.) DMF 140 N.D.
3 Phl (2.0 eq.) Cul (2.0 eq.), K3PO4 (3.0 eq.) DMF 140 N.D.
4 Phl (2.0 eq.) Cul (3.0 eq.), K3PO4 (3.0 eq.) DMF 140 N.D.
5 Ph,I*OTf (1.2 eq.) - THF 60 N.D.
6 Ph,I*OTf (1.2 eq.) - DMF 60 N.D.
7 Ph,I*OTf (1.2 eq.) - DMF 100 N.D.
8 Ph,I*OTf (1.2 eq.) - 1,4-dioxane 100 N.D.

The lack of success in obtaining compound 3 through established Pd-catalyzed direct C—H
arylation methods suggests that the highly polar nature of AHX renders it incompatible with Pd-
catalytic reaction conditions. In order to overcome this obstacle, alternative reactions that do not
depend on Pd catalysts were explored. Subsequently, the direct C—H arylation of AHX with
phenylboronic acid was investigated according to the silver-catalyzed reaction reported by Baran
(Scheme 2a).' However, desired compound 3 was not obtained under any of the tested conditions

(entries 1 and 2). In addition, the direct C—H arylation of AHX was demonstrated using
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Narasimhan’s conditions with phenyldiazonium chloride as an arylating reagent (Scheme 2b),!!

but no formation of compound 3 was observed.

(a) Direct C—H arylation of AHX with phenylboronic acid with silver salt

TFA (1.0 equiv)

Q AgNO3 (0.2 equiv) 0
N K2S,04 (3.0 equiv) N
WY o) - 2O
Nay” N 1:1 solvent-H,0, temp. Ns N
N
H 3h H
AHX 1.5 equiv 3
0.2 mmol
entry solvent temp. ("C) yield
1 CHxCl, rt N.D.
2 DCE 60 N.D.

(b) Direct C-H arylation of AHX with phenyldiazonium chloride

(0] O
NaOAc (60 equiv) N
Ly e . )
NN cl H,0,0 Ctort Ns 2N
H 22 h H
AHX 20 equiv 3
0.2 mmol N.D.

Scheme 2. Non Pd-catalytic direct C—H arylation of AHX.
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2-2. Synthesis of C8-substituted AHX derivatives from /N-protected
AHX

Thus, the introduction of a protecting group for the N—H moieties on AHX was employed in
order to increase a tolerance of AHX toward various catalytic reaction conditions (Scheme 3). For
this purpose, 2,4-dimethoxybenzyl group (DMB) was chosen as the protecting group for two
nitrogen atoms due to its easy removability under mild oxidative conditions.'* First, the two
nitrogen atoms on AHX was protected with the DMB group using 2,4-dimethoxybenzyl chloride
(DMBC(I) and Cs,COs, affording a separable mixture of regioisomers 1 and 1’ in a ratio of 4.2:1.
The structures of these isomers were identified by the heteronuclear multiple bond coherence
(HMBC) and heteronuclear multiple quantum correlation (HMQC) in NMR spectroscopy (see
Experimental Section for details). The low yield of 1/1’ would be attributed to the lower stabilities

of both protecting group-free AHX and DMBCI.

o) DMBCI (3.5 equiv) O  pus O

Cs,C0; (5.0 equiv DMB. "N DMB. !
X S "
N:N N DMF, 100 C N:N N :N N
H 9 ° DMB
AHX 1 1’
DMB = 2,4-dimethoxybenzyl 37% (11" = 4.2:1)

Scheme 3. Protection of AHX with a DMB group.

Next, the palladium-catalyzed C—H arylation of DMB-protected AHX (1 and 1") was
investigated with bromoarenes as arylating agents. Through extensive screening of the C-H
arylation reactions conditions for related imidazole substrates reported by Miura'> and Rossi,®
suitable reaction conditions using Pd/Cu catalytic system with bromoarenes was finally found for
efficient and unprecedented direct C—H arylation of DMB-protected AHX. The effects of various
parameters in the Pd-catalyzed C—H arylation of DMB-protected AHX are summarized in Table
2. For example, treatment of DMB-protected AHX (1/1" = 4.2:1) with bromobenzene (2.0 equiv)
in the presence of Pd(OAc): (5 mol%), Cul (2.0 equiv), and K3;PO4 (2.5 equiv) in DMF at 140 °C
for 12 h afforded the expected C—H arylation products (2a/2a’ = 1.4:1) in 50% yield (entry 1).
The addition of ligands such as PCys, P'Bus, and BINAP had no beneficial effect on the yield of
2a/2a’ (43-52% yield; entries 2—4). The product yields depend on the base employed, increasing
in the order of K,CO3 < Cs,CO3; < Na,CO3 <K3PO4 (entries 1, 5, 6, and 7). The polarity of solvents
is also important. While DMF and DMA resulted in moderate yields (50% and 43% yields; entries

1 and 8), the reactions in 1,4-dioxane and toluene showed significant decrease in yield (entries 9
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and 10). The use of iodobenzene instead of bromobenzene resulted in a lower yield of 2a/2a’
(37% yield; entry 11). While the absence of Cul almost shut down the reaction (entry 12), the
absence of Pd(OAc); still gave the target material in 11% yield (entry 13), suggesting that copper-
mediated (non-palladium-catalyzed) C—H arylation is also occurring in this reaction. Notably,

scaling up the reaction led to an increased yield (71% yield; entry 14).

Table 2. Pd/Cu-mediated C—H phenylation of DMB protected AHX.

4a
Br_@ (2.0 eq.)

DMB.

Pd(OAc), (5 mol %)

0 DMB
”k/'EN%( )
/

Ne AN
2a

o) DMB Cul (2.0 eq.)
DMB~N N K3PO4 (2.5 eq.) _
> +
e 0
N QN 140°C, 12 h DMB. N
11" = 4.2 : 1 mixture o \>—©
0.2 mmol N“TN
DMB
2a’
entry deviation from standard conditions yield?

—_

50, 2a/2a’ = 1.4:1

2 PCy3-HBF,4 (10 mol%) was added 52, 2a/2a’ =1.4:1
3 PBug-HBF4 (10 mol%) was added 49, 2a/2a’=1.1:1
4 BINAP (5 mol%) was added 43, 2a/2a’ = 1.4:1
5 Nay,COj instead of KzPO, 46, 2a/2a’ = 1.3:1
6 K,COyj instead of K3PO, 21, 2a/2a’ = 2.5:1
7 Cs,COj3 instead of K3PO, 44, 2a/2a’ = 1.9:1
8 DMA instead of DMF 43, 2a/2a’ =1.7:1
9 1,4-dioxane instead of DMF 17, 2a/2a’ = 3.3:1
10 toluene instead of DMF 17, 2a/2a’ = 2.4:1
11 iodobenzene instead of 4a 37, 2a/2a’ = 1.3:1
12 without Cul 1, 2a

13 without Pd(OAc), 11, 2a/2a’ = 1.8:1
14 1.1 mmol scale, reaction time 15 h 710 2a/2a’ = 2.6:1

@Determined by gas chromatography by using CH,Br, as
an internal standard. Plsolated yield.
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During the course of the reaction, the ratio of DMB regioisomers changed (Scheme 4).

Conducting independent reactions using isomerically pure 1 and 1’ revealed that both isomers

exhibited similar reactivity, resulting in a mixture of 2a and 2a’ (1:

56% yield (2a/2a’ = 1.4:1),

1": 38% yield (2a/2a" = 1.2:1)). These results suggest that migration of DMB group between N7

and N9 positions occurs during the reaction.

ca—d ) ——

1/ 4a
0.2 mmol

‘l}l | N
DMF, 140 °C Nay ’

cat. Pd(OAc),
Cul o}

K3PO4 DMB

DMB DMB

”i@

56% (2a/2a’ = 1.4:1)

12h

cat. Pd(OAc), o

Cul

K3PO4 DMB DMB\N)E:N»_@
1

DMF, 140 °C >_© Ney"~N

12h DMB

38% (2a/2a’ = 1.2:1)

Scheme 4. Pd/Cu-mediated direct C-H arylation using isomerically pure 1 and 1’ with

bromobenzene.
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Using the optimized conditions, a range of arylated AHX derivatives 2/2' were synthesized via
Pd-catalyzed arylation with bromoarenes 4a—h (Scheme 5). The reactions with sterically hindered
bromoarenes, such as 2-bromotoluene (4b) and 1-bromonaphthalene (4f), gave the corresponding
products 2b/2b’ and 2f/2f" in good yields (92% and 78% yields). The reactions with
bromobenzene (4a), 3-bromotoluene (4¢), 4-bromotoluene (4d), 4-bromobiphenyl (4e), 1-bromo-
2-fluorobenzene (4g) and 1-bromo-3-chlorobenzene (4h) resulted in moderate yields of C-H
arylation products (2a/2a’, 2¢/2¢’, 2d/2d’, 2e/2e’, 2g/2g’, 2h/2h'; 35—71%). The each regioisomer
ratio of arylated AHX 2/2’ (1.3:1 to 4.2:1) varied compared to those of starting DMB-protected
AHX 1/1' (4.2:1), which suggests that the steric hindrance on arylating agents 4 could affect the
reactivity toward DMB-protected AHX 1/1".

Br 4a-h O  pmB
(2.0eq) DMB. N
Pd(OAC), (5 mol %) '{I:N I N/

o) DMB Cul (2.0 equiv)

DMB~N 7 N K3POy (2.5 equiv) . 2a;2h
N | N/>—H DMF o)
N 140 °C, 12 h DMB. N
1/1’ = 4.2 : 1 mixture N |
0.20 mmol ‘NN
DMB
2a’-2h’

combined solated yield

5 - <O

71%3 (2a/2a’ = 2.6:1)  92% (2b/2b’ =4.2:1)  65% (2c/2¢’ = 1.5:1)  69% (2d/2d’ = 1.5:1)

o
ol

Cl

o0 - ¥

64% (2e/2e” =1.6:1)  78% (2/2f’ =2.8:1)  56%" (2g/2g’ = 1.9:1) 35%P (2h/2h’ = 1.3:1)

Q0

oy

4Reaction time was 15 h, 1/17 = 4.4:1

Scheme 5. Pd/Cu-mediated direct C—H arylations with different aryl bromides.
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Next, the deprotection of DMB groups from the C—H arylated AHX derivatives 2 was examined
(Scheme 6). Treatment of 2 with ceric ammonium nitrate (CAN) led to the formation of

corresponding deprotected compounds (3a—h) in low to moderate yields (8—42%).

O  pwmB . 0
DMB. N CAN (8.0 equiv) N
g =L
/ CH43CN-H,0, rt .
NtN N 3 2 N‘N N
H
2/2" mixture 3a-h
isolated yield
(0] (0] (0]
N N N
TIO  IO O)
N N N N N N
N H N H N H
3a 3b 3c
42% 21% 31%
O (0]
N N
IO IO~
N N N N
N H N H
3d 3e
18% 25%
SO S U
N N N
) D) O
:N H :N H :N H
3f 39 3h
8% 25%2 19%

4Single isomer 2g was used as a starting material

Scheme 6. Synthesis of C8-arylated AHXs 3.

Due to unsatisfactory yield of deprotection, the deprotection reactions using pure 2a and 2a’
were independently tested to compare deprotection efficiencies depending on the position of N-
protecting groups (Scheme 7). As a result, both isomers gave the desired compound 3a in similar
yields (35% and 20%), suggesting that the position of N-protecting groups does not significantly

affect the process of deprotection.

39



CAN

O  pme 9
DMB. : _ N
O s IO
N:N N 3 2% :N H
2a 3a

0.1mmol 35%
(0] O
DMB.
N)t N\ CAN . HN )t N
1 | >—<: :) - ) | \>—<: :}
N:N N CH3CN-H,0, rt N:N N
DMB H
2a’ 3a
0.1mmol 20%

Scheme 7. Deprotection of DMB group using isomerically pure 2a or 2a’.

2-3. Biological study of AHX related compounds and 8-arylated AHX 3
With the newly synthesized compounds 3a—h in hand, the SAR of AHX analogues and
derivatives to the growth-promoting activity was examined. The growth-promoting activity was
investigated using rice (Oryza sativa L. cv. Nipponbare). The activities of reported AHX-related
compounds (Figure 6a) showed good agreement with the previously reported results (Figure
6b).'® Xanthine (Xan), hypoxanthine (HX), imidazole (IMI), ethyl imidazole-4-carboxylate (EtC)
and 5-aminoimidazole-4-carboxamide (AICA) did not exhibit noticeable shoot or root growth-
regulating activity. ICA exhibited growth-inhibitory activity in both shoot and root, and AHX and
2-aza-8-oxohypoxanthine (AOH) showed growth-promoting activity in root (Figure 6b).

40



a) growth growth

inhibition inactive Promotion
(0] ' 0O O ' (0]
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control Xan HX IMI EtC AHX AOH ICA AICA

Figure 6. Plant growth-regulating activities of AHX-related compounds. a) Chemical structures
of the reported AHX-related compounds. b) Effect of Xan, HX, IMI, EtC, AHX, AOH, ICA and
AICA on the growth of rice. Germinated seeds were treated with 0.1 mM solution of Xan, HX,
IMI, EtC, AHX, AOH, ICA, AICA and incubated for a week in a test tube. Results are the mean
+ standard deviation (n = 12). Asterisk indicates a value that is significantly different form the

control (Student’s #-test, p < 0.05).

The plant growth-regulating activities of the arylated AHX derivatives 3, which were
synthesized in this study, are summarized in Figures 7 and 8. All the arylated AHXs showed a
tendency to exhibit stronger root growth-promoting activity than the original AHX. In particular,
the introduction of phenyl (3a), o-methylphenyl (3b), 4-biphenylyl (3e), 1-naphthyl (3f) or m-
chlorophenyl (3h) moiety at the C8-position of AHX was found to be highly effective for the rice
root growth activity. Substituting the phenyl group with an m-methyl (3¢), p-methyl (3d) or o-

fluoro (3g) group resulted in weaker activity compared to 3a.
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control AHX  3a 3b 3¢ 3d 3e 3f 3g 3h
Figure 7. Effect of arylated AHXs 3a-h on the growth of rice. Germinated seeds were treated
with 0.1 mM solution of AHX, 3a-h and incubated for a week in a test tube. Results are the mean
+ standard deviation (n = 12). Asterisk indicates a value that is significantly different form the
control (Student’s t-test, p < 0.05). Number sign indicates a value that is significantly different

form the AHX treated group (Student’s #-test, p < 0.05).

control AHX 3a 3n
scale bar=1cm

Figure 8. Images of rice seedlings after the growth-promotion assay. Germinated seeds were

treated with 0.1 mM solution of compounds.
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Then the dose effect of 3a on the growth of shoot and root in rice was also evaluated (Figure
9). As a result, elongation of root was significantly elevated at the concentrations of 0.1, 0.2, 0.4

mM.

100 1
Bshoot Oroot

80 1

60 1

elongation (mm)

40

20 A

0 - T T T m

control 0.1mM 0.2mM 0.4mM

3a

Figure 9. Dose-response curve for 3a in shoot/root growth assay. Results are the mean + standard
deviation (n = 4). Asterisk indicates a value that is significantly different from the control

(Student’s ¢-test, p < 0.05).
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3. Conclusion

In summary, the C—H arylation reaction of DMB-protected AHX has facilitated the discovery
of novel plant growth-promoting compounds. These newly synthesized arylated AHX derivatives
showed stronger growth-promoting activity compared to the natural plant growth promoter AHX.
These series of compounds have immense potential for agricultural applications. Future
identification of target(s) of AHX and its arylated derivatives may provide the molecular basis of
their interesting plant-growth activity including fairy-ring formation. Moreover, the present work
emphasizes that, with the recent advent of game-changing C-H functionalization chemistry,'’

there are significant opportunities to use these technologies to accelerate agricultural science.
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Experimental Section

1. General

Unless otherwise noted, all reactants or reagents including dry solvents were obtained from
commercial suppliers and used as received. AHX was provided from Ushio Chemix Co. Ltd..
Pd(OAc), was purchased form WAKO. Unless otherwise noted, all reactions were performed with
dry solvents under an atmosphere of N» in dried glassware using standard vacuum-line techniques.
All work-up and purification procedures were carried out with reagent-grade solvents in air.
Analytical thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 Fjs4
precoated plates (0.25 mm). The developed chromatogram was analyzed by UV lamp (254 nm).
Medium Pressure liquid chromatography (MPLC) was performed using Yamazen W-prep 2XY
or Biotage Isolera® equipped with WAKO Presep®. Preparative thin-layer chromatography
(PTLC) was performed using Wakogel B5-F silica coated plates (0.75 mm) prepared in our
laboratory. High-resolution mass spectra (HRMS) were conducted on Thermo Fisher Scientific
Exactive. Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL INM-ECA-600
("H 600 MHz, '3C 150 MHz) and a JEOL JNM-ECA-6001I with Ultra COOL™probe ("H 600
MHz, *C 150 MHz) spectrometer. Chemical shifts for "H NMR are expressed in parts per million
(ppm) relative to tetramethylsilane (6 0.00 ppm) or residual peak of CD;OD (6 3.31 ppm) or
DMSO (6 2.50 ppm). Chemical shifts for *C NMR are expressed in ppm relative to CDCls (8
77.0 ppm), CD30D (8 49.0 ppm) or DMSO (6 39.52 ppm). Data are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet, td = triplet of

doublets, m = multiplet, br = broad), coupling constant (Hz), and integration.
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2. Synthesis of AHX derivatives
2-1. Synthesis of dibenzyl AHXs (5 and 5)

DMF, 70 °C ©/\ Jj:

BnBr
ﬁ y o0 c:sgc;o3 @ ©/\ )5: Y
, 0
To a round-bottom flask containing a magnetic stirring bar, AHX (1.5 g, 11 mmol), benzyl
bromide (3.8 g, 22 mmol) and DMF (50 mL) were added. Then, Cs>COs (11 g, 33 mmol) was
added. The resultant mixture was stirred at 70 °C for 6 h. After cooling the reaction mixture to
room temperature, the mixture was poured into water and extracted with EtOAc. The organic
layer was washed with water, brine and dried over Na>SOs. After filtration, solvent was removed
by evaporation. To the crude residue was added MeOH and then the mixture was sonicated.
Resulting precipitation was then filtrated to afford the titled compound 5/5’ (5.6:1 mixture) as a
white solid (1.2 g, 48% yield). These regioisomers can be separated by MPLC (chloroform/EtOAc

= chloroform only to 4:1).

3,5-Dibenzyl-3,5-dihydro-4 H-imidazo|[4,5-d][1,2,3]triazin-4-one (5)

(0]
e
O
5

'H NMR (600 MHz, CDCL3) & 7.94 (s, 1H), 7.50 (d, J = 7.2 Hz, 2H), 7.40-7.28 (m, 8H), 5.66 (s,
2H), 5.60 (s, 2H). 3C NMR (150 MHz, CDCls) § 154.2, 151.3, 144.1, 135.5, 134.5, 129.3, 129.0,
128.8, 128.7, 128.3, 1282, 116.9, 53.2, 51.2. HRMS (ESI*) m/z calcd for CisHiNsO [M+H]*:
318.1349, found: 318.1349.

3,7-Dibenzyl-3,5-dihydro-4 H-imidazo[4,5-d][1,2,3]|triazin-4-one (5 ')

o
O
e
"H NMR (600 MHz, CDCIl5) 6 7.91 (s, 1H), 7.53 (d, J = 6.6 Hz, 2H), 7.42-7.25 (m, 8H), 5.69 (s,
2H), 5.49 (s, 2H). 3*C NMR (150 MHz, CDCl;) & 153.7, 145.0, 142.7, 135.6, 134.0, 129.3, 129.1,
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128.7,128.3,128.2, 126.7,53.4, 48.7 (one carbon peak was not observed because of overlapping).
HRMS (ESI") m/z calcd for CisHi6NsO [M+H]": 318.1349, found: 318.1351.

HMBC/HMQC
—» HMBC
—> HMQC {\
HH \ O
IO M
O N

’:"N w ém
5 5
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3,5-Dibenzyl-3,5-dihydro-4H-imidazo[4,5-d][1,2,3]|triazin-4-one (5)

HMQC
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3,7-Dibenzyl-3,5-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one (5')
HMQC
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2-2. Synthesis of 5-benzyl-3,5-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one (6)

™S® \ OTMS

o}
N ™S, BnBr " f@
HE > CH CN, it > HN N
N H 3 N | ,>

:N N

AHX 6

To a stirred suspension of AHX (50 mg, 0.36 mmol) in CH3CN (2.0 mL) were added DBU (32
pl, 0.22 mmol) and N,O-bis(trimethylsilyl)acetamide (BSA, 89 pL, 0.36 mmol) at room
temperature under an argon atmosphere. After being stirred for 30 min, benzyl bromide (48 pL,
0.40 mmol) was added to the reaction mixture. The resulting mixture was stirred at room
temperature for 2 h. Then, MeOH was added and the mixture was concentrated under reduced
pressure. The crude residue was purified by MPLC (chloroform/EtOAc = chloroform only to 3:2)
to afford 6 as a white solid (26 mg, 31% yield). A single crystal of 6 was obtained from a THF
solution through vapor diffusion method with pentane at room temperature, and the structure of
6 was determined by X-ray crystallographic analysis (see Table 3 and Figure 10 for detail). 'H
NMR (600 MHz, CD;OD) 6 8.49 (s, 1H), 7.43 (d, J = 7.2 Hz, 2H), 7.38-7.30 (m, 3H), 5.67 (s,
2H). *C NMR (150 MHz, CD;0D) 8 155.6, 153.6, 146.5, 137.3, 130.1, 129.7, 129.1, 118.3, 52.0.
HRMS (ESI") m/z calcd for CiiHoNsONa [M+Na]": 250.0699, found: 250.0694.

2-3. Synthesis of di-p-methoxybenzyl AHXs (7 and 7')

o)
°) PMBCI Me N
N 052003 N N
Hh'l)k/l[ > T Meo ’{‘:N l N>
N N DMF, 100 c /©/\ ,>
OMe
AHX 7’

To a round-bottom flask containing a magnetic stirring bar, AHX (1.0 g, 7.3 mmol), p-
methoxybenzyl chloride (2.4 g, 15 mmol) and DMF (30 mL) were added. Then, Cs,CO; (7.1 g,
22 mmol) was added. The resultant mixture was stirred at 100 °C for 24 h. After cooling the
reaction mixture to room temperature, the mixture was poured into water and extracted with
EtOAc. The organic layer was washed with water, brine and dried over Na,SO.. After filtration,
solvent was removed by evaporation. To the crude residue was added to Et,O and then the mixture
was sonicated. Resulting precipitation was then filtrated to afford the titled compound 7/7' (2.8/1
mixture) as a white solid (2.0 g, 73% yield). These regioisomers can be separated by MPLC
(chloroform/EtOAc = chloroform only to 4:1).
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3,5-Bis(4-methoxybenzyl)-3,5-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one (7)

r@,oMe
o)
N
N
J@AJI ?
MeO ‘N7TN
7

'H NMR (600 MHz, CDCls) 8 7.90 (s, 1H), 7.47 (d, J = 9.0 Hz, 2H), 7.30 (d, J = 9.0 Hz, 2H),
6.89 (d, J=9.0 Hz, 2H), 6.87 (d, J= 9.0 Hz, 2H), 5.60 (s, 2H), 5.53 (s, 2H), 3.80 (s, 3H), 3.78 (s,
3H). 3C NMR (150 MHz, CDCl3) § 160.0, 159.5, 154.2, 151.3, 143.9, 130.3, 129.8, 127.7, 126.5,
116.8, 114.6, 114.0, 55.3, 55.2, 52.8, 50.8. HRMS (ESI*) m/z caled for CaoH1sN5OsNa [M+Na]*:
400.1380, found: 400.1377.

3,7-Bis(4-methoxybenzyl)-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one (7')

o)
e
wo Y
MeO' ‘N”TN

.
'"H NMR (600 MHz, CDCl3) § 7.87 (s, 1H), 7.49 (d, J = 9.0 Hz, 2H), 7.30 (d, J = 9.0 Hz, 2H),
6.89 (d, J= 9.0 Hz, 2H), 6.85 (d,J= 9.0 Hz, 2H), 5.63 (s, 2H), 5.41 (s, 2H), 3.80 (s, 3H), 3.77 (s,
3H). 3C NMR (150 MHz, CDCls) 5 160.1, 159.5, 153.7, 145.0, 142.6, 130.6, 129.8, 127.9, 126.7,
126.0, 114.6, 114.0, 55.3, 55.2, 52.9, 48.3. HRMS (ESI") m/z calcd for CaoH;o0NsOsNa [M+Na]*:
400.1380, found: 400.1377.

OMe
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2-4. Synthesis of 3,5-bis((2-(trimethylsilyl)ethoxy)methyl)-3,5-dihydro-4H-imidazo[4,5-
d][1,2,3]triazin-4-one (8)

T™MS

Q SEMCI
Cs,CO.
H[}j)iN\> s o -0
Noyo~N DMF, 60 °C M ~o N N
H i) [ »
:N N
AHX 8

To a round-bottom flask containing a magnetic stirring bar, AHX (1.0 g, 7.3 mmol), 2-
(chloromethoxy)ethyltrimethylsilane (2.5 g, 15 mmol) and DMF (50 mL) were added. Then,
Cs2COs (7.1 g, 22 mmol) was added. The resultant mixture was stirred at 60 °C for 5 h. After
cooling the reaction mixture to room temperature, the mixture was poured into water and
extracted with EtOAc. The organic layer was washed with water, brine and dried over Na;SOs.
After filtration, solvent was removed by evaporation. Then, the crude mixture was purified by
MPLC (chloroform/EtOAc = 49:1 to 3:2) to afford 8 as a white solid (1.2 g, 40%). '"H NMR (600
MHz, CDCls) ¢ 8.19 (s, 1H), 5.84 (s, 2H), 5.83 (s, 2H), 3.76-3.72 (m, 2H), 3.67-3.64 (m, 2H),
0.99-0.91 (m, 4H), —0.02 (s, 9H), —0.03 (s, 9H). *C NMR (150 MHz, CDCl;) & 154.0, 151.5,
144.6, 116.8, 78.0, 76.1, 67.7, 67.6, 17.9, 17.7, —1.5 (2C). HRMS (ESI") m/z calcd for
Ci6H31N503Si;Na [M+Na]": 420.1858, found: 420.1853.

HMBC/HMQC

—>» HMBC

—> HMQC N
TMS\/\O N O

N ’>_H

8
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3,5-Bis((2-(trimethylsilyl)ethoxy)methyl)-3,5-dihydro-4 H-imidazo[4,5-d][1,2,3]triazin-4-
one (8)
HMQC
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2-5. Synthesis of bis-2,4-dimethoxybenxyl AHXs (1 and 1)

OMe SOCl, OMe
Pyridine
OH ——> Cl
Et,0,0°C
MeO MeO
DMBCI

No purification

To a two-neck round-bottom flask containing a magnetic stirring bar and the solution of 2.,4-
dimethoxybenzyl alcohol (20 g, 0.12 mol) in anhydrous diethyl ether (240 mL) was added
anhydrous pyridine (19 mL, 0.24 mol). The mixture was then cooled to 0 °C. Then, thionyl
chloride (22 mL, 0.30 mol) was added slowly over 5-10 min. The resultant mixture was stirred at
0 °C for 1 h. Then, the reaction mixture was poured into ice water and extracted with Et,O. The
organic layer was washed with a solution of 5:1 brine/saturated NaHCO3 aq. solution and dried
over Na,SO4. After filtration, the solvent was removed until half of the volume. To the crude
solution was added DMF (240 mL). Then, remaining Et,O was removed by evaporation to afford
the ca. 0.5 M solution of 2,4-dimethoxylbenzyl chloride (DMBCI) in DMF, which was used

immediately in the next step.

o DMBCI o DMB o
Cs,CO I
HN N 2003 DMB. N DMB"N N
N LY v 100c Yy T e LY
N N ’ N °N N
H NN DMB
AHX 1 17

To a round-bottom flask containing a magnetic stirring bar and the 0.5 M solution of DMBCI
in DMF (240 mL) was added AHX (4.7 g, 34 mmol) and Cs>COs3 (55 g, 170 mmol). The resultant
mixture was stirred at 100 °C for 7 h. After cooling to room temperature, the mixture was filtrated.
Then the filterate was concentrated under reduced pressure. The resulting residue was diluted
with CHCIls and washed with water, brine and dried over Na,SO4. After filtration, solvent was
removed by evaporation. To the crude residue was then added MeOH and the mixture was
sonicated. The precipitation was then filtrated to afford the titled compound 1/1’ (4.2:1 mixture)
as a white solid (5.5 g, 37% yield). These regioisomers can be separated by MPLC
(chloroform/EtOAc = chloroform only to 4:1).
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3,5-Bis(2,4-dimethoxybenzyl)-3,5-dihydro-4 H-imidazo[4,5-d][1,2,3]triazin-4-one (1)

MeO,

OMe
OMe (o}

MeO N

"H NMR (600 MHz, CDCl3) 4 8.04 (s, 1H), 7.49 (d, J = 8.4 Hz, 1H), 7.13 (d, J = 8.4 Hz, 1H),
6.48-6.41 (m, 4H), 5.64 (s, 2H), 5.53 (s, 2H), 3.83 (s, 3H), 3.82 (s, 3H), 3.79 (s, 3H), 3.78 (s, 3H).
3C NMR (150 MHz, CDCl3) & 161.8, 160.8, 158.5, 158.4, 153.9, 151.5, 144.9, 132.1, 130.3,
116.7, 116.6, 115.6, 104.5, 104.1, 98.6, 98.5, 55.5, 55.4, 55.3 (2C), 47.9, 46.1. HRMS (ESI") m/z
caled for C2oH23NsOsNa [M+Na]*: 460.1591, found: 460.1591.

3,7-Bis(2,4-dimethoxybenzyl)-3,7-dihydro-4H-imidazo|4,5-d][1,2,3]triazin-4-one (1’)

OMe (o}
N
B
N, N
MeO N
OMe
1 MeO

"H NMR (600 MHz, CDCl3) & 7.97 (s, 1H), 7.38 (d, J = 9.0 Hz, 1H), 7.21 (d, J = 9.0 Hz, 1H),
6.48-6.39 (m, 4H), 5.65 (s, 2H), 5.40 (s, 2H), 3.83 (s, 3H), 3.82 (s, 3H), 3.80 (s, 3H), 3.77 (s, 3H).
BC NMR (150 MHz, CDCl3) 5 161.8, 160.8, 158.5 (2C), 154.1, 144.9, 143.4,131.9, 131.0, 126.4,
116.8, 114.9, 104.4, 104.1, 98.7, 98.5, 55.55, 55.45, 55.4, 55.3, 47.9, 43.8. HRMS (ESI") m/z
caled for C2H23NsOsNa [M+Na]": 460.1591, found: 460.1593.

HMBC/HMQC

—» HMBC

—> HMQC
0, MeO Hﬁ\o
m OMe
MeO HH \O N N
U

[ H=H

N N

N N

/@)(’{b)‘j: />—H MeO N

MeO N \Nw H OMe
1 1’
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3,5-Bis(2,4-dimethoxybenzyl)-3,5-dihydro-4 H-imidazo[4,5-d][1,2,3]triazin-4-one (1)

HMQC
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3,7-Bis(2,4-dimethoxybenzyl)-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one (1')

HMQC
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2-6. Synthesis of DMB-protectedd phenyl-AHXs (2a and 2a’)

cat. Pd(OAc),

o
9 pmB KC;(') O  pmB DMB N
DMB. i DMB. { N
e SRt S o S o R A 6 V)
/ . 4 N
No2~N DMF, 140 °C Nay o ~N N7 N
12h DMB
1/1” mixture 4a 2a 2a’

A Schlenk tube containing a magnetic stirring bar and K3PO4 (600 mg, 2.9 mmol) was dried
with a heat gun for 3 min in vacuo and refilled with N, after cooling to room temperature. To this
vessel were added the mixture of 1 and 1’ (500 mg, 1.1 mmol, 1/1" = 4.2:1), Cul (435 mg, 2.3
mmol), Pd(OAc), (13 mg, 0.057 mmol), bromobenzene (239 pL, 2.3 mmol) and DMF (5.0 mL).
The resultant mixture was stirred at 140 °C for 15 h under N, atmosphere. The reaction mixture
was then cooled to room temperature, passed through a pad of Celite® with CHCI; as the eluent.
The filtrate was washed with saturated NH4ClI aq., water and brine. The organic extracts were
dried over Na,SOs. After filtration, solvent was removed by evaporation. The resulting residue
was purified by MPLC (chloroform/EtOAc = chloroform only to 3:1) to afford mixture of 2a and
2a’ as a pale yellow amorphous solid (419 mg, 71%, 2a/2a’ = 2.6:1). For the NMR analyses,
analytical amount of each isomer was isolated by PTLC (hexane/EtOAc = 4:1).

3,5-Bis(2,4-dimethoxybenzyl)-6-phenyl-3,5-dihydro-4 H-imidazo[4,5-d][1,2,3] triazin-4-one
(2a)

MeO,
OMe
OMe (o]
N N
’{‘ R |
MeO ‘NN
2a

'H NMR (600 MHz, CDCls) § 7.65 (d, J = 8.4 Hz, 2H), 7.52-7.48 (m, 1H), 7.47-7.43 (m, 2H),
7.14 (d,J = 8.4 Hz, 1H), 6.72 (d, J = 8.4 Hz, 1H), 6.44 (d, J= 2.4 Hz, 1H), 6.41 (dd, J=8.4,2.4
Hz, 1H), 6.34 (d, J = 2.4 Hz, 1H), 6.29 (dd, J = 8.4, 2.4 Hz, 1H), 5.68 (s, 2H), 5.64 (s, 2H), 3.80
(s, 3H), 3.77 (s, 3H), 3.74 (s, 3H), 3.54 (s, 3H). '*C NMR (150 MHz, CDCls) & 160.72, 160.70,
158.4,157.4,155.9, 153.4,151.2, 130.6, 130.4, 129.3, 128.64, 128.61, 128.3, 118.6, 116.9, 116.7,
104.1, 104.0, 98.4, 98.2, 55.5, 553, 55.2, 55.0, 47.9, 45.9. HRMS (ESI') m/z calcd for
Ca5H2NsOsNa [M+Na]*: 536.1904, found: 536.1909.

3,7-Bis(2,4-dimethoxybenzyl)-6-phenyl-3,7-dihydro-4 H-imidazo[4,5-d][1,2,3] triazin-4-one
(2a’)
58



OMe o
N
IO
MeO NTTON
OMe
22’ MeO

'H NMR (600 MHz, CDCL3) 8 7.73-7.70 (m, 2H), 7.52-7.48 (m, 1H), 7.47-7.43 (m, 2H), 7.24
(d,J=8.4 Hz, 1H), 6.82 (d, J = 8.4 Hz, 1H), 6.45 (d, J=2.4 Hz, 1H), 6.42 (dd, J= 8.4, 2.4 Hz,
1H), 6.39 (d, J = 2.4 Hz, 1H), 6.34 (dd, J = 8.4, 2.4 Hz, 1H), 5.69 (s, 2H), 5.57 (s, 2H), 3.81 (s,
3H), 3.77 (s, 3H), 3.75 (s, 3H), 3.62 (s, 3H). *C NMR (150 MHz, CDCLs) 5 160.9, 160.7, 158.5,
157.4, 154.2, 154.1, 146.7, 131.0, 130.5, 129.2, 128.7, 128.6, 126.4, 116.8, 115.9, 104.1, 104.0,

98.5, 98.4, 55.5, 55.3 (20C), 55.1, 47.8, 43.7 (one carbon peak was not observed because of
overlapping around 130 ppm). HRMS (ESI") m/z calcd for CosHasNsOs [M+H]": 514.2085, found:

514.2086.

HMBC/HMQC

—>» HMBC

—> HMQC MeO - Hﬁ\ 7
G S

N ”,fH? e
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3,5-Bis(2,4-dimethoxybenzyl)-6-phenyl-3,5-dihydro-4 H-imidazo[4,5-d][1,2,3] triazin-4-one

(2a)
HMQC
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3,7-Bis(2,4-dimethoxybenzyl)-6-phenyl-3,7-dihydro-4 H-imidazo[4,5-d][1,2,3] triazin-4-one
(2a")
HMQC
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2-7. Synthesis of DMB-protected o-tolyl-AHXs (2b and 2b’)

cat. Pd OAc)2

O pwms 0

DMB. )k/[ K3P04 DMB\NJj:,\j DMB. N

| | />_Q + ,{‘~ | N\

2 > DMF, 140 °C Ney” =N NN
12h DMB

1/1" mixture 2b 2b’

A Schlenk tube containing a magnetic stirring bar and K3PO4 (121 mg, 0.57 mmol) was dried
with a heat gun for 3 min in vacuo and refilled with N, after cooling to room temperature. To this
vessel were added the mixture of 1 and 1’ (100 mg, 0.23 mmol, 1/1’ = 4.2:1), Cul (87 mg, 0.46
mmol), PA(OAc), (2.6 mg, 0.011 mmol), 2-bromotoluene (55 pL, 0.46 mmol) and DMF (1.0 mL).
The resultant mixture was stirred at 140 °C for 12 h under N, atmosphere. The reaction mixture
was then cooled to room temperature, passed through a pad of Celite® with CHCI; as the eluent.
The filtrate was washed with saturated NH4ClI aq., water and brine. The organic extracts were
dried over Na,SOs. After filtration, solvent was removed by evaporation. The resulting residue
was purified by MPLC (chloroform/EtOAc = chloroform only to 3:1) to afford mixture of 2b and
2b’ as a pale yellow amorphous solid (111 mg, 92%, 2b/2b’ = 4.2:1). For the NMR analyses,

analytical amount of each isomer was isolated by PTLC (hexane/EtOAc = 4:1).

3,5-Bis(2,4-dimethoxybenzyl)-6-(o-tolyl)-3,5-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one
(2b)

MeO,
oM
OMe (o]
N N
,{‘ . Il 5
MeO NTTN
2b

'"H NMR (600 MHz, CDCl3) § 7.38 (td, J=7.8, 1.2 Hz, 1H), 7.26-7.20 (m, 3H), 7.17 (dd, J= 8.1,
0.9 Hz, 1H), 6.50-6.46 (m, 2H), 6.44 (dd, J=9.0, 2.4 Hz, 1H), 6.21 (d, J= 2.4 Hz, 1H), 6.18 (dd,
J=8.4,2.4 Hz, 1H), 5.69 (s, 2H), 5.49 (s, 2H), 3.84 (s, 3H), 3.79 (s, 3H), 3.72 (s, 3H), 3.35 (s,
3H), 1.96 (s, 3H). *C NMR (150 MHz, CDCLs) & 160.9, 160.8, 158.6, 157.9, 155.7, 153.1, 151.4,
138.4, 130.6, 130.5, 130.3, 129.9, 129.6, 128.5, 125.6, 118.0, 116.7, 116.2, 104.1, 103.8, 98.5,
97.9, 55.6, 55.4, 55.3, 54.9, 48.1, 45.2, 19.4. HRMS (ESI") m/z calcd for CaoHsoNsOs [M+H]":
528.2241, found: 528.2241.
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3,7-Bis(2,4-dimethoxybenzyl)-6-(o-tolyl)-3,7-dihydro-4 H-imidazo[4,5-d][1,2,3]triazin-4-one
(2b")

OMe o
N
”)i %2 )
N N
MeO N
OM

2b" MeO

'H NMR (600 MHz, CDCls) & 7.39 (td, J= 7.2, 1.8 Hz, 1H), 7.28-7.20 (m, 4H), 6.76 (d, J = 8.4
Hz, 1H), 6.46 (d, J=2.4 Hz, 1H), 6.44 (dd, J="7.8, 2.4 Hz, 1H)), 6.27-6.24 (m, 2H), 5.70 (s, 2H),
5.34 (s, 2H), 3.84 (s, 3H), 3.79 (s, 3H), 3.74 (s, 3H), 3.47 (s, 3H), 2.05 (s, 3H). 3C NMR (150
MHz, CDCL) & 161.0, 160.8, 158.6, 157.9, 154.13, 154.08, 146.0, 138.4, 131.0, 130.5, 130.4,
130.2, 129.8, 128.7, 125.9, 125.5, 116.9, 115.5, 104.1, 103.9, 98.5, 98.0, 55.6, 55.4, 55.3, 55.0,
47.9,42.9, 19.6. HRMS (ESI*) m/z caled for CooHzoNsOs [M+H]": 528.2241, found: 528.2244.

2-8. Synthesis of DMB-protected m-tolyl-AHXs (2¢ and 2¢')

cat. Pd(OAc),
Cul

9 pwms 0

DMB K3P04 DMB. N DMB‘N N

N + N

e M2 N

DMF, 140 C °N N °N N
12h DMB

1/1" mixture 2c 2c’

A Schlenk tube containing a magnetic stirring bar and K3PO4 (121 mg, 0.57 mmol) was dried
with a heat gun for 3 min in vacuo and refilled with N, after cooling to room temperature. To this
vessel, were added the mixture of 1 and 1’ (100 mg, 0.23 mmol, 1/1’ = 4.2:1), Cul (87 mg, 0.46
mmol), Pd(OAc): (2.6 mg, 0.011 mmol), 3-bromotoluene (55 pL, 0.46 mmol) and DMF (1.0 mL).
The resultant mixture was stirred at 140 °C for 12 h under N, atmosphere. The reaction mixture
was then cooled to room temperature, passed through a pad of Celite® with CHCl; as the eluent.
The filtrate was washed with saturated NH4ClI aq., water and brine. The organic extracts were
dried over Na,SOs. After filtration, solvent was removed by evaporation. The resulting residue
was purified by MPLC (chloroform/EtOAc = chloroform only to 3:1) to afford mixture of 2¢ and
2¢’ as a pale yellow amorphous solid (79 mg, 65%, 2¢/2¢’ = 1.5:1). For the NMR analyses,

analytical amount of each isomer was isolated by PTLC (hexane/EtOAc = 4:1).
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3,5-Bis(2,4-dimethoxybenzyl)-6-(m-tolyl)-3,5-dihydro-4 H-imidazo[4,5-d][1,2,3]triazin-4-

one (2¢)

MeQ,
OMe o) KO/OMQ
jsgne
MeO Ney N/>_Q
2¢
'H NMR (600 MHz, CDCl3) & 7.49 (s, 1H), 7.40 (d, J = 6.6 Hz, 1H), 7.35-7.29 (m, 2H), 7.15 (d,
J=8.4Hz, 2H), 6.72 (d, J= 8.4 Hz, 1H), 6.45 (d, J= 2.4 Hz, 2H), 6.41 (dd, J= 8.4, 2.4 Hz, 1H),
6.35 (d, J=2.4 Hz, 1H), 6.30 (dd, J = 8.4, 2.4 Hz, 1H), 5.67 (s, 2H), 5.64 (s, 2H), 3.80 (s, 3H),
3.78 (s, 3H), 3.75 (s, 3H), 3.56 (s, 3H), 2.37 (s, 3H). *C NMR (150 MHz, CDCls) § 160.7 (2C),
158.5,157.4,156.1, 153.4,151.3, 138.5, 131.4,130.5, 130.1, 128.50, 128.47, 128.4, 126.2, 118.6,

117.1, 116.7, 104.1, 104.0, 98.5, 98.3, 55.5, 55.34, 55.30, 55.0, 48.0, 45.9, 21.3. HRMS (ESI")
m/z calcd for Co0H30NsOs [M+H]": 528.2241, found: 528.2243.

3,7-Bis(2,4-dimethoxybenzyl)-6-(m-tolyl)-3,7-dihydro-4 H-imidazo[4,5-d][1,2,3] triazin-4-

one (2¢')

OMe 0
N
jogasse
MeO NN
\\Q\OMe

2¢’ MeO

"HNMR (600 MHz, CDCls) § 7.59 (s, 1H), 7.46 (d, J= 7.2 Hz, 1H), 7.34-7.29 (m, 2H), 7.24 (d,
J=8.4Hz, 1H), 6.82 (d, /= 8.4 Hz, 1H), 6.45 (d,J=2.4 Hz, 1H), 6.42 (dd, /= 8.7, 2.7 Hz, 1H),
6.40 (d, J=2.4 Hz, 1H), 6.35 (dd, J= 8.4, 2.4 Hz, 1H), 5.69 (s, 2H), 5.57 (s, 2H), 3.82 (s, 3H),
3.78 (s, 3H), 3.76 (s, 3H), 3.65 (s, 3H), 2.37 (s, 3H). *C NMR (150 MHz, CDCl5) § 160.9, 160.8,
158.6, 157.4, 154.5, 154.1, 146.7, 138.5, 131.3, 131.0, 130.2, 128.8, 128.6, 128.5, 126.4, 126.0,
116.9, 116.1, 104.12, 104.07, 98.5, 98.4, 55.5, 55.3 (2C), 55.1, 47.8, 43.7, 21.3. HRMS (ESI")
m/z calcd for CooH20NsOsNa [M+Na]": 550.2061, found: 550.2061.
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2-9. Synthesis of DMB-protected p-tolyl-AHX (2d and 2d’)

cat. Pd(OAc),
Cul

9 pwmB
DMB. | ___KPO, _ DMB. N
O -
DMF, 140 °C Ny N

o
DMB.
b
1/1” mixture 2d 2d’

A Schlenk tube containing a magnetic stirring bar and K3;PO4 (121mg, 0.57 mmol) was dried
with a heat gun for 3 min in vacuo and refilled with N, after cooling to room temperature. To this
vessel, were added the mixture of 1 and 1’ (100 mg, 0.23 mmol, 1/1’ = 4.2:1), Cul (87 mg, 0.46
mmol), PA(OAc), (2.6 mg, 0.011 mmol), 4-bromotoluene (56 pL, 0.46 mmol) and DMF (1.0 mL).
The resultant mixture was stirred at 140 °C for 12 h under N, atmosphere. The reaction mixture
was then cooled to room temperature, passed through a pad of Celite® with CHCI; as the eluent.
The filtrate was washed with saturated NH4ClI aq., water and brine. The organic extracts were
dried over Na,SOs. After filtration, solvent was removed by evaporation. The resulting residue
was purified by MPLC (chloroform/EtOAc = chloroform only to 3:1) to afford mixture of 2d and
2d’ as a pale yellow amorphous solid (83 mg, 69%, 2d/2d’ = 1.5:1). For the NMR analyses,
analytical amount of each isomer was isolated by PTLC (hexane/EtOAc = 4:1).

3,5-Bis(2,4-dimethoxybenzyl)-6-(p-tolyl)-3,5-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one
(2d)

MeO,

OMe
OMe (o]
N N
,{‘ . Il 5
MeO ‘NN
2d

"H NMR (600 MHz, CDCls) § 7.55 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 7.13 (d, J = 8.4
Hz, 1H), 6.69 (d, J= 9.0 Hz, 1H), 6.44 (d, J = 2.4 Hz, 1H), 6.41 (dd, J = 9.0, 2.4 Hz, 1H), 6.36
(d, J=2.4 Hz, 1H), 6.30 (dd, J = 9.0, 2.4 Hz, 1H), 5.66 (s, 2H), 5.63 (s, 2H), 3.79 (s, 3H), 3.77
(s, 3H), 3.75 (s, 3H), 3.59 (s, 3H), 2.41 (s, 3H). 13C NMR (150 MHz, CDCls) & 160.71, 160.68,
158.4, 157.3, 156.1, 153.5, 151.2, 141.0, 130.4, 129.4, 129.2, 128.0, 125.7, 118.5, 117.1, 116.7,
104.1, 104.0, 98.5, 98.3, 55.5, 55.33, 55.30, 55.0, 47.9, 46.0, 21.5. HRMS (ESI*) m/z calcd for
Ca9H30NsOs [M+H]": 528.2241, found: 528.2244.
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3,7-Bis(2,4-dimethoxybenzyl)-6-(p-tolyl)-3,7-dihydro-4 H-imidazo[4,5-d][1,2,3]triazin-4-one
2d)

OMe o)
N

s~
MeO NN

OMe
2d" MeO

'H NMR (600 MHz, CDCl3) § 7.62 (d, J = 7.8 Hz, 2H), 7.28-7.22 (m, 3H), 6.78 (d, J = 9.0 Hz,
1H), 6.46-6.40 (m, 3H), 6.34 (dd, J = 9.0, 2.4 Hz, 1H), 5.68 (s, 2H), 5.56 (s, 2H), 3.81 (s, 3H),
3.78 (s, 3H), 3.76 (s, 3H), 3.67 (s, 3H), 2.41 (s, 3H). 13C NMR (150 MHz, CDCls) § 160.8, 160.7,
158.6, 157.4, 154.5, 154.2, 146.7, 140.9, 131.0, 129.4, 129.1, 128.4, 126.4, 125.8, 116.9, 116.1,
104.11, 104.06, 98.51, 98.45, 55.5, 55.3 (2C), 55.2, 47.8, 43.8, 21.5. HRMS (ESI*) m/z calcd for
Ca9H30NsOs [M+H]": 528.2241, found: 528.2244.

2-10. Synthesis of DMB-protected biphenyl-AHX (2e and 2e')

cat. Pd(OAc),

o}
O  puB Cul O pwmB
DMB. N KsPO, DMB. N DMB. N
Y O e OO0 0 W00
Ny A~ DMF, 140 °C Noy2~N Ny 2N
N 12h -
1/1" mixture 4e 2e 2e’

A Schlenk tube containing a magnetic stirring bar and K3PO4 (121mg, 0.57 mmol) was dried
with a heat gun for 3 min in vacuo and refilled with N, after cooling to room temperature. To this
vessel, were added the mixture of 1 and 1’ (100 mg, 0.23 mmol, 1/1’ = 4.2:1), Cul (87 mg, 0.46
mmol), Pd(OAc), (2.6 mg, 0.011 mmol), 4-bromobiphenyl (107 mg, 0.46 mmol) and DMF (1.0
mL). The resultant mixture was stirred at 140 °C for 12 h under N> atmosphere. The reaction
mixture was then cooled to room temperature, passed through a pad of Celite® with CHCI; as the
eluent. The filtrate was washed with saturated NH4Cl aq., water and brine. The organic extracts
were dried over Na,SO4. After filtration, solvent was removed by evaporation. The resulting
residue was purified by MPLC (chloroform/EtOAc = chloroform only to 3:1) to afford mixture
of 2e and 2e’ as a pale yellow amorphous solid (87 mg, 64%, 2e/2¢' = 1.0:0.63).
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Mixture of
6-(]1,1'-biphenyl]-4-yl)-3,5-bis(2,4-dimethoxybenzyl)-3,5-dihydro-4H-imidazo[4,5-
d][1,2,3]triazin-4-one (2¢)

and 6-([1,1'-biphenyl]-4-yl)-3,7-bis(2,4-dimethoxybenzyl)-3,7-dihydro-4 H-imidazo|[4,5-
d][1,2,3]triazin-4-one (2¢’) (2¢/2¢e’ = 1.0:0.63)

MeO, OMe o}
Nogn-Svlolagh
2
'HNMR (600 MHz, CDCl3) & 7.82 (dd, J = 6.6, 1.8 Hz, 0.63x2H), 7.75 (dd, J = 6.6, 1.8 Hz, 2H),
7.69 (dd, J = 6.6, 1.8 Hz, 2H+0.63%2H), 7.62 (dd, J = 6.6, 1.2 Hz, 2H+0.63%x2H), 7.49-7.44 (m,
2H+0.63%x2H), 7.41-7.37 (m, 1H+0.63x1H), 7.25 (d, J= 7.8 Hz, 0.63x1H), 7.16 (d, /= 7.8 Hz,
1H), 6.84 (d, /= 8.4 Hz, 0.63x1H), 6.61 (d, J= 8.4 Hz, 1H), 6.46-6.40 (m, 2H+0.63%3H), 6.37—
6.34 (m, 1H+0.63x1H), 6.32 (dd, J = 8.4, 2.4 Hz, 1H), 5.72 (s, 2H), 5.70 (s, 0.63x2H), 5.64 (s,
2H), 5.62 (s, 0.63x2H), 3.84-3.74 (m, 9H+0.63x9H), 3.66 (s, 0.63x3H), 3.58 (s, 3H). °C NMR
(150 MHz, CDCls) 6 160.9, 160.8 (2C), 160.7, 158.6, 158.5, 157.4, 157.3, 155.7, 154.1, 154.0,
153.5, 151.2, 146.8, 143.35, 143.27, 139.8, 131.0, 130.5, 129.8, 129.7, 128.9, 128.6, 128.2,
128.03, 128.01, 127.5, 127.4, 127.29, 127.27, 127.1, 126.5, 118.6, 117.0, 116.9, 116.7, 116.0,
104.11, 104.06, 98.51, 98.49, 98.46, 98.3, 55.54, 55.50, 55.34 (3C), 55.30, 55.2, 55.1, 48.0, 47.8,
46.0, 43.8 (five carbon peaks were overlapped between 115 ppm and 160 ppm). HRMS (ESI")
m/z calcd for C34H3NsOs [M+H]"™: 590.2398, found: 590.2402.

OMe
2e’ MeO

2-11. Synthesis of DMB-protected naphtyl-AHXSs (2f and 2f")

cat. Pd(OAc),

DMB. Kf;clu DMB. )i DMB. )5:,\,

ey 1 =0
12 h bMB

1/1" mixture 2f"

A Schlenk tube containing a magnetic stirring bar and K;PO4 (121 mg, 0.57 mmol) was dried
with a heat gun for 3 min in vacuo and refilled with N> after cooling to room temperature. To this
vessel, were added the mixture of 1 and 1’ (100 mg, 0.23 mmol, 1/1’ = 4.2:1), Cul (87 mg, 0.46
mmol), Pd(OAc), (2.6 mg, 0.011 mmol), 1-bromonaphthalene (64 pL, 0.46 mmol) and DMF (1.0

mL). The resultant mixture was stirred at 140 °C for 12 h under N> atmosphere. The reaction

mixture was then cooled to room temperature, passed through a pad of Celite® with CHCl; as the
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eluent. The filtrate was washed with saturated NH4Cl aq., water and brine. The organic extracts
were dried over Na,SO4. After filtration, solvent was removed by evaporation. The resulting
residue was purified by MPLC (chloroform/EtOAc = chloroform only to 3:1) to afford mixture
of 2f and 2f' as a pale yellow amorphous solid (100 mg, 78%, 2f/2f" = 2.8:1). For the NMR

analyses, analytical amount of each isomer was separated by PTLC (hexane/EtOAc = 4:1).

3,5-Bis(2,4-dimethoxybenzyl)-6-(naphthalene-1-yl)-3,5-dihydro-4H-imidazo[4,5-
d][1,2,3]triazin-4-one (2f)

MeO,
OMe O KG'OM‘E
a0
'"H NMR (600 MHz, CDCls) 8 7.99 (d, J = 9.0 Hz, 1H), 7.90 (d, J = 9.0 Hz, 1H), 7.54-7.46 (m,
3H), 7.43-7.38 (m, 2H), 7.23 (d, J = 8.4 Hz, 1H), 6.50-6.44 (m, 3H), 6.06-6.02 (m, 2H), 5.72 (s,
2H), 5.50 (s, 2H), 3.85 (s, 3H), 3.80 (s, 3H), 3.64 (s, 3H), 3.12 (s, 3H). *C NMR (150 MHz,
CDCl3) 6 160.8,160.7, 158.6, 157.6, 155.0, 153.3, 151.5, 133.4, 131.6, 130.8, 130.6, 129.9, 128.6,
128.2, 127.3, 126.40, 126.36, 124.9, 124.7, 118.3, 116.7, 116.2, 104.1, 103.6, 98.5, 97.8, 55.6,

55.4,55.2,54.6, 48.1, 45.6. HRMS (ESI") m/z calcd for C3;H30NsOs [M+H]": 564.2241, found:
564.2240.

3,7-Bis(2,4-dimethoxybenzyl)-6-(naphthalene-1-yl)-3,7-dihydro-4H-imidazo[4,5-
d][1,2,3]triazin-4-one (2f")

OMe o O
N
O
MeO NTTN
\\Q\OMe

2t MeO

'H NMR (600 MHz, CDCls) & 8.00 (d, J= 7.8 Hz, 1H), 7.91 (d, J= 8.4 Hz, 1H), 7.62 (d, J= 8.4
Hz, 1H), 7.54-7.46 (m, 3H), 7.45-7.41 (m, 1H), 7.29 (d, J = 8.4 Hz, 1H), 6.76 (d, J = 8.4 Hz,
1H), 6.48 (d, J=2.4 Hz, 1H), 6.45 (dd, J = 8.4, 2.4 Hz, 1H), 6.16 (dd, J = 8.4, 2.4 Hz, 1H), 6.11
(d, J = 2.4 Hz, 1H), 5.73 (s, 2H), 5.36 (s, 2H), 3.85 (s, 3H), 3.80 (s, 3H), 3.68 (s, 3H), 3.17 (s,
3H). 3C NMR (150 MHz, CDCl3) § 160.9, 160.8, 158.6, 157.7, 154.1, 153.3, 146.3, 133.4, 131.8,
131.0, 130.8, 130.6, 128.7, 128.2, 127.2, 126.6, 126.4, 126.2, 125.2, 124.7, 116.9, 115.4, 104.1,
103.8, 98.5, 97.9, 55.6, 55.4, 55.3, 54.7, 47.9, 43.4. HRMS (ESI*) m/z calcd for CzHsoNsOs
68



[M+H]": 564.2241, found: 564.2244.

2-12. Synthesis of DMB-protected o-fluorophenyl-AHXs (2g and 2g")

cat. Pd(OAc),
Cul

O pums Q R

DMB. Jj: __KPO, DMB\N)t,\j DMB~N)5:N>_©

f | P + 1 | A

‘@ DMF, 140 °C Ney N>_@ Ny N
12h E DMB

1/1” mixture 29 29’

A Schlenk tube containing a magnetic stirring bar and K3PO4 (242 mg, 1.1 mmol) was dried
with a heat gun for 3 min in vacuo and refilled with N, after cooling to room temperature. To this
vessel, were added the mixture of 1 and 1’ (200 mg, 0.46 mmol, 1/1' =4.4:1), Cul (174 mg, 0.91
mmol), Pd(OAc), (5.1 mg, 0.023 mmol), 2-bromofluorobenzene (99 uL, 0.91 mmol) and DMF
(1.0 mL). The resultant mixture was stirred at 140 °C for 12 h under N, atmosphere. The reaction
mixture was then cooled to room temperature, passed through a pad of Celite® with CHCl; as the
eluent. The filtrate was washed with saturated NH4Cl aq., water and brine. The organic extracts
were dried over Na,SO4. After filtration, solvent was removed by evaporation. The resulting

residue was purified by MPLC (chloroform/EtOAc = 19:1 to 7:3) to afford 2g (95 mg, 35%) and
2g' (51 mg, 21%) as a pale yellow amorphous solid.

3,5-Bis(2,4-dimethoxybenzyl)-6-(o-fluorophenyl)-3,5-dihydro-4 H-imidazo[4,5-
d|[1,2,3]triazin-4-one (2g)

MeO,
OMe (0] r@VOM
jogne
MeO Ney N/>_©
29 F
"H NMR (600 MHz, CDCls) § 7.54-7.49 (m, 1H), 7.43 (td, J = 7.5, 1.8 Hz, 1H), 7.24-7.19 (m,
2H), 7.17 (d, J= 8.4 Hz, 1H), 6.85 (d, /= 8.4 Hz, 1H), 6.46 (d, /J=2.4 Hz, 1H), 6.43 (dd, /= 8.4,
2.4 Hz, 1H), 6.21 (dd, J = 8.4, 2.4 Hz, 1H), 6.19 (d, J = 2.4 Hz, 1H), 5.67 (s, 2H), 5.61 (s, 2H),
3.82 (s, 3H), 3.79 (s, 3H), 3.71 (s, 3H), 3.34 (s, 3H). 13C NMR (150 MHz, CDCl;) 5 161.0, 160.8,
159.1, 158.5, 158.0, 153.4, 151.4, 151.3, 132.63, 132.57, 132.1, 130.5, 130.4, 124.55, 124.53,
118.6, 117.8, 117.7, 116.7, 116.2, 116.0, 115.9, 104.1, 103.8, 98.5, 98.0, 55.6, 55.4, 55.3, 54.9,
48.1,45.92, 45.88 (all observed peaks including splitting by *C—°F couplings are shown). HRMS
(ESI") m/z calcd for CosH,6FNsOsNa [M+Na]*: 554.1810, found: 554.1807.
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3,7-Bis(2,4-dimethoxybenzyl)-6-(o-fluorophenyl)-3,7-dihydro-4 H-imidazo[4,5-
d][1,2,3]triazin-4-one (2g")

KT”I@

2g’ MeO

"H NMR (600 MHz, CDCls) 8 7.55-7.49 (m, 2H), 7.25-7.20 (m, 3H), 7.05 (d, J = 8.4 Hz, 1H),
6.45 (d,J=2.4 Hz, 1H), 6.42 (dd, J=9.0, 2.4 Hz, 1H), 6.28 (dd, /= 8.4, 2.4 Hz, 1H), 6.23 (d, J
=2.4 Hz, 1H), 5.68 (s, 2H), 5.48 (s, 2H), 3.82 (s, 3H), 3.78 (s, 3H), 3.72 (s, 3H), 3.40 (s, 3H). °C
NMR (150 MHz, CDCl3) 6 161.1, 160.8, 159.1, 158.5, 158.0, 154.0, 149.7, 146.4, 132.53, 132.49,
132.3, 131.0, 130.9, 126.4, 124.5, 118.0, 117.9, 116.8, 115.9, 115.8, 115.3, 104.1, 103.9, 98.5,
98.0, 55.5, 55.33, 55.28, 54.9, 47.9, 43.80, 43.76 (all observed peaks including splitting by '3

°F couplings are shown). HRMS (ESI") m/z calcd for CosHsFNsOsNa [M+Na]*: 554.1810, found:
554.1806.

2-13. Synthesis of DMB-protected m-chlorophenyl-AHXas (2h and 2h’)

cat. Pd(OAc),
cul O DpmB o cl
DMB. )ﬁ: _KPO DMB~NJ\/|[N DMB\NJ\/l[N\ :/<
1 P + 1
O DMF, 140 °C Ney N Ney” =N
12h Cl DMB
1/1" mixture 2h 2h’

A Schlenk tube containing a magnetic stirring bar and K3PO,4 (242 mg, 1.1 mmol) was dried
with a heat gun for 3 min in vacuo and refilled with N, after cooling to room temperature. To this
vessel, were added the mixture of 1 and 1’ (200 mg, 0.46 mmol, 1/1' =4.4:1), Cul (174 mg, 0.91
mmol), Pd(OAc), (5.1 mg, 0.023 mmol), 3-bromochlorobenzene (107 pL, 0.91 mmol) and DMF
(1.0 mL). The resultant mixture was stirred at 140 °C for 12 h under N, atmosphere. The reaction
mixture was then cooled to room temperature, passed through a pad of Celite® with CHCl; as the
eluent. The filtrate was washed with saturated NH4Cl aq., water and brine. The organic extracts
were dried over Na,SQO4. After filtration, solvent was removed by evaporation. The resulting
residue was purified by MPLC (chloroform/EtOAc = chloroform only to 8:2) to afford mixture
of 2h and 2h' as a pale yellow amorphous solid (87 mg, 35%, 2h/2h’ = 1.3:1). For the NMR
analyses, analytical amount of each isomer was separated by PTLC (chloroform/EtOAc = 9:1).
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3,5-Bis(2,4-dimethoxybenzyl)-6-(m-chlorophenyl)-3,5-dihydro-4 H-imidazo[4,5-
d][1,2,3]triazin-4-one (2h)

MeOQ,
OMe o @/OW
o

MeO New N/>_Q

oh Cl
'"H NMR (600 MHz, CDCl3) 6 7.64 (d, /= 1.2 Hz, 1H), 7.53 (d,J=7.2 Hz, 1H), 7.48 (d, /= 8.4
Hz, 1H), 7.39 (t, J= 8.1 Hz, 1H), 7.16 (d, J=9.0 Hz, 1H), 6.77 (d, J = 8.4 Hz, 1H), 6.45 (d, J =
2.4 Hz, 1H), 6.42 (dd, J = 8.1, 2.7 Hz, 1H), 6.35 (d, /= 1.8 Hz, 1H), 6.31 (dd, J= 8.4, 1.8 Hz,
1H), 5.68 (s, 2H), 5.65 (s, 2H), 3.81 (s, 3H), 3.78 (s, 3H), 3.75 (s, 3H), 3.56 (s, 3H). 3C NMR
(150 MHz, CDCls) 6 161.0, 160.8, 158.5, 157.4, 154.3, 153.3, 151.3, 134.7, 130.7, 130.6, 130.4,

129.9, 129.5, 128.8, 127.4, 118.8, 116.6, 116.5, 104.2, 104.1, 98.5, 98.3, 55.5, 55.4, 55.3, 55.1,
48.1,45.9. HRMS (ESI") m/z calcd for CosHa6CINsOsNa [M+Na]*™: 570.1515, found: 570.1512.

3,7-Bis(2,4-dimethoxybenzyl)-6-(m-chlorophenyl)-3,7-dihydro-4 H-imidazo[4,5-
d][1,2,3]triazin-4-one (2h')

OMe o cl
N
LI
N N
MeO N
OMe

2h" MeO

'H NMR (600 MHz, CDCls) & 7.73 (s, 1H), 7.60 (d, J = 7.8 Hz, 1H), 7.48 (d, J = 8.4 Hz, 1H),
7.39 (t,J= 7.8 Hz, 1H), 7.25 (d, J = 9.6 Hz, 1H), 6.87 (d, J = 7.8 Hz, 1H), 6.45 (s, 1H), 6.43 (d,
J = 8.4 Hz, 1H), 6.40 (s, 1H), 6.35 (d, J = 8.4 Hz, 1H), 5.69 (s, 2H), 5.58 (s, 2H), 3.82 (s, 3H),
3.78 (s, 3H), 3.76 (s, 3H), 3.65 (s, 3H). *C NMR (150 MHz, CDCl3) § 161.1, 160.8, 158.6, 157.5,
154.0,152.6, 146.8, 134.7, 131.1, 130.62, 130.55, 129.9, 129.4, 129.2, 127.3, 126.3, 116.8, 115.6,
104.3, 1042, 98.6, 98.4, 55.6, 55.4 (2C), 55.2, 47.9, 43.6. HRMS (ESI') m/z calcd for
CasHa6CINsOsNa [M+Na]*: 570.1515, found: 570.1514.
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2-14. Synthesis of 6-phenyl-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one (3a)

DMB. | HN)t
CH30N H,0, rt

2a/2a’ mixture

The mixture of 2a and 2a’ (620 mg, 1.2 mmol, 2a/2a’"=3.6:1) and CH3CN/H,0O = 10:1 solution
(66 mL) was added to a round-bottom flask containing a magnetic stirring bar under open air.
Then, ammonium cerium(IV) nitrate (CAN) (5.3 g, 9.7 mmol) was added and stirred at room
temperature for 4 h. After reaction, solvent of the mixture was removed by reduced pressure. The
resulting residue was dissolved with EtOAc and washed with water and brine. The organic
extracts were then dried over Na,SOs. After filtration, solvent was removed by evaporation. The
resulting residue was purified twice by MPLC (first: chloroform/MeOH = chloroform only to 9:1;
second: EtOAc only). The obtained solid was further purified by recrystallization from EtOAc to
afford 3a as a white solid (109 mg, 42% yield). A single crystal of 3a was obtained as a 3a-H>O
complex from CH3CN solution through slow evaporation at room temperature, and the structure
of 3a-H,O complex was determined by X-ray crystallographic analysis (see Table 3 and Figure
11 for detail). "H NMR (600 MHz, CD;0D) § 8.18-8.14 (m, 2H), 7.59-7.55 (m, 3H). '*C NMR
(150 MHz, CD;0D) 6 155.3, 154.3 (br), 154.1 (br), 132.5, 130.3, 129.6, 128.4, 122.7 (br). HRMS
(EST") m/z calcd for CioH7NsONa [M+Na]": 236.0543, found: 236.0543.

2-15. Synthesis of 6-(o-tolyl)-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one (3b)

DMB.

o)
N
k/E ””)i ;
CchN H,0, rt Noy2~N
N
3b

2b/2b’ mixture

The mixture of 2b and 2b’ (622 mg, 1.2 mmol, 2b/2b’ =3.8:1) and CH3CN/H,O = 10:1 solution
(66 mL) were added to a round-bottom flask containing a magnetic stirring bar under open air.
Then, CAN (5.2 g, 9.4 mmol) was added and stirred at room temperature for 4 h. After reaction,
solvent of the mixture was removed by reduced pressure. The resulting residue was dissolved in
EtOAc and washed with water and brine. The organic extracts were then dried over Na>SOs. After
filtration, solvent was removed by evaporation. The resulting residue was purified twice by
MPLC (first: chloroform/MeOH = chloroform only to 9:1; second: EtOAc only). The obtained

solid was further purified by recrystallization from EtOAc to afford 3b as a white solid (57 mg,
12



21% yield). '"H NMR (600 MHz, CDsOD) & 7.66 (d, J= 7.8 Hz, 1H), 7.48-7.34 (m, 3H), 2.56 (s,
3H).*C NMR (150 MHz, CD;0D) § 155.9, 154.3 (br), 153.7 (br), 139.2, 132.5, 131.9, 131.0,
129.6, 127.3, 121.9 (br), 20.7. HRMS (ESI") m/z calcd for C;;HoNsONa [M+Na]": 250.0699,
found: 250.0699.

2-16. Synthesis of 6-(m-tolyl)-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one (3c)

(e}
2c/2¢” mixture

The mixture of 2¢ and 2¢’ (486 mg, 0.92 mmol, 2¢/2¢’=2.2:1) and CH3CN/H,O = 10:1 solution
(66 mL) were added to a round-bottom flask containing a magnetic stirring bar under open air.
Then, CAN (4.0 g, 7.4 mmol) was added and stirred at room temperature for 4 h. After reaction,
solvent of the mixture was removed by reduced pressure. The resulting residue was dissolved in
EtOAc and washed with water and brine. The organic extracts were then dried over Na,SOs. After
filtration, solvent was removed by evaporation. The resulting residue was purified twice by
MPLC (first: chloroform/MeOH = chloroform only to 9:1; second: EtOAc only). The obtained
solid was further purified by recrystallization from EtOAc to afford 3¢ as a white solid (65 mg,
31% yield). '"H NMR (600 MHz, CD;0D) & 7.99 (s, 1H), 7.94 (d, J= 7.2 Hz, 1H), 7.46 (t, J= 7.2
Hz, 1H), 7.41 (d,J=7.2 Hz, 1H), 2.47 (s, 3H). *C NMR (150 MHz, CD;0D) § 155.3, 154.3 (br),
154.0 (br), 140.4, 133.3, 130.2, 129.4, 128.8, 125.5, 122.5 (br), 21.4. HRMS (ESI") m/z calcd for
C11HoNsONa [M+Na]": 250.0699, found: 250.0694.

2-17. Synthesis of 6-(p-tolyl)-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one (3d)

9  pwms

DMB\’}‘ I N HNJ‘I
N N/ CH3CN-H,0, rt

N
2d/2d’ mixture

The mixture of 2d and 2d’ (707 mg, 1.3 mmol, 2d/2d’=2.5:1) and CH3CN/H,O = 10:1 solution
(66 mL) was added to a round-bottom flask containing a magnetic stirring bar under open air.
Then, CAN (5.9 g, 11 mmol) was added and stirred at room temperature for 5 h. After reaction,
solvent of the mixture was removed by reduced pressure. The resulting residue was dissolved in

EtOAc and washed with water and brine. The organic extracts were then dried over Na>SOs. After
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filtration, solvent was removed by evaporation. The resulting residue was purified twice by
MPLC (first: chloroform/MeOH = chloroform only to 9:1; second: EtOAc only). The obtained
solid was further purified by recrystallization from EtOAc to afford 3d as a white solid (55 mg,
18% yield). '"H NMR (600 MHz, CDs;OD) & 8.05 (d, J = 7.8 Hz, 2H), 7.38 (d, J = 7.8 Hz, 2H),
2.44 (s, 3H). ®C NMR (150 MHz, CD;0D) § 155.8 (br), 154.4 (br,), 143.3, 130.9, 128.3, 127.0
(br), 21.5 (two peaks were not observed because of the quite low solubility in CD3;0D). HRMS
(EST") m/z calcd for C;;HoNsONa [M+Na]": 250.0699, found: 250.0696.

2-18. Synthesis of 6-([1,1'-biphenyl]-4-yl)-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-

one (3e)

O pwms
189 59 Y9 Srrrrne ““JI M
! /
Ney A CHZCN-H,0, rt

2e/2e’ mixture

DMB

The mixture of 2e and 2e’ (281 mg, 0.48 mmol, 2e/2e’ =2.3:1) and CH3CN/H,O = 10:1 solution
(33 mL) was added to a round-bottom flask containing a magnetic stirring bar under open air.
Then, CAN (2.0 g, 3.8 mmol) was added and stirred at room temperature for 4 h. After reaction,
solvent of the mixture was removed by reduced pressure. The resulting residue was dissolved in
EtOAc and washed with water and brine. The organic extracts were then dried over Na,SOs. After
filtration, solvent was removed by evaporation. The resulting residue was purified by MPLC
(chloroform/MeOH = chloroform only to 9:1). The obtained solid was further purified by
recrystallization from EtOAc to afford 3d as a white solid (35 mg, 25% yield). 'H NMR (600
MHz, DMSO) & 8.32 (d, J= 8.4 Hz, 2H), 7.83 (d, J = 7.8 Hz, 2H), 7.77 (d, /= 7.8 Hz, 2H), 7.50
(t,J=7.8 Hz, 2H), 7.40 (t, J=7.2 Hz, 1H). *C NMR (150 MHz, DMSO) & 155.4 (br), 155.2 (br),
153.8, 141.0, 139.4, 130.6 (br), 129.0, 127.8, 127.3, 126.9, 126.7, 124.1 (br). HRMS (ESI") m/z
caled for Ci6H11NsONa [M+Na]": 312.0856, found: 312.0854.
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2-19. Synthesis of 6-(naphthalen-1-yl)-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one
(3f)

o)
DMB. N
)t ”E)i‘ W,
CH30N Ho0, tt NN O

2f/2f" mixture

The mixture of 2f and 2f' (680 mg, 1.2 mmol, 2£f/2f' = 4.3: 1) and CH3CN/H,O = 10:1 solution
(66 mL) was added to a round-bottom flask containing a magnetic stirring bar under open air.
Then, CAN (5.3 g, 9.7 mmol) was added and stirred at room temperature for 4 h. After reaction,
solvent of the mixture was removed by reduced pressure. The resulting residue was dissolved in
EtOAc and washed with water and brine. The organic extracts were then dried over Na,SOs. After
filtration, solvent was removed by evaporation. The resulting residue was purified twice by
MPLC (first: chloroform/MeOH = chloroform only to 9:1; second: EtOAc only). The obtained
solid was further purified by recrystallization from EtOAc to afford 3f as a white solid (27 mg,
8% yield). "H NMR (600 MHz, CDs0D) 4 8.64 (d, J=7.8 Hz, 1H), 8.11 (d, /= 8.4 Hz, 1H), 8.01
(dd, J=7.2, 1.2 Hz, 2H), 7.95 (dd, J= 7.2, 1.2 Hz, 1H), 7.65-7.55 (m, 3H). *C NMR (150 MHz,
CDs;0OD) 6 155.3, 154.4, 153.9 (br), 135.4, 132.8, 132.2, 129.9, 129.7, 128.7, 127.8, 127.3, 126.5,
126.2, 122.4 (br). HRMS (ESI*) m/z calcd for C14HoNsONa [M+Na]": 286.0699, found: 286.0699.

2-20. Synthesis of 6-(o-fluorophenyl)-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]triazin-4-one
(3g)

o
DMB. )k/[ HNJ}:N\
CH30N H,0, rt Nay N
F
3g

Compound 2g (324 mg, 0.61 mmol) and CH3CN/H,O = 10:1 solution (33 mL) were added to
a round-bottom flask containing a magnetic stirring bar under open air. Then, CAN (2.7 g, 4.9
mmol) was added and stirred at room temperature for 4 h. After reaction, solvent of the mixture
was removed under reduced pressure. The resulting residue was dissolved in EtOAc and washed
with water and brine. The organic extracts were then dried over Na,SO4. After filtration, solvent
was removed by evaporation. The resulting residue was purified twice by MPLC (first:
chloroform/MeOH = chloroform only to 9:1; second: EtOAc only). The obtained solid was further

purified by recrystallization from EtOAc to afford 3g as a white solid (35 mg, 25% yield). 'H
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NMR (600 MHz, CD;0D) & 8.16 (td, /= 7.8, 1.8 Hz, 1H), 7.64-7.58 (m, 1H), 7.41-7.33 (m, 2H).
BCNMR (150 MHz, CD;0OD) 6 161.6 (d, J =250 Hz), 154.4, 153.3, 150.3, 134.5 (d, /= 8.7 Hz),
131.9, 126.3, 122.9 (br), 117.7 (d, J= 11.4 Hz), 117.6 (d, J = 21.6 Hz). HRMS (ESI") m/z calcd
for C1oHeFNsONa [M+Na]*: 254.0449, found: 254.0446.

2-21. Synthesis of 6-(m-chlorophenyl)-3,7-dihydro-4H-imidazo[4,5-d][1,2,3]|triazin-4-one
(3h)

9 pmB
DMB. i
N)Jj:“‘ o HN)t
Y/,
Nay~~N CHZCN-H,0, rt
Cl
2h/2h’ mixture

The mixture of 2h and 2h' (232 mg, 0.42 mmol, 2h/2h’' = 1.2:1) and CH3CN/H,O = 10:1
solution (33 mL) was added to a round-bottom flask containing a magnetic stirring bar under open
air. Then, CAN (1.9 g, 3.4 mmol) was added and stirred at room temperature for 4 h. After reaction,
solvent of the mixture was removed under reduced pressure. The resulting residue was dissolved
in EtOAc and washed with water and brine. The organic extracts were then dried over Na,SO..
After filtration, solvent was removed by evaporation. The resulting residue was purified twice by
MPLC (first: chloroform/MeOH = chloroform only to 9:1; second: EtOAc only). The obtained
solid was further purified by recrystallization from EtOAc to afford 3h as a white solid (20 mg,
19% yield). '"H NMR (600 MHz, CD;OD) 6 8.21 (s, 1H), 8.09 (d, J = 7.2 Hz, 1H), 7.59-7.54 (m,
2H). *C NMR (150 MHz, CDsOD) & 154.6, 154.2 (br), 154.1, 136.3, 132.2, 131.9 (2C), 128.3,
126.6, 123.4 (br). HRMS (ESI") m/z calcd for CioH¢CINsONa [M+Na]*: 270.0153, found:
270.0152.

3. Pd-catalyzed direct C—H arylation using isomerically pure 1 and 1’ with bromobenzene
Treatment of 1 (100 mg, 0.23 mmol) with bromobenzene (4a: 71 mg, 0.46 mmol) in the
presence of Pd(OAc), (2.6 mg, 5 mol %), Cul (87 mg, 0.46 mmol), and K3PO4 (121 mg, 0.57
mmol) in DMF (1.0 mL) at 140 °C for 12 h afforded the mixture of C6-arylation products 2a and
2a’ (2a/2a’ = 1.4:1) in 56% combined yield (Scheme S1). The same reaction was also conducted
using 1’ instead of 1, which resulted in providing the mixture of 2a and 2a’ (2a/2a’ = 1.2:1) in
38% yield (Scheme S2). These results indicate that there is not stark difference in both isomers 1
and 1’ in terms of reactivity in C—H arylation, and the migration of DMB group between N7 and

N9 positions occurs in 1a/1a’ or 2a/2a’ during the course of reaction.
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4. Effect of AHX analogues and derivatives on shoot/root growth of rice

Rice seeds (Oryza sativa L. cv. Nipponbare) were sterilized in ethanol for 5 min and then 1%
sodium hypochlorite for 30 min on a plastic container (18.5 x 14.5 x 4.5 cm). The seeds were
washed completely in sterile water and germinated for 2 days at 30 °C with intensive light. The
germinated seeds (n = 4—-12) were planted onto test tube (¢ 5.5 x 10 cm) containing samples, and
incubated for a week at 30 °C with intensive light. The lengths of the root and shoot were
measured to an accuracy of 0.01 mm with an absolute digimatic caliper (Mitutoyo Co., Kawasaki,

Kanagawa, Japan).
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5. X-ray crystallographic analysis of 6 and 3a-H,O

Details of the crystal data and a summary of the intensity data collection parameters for 6 and
3a-H,O are listed in Table S4. A suitable crystal, obtained by crystallization from corresponding
solvents, was mounted with mineral oil on a MiTeGen MicroMounts and transferred to the
goniometer of a Rigaku PILATUS diffractometer. Graphite-monochromated Mo Ka radiation (4
=0.71075 A) was used. The structures were solved by direct methods with (SIR-97) '® and refined
by full-matrix least-squares techniques against F? (SHELXL-2014/7)" by using Yadokari-XG
software package.? The intensities were corrected for Lorentz and polarization effects. The non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were placed using AFIX

instructions.

Table 3. Crystallographic data and structure refinement detail for 6 and 3a-H>O

6 3a-H,O
CCDC deposition No. 1845158 1845159
Formula C11HoNsO C10H7N50,
F.W. 227.23 229.21
T (K) 123(2) 123 (2)
2 (A) 0.71075 0.71073
cryst syst Monoclinic Monoclinic
space group P2i/c P2i/c
a, (A) 12.6348(15) 13.0485(3)
b, (A) 12.0277(13) 17.4172(4)
c, (A) 13.3731(16) 9.0253(2)
a, (deg) 90 90
5, (deg) 90.447(3) 105.339(3)
7. (deg) 90 90
v, (A% 2032.2(4) 1978.10(8)
Z 8 8
Deatc, (g/ cm®) 1.485 1.539
u (mm) 0.103 0.114
F(000) 944 944
cryst size (mm) 0.15 % 0.10 x 0.10 0.15 x 0.10 x 0.05
0 range, (deg) 3.047-25.372 1.618-24.997
reflns collected 22481 21505
indep reflns/Rix 3726/0.0239 3495/0.0255
params 307 307
GOF on F? 1.068 1.079
R, wR, [I>201(D)] 0.0308, 0.0762 0.0595, 0.1731
R1, WR; (all data) 0.0354, 0.0794 0.0658, 0.1822
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Figure 11. ORTEP drawing of 3a-H,O with 50% thermal ellipsoid (coordinated H>O omitted for
clarity).
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Chapter 2

Annulative n-extension of indoles and pyrroles with diiodobiaryl
by palladium catalysis:

rapid synthesis of nitrogen-embedded polycyclic aromatic compounds

Abstract

A palladium-catalyzed one-step annulative m-extension (APEX) reaction of indoles and
pyrroles that allows rapid access to nitrogen-embedded polycyclic aromatic compounds is
described. In the presence of palladium pivalate and silver carbonate, diverse indoles or pyrroles
coupled with diiodobiaryls in a double direct C—H arylation manner to furnish the corresponding
n-extended compounds in a single step. The newly developed catalytic system enables the use of
various pyrroles and indoles as templates with a series of diiodobiaryls to provide structurally
complicated and largely n-extended nitrogen-containing polycyclic aromatic compounds that are

otherwise difficult to synthesize.
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1. Introduction

With desirable electronic properties and diverse biological activities, nitrogen-embedded
polycyclic aromatic compounds (N-PACs) have long been recognized as privileged structures in
the fields of organic materials, pharmaceutical science and natural products (Figure 1).! As these
properties can be readily tuned via skeletal modification of the core N-heteroarene structure,

significant efforts have been devoted to develop new synthetic approaches for N-PACs.

Blue light emitting diode B,B-Bisphenanthrene fused
AzaBodipy

\
00

DGAT inhibitor Straurosporine Polynemoraline B
(Prevention of metabolic disease)

Figure 1. Widely used functional N-PACs.

Representative classical synthetic approaches for N-PACs include (i) intramolecular carbon—
nitrogen bond formation of biaryl amines (Figure 2a),? (ii) intramolecular carbon—carbon bond
formation of diaryl amines (Figure 2b),* and (iii) stepwise functionalization and 7-extension of
indoles and pyrroles (Figures 2¢).* However, these methods require the use of prefunctionalized
heteroaromatics such as halogenated pyrroles, anilines and indoles, and stepwise transformations
from unfuctionalized (hetero)aromatics. To achieve maximum efficiency in synthesis of N-PAC,

a more direct and ‘intuitive’ method for m-extension of unfunctionalized pyrroles and indoles is
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demanded. Recently, Itami, Ito and co-workers have introduced several new one-step synthetic
methods for fused heteroaromatics, namely annulative m-extension (APEX) reactions of
unfuctionalized (hetero)aromatics (Figure 2d).” APEX is a reaction concept that can directly
transform easily available unfunctionalized (hetero)arenes to polycyclic aromatic hydrocarbons
(PAHs), nanographenes and heteroatom-embedded polycyclic aromatic compounds (hetero-
PACs) in a manner of direct C—H arylation. The APEX reactions offer large benefits in the context

of cost, simplicity, step- and atom-economy.

(a) Intramolecular (b) Intramolecular
C-N bond formation C-C bond formation
X X,
0
NH R
4

R X,Y = H, Cl, Br, OTf, etc.

X =H, Cl, Br, etc.
(c) Functionalization ’}l (d) One shot annulative
& R m-extention
m-extention (APEX)
X
Q> R
N N

h R
X,Y =Br, |
Figure 2. Synthesis of carbazole as a representative example of N-PACs by (a)(b)(c) classical

approaches and (d) APEX reaction.

As early examples of APEX reaction of heteroarenes, Dann and co-workers reported the
nucleophilic addition-type APEX reaction in 1954 (Scheme 1a).® This reaction involves the
addition of 2,5-hexadienone to the C3 and C4 positions of 2,5-dimethylthiophene, followed by
acid-promoted dehydrative aromatization reaction. This classical reaction contributed the
development of fundamental synthetic approach for indoles and carbazoles in the synthesis of
natural products. Later, ellipticine,” a significant natural product, was successfully synthesized

using the APEX reaction by Cranwell in 1962 (Scheme 1b).®
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(a) Dann [1952]

3 4
O TsOH
/©\+)J\/\n/s—> 7\
o]

S

(b) Cranwell [1962]

Ellipticine

Scheme 1. Nucleophilic addition-type APEX of indoles and pyrroles.

Afterwards, APEX reactions utilizing the [4+2] cycloaddition reaction were discovered
(Scheme 2). In 1987, Prota and co-workers demonstrated the synthesis of carbazoles through a
cascade reaction involving the Michael addition of indole with naphthoquinone, followed by a
[4+2] cycloaddition (Scheme 2a).” Additionally, in 2002, Giomi and co-workers discovered the
indole-to-carbazole APEX reaction by utilizing inverse electron-demand Diels—Alder reaction
between indole and 4,5-dicyanopyridazine followed by releasing nitrogen gas by retro-Diels—

Alder reaction (Scheme 2b).!°

(a) Prota [1987]

(0]
D - O ——
+
H O AcOH, reflux
(0]
(b) Giomi [2002]
oN CN
\ heat CN
+ (T )N ——
” \f\l / xylene
or N
chloroform

Scheme 2. [4+2] cycloaddition-type APEX of indoles and pyrroles..

Recent advancements have led to the successful realization of the APEX reaction using
transition metal catalysts for C—H functionalization. In 2009, Miura and co-workers reported a
palladium-catalyzed indole-to-carbazole APEX reaction using alkyne as a m-extension unit

(Scheme 3 a)." The reaction begins with the vinylation of the C3 position of indole, followed by
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consecutive insertion of alkynes, resulting in m-extension. In 2013, Itami and co-workers
developed similar APEX reaction with electron-deficient alkenes by a Pd/Ag/Cu-trimetallic
system (Scheme 3 b).!? With the advent of these reactions, a variety of transition metal-catalyzed
APEX reactions of indoles and pyrroles using various m-extension units such as alkyne,!!:!3
alkene,'>! 1-vinylpropargyl alcohols,'® a-diazocarbonyl compounds,'® a-bromochalcone,'” and
a-bromocinnamate!” have been reported so far (Scheme 3c). However, the APEX products are

generally limited to relatively small m-extended compounds such as substitute carbazoles and

benzocarbazoles.

M 2
(a) Miura [2009] cat. Pd(OAc),
AngO3
2,6-dimethylbenzoic acid
1,2-dichloroethane, 80 C O O
(0]
+ /,(

(b) Itami [2013]

N
\

cat. Pd(OAc),
cat. Cu(OAc),

AgOCOCF; O
toluene-DMSO, 100 °C, air O

N
H o
(c) Other APEX reactions
] AY ,' \ ,’
Nt m-extending agents b ' *
Syt A cat. Pd, Cu, Rh, Ru, Ir, Au ~ -- ~ --
i\ | ' | or
R ¢;r/ N \\ \\
Tk N N
R g R

m-extending agents =

...............................................

®
o
o

...............................................

Scheme 3. Transition-metal-catalyzed APEX of indoles and pyrroles for synthesis of substituted

carbazoles.

While creating larger m-extended polycyclic system has been challenging in previous APEX
reaction of heteroles with small n-extending agents such as alkenes and alkynes, the double-
arylation-type APEX reaction can be one of candidates for achieving the efficient synthesis of
polycyclic aromatic structures. With regard to this, the double-arylation-type APEX reaction of

polycyclic aromatic hydrocarbons (PAHs) using palladium catalyst, dibenzosilole and o-chloranil
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is a powerful method that can provide larger n-extended molecules (Scheme 4). Itami and co-
workers first reported this APEX reaction in 2015, and demonstrated the synthesis of various
nanographenes from simple PAHs such as phenanthrene (Scheme 4 a).'* Furthermore, this
reaction can be applied to the APEX of benzothiophene, providing further m-extended molecules
with good yields. However, this reaction could not be applied to electron-rich heteroarenes such
as indoles and pyrroles, resulting in no formation of m-extended indoles nor carbazoles. Only
successful example in this Pd-catalyzed APEX reaction system is the reaction of N-tosylindole
with dibenzogermole as an alternative m-extending agent, whereas the yield of desired product
remained in low yield (30%) (Scheme 4b).!" The reason for the low yield can be attributed to the
presence of strong oxidants such as o-chloranil and the mismatched combination of electron-rich
heteroles and strong oxidants, which leads to the undesired decomposition and deactivation of

catalyst.

(a) Itami [2015]

cat. PA(CHsCN)a(SbFg)s O Q
o-chloranil
1,2-dichloroethane, 80 °C “

2a2
650

(b) Itami [2017]
cat. Pd(OAc),

AgPFg
o-chloranil
©Es> 1,2-dichloroethane, 70 C O
68% vyield

S

d“b

cat. Pd(OAc),
O AgOTf O
o-chloranil
) C 2
+ G >
/oS 1,2-dichloroethane, 40 °C 0 \ O

) :

\
30% vyield

Scheme 4. Double-arylation-type APEX.

In 2014, Wen and co-workers discovered the APEX reaction of indoles, which avoids the use
of additional oxidants.?° This reaction utilizes cyclic hypervalent iodine reagents as a T-extension
agent, allowing the m-extension of indole without the need for additional oxidants or special

palladium ligands (Scheme 5). This reaction represents one of few useful methods as the one-step
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preparation of dibenzocarbazoles from indoles. However, its potential application to larger N-
PAC:s has not been demonstrated and remained unclear. In order to achieve efficient synthesis of
larger N-PACs, there is a pressing need for the development of milder APEX reactions that are

suitable for indoles and pyrroles.

Wen [2014]
O cat. Pd(OAc), O
A\ - Na,CO3
N + TfO | o N\
) O 1,2-dichloroethane, 100 °C
N

66% yield
Scheme 5. Reported transition metal-catalyzed APEX reaction of indoles with cyclic

diaryliodoniums.

Recently, Itami, Ito and co-workers have developed a catalytic system using Pd catalyst, AgOTf
and TTOH that allows the use of diiodobiaryls as n-extension reagents, without the need of strong
oxidizing agents such as o-chloranil (Scheme 6).2! The elimination of strong oxidizing agents
resulted in an expanded range of m-extensible PAHs, and enables the utilization of even larger n-
extension units. Actually, this reaction can be applied to electron-rich N-methylindoles, but the
yield did not exceed over 37%. This is possibly due to the use of strong acids such as TfOH,
which may decompose indole by protonation. Therefore, the APEX reaction of electron-rich
heteroles is still challenging . Discovery of milder reaction conditions as well as appropriate 7-
extending agents is highly demanded for efficient synthesis of larger polycyclic aromatic systems

from pyrrole- and indole-based molecules.
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Itami [2017]

cat. Pd(CH3CN),4(BF4),
AgOTf
TfOH
1,2-dichloroethane, 50 °C

29% yield

cat. Pd(CH3CN)4(BF ),
AgOTf O
©f> TfOH

1,2-dichloroethane, 50 °C O OQ

37% yield

Scheme 6. Reported transition metal-catalyzed APEX reaction of substituted phenanthrene and

N-methylindole with diiodobiaryls.

In this chapter, a new catalytic APEX reaction that allows efficient pyrrole-to-indole, pyrrole-
to-carbazole and indole-to-carbazole m-extensions is described. The author newly established
catalytic system featuring palladium pivalate and silver carbonate in a mixed DMF/DMSO
solvent system that enables the rapid synthesis of structurally complicated N-PACs from readily

available unfunctionalized pyrroles/indoles and various diiodobiaryls.

\ O cat. Pd(OPiv),
| - Ag,COs
—»
N : O - DMF/DMSO
1
R rd ~

Scheme 7. Pd-catalyzed APEX reaction of indoles and pyrroles with various diiodobiaryls.
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2. Results and Discussion

2-1. Screening of reaction conditions

First, optimization of the reaction conditions for indole-to-carbazole extension of N-
methylindole (1a) was carried out using 2,2'-diido-1,1"-biphenyl (2a) as a m-extending agent
(Table 1). After extensive screening, it is found that 1a (1.0 equiv) coupled with 2a (1.5 equiv) in
the presence of Pd(OAc), (5 mol%) and AgCOs (3.0 equiv) at 80 °C in dimethylformamide
(DMF) to provide N-methyldibenzo[a,c]carbazole (3aa) in 10% yield (entry 1). Then, the solvent
effect was also investigated (entries 2-19). Other polar or apolar solvents such as
dimethylacetoamide (DMA), acetonitrile, 1,2-dichloroethane, tetrafluoroethanol (TFE),
hexafluoroisopropanol (HFIP), 1,4-dioxane and toluene were not effective for this transformation
(entries 2-9). Surprisingly, the use of mixed solvent system using dimethylsulfoxide (DMSO)
with various solvents enhanced the reaction (entries 10-19). As a result of optimization study,
APEX product was obtained in the highest yield when the DMF/DMSO mixed solvents were used
at ratio of 7:3 (entry 10).
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Table 1. Effect of solvents in the Pd-catalyzed APEX reaction of N-methylindole 1a with
diiodobiphenyl 2a.

O Pd(OAC), (5.0 mol%) Q
@ | Ag5CO; (3.0 equiv) O
+ >
N\ | solvent (1.0 mL) O O
80 °C, time

N
\
1a 2a 3aa
0.2 mmol 1.5 eq.

entry solvent time (h)  vyield? entry solvent time (h)  yield®
1 DMF 16 10% 1" DMA/DMSO (7:3) 21 47%
2 DMA 16 10% 12 1,2-dichloroethane/DMSO (7:3) 21 39%
3 DMSO 16 29% 13 1,4-dioxane/DMSO (7:3) 21 51%
4 CH4CN 16 15% 14 CH3CN/DMSO (7:3) 19 30%
5 1,2-dichloroethane 16 trace 15 DMF(1.0 mL), DMSO (1.0 eq.) 21 20%
6 TFE 16 trace 16 DMF/DMSO (9:1) 19 36%
7 HFIP 16 trace 17 DMF/DMSO (8:2) 19 41%
8 1,4-dioxane 16 trace 18 DMF/DMSO (5:5) 19 45%
9 toluene 16 trace 19 DMF/DMSO (2:8) 19 39%
10 DMF/DMSO (7:3) 21 54%

aDetermined by 'H NMR using CH,Br, as an internal standard.

Next, screening of ligands was conducted (Table 2). APEX reaction with bidentate nitrogen
ligands such as 2,2'-bipyridyl and 1,10-phenanthroline shut down the reaction (entries 2 and 3).
The use of phosphine ligands such as BINAP, PPh;, Xanthphos, Brettphos, Sphos and Davephos
afforded the desired product but was not effective compared to phosphine-free conditions (entries

4-9).
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Table 2. Effect of ligands in the Pd-catalyzed APEX reaction of N-methylindole 1a with
diiodobiphenyl 2a.

Pd(OAc), (10 mol%)
O Ilgand O
[

Ag,CO3 (3.0 equiv

oo - ~ ~0
{7 ) e CO-O
80°C,19h N\

1a 2a 3aa
0.2 mmol 1.5 eq.

entry ligand yield®@
1 none 43%
2 2,2'-bipyridyl (10 mol%) trace
3 1,10-phenanthroline (10 mol%) 4%

4 rac-BINAP (10 mol%) 43%
5 PPh3 (20 mol%) 40%
6 Xanthphos (10 mol%) 29%
7 BrettPhos (20 mol%) 40%
8 SPhos (20 mol%) 46%
9 DavePhos (20 mol%) 36%

@Determined by "H NMR using CH,Br, as an internal standard.

Then, a screening of palladium sources was conducted (Table 3). The use of palladium pivalate
[Pd(OPiv),] instead of Pd(OAc), improved the yield to 61% (entries 1 and 2), but other palladium
sources such as PdCl,, PdL,, [PdCl(cinnamyl)]», Pd(PPhs3)4, PA(OCOCF3),; and PA(CH3CN)4(BFa4)2
failed to give more than trace amounts of product (entries 3—8). In addition, the reaction did not

proceed in the absence of Pd catalyst (entry 9).
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Table 3. Effect of Pd-source in the Pd-catalyzed APEX reaction of N-methylindole 1a with
diiodobiphenyl 2a.

O Pd cat. (5.0 mol% [M]) O
m | Ag,CO3 (3.0 equiv) ’
+ -
N\ ! DMF/DMSO O O
80°C,19h N
\

1a 2a 3aa
0.2 mmol 1.5 eq.

entry Pd cat. yield?
1 Pd(OAc), 54%
2 Pd(OPiv), 61%
3 PdCl, 3%

4 Pdl, 2%

5 [PdCl(cinnamyl)], 5%

6 Pd(PPh3), 4%

7 Pd(OCOCF3;), 0%

8 Pd(CH3CN)4(BF), 0%

9 none 0%

aDetermined by 'H NMR using CH,Br, as an internal standard.

Setting Pd(OPiv), as the optimized catalyst, the effect of base was examined (Table 4).
Decreasing the amount of AgCOs to 1.5 equiv (relative to 1a) further increased the yield of 3aa
to 78% (entry 2). The use of silver carboxylate salts (AgOAc, AgOPiv, AgOBz, AgOCOCF3,
AgOTs or Ag,0) instead of Ag,COs resulted in much lower yield (entries 2—8). The silver cation
itself was essential for this reaction; the use of Na,COs, K»COs or Cs,COs instead of Ag,COs3

failed to give any product (entries 9-11). Finally, the reaction completely shut down without base

(entry 12).
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Table 4. Screening of base in the Pd-catalyzed APEX reaction of N-methylindole 1a with
diiodobiphenyl 2a.

O Pd(OPiv), (5.0 mol%) Q
m | base (3.0 equiv [M]) ’
¥
N\ ! DMF/DMSO O O
N\

80°C,19h
1a 2a 3aa
0.2 mmol 1.5 eq.
entry base yield?
1 Ag,CO3 61%
2 Ag,CO4° 78%
3 AgOAc 33%
4 AgOPiv 0%
5 AgOBz 0%
6 AgTFA 0%
7 AgOTs 0%
8 Ag,0 32%
9 Na,CO3 0%
10 K,CO3 0%
1 Cs,CO5 0%
12 none 0%

aDetermined by 'H NMR using CH,Br, as an internal
standard. ?1.5 equiv

Aiming to increase the product yield further, reaction temperature was examined (Table 5).
Although higher reaction temperature accelerated the consumption of the starting material, the

yield of 3aa was decreased (entry 1 v.s. entries 2 and 3).
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Table 5. Effect of reaction temperature in the Pd-catalyzed APEX reaction of N-methylindole

1a with diiodobiphenyl 2a.

Pd(OPiv)2 (5.0 mol%) O
@ | Ag,COs3 (3.0 equiv)
+ - R
N\ ! O DMF/DMSO O O

temp., time N\
1a 2a 3aa
0.2 mmol 1.5 equiv

entry temp. (‘C) time (h)  yield?

1 80 19 78%
2 100 19 57%
3 100 1 58%

aDetermined by "H NMR using CH,Br, as an internal standard.

2-2. Plausible mechanism

A possible reaction mechanism of current indole-to-carbazole APEX reaction is shown in
Scheme 8a. Oxidative addition of 2a to palladium species (Pd(0) or Pd(II)) occurs to form
biphenylylpalladium intermediate A.** Then, the removal of iodide by silver salt may activate Pd
complex A% to form electron-deficient aryl-Pd species?*, which then react with indole at the C2
position to afford intermediate B. Through the control experiments on the C—H arylations of 1,2-
dimethylindole and 1,3-dimethylindole with iodobenzene, the present APEX reaction seems to
occur through the C2-arylation of indole rather than C3-arylation in the first step (Scheme 8b).
Final step would be well-established Pd-catalyzed intramolecular C—H/C—I coupling to afford the

cyclized compound 3aa.”®

96



(a) Proposed mechanism

2a O 1a + AgZCO3
[Pd"™ ———> Pl
n+
n=0or2 O [Pd]
A

-Agl
-AgHCO3

[F’d]n+
[Pd]n+
[Pd]n+
-[HI]

C 3aa

Pd(OPiv), (5.0 mol%) O
m _@ Ag,CO; (1.5 equiv)
DMF/DMSO O N\

(b) Control experiments

80°C,19h N
10 3.0 eq. \
0.2 mmol 12
40%
Pd(OPiv), (5.0 mol%)
S ) el S
N DMF/DMSO, N
\ 80°C, 19 h \
11 3.0 eq. 13
0.2 mmol 80%

Scheme 8. (a) Proposed reaction mechanism for the Pd-catalyzed APEX reaction of N-
methylindole 1a with diiodobiphenyl 2a. (b) Control experiments on the C—H arylations of 1,2-

dimethylindole and 1,3-dimethylindole with iodobenzene.
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2-3. Substrate scope

Under the optimized conditions, various types of m-extended carbazoles/indoles 3, 5 were
prepared from the corresponding indole/pyrrole derivatives 1, 4 and diiodobiaryls 2. Scheme 9
illustrates the scope of applicable indole and pyrrole derivatives (1a—1m). N-Alkyl (2a, 2b), N-
benzyl (2¢), N-phenyl (2d) indoles and cross-linked lilolidine (2e) were converted smoothly to
the corresponding dibenzocarbazoles 3ba—3da in good to moderate yield. However, the reaction
of N-acetyl indole 2f did not provide the expected m-extension product 3fa. The presence of
substituents at the 5-, 6-, or 7-positions of the indole ring was well-tolerated, giving various nitro-
(3ga), cyano- (3ha, 3la), bromo- (3ia), methoxy- (3ja, 3ka), and benzyloxy-substituted (3ma)
dibenzocarbazoles in moderate yields (40-62%). These results suggest that substituents on the
benzene ring of indole do not critically affect the reaction progress. Interestingly, it was found
that the current APEX reaction between N-substituted pyrroles and 2a was mono-selective for the
formation of dibenzoindoles 5aa and Sba in 39% and 43% yields; only trace amounts of the di-
APEX tetrabenzocarbazole products, the main products of our previous report,?! were observed.
As synthetic methods to prepare the dibenzo[e,g]indole skeleton remain limited and inefficient,?

the current APEX protocol provides a valuable, streamlined entry to this compound class.
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Scheme 9. Substrate scope of indoles and pyrroles in the APEX reaction with diiodobiphenyl 2a.



The scope of diiodobiaryls in the current APEX reaction is shown in Scheme 10. The reaction
of N-methylindole (2a) with unsymmetrical 4-chloro-2,2'-diiodo-1,1'-biphenyl (2b) gave a 1:1.4
regioisomeric mixture of 3ab and 3ab’ in 94% combined yield. APEX reactions of 1a and 4a with
4,4'-dibromo-2,2'-diiodo-1,1’-biphenyl (2¢) smoothly occurred to give dibromodibenzocarbazole
3ac and dibromodibenozoindole Scc in 81% and 44% yield, respectively. To our delight, the
reaction of 1a with 2,2'-diiodo-1,1'-binaphthalene (2d) gave dinaphthocarbazole 3ad containing
a [Slhelicene moiety in 25% yield, whose helical structure was confirmed by X-ray
crystallographic analysis. As this example clearly demonstrates, the late-stage attachment of
complex, extended polyaromatic units is one of the most remarkable characteristics in the present

APEX reaction.

\

o o PA(OPv), (5.0 mol%)
- l]j\§ | <. Ag,COjg (1.5 equiv)
Ll N +

T ! - DMF/DMSO oo?
° 80°C, 19 h o

N-methyindole 1a 2b-d carbazoles 3ab-3ad
N-methypyrrole 4c 1.5 eq. indole 5¢cc
0.10 mmol isolated yield
Cl O Br
A@ s X k’Q SO
N
N N
\ \ ci \ Br
3ab 3ab’ 3ac
3ab+3ab’; 94% 81%
3ab/3ab’=1:1.4
N
Br A
@, et
—
&, (2 W W
i — L \
() C 0 A TS AP
X C-O YOS
N N ) o p AL~
\ Br \ <E ;""‘"'q\}‘ \}
5cc? 3ad X-ray structure
44% 25% of 3ad

40,2 mmol scale

Scheme 10. Substrate scope of diiodobiaryls.
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2-4. Synthesis of unsymmetrical N-PACs

To demonstrate the power of the current APEX reaction to build complex, unsymmetrical N-
PACs from simple starting materials, a two-step sequential synthesis was demonstrated to prepare
tetrabenzocarbazole 6, a compound that is difficult to prepare via known methods (Scheme 11).
First, APEX reaction of N-methylpyrrole (4¢) with 2a was carried out to give the corresponding
N-methyldibenzoindole (5ca) in 37% yield. Notably, this reaction did not give double-APEX
product which is the major product in the previously developed APEX reaction of N-
phenylpyrrole.?! Then, Sca was further reacted with 4,4’-dibromo-2,2'-diiodo-1,1'-biphenyl (2¢)
by using Pd(CH3CN)4(BF4)/AgOPiv/TfOH catalytic system?' to give the desired product 6 in
33% yield. Rapid access to a new class of unsymmetrically substituted tetrabenzocarbazole is
notable and should contribute to the exploration of new compounds for organic electronics

application.

Pd(CH3CN)4(BF4),

(5.0 mol%)
Pd(OPiv), (5.0 mol%) 2c (1.5 equiv)
2a (1.5 equiv) O AgOPiv (2.0 equiv)
@ Ag,CO5 (1.5 equlv) ’ TfOH (2.0 equiv)
N  owmFpmso O CICH,CH,CI
80°C,19h 50 °C, 12 h
4c S5ca

37%

Scheme 11. Sequential APEX reactions of N-methylpyrrole 4¢ for the synthesis of

unsymmetrically substituted tetrabenzocarbazole 6.

2-5. Synthesis of N-S-PACs

The current APEX reaction also provided a facile route to polycyclic aromatic compounds
containing both nitrogen and sulfur (N-S-PACs) (Scheme 12). N-methylindole (1a) coupled
with 3,3'-diiodo-2,2'-bibenzothiophene (7) to give di(benzothieno)carbazole 8 in 32%. The
reaction of N-methylpyrrole (4¢) with diiodo-2,2'-bibenzothiophene 7 afforded a double APEX
product, tetra(benzothieno)carbazole 9, in 15% yield (Scheme 13). While the yields were low, the
generation of these novel N-S-PAC structures, which are highly interesting from the viewpoint of
optoelectronic properties yet otherwise difficult to synthesize by conventional organic reactions,

is notable.
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Pd(OPiv), (5.0 mol%)

m S Ag,CO;3 (1.5 equiv)
+
N

\j

\ I~A\s DMF/DMSO
80°C,19h
1a 7 8
0.10 mmol 1.5 equiv 32%

Scheme 12. One-step APEX reactions for the synthesis of di(benzothieno)carbazole 8

Pd(OPiv), (5.0 mol%)

@ S Ag,COj; (3.0 equiv)
+ >
N I/\g  DMF/DMSO
80°C,19h

4c 7
0.20 mmol 3.0 equiv

Scheme 13. One-step APEX reactions for the synthesis of tetra(benzothieno)carbazole 9.

2-6. The structural and electronic properties of N-S-PACs 8 and 9

The structural and electronic properties of 8 and 9 were elucidated via X-ray crystallography,
UV-vis absorption and emission spectroscopies, and DFT/TD-DFT calculations at the B3LYP/6-
31G(d) level of theory. Single crystal X-ray structures (Figures 3a, 3b) reveal that compound 8
adopts a relatively flattened structure in the solid state (Figure 2a), while compound 9 possesses
a twisted structure owing to the embedded heterohelicene moiety. DFT calculations for 8 (Figure
4) reveal delocalization of the HOMO (—5.23 eV) over the entire molecule, while the LUMO (—
1.49 eV) localizes on a benzothienocarbazole wing. On the other hand, the HOMO and LUMO
of 9 are delocalized over entire molecule, and thus the energy level of LUMO (-1.72 eV) is
slightly lower than that of 8. The UV—vis absorption spectra of 8 and 9 in CH»Cl, show that both
compounds have broad absorption bands between 300 and 450 nm (Figure 5). Absorption maxima
were found at 294, 317, 339, 357, 381 and 399 nm in 8, and the corresponding peaks were also
found in 9 at 305, 332, 348, 393 and 412 nm. The TD-DFT calculations revealed that the longest-
wavenumber absorptions in 8 and 9 (399 and 412 nm) are attributed to the allowed HOMO-

LUMO transitions (see the experimental section for details). The fluorescence spectra of 8 and 9

102



in CH,Cl, display broad emissions with emission maxima of 427 and 437 nm, respectively (Figure

5).
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Figure 3. Top and side views of the X-ray crystal structures of (a) 8 and (b) 9. Thermal ellipsoids

are drawn at 50% probability.

-5.23 eV

-1.72 eV

Figure 4. Pictorial frontier molecular orbitals and energy levels of (a) 8 and (b) 9 calculated

using the B3LYP/6-31G(d) level of theory.
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Figure 5. Normalized UV-vis absorption and fluorescence spectra of 8 and 9 in CH,Cl, at rt.

3. Conclusion

In summary, the author has developed a novel palladium-catalyzed reaction to enable the APEX
of indoles/pyrroles with diiodobiaryls. Use of the Pd(OPiv),/Ag,COs3 catalytic system in a mixed
DMEF/DMSO solvent allows the preparation of a diverse range of N-PACs in a single step,
including several previously unsynthesized structures. Rapid access to exotic scaffolds such as
complex, unsymmetrically substituted tetrabenzocarbazoles and extended N-heteroarenes
featuring multiple helicene moieties is a particular highlight of the present APEX protocol.
Developed APEX methodology also has great potential for the efficient and rapid synthesis of
planar and non-planar n-extended N-PACs such as n-extended azacorannulenes, aza-buckybowls
and pyrrolopyrroles which are regarded as one of promising materials for optelectronics.?® Further
investigations into the reaction mechanism and applications of this APEX method towards the

synthesis of larger n-extended heteroaromatics are currently underway.

104



Experimental Section

1. General

Unless otherwise noted, all reactants or reagents including dry solvents were obtained from
commercial suppliers and used as received. Pd(OPiv), was obtained from Aldrich. Ag,CO3; was
purchased from WAKO. 4,4'-Dibromo-2,2'-diiodo-1,1"-biphenyl (2¢) was purchased from TCL
2,2'-Diiodo-1,1"-biphenyl (2a),?” 4-chloro-2,2'-diiodo-1,1"-biphenyl (2b),® 2,2'-diiodo-1,1'-
binaphthalene (2d),? 3,3'-diiodo-2,2"-bibenzothiophene (7),* 2,2'-dibromo-1,1’-biphenyl (2¢)?’,
1,2-dimethyl-1H-indole (10),*' and 1,3-dimethyl-1H-indole (11)*' were synthesized according to
procedures reported in the literature. Unless otherwise noted, all reactions were performed with
dry solvents under air. All work-up and purification procedures were carried out with reagent-

grade solvents in air.

Analytical thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 Fas4
precoated plates (0.25 mm). The developed chromatogram was analyzed by UV lamp (254 nm).
Medium pressure liquid chromatography (MPLC) was performed using Yamazen W-prep 2XY.
Preparative thin-layer chromatography (PTLC) was performed using Wakogel B5-F silica coated
plates (0.75 mm) prepared in our laboratory. Preparative gel permeation chromatography (GPC)
was performed with a JAI LC-9204 instrument equipped with JAIGEL-1H/JAIGEL-2H columns
using chloroform as an eluent. The high-resolution mass spectra (HRMS) were conducted on
Thermo Fisher Scientific Exactive. Nuclear magnetic resonance (NMR) spectra were recorded on
a JEOL JNM-ECA-600 ('H 600 MHz, '*C 150 MHz) spectrometer and a JEOL JNM-ECA-600I1
with Ultra COOL™ probe ("H 600 MHz, *C 150 MHz) spectrometer. Chemical shifts for 'H
NMR are expressed in parts per million (ppm) relative to tetramethylsilane (6 0.00 ppm).
Chemical shifts for *C NMR are expressed in ppm relative to CDCl; (8 77.0 ppm). Data are
reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets,
ddd = doublet of doublets of doublets, t = triplet, dt = doublet of triplets, td = triplet of doublets,

g = quartet, m = multiplet), coupling constant (Hz), and integration.
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2. Palladium-catalyzed APEX reaction of indoles and pyrroles with diiodobiaryls

SR \ o ’ Pd(OPiv), (5.0 mol%)
T @ I ~.  AgzCO;s (1.5 equiv)
s

\ . DMF/DMSO R _
80°C,19h e
. S Ty

indoles 1 2 carbazoles 3
pyrroles 4 1.5 equiv indoles 5

0.20 mmol

or
0.10 mmol

General procedure A: To a screw-capped glass tube containing a magnetic stirrer bar were
added indole 1 or pyrrole 4 (0.20 mmol, 1.0 equiv), diiodobiaryl 2 (0.30 mmol, 1.5 equiv),
Ag>CO;3 (0.30 mmol, 1.5 equiv), Pd(OPiv), (0.010 mmol, 5.0 mol%), DMF (0.70 mL) and DMSO
(0.30 mL) under air. After stirring at 80 °C for 19 h, the reaction mixture was cooled to room
temperature, and then passed through a short pad of Celite® (eluent: EtOAc or CHCl;). After the
organic solvent was removed under reduced pressure, the residue was purified by PTLC or MPLC

to yield the corresponding n-extended carbazole 3 or indole 5.

General procedure B: To a screw-capped glass tube containing a magnetic stirrer bar were
added indole 1 or pyrrole 4 (0.10 mmol, 1.0 equiv), diiodobiaryl 2 (0.15 mmol, 1.5 equiv),
Ag>CO3 (0.15 mmol, 1.5 equiv), Pd(OPiv), (0.0050 mmol, 5.0 mol%), DMF (0.35 mL) and
DMSO (0.15 mL) under air. After stirring at 80 °C for 19 h, the reaction mixture was cooled to
room temperature, and then passed through a short pad of Celite® (eluent: EtOAc or CHCI3). After
the organic solvent was removed under reduced pressure, the residue was purified by PTLC or

MPLC to yield the corresponding n-extended carbazole 3 or indole 5.
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9-Methyl-9H-dibenzo[a,c]carbazole (3aa)

General procedure A: Purification by MPLC (hexane/CHCIl; = hexane only to 9:1) afforded
3aa as a white solid (37 mg, 66% yield). 'H NMR (600 MHz, CDCls) & 8.86-8.81 (m, 2H), 8.74
(d, J= 8.4 Hz, 1H), 8.68-8.64 (m, 1H), 8.59 (d, J = 8.4 Hz, 1H), 7.74 (ddd, J =7.8, 6.9, 0.9 Hz,
1H), 7.67-7.62 (m, 2H), 7.59-7.54 (m, 2H), 7.49 (ddd, J =8.4, 7.2, 1.2 Hz, 1H), 7.39 (ddd, J =
8.4, 7.2, 1.2 Hz, 1H), 4.35 (s, 3H). 3C NMR (150 MHz, CDCls) & 140.8, 134.7. 130.9, 129.9,
127.3,126.9,126.1, 125.6, 124.1, 123.9, 123.7, 123.60, 123.56, 123.4,122.9, 121.8, 120.3, 113 .4,
109.5, 34.6 (one carbon peak was not observed because of overlapping). HRMS (ESI") m/z calcd
for CoiHi6N [M+H]": 282.1277, found: 282.1277.

9-Ethyl-9H-dibenzo[a,c]carbazole (3ba)

Seab

General procedure A: Purification by MPLC (hexane/CHCI3 = hexane only to 9:1) afforded
3ba as a white solid (42 mg, 71% yield). '"H NMR (600 MHz, CDCl;) 6 8.87 (t, J = 9.0 Hz, 2H),
8.76 (d, J= 8.4 Hz, 1H), 8.63 (d, /= 8.4 Hz, 1H), 8.53 (dd, /= 8.1, 1.5 Hz, 1H), 7.74 (ddd, J =
8.1,7.2,1.2 Hz, 1H), 7.71-7.65 (m, 2H), 7.62 (d, /= 8.4 Hz, 1H), 7.57 (ddd, /= 8.1, 7.5, 1.2 Hz,
1H), 7.50 (ddd, J=8.1, 7.2, 1.2 Hz, 1H), 7.41 (ddd, /= 8.1, 6.9, 1.2 Hz, 1H), 4.85 (q, /= 7.2 Hz,
2H), 1.71 (t, J = 7.2 Hz, 3H). *C NMR (150 MHz, CDCl;) § 140.1, 133.7, 130.9, 130.0, 127.3,
126.9, 126.5, 125.6, 124.2, 123.8, 123.63, 123.56, 123.4, 122.6, 122.0, 120.4, 113.6, 109.4, 41.0,
15.3 (two carbon peaks were not observed because of overlapping). HRMS (ESI") m/z calcd for
CaHisN [M+H]": 296.1434, found: 296.1433.
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9-Benzyl-9H-dibenzo[a,c]carbazole (3ca)

General procedure A: Purification by MPLC (hexane/CHCI3; = hexane only to 9:1) afforded
3ca as a white solid (50 mg, 70% yield). "H NMR (600 MHz, CDCls) & 8.92 (d, J= 8.4 Hz, 1H),
8.82 (d, J=8.4 Hz, 1H), 8.76 (d, J = 8.4 Hz, 1H), 8.68-8.64 (m, 1H), 8.23 (dd, J=8.1, 0.9 Hz,
1H), 7.77 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.59 (ddd, /= 8.4, 7.2, 1.2 Hz, 2H), 7.48-7.42 (m, 4H),
7.37-7.33 (m, 2H), 7.32-7.27 (m, 3H), 5.95 (s, 2H). *C NMR (150 MHz, CDCl;)  141.3, 137.4,
134.7, 130.9, 129.9, 129.1, 127.5, 127.4, 127.1, 126.4, 126.0, 125.7, 124.1, 124.0, 123.8, 123.7,
123.5,123.2,122.9,121.9, 120.9, 113.9, 110.0, 50.2 (one carbon peak was not observed because
of overlapping). HRMS (ESI") m/z calcd for Co7H2oN [M+H]*: 358.1590, found: 358.1591.

9-Phenyl-9H-dibenzo[a,c]carbazole (3da)

o
-0
O

3da

General procedure A: Purification by MPLC (hexane/CHCIl; = hexane only to 7:3) afforded
3da as a white solid (32 mg, 47% yield). '"H NMR (600 MHz, CDCls) & 8.94 (d, J = 8.4 Hz, 1H),
8.80 (dd, J=8.4, 4.8 Hz, 2H), 8.66 (d, J=8.4 Hz, 1H), 7.79 (ddd, /= 8.1, 6.9, 0.9 Hz, 1H), 7.68—
7.60 (m, 4H), 7.58-7.51 (m, 3H), 7.47 (dd, J = 8.4, 0.6 Hz, 1H), 7.43 (ddd, J = 8.1, 7.2, 1.2 Hz,
1H), 7.38 (ddd, J=8.4, 7.2, 1.2 Hz, 1H), 7.27 (ddd, J=8.1, 7.8, 0.6 Hz, 1H), 7.21 (d, /= 8.4 Hz,
1H). *C NMR (150 MHz, CDCl;) & 142.1, 140.2, 134.5, 130.8, 130.2, 129.9, 129.1, 128.9, 127 4,
127.3,125.9, 125.7, 124.0, 123.9, 123.81, 123.79, 123.5, 123.2, 121.7, 121.0, 114.2, 111.0 (two

carbon peaks were not observed because of overlapping). HRMS (ESI") m/z calcd for Co6HisN
[M+H]": 344.1434, found: 344.1433.
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5,6-Dihydro-4H-dibenzo[a,c]pyrido[3,2,1-jk]carbazole (3ea)

IS0

3ea

General procedure A: Purification by MPLC (hexane/CHCIl; = hexane only to 1:1) afforded
3ea as a pale yellow solid (44 mg, 72% yield). 'H NMR (600 MHz, CDCls) & 8.89-8.83 (m, 2H),
8.78 (d, J= 8.4 Hz, 1H), 8.69-8.66 (m, 1H), 8.40 (d, /= 7.8 Hz, 1H), 7.75 (ddd, /= 8.1, 7.2, 1.2
Hz, 1H), 7.70-7.66 (m, 2H), 7.58 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H) 7.31 (t, J= 7.5 Hz, 1H), 7.20
(dd, J=6.9,0.9 Hz, 1H), 4.99 (t, J= 6.0 Hz, 2H), 3.17 (t, J = 6.0 Hz, 2H), 2.42 (quintet, J = 6.0
Hz, 2H). *C NMR (150 MHz, CDCls) § 136.8, 133.6, 130.7, 130.4, 127.3, 126.6, 126.1, 125.5,
124.1, 123.7, 123.43, 123.38, 122.8, 122.4, 121.6, 121.0, 120.2, 119.4, 113.3, 46.7, 25.1, 23.7
(one carbon peak was not observed because of overlapping). HRMS (ESI") m/z calcd for Co3HisN
[M+H]": 308.1434, found: 308.1432.

9-Benzyl-12-nitro-9H-dibenzo[a,c]carbazole (3ga)

(2
ON O
Soal
3ga\\©
General procedure A: After purification by MPLC (CHCI; only), the obtained solid was
washed with hexane and CH,Cl, to afford 3ga as a yellow solid (36 mg, 45% yield). '"H NMR
(600 MHz, CDCl3) 6 9.62 (d, /= 1.8 Hz, 1H), 8.92 (d, /= 8.4 Hz, 1H), 8.88 (d, J = 8.4 Hz, 1H),
8.81 (d, J=8.4 Hz, 1H), 8.36 (dd, /= 8.7, 2.1 Hz, 1H), 8.27 (d, /= 7.2 Hz, 1H), 7.87 (ddd, J =
8.1, 6.9, 1.5 Hz, 1H), 7.71-7.67 (m, 2H), 7.55-7.51 (m, 2H), 7.42-7.38 (m, 2H), 7.37-7.33 (m,
1H), 7.28 (d, J = 8.4 Hz, 1H), 6.08 (s, 2H). *C NMR (150 MHz, CDCl;) § 143.9, 142.2, 136.7,
136.0, 131.6, 129.4, 128.8, 128.0, 127.6, 126.9, 126.8, 125.8, 125.0, 124.3, 123.7, 123.5, 123.1,

122.8, 122.5, 119.7, 118.7, 114.7, 109.7, 50.5 (one carbon peak was not observed because of
overlapping). HRMS (ESI") m/z calcd for C27HisN2O>Na [M+Na]*: 425.1260, found: 425.1260.
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9-Benzyl-9H-dibenzo[a,c]carbazole-12-carbonitrile (3ha)

(2
ey OQ

General procedure A: After purifcation by MPLC (CHCI3 only), the obtained solid was
washed with hexane to afford 3ha as a pale yellow solid (34 mg, 44% yield). "H NMR (600 MHz,
CDCl) 6 9.01 (d, /= 1.2 Hz, 1H), 8.88 (d, J= 8.4 Hz, 1H), 8.82 (dd, /= 8.1, 4.5 Hz, 2H), 8.27
(d, J=8.4 Hz, 1H), 8.84 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 7.71-7.66 (m, 3H), 7.56-7.51 (m, 2H)
7.41-7.37 (m, 2H), 7.36-7.33 (m, 1H), 7.30-7.26 (m, 2H), 6.06 (s, 2H). *C NMR (150 MHz,
CDCl) o 142.5, 136.2, 135.8, 131.4, 129.3, 128.9, 127.92, 127.86, 127.4, 126.9, 126.8, 126.6,
125.7, 124.8, 124.1, 123.64, 123.60, 123.4, 122.8, 122.5, 120.6, 113.5, 110.6, 103.8, 50.2 (one
carbon peak was not observed because of overlapping). HRMS (ESI") m/z calcd for CosHioN
[M+H]": 383.1543, found: 383.1547.

9-Benzyl-12-bromo-9H-dibenzo[a,c]carbazole (3ia)

(2
e
-0

General procedure A: After purification by MPLC (hexane/CHCl; = hexane only to 1:1), the
obtained solid was washed with hexane to afford 3ia as a pale yellow solid (54 mg, 62% yield).
"H NMR (600 MHz, CDCI5) 6 8.85 (d, J = 8.4 Hz, 1H), 8.81-8.77 (m, 3H), 8.25 (d, J = 8.4 Hz,
1H), 7.80 (ddd, /= 8.1, 7.2, 1.2 Hz, 1H), 7.64 (ddd, J = 9.6, 7.2, 1.2 Hz, 2H), 7.53 (dd, J = 9.0,
1.8 Hz, 1H), 7.49 (ddd, J=8.4, 7.2, 1.2 Hz, 1H), 7.39-7.35 (m, 3H), 7.34-7.30 (m, 1H), 7.28 (d,
J=17.2 Hz, 2H), 5.99 (s, 2H). *C NMR (150 MHz, CDCl3) & 139.9, 136.9, 135.3, 131.2, 129.5,
129.2,127.73,127.66, 127.2, 126.8, 126.6, 126.2, 125.9, 125.4, 124.5, 124.3,124.1, 123.6, 123.5,

123.0,122.9,114.0, 113.2, 111.4, 50.3. HRMS (EST") m/z calcd for C,7H9BrN [M+H]": 436.0695,
found: 436.0696.

110



9-Benzyl-12-methoxy-9H-dibenzo[a,c]carbazole (3ja)

)
MeO O ’Q
2

3ja

General procedure A: After purification by MPLC (hexane/CHCI3 = 7:3 to 1:1), the obtained
solid was washed with hexane to afford 3ja as a white solid (38 mg, 49% yield). 'H NMR (600
MHz, CDCl;) 6 8.85 (dd, J= 7.8, 3.0 Hz, 2H), 8.79 (d, /= 7.8 Hz, 1H), 8.25 (d, /= 7.8 Hz, 1H),
8.13 (d,J=2.4 Hz, 1H), 7.79 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.64-7.59 (m, 2H), 7.48 (ddd, J =
8.4,7.2,1.2 Hz, 1H), 7.42-7.35 (m, 3H), 7.33-7.28 (m, 3H), 7.12 (dd, J = 8.4, 2.4 Hz, 1H), 5.99
(s, 2H), 4.05 (s, 3H). *C NMR (150 MHz, CDCls) & 154.9, 137.5, 136.5, 135.2, 130.9, 130.0,
129.1, 127.5, 127.4, 127.0, 126.4, 126.0, 125.7, 124.1, 124.0, 123.7, 123.5, 123.3, 122.8, 113.5,
113.2, 110.5, 105.0, 56.2, 50.3 (one carbon peak was not observed because of overlapping).
HRMS (ESI") m/z calcd for C,sH2,NO [M+H]*: 388.1696, found: 388.1700.

9-Benzyl-11-methoxy-9H-dibenzo[a,c]carbazole (3ka)

(2
-0
98
-
3ka
General procedure A: After purification by MPLC (hexane/CHCIl3; = 7:3 to 1:1), the obtained
solid was washed with hexane to afford 3ka as a yellow solid (41 mg, 52% yield). "H NMR (600
MHz, CDCl;) 6 8.87 (d, J=7.8 Hz, 1H), 8.85 (d, J= 7.8 Hz, 1H), 8.79 (d, J= 8.4 Hz, 1H), 8.55
(d,J=9.0 Hz, 1H), 8.24 (d, /= 8.4 Hz, 1H), 7.77 (ddd, J= 8.4, 7.2, 1.2 Hz, 1H), 7.62-7.57 (m,
2H), 7.47 (ddd, J= 8.4, 7.2, 1.2 Hz, 1H), 7.40-7.31 (m, 5H), 7.08 (dd, J= 8.7, 2.1 Hz, 1H), 6.95
(d, J=2.4 Hz, 1H), 5.97 (s, 2H), 3.90 (s, 3H). *C NMR (150 MHz, CDCl3) § 157.9, 142.7, 137.4,
134.2,130.3,129.6,129.2,127.5,127.3,127.1,126.4, 126.0, 125.2, 124.0, 123.8, 123.54, 123.49,

123.3,122.7, 1224, 118.1, 114.2, 109.7, 94.0, 55.7, 50.4. HRMS (EST") m/z calcd for CosH,2NO
[M+H]": 388.1696, found: 388.1696.

MeO
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9-Benzyl-9H-dibenzo[a,c]carbazole-10-carbonitrile (31a)

(2

-0
98
CN k@

3la
General procedure A: After purification by MPLC (CHCI; only), the obtained solid was

washed with hexane to afford 3la as a pale yellow solid (32 mg, 42% yield). 'H NMR (600 MHz,
CDCl) 6 8.86 (t,/=9.0 Hz, 2H), 8.89 (d, /= 7.8 Hz, 1H), 8.73 (d, /= 8.4 Hz, 1H), 8.28 (d, /=
8.4 Hz, 1H), 7.83-7.79 (m, 2H), 7.72-7.64 (m, 3H), 7.54 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 7.42—
7.34 (m, 3H), 7.29 (d, J= 7.2 Hz, 2H), 6.04 (s, 2H). *C NMR (150 MHz, CDCl;)  139.9, 137.0,
136.2,131.7,129.4, 129.2, 128.0, 127.8, 127.4, 127.0, 126.8, 126.7, 125.7, 124.7, 124.2, 123.70,
123.67, 1234, 123.2, 122.5, 122.3, 120.2, 114.2, 113.5, 106.3, 50.2. HRMS (ESI") m/z calcd for
CasHi9N> [M+H]": 383.1543, found: 383.1546.

9-Benzyl-10-(benzyloxy)-9H-dibenzo[a,c]carbazole (3ma)

&,
-0
e

3ma

General procedure A: After purification by MPLC (hexane/CHCIl3; = 7:3 to 1:1), the obtained
solid was washed with hexane/CH,Cl, solution to afford 3ma as a pale yellow solid (37 mg, 40%
yield). "H NMR (600 MHz, CDCls) § 8.93 (d, J = 8.4 Hz, 1H), 8.84 (d, J= 7.8 Hz, 1H), 8.78 (d,
J=9.0Hz, 1H), 8.32 (d, /J=8.4 Hz, 1H), 8.26 (d,/=9.0 Hz, 1H), 7.77 (ddd, /= 8.4, 6.9, 1.5 Hz,
1H), 7.62-7.58 (m, 2H), 7.44-7.40 (m, 1H), 7.35-7.21 (m, 7H), 7.19 (d, J= 6.6 Hz, 2H), 7.03 (d,
J =172 Hz, 2H), 7.00 (d, J = 7.8 Hz, 1H), 6.30 (br s, 2H), 5.06 (s, 2H). *C NMR (150 MHz,
CDCl3) 6 146.9,139.8,136.4, 135.6, 131.0, 130.9, 129.8, 128.7, 128.4, 127.7,127.6, 127.3, 126.7,
126.33, 126.28, 125.9, 125.6, 124.0, 123.8, 123.6, 123.4, 123.32, 123.26, 121.2, 114.9, 114.2,
106.6, 70.7, 52.3 (one carbon peak was not observed because of overlapping). HRMS (ESI") m/z
caled for C34sH2sNO [M+H]": 464.2009, found: 464.2011.
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1-Ethyl-1H-dibenzol[e,g]indole (5aa)

A

—

5aa

General procedure A: Purification by MPLC (hexane/CHCI3 = hexane only to 7:3) and GPC
afforded 5aa as a white solid (19 mg, 39% yield). '"H NMR (600 MHz, CDCl;)  8.78 (dt, J=7.8,
0.6 Hz, 1H), 8.65 (d, /= 8.4 Hz, 1H), 8.29 (dd, /=9.0, 1.2 Hz, 1H), 8.22 (d,/=8.1, 0.9 Hz, 1H),
7.64-7.57 (m, 2H), 7.54 (ddd, /= 8.1, 6.9, 1.2 Hz, 1H), 7.50 (ddd, /= 8.4, 6.9, 1.2 Hz, 1H), 7.11
(d, J=2.4 Hz, 1H), 7.02 (d, J= 3.0 Hz, 1H), 4.61 (q, J = 7.2 Hz, 2H), 1.60 (t, /= 7.5 Hz, 3H).
B3C NMR (150 MHz, CDCl5) & 128.9, 128.8, 127.1, 126.8, 126.7, 126.4, 124.5, 124.2, 124.0,
123.8, 123.2, 123.1, 121.0, 100.9, 45.4, 16.4 (two carbon peaks were not observed because of
overlapping). HRMS (ESI") m/z calcd for CisHisN [M+H]": 246.1277, found: 246.1278.

1-Benzyl-1H-dibenzo[e,g]indole (5ba)

(D
A

N

Y

5ba

General procedure A: Purification by MPLC (hexane/CHCI3 = hexane only to 4:1) and PTLC
(hexane/CHCl; = 7:3) afforded Sba as a white solid (26 mg, 41% yield). "H NMR (600 MHz,
CDCls) 6 8.72 (d, J= 8.4 Hz, 1H), 8.64 (d, /=9.0 Hz, 1H), 8.26 (d, /= 8.4 Hz, 1H), 8.05 (d, /=
8.4 Hz, 1H), 7.64-7.60 (m, 1H), 7.54-7.50 (m, 1H), 7.47-7.44 (m, 1H), 7.41-7.37 (m, 1H), 7.30—
7.26 (m, 2H), 7.25-7.21 (m, 1H), 7.16 (d, J=3.6 Hz, 1H), 7.13 (dd, J= 9.3, 0.9 Hz, 1H), 7.09 (s,
1H), 7.08 (s, 1H), 5.81 (s, 2H). *C NMR (150 MHz, CDCl3) § 137.7, 129.0, 128.9, 128.71, 128.67,
127.6,127.5,127.0,126.8, 126.3, 125.9, 124.2, 124.1, 124.0, 123.9, 123.3, 123.14, 123.11, 121.3,
101.5, 53.9. HRMS (ESI") m/z calcd for Co3HisN [M+H]": 308.1434, found: 308.1433.
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1:1.4 Mixture of 2-Chloro-9-methyl-9H-dibenzo[a,c]carbazole (3ab) and 7-Chloro-9-
methyl-9H-dibenzo[a,c]carbazole (3ab")
cl

B (2
ssSaleatal

General procedure B: Purification by MPLC (hexane/CHCIl; = hexane only to 1:1) afforded
aregioisomeric mixture of 3ab and 3ab’as a yellow powder (30 mg, 94% yield, 3ab/3ab’=1:1.4).
'HNMR (600 MHz, CDCI5) 6 8.75 (d, J = 8.4 Hz, 1.4x1H), 8.67-8.61 (m, 2H + 1.4x1H), 8.60—
8.50 (m, 2H + 1.4x2H), 8.47 (d, J=2.4 Hz, 1.4x1H), 8.44 (d, /= 8.4 Hz, 1H), 7.71 (ddd, /= 8.1,
6.6, 1.2 Hz, 1.4x1H), 7.63-7.59 (m, 2H), 7.55-7.47 (m, 2H + 1.4x4H), 7.44 (dd, /= 8.7, 2.1 Hz,
1H), 7.41-7.36 (m, 1H + 1.4x1H), 4.25 (s, 3H), 4.21 (s, 1.4x3H). *C NMR (100 MHz, CDCl;) &
140.7, 140.6, 135.0, 133.22, 133.18, 132.0, 130.8, 130.3, 129.7, 129.0, 127.5, 126.30, 126.25,
125.8, 125.7, 125.5, 125.0, 124.9, 124.6, 124.1, 123.92, 123.89, 123.8, 123.7, 123.61, 123.58,
123.3, 123.1, 123.0, 122.9, 122.7, 122.1, 121.9, 121.5, 120.5, 120.4, 114.2, 112.3, 109.6 (20),
34.4,34.2. HRMS (ESI") m/z calcd for Co1HisCIN [M+H]": 316.0888, found: 316.0892.

2,7-Dibromo-9-methyl-9H-dibenzol[a,c]carbazole (3ac)

Br

()
-
N\ Br
3ac
General procedure B: Purification by MPLC (hexane/CHCIl3; = hexane only to 1:1) afforded

3ac as a white solid (36 mg, 81% yield). 'H NMR (600 MHz, CDCI5) & 8.68 (d, J= 1.8 Hz, 1H),
8.54 (d,J=2.4 Hz, 1H), 8.42 (d, J=9.0 Hz, 1H), 8.34 (d, /= 8.4 Hz, 1H), 8.33 (d, /= 9.0 Hz,
1H), 7.65 (dd, J=8.7, 2.1 Hz, 1H), 7.55 (dd, J=9.0, 1.8 Hz, 1H), 7.54-7.52 (m, 2H), 7.42-7.38
(m, 1H), 4.13 (s, 3H). *C NMR (150 MHz, CDCl;) & 140.6, 133.4, 130.9, 128.72, 128.65, 126.7,
1259, 125.4, 125.2, 124.8, 124.7, 124.4, 122.6, 121.9, 121.6, 120.8, 120.5, 112.9, 109.6, 34.2

(one carbon peak was not observed because of overlapping). HRMS (APCI") m/z caled for
C21Hi4BroN [M+H]": 439.9467, found: 439.9468.
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5,10-Dibromo-1-methyl-1H-dibenzo[e,glindole (5¢cc)

Br

>,
A

General procedure A: Purification by MPLC (hexane/CHCl; = 7:3 to 1:1) and GPC afforded
Scc as a white solid (35 mg, 44% yield). '"H NMR (600 MHz, CDCl;) & 8.56-8.53 (m, 2H), 8.43
(d,/J=8.4 Hz, 1H), 8.32 (d, /= 1.8 Hz, 1H), 7.64 (dd, J=9.0, 1.8 Hz, 1H), 7.59 (dd, /= 8.7, 2.1
Hz, 1H), 7.10 (d, J = 3.0 Hz, 1H), 6.96 (d, J = 2.4 Hz, 1H), 4.30 (s, 3H). *C NMR (150 MHz,
CDCl) 6 130.1, 129.5, 127.3, 127.1, 127.0, 126.9, 125.9, 125.7, 125.6, 124.94, 124.88, 123.5,
122.5, 121.3, 120.8, 100.8, 38.8. HRMS (ESI") m/z calcd for Ci7Hi2:Bro:N [M+H]": 389.9311,
found: 389.9312.

11-Methyl-11H-dinaphtho[2,1-a:1',2"-c]carbazole (3ad)
Y

e
Co-0

3ad

General procedure B: Purification by MPLC (hexane/CHCIl; = hexane only to 3:2) afforded
3ad as a yellow solid (9.7 mg, 25% yield). A single crystal of 3ad was obtained by
recrystallization from a CHCl; solution through vapor diffusion of pentane at room temperature,
and the structure was determined by X-ray crystallography (see Table 6 and Figure 6). '"H NMR
(600 MHz, CDCl5) 6 8.95 (d, J=9.0 Hz, 1H), 8.79 (d, /= 9.0 Hz, 1H), 8.68 (d, J = 8.4 Hz, 1H),
8.32 (d, J=8.4 Hz, 1H), 8.21 (d, /= 9.0 Hz, 1H), 8.12 (d, /= 9.0 Hz, 1H), 8.03 (d, /=9.0 Hz,
1H), 7.97 (d, J = 7.8 Hz, 2H), 7.64 (d, J = 8.4 Hz, 1H), 7.54 (ddd, /= 8.1, 7.2, 1.2 Hz, 1H), 7.50
(ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.45-7.41 (m, 2H), 7.26-7.19 (m, 2H), 4.48 (s, 3H). 3*C NMR
(150 MHz, CDCls) 6 141.8, 135.9, 131.8, 131.6, 131.1, 130.5, 130.4, 129.2, 129.1, 128.3, 127.8,
127.4, 126.9, 126.8, 125.9, 124.8, 124.7, 124.5, 124.2, 123.2, 122.1, 121.9, 121.5, 120.4, 120.2,
115.4,109.6, 34.7 (one carbon peak was not observed because of overlapping). HRMS (ESI") m/z
caled for C9H2oN [M+H]*: 382.1590, found: 382.1592.
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1-Methyl-1H-dibenzo[e,g]indole (5ca)

A

5ca

To a screw-capped glass tube containing a magnetic stirrer bar were added 1-methylpyrrole
(4¢) (2.0 mmol, 1.0 equiv), 2,2'-diiodo-1,1'-biphenyl (2a) (3.0 mmol, 1.5 equiv), Ag.COs (3.0
mmol, 1.5 equiv), Pd(OPiv), (0.10 mmol, 5.0 mol%), DMF (7.0 mL) and DMSO (3.0 mL) under
air. After stirring at 80 °C for 19 h, the reaction mixture was cooled to room temperature, and then
passed through a short pad of Celite® (eluent: CHCI3). After the organic solvent was removed
under reduced pressure, the residue was purified by MPLC (hexane/CHCl; = hexane only to 7:3)
to afford Sca as a white solid (171 mg, 37% yield). "H NMR (600 MHz, CDCls) & 8.77 (dt, J =
8.4, 0.6 Hz, 1H), 8.65 (dd, J=17.8, 0.6 Hz, 1H), 8.47 (dd, /= 8.4, 0.6 Hz, 1H), 8.22 (dd, J = 8.1,
0.9 Hz, 1H), 7.62-7.58 (m, 2H), 7.55 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 7.51 (ddd, /= 8.4, 6.9, 1.5
Hz, 1H), 7.05 (d, J = 3.0 Hz, 1H), 7.00 (d, J = 2.4 Hz, 1H), 4.30 (s, 3H). *C NMR (150 MHz,
CDCls) 6 128.9, 128.7, 128.6, 127.9, 126.83, 126.76, 126.3, 124.9, 124.1, 124.0, 123.9, 123.3,
123.1, 122.7, 121.0, 100.6, 38.9. HRMS (ESI") m/z calcd for Ci7H14N [M+H]": 232.1121, found:
232.1123.

2,7-Dibromo-9-methyl-9H-tetrabenzol[a,c,g,i]jcarbazole (6)

To a screw-capped glass tube containing a magnetic stirrer bar were added N-
methyldibenzoindole (5ca) (0.20 mmol, 1.0 equiv), 4,4'-dibromo-2,2'-diiodo-1,1'"-biphenyl (2a)
(0.30 mmol, 1.5 equiv), AgOPiv (0.40 mmol, 2.0 equiv), Pd(CH3CN)»(BF4), (0.010 mmol, 5.0
mol%), 1,2-dichloroethane (2.0 mL) and TfOH (0.40 mmol, 2.0 equiv) under air. After stirring at
50 °C for 12 h, the reaction mixture was cooled to room temperature, and then passed through a

short pad of Celite® (eluent: CHCIs). After the organic solvent was removed under reduced
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pressure, the residue was purified by MPLC (hexane/CHCIs = hexane only to 7:3), and then the
obtained solid was washed with hexane to afford 6 as a white solid (36 mg, 33% yield). '"H NMR
(600 MHz, CDCl3) 6 9.13 (d, J = 1.8 Hz, 1H), 8.87 (dd, J= 8.1, 1.5 Hz, 1H), 8.84 (dd, /= 8.1,
1.5 Hz, 1H), 8.76 (dd, J = 8.1, 1.5 Hz, 1H), 8.61 (d, J= 1.8 Hz, 1H), 8.59 (d, J = 9.0 Hz, 1H),
8.51-8.48 (m, 2H), 7.74-7.62 (m, 6H), 4.59 (s, 3H). *C NMR (150 MHz, CDCls) § 137.9, 136.5,
131.0, 130.1, 128.8, 128.34, 128.3, 128.13, 128.08, 127.6, 126.4, 126.2, 126.0, 125.8, 125.6,
125.33, 125.28, 125.2, 124.9, 124.1, 123.9, 123.3, 123.0, 120.7, 120.3, 117.1, 116.8, 41.2 (one
carbon peak was not observed because of overlapping). HRMS (APCI") m/z calcd for C2oHisBraN
[M+H]": 539.9780, found: 539.9781.

11-Methyl-11H-benzo[4,5]thieno[3,2-a]benzo[4,5]thieno[2,3-c]carbazole (8)

General procedure B: Purification by MPLC (hexane/CHCIl; = hexane only to 4:1) and GPC
afforded 8 as a yellow solid (13 mg, 32% yield). A single crystal of 8 was obtained by
recrystallization from a CHCIl; solution through vapor diffusion of pentane at room temperature,
and the structure was determined by X-ray crystallography (see Table 6 and Figure 7). '"H NMR
(600 MHz, CDCl3) 6 9.16 (d, /= 8.4 Hz, 1H), 8.92 (d, /= 8.4 Hz, 1H), 8.49 (d, /= 7.8 Hz, 1H),
8.01 (dd, J=17.5, 5.1 Hz, 2H), 7.68 (d, J = 8.4 Hz, 1H), 7.65-7.52 (m, 4H), 7.50 (ddd, J = 8.4,
7.2, 1.2 Hz, 1H), 7.45 (ddd, J= 8.4, 6.9, 1.2 Hz, 1H), 4.23 (s, 3H). *C NMR (150 MHz, CDCl5)
0 144.3,139.8, 139.3, 138.8, 136.3, 134.7, 133.1, 129.8, 126.8, 126.1, 125.5, 125.4, 125.3, 125.2,
124.4,124.2,123.9,123.22,123.15, 122.8, 120.24, 120.21, 117.8, 111.0, 37.4. HRMS (ESI") m/z
caled for C2sHi6NS; [M+H]": 394.0719, found: 394.0720.
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21-Methyl-21H-benzo[4,5]thieno[3,2-a]benzo[4,5]thieno[2,3-c]benzo[4,5]thieno[3,2-
g]benzo[4,5]thieno[2,3-i]carbazole (9)

To a screw-capped glass tube containing a magnetic stirrer bar were added N-methylpyrrole
(4¢) (0.20 mmol, 1.0 equiv), 2,2'-diiodo-1,1'-biaryl (7) (0.60 mmol, 3.0 equiv), Ag,CO;3 (0.60
mmol, 3.0 equiv), Pd(OPiv), (0.010 mmol, 5.0 mol%), DMF (0.7 mL) and DMSO (0.3 mL) under
air. After stirring at 80 °C for 19 h, the reaction mixture was cooled to room temperature, and then
passed through a short pad of Celite® (eluent: CHCI3). After the organic solvent was removed
under reduced pressure, the residue was purified by MPLC (hexane/CHCI; = 19:1 to 3:2) and
GPC to afford 9 as a yellow solid (18 mg, 15% yield). A single crystal of 9 was obtained by
recrystallization from a THF solution through vapor diffusion of pentane at room temperature,
and the structure was determined by X-ray crystallography (see Table 6 and Figure 8). '"H NMR
(600 MHz, CDCl5) 6 8.83 (d, /= 7.8 Hz, 2H), 8.09 (d, /= 7.8 Hz, 2H), 7.95 (d, J = 7.8 Hz, 2H),
7.80 (ddd, J=8.4,7.2, 1.2 Hz, 2H), 7.69 (d, J= 8.4 Hz, 2H), 7.62 (ddd, /= 8.1, 7.2, 1.2 Hz, 2H),
7.29 (ddd, J= 8.1, 7.2, 0.9 Hz, 2H), 6.78 (ddd, /= 8.1, 7.2, 0.9 Hz, 2H), 3.98 (s, 3H). °C NMR
(150 MHz, CDCls) 6 144.7, 139.7, 139.2, 136.6, 134.4, 133.0, 129.2, 129.1, 127.7, 126.1, 125.3,
125.1, 123.2, 122.7, 122.3, 122.2, 120.0, 41.4 (one carbon peak was not observed because of
overlapping). HRMS (APCI") m/z calcd for C37H20NS4 [M+H]": 606.0473, found: 606.0473.

3. Experiments for mechanistic considerations

Palladium-catalyzed C—H phenylation of 1,2-dimethylindole (10)

Pd(OPiv) (5.0 mol%) O
m Ag,COj (1.5 equiv)
G -G

\ DMF/DMSO
80°C,19h N
\

10 3.0 equiv 12
0.20 mmol

To a screw-capped glass tube containing a magnetic stirrer bar were added 1,2-dimethylindole
(10) (0.20 mmol, 1.0 equiv), iodobenzene (0.60 mmol, 3.0 equiv), Ag,CO3(0.30 mmol, 1.5 equiv),
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Pd(OPiv), (0.010 mmol, 5.0 mol%), DMF (0.7 mL) and DMSO (0.3 mL) under air. After stirring
at 80 °C for 19 h, the reaction mixture was cooled to room temperature, and then passed through
a short pad of Celite® (eluent: EtOAc or CHCls). After the organic solvent was removed under
reduced pressure, the residue was purified by PTLC (hexane/AcOEt = 10:1) to afford 1,2-
dimethyl-3-phenyl-1H-indole (12) as a white solid (18 mg, 40% yield). '"H NMR (600 MHz,
CDCl3) 6 7.66 (d, J= 7.8 Hz, 1H), 7.51-7.43 (m, 4H), 7.33-7.27 (m, 2H), 7.21 (ddd, J=8.1, 7.2,
0.9 Hz, 1H), 7.11 (ddd, J= 8.1, 7.2, 1.2 Hz, 1H), 3.74 (s, 3H), 2.49 (s, 3H). *C NMR (150 MHz,
CDCl3) 6 136.6, 135.8, 133.3, 129.7, 128.4, 126.9, 125.6, 121.1, 119.6, 118.7, 114.0, 108.7, 29.6,
11.1. HRMS (ESI") m/z calcd for CiHisN [M+H]": 222.1277, found: 222.1278.

Palladium-catalyzed C—H phenylation of 1,3-dimethylindole (11)

Pd(OPiv) (5.0 mol%)
b D) e (S (Y
N\ DMF/DMSO, N
1

80 °C, 19 h \

3.0 equiv 13
0.20 mmol

To a screw-capped glass tube containing a magnetic stirrer bar were added 1,3-dimethylindole
(11) (0.20 mmol, 1.0 equiv), iodobenzene (0.60 mmol, 3.0 equiv), AgCO3(0.30 mmol, 1.5 equiv),
Pd(OPiv), (0.010 mmol, 5.0 mol%), DMF (0.7 mL) and DMSO (0.3 mL) under air. After stirring
at 80 °C for 19 h, the reaction mixture was cooled to room temperature, and then passed through
a short pad of Celite® (eluent: EtOAc or CHCls). After the organic solvent was removed under
reduced pressure, the residue was purified by PTLC (hexane/AcOEt = 10:1) to afford 1,3-
dimethyl-2-phenyl-1H-indole (13) as a white solid (36 mg, 80% yield). 'H NMR (600 MHz,
CDCl3) 6 7.60 (dt, J = 7.8, 1.2 Hz, 1H), 7.50-7.46 (m, 2H), 7.42-7.38 (m, 3H), 7.33 (d, J= 7.8
Hz, 1H), 7.25 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 7.15 (ddd, J = 8.1, 7.2, 1.2 Hz, 1H), 3.61 (s, 3H),
2.29 (s, 3H). ®*CNMR (150 MHz, CDCl5) § 137.6, 137.2, 132.1, 130.6, 128.4, 128.3, 127.7, 121.7,
119.1, 118.8, 109.2, 108.5, 30.9, 9.3. HRMS (ESI") m/z calcd for CisHigN [M+H]": 222.1277,
found: 222.1278.
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5. X-ray crystallographic analysis of 3ad, 8 and 9

Each single crystal of 3ad, 8 and 9 was obtained by the recrystallizations from CHCls/pentane,
CHCls/pentane and THF/pentane, respectively. Details of the crystal data and a summary of the
intensity data collection parameters for 3ad, 8, and 9 are listed in Table S1. A suitable crystal,
obtained by crystallization from appropriate solution, was mounted with mineral oil on a
MiTeGen MicroMounts and transferred to the goniometer of a Rigaku PILATUS diffractometer.
Graphite-monochromated Mo Ko radiation (4 = 0.71075 A) was used. The structures were solved
by direct methods with (SIR-97)* and refined by full-matrix least-squares techniques against F2
(SHELXL-2014/7)* by using Yadokari-XG software package.** The intensities were corrected
for Lorentz and polarization effects. The non-hydrogen atoms were refined anisotropically.

Hydrogen atoms were placed using AFIX instructions.
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Table 6. Crystallographic data and structure refinement detail for 3ad, 8 and 9.

3ad

8 9
CCDC deposition No. 1848311 1848309 1848310
Formula CyoHioN CysHisNS, C41H27NOS4
Fw 381.45 393.50 677.87
T (K) 123(2) 123(2) 123(2)
2 (A) 0.71073 0.71073 0.71073
cryst syst Monoclinic Orthorhombic Monoclinic
space group P2i/n Pbca P2i/c
a, (A) 10.6434(15) 18.7793(2) 16.1846(6)
b, (A) 9.1028(13) 7.45210(10) 27.2713(9)
c, (A) 20.109(3) 50.3987(6) 7.6092(3)
a, (deg) 90 90 90
£, (deg) 102.565(15) 90 97.890(3)
y, (deg) 90 90 90
V, (A% 1901.6(5) 7053.06(15) 3326.7(2)
VA 4 16 4
Dealc, (g / cm?) 1.332 1.482 1.353
w (mmt) 0.077 0.313 0.321
F(000) 800 3264 1408
cryst size (mm) 0.20 x 0.05 x 0.05 0.25x0.10 x 0.10  0.20 x 0.10 x 0.02
0 range, (deg) 2.009-24.998 1.946-24.999 1.961-24.999
reflns collected 13195 68569 30329
indep reflns/Rin 3357/0.1713 6212/0.0227 5832/0.0434
params 272 507 469
GOF on F? 1.010 1.278 1.086

Ri, wR, [1>201(1)]
R1, WR; (all data)

0.1013, 0.2480
0.1869, 0.3280
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0.0419, 0.0921
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Figure 7. ORTEP drawings of 8 with 50% thermal ellipsoid.
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6. DFT calculations of 8 and 9

The Gaussian 09 program® running on a SGI Altix4700 system was used for geometry
optimization (B3LYP/6-31G(d)).*® All structures were optimized without any symmetry
assumptions. Zero-point energy, enthalpy, and Gibbs free energy at 298.15 K and 1 atm were
estimated from the gas-phase unless otherwise noted. Calculations of harmonic vibration
frequencies, molecular orbitals and their energies at the same level were performed to verify all
stationary points as local minima (with no imaginary frequency) or transition states (with one
imaginary frequency). Visualization of the results was performed by use of GaussView 5.0

software.

Table 7. Uncorrected and thermal-corrected (298 K) energies of stationary points (Hartree).?

structure E E +ZPFE H G
8 -1812.87556461  -1812.548257  -1812.526842  -1812.596592
9 -3068.96648317  -3068.518491  -3068.486765  -3068.578818

E: electronic energy; ZPE: zero-point energy; H (= E + ZPE + Eiy + Erot + Etrans T RT): sum of electronic

and thermal enthalpies; G (= H — TS): sum of electronic and thermal free energies.
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Cartesian coordinates of optimized structures

Compound 8

C
C
C
C
C
C
C
C
C
C
C
H
C
H
H
H
C
C
C
C
C
C
C
H
C
H
H
H
N
S

S

C
H
H
H
C
H
C
H
C
H
C
H

0.30925000
1.38308400
-0.62860900
0.78038800
1.29834600
2.64489300
0.39110800
2.72615800
3.79662000
3.91844000
4.98360900
3.75047600
5.05470100
3.95058700
5.86102100
5.99021200
-1.54565100
-2.98636400
-0.99168000
-3.48404300
-3.88788200
-4.83259300
-5.22965500
-3.53438800
-5.70907600
-5.18497900
-5.90973300
-6.76099200
-0.90352500
1.16439300
-2.20876200
-2.07644800
-2.65129200
-1.75399700
-2.72317100
0.50644000
-0.33349900
1.81370900
1.99644000
2.89326300
3.90594200
2.68765100
3.53801700

Compound 9

C
C
C
C
C
C
C
C

1.19279800

0.68985400
-1.04833700
-0.76794300
-1.85720600
-1.88991900
-3.16747400
-3.20604800

3.07541200
2.14870300
1.02499200
0.82391700
-0.50406700
-1.03108400
-1.54644200
-2.41759700
-0.40943600
-3.13451600
-1.12109700
0.61477400
-2.47295200
-4.19350500
-0.62462000
-3.01602300
-0.05914900
-0.14607600
-1.33055600
-1.44918400
0.80156700
-1.77479600
0.47807200
1.77717700
-0.79685100
-2.77968400
1.22093300
-1.03429900
2.39448100
-3.11595600
-2.59016300
3.01688700
3.60277400
3.68550400
2.25308800
4.45683900
5.14483800
4.92696700
5.99663300
4.03092600
4.41233900
2.65668200
1.99364200

-0.93227300
0.37957000

-1.11128300
0.27152000
1.17594600
2.54534700
0.66746100
3.06613900

-0.03921000
-0.01702900
-0.02130600
0.01443300
-0.01707800
0.18441300
-0.29883100
-0.10076600
0.70175900
0.01369800
0.83387700
1.04575700
0.46851400
-0.22578600
1.23858200
0.56865900
-0.04256100
0.18512200
-0.30137500
-0.06790500
0.70634500
0.08382700
0.87607000
1.01541700
0.54432900
-0.13017000
1.28331500
0.67465800
-0.05035300
-0.51354300
-0.48529900
-0.65645400
0.06996100
-1.46180900
-1.08438100
-0.11642800
-0.11644500
-0.19301500
-0.24600700
-0.22190400
-0.31732700
-0.14411300
-0.22695600

-0.22681400
-0.04310700
-0.09180600
-0.10768200
-0.29888000
-0.80334400
-0.14498800
-0.86005000
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-0.85077500
-3.47726300
-1.11777900
-2.42027900
-2.34847100
-2.81471300
-3.40578900
-4.22397000
-2.08105900
-4.89398700
-2.74480600
-0.99718900
-4.14456000
-5.97640300
-2.17021000
-4.64988100
0.13412700
-4.42086600
-4.98038600
0.08118100
1.03113800
-0.70948800
-0.11934800
2.57469800
3.31370200
3.44568600
4.70593800
2.86477400
2.97776800
5.13481300
5.61209700
3.76649000
1.82140400
1.60910500
4.00458500
5.13104600
6.67362200
3.40817500
1.42274400
2.62501800
5.82307700
2.68396100
1.53048300
-4.49525700
3.61675500
-2.61288500
0.28462200
0.34378700
1.55948300
-0.63471200
-0.54078900
-0.30583600
0.15689300

3.33080200
4.35116400
4.60216200
5.12174700
-1.62310100
-2.97083900
-0.69003300
-3.02480100
-4.14737500
-4.21428700
-5.33334000
-4.11798000
-5.37252100
-4.23349500
-6.23672900
-6.30712900
-1.86384700
1.88528300
-1.44040100
-2.69515800
-3.20588500
-3.44041700
-2.06583500
-1.21252800
-2.46949700
-0.10056200
-2.26196400
-3.78802900
1.18269800
-0.55137700
-3.32179400
-4.84655800
-3.97588500
1.42730700
2.58073300
-4.61957800
-3.13592000
-5.85917700
2.71824700
3.46325600
-5.45620500
4.72184300
5.23137900
4.72924700
5.27732600
6.12091500
3.24223600
4.48354500
6.20418900
2.67019900
4.87608100
5.19703900
2.93771000

-1.33525900
-1.33282100
-1.82859300
-1.80797300
0.09856700
0.39018500
0.09324000
0.51882400
0.62662700
0.80758200
0.92246000
0.61482500
0.99761000
0.89510700
1.10631900
1.22384100
-0.29886000
-0.37717600
0.33926800
-1.52859000
-1.67434100
-1.44145000
-2.40523000
-0.29481600
-0.31192900
-0.29547900
-0.47139600
-0.11074800
0.00719400
-0.50969000
-0.52469900
-0.14561000
0.11479200
0.25784500
0.32792400
-0.37328300
-0.65995500
0.01637900
0.91030900
0.98057000
-0.40637500
1.58133100
2.17066200
-1.35496700
1.61310400
-2.18863300
1.54977500
2.17142500
2.65348700
1.57256400
2.66441000
-2.23663800
-1.37847100
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Table 8. TD-DFT vertical one-electron excitations (3 states) calculated for the conformation of

optimized 8.

oscillator
exited state energy wavelength description
strength (f)
HOMO — LUMO (0.68377)
1 3.2338 eV 383.41 nm 0.1329
HOMO-1 — LUMO+1 (0.13101)
HOMO-1 — LUMO (0.67894)
2 3.5204 eV 352.19 nm 0.2335
HOMO — LUMO+1 (-0.12685)
HOMO-2 — LUMO (0.63711)
3 4.0345 eV 307.31 nm 0.0380 HOMO-1 — LUMO+1 (0.10179)

HOMO — LUMO+1 (-0.19606)

Table 9. TD-DFT vertical one-electron excitations (5 states) calculated for the conformation of

optimized 9.

oscillator
exited state energy wavelength description
strength (f)
HOMO — LUMO (0.67912)
1 3.0922 eV 400.96 nm 0.2200
HOMO-1 — LUMO (0.12453)
HOMO-1 — LUMO (0.62281)
2 3.1538 eV 393.13 nm 0.0781 HOMO — LUMO (-0.13802)
HOMO — LUMO+1 (0.27352)
HOMO-3 — LUMO (0.10794)
3 3.4845 eV 355.82 nm 0.1976 HOMO-1 — LUMO (-0.27528)
HOMO — LUMO+1 (0.62304)
HOMO-1 — LUMO+1 (0.68477)
4 3.5461 eV 349.63 nm 0.1649
HOMO — LUMO+2 (0.12258)
HOMO-2 — LUMO (0.66399)
5 3.6880 eV 336.19 nm 0.0296

HOMO — LUMO+2 (0.19397)
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Chapter 3

Palladium-Catalyzed Esterification of Carboxylic Acids
with Aryl lodides

Abstract

The first palladium-catalyzed esterification of carboxylic acids with aryl iodides is described.
A palladium-based catalytic system consisting of 1,3-bis((pentafluorophenyl)methyl)imidazole-
2-ylidene (IBn") ligand was found to significantly accelerate aryl-O bond-forming esterification
reaction. A series of aryl iodides and carboxylic acids undergoes a palladium-catalyzed coupling
reaction to provide the corresponding aryl esters in moderate to good yields. In addition, sterically
hindered aryl iodides and carboxylic acids were well tolerated yielding the corresponding aryl

esters.
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1. Introduction

Since aryl esters have biological functions and tunable reactivity to nucleophiles, they are
fundamental subunits found often in pharmaceuticals, agrochemicals, polymers, natural products
and also in variety of synthetic intermediates.! A group of compounds that frequently contain
esters in pharmaceuticals are prodrugs, also shown below. Prodrugs are designed to allow
bioactive drugs with poor pharmacokinetics to be efficiently absorbed and distributed in the
body.> When an ester prodrug is administered to the body, the ester bond is hydrolyzed by
carboxyesterase in the body to generate the original drug. This transformation improves drug
solubility and membrane permeability, and enables effective drug concentrations to be achieved

in vivo.

Drugs Ho\ﬁo

NH
O

>('L0J@f (9 C(?o' @

ONO-5046 (Neutrophil Elastase Inhibitor)  Coumarin-based prodrug Allosteric GABA, modulator

Polymer

O/ \o
0
o 0,0 o) OH
0 o] d’ *
n

Copolyester derived from biomass

Amidepsine B
Figure 1. Widely used or found functional aryl esters.
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Recently, aryl esters have also attracted much interests as green and low-cost arylating agents
via C-O activation in metal-catalyzed coupling reactions.? One of representative examples would
be a cross-coupling reaction of aryl pivalates with boronic acids developed by Garg and co-
workers in 2008 (Scheme 1a).* They achieved the cross-coupling by using Ni catalyst to activate
typically unreactive Caryi—Oacyi bond of low-cost and readily available O-acylated phenols. Since
then, aryl pivalates have attracted attention as new electrophiles and have been applied not only
to coupling with boronic acids but also to C—H arylation reactions. In 2011, Itami, Yamaguchi,
and co-workers reported nickel-catalyzed C—H/C—O couplings using aryl pivalates (Scheme 1b).
This catalytic system using Ni(cod),, dcype and Cs,COs is applicable to direct arylation of various
thiazoles and has been adapted to the synthesis of complex natural product derivatives (Scheme
1b).°

(a) Garg [2008]

cat. N|C|2(PCy3)2 @
K3PO,
O\rH< ¥ HO‘B @ — >
1
O OH toluene, heat @

cat Ni(cod), ,

' cat. dcype o
1
O L. I
- el N
0 H/L\N 1,4-dioxane, heat @

Scheme 1. Ni-catalyzed cross-coupling reactions of aryl pivalates with electrophiles.

(b) Itami [2011]

Among various synthetic routes for aryl esters, condensation of phenols and carboxylic acids
or their derivatives, i.e. Cacyr—Oaryi bond formations, undoubtedly represents one of most
conventional and established transformations (Scheme 2).¢ On the other hand, less attention has
been paid to the synthesis of aryl esters via Cary1—Oacyl bond formations such as the cross-coupling
between aryl halides and carboxylic acids (Scheme 3), while a number of useful metal-catalyzed
Cary—O bond forming reactions using aryl halides/metals with alcohols such as Ullmann reaction

have been developed for the synthesis of aryl ethers (Scheme 4).”
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acid or base or

OH X_ _R condensation reagent Oo. _R
<Y - (Y
o ]

X =0H, Cl, OCOR

Scheme 2. Most conventional and established preparation method of aryl esters through Cacyi—

Oary1 bond formation.

X . HO\g/R cat. [M] O\g,R

X=Cl, Br, |

Scheme 3. Undeveloped cross-coupling of aryl halides with carboxylic acids through Cary—Oacyi

bond formation.

cat. Cu
Ligand

X=Cl,Br, |

Scheme 4. Ullman reaction of aryl halides with aryl alcohols.

Base on the findings that have been reported to date, the use of carboxylic acids as an O-
nucleophile in metal-catalyzed Caryi—Oacy1 bond formation has been limited to three types of
esterifications. In 2010, Cheng and coworkers established an esterification of arenecarboxylic
acids with aryl- and alkenyl-substituted trimethoxysilanes by copper(Il) catalyst (Scheme 5).%
This catalytic system is similar to Chan—Lam—Evans coupling which affords diaryl ether from
phenols and arylboronic acids, and the Cheng’s reaction allowed a series of aryltrimethoxysilanes
to react with arene carboxylic acids in the presence of copper(Il) catalyst, smoothly giving aryl
esters in good yields. In the same year, they also reported copper(Il)-catalyzed esterification of
arenecarboxylic acid with arylboronic acids. Liu also developed Cu-mediated O-arylation of
arenecarboxylic acids independently in 2011.° Directing group-assisted catalytic C—H activation
is also known as another example for Cayi—Oacy bond formation. Because of its synthetic
advantages in terms of step- and atom-economy, huge efforts have been devoted to establish
efficient acyloxylation of arenes from many groups. As one of extensive studies, C—H activation
by the use of variety of transition metals can achieve the cross coupling of arenes with carboxylic

acids (Scheme 6). 1
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Chang-Lam-Evans coupling

cat. Cu

. "o . ore

X=0,NR, S

Cheng [2010], Liu [2011]

cat. Cu

x . Ho\g,R base O\IOrR

X = Si(OMe)3, B(OH),

Scheme 5. Chang-Lam—Evans-type Cu-catalyzed cross-coupling reactions between

arylsilanes/arylboronic acids and carboxylic acids.

DG

HO(_R cat. Pd, Rh, Ru, Co, Cu O R
" Y - &
le} (0]

DG = oximes, pyridines, pyrazoles,
amides, acetanilides etc.

Scheme 6. Synthesis of aryl esters by directing group-assisted C—H activation.

When the author started the present study, there has been no report on cross-couplings using
aryl halide as an electrophile and carboxylic acid as a nucleophile. Two assumptions can be made
to explain why Caryi—Oacy1 bond formations has not been reported. Firstly, carboxylate have weak
coordinating ability due to the delocalization of the negative charge over the oxygen atoms, so
they tend to deviate from Pd even if its coordinated. Secondly, reductive elimination is less likely
to occur in the cationic counter metal coordinated x'-binding (monodentate) mode which is
predominant in the presence of Lewis acidic metals such as alkali metal ions (Figure 2)."
Furthermore, the aryl-palladium—carboxylate (Ar—Pd-OCOR) intermediate is well known to
show an ability of C—H activation via concerted metalation-deprotonation (CMD) pathway rather
than the reductive elimination of aryl carboxylate (Ar—OCOR) (Figure 3a). In related metal-
catalyzed reactions where aryl metal carboxylates (Ar—M—OCOR) are formed in situ, the Ar—
OCOR bond is easily cleaved through the oxidative addition of electron-rich low-valent metals
like nickel(0) (Figure 3b).? In addition, phenoxy esters can easily undergo decomposition in the

presence of nucleophiles due to the high leaving ability of the phenoxy group (Figure 3c).!"?
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Figure 2. Coordination patterns of carboxylate to palladium.

(a) Ar—Pd-OCOR undergoes arylation

C-H activation reductive

via CMD mechanism elimination
d O . . @
0
H -Pd°L,

(Ar-Pd—OCOR) (Ar—Pd Ar) (Ar—Ar)
-HOCOR
well known well known
(b)* Reported C,, -0, bond cleavage by nickel 0
R"
(0] cat. 0 H o)

}—R Ni(O)L,, R -y R"
O e @d T

R = t-Bu, NMe, oxidative Ln a-C—H arylation

(A~OCOR) addition (A-Ni—OCOR) of ketone

(c) Decomposition by Nucleophiles (Nu)

@ e @ 3

(Ar-OCOR)

Nu = hydroxide, alkoxide, annmonia, amine

Figure 3. Possible bypass reactions in Caryl-Oacyl bond forming cross-coupling reactions.

With this background, in 2017, McCuster and MacMillan achieved a first cross-coupling
between aryl bromides and carboxylic acids by energy transfer-driven organometallic catalysis
(Scheme 7). They found Ir(ppy); photosensitizer can transfer excitation energy to aryl-Ni(II)
carboxylate under visible light irradiation, thus achieving challenging reductive elimination of
Cary—Oacy1 bond to give the corresponding aryl esters (Scheme 8). The achievement of this
photoredox reaction can be attributed not only to the photoredox catalyst, but also the mild

reaction temperature around 40 °C and the use of organic bases with low nucleophilicity.
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Scheme 7. Cross-coupling between aryl bromides and carboxylic acids by energy transfer-

driven organometallic catalysis.
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N/\N
"NiTI O
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MeO,C N, N MeO,C
N
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Scheme 8. Synthesis of aryl esters by energy transfer-driven coupling.

As mentioned above, the substrate generality of metal-catalyzed Caryi—Oacyi bond forming
reactions has been increased along with their development. However, there is no report on
transition metal-catalyzed cross-coupling between aryl halides and carboxylic acids in 2016 when
the author started the research on related projects, whereas McCuster and MacMillan’s report the
first example by Ni-photoredox system in 2017. As already introduced, there are obvious
difficulties in producing an aryl ester through reductive elimination from an Ar—-Pd—OCOR, and

the low stability of aryl esters themself under conditions with low valent transition metal catalysts

makes this reaction much more difficult. From the viewpoints of fundamental understanding of

undeveloped elementary reaction in organometallic chemistry as well as achieving challenging
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organic transformation, screening a new catalytic system with appropriate metal, ligand and

conditions is highly important for achieving Caryi—Oacy1 bond formation.

In this chapter, the first palladium-catalyzed esterification of carboxylic acids with aryl iodides
is described. In the presence of a unique palladium -catalyst, prepared in situ from
[Pd(cinnamyl)Cl],, HBr salt of 1,3-bis((pentafluorophenyl)methyl)imidazole-2-ylidene (IBn"),
and Ag,CO:s, series of aryl iodides and carboxylic acids undergoes a cross-coupling reaction to

provide the corresponding aryl esters in moderate to good yields (Scheme 9).

cat. [Pd(cinnamyl)Cl],

IBn"-HBr
AgxCO;
O MS4A
@ G YR
HO
l

1,4-dioxane
IBnF-HBr

................................

Scheme 9. Pd-catalyzed esterification of aryl iodides with carboxylic acids.
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2. Results and Discussion

2-1. Screening of reaction conditions

First, the optimization of reaction conditions using 4-iodoanisole (1a) and pivalic acid (2a) as
model substrates was performed (Table 1). Through extensive screening of metal catalysts,
ligands, bases and so on, it was found that the combination of Pd(OAc) (5 mol %) and Ag,COs3
(3.0 equiv) promoted the desired esterification in the presence of MS4A in 1,4-dioxane at 100 °C,
providing aryl ester 3aa in 32% GC yield (entry 1). The screening of phosphine ligands such as
PCys, PPhs, SPhos, BINAP and dppbz was conducted but the yield of 3aa was not improved
(entries 2-6). The use of nitrogen-based ligand such as 2,2’-bipyridyl (bipy) dramatically lowered
the yield (entry 7, 3% yield). To our delight, N-heterocyclic carbene (NHC) ligands such as 1,3-
bis(2,4,6-trimethylphenyl)imidazole-2-ylidene (IMes) and 1,3-bis(2,6-
diisopropylphenyl)imidazole-2-ylidene (IPr) effectively facilitated the esterification reaction
(entry 8, 9). Especially, hydrogen bromide salt of (1,3-bis((perfluorophenyl)methyl)imidazole-2-
ylidene) (IBnF)® showed further increase of yield (entry 10, 78% yield). The reaction with more
electron-rich dibenzyl NHC ligand (IBn) was also tested for comparison, but the yield of 3aa
dropped to 55% (entry 11).°
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Table 1. Ligand screening in the Pd-catalyzed esterification of aryl iodide 1a with carboxylic

acid 2a.

Pd(OAc), (5 mol%)
ligand (5 mol%)

| Ag,CO3 (3.0 equiv)
/©/ . Hoj* MS4A (100 mg) _ O\H)<
1,4-dioxane (2.0 mL ,[ ]
MeO ( ) MeO ©

© 100 °C, 36 h
1a 2a 3aa
0.40 mmol 1.5 equiv
entry ligand yield?
1 none 32% : :
2 PCy; HBF,? 37% : @\/ ™\ \/@ :
: NN :
3 PPhg" 25% : + :
: Br '
4 SPhos 32% IBn-HBr
5 BINAP 32% : :
: F F E
6 dppbz 26% b oE .
7 bipy 3% : F F :
8 IMes-HCI 50% i F N__N Fi
’ ' d N2\ L :
9 IPr-HCI 66% : Br 5
H F. H
10 IBnF-HBr 78% (75%)° IBnF-HBr
1 IBn-HBr 510, o TTTTTTTTTmmmmmmmmmmmTmmmTees

4Determined by gas chromatography by using dodecane
as an internal standard. 10 mol%. CIsolated yield.

Setting IBn"-HBr as an optimal ligand precursor, further investigation on the effect of base was
carried out (Table 2). The use of Ag,0O resulted in lower yield (entry 2, 34% yield). Silver salts
are essential for this reaction; the use of K,COs, Na,COs and Cs,COj instead of Ag,COs3 or the
absence of silver salt completely shuts down the reaction (entries 3-6). Interestingly, the
employment of silver pivalate instead of the combination of pivalic acid (2a) and Ag,COs also
gave the product 3aa in 55% yield (entry 7). This result implies that mixing 2a and Ag,CO3 would
also give AgOPiv in situ, and it works as effective transmetalation or ligand exchanging agents in

the present catalytic reaction.
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Table 2. Screening of base in the Pd-catalyzed esterification of aryl iodide 1a with carboxylic

acid 2a.

Pd(OAc); (5 mol%)
IBnF-HBr (5 mol%)

| base (3.0 equiv)
/©/ . HO?H< MS4A (100 mg) /©107\)<
MeO MeO

0 . (e}

1,4-dioxane (2.0 mL)
1a 2a 100 °C, 36 h 3aa
0.40 mmol 1.5 equiv

entry base yield?

1 A92003 78%

2 Ag,0 34%

3 K,CO3 0%

4 Na,CO3 0%

5 CSzCO3 0%

6 none 0%

70 AgOPiv°® 55%

aDetermined by gas chromatography by using dodecane
as an internal standard. °Reaction without pivalic acid. °1.5
equiv. %Isolated yield.

Then, the reaction solvents were examined (Table 3). As the solvent, 1,4-dioxane gave the best
result (entry 1). Low polar solvents such as toluene and 1,2-dichloroethane decreased the yield
(entries 2 and 3) in terms of yield, while highly polar solvents such as acetonitrile,
dimethylformamide (DMF) and 1,1,1,3,3,3-hexafluoroisopropyl alcohol (HFIP) completely

suppressed the reaction progress (entries 4-6).
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Table 3. Solvent screening in the Pd-catalyzed esterification of aryl iodide 1a with carboxylic

acid 2a.

Pd(OAc), (5 mol%)
IBnF-HBr (5 mol%)

| Ag,CO3 (3.0 equiv)
ey e K
MeO

MeO 0 solvent (2.0 mL) ©
1a 2a 100 °C, 36 h 3aa
0.40 mmol 1.5 equiv

entry solvent yield®

1 1,4-dioxane 78%

2 toluene 34%

3 CICH,CH,CI  57%

4 CH3CN 0%

5 DMF 0%

6 HFIP 0%

aDetermined by gas chromatography by using dodecane
as an internal standard.

Next, the effect of Pd source was investigated (Table 4). While PdCl,, Pdl, and Pd(PPhs)4
showed lower activity than Pd(OAc), (entries 1-4), the use of [Pd(allyl)Cl], or [Pd(cinnamyl)Cl]»
gave the almost comparable results to Pd(OAc); in terms of yield (entries 6 and 7). Due to higher
solubility and reproducibility, using [Pd(cinnamyl)Cl],, IBn*-HBr and the conditions in entry 7
as optimal catalyst, ligand and reaction conditions, respectively. The use of MS4A further

increased the reproducibility of yield.
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Table 4. Screening of Pd source in the Pd-catalyzed esterification of aryl iodide 1a with

carboxylic acid 2a.

Pd cat. (2.5 or 5 mol%)
IBnF-HBr (5 mol%)

| Ag,CO3 (3.0 equiv)
/@/ . H071)< MS4A (100mg) /@,o%
MeO

MeO 0 1,4-dioxane (2.0 mL) ©
1a 2a 100 °C, 36 h 3aa
0.40 mmol 1.5 equiv
entry Pd cat. yield®
1 PdCl, (5 mol%) 5%
2 Pdl, (5 mol%) 66%
3 Pd(OAc), (5 mol%) 78% (75%)7
4 Pd(PPhs), (5 mol%) 49%
5 Pd,(dba) (2.5 mol%) 7%
6 [Pd(allyl)Cl], (2.5 mol%) 67%
7° [Pd(cinnamyl)Cl], (2.5 mol%) 7% (77%)?

4Determined by gas chromatography by using dodecane as an
internal standard. ?Determined by 'H NMR using CH,Br, as an
inernal standard. °Reaction time: 42 h. “Isolated yield

2-2. Substrate scope

With the optimal conditions in hand, the substrate scope of the carboxylic acid by employing
4-iodoanisole (1a) was examined in the presence of catalytic amount of [Pd(cinnamyl)Cl], and
IBnf-HBr (Scheme 10). Except pivalic acid (2a), tertiary alkyl carboxylic acids such as zert-amyl
carboxylic acid (2b) and 1-methyl-cyclohexane-1-carboxylic acid (2¢) gave the corresponding
products 3ab and 3ac in 79% and 69% yields, respectively. The reactions with other tertiary
carboxylic acids such as 1-phenycyclopentane-1-carboxylic acid (2d) and 1-
methylcyclopropropane-1-carboxylic acid (2e) afforded esters 3ad and 3ae in moderate yields.
The bulkiness around carboxylic acid seems to be important for the reaction progress. However,
the reaction with 1-adamantanecarboxylic acid (2f) somehow dropped the yield of 3af (10%). The
reaction efficiency also decreased when secondary alkyl carboxylic acids were used.
Cyclohexanecarboxylic acid (2g), tetrahydro-2H-pyran-4-carboxylic acid (2h) and
cyclobutanecarboxylic acid (2i) provided the aryl esters 3ag, 3ah and 3ai in low to moderate

yields. Less bulky primary alkyl carboxylic acids such as propionic acid (2j), isopentanoic acid
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(2k) and nonanoic acid (21) carboxylic acids resulted in low yields of product 3aj, 3ak and 3al
(8-26%). While benzoic acid (2m) did not furnish the ester 3am, the use of 2,4,6-trimethyl
benzoic acid (2n) gave the corresponding ester 3an in moderate yield. These results also suggest
that the steric hinderance around the carboxylic acid facilitated the esterification reaction. Notably,
over 71% conversions of 1a were observed in the reaction using 2a—2l and 2n, while the reaction
with 2m resulted in the only 14% conversion of la. In addition, the stabilities of bulkier
ester 3aa and less bulky 3aj were also evaluated by estimating the conversions under the standard
reaction conditions in the absence of iodoarenes. As a result, almost no conversion of esters was
observed. These results suggest that the reason for high/low yield of esters is not mainly attributed

to their stabilities under the present reaction conditions.
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3ad 3ae 3af
59% 49% 10%
0
o o oY
0
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(o) (o) o)
o YT gyte
MeO MeO MeO
3aj 3ak 3al
26% 8% 10%
MeO © MeO ©
3am 3an
trace 42%

Scheme 10. Substrate scope of carboxylic acids 2 in esterification with 4-iodoanisole 1a.

The substrate scope of aryl iodides was also investigated (Scheme 11). p-Methoxy (1a) and o-
methoxy (1¢) substituted phenyl iodides can participate in the present coupling reaction, but m-
methoxyphenyl iodide (1b) gave the corresponding product 3ba in quite low yield albeit the
almost all 1b was consumed, likely owing to the inductive effect of meta-methoxyl group. The
reactions with other para-substituted iodobenzenes such as 1-iodo-4-methylbenzene (1d), 1-n-

1-tert-butyl-4-iodobenzene (1f), and 4-iodo-1,1'-biphenyl (1g)

butyl-4-iodobenzene (1e),

afforded the corresponding esters 3da, 3ea, 3fa and 3ga in moderate yields. The reaction with 4-
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(4-iodophenyl)morpholine (1h) resulted in low yield of the product 3ha (27%). However,
iodobenzenes having electron deficient para-substituents such as chloro, methoxycarbonyl and
acetoamido groups (1i, 1j and 1k) did not provide the products. In these reactions, 14%, 70% and
77% of 1i, 1j and 1k remained unreacted after reactions, respectively. Multi-substituted and
electron-rich aryl iodides such as 1-iodo-4-methoxy-2-methybenzene (1l), 1-iodo-2.4-
dimethoxybenzene (1m), 1-iodo-2-methoxyl-4-methylbenzene (In), 1-iodo-3,4-
dimethyliodobenzene (10) and mesityl iodide (1p) worked well to afford the corresponding
products 3la, 3ma, 3na, 30a, and 3pa (60—-86%). These results suggest that both electron density
of the benzene ring and the steric hindrance around an iodine atom are the key factors for the
reaction efficacy. Indeed, the reaction with 1-iodonaphthalene (1¢q), whose iodine atom is
hindered by a hydrogen atom on the peri-position, afforded the ester 3qa in a good yield (62%).
Furthermore, double esterification with 4,4'-diiodobiphenyl (1r) gave the corresponding ester 3ra

in 25%, whose value is comparable to the yield found in the single esterification forming 3ga.
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Ag,>COj3 (3.0 equiv)
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1a-r 2a 36h 3aa-3ra
(0.40 mmol) 1.5 equiv isolated yield
) OMe
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3aa 3ba 3ca 3da
75% 6% 64% 40%
: OPiv OPiv
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T ® S
3ea 3fa 3ga o\) 3ha
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. OPiv OPi
OPiv - Y©/ 0 /@/ v OPiv
|. I e
c 0] )LH MeO
3ia 3ja 3ka 3la
trace trace n.d. 86%
OMe OMe .
/©/0Piv /Cropiv D/OP“’ /f:(omv
MeO
3ma? 3na 3o0a 3pa
71% 75% 60% 77%
OPiv
‘/OPiv 0
PivO
3qa 3ra
62% 25%

2Reaction time 42 h

Scheme 11. Substrate scope of Aryl iodides 1 in esterification with pivalic acid 2a.

2-3. Gram-scale synthesis

A gram-scale synthesis was examined using 2.0 g (8.6 mmol) of 4-iodoanisole (1a) and 1.3 g

(13 mmol) of pivalic acid (2a) under optimal reaction conditions (Scheme 12). As a result, the

esterification reaction successfully worked to afford 4-methoxyphenyl pivalate (3aa) in 81% yield

(1.5 g of product).
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[Pd(cinnamyl)Cl], (2.5 mol%)
IBn"-HBr (5 mol%)

| Ag,CO3 (3.0 equiv)
/©/ . H071)< MS4A (100mg) /@,o%
o
MeO ) MeO

0 1,4-dioxane (2.0 mL
1a 2a 100°C, 36 h 3aa
2049 1.3¢ 15¢
(8.6 mmol) (13 mmol) (81%)

Scheme 12. Gram-scale synthesis of aryl ester 3aa.

The proposed reaction mechanism is shown in Figure 4. First, [PdCl(cinnamyl)], and IBnf-HBr
would easily form [Pd"Cl(cinnamyl)(IBn")] by Ag,COs or in situ-generated AgOPiv, and then
Pd’-IBnf complex 4 can form through the formal reductive elimination of cinnamyl chloride.'*
Next, the oxidative addition of 4-iodoanisole (1a) to 4 can occur to form a aryl-Pd(Il) complex
5, which undergoes the anion exchanging with in situ-generated AgOPiv to form aryl
palladium(Il) pivalate 6. Finally, the reductive elimination of aryl pivalate 3aa can occur along
with the regeneration of Pd°~IBn" complex 4. The higher reactivities found in the reaction of
electron-rich iodoarenes (1a, 1¢, 11, 1m and 1p) and carboxylic acids (2a—2e and 2n) support that
the reductive elimination step can be possible rate-determining step in the current catalytic system.
While the ligand effect by IBnf was not unclear at this stage, the author envisages that the
electron-deficient NHC ligand can facilitate the rate-limiting reductive elimination step which

includes the difficult Cary—Oacyt bond formation.
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1/2[Pd"Cl(cinnamyl =\
[ (+ yhl2 CeFsn__N._ N CoFs
—AgBr
F. .
1Bn”-HBr —PivOH o-PIs
+ (or —H,0/CO) 2
AgOPiv
(or Ag,CO3) Ph

Pd"'Cl(cinnamyl)(IBnF)

Pd'"'Cl(cinnamyl)(IBnF)

/©/OPIV —[cmnamyl chloride]
MeO
3aa IBn F_Pdo

IBInF
/©/ P opiv Pd”
MeO 6 /©/
Agl AgOPiv -&—— 2a + 1/2Ag,CO;4

~H,0/CO,

Figure 4. Proposed catalytic mechanism on esterification of 4-iodoanisole 1a with pivalic acid

2a.

3. Conclusion

In summary, the palladium-catalyzed esterification reaction of carboxylic acids with aryl
iodides was developed for the first time as a palladium catalytic system. Electron-rich aryl iodides
showed good reactivity to this reaction even in the gram-scale synthesis. Sterically hindered aryl
iodides and carboxylic acids were well tolerated to furnish the corresponding aryl esters in good
yields. The discovery demonstrated the potential of palladium/electron deficient NHC catalysis
in Caryi—O bond formation, and thus contributed to the development of palladium-based chemical

transformation.'?
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Experimental Section

1. General

Unless otherwise noted, all reactants or reagents including dry solvents were obtained from
commercial suppliers and used as received. [Pd(cinnamyl)Cl], was obtained from Aldrich. Pivalic
acid was purchased form TCIL. Ag,COs was purchased from WAKO. MS4A was purchased form
Nakalai Chemicals. AgOPiv'®, 1-iodo-4-methoxy-2-methylbenzene (21)!7, 1-iodo-2-methoxy-4-
methylbenzene (2n)!” and IBn-HBr!® were synthesized according to procedures reported in the
literature. Unless otherwise noted, all reactions were performed with dry solvents under air. All
work-up and purification procedures were carried out with reagent-grade solvents in air.

Analytical thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 Fas4
precoated plates (0.25 mm). The developed chromatogram was analyzed by UV lamp (254 nm).
Medium Pressure liquid chromatography (MPLC) was performed using Yamazen W-prep 2XY.
Preparative thin-layer chromatography (PTLC) was performed using Wakogel B5-F silica coated
plates (0.75 mm) prepared in our laboratory. Preparative gel permeation chromatography (GPC)
was performed with a JAI LC-9204 instrument equipped with JAIGEL-1H/JAIGEL-2H columns
using chloroform as an eluent. Gas chromatography (GC) analysis was conducted on a Shimadzu
GC-2010 instrument equipped with a HP-5 column (30 m x 0.25 mm, Hewlett-Packard) with
dodecane as an internal standard. The high-resolution mass spectra (HRMS) were conducted on
Thermo Fisher Scientific Exactive. Nuclear magnetic resonance (NMR) spectra were recorded on
a JEOL JNM-ECA-600 ('"H 600 MHz, '3C 150 MHz) spectrometer and a JEOL JNM-ECA-400
("H 400 MHz, *C 100 MHz) spectrometer. Chemical shifts for 'H NMR are expressed in parts
per million (ppm) relative to tetramethylsilane (6 0.00 ppm) or residual peak of acetone-ds (6 2.05
ppm). Chemical shifts for *C NMR are expressed in ppm relative to CDCl3 (8 77.0 ppm) or
acetone-ds (0 29.84 ppm). Data are reported as follows: chemical shift, multiplicity (s = singlet,
d = doublet, dd = doublet of doublets, ddd = doublet of doublets of doublets, t = triplet, dt =
doublet of triplets, td = triplet of doublets, q = quartet, p = quintet, m = multiplet, br d = broad

doublet), coupling constant (Hz), and integration.
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2. Synthesis of 1,3-Bis((pentafluorophenyl)methyl)-1H-imidazol-3-ium bromide (IBnf-HBr)
2-1. Synthesis of 1-((pentafluorophenyl)methyl)-1H-imidazole (7)

F . F
F F NaH, imidazole F
E Br THF, 0 °Ctort. F N ‘N
o>
F F
7

Imidazole (2.9 g, 42 mmol, 1.1 equiv) was placed in a 200-mL round-bottomed flask under a
stream of N, and THF (40 mL) was added to the flask. After cooled to 0 °C, NaH (60% dispersion
in parafin liquid: 1.6 g, 40 mmol, 1.1 equiv) was added, and then the mixture was warmed to
room temperature and stirred for 1 h. To this mixture, pentafluorobenzyl bromide (10 g, 38 mmol,
1.0 equiv) was added dropwise, and then the mixture was stirred for additional 4 h. The reaction
was quenched by the addition of water. The organic layer was extracted with EtOAc, washed with
water and brine, dried over Na,SOs4, and then filtered. The filtrate was concentrated in vacuo. The
crude residue was purified by MPLC (chloroform/EtOAc = 1:0 to 1:1) to afford 7 as a colorless
liquid (7.2 g, 76% yield). "H NMR (600 MHz, CDCl3) § 7.59 (s, 1 H), 7.04 (s, 1H), 6.98 (s, 1H),
5.23 (s, 2H). *C NMR (150 MHz, CDCls) & 145.0 (d, J =253 Hz), 141.7 (d, J =252 Hz), 137.5
(d, J = 255 Hz), 137.0, 130.0, 118.7, 109.9 (t, J = 18 Hz), 37.2. HRMS (ESI") m/z calcd for
CioHgFsN2 [M+H]": 249.0446, found: 249.0441.

2-2.  Synthesis of 1,3-Bis((pentafluorophenyl)methyl)-1H-imidazol-3-ium bromide
(IBn*-HBr)

F F
F Br £ F F
F F F
F F F F
F ) CHoN.90'C  F )\ F
NN N, ) NN (

Br
7 IBnF-HBr

To a 200-mL glass vessel equipped with a J. Young® O-ring tap containing a magnetic stirring
bar were added 1-((pentafluorophenyl)methyl)-1H-imidazole 7 (6.0 g, 24 mmol, 1.0 equiv) and
acetonitrile (24 mL). To this mixture, pentafluorobenzyl bromide (8.2 g, 31 mmol, 1.3 equiv) was
added. Then the mixture was heated at 90 °C and stirred for 20 h. After cooled to room
temperature, the mixture was concentrated and the residue was purified by recrystallization from
acetonitrile to afford IBnf-HBr as a white solid (8.7 g, 71% yield). '"H NMR (600 MHz, acetone-
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ds) 8 10.74 (s, 1H), 8.02 (s, 2H), 5.99 (s, 4H). *C NMR (150 MHz, acetone-de) & 146.8 (d, J =
248 Hz), 143.1 (d, J = 249 Hz), 139.5, 138.8 (d, J = 237 Hz), 123.8, 108.8, 41.6. HRMS (ESI")
m/z caled for C7H7F 10Nz [M]*: 429.0444, found: 429.0443.

3. Pd-Catalyzed Esterification of Carboxylic acids with Aryl iodides

[Pd(cinnamyl)CI] (2.5 mol %) L L T T T .
IBnF-HBr (5 mol %) : .

F F ;

Ag,COy; (3.0 equiv) ¢ F F

l HO._ _R  MS4A (100 mg) o__R F F :
-y JOR RS e
o 1,4-dioxane (2 mL) : N2\ L ;

B : F -
; ) 100 °C, 36 h . : Br
0.40 mmol 1.5 equiv i IBnF-HBr

.................................

General Procedure: To a screw-capped glass tube containing a magnetic stirrer bar were added
iodoarene 1a—1r (0.40 mmol, 1.0 equiv), carboxylic acid 2a—2n (0.60 mmol, 1.5 equiv), Ag,CO3
(1.2 mmol, 3.0 equiv), MS4A (0.10 g), [Pd(cinnamyl)CI], (0.010 mmol, 2.5 mol%), 1,3-
bis((pentafluorophenyl)methyl)-1H-imidazol-3-ium bromide (IBnf-HBr) (0.020 mmol, 5.0
mol%) and 1,4-dioxane (2.0 mL) under air. After stirring at 100 °C for 36 h, the reaction mixture
was cooled to room temperature, and then passed through a short pad of Celite® (eluent: EtOAc
or CHCIl3). After the organic solvent was removed under reduced pressure, the residue was

purified by PTLC or MPLC to yield aryl ester 3aa—3ra.

4-Methoxyphenyl pivalate (3aa)

Beas

Purification by MPLC (hexane/EtOAc =99:1 to 4:1) afforded 3aa as a pale yellow oil (62 mg,
75% yield). '"H NMR (600 MHz, CDCls) § 6.96 (d, J= 9.0 Hz, 2H), 6.88 (d, J = 9.0 Hz, 2H), 3.79
(s, 3H), 1.34 (s, 9H). >*C NMR (150 MHz, CDCl3) 8 177.4,157.1, 144.6, 122.2, 114.4, 55.8, 39.0,
27.1. HRMS (EST") m/z caled for C1oH703 [M+H]": 209.1172, found: 209.1172.

4-Methoxyphenyl 2,2-dimethylbutanoate (3ab)

o as

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3ab as a colorless oil (69 mg,
78% yield). "H NMR (600 MHz, CDCls) 6 6.96 (d, J= 9.6 Hz, 2H), 6.88 (d, J = 9.6 Hz, 2H), 3.79
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(s, 3H), 1.71 (q, J = 7.8 Hz, 2H), 1.29 (s, 6H), 0.96 (t, J = 7.8 Hz, 3H). *C NMR (150 MHz,
CDCls) § 176.8, 157.0, 144.5, 122.2, 114.3, 55.5, 42.9, 33.4, 24.6, 9.3. HRMS (ESI*) m/z calcd
for C13H1005 [M+H]': 223.1329, found: 223.1329.

4-Methoxyphenyl 1-methylcyclohexane-1-carboxylate (3ac)

o

(e}

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3ac as a colorless oil (68 mg,
69% yield). "H NMR (600 MHz, CDCl3) § 6.96 (d, J=9.0 Hz, 2H), 6.88 (d, J=9.0 Hz, 2H), 3.79
(s, 3H), 2.17 (br d, J = 7.2 Hz, 2H), 1.67-1.55 (m, 3H), 1.52-1.43 (m, 2H), 1.36-1.29 (m, 6H).
BC NMR (150 MHz, CDCl;)  176.7, 157.0, 144.5, 122.3, 114.4, 55.6, 43.4, 35.6, 26.4, 25.7,
23.2. HRMS (ESI") m/z calcd for CisH2103 [M+H]": 249.1485, found: 249.1484.

4-Methoxyphenyl 1-phenylcyclopentane-1-carboxylate (3ad)

Beaas

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3ad as a colorless oil (70 mg,
59% yield). '"H NMR (600 MHz, CDCl5) & 7.49-7.45 (m, 2H), 7.38-7.33 (m, 2H), 7.29-7.25 (m,
1H), 6.81 (s, 4H), 3.75 (s, 3H), 2.82-2.76 (m, 2H), 2.06-1.99 (m, 2H), 1.86-1.80 (m, 4H). '*C
NMR (150 MHz, CDCls) 6 174.9, 157.1, 144.6, 142.8, 128.4, 126.9, 126.8, 122.0, 114.3, 59.3,
55.5,36.1, 23.6. HRMS (ESI") m/z calcd for C19H2103 [M+H]": 297.1485, found: 297.1484.

4-Methoxyphenyl 1-methylcyclopropane-1-carboxylate (3ae)

Pese

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3ae as a colorless oil (40 mg,
49% yield). '"H NMR (600 MHz, CDCls) 8 6.97 (d, J= 9.0 Hz, 2H), 6.86 (d, J=9.0 Hz, 2H), 3.78
(s, 3H), 1.43-1.38 (m, 5H), 0.83-0.79 (m, 2H). *C NMR (150 MHz, CDCl;s) & 174.9, 157.0,
144.4, 1222, 114.3, 55.5, 19.4, 18.7, 17.3. HRMS (ESI") m/z calcd for Ci2Hi503 [M+H]":
207.1016, found: 207.1017.
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4-Methoxyphenyl (3r,5r,7r)-adamantane-1-carboxylate (3af)

Bese

(o)

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) and PTLC (hexane/chloroform = 1:1)
afforded 3af as a colorless oil (11 mg, 10% yield). 'H NMR (600 MHz, CDCls) § 6.95 (d, J=9.0
Hz, 2H), 6.87 (d, J=9.0 Hz, 2H), 3.79 (s, 3H), 2.15-2.02 (m, 9H), 1.85-1.73 (m, 6H). *C NMR
(150 MHz, CDCl3) 6 176.5, 157.0, 144.5, 122.3, 114.3, 55.6, 40.9, 38.8, 36.5, 27.9. HRMS (ESI")
m/z caled for CisH;03 [M+H]™: 287.1642, found: 287.1641.

4-Methoxyphenyl cyclohexanecarboxylate (3ag)

o

o

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) and PTLC (hexane/chloroform = 1:1)
afforded 3ag as a colorless oil (23 mg, 24% yield). 'H NMR (600 MHz, CDCl5) § 6.97 (d,J=9.0
Hz, 2H), 6.87 (d, J= 9.0 Hz, 2H), 3.79 (s, 3H), 2.55-2.50 (m, 1H), 2.08-2.02 (m, 2H), 1.84-1.78
(m, 2H), 1.71-1.65 (m, 1H), 1.62-1.53 (m, 2H), 1.39-1.23 (m, 3H). *C NMR (150 MHz, CDCl5)
8 174.9, 157.1, 144.3, 122.2, 114.3, 55.5, 43.1, 28.9, 25.7, 25.3. HRMS (ESI") m/z calcd for
Ci4H1903 [M+H]": 235.1329, found: 235.1329.

4-Methoxyphenyl tetrahydro-2H-pyran-4-carboxylate (3ah)

Purification by MPLC (hexane/EtOAc =49:1 to 2:1) afforded 3ah as a yellow oil (39 mg, 41%
yield). "H NMR (600 MHz, CDCl;) § 6.98 (d, J = 9.0 Hz, 2H), 6.89 (d, J = 9.0 Hz, 2H), 4.02 (dt,
J=12.0,3.6 Hz, 2H), 3.80 (s, 3H), 3.50 (td, /= 11.4, 2.4 Hz, 2H), 2.82-2.75 (m, 1H), 2.02-1.87
(m, 4H). C NMR (150 MHz, CDCl3) 6 173.3, 157.2, 144.1, 122.1, 114.4, 67.0, 55.6, 40.1, 28.6.
HRMS (ESI") m/z calcd for Ci3Hi604Na [M+Na]*: 259.0941, found: 259.0940.
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4-Methoxyphenyl cyclobutanecarboxylate (3ai)

oy

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3ai as a colorless oil (36 mg,
44% yield). '"H NMR (600 MHz, CDCls) 8 6.99 (d, J=9.0 Hz, 2H), 6.88 (d, J=9.0 Hz, 2H), 3.79
(s, 3H), 3.36 (quint, J = 9.0 Hz, 1H), 2.46-2.38 (m, 2H), 2.34-2.27 (m, 2H), 2.09-1.93 (m, 2H).
BC NMR (150 MHz, CDCl3) § 174.3, 157.1, 144.3, 122.2, 114.3, 55.5, 38.0, 25.3, 18.4. HRMS
(ESI") m/z calcd for C1oH;sO5 [M+H]*: 207.1016, found: 207.1016.

4-Methoxyphenyl propionate (3aj)

o

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3aj as a colorless oil (19 mg,
26% yield). "H NMR (600 MHz, CDCls) 6 6.99 (d, J=9.0 Hz, 2H), 6.88 (d, /= 9.0 Hz, 2H), 3.79
(s, 3H), 2.57 (q, J = 7.8 Hz, 2H), 1.26 (t, J= 7.8 Hz, 3H). *C NMR (150 MHz, CDCls) § 173 .4,
157.1, 144.2, 122.3, 114.4, 55.6, 27.7, 9.1. HRMS (ESI") m/z caled for CioH203Na [M+Na]™:
203.0679, found: 203.0679.

4-Methoxyphenyl 3-methylbutanoate (3ak)

AT YT

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) and PTLC (hexane/chloroform = 1:1)
afforded 3ak as a colorless oil (7 mg, 8% yield). "H NMR (600 MHz, CDCl3) 8 6.99 (d, J= 9.0
Hz, 2H), 6.88 (d, J=9.0 Hz, 2H), 3.80 (s, 3H), 2.41 (d, /= 7.2 Hz, 2H), 2.28-2.22 (m, 1H), 1.05
(d, J= 6.6 Hz, 6H). *C NMR (150 MHz, CDCls) § 172.0, 157.2, 144.2, 122.3, 114.4, 55.6, 43.3,
25.9,22.4. HRMS (ESI") m/z calcd for C12H703 [M+H]": 209.1172, found: 209.1173.

4-Methoxyphenyl nonanoate (3al)

/@/o\n/\(%\
MeO ©

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) and PTLC (hexane/chloroform = 1:1)
afforded 3al as a colorless oil (11 mg, 10% yield). '"H NMR (600 MHz, CDCI3) 6 6.99 (d, /= 9.0
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Hz, 2H), 6.88 (d, /= 9.0 Hz, 2H), 3.80 (s, 3H), 2.53 (t, /= 7.8 Hz, 2H), 1.77-1.71 (m, 2H), 1.43—
1.23 (m, 10H), 0.89 (t,J = 7.2 Hz, 3H). *C NMR (150 MHz, CDCl3) § 172.7, 157.1, 144.2, 122.3,
114.4, 55.6, 34.3, 31.8, 29.2, 29.1 (2C), 25.0, 22.6, 14.1. HRMS (ESI") m/z calcd for CsH2503
[M+H]": 265.1798, found: 265.1799.

4-Methoxyphenyl 2,4,6-trimethylbenzoate (3an)

s sd

Purification by MPLC (hexane/EtOAc = 49:1 to 2:1) afforded 3an as a white solid (45 mg,
42% yield). '"H NMR (600 MHz, CDCls) § 7.14 (d, J= 9.0 Hz, 2H), 6.94 (d, /= 9.0 Hz, 2H), 6.91
(s, 2H), 3.81 (s, 3H), 2.44 (s, 6H), 2.31 (s, 3H). *C NMR (150 MHz, CDCls) & 168.8, 157.4,
144.2, 139.8, 135.5, 130.1, 128.6, 122.3, 114.6, 55.6, 21.1, 19.9. HRMS (ESI") m/z calcd for
Ci7H1903 [M+H]": 271.1329, found: 271.1329.

3-Methoxyphenyl pivalate (3ba)

MeO Om)<
Ty
Purification by PTLC (hexane/EtOAc = 49:1 to 4:1) and GPC afforded 3ba as a colorless oil
(5 mg, 6% yield). '"H NMR (600 MHz, CDCls) 8 7.25 (t, J= 8.4 Hz, 1H), 6.76 (ddd, J = 8.4, 2.4,
0.6 Hz, 1H), 6.64 (ddd, J = 8.4, 2.4, 0.6 Hz, 1H), 6.59 (t, J = 2.4 Hz, 1H), 3.79 (s, 3H), 1.34 (s,
9H). C NMR (100 MHz, CDCl3) § 177.0, 160.5, 152.1, 129.7, 113.7, 111.5, 107.4, 55.4, 39.1,
27.1. HRMS (EST*) m/z caled for C1oH703 [M+H]": 209.1172, found: 209.1173.

2-Methoxyphenyl pivalate (3ca)

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3ca as a colorless oil (53 mg,
64% yield). '"H NMR (600 MHz, CDCls) 8 7.18 (ddd, J= 8.4, 7.8, 1.8 Hz, 1H), 7.00 (dd, J=7.8,
1.8 Hz), 6.97-6.91 (m, 2H), 3.80 (s, 3H), 1.37 (s, 9H). *C NMR (150 MHz, CDCls) & 176.7,
151.2, 140.2, 126.5, 122.7, 120.7, 112.4, 55.9, 39.0, 27.2. HRMS (ESI") m/z calcd for Ci2H;703
[M+H]": 209.1172, found: 209.1173.
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p-Tolyl pivalate (3da)

oy <
JON

Purification by MPLC (hexane/EtOAc =49:1 to 4:1) afforded 3da as a pale yellow oil (31 mg,
40% yield). '"H NMR (400 MHz, CDCls) 8 7.16 (d, J= 8.8 Hz, 2H), 6.93 (d, J= 8.8 Hz, 2H), 2.34
(s, 3H), 1.35 (s, 9H). *C NMR (150 MHz, CDCls) § 177.3, 148.8, 135.1, 129.8, 121.1, 39.0, 27.1,
20.8. HRMS (ESI") m/z calcd for C1o2H160,Na [M+Na]*: 215.1043, found: 215.1042.

4-Butylphenyl pivalate (3ea)

oy <
\/\/@l o

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3ea as a pale yellow oil (50 mg,
53% yield). "H NMR (400 MHz, CDCl3) § 7.16 (d, J= 8.4 Hz, 2H), 6.95 (d, J= 8.4 Hz, 2H), 2.59
(t, J= 8.0 Hz, 2H), 1.63-1.53 (m, 2H), 1.40-1.29 (m, 11H), 0.92 (t, J = 8.0 Hz, 3H). *C NMR
(150 MHz, CDCl3) 6 177.2, 148.9, 140.1, 129.2, 121.0, 39.0, 35.0, 33.6, 27.1, 22.3, 13.9. HRMS
(EST") m/z calcd for CisH230, [M+H]": 235.1693, found: 235.1693.

4-(tert-Butyl)phenyl pivalate (3fa)

T

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3fa as a pale yellow solid (39
mg, 41% yield). "H NMR (400 MHz, CDCls) 4 7.37 (d, J= 8.8 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H),
1.35 (s, 9H), 1.31 (s, 9H). *C NMR (150 MHz, CDCl;) 8 177.2, 148.7, 148.3, 126.2, 120.7, 39.0,
34.4,31.4,27.1. HRMS (EST") m/z calcd for CisH230, [M+H]": 235.1693, found: 235.1693.

(1,1'-Biphenyl]-4-yl pivalate (3ga)

0@*

Purification by MPLC (hexane/EtOAc =9:1 to 6:1) afforded 3ga as a white solid (53 mg, 52%
yield). "H NMR (600 MHz, CDCl3) § 7.62-7.54 (m, 4H), 7.43 (t, J= 7.8 Hz, 2H), 7.36-7.32 (m,
1H), 7.13 (d, J = 7.8 Hz, 2H), 1.38 (s, 9H). *C NMR (150 MHz, CDCl3) § 177.1, 150.5, 140.4,
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138.7, 128.7, 128.1, 127.3, 127.1, 121.7, 39.1, 27.1. HRMS (ESI*) m/z caled for Ci7H190,
[M+H]": 255.1380, found: 255.1380.

4-Morpholinophenyl pivalate (3ha)

fone
o

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3ha as a yellow solid (28 mg,
27% yield). "H NMR (600 MHz, CDCls) § 6.96 (d, J= 9.6 Hz, 2H), 6.90 (d, J = 9.6 Hz, 2H), 3.86
(t,J = 4.8 Hz, 4H), 3.12 (t, J = 4.8 Hz, 4H), 1.34 (s, 9H). *C NMR (150 MHz, CDCls) & 177.4,
149.1, 144.4,121.9, 116.6, 66.9,49.8, 39.0, 27.1. HRMS (ESI") m/z calcd for CisH2,NOs [M+H]":
264.1594, found: 264.1592.

4-Methoxy-2-methylphenyl pivalate (31a)

S

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3la as a colorless oil (77 mg,
86% yield). "H NMR (600 MHz, CDCl3) § 6.87 (d, J=9.0 Hz, 1H), 6.74 (d, J= 3.0 Hz, 1H), 6.71
(dd, J=9.0, 3.0 Hz, 1H), 3.77 (s, 3H), 2.13 (s, 3H), 1.37 (s, 9H). *C NMR (150 MHz, CDCl3) &
177.0, 157.1, 143.1, 131.0, 122.3, 116.2, 111.8, 55.5, 39.1, 27.2, 16.4. HRMS (ESI") m/z calcd
for Ci3H1903 [M+H]": 223.1329, found: 223.1329.

2,4-Dimethoxyphenyl pivalate (3ma)

OMe
jor <
MeO ©

Reaction time: 42 h. Purification by MPLC (chloroform) afforded 3ma as pale yellow solid (67
mg, 71% yield). "H NMR (600 MHz, CDCls) 8 6.89 (d, J= 8.4 Hz, 1H), 6.52 (d, J = 2.4 Hz, 1H),
6.43 (dd, J = 8.7, 2.7 Hz, 1H), 3.79 (s, 3H), 3.77 (s, 3H), 1.35 (s, 9H). *C NMR (150 MHz,
CDCls) 6 177.1, 158.2, 151.8, 134.0, 122.6, 103.8, 100.2, 55.8, 55.6, 39.0, 27.2. HRMS (ESI")
m/z caled for C13H1904 [M+H]": 239.1278, found: 239.1277.
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2-Methoxy-4-methyphenyl pivalate (3na)

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3na as a colorless crystal (67
mg, 75% yield). 'H NMR 600 MHz, CDCls) 8 6.86 (d, J= 8.4 Hz, 1H), 6.75 (s, 1H), 6.72 (d, J=
8.4 Hz, 1H), 3.77 (s, 3H), 2.33 (s, 3H), 1.36 (s, 9H). *C NMR (150 MHz, CDCl;)  176.8, 150.8,
137.9, 136.4, 122.2, 121.1, 113.3, 55.8, 39.0, 27.2, 21.4. HRMS (ESI") m/z calcd for C13H;903
[M+H]": 223.1329, found: 223.1329.

3,4-Dimethylphenyl pivalate (30a)

oy <
JON

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 30a as a colorless crystal (50
mg, 60% yield). '"H NMR (600 MHz, CDCI3) 6 7.10 (d, J= 8.4 Hz, 1H), 6.82 (d, J = 2.4 Hz, 1H),
6.77 (dd, J = 8.4, 2.4 Hz, 1H), 2.24 (s, 3H), 2.23 (s, 3H), 1.34 (s, 9H). 3C NMR (150 MHz,
CDCls) 6 177.3, 149.0, 137.8, 133.8, 130.2, 122.4, 118.5, 39.0, 27.1, 19.8, 19.1. HRMS (ESI")
m/z calcd for Ci3H190, [M+H]": 207.1380, found: 207.1381.

Mesityl pivalate (3pa)

jog

Purification by MPLC (hexane/EtOAc = 49:1 to 4:1) afforded 3pa as a colorless oil (68 mg,
77% yield). "H NMR (600 MHz, CDCl;) § 6.85 (s, 2H), 2.25 (s, 3H), 2.08 (s, 6H), 1.39 (s, 9H).
BC NMR (150 MHz, CDCl3) § 176.1, 145.9, 134.9, 129.6, 129.2, 39.2, 27.3, 20.7, 16.2. HRMS
(ESI") m/z calcd for Ci14H210, [M+H]": 221.1536, found: 221.1536.

Naphthalen-1-yl pivalate (3qa)

Q<

Purification by MPLC (hexane/EtOAc = 9:1 to 6:1) afforded 3qa as a pale yellow oil (56 mg,
62% yield). '"H NMR (600 MHz, CDCl3) & 7.87-7.84 (m, 2H), 7.72 (d, J = 8.4 Hz, 1H), 7.53—
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7.43 (m, 3H), 7.20 (dd, J= 7.2, 1.2 Hz, 1H), 1.49 (s, 9H). *C NMR (150 MHz, CDCls) § 177.0,
146.9, 134.6, 128.0, 127.0, 126.35, 126.31, 125.7, 125.4, 121.0, 117.9, 39.5, 27.4. HRMS (ESI")
m/z caled for CisH 70, [M+H]': 229.1223, found: 229.1223.

(1,1'-Biphenyl)-4,4'-diyl bis(2,2-dimethylpropanoate) (3ra)
O Om)<
LT
>
Purification by MPLC (hexane/EtOAc =49:1 to 4:1) and PTLC (hexane/EtOAc = 3:1) afforded
3ra as a white solid (18 mg, 25% yield). "H NMR (600 MHz, CDCIs) & 7.55 (d, J = 8.4 Hz, 4H),

7.12 (d,J=8.4 Hz, 4H), 1.38 (s, 18H). *C NMR (150 MHz, CDCls) 8 177.1, 150.5, 137.9, 128.0,
121.8, 39.1, 27.1. HRMS (ESI") m/z calcd for C2:H2704 [M+H]": 355.1904, found: 355.1904.

4. Gram-scale synthesis of 4-methoxyphenyl pivalate

[Pd(cinnamyl)Cl], (2.5 mol %)
IBnF-HBr (5 mol %)
Ag,COg3 (3.0 equiv)

I
JOT ey e oy
MeO solvent (40 mL) MeO (0]

o}
100 °C, 36 h
1a 2a 3aa
209 13¢9 15¢9
(8.6 mmol) (13 mmol) (81%)

To a 300-mL round bottom flask containing a magnetic stirrer bar was added MS4A (2.0 g) and
dried with a heat gun and filled with N, after cooling to room temperature. Then to this vessel
were added 4-iodoanisole (1a) (2.0 g, 8.6 mmol, 1.0 equiv), pivalic acid (2a) (1.3 g, 13 mmol, 1.5
equiv), Ag,COs (7.1 g, 26 mmol, 3.0 equiv), [Pd(cinnamyl)Cl]> (0.11 g, 0.21 mmol, 2.5 mol%),
1,3-bis((pentafluorophenyl)methyl)-1H-imidazol-3-ium bromide (IBn"-HBr) (0.22 g, 0.43 mmol,
5.0 mol%) and 1,4-dioxane (40 mL). After stirring at 100 °C for 36 h, the reaction mixture was
cooled to room temperature, and then passed through a short pad of Celite® (eluent: EtOAc). After
the organic solvent was removed under reduced pressure, the residue was purified by MPLC
(hexane/EtOAc = 1:0 to 4:1) to afford 4-methoxyphenyl pivalate (3aa) as a pale yellow oil (1.5
g, 81%)).
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Conclusion

This thesis describes the development of palladium-catalyzed arylation of C—H and O—H bonds
with aryl halides. By exploring the effects of reaction conditions, such as temperature, solvents,
ligands, and catalysts, optimal conditions have been identified which allows efficient and
selective arylation of C—H and O—H bonds. Furthermore, several synthesized compounds were
subjected to analysis to determine their electronic properties or potential physiological activities.

In Chapter 1, palladium-catalyzed C—H arylation reaction of DMB-protected AHX that enables
the synthesis of arylated AHX has been developed. Through the developed method and
deprotection of DMB groups, a series of non-protected aryl AHXs were synthesized for the first
time. Furthermore, some of synthesized arylated AHX derivatives showed stronger growth-
promoting activity toward the root of rice compared to mother AHX, the natural plant growth
promoter. The discovery of these compounds opens up immense possibilities for their application
in agriculture. Understanding the target proteins and a structure activity relationship of these
compounds would provide valuable insights into their mode of action, potentially leading to the
development of more effective plant growth regulators.

In Chapter 2, palladium-catalyzed one-step annulative n-extension (APEX) reaction of indoles
and pyrroles that allows rapid access to N-PACs and N-S-PACs has been developed. By using
diiodobiaryl, Ag>CO; and a DMF/DMSO mixed solvent, APEX reaction under milder conditions
than the previously reported oxidative conditions was achieved. The developed method allows
the convenient and streamlined synthesis of both planar and non-planar n-extended indoles and
pyrroles, which are promising candidates for various optoelectronic applications.

In Chapter 3, the first palladium-catalyzed esterification of carboxylic acids with aryl iodides
is described. A palladium catalytic system using IBn, novel NHC ligand, was discovered to
significantly enhance the typically challenging aryl-O bond-forming esterification reaction. This
discovery highlights the potential of palladium/electron-deficient NHC catalysis in Cary1-O bond
formation.

The aryl group is extensively utilized in countless reported molecules. This is largely attributed
to the remarkable developments in aryl group introducing reactions. The reactions and
transformations discovered by the author had been considered challenging. Similar to the impact
brought about by previous innovative reactions, the author has high expectations that these
discoveries will contribute to further advancements in the development of related reactions and

the exploration of new functional molecules.
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