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Abstract

A series of novel |,4-bis(alkynyl)benzene derivatives were synthesized from trimethylsilyl-substituted alkynes by the
mediation of zirconocene with excellent regioselectivity in high yields. The 3,6-bis(trimethylsilyl)-4,5-dialkylphthalic
acid dimethyl esters were prepared by cycloaddition of 2,5-bis(trimethylsilyl)zirconacyclopentadienes to dimethyl
acetylenedicarboxylate. After iodination with iodine monochloride, 3,6-diiodo-4,5-dialkylphthalic acid dimethyl esters
reacted with terminal alkynes to prepare the corresponding |,4-bis(alkynyl)benzene derivatives by Sonogashira coupling
reactions. After removal of trimethylsilyl, 4,5-dibutyl-3,6-bis(ethynyl)phthalic acid dimethyl ester (compound 3) reacted
with 4-iodobenzoic acid ethyl ester and 2-iodothiophene, respectively, to obtain the corresponding products 4a and 4c.
Compound 3 can be extended to higher oligomers, which reacted with |-bromo-4-iodobenzene and phenylacetylene
in a stepwise manner under Sonogashira conditions to give the phenylene-ethynylene oligomer 5 in an isolated yield of
85%. The structures of the products were confirmed by 'H NMR spectroscopy, '*C NMR spectroscopy, and MS. The
optical properties of the |,4-bis(alkynyl)benzene derivatives were studied by UV-Vis spectroscopy and fluorescence
spectra. The results indicated that some can be developed into potential photovoltaic materials.
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Introduction

Molecular wires with linear conjugated structures are
important components of electronic devices. Among these
conjugated  materials,  oligo(phenylene-cthynylenes)
(OPEs) with ideal conductivity and rigidity are widely used
to prepare conductive and electroluminescent materials by
the modification of functional groups.!? 1,4-Bis(alkynyl)
benzene is a crucial component as a monomer unit of OPEs,
which can be developed into organic optoelectronic mate-
rial by further coupling of the conjugated structure.’* The
preparation of benzene derivatives has attracted much
attention of chemists for several decades.>” Although the
synthesis, properties, and applications of benzene

derivatives have been studied for a long time, there are still
only a few reports on the selective synthesis of
1,4-bis(alkynyl)benzenes.®1® The synthesis of benzene
derivatives by cycloaddition of zirconacyclopentadienes to
a third molecular alkyne is well known,'' and chemists
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initially considered it as a potential way to prepare
1,4-bis(alkynyl)benzenes through the 2,5-bis(alkynyl)zir-
conacyclopentadiene C (Eq. 1).'? Unfortunately, although
zirconacycle C seems to be a reasonable intermediate for
the preparation of 1,4-bis(alkynyl)benzenes, the reaction of
Cp,Zr(1) with 1,3-butadiyne A afforded seven-membered
zirconacyclocumulenes B, and the zirconacycle C is not
obtained (Eq. 1).13" Thus, it is necessary to develop an
alternative method to prepare 1,4-bis(alkynyl)benzenes
using the zirconocene complex and silylalkynes.
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So far our group has developed zirconocene-mediated
selective syntheses of benzene derivatives. On the basis of
our previous works on the zirconocene-mediated cycload-
dition of different alkynes, the fully substituted benzenes
and 1,2,3,5-tetrasubstituted benzenes were prepared.'®'®
The trimethylsilyl (TMS) groups can be easily substituted
with other functional groups'® and the selective synthesis of
1,4-bis(alkynyl)benzenes from TMS-substituted alkynes
by the mediation of Cp,Zr(II) species seemed to be an
appropriate method. TMS-substituted alkynes were treated
with  Cp,Zr(Il) species to afford the corresponding
2,5-bis(trimethylsilyl)zirconacyclopentadienes as single
products in high yields with excellent regioselectivity. After
the cycloaddition of the zirconacyclopentadienes with the
third internal alkyne, 1,4-bis(trimethylsilyl)hexa-substi-
tuted benzenes were produced as important intermediates.
The TMS groups were substituted by iodo groups to form
the corresponding diiodo-substituted derivatives, which
reacted with terminal alkynes to prepare the desired
1,4-bis(alkynyl)benzene derivatives through Sonogashira
coupling reactions. After removal of the TMS groups from
bis(trimethylsilylethynyl)benzenes, the corresponding
bis(ethynyl)benzene derivatives were prepared. These can
be extended to higher-order linear conjugated molecules
through coupling with iodides. The basic unit of the current
OPE is usually a para-disubstituted benzenes which can be
extended only at the para-position. In this paper, some

functional groups, such as —Pr, —-Bu, and -CO,Me, can be
introduced through the starting alkynes, and the ester
groups can be further modified to obtain variable products.
In this way, the 1,4-bis(alkynyl)benzene can be extended
not only laterally but also longitudinally.

Herein, a method is proposed for the synthesis of
1,4-bis(alkynyl)benzenes that involves mediation of zir-
conocene followed by derivatization of the TMS groups.
This method is applied with high selectivity and high yields
using three alkynes as the starting materials.

Results and discussion

As shown in Scheme 1, 3,6-diiodo-4,5-dialkylphthalic acid
dimethyl esters were prepared according to our previous
work, '®!8 wherein R? was propyl or butyl. The iodine-sub-
stituted compounds 1 were reacted with a series of terminal
alkynes by Sonogashira coupling to obtain the correspond-
ing 1,4-bis(alkynyl)benzenes 2a—c. Using the TMS sub-
stituent, 2a was extended to higher oligomers. As shown in
Scheme 2, the TMS group of 2a was removed to afford
compound 3 that reacted with the corresponding aryl
iodides to prepare dialkynes 4a—c through Sonogashira
reactions. The dialkyne 4b was then reacted with phenyla-
cetylene to obtain the phenylene-ethynylene oligomer 5 in
high yield.
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Scheme |. Synthetic procedures for compound 2a—c.
Reagents and conditions: (a) i. n-BuLi, Cp,ZrCl,, THF, -78°C,
3h;ii. CuCl, DMAD, RT, 6h; iii. ICl, 0°C, 6 h. (b) (trimethylsilyl)
acetylene or phenylacetylene, Pd(PPh,),, Cul, 45°C, 12h, 2a:
93%, 2b: 82%, 2c: 85%.
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Scheme 2. Synthetic procedures for compound 5. Reagents and conditions: (c) K,CO,, methanol, THF, RT, Ih, 96%. (d)
aryl iodide, triethylamine, Pd(PPh,),, Cul, toluene, RT, 3 h, 4a: 87%, 4b: 75%, 4c: 93%. (e) 4b, phenylacetylene, Pd(PPh,),, Cul,

diisopropylamine, toluene, 80 °C, 6h, 85%.
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Figure |. UV-Vis absorption spectra of 2a—c, 3, 4a—c, and 5
(measured at 107° M in CH,Cl,).

UV-Vis absorption spectra of 2a—c, 3, 4a—c, and 5 are
recorded in Figure 1. The absorbance peaks between 240
and 365nm were attributed to the n—n* transitions of the
conjugated molecules. The absorbance peaks of the 2a, 2c¢,
and 3 were in the range of 240-300 nm, and the absorbance
peak near 240nm was the n—n* transition of the benzene
ring. With the extension of the conjugated chain, the high-
est occupied molecular orbital (HOMO) level of the mole-
cule increased and the lowest unoccupied molecular orbital
(LUMO) level decreased and so the energy of n—n* transi-
tion decreased. The absorbance peaks of the alkynes 2b,
4a—c, and 5 were in the range of 249-363 nm. Since com-
pounds 2b, 4a, 4¢, and 5 were linear conjugated molecules
containing three or more benzene rings, the spectroscopic
absorption bands were red-shifted. The ultraviolet absorp-
tion of thiophene is close to that of benzene, resulting in the
same red shift of the absorbance band of 4¢ containing the
thiophene groups. The red-shifted distance of 5 was the
largest because of its longest linear conjugated structure,
and its maximum absorption wavelength (A ) was 363 nm.
The optical band gaps (AEopt) of the compounds were esti-
mated from the onsets of their UV-Vis absorption spectra.
The optical band gaps of 2a—c¢, 3, 4a—c, and 5 were deter-
mined to be 3.57, 3.26, 3.58, 3.71, 3.18, 3.24, 3.07, and
2.99¢eV, respectively.

Figure 2 shows the photoluminescence (PL) spectra of
dilute solutions of 2a—¢, 3, 4a—¢c, and 5 in CH,CI,
(1073 mol/L). At a concentration of 107> M, the linear con-
jugated compounds 2b, 4a, 4b, and S containing three or
more benzene rings exhibited good fluorescence response
in CH,Cl,, and their emission peaks were in the range of
380—410nm. The fluorescence intensity of 2a, 2¢, 3, and
4c was very low, and the spectra showed that their emis-
sion peaks were in the range of 360—405 nm, correspond-
ing to a purple color. By observing the spectra of 2b, 3,
and 5, it was known that the degree of conjugation of ©
electrons increases with the extension of the linear conju-
gated structure, and the fluorescence spectra moved to
longer wavelengths. The red-shifted distance of 5 was the
longest and its fluorescence intensity was the strongest.

2a
- e=2c

—--4c

I
=) S
| SR TS TR FEOR Y PR KO |

350 400 450 500 550 600
Wavelength(nm)

Figure 2. PL spectra of 2a—c, 3, 4a—c, and 5 (measured at
107> M in CH,Cl,).

The fluorescence spectra of 2b, 4a, and 4b showed that
their fluorescence intensity was enhanced by the introduc-
tion of polar groups in the linear conjugate direction,
which may be due to the fact that the electron-withdraw-
ing group is beneficial to the movement of n electrons in
the conjugated system so that the energy absorbed by the
transition of the system is reduced, facilitating the genera-
tion of fluorescence. Their maximum absorption wave-
lengths remained substantially unchanged.

Conclusion

In summary, we have developed an efficient method for the
selective preparation of 1,4-bis(alkynyl)benzenes in high
yields from internal alkynes. 3,6-Bis(trimethylsilyl)hexa-
substituted benzenes are key intermediates which were pre-
pared through cyclization of TMS-substituted alkynes and
dimethyl acetylenedicarboxylate (DMAD) by the media-
tion of zirconocene. 3,6-Diiodohexa-substituted benzenes
were reacted with terminal acetylenes by Sonogashira cou-
plings to produce a series of 1,4-bis(alkynyl)benzene deriv-
atives. After removal of the TMS groups, compound 3 was
extended to obtain the products 4a—c in moderate to good
yields. Finally, 4b was reacted with phenylacetylene
through a Sonogashira coupling reaction to give the phe-
nylene-ethynylene oligomer 5 in an isolated yield of 85%.
The structures of the products were confirmed by 'H NMR
spectroscopy, *C NMR spectroscopy, and MS. The results
of UV and fluorescence showed that 4a and S exhibited
good optical properties. The maximum UV absorption
wavelengths of 4a and 5 were 345 and 363 nm, respec-
tively, and their corresponding UV absorption intensities
were 0.794 and 0.587 in CH,Cl, (107> mol/L), respectively.
The fluorescence peaks of 4a and 5 were 382 and 405 nm,
respectively, and their corresponding fluorescence absorp-
tion intensities were 6043 and 6707 in CH,Cl, (10 mol/L),
respectively. The fluorescence absorption peaks of 4a and 5
correspond to the purple color. They are promising candi-
dates for use in electroluminescent materials.
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Experimental

All organic solvents and materials for synthesis were of rea-
gent grade and used without further purification. All reac-
tions were carried out under a dry atmosphere of nitrogen
using standard Schlenk technology. IR spectra were per-
formed on a Nicolet 6700 FTIR spectrophotometer. Melting
points were determined using a microscope apparatus and
were uncorrected. '"H NMR and '*C NMR spectra were
recorded on a Bruker Avance I 400 MHz spectrometer in
CDCI, solution. High-resolution mass spectra (HRMS) were
obtained with a Bruker Daltonics 1290 UPLC/micrOTOF-Q
II spectrometer. UV-Vis absorption and fluorescent spectra
were recorded on a Persee TU-1810APC and a Hitachi
F-2500 FL spectrophotometer, respectively. Thin-layer chro-
matography (TLC) was performed on Energy GF254 plates.
3,6-Diiodo-4,5-dialkylphthalic acid dimethyl esters (1) were
prepared according to our previous work. '8

Synthesis of 4,5-dibutyl-3,6-
bis(trimethylsilanylethynyl)phthalic acid
dimethyl ester (2a)

Copper (I) iodide (76.2mg, 0.40 mmol) and Pd(PPh,),
(138.7mg, 0.12 mmol) were added to a mixture of 3,6-diiodo-
4,5-dibutylphthalic acid dimethyl ester (2.12g, 4.00 mmol),
(trimethylsilyl)acetylene (0.94g, 9.60 mmol), and diisopro-
pylamine (20mL) in toluene (10 mL). The mixture was stirred
at 45°C for 12h, and then it was quenched with saturated
NH,CI solution and extracted with ethyl acetate. The com-
bined organic phase was washed with water and brine. The
solution was dried over anhydrous Na,SO,. The solvent was
evaporated, and the residue was purified by chromatography
on silica gel (hexane/ethyl acetate=5:1 as eluent) to afford
1.85g compound 2a as pale brown solid.

2a: Isolated yield 93%, m.p. 91-93°C (hexane/ethyl
acetate=5:1 as eluent). IR (KBr) cm™': 2958, 2929, 2873,
2858, 2156, 1743, 1563, 1459, 1442, 1409, 1317, 983, 899,
759, 633. '"H NMR (400MHz, CDCl,): 8 3.89 (s, 6H),
2.91-2.82 (m, 4H), 1.53-1.42 (m, 8H), 0.98 (t, /=7.1 Hz,
6H), 0.26 (s, 18 H). *C NMR (101 MHz, CDCL,): § 167.3,
146.2, 133.3, 121.4, 104.3, 100.6, 52.4, 32.1, 31.6, 23.3,
13.8, —0.3. HRMS (ESI) caled. for C,H,,O,Si,Na
[M +Na]*: 521.2519; found: 521.2514.

Synthesis of 4,5-dibutyl-3,6-
bis(phenylethynyl)phthalic acid dimethyl
ester (2b)

This compound was obtained by the same way as described
for 2a from 3,6-diiodo-4,5-dipropylphthalic acid dimethyl
ester.

2b: Pale yellow solid (1.66 g, 82% isolated yield), m.p.
158-161°C (hexane/ethyl acetate=5:1 as eluent). IR (KBr)
cm™': 3078, 2957, 2929, 2858, 2206, 1723, 1595, 1563,
1492, 1440, 1319, 755, 688. '"H NMR (400 MHz, CDCL,): 8
7.50-7.54 (m, 4H), 7.42-7.36 (m, 6 H), 3.97 (s, 6 H), 3.04—
2.95 (m, 4H), 1.67-1.63 (m, 4H), 1.57-1.49 (m, 4H), 1.02
(t, J=7.2Hz, 6H). *C NMR (101 MHz, CDCL,): § 167.5,
145.8, 132.9, 131.5, 128.7, 128.5, 123.0, 121.5, 98.4, 85.9,

52.6, 32.4, 31.7, 23.3, 13.9. HRMS (ESI) caled. for
C,,H;,0,Na [M + Na]*: 529.2355; found: 529.2349.

Synthesis of 4,5-dipropyl-3,6-
bis(trimethylsilylethynyl)phthalic acid
dimethyl ester (2c)

This compound was obtained by the same way as described
for 2a from 3,6-diiodo-4,5-dibutylphthalic acid dimethyl ester.

2¢: Colorless solid (1.60 g, 85% isolated yield), m.p. 171—
173 °C (hexane/ethyl acetate=>5:1 as eluent). IR (KBr) cm™":
2958, 2929, 2871, 2156, 1728, 1570, 1541, 1445, 1408,
1315, 970, 882, 759, 634. '"H NMR (400MHz, CDCL,): &
3.89 (s, 6H), 2.89-2.80 (m, 4H), 1.54-1.62 (m, 4H), 1.04 (t,
J=7.3Hz, 6H), 0.27 (s, 18 H). *C NMR (101 MHz, CDCL,):
8 167.3, 146.1, 133.2, 121.5, 104.4, 100.6, 52.4, 33.9, 23 .4,
145, —0.3. HRMS (ESI) caled. for C,H,0,Si,Na
[M + Na]*: 493.2206; found: 493.2201.

Synthesis of 4,5-dibutyl-3,6-bis(ethynyl)
phthalic acid dimethyl ester (3)

Compound 2a (0.99 g, 2.00 mmol) was dissolved in methanol
(10 mL) and tetrahydrofuran (THF, 5 mL), and 0.85¢g (8.00
mmol) potassium carbonate was added. The mixture was
stirred at room temperature for 1h before being poured into
water. Then the organic layer was extracted with ethyl acetate
and washed with brine. After drying over magnesium sulfate,
the solvent was evaporated in vacuo, and the residue was
purified by chromatography on silica gel (hexane: ethyl ace-
tate=>5:1 as eluent) to afford 0.72 g product 3 as brown solid.

3: Isolated yield 96%, m.p. 125-127°C (hexane/ethyl ace-
tate=5:1 as eluent). IR (KBr) cm™: 3259, 2961, 2930, 2874,
2859,2106, 1734, 1559, 1463, 1440, 1318, 985, 692. 'H NMR
(400 MHz, CDCL,): 6 3.90 (s, 6H), 3.52 (s,2H), 2.93-2.84 (m,
4H), 1.61-1.53 (m,4H), 1.50-1.42 (m, 4 H), 0.98 (t,/=7.2Hz,
6H). "C NMR (101MHz, CDCL,): 8 167.1, 146.8, 133.6,
120.9, 86.4, 52.6, 32.2, 31.4, 23.1, 13.7. HRMS (ESI) calcd.
for C,,H,,O,Na [M +Na]": 377.1729; found: 377.1723.

Synthesis of 3,6-bis(4-bromo-
phenylethynyl)-4,5-dibutylphthalic acid
dimethyl ester (4b)

Compound 3 (0.73 g, 1.94 mmol) obtained in the previous
step was dissolved in toluene (10 mL) and triethylamine
(15 mL), then 1-bromo-4-iodobenzene (1.13 g, 4.00 mmol),
Pd(PPh,), (69.3mg, 0.06 mmol), and copper (I) iodide
(38.1mg, 0.20 mmol) were added, and the mixture was
stirred at room temperature for 3 h. Upon completion of the
reaction, the mixture was quenched with water, and then
the organic layer was extracted with ethyl acetate and
washed with water and brine. The solution was dried over
anhydrous Na,SO, and the solvent removed in vacuo. The
resulting crude product was purified by a column chroma-
tography (silica gel, hexane/ethyl acetate=1:1) to afford
1.00 g compound 4b as pale yellow solid.

4b: Isolated yield 75%, m.p. 198-200 °C (hexane/ethyl
acetate=1:1 as eluent). IR (KBr) cm™!: 2955, 2924, 2869,
2211, 1746, 1724, 1558, 1486, 1441, 1340, 980, 840, 731,
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524. '"H NMR (400MHz, CDCL,): 5 7.53 (d, J=8.2Hz,
4H), 7.37 (d, J=8.2Hz, 4H), 3.95 (s, 6H), 3.01-2.92
(m, 4H), 1.68-1.48 (m, 8H), 1.01 (t, J=7.2Hz, 6H). 13C
NMR (101 MHz, CDCL,): & 167.2, 145.9, 133.0, 132.9,
131.8, 123.2, 121.9, 121.5, 97.4, 86.9, 52.6, 32.4, 31.7,
23.3, 13.9. HRMS (ESI) caled. for C,,H,,Br,O,Na
[M +Na]*: 685.0565; found: 685.0560.

Synthesis of 4,5-dibutyl-3,6-bis
[(4-ethoxycarbonylphenyl)ethynyl]
phthalic acid dimethyl ester (4a)

This compound was obtained by the same way as described
for 4b from 4,5-dibutyl-3,6-bis(ethynyl)phthalic acid dime-
thyl ester (3).

4a: Yellow solid (1.13 g, 87% isolated yield), m.p. 181—
183°C (hexane/ethyl acetate=1:1 as eluent). IR (KBr)
cm™': 2953, 2928, 2871, 2208, 1746, 1714, 1603, 1558,
1442, 1305, 983, 857, 769, 694. 'H NMR (400 MHz,
CDCl,): 6 8.10-8.03 (m, 4H), 7.60-7.53 (m, 4H), 4.42 (q,
J=7.1Hz,4H), 3.96 (s, 6H), 3.04-2.95 (m, 4H), 1.72-1.59
(m, 4H), 1.58-1.49 (m, 4H), 1.43 (t, J=7.1Hz, 6H), 1.01
(t, J=7.3Hz, 6H). *C NMR (101 MHz, CDCL,): § 167.2,
165.9, 146.2, 133.1, 131.4, 130.4, 129.6, 127.3, 121.5,
97.7, 88.5, 61.2, 52.7, 32.4, 31.7, 23.3, 14.3, 13.9. HRMS
(ESI) calcd. for C,H,,0¢Na [M + Na]*: 673.2777; found:
673.2772.

Synthesis of 4,5-dibutyl-3,6-bis(2-
thienylethynyl)phthalic acid dimethyl
ester (4c)

This compound was obtained by the same way as described
for 4b from 4,5-dibutyl-3,6-bis(ethynyl)phthalic acid dime-
thyl ester (3).

4c: Yellow solid (0.96 g, 93% isolated yield), m.p. 151—
153°C (hexane/ethyl acetate=1:1 as eluent). IR (KBr)
cm™': 3100, 2958, 2927, 2857, 2201, 1722, 1566, 1442,
1317, 997, 847, 714. "H NMR (400 MHz, CDCL,): § 7.34
(d, J/=5.1Hz, 2H), 7.29-7.28 (m, 2 H), 7.04-7.02 (m, 2 H),
3.98 (s, 6H), 3.00-2.91 (m, 4H), 1.71-1.48 (m, 8H), 1.03
(t, J=7.2Hz, 6H). *C NMR (101 MHz, CDCL,): § 167.3,
145.6, 132.7, 132.3, 128.3, 127.4, 122.8, 121.4,91.9, 89.8,
52.6, 32.4, 31.7, 23.3, 14.0. HRMS (ESI) calcd. for
C;,H;,0,S,Na [M + Na]*: 541.1483; found: 541.1478.

Synthesis of 4,5-dibutyl-3,6-bis
[4-(phenylethynyl)phenylethynyl]phthalic
acid dimethyl ester (5)

Copper (I) iodide (76.2mg, 0.40 mmol) and Pd(PPh,),
(138.7mg, 0.12 mmol) were added to a mixture of 3,6-bis(4-
bromo-phenylethynyl)-4,5-dibutylphthalic acid dimethyl
ester (4b, 2.68 g, 4.00 mmol), phenylacetylene (0.98 g, 9.60
mmol), and diisopropylamine (20mL) in toluene (10 mL).
The mixture was stirred at 80 °C for 6 h, and it was quenched
with saturated NH,Cl solution and extracted with ethyl
acetate. The combined organic phase was washed with
water and brine. The solution was dried over anhydrous

Na,SO,. The solvent was evaporated, and the residue was
purified by chromatography on silica gel (hexane/ethyl
acetate=1:1 as eluent) to afford 1.20 g yellow solid.

5: Isolated yield 85%, m.p. 193-195 °C (hexane/ethyl
acetate=1:1 as eluent). IR (KBr) cm™!: 3058, 2956, 2858,
2206, 1737, 1594, 1511, 1440, 1315, 982, 839, 756, 690,
528. '"H NMR (400 MHz, CDCl,): 8 7.61-7.46 (m, 10H),
7.42-7.34 (m, 8H), 3.96 (s, 6 H), 3.02-2.95 (m, 4H), 1.71-
1.50 (m, 8 H), 1.03 (t, J=7.5Hz, 6 H). 3C NMR (101 MHz,
CDCl,): 6 167.3, 145.9, 133.0, 131.7, 131.4, 128.5, 128 .4,
123.8, 123.0, 122.7, 121.5, 98.2, 91.7, 89.0, 87.7, 52.6,
32.4,31.7,23.3, 13.9. HRMS (ESI) calcd. for C,,H,,0,Na
[M + Na]*: 729.2981; found: 729.2975.
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