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Pd-catalyzed site-specific heteroaromatic
C-H/peri-C—H annulative coupling for synthesis
of cyclopenta-fused polycyclic heteroarenesf
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Cyclopenta-fused polycyclic heteroarenes (CP-PHAs) composed of acenaphthylene and heteroaromatic
units have emerged as intriguing photoelectronic materials in view of the electron-accepting feature of
the fused CP rings and the tunable electronic properties of the heteroaromatics. To date, Pd-catalyzed
aromatic C—H/peri-C-halogen coupling has been used as one of the most general methods to construct
such CP-rings. In contrast, Pd-catalyzed direct aromatic C—H/peri-C—H coupling may provide a shortcut to
this CP-ring formation, which is applicable to a wide range of polycyclic arenes bearing peri-C—H bonds, but
remains unexploited so far. We herein describe a Pd-catalyzed site-specific C—H/peri-C—H annulative coup-
ling between (benzo)thiophenes or indoles with various polycyclic arenes to access a variety of n-extended
CP-PHAs. Benzolblthiophenes or thiophenes with a 1-naphthalenyl group at the C3 position gave C2-
naphthylated CP-PHAs in the Pd(OPiv),/AgOPiv system, whereas indoles with a 1-naphthalenyl group at the
C2 position gave C3-naphthylated CP-PHAs in the Pd(OPiv),/AgSbFg system. Notably, deuteration experiments
demonstrated that silver salts play a crucial role in the formation of heteroaryl-Ag species via site-specific C—H
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metalation of heteroaromatics, which subsequently undergo transmetalation with Pd(i) to form heteroaryl-Pd
species and activate the peri-C—H bond of the naphthalene group. Furthermore, this method enables the syn-
thesis of structurally diverse CP-PHAs via activation of peri-C—H bonds in large polycyclic aromatic hydro-
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Introduction

Cyclopenta-fused polycyclic aromatic hydrocarbons (CP-PAHs)
and polycyclic heteroaromatics (CP-PHAs) have emerged as
intriguing photoelectronic materials in terms of unique elec-
tronic affinity of the fused CP rings and their enhanced
stability."™ Among them, CP-PHAs composed of acenaphthy-
lene and heteroaromatic units have drawn particular interest
due to the electron-accepting nature of acenaphthylene and
the tunable electronic properties of the heteroaromatics.”® In
this context, we are interested in developing new and highly
efficient synthetic methods to construct n-extended CP-PHAs
fused with electron-rich heteroaromatic and electron-accepting
acenaphthylene units to create a new class of donor-acceptor
(D-A) type m-electronic molecules. To date, the Pd(0)-catalyzed
aromatic peri-C-H/C-Br and heteroaromatic C-H/peri-C-Br
annulative couplings are the most efficient methods toward
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carbons such as anthracene, phenanthrene, and pyrene.

constructing such acenaphthylene-fused CP-PAHs and
CP-PHAs (Scheme 1a and b).°® However, these methods
require brominated arenes, and the extension to other
n-extended PAHs with peri-positions is considered problematic,
particularly the method wusing 1,8-dibromonaphthalene
(Scheme 1b), due to the difficult in selective prefunctionaliza-
tion of the peri-positions of such PAHs. Recently, we also devel-
oped a novel Pd(u)-catalyzed cascade cyclization via peri-C-H
activation for the construction of indole- and acenaphthylene-
fused D-A type CP-PHAs (Scheme 1c),” but this method was
limited to the formation of the indole moiety. Considering
that this cascade cyclization leads to the formation of an
indolyl-Pd intermediate®'® enabling subsequent peri-C-H
bond activation, we envisioned that if heteroaryl-Pd intermedi-
ates can be formed site-selectively from readily available
naphthyl-substituted benzo[b]thiophene, thiophene, and
indole substrates, the desired CP-PHAs fused with naphtha-
lene can be constructed conveniently by direct C-H/peri-C-H
annulative coupling (Scheme 1d).*%"*
Transition-metal-catalyzed oxidative aromatic C-H/C-H
coupling reactions, which do not require prefunctionalization
of (hetero)aromatic substrates, have been demonstrated to be a
promising strategy for the synthesis of biaryl and polycyclic
(hetero)aromatic motifs,"® structural fragments frequently

This journal is © the Partner Organisations 2025
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(a) Pd(0)-Catalyzed peri-C-H/C-Br coupling
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Scheme 1 Pd-catalyzed synthesis of fused acenaphthylenes via
(hetero)aromatic C—H bond activation.

used in optoelectronic materials and medicinal chemistry. In par-
ticular, depending on the inherent differences in reactivity at the
C2 and C3 positions and the catalyst system, a variety of site-selec-
tive C-H arylations of (benzo)thiophenes and indoles have been
reported to afford biaryls.”>™® However, aromatic C-H/peri-C-H
coupling of (benzo)thiophenes or indoles with naphthalenes pro-
vides a shortcut to CP ring formation by intramolecular direct
coupling, which may be applicable to a wide range of polycyclic
arenes bearing peri-C-H bonds, but remains unexplored so far.
We herein describe a Pd-catalyzed site-specific heteroaromatic
C-H/peri-C-H annulative coupling between (benzo)thiophenes or
indoles and various PAHs bearing C-H bonds to access structu-
rally diverse m-extended CP-PHAs (Scheme 1e). Furthermore, we
have demonstrated that silver salt additives with different coun-
teranions function not only as oxidants but also as site-specific
C-H metalation reagents to form heteroaryl-Ag intermediates fol-
lowed by Pd(u)-catalyzed transmetalation to generate the desired
heteroaryl-Pd intermediates.

Results and discussion

Taking into account the influence in acidity of the C-H bonds
at the C2 (pK, = 32.0) and C3 (pK, = 36.8) positions of benzo
[bthiophene on the dehydrometalation reactivity,'"® 2-
(naphthalen-1-yl)benzo[b]thiophene 1a was selected as the
substrate to optimize the reaction conditions for the synthesis
of benzo[b|thiophene-fused CP-PHA 2a. As shown in
Scheme 1c,” we previously reported that the Pd(OPiv), catalyst
favors the activation of peri-C-H bonds of PAHs and an
additional metal oxidant is required to regenerate active Pd(mu)
species from the in situ formed Pd(0) species. With these con-
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siderations in mind, we evaluated a set of Pd(u) (10 mol%) cat-
alysts and metal oxidants (3 equiv.) by using N,N-dimethyl
acetamide (DMAc) as the solvent at 120 °C for 14 h (Table 1).
As expected, the use of the Pd(OPiv), catalyst in the absence of
oxidants, 2a was obtained in a very low yield of 5% (entry 1).
The use of cationic silver salts such as AgSbFs and AgBF, as
oxidants had no obvious effect on improving the yield of 2a
(entries 2 and 3). Subsequently, AgOAc oxidant was used to
promote the carboxylate-assisted C-H bond metalation, but
although a slight increase in efficiency was observed, the yield
of 2a was still low (entry 4). To our delight, the reaction
efficiency drastically enhanced when AgOPiv oxidant was used,
affording 2a in 81% yield in 3 h (entry 5). It was mentioned
that the use of a reduced amount of AgOPiv (2 equiv.) resulted
in a decrease in the yield of 2a along with the recovered 1a
(entry 6) Moreover, the combination of AgOPiv oxidant with
PdCl, or Pd(OAc), catalyst instead of Pd(OPiv), also showed
sufficient efficiency for the formation of 2a (entries 7 and 8).
However, the use of Cu(OPiv), instead of AgOPiv was ineffec-
tive in improving the yield of 2a (entry 9). These results indi-
cate that the existence of high concentrations of pivalate
counter anion in AgOPiv is crucial for the implementation of
the present C-H/C-H coupling reaction. In addition, the opti-
mized catalyst system in entry 5 showed higher activity in polar
solvents such as DMAc, DMF (71%), NMP (65%), i-PrCN
(62%), and 1,4-dioxane (70%) than in less polar solvents such
as toluene (33%) and chlorobenzene (40%).

To verify the difference in reactivity of the C-H bonds at the
C2 and C3 positions, the reaction of 2-(naphthalen-1-yl)benzo
[b]thiophene 1a’ was performed under the optimized con-
ditions (eqn (1)). As a result, the desired product 2a was
obtained in only 3% yield and 1a’ was mainly recovered, indi-
cating that the reactivity of the C-H bond at the C3 position of

Table 1 Optimization of reaction conditions for the coupling of 3-
(naphthalen-1-yl)benzolb]thiophene (1a)®

Oo
g

cat. Pd(Il) (10 mol%)

Oxidant (3.0 equiv) O 0
I,

=~/

DMAc, 120 °C, 14 h

1a 2a

Entry Pd(n) Oxidant 2a” (%) 1a? (%)
1 Pd(OPiv), None 5 93
2 Pd(OPiv), AgSDbFy 10 88
3 Pd(OPiv), AgBF, 12 85
4 Pd(OPiv), AgOAc 37 46
5 Pd(OPiv), AgOPiv 81 (78) 0
67 Pd(OPiv), AgOPiv 63 20
7 PdCl, AgOPiv 75 0
8 Pd(OAc), AgOPiv 74 0
9 Pd(OPiv), Cu(OPiv), 20 63

“Unless otherwise noted, the reaction carried out with 1a (0.2 mmol),
Pd(u) catalyst (0. 02 mmol) oxidant (0.6 mmol) in DMAc (2 mL) at
120 °C for 14 h. ?'H NMR yields determined using CHZBr2 as an
internal standard Isolated yield was shown in parentheses. ¢ Reaction
time is 3 h. 2 equiv. of AgOPiv (0.4 mmol) was used.
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the benzo[b]thiophene moiety is much lower than that at the
C2 position in this catalyst system. Next, the same catalytic
system was used to investigate the site-selectivity of C-H bonds
at the C2 and C3 positions of thiophene substrates. It has also
been reported that the C-H bond acidity is higher at the C2
(pKa = 33.5) position of thiophene than at the C3 (pK, = 39.0)
position.'® Similar to the site-selectivity of benzo[b]thiophene
substrates, thiophene substrate 3a bearing a 1-naphthyl group
at the C3 position produced corresponding product 4a in a
high yield of 80% (eqn (2)), whereas thiophene substrate 3a’
bearing a 1-naphthyl group at the C2 position afforded a very
poor yield of 4a (eqn (3)). These results indicate that in the
present catalytic system, the C-H bond at the C2 position of
the thiophene moiety is much more reactive than the C-H

bond at the C3 position.
\

‘Q\’ i ‘ W)

2a, 3%

Pd(OPiv), (10 mol%)
AgOPiv (3.0 equiv)

DMAc, 120 °C, 14 h

1a', 87%

(2)

Pd(OPiv), (10 mol%)
AgOPIiv (3.0 equiv)

1,4-dioxane, 120 °C, 24 h

Pd(OPiv); (10 mol%)

4a, 80%
O AgOPlv (3.0 equiv)

O 1,4-dioxane, 120 °C, 24 h (3)

3a' 4a, 3%
3a’', 78%

With the site-selective reactivity in hand, the substrate
scope of benzo[b]thiophenes 1 and thiophenes 3 was evaluated
under optimized conditions (Table 2)."” The electron-with-
drawing fluorine group and electron-donating methyl group at
the 4-position of the naphthyl moiety in the benzo[b]thio-
phene substrates, respectively, had negligible electronic effect
on the dual C-H bond activation process, yielding corres-
ponding CP-PHAs 2b and 2c¢ in good yields. Remarkably, the
peri-C-H bonds in large PAHs such as pyrene and phenan-
threne moieties could also be activated to construct n-extended
CP-PHAs 2d and 2e in 48% and 78% yields, respectively.
Likewise, thiophene substrates bearing fluorine and methyl
substituents at the 4-position of the 1-naphthyl moiety,
respectively, did not show significant electronic effect on the
reactivity difference, affording corresponding CP-PHAs 4b and
4c in good yields. In comparison, the thiophene substrate 3d,
2-chloro-4-(naphthalen-1-yl)thiophene, bearing a chlorine sub-
stituent at the 2-position of the thiophene ring, exhibited low
reactivity under the standard conditions, affording the annula-
tion product 4d in 20% yield. However, most of the chlorine
substituent remained unreacted under the conditions and 3d
was recovered in 65% yield albeit with the formation of a trace
of the dechlorinated byproduct of 3d. Aryl units such as
unsubstituted phenyl, and 4-MeO- and 4-F-substituted phenyls
on the thiophene moiety did not affect this C-H/C-H coupling,
affording desired products 4e-g in high yields. Gratifyingly,
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Table 2 Synthesis of various n-extended CP-PHAs fused with benzolb]
thiophenes and thiophenes?®

e
\

PA(OPiV), (10 mol%)
AgOPIv (3.0 equiv) N
__AQOPiv(30equiv)

DMAC or 1,4-dioxane
120°C

1or3

-
AL

2o0r4

2¢, 75% (3 h)

2b,R=79% (3 h)

d, 48% (6 h)

2e, 78% (3 h) 4b,R'=nhexyl, R2=F, 83% (24h) e, R=H, 85% (24 h)
4c, R' = n-hexyl, R? = Me, 70% (24 h)  4f, R = OMe, 82% (24 h)
4d, R' = CI, R? = H, 20% (40 h)" 49, R=F, 86% (24 h)
7 N\
aes cone
T\ 4 / (
s~/
4h, 50% (14 h) 4i,66% (14 h) 4j, 86% (14 h)
“Reaction conditions: benzo[b]thiophenes 1 or thiophenes 3

(0.2 mmol), Pd(OPiv), (10 mol%), AgOPiv (3 equiv.), DMAc (0.1 M) for
substrates 1 and 1,4-dioxane (0.1 M) for substrates 2, 120 °C. Isolated
yields are shown. ”The starting substrate 3d was recovered in 65%
yield.

large PAHs such as pyrene, anthracene, and phenanthrene
having peri-C-H bonds showed good compatibility for the
present C-/C-H coupling, giving the n-extended CP-PHAs 4h-j
in good to high yields. Furthermore, large CP-PHA structures
fused with two strained CP rings could be constructed by the
two-fold C-H/peri-C-H coupling strategy. For example, the
reaction of 3k bearing two 1-naphthyl groups at the C3- and
C4-positions of the thiophene under the modified conditions
led to the cleavage of four C-H bonds to give corresponding
product 4k in 58% yield (eqn (4)). Furthermore, with regard to
the prospective application of the highly n-extended CP-PHAs
as optoelectronic materials,® the reaction of 31 consisting of a
benzo[1,2-b:4,5-b']dithiophene core and two 1-naphthyl groups
was carried out, enabling the two-fold C-H/peri-C-H coupling

to afford desired product 41 in 27% yield.
*Pgas

Pd(OPiv), (20 mol%)
AgOPiv (6.0 equnv)

1 ,4-dioxane
120°C, 24 h
4k, 58%
‘ s, Pre 2 \ Pd(OPiv); (20 mol%)
O ~ AgOPiv (6.0 equiv)
O | ~ ! 1,4-dioxane
S 120°C, 24 h

3l

To gain insights into the site-selective metalation process,
several deuteration reactions were performed. The reaction of
1a with D,0O in the presence of 1 equiv. of Pd(OPiv), without

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qo00034c

Open Access Article. Published on 05 March 2025. Downloaded on 12/5/2025 7:13:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

using AgOPiv afforded the deuterated benzo[b]thiophene 1a-d,
in 3% yield along with the desired coupling product in 25%
yield (Scheme 2a). This result implies that C-H metalation
with Pd(u) at the C2 position of 1a leads to the formation of a
Bt-Pd intermediate, enabling subsequent peri-C-H bond acti-
vation, but in much lower yield compared to those using Pd(1)
catalyzed conditions in combination with AgOPiv. Sanford and
Larrosa demonstrated that silver salts such as AgOPiv and
Ag,0 promoted the C-H metalation of thiophene and benzo[b]
thiophene at the C2 position to form a Bt-Ag
intermediate.’*”*® Based on these precedents and our opti-
mized conditions, the reaction of 1a with D,O was carried out
using 1 equiv. of AgOPiv in the absence of Pd(u) catalyst. As a
result, deuterated la-d, was obtained in 44% yield without
forming the coupling product 2a. This H/D exchange indicates
the formation of a Bt-Ag intermediate, which should be a key
intermediate for the Pd(u)-catalysed transmetalation reaction
to produce the Bt-Pd intermediate. Additionally, high resolu-
tion mass spectrometry (HRMS) analysis confirmed that no
deuterium was incorporated at the 2- or 8-positions of the
naphthyl moiety in 1a, 1a-d;, and 2a after these deuteration
reactions. In contrast, no obvious H/D exchange was detected
when 1a' was reacted with D,O using AgSbF, and AgOPiv,
respectively (Scheme 2b), which is in line with the result
shown in eqn (1), suggesting that the C-H bond at the C3 posi-
tion of 1a’ is almost inactive in the present catalyst system.

In addition, parallel kinetic isotope effect (KIE) reactions
with protonated 1a and deuterated 1a-d; were carried out in
separated vessels for 30 min under optimized conditions
(Scheme 3a). The low KIE value of 1.33 indicates that the C-H
bond activation at the C2 position is unlikely to be the rate-
determining step. Furthermore, a KIE value of 1.7 was
obtained in the intermolecular competition reaction using a
1:1 mixture of 1a and 1a-d,; under optimized conditions in
the same vessel for 1 h (Scheme 3b). It should be noted that in
the reaction of 1a under standard conditions (shown in

v.

(a) Deuteration of the 2-position of 1a

Pd or Ag salts
D20 (5.0 equiv)

DMAc 120°C,3h

Pd(OPiv); (1 equiv) 1a-dy, 3% 2a,25%
AgOPiv (1 equiv) 1a-dy, 44% 2a, 0%
transmetallatlon
| O Pd(Il)
S Ag
Bt-Ag Bt-Pd
(b) Deuteration of the 3-position of 1a"
Ag salts
DZO (5.0 equiv)
DMAC 120°C, 14 h
AgSbFg (1 equiv) 1a'-d4, 0%
AgOPiv (1 equiv) 1a'-dy, 7%

Scheme 2 Study for the role of Ag and Pd salts. *H NMR yields are
shown using CH,Br; as an internal standard.
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(a) Parallel kinetic isotope experiment
| ‘
s

1a-d; (99.8%-d)

~

2a, 15%
(1a-dy, 65%)

O O KIE = 1.33
s
57Ny :
Pd(OPiv), (10 mol%)
AgOPIv (3 equiv)

1a
DMAc, 120 °C
30 min

2a,20%
(1a, 60%)

(b) Competition kinetic isotope experiment

O

byproducts

O

Pd(OPiv), (10 mol%) 2a,17%

_AGOPlv Bequv)
DMAc 120°C
1h

minor major
= 1a/1a dimer 1a-d;Ma-d; dimer
1a/1a-dy cross dimer  (total: 12%)

1a-dya-dy:(1a/1a + 1aia-dy) = ~2:1

KIE=17

2a-dg, 10%
(1a +1a-dy: 41%)

1a-d7 (0.1 mmol)

Scheme 3 Study of deuterium kinetic Isotope effect (KIE) for C—H
metalation. *H NMR yields are shown using CH,Br, as an internal
standard.

Table 1, entry 5), the dimerization product 1a/1a was observed
as a byproduct in less than 5% yield. This competition KIE
reaction afforded a mixture of dimerization byproducts with a
total yield of 12%, including the deuterated homo-coupling
dimer 1a-d,/1a-d, as the major byproduct and the protonated
homo-coupling dimer 1a/1a and cross-coupling dimer 1a/1a-d,
as minor byproducts (~2:1 ratio). The formation of 1a-d,/1a-
d, dimer as the major byproduct and the higher KIE value
than the parallel reaction suggest that the peri-C-H bond acti-
vation may be the rate-determining step.

On the basis of experimental outcomes and the prominent
role of the pivalate counteranion in this transformation, a
plausible reaction mechanism is outlined in Scheme 4. Both
AgOPiv and Pd(OPiv), enable the activation of the C-H bond of
1a at the C2 position by a pivalate-assisted concerted metalation
deprotonation (CMD) process via transition state TS1."® In this
case, in terms of the C-H metalation efficiency shown in
Scheme 2a, the AgOPiv-mediated C-H metalation should predo-
minantly proceed compared to Pd(OPiv),, affording Bt-Ag inter-

Ag(0)

M = A
Agopiv>)/ Pd(OPiv), g oo
>7'Bu
Bt Ag s’ w—a
,WPd(O) transmetalation ) Ts1
reductive elimination CMD process
»/M = PdX
AgOPiv
O O Pd(OPiv),
‘ : (]
s ()
N Pd CMD process Pax
c B (X = OPiv) (Bt-Pd)

peri-C-H activation

/

U/

Scheme 4 Plausible reaction mechanism for the formation of 2a.

‘Bu
TS2
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mediate A and Bt-Pd intermediate B, the latter of which also can
be formed from the former via transmetalation with Pd(OPiv),.
The peri-C-H bond of intermediate B is then activated by an intra-
molecular CMD process via transition state TS2, leading to the
formation of palladacycle C. Reductive elimination of C produces
the corresponding product 2a along with Pd(0) species, the latter
of which can be oxidized by AgOPiv oxidant to regenerate the
active Pd(OPiv), catalyst.

The UV-Vis absorption of representative CP-PHAs in chloro-
form solution showed broad absorption spectra extending up
to about 600 nm (Fig. 1). The longest absorption maxima
(Amax) and onsets of 2d, 4h, and 4i fused with large n-surfaces
of pyrene (2d and 4h) and anthracene (4i), respectively, are red-
shifted compared to 2a fused with naphthalene due to the
large m-extension of the formers (Fig. 1a). Notably, these
CP-PHAs with one embedded CP ring exhibit very weak absor-
bance in the range of 400-600 nm, which can be attributed to
the HOMO-LUMO transition with very small oscillator
strengths (f = 0.0236-0.0074) as suggested by density func-
tional theory (DFT) calculations at the B3LYP/6-31+G(d) level
(Fig. S1, ESIT). In comparison, 4k and 4l fused with two CP
rings show increased absorption intensities with Apax of
510 nm and 552 nm, respectively, corresponding to the
HOMO-LUMO transitions by DFT calculations (f =
0.1606-0.1141) (Fig. 1b and Fig. S17). The absorption onset of
590 nm for 41 is redshifted compared to 4k (522 nm) due to
the large m-extension system of 4l. The HOMO and LUMO
energy levels of CP-PHAs were calculated from the oxidation
and reduction potentials by cyclic voltammetry (Table 3 and
Fig. S2 in ESI}). Relatively low-lying HOMO and LUMO were
observed in the range of —5.59 to —5.37 eV for 2a-4k and
—3.61 to —3.48 eV for 2a-4l, respectively, due to the high elec-
tron affinity of the fused CP rings, in agreement with the trend
of DFT calculations. 4l fused with two CP rings has a high
HOMO of —5.16 eV due to the strong electron-donating benzo-
dithiophene core and two alkoxy groups. The electronic struc-
tures studied by DFT calculations suggest that the LUMO con-
tours of 2a, 2d, 4h, and 4i are mainly localized at the ace-
naphthylene core and peripheral polyaromatic units, whereas
the HOMOs are delocalized from the (benzo)thiophene moiety
to the acenaphthylene moiety. In addition, the HOMO and
LUMO of 41 are located at the benzodithiophene core and two

(a) b)

Normalized Abs (a.u.)

Normalized Abs (a.u.)

5 e
200 250 300 350 400 450 500 550 600 650
Wavelength (nm)

0
200 250 300 350 400 450 500 550 600 650
Wavelenghth (nm)

Fig. 1 UV-Vis absorption spectra in CHCl3, (a) 2a, 2d, 4h, and 4i; (b) 4k
and 4l.
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Table 3 Electrochemical properties of CP-PHAs

AE® HOMO? HOMO* LUMO” LUMO*

Compd. [eV] [ev] [eV] [eV] [eV]

2a 2.07 —5.59 -5.38 —-3.52 —2.03
2d 2.00 —5.48 —5.22 -3.48 -2.23
4h 1.97 —5.45 —5.22 —-3.48 —2.04
4i 1.97 —5.45 -5.18 —-3.48 -2.18
4k 1.85 —-5.37 -5.17 —-3.52 —2.08
| 1.55 -5.16 —-4.81 -3.61 -2.12

¢HOMO-LUMO energy gap (AE) was calculated from the HOMO and
LUMO energy levels. ” HOMO and LUMO was calculated from the oxi-
dation and reduction potentials by CV measurement and the Fc/Fc'
(—4.80 eV) was used as an external standard. * DFT calculation at the
B3LYP/6-31+G(d) level.

acenaphthylene cores, respectively, exhibiting a D-A type elec-
tronic structure consistent with the high-lying HOMO and low-
lying LUMO energy levels.

Next, we continued to develop the site-specific C-H/peri-C-
H coupling of 1-naphthylene-tethered indoles to construct
indole-fused CP-PHAs. The indole bearing an N-methyl substi-
tuent was investigated to have less acidic C-H bonds at the C2
(pK, = 37.7) and C3 (pK, = 41.4) positions compared to (benzo)
thiophenes.'® Therefore, considering the high nucleophilicity
of the C3 position of indoles, the 1-(p-tolyl)-1H-indole 5a
bearing 1-naphthyl group at the C2 position was selected as
the substrate to establish optimal catalyst system. A brief
optimization of the conditions showed that the use of the Pd
(OPiv), catalyst in the absence of an oxidant was almost
ineffective in the formation of the corresponding product 6a
(Table 4, entry 1). Importantly, cationic AgSbFs and AgBF,
proved to be highly effective oxidants in improving the yield of
6a, whereas the AgOPiv oxidant, which has been successfully
used in the case of (benzo)thiophenes, showed moderate reac-
tivity (entries 2-4). This prominent role of cationic silver salts
suggests the involvement of an electrophilic metalation

Table 4 Optimization of reaction conditions for (hetero)aromatic C—
H/C—H coupling with indole substrates®

cat. Pd(ll) (10 mol%)

i

A Oxidant (3.0 equiv) ’
O N O DMAc, 120 °C, 14 h N O
beTol p-Tol
5a 6a

Entry Pd(u) Oxidant 6a’ (%) 5a% (%)
1 Pd(OPiv), None 6 80
2 Pd(OPiv), AgSbFg 72 (65) 0
3 Pd(OPiv), AgBF, 73 5
4 Pd(OPiv), AgOPiv 54 19
5 Pd(OPiv), Cu(OPiv), 36 31
6 Pd(OPiv), Cu(OTf), 28 51
7 PdCl, AgSbFg 14 85

“Unless otherwise noted, the reaction carried out with 1a (0.2 mmol),
Pd(u) catalyst (0.02 mmol), oxidant (0.6 mmol) in DMAc (2 mL) at
120 °C for 14 h. ?’H NMR yields determined using CH,Br, as an
internal standard. Isolated yield was shown in parentheses.
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process at the nucleophilic C3 position of 1a. On the other
hand, copper salts such as Cu(OPiv), and Cu(OTf), exhibited
lower performance compared to silver salts (entries 5 and 6).
In comparison, the combination of PdCl, with AgSbFs was
found to be ineffective, suggesting that a pivalate counteranion
is required to sufficiently implement this C-H/C-H coupling
reaction (entry 7).

To compare the site-selective reactivity of the C-H bond at
the C3 and C2 positions, the indole substrate 5a’ bearing a
1-naphthyl group at the C3 position was subjected to the
PdCl,/AgSbF, system (eqn (6)). As expected, the yield of the
corresponding product 6a was very low (14%), indicating that
the C3 position of the indole is much more reactive than the
C2 position under the present conditions. The N-methyl- and
N-hexyl-substituted indoles 5b and 5¢ were examined to be less
effective compared to the N-p-tolyl-substituted indole 5a,
affording the corresponding products 6b and 6¢ in 39% and
30% yields, respectively (eqn (7)). The decreased yields of 6b
and 6c¢ could be attributed to the partial decomposition of 5b
and 5c, likely due to N-dealkylation of the methyl or hexyl
groups on the indole moiety under Pd-catalysed conditions.’
In contrast, the N-p-tolyl group of 5a was highly tolerant to
N-dearylation, affording 6a in good yield. It should be noted
that we have previously developed an efficient Pd-catalyzed
cascade cyclization for the synthesis of N-alkyl-substituted
CP-PHAs such as 6¢, as shown in Scheme 1c.” Therefore, the
present direct C-H/C-H coupling of N-aryl-substituted indoles
can be considered as an alternative method for the synthesis
of these indole-fused CP-PHAs. It was noted that the
N-unsubstituted indole substrate was almost completely
ineffective in yielding the corresponding CP-PHA product. In
addition, indoles 5d and 5e bearing an electron-donating
methyl group and an electron-withdrawing fluorine group at
the 5-position (R) of the indole moiety, respectively, showed no
obvious electronic effect in the formation of the corresponding
products 6d and 6e in good yields (eqn (8)). Our previous
electrochemical studies revealed that the HOMO and LUMO of
such indole-fused CP-PHA analogues containing naphthalene,
pyrene, and phenanthrene are in the range of —5.25 to -5.12
eV and —3.37 to —2.97 eV, respectively,” which are higher than
those of the (benzo)thiophene analogues as shown in Table 3
due to the stronger electron-donating nature of the indole
moiety compared to the (benzo)thiophene moieties.

Pd(OPiv), (10 mol%)
AgSbFg (3.0 equiv)

DMAc, 120 °C, 14 h

0
A @

6a, 14%
5a', 71%

D,
Q 7)

/
p-Tol

Pd(OPiv); (10 mol%)
AgSDbFg (3.0 equiv)

DMAc, 120 °C, 14 h

g8
N
\

R
5a, R = p-tolyl 6a, R = p-tolyl, 72%
5b, R = Me 6b, R = Me, 39% (5b, 30%)
5¢, R = n-hexyl 6c, R = n-hexyl, 30% (5¢, 8%)
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R
Pd(OPiv); (10 mol%)

R = | A — AgSbFg (3.0 equiv) O \
e -
XN \ 7/ DMAc, 120 °C, 14 h O (8)
bTol pTol
5d, R = Me, 61% 6d, R = Me, 61%
5e, R =F, 60% 6e, R =F, 60%

To confirm the involvement of the C-H metalation process,
we performed the H/D exchange reaction using 5a and D,O.
The reaction with 1 equiv. of Pd(OPiv), without using AgSbF,
afforded the deuterated product 5a-d; in 19% yield together
with the corresponding coupling product 6a in 16% yield
(Scheme 5a). This result indicates that Pd(OPiv), is able to
promote C-H metalation at the C3 position of 5a via the for-
mation of an indole-Pd (Id-Pd) intermediate, followed by acti-
vation of the peri-C-H bond to give 6a. Meanwhile, the use of 1
equiv. of AgSbF, afforded 5a in 50% yield without producing
6a, indicating that the C-H metalation reactivity of AgSbFs at
the C3 position of 5a is higher than that of Pd(OPiv),, leading
to the formation of the an indole-Ag (Id-Ag) intermediate. The
fact that the combination of Pd(OPiv), catalyst with AgSbFs sig-
nificantly improved the yield of 6a supports the involvement of
the Id-Ag to Id-Pd transmetalation in the present C-H/C-H
coupling reaction. Additionally, no deuterium incorporation
was observed at the 2- or 8-positions of the naphthyl moiety of
5a, 5a-d;, and 6a after these deuterium reactions.
Furthermore, H/D exchange experiments with 5a’ bearing a
1-naphthyl group at the C3 position in the presence of 1 equiv.
of AgSbF, or AgOPiv, respectively, afforded the corresponding
deuteration product 5a’-d; in low yields (Scheme 5b). These
results are in line with the hypothesized difference in nucleo-
philicity between the C2 and C3 positions of indole as well as
the difference in C-H bond acidity between benzothiophene
and indole.

a) Deuteration of the C3 position of 5a

PR

p -Tol p -Tol
5a Pd(OPiv); (1 equiv) 5a-dy, 19%
AgSbFg (1 equiv) 5a-dq, 50%

o 0 )
transmetalation
- OO T a0
N N

p-Tol \p-Tol
Id-Ag

Pd or Ag salts
D20 (5.0 equiv)

DMAc, 120 C 14h

6a, 16%
6a, 0%

1d-Pd
b) Deuteration of the C2 position of 5a"

% D

p- Tol’ p- Tol’
5a' AgSbFs (1 equiv)
AgOPiv (1 equiv)

Ag salts
D,0O (5.0 equw

DMAc, 120 °C 14h

5a'-dy, 7%
5a'-dy, 20%

Scheme 5 Study for the role of Ag and Pd salts. 'H NMR yields are
shown using CH,Br; as an internal standard.
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palladacycle peri-C-H activation Id-Pd (X = OPiv)

Piv(A

Scheme 6 Plausible reaction mechanism for the formation of 6a.

Based on the experimental outcomes, a plausible reaction
mechanism for the direct indole-C-H/peri-C-H coupling was
proposed as shown in Scheme 6. Electrophilic metalation at
the C3 position of 5a, involving electrophilic substitution of
both AgSbF, and Pd(OPiv), and followed by deprotonation,
leads to the formation of intermediates Id-Ag and In-Pd,
respectively, with the former predominating. The Id-Ag inter-
mediate then undergoes transmetalation with Pd(OPiv), to
form 1d-Pd, which activates the peri-C-H bond via a CMD
process with a pivalate counteranion-assisted transition state
(TS3) to generate a palladacycle intermediate. Reductive elim-
ination of the palladacycle furnishes the coupling product 6a.
Finally, the reduced Pd(0) species is oxidized by a silver
oxidant to regenerate the active Pd(u) species.

Conclusions

We have disclosed for the first time a new and efficient Pd-
catalyzed direct aromatic C-H/peri-C-H coupling reaction via
site-specific C-H bond activation of heteroaromatics, such as
benzo[b]thiophenes, thiophenes, and indoles, as well as peri-
C-H bond activation of various PAHs to construct diverse CP-
fused PHAs. The choice of silver salts with respect to the reac-
tive site of the heteroaromatics is found to be crucial for the
implementation of this Pd-catalyzed site-specific coupling
reaction: AgOPiv with pivalate counteranion enables C-H
metalation at the C2 position of benzo[b]thiophenes and thio-
phenes, whereas the cationic AgSbF, favors C-H metalation at
the C3 position of indoles. The present dual C-H functionali-
zation does not require any directing groups or prehalogena-
tion of the peri-position of polyaromatic unit and the hetero-
aromatic unit, providing an alternative, convenient, and
straightforward approach to construct new CP-PHAs fused
with various large PAHs and m-extended CP-PHAs fused with
two CP rings, which are difficult to achieve by the reported syn-
thetic methods. Further extension of the current dual C-H
annulation strategy to the design and synthesis of novel
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n-extended PHAs fused with various ring systems is in progress
to discover new organic functional materials.
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