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Abstract

In this study, a new zirconium-mediated cycloaddition for preparing dibenzosilole derivatives was developed using silicon-
bridged diynes and electron-withdrawing alkynes as starting materials. The preparation of silicon-bridged diynes from
1-bromide-2-iodobenzene, terminal alkynes, and dimethyldichlorosilane was also studied. Unlike in the previous synthesis
methods, much higher yields of electron-withdrawing group-substituted dibenzosilole derivatives were obtained. In addi-
tion, a new synthesis strategy for preparing benzonaphthosilole derivatives using internal alkynes, 1,4-dibromobenzene,
and electron-withdrawing alkynes as starting materials is proposed. Compared with previous methods, alkyl, phenyl, and
electron-withdrawing groups can be successfully introduced onto aromatic rings, and the positions of these substituents can
be easily controlled. The cycloaddition reactions for dibenzosilole and benzonaphthosilole derivatives are highly efficient
one-pot processes, and the raw materials are available and easily prepared. Using these new methods, a series of novel multi-
substituted dibenzonsilole and benzonaphthosilole derivatives were obtained effectively.
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Introduction

Silole derivatives have attracted considerable attention in
recent years because of their 6*—n* conjugation and aggre-
gation-induced emission (AIE) [1] properties. The c*—r*
conjugation decreases the lowest unoccupied molecular
orbital energy level, endowing silole with good electron
acceptance ability [2]. As AIE molecules, silole derivatives
are promising candidates for electron-transporting and light-
emitting layers in optoelectronic devices [3, 4].
Dibenzosilole molecules have received much attention
because of their applications as important building blocks of
different donor units and new conjugated polymers for solar
cells [5-7], electroluminescence materials [8], and explo-
sives detection [9]. Many researchers have adopted the ring-
closure method [10-15] for preparing dibenzosilole deriva-
tives. However, this method has some limitations such as the
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difficulties in introducing substituents onto benzene rings
and preparing raw materials. Matsuda et al. [16] reported an
iridium(I)-catalyzed cycloaddition method for synthesizing
dibenzosilole derivatives (Scheme 1), in which electron-
donating groups were introduced onto benzene rings. Unfor-
tunately, the reaction was sluggish when R was a dimeth-
oxycarbonyl group (an electron-withdrawing group, EWG),
and the product could hardly be obtained (yield=7%).
Interestingly, we found that silicon-bridged diynes can react
with Cp,ZrBu, and then undergo a cycloaddition reaction to
yield 79% of dimethoxycarbonyl-substituted dibenzosilole
derivative. In addition, various silicon-bridged diynes were
subjected to a zirconium-mediated cycloaddition reaction to
yield 64—79% of novel alkoxycarbonyl-substituted dibenzo-
silole derivatives (Scheme 1).

The synthesis of benzonaphthosilole (benzo[b]silaflu-
orene) derivatives has seldom been reported although
they are promising silole derivatives with extended
m-conjugation based on dibenzosilole (Fig. 1) [17-19],
and no synthesis of benzonaphthosilole derivatives has
been reported where alkyl, phenyl, and EWGs groups
were substituted on the aromatic rings. Because sub-
stituents can effectively regulate molecular properties,
lack of a synthesis method has limited the performance
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Scheme 1 Iridium(I)-catalyzed
cycloaddition and zirconium-
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sis of dibenzosilole derivatives R! R3 Yield= 7%
7 R2 [IrCl(COd)]z Si 0
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VRN EWG R! R} R’, R“= phenyl or alkyl
AN R3= methoxycarbonyl or
EWG O O R3 ethoxycarbonyl
SiL e Yield=64-79%
This work
Fig. 1 Rhodium-catalyzed
reaction (previous studies) and
zirconium-mediated cycload-
dition (present study) of
benzonaphthosilole derivatives Previous work .
synthesis H—Si /Sl\

studies of benzonaphthosilole derivatives. Fortunately, a
multi-substituted benzonaphthosilole derivative (Fig. 1)
is obtained by our strategy, which combines zirconium-
mediated coupling, Sonogashira coupling, and the novel
zirconium-mediated cycloaddition in moderate yield.
Using this strategy, propyl, phenyl, and dimethoxycarbonyl
groups can be efficiently and selectively introduced onto
aromatic rings.

In our previous studies, zirconacyclopentadienes have
been used as intermediates for the synthesis of naphthacene
derivatives, multi-substituted benzenes, and 1,2,3,4-tetraal-
kyl-1,4-diarylbutadienes [20-22]. In these studies, zircona-
cyclopentadienes were formed using silicon-free terminal
alkynes and internal alkynes as starting materials. How-
ever, in this study, silicon-containing acetylenes, i.e., sili-
con-bridged diynes, were used as the starting materials for
zirconium-mediated cycloaddition. A series of dibenzosilole
and benzonaphthosilole derivatives were efficiently synthe-
sized from silicon-bridged diynes by one-pot processes.
The zirconium-mediated cycloaddition showed good group

This work

tolerance for silicon-bridged diynes having different alkyl
and aryl groups.

Experimental Details
Reagents and Measurements

Anhydrous tetrahydrofuran (THF) was distilled from
sodium and benzophenone under dry nitrogen. Catalysts
PdCl,(PPh;), and Pd(PPh,), were purchased from Woerjim-
ing, China, and n-butyllithium (n-BuLi) was purchased from
Ouhechem, China. All other chemicals and reagents were
purchased from TCI (Japan) and Aladdin (China) and were
used without further purification.

All reactions were carried out under nitrogen protection
except for special instructions. 'H and '>C NMR spectra
were recorded on a Bruker AVANCE III spectrometer (Swit-
zerland) in deuterated chloroform using tetramethylsilane as
the internal standard. Mass spectra were obtained on an LCQ
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Deca XP MAX (Thermo Fisher, USA) mass spectrometer
system. Thin-layer chromatography (TLC) was performed
using Energy GF254 plates.

Synthesis of Alkoxycarbonyl-Substituted
Dibenzosilole Derivatives

The preparation of alkoxycarbonyl-substituted dibenzosilole
derivatives is shown in Scheme 2. Phenyl, pentyl, and alkox-
ycarbonyl-substituted dibenzosilole derivatives were synthe-
sized from terminal alkynes and 1-bromo-2-iodobenzene.

General Preparation Procedure of 2-Alkynylbromobenzene
(2)

First, 316 mg (0.45 mmol) of bis(triphenylphosphine)pal-
ladium dichloride (PdCl,(PPh;),) and 95 mg (0.5 mmol) of
cuprous iodide (Cul) were added to 100 mL of triethylamine,
and the mixture was stirred. Then, 4.24 g (1.9 mL, 15 mmol)
of 1-bromo-2-iodobenzene and 15 mmol of alkynes (1) were
added, and the mixture was further stirred overnight at room
temperature. The mixture was filtered, and the filtrate was
evaporated under a reduced pressure. The residue was puri-
fied by flash column chromatography on silica gel with
n-hexane as eluent to obtain 2-alkynylbromobenzene.

Spectroscopic data

1-bromo-2-(phenylethynyl)benzene (2a) [23]: 'H NMR
(400 MHz, CDCl,): 6 7.65-7.56 (m, 4H), 7.38 (dd, /=4.9,
1.9 Hz, 3H), 7.31 (td, J=17.6, 1.2 Hz, 1H), 7.19 (td, J=17.8,
1.7 Hz, 1H)

1-bromo-2-(pentylethynyl)benzene (2b) [24]: 'H NMR
(400 MHz, CDCl,): 6 7.54 (dd, J=8.0, 1.3 Hz, 1H), 7.41
(dt,J=7.7, 1.3 Hz, 1H), 7.21 (td, J=7.6, 1.2 Hz, 1H), 7.10
(td, J=7.7, 1.4 Hz, 1H), 2.45 (t, J=7.0 Hz, 2H), 1.64 (p,
J=7.1Hz, 2H), 1.52-1.43 (m, 2H), 1.36 (h, J=7.2 Hz, 2H),
0.95-0.89 (m, 3H)
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General Preparation Procedure for Silicon-Bridged Diynes

(5)

First, 6.96 mL (2.5 mol/L, 17.4 mmol) of n-BuLi was added
dropwise to a solution of 2 (15 mmol) in 35 mL of THF at
—78 °C, and the mixture was stirred for 1 h. Then, 7.1 mL
of dimethyldichlorosilane (Me,SiCl,) in 3 mL of THF
(cooled to — 78 °C first) was added to the mixture in one
portion, and the obtained mixture was gradually warmed
to room temperature. After stirring for 18 h, the reaction
was quenched with n-hexane, the mixture was filtrated, and
the filtrate was evaporated under a reduced pressure to give
crude 1-chlorodimethylsily-2-alkynylbenzene (3), which was
then dissolved in 3 mL of THF and protected under nitrogen.
The solution of 3 was used directly in the next step without
further purification. The quenching, filtration, and concen-
tration processes of 3 were under nitrogen protection.

In a dropwise manner, 8.64 mL (2.5 mol/L, 21.6 mmol)
of n-BuLi was added to a solution of 18 mmol of alkynes
(4) in THF (16 mL) at — 78 °C, and the mixture was stirred

—78 °C for 1 h. The solution of 3 in THF was added, and
the obtained mixture was gradually warmed to room tem-
perature. After stirring for 16 h, the reaction was quenched
with water and extracted with ethyl acetate. The solution of
organic phase was removed under a reduced pressure, and
the residue was purified by flash column chromatography on
silica gel with n-hexane and triethylamine (v/v=100:1) to
give silicon-bridged diynes.

Spectroscopic data

1-[(dimethyl)(phenylethynyl)silyl]-2-(phenylethynyl)benzene
(5a) [16]: 'H NMR (400 MHz, CDCl,): 6 7.82-7.79 (m,
1H), 7.48 (ddd, /J=6.4,5.2, 2.9 Hz, 3H), 7.40-7.36 (m, 2H),
7.33-7.24 (m, 5H), 7.23-7.15 (m, 3H), 0.57 (s, 6H)

1-[(dimethyl)(pentylethynyl)silyl]-2-(phenylethynyl)ben-
zene (5b) [16]: 'H NMR (400 MHz, CDCl,): 5 7.87-7.83
(m, 1H), 7.57-7.53 (m, 3H), 7.39-7.32 (m, 5SH), 2.27 (t,
J=7.2Hz, 2H), 1.58-1.49 (m, 3H), 1.42-1.24 (m, 5H), 0.88
(t, J=17.1 Hz, 3H), 0.56 (s, 6H)
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Scheme 2 Synthesis of alkoxycarbonyl-substituted dibenzosilole derivatives
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1-[(dimethyl)(phenylethynyl)silyl]-2-(pentylethynyl)benzene
(5¢): '"H NMR (400 MHz, CDCl,): § 7.84-7.81 (m, 1H),
7.47 (ddt, J=7.7,3.8, 1.9 Hz, 3H), 7.40-7.37 (m, 1H), 7.28-
7.25 (m, 4H), 2.38 (t, J="7.2 Hz, 2H), 1.58 (p, J=7.3 Hz,
2H), 1.41-1.35 (m, 2H), 1.32-1.26 (m, 2H), 0.86 (t,
J=17.2Hz, 3H), 0.56 (s, 6H). >°C NMR (101 MHz, CDCl,):
6 138.64, 135.13, 132.35, 132.13, 129.51, 128.70, 128.34,
126.99, 123.33, 107.05, 94.24, 92.72, 81.79, 31.39, 28.35,
22.35,19.70, 14.08, —0.60. LC-MS, m/z: 331.3 [M+H]*

General Preparation Procedure for Dibenzosilole
Derivatives (6)

First, 2.13 mL of n-BuLi (1.6 mol/L, 3.4 mmol) was added
dropwise to a mixture of bis(cyclopentadienyl)zirconium
dichloride (Cp,ZrCl,, 0.5 g, 1.7 mmol) and 5 mL of THF
at — 78 °C, and the mixture was stirred for 1 h. Then, 5
(1 mmol) was added, and the resulting mixture was heated
to 50 °C for 3040 min (5a: 30 min, 5b—c: 40 min). The mix-
ture was cooled to 0 °C and cuprous chloride (CuCl, 0.38 g,
3 mmol) was added, and the resulting mixture was warmed
to room temperature for 10 min. Dimethyl acetylenedicarbo-
xylate or diethyl acetylenedicarboxylate (DMAD or DEAD,
4 mmol) was added and the resulting mixture was heated to
50 °C for 15-90 min (6a: 15 min, 6b: 90 min, 6¢—d: 30 min).
The reaction was quenched with saturated ammonium chlo-
ride solution and extracted with ethyl acetate. The solvent
of organic phase was removed under a reduced pressure, and
the residue was purified by flash column chromatography
on silica gel with n-hexane and ethyl acetate (v/v=5:1) to
give 6.

Spectroscopic data

Dimethyl 9,9-dimethyl-1,4-diphenyl-9-silafluorene-2,3-dicar-
boxylate (6a) [16]: '"H NMR (400 MHz, CDCl,): 6 7.53-7.29
(m, 11H), 7.14 (t, J=7.2 Hz, 1H), 6.98-6.92 (m, 1H), 6.48
(d, J=8.2 Hz, 1H), 3.48 (s, 3H), 3.45 (s, 3H), 0.06 (s, 6H).

Diethyl 9,9-dimethyl-1,4-diphenyl-9-silafluorene-2,3-dicarbo-
xylate (6b): '"H NMR (400 MHz, CDCl,): 6 7.56-7.32 (m,
11H), 7.15 (t, J=7.2 Hz, 1H), 7.00-6.92 (m, 1H), 6.49 (d,
J=28.1Hz, 1H), 4.01-3.90 (m, 4H), 0.96 (t, J=7.1 Hz, 3H),
0.89 (t, J=7.1 Hz, 3H), 0.07 (s, 6H). '>*C NMR (101 MHz,
CDCl,): 6 168.20, 167.81, 151.95, 147.21, 146.58, 145.79,
143.33, 141.62, 141.01, 139.04, 137.17, 135.04, 129.58,
129.46, 129.17, 128.55, 127.88, 127.59, 127.42, 126.58,
61.20, 61.09, 13.52, 13.37, —2.51. LC-MS, m/z: 507.1
[M+H]*

Dimethyl 9,9-dimethyl-4-pentyl-1-phenyl-9-silafluor-
ene-2,3-dicarboxylate (6¢): '"H NMR (400 MHz, CDCly):
67.59 (d, J=17.0 Hz, 1H), 7.47-7.40 (m, 3H), 7.35-7.30

(m, 2H), 7.17 (t, J=7.15 Hz, 1H), 7.00-6.91 (m, 1H), 6.47
(d, /=8.2 Hz, 1H), 3.88 (s, 3H), 3.44 (s, 3H), 3.03-2.94
(m, 2H), 1.70-1.60 (m, 2H), 1.52-1.36 (m, 4H), 0.96 (t,
J=7.1 Hz, 3H), 0.53 (s, 6H). 6 168.52, 168.38, 147.50,
146.67, 145.86, 142.88, 140.23, 138.95, 137.77, 133.85,
131.88, 129.31, 128.26, 127.75, 127.22, 126.13, 51.95,
51.44, 36.05, 32.15, 22.14, 13.72, —2.84. LC-MS, m/z:
473.2 [M+H]*

Dimethyl 9,9-dimethyl-1-pentyl-4-phenyl-9-silafluor-
ene-2,3-dicarboxylate (6d): 'H NMR (400 MHz, CDCl,):
0 8.06 (d, J=8.2 Hz, 1H), 7.65 (dd, J=7.1, 1.5 Hz, 1H),
7.53 (td, J=17.9, 1.6 Hz, 1H), 7.46-7.41 (m, 3H), 7.39-7.35
(m, 1H), 7.33-7.29 (m, 2H), 3.97 (s, 3H), 3.53 (s, 3H),
3.20-3.14 (m, 2H), 1.93-1.83 (m, 2H), 1.62-1.53 (m, 2H),
1.53-1.45 (m, 2H), 1.02 (t, J=7.2 Hz, 3H), 0.08 (s, 6H).
13C NMR (101 MHz, CDCl,): § 169.61, 168.48, 148.19,
147.22, 144.38, 144.01, 142.19, 141.01, 137.00, 135.52,
133.26, 132.55, 132.26, 130.10, 129.23, 127.47, 126.15,
52.36, 51.84, 32.04, 29.47, 22.26, 13.97, —2.47. LC-MS,
mlz: 473.1 [M+H]*

Synthesis of Dimethoxycarbonyl-Substituted
Benzonaphthosilole Derivative

Benzonaphthosilole derivative with propyl, phenyl, and
dimethoxycarbonyl substituents was synthesized from
4-octyne, phenylacetylene, and 1,4-dibromobenzene, and
the synthetic route is shown in Scheme 3.

Preparation Procedure for 1,4-Dibromo-2,5-Diiodobenzene

The preparation of 1,4-dibromo-2,5-diiodobenzene does
not need nitrogen protection. First, 60 mL of H,SO,
(98%) was added dropwise to periodic acid (HslO,
2.66 g, 11.7 mmol) at 0 °C. Potassium iodide (KI, 5.82 g,
35.1 mmol) was added four times at intervals of 10 min,
and 15 min later, 1,4-dibromobenzene (5.52 g, 23.4 mmol)
and H,SO, (98%, 24 mL) were added slowly. The mixture
was stirred at 0 °C for 12 h and warmed overnight to room
temperature. The obtained mixture was poured in ice water
and filtered, and the cake was dissolved in chloroform and
washed with NaOH solution (5%). The organic phase solu-
tion was removed under reduced pressure, and the residue
was recrystallized with chloroform and THF (v:iv=2:1) to
give 1,4-dibromo-2,5-diiodobenzene.

Spectroscopic data

1,4-dibromo-2,5-diiodobenzene [25]: '"H NMR (400 MHz,
CDCl,): 6 8.04 (s, 2H).
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Scheme 3 Synthesis of dimethoxycarbonyl-substituted benzonaphthosilole derivative

Preparation Procedure for Benzonaphthosilole Derivative
(11)

First, 15.6 mL of n-BuLi (2.5 mol/L, 39 mmol) was added
dropwise to the mixture of Cp,ZrCl, (5.9 g, 19.5 mmol) and
THF (100 mL) at —78 °C, and the resulting mixture was
stirred for 1 h. Then, 4-octyne (3.31 g, 30 mmol) was added,
and the mixture was stirred at room temperature for 2 h and
cooled to 0 °C. Cuprous chloride (4.45 g, 45 mmol) was
added, and the mixture was stirred at room temperature for
10 min. Subsequently, 1,3-dimethyl-tetrahydropyrimidin-
2(1H)-one (DMPU, 7.3 mL, 60 mmol) and 1,4-dibromo-
2,5-diiodobenzene (14.63 g, 30 mmol) were added, and the
obtained mixture was heated to 50 °C for 2 h. The reaction
was quenched with dilute hydrochloric acid and extracted
with ethyl acetate. The organic phase solvent was removed
under a reduced pressure and the residue was purified by
flash column chromatography on silica gel with n-hexane
to give 6-bromo-7-iodo-1,2,3,4-tetrapropylnaphthalene (7).

The synthesis procedures of 6-bromo-7-phenylethynyl-
1,2,3,4-tetrapropylnaphthalene (8), 6-chlorodimethylsily-
7-phenylethynyl-1,2,3,4-tetrapropylnaphthalene (9), and
6-(phenylethynyl)dimethylsily-7-phenylethynyl-1,2,3,4-
tetrapropylnaphthalene (10) are the same as those of 2, 3,
and 5.

In a dropwise manner, 2.13 mL of n-BuLi (1.6 mol/L,
3.4 mmol) was added to the mixture of Cp,ZrCl, (0.5 g,
1.7 mmol) and THF (5 mL) at —78 °C, and the mixture was
stirred for 1 h. Then, 10 (0.56 g, 1 mmol) was added, and the
obtained mixture was heated to 70 °C for 1 h. The mixture
was cooled to 0 °C, and CuCl (0.38 g, 3 mmol) was added,
and then, the mixture was warmed to room temperature for
10 min. Subsequently, DMAD (0.57 g, 4 mmol) was added,
and the mixture was heated to 65 °C for 2 h. The reaction
was quenched with saturated ammonium chloride solution
and extracted with ethyl acetate. The organic phase solvent
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was removed under a reduced pressure, and the residue

was purified by flash column chromatography on silica gel

with n-hexane and ethyl acetate (v/v=5:1) to give dimethyl

5,5-dimethyl-7,10-diphenyl-1,2,3,4-tetrapropylbenzo[b]

naphtho[2,3-d]silole-8,9-dicarboxylatepropyl (11).
Spectroscopic data

6-bromo-7-iodo-1,2,3,4-tetrapropylnaphthalene (7): !
NMR (400 MHz, CDCl,): 6 8.50 (s, 1H), 8.24 (s, 1H), 2.93
(ddd, J=11.3, 5.3, 3.0 Hz, 4H), 2.76-2.69 (m, 4H), 1.68—
1.55 (m, 8H), 1.15-1.09 (m, 12H)

6-bromo-7-phenylethynyl-1,2,3,4-tetrapropylnaphthalene
(8): '"HNMR (400 MHz, CDCl,): § 8.19 (d, J=6.8 Hz, 1H),
7.67-7.63 (m, 1H), 3.01-2.90 (m, 2H), 2.71 (ddd, J=11.7,
4.9, 3.1 Hz, 2H), 1.71-1.61 (m, 2H), 1.61-1.54 (m, 2H),
1.15-1.07 (m, 6H)

6-(phenylethynyl)dimethylsily-7-phenylethynyl-1,2,3,4-
tetrapropylnaphthalene (10): 'H NMR (400 MHz, CDCl,):
6 8.64 (s, 1H), 8.22 (s, 1H), 7.66-7.63 (m, 2H), 7.55-7.52
(m, 2H), 7.37 (q, J=2.5 Hz, 3H), 7.33-7.30 (m, 3H), 3.04
(dd, J=7.3, 4.4 Hz, 4H), 2.75 (dd, J=7.9, 4.5 Hz, 4H),
1.74-1.69 (m, 4H), 1.59 (dt, J=6.7, 2.1 Hz, 4H), 1.14 (ddd,
J=13.0,7.4,2.8 Hz, 12H), 0.73 (s, 6H)

Dimethyl 5,5-dimethyl-7,10-diphenyl-1,2,3,4-
tetrapropylbenzo[b]naphtho[2,3-d]silole-8,9-dicarboxylate-
propyl (11): 'H NMR (400 MHz, CDCI,): § 8.10 (s, 1H),
7.66 (s, 1H), 7.50 (dt, J=4.9, 2.5 Hz, 3H), 7.46-7.40 (m,
5H), 7.34 (dd, J=7.3, 2.1 Hz, 2H), 3.47 (s, 3H), 3.43 (s, 3H),
2.96 (dd, J=9.4, 6.6 Hz, 2H), 2.68-2.62 (m, 2H), 2.61-2.55
(m, 2H), 2.23 (t, J=8.0 Hz, 2H), 1.62 (q, /J=7.8 Hz, 2H),
1.48 (ddt, J=16.3, 12.0, 7.9 Hz, 6H), 1.16 (q, J=7.6 Hz,
2H), 1.09-1.00 (m, 10H), 0.11 (s, 6H). '>*C NMR (101 MHz,
CDCl,): 6 168.30, 147.81, 146.10, 141.45, 141.07, 139.60,
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138.05, 137.58, 136.73, 135.62, 135.10, 133.83, 131.72,
130.17, 129.32, 128.01, 127.68, 51.97, 32.57, 24.58, 14.77,
—1.58. LC-MS, m/z: 697.2 [M+H]*

Results and Discussion

In this study, new zirconium-mediated cycloaddition strate-
gies for synthesizing several novel dibenzosilole and ben-
zonaphthosilole derivatives are developed. Using these
methods, EWG, alkyl, and phenyl groups can be selec-
tively introduced onto the aromatic rings of these new
derivatives.

The Sonogashira coupling of 1 and 1-bromo-2-iodoben-
zene in the presence of Pd(PPh;),Cl, and Cul produced
high yields of 2 and 8. However, when Pd(Ph;), and Cul
were used as catalysts, the reaction was sluggish and did not
accelerate with an increase in temperature. This suggests
that Pd(PPh;),Cl, is the suitable catalyst for this reaction.
Since iodine is more reactive than bromine, the Sonoga-
shira coupling occurred selectively at the iodine position,
and the introduction of R' and R? groups could be effectively
controlled.

Side reactions occurred when Me,SiCl, was added
dropwise during the synthesis of 3 and 9. These reactions
reduced when Me,SiCl, was added in one portion. This indi-
cates that insufficient amount of Me,SiCl, would react with
double its amount of lithiated molecules of 2 and 8 to give
by-products, and adding Me,SiCl, in one portion reduced
the by-products. To prevent overheating in the process of
adding Me,SiCl, in one portion, Me,SiCl, and the reac-
tion mixture were first cooled to — 78 °C. Given that Si—Cl
bonds in 3 and 9 can hydrolyze easily, n-hexane was used
as the quencher. In addition, the corresponding quenching,

Scheme 4 Reaction mechanism R!
of zirconium-mediated cycload- =
.. L . . 2
dition of silicon-bridged diynes R“—
Si
/ N\
Bu, Zﬁ
T
Bu”

| EWG
R __EWG
/ Cu
X~ Cu
/Sl N
RZ

filtration, and concentration operations were carried out
under nitrogen atmosphere.

The reaction mechanism of zirconium-mediated cycload-
dition of silicon-bridged diynes is shown in Scheme 4. It
has been reported that zirconacyclopentadienes can react
with electron-withdrawing alkynes to give benzene deriva-
tives [26, 27]. It was speculated that silolozirconacyclo-
pentadiene intermediates were formed from the reaction
of silicon-bridged diynes with Cp,ZrBu,. The treatment of
silolozirconacyclopentadienes with CuCl generated copper-
substituted butadiene intermediates, which was followed by
an insertion reaction with EWG-substituted alkynes at the
C—Cu bond, and copper-substituted 1,3,5-hexatriene inter-
mediates were produced. Then a six-membered ring mol-
ecule was formed via Michael addition reaction. Afterward,
Cu(I) at C—Cu bond was reduced to Cu(0), at which point
EWG-substituted silole derivatives were formed. Through
this reaction, Cu(I) was converted to Cu(0), which suggests
that CuCl was not a catalyst but a reactant. Moreover, a cop-
per mirror was observed on the inner wall of the bottle after
this reaction.

As for the formation of silolozirconacyclopentadienes of
5, the conversion rate of silicon-bridged diynes was greatly
affected by the temperature. As detected by TLC, the conver-
sion rate was low after 3 h of reaction at room temperature.
Surprisingly, 30—40 min of stirring at 50 °C resulted in a
high conversion rate. The results showed that 50 °C was
the optimum temperature for the silolozirconacyclopenta-
dienes formation. In addition, a longer time was needed for
this reaction when there was an alkyl group on the silicon-
bridged diynes.

To optimize the reaction temperature of the EWG-sub-
stituted alkynes cycloaddition, the reaction of 6a was inves-
tigated, and different temperatures were tried (25, 35, 50,
60, and 70 °C). It took these reactions 6 h at 25 °C, 1 h at

EWG
~ ZrCp, CuCl o Cu
Si — 5 __ Cu
1. R
4 /Sl\ R2

1
R gwG

Cu 1
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Cu
O C Cu EWG
. EWG Si )
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Table 1 Synthesis of novel dibenzosilole derivatives

Entry Name R! R? R’ Yield (%)*
1 2a Phenyl - - 83
2 2b Pentyl - - 87
3 Sa Phenyl Phenyl - 79
4 5b Phenyl Pentyl - 49
5 Se Pentyl  Phenyl - 63
6 6a Phenyl Phenyl Methoxycarbonyl 79
7 6b Phenyl Phenyl Ethoxycarbonyl 65
8 6¢c Phenyl Pentyl Methoxycarbonyl 69
9 6d Pentyl Phenyl Methoxycarbonyl 64

Tsolated yields

35 °C, and 15 min at 50 °C to prepare 6a, and by-products
were detected by TLC when the temperature was higher than
60 °C. Based on these, 50 °C was chosen as the optimum
temperature for the cycloaddition reaction of EWG-substi-
tuted alkynes.

The yields of the substances obtained during the prepara-
tion of dibenzosilole derivatives are listed in Table 1. Phe-
nyl-, pentyl-, and alkoxycarbonyl-substituted dibenzosilole

derivatives were obtained in yields of 64-79% by zirco-
nium-mediated cycloaddition (entries 6-9). In contrast
to iridium(I)-catalyzed cycloaddition reaction [16], novel
dibenzosilole derivatives were efficiently prepared (entries
7-9), in addition to the high yield of dimethoxycarbonyl-
substituted derivative obtained (entry 6). This indicates that
zirconium-mediated cycloaddition has good adaptability to
silicon-bridged diynes bearing different substituents.

During the synthesis of 11, TLC detected that the siloloz-
irconacyclopentadiene intermediate formation was sluggish
at 50 °C. Considering the steric effect of the naphthyl group,
55, 60, 65, and 70 °C were attempted. It took 1 h for the
reaction to convert silicon-bridged diynes into intermedi-
ates even at 70 °C, and the conversion was slower for lower
temperatures. Therefore, 70 °C was selected as the optimum
temperature for the formation of the silolozirconacyclopen-
tadiene intermediate of 10.

For the cycloaddition of dimethyl but-2-ynedioate to
obtain 11, 50, 55, 60, 65, and 70 °C were tried. The reac-
tions were slow when the temperatures were below 65 °C,
and at 70 °C, the separation of 11 was greatly affected by
the large amount of by-products. In contrast, 2 h of reaction

Scheme 5 Synthesis of novel n-Pr
benzonaphthosilole derivative
(all the yields were isolated I Br n-Pr Br
X CC
—_— —_—
Br I n-Pr I
1,4-dibromo-2,5- n-Pr
e 0
diiodobenzene(57%) 7(67%)
n-Pr Ph

T g
n-Pr Br n-Pr

n-Pr

8(65%)
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at 65 °C moderately yielded 11; hence, it was chosen as the
optimum temperature for the cycloaddition to prepare 11.

The yields obtained during the preparation of benzon-
aphthosilole derivative are listed in Scheme 5. As noted
above, there are few reports on the synthesis of benzonaph-
thosilole derivatives. Our report on the synthesis of 11 is
unique, because to date, it is the only synthesized benzo-
naphthosilole derivative with substituents on the aromatic
rings. The structure and synthesis strategy of 11 are rather
different from those of the previous literature [17-19]. In
contrast to the rhodium-catalyzed reaction, the synthesis
strategy we designed uses readily available alkynes as the
starting materials instead of dimethyl[2-(naphthalen-2-yl)
phenyl]silane, which is difficult to prepare. Moreover, pro-
pyl, phenyl and dimethoxycarbonyl groups can be selectively
introduced onto the aromatic rings of 11 by combining zir-
conium-mediated coupling reaction, Sonogashira coupling
reaction, and the novel zirconium-mediated cycloaddition
reported in this paper. The result of preparing 11 shows that
zirconium-mediated cycloaddition has excellent adaptability
to silicon-bridged diynes bearing a larger group as naphthyl.
This indicates that zirconium-mediated cycloaddition reac-
tions of silicon-bridged diynes can be used to synthesize
various silole derivatives.

Conclusions

In summary, a new method of synthesizing alkoxycarbonyl-
substituted dibenzosilole derivatives was developed, and the
preparation of Sc¢, 6b, 6¢, and 6d was reported for the first
time. High yields of dibenzosilole derivatives were obtained,
which were much higher than that of iridium(I)-catalyzed
cycloaddition. In addition, we successfully designed a strat-
egy based on zirconium-mediated cycloaddition reaction
for synthesizing a moderate yield of benzonaphthosilole
derivative bearing several substituents, which suggests that
this reaction is suitable to silicon-bridged diynes bearing
different groups. By synthesizing compound 11, we suc-
cessfully accomplished the selective and multiple derivati-
zation of benzonaphthosilole. Using the synthesis strategies
we reported, alkoxycarbonyl, phenyl, and alkyl-substituted
dibenzosilole and benzonaphthosilole derivatives were effi-
ciently synthesized, where the alkoxycarbonyl, phenyl, and
alkyl groups were selectively introduced onto the aromatic
rings. All raw materials of the cycloaddition reactions are
available or easily prepared. In addition, alkoxycarbonyl
groups have potential for further derivatization, which is of
great significance for expanding the range of applications of
silole derivatives. These novel zirconium-mediated cycload-
dition synthesis strategies can provide a wider variety of
silole derivatives.
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