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ABSTRACT

Hitherto unknown pentaalkynylpyridines have been prepared in high yields by Sonogashira cross-coupling reactions of pentachloropyridine.
Their photophysical properties were studied and compared to those of penta- and hexaalkynylbenzenes which were efficiently prepared by the
first Sonogashira reactions of pentachlorobenzene and hexachlorobenzene. The pentaalkynylpyridines show promising fluorescence properties

because of their high quantum yields.

In recent years, much attention has been devoted to
polyethynylated carbon-rich molecules, because of their
extended conjugated s-systems.! Especially polyethynyl-
benzenes (PEBs) have potential as liquid crystals,” core
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structures for dendritic molecules,® as nonlinear optical
materials,* or as building blocks for 2D carbon networks,’
which could have a high degree of hardness and thermal
stability. Hexaalkynylbenzenes have been prepared by
Diels—Alder reactions® and by palladium catalyzed cross-
coupling reactions of hexabromobenzene or hexaiodo-
benzene.” These syntheses have the drawback of long
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reaction times, low yields, and/or undesirable side reac-
tions.®

In contrast to benzene derivatives, the synthesis of
polyalkynylated heterocycles has not been extensively
studied so far,” despite the fact that the heteroatoms can
have a strong and interesting influence on the properties of
the molecule. Herein, we report the synthesis of what are,
to the best of our knowledge, the first pentaalkynylpyr-
idines. To investigate the influence of the central pyridine
core on the photophysical properties, we have compared
the absorption and fluorescence of these molecules with a
series of hexa- and pentaalkynylbenzene derivatives.
Quantitative fluorescence studies (determination of quan-
tum yields) had not been carried out for polyalkynylated
benzene derivatives before.

In the context of our studies, we developed a new and
general protocol for multiple Sonogashira reactions of
hexa- and pentachlorobenzene. These polychlorinated
arenes have, to our knowledge, not been used before in
Sonogashira or Suzuki reactions. Using modern mono-
dentate phosphine ligands, the Sonogashira reactions pro-
ceed in good yields and short reaction times and with low
catalyst loadings. In fact, the conditions developed herein
proved to be advantageous, in terms of yield, side reac-
tions, and selectivity, compared to previous syntheses of
hexa- and pentaalkynylbenzenes.® Our starting point was
the development of a general catalytic system for the
pentafold Sonogashira coupling'® of pentachloropyridine
(1) with phenylacetylene. The reaction of 1 with 7 equiv of
phenylacetylene afforded the pentaalkynylpyridine 2a in
up to 95% vyield."? During the optimization (Table 1),
sterically demanding ligands, such as X-Phos (2-dicyclo-
hexylphosphino-2'.4’,6'-triisopropylbiphenyl) or HP(7Bu)s-
BF,, proved to be important. It is noteworthy that
five C—C bonds are formed in only one step which refers
to a nearly quantitative yield and less than 1 mol % of
catalyst for each bond formation. Surprisingly, Cul as a
cocatalyst proved to be necessary, while the groups of
Buchwald and Beller independently showed that single
Sonogashira reactions of different monochloroarenes is
inhibited by Cul."!
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Table 1. Optimization of the Synthesis of 2a

temp Cul time yield
catalyst base [°C] [mol] [h] [%]*

1 5mol % Pd(PPhg); HN(GPr); 20 5 20
5 mol % Pd(PPhs); HNGPr); 80 5 20
3 5mol %
PdCly(CH3CN),
10 mol %
HP(¢Bu)sBF,4
4 5mol %
PdCI;(CH3CN),
10 mol % X-Phos
5 5mol %
PdCly(CH3CN),
10 mol % X-Phos
6 1mol %
PdCly(CH3CN),
5 mol % X-Phos
7 4 mol %
PdCI5(CH3CN),
8 mol % X-Phos
8 3mol%
PdCI;(CH3CN),
6 mol % X-Phos

Traces
Traces
HN(Pr)s 80 5 10 84

HN@Pr), 80 5 10 96

Cs:CO; 80 - 10 12

HN@Pr), 80 1 20 6

HN@Pr), 80 3 10 95

HN@Pr), 80 2 10 91

“Yields of isolated products.

Scheme 1. Synthesis of Pentaalkynylpyridines 2a—k, Hexaalk-
ynylbenzenes 4a—h, and Pentaalkynylbenzenes 6a—h
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The reaction of 1 with various alkynes, using our
optimized procedure, afforded the desired pentaalkynyl-
pyridines 2a—k (Scheme 1, Table 2). The synthesis of alkyl-
substituted derivative 2f required a longer reaction time
(20 h) compared to aryl-substituted derivatives (§—10 h).
Electron-donating groups lead to a slight decrease in yield
(product 2b, 2e) while electron-withdrawing groups resulted
in high yield and a shorter reaction time (product 2d).
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Table 2. Synthesis of Pentaalkynylpyridines 2a—k

product alkyne temp time yield [%] *
rCl
2a @—: 80 10 95
2b MSOQ—: 80 10 66
2 B )= g 10 89
2d F—Q—: 80 8 88
2 D= w 10 7
H CHe™= ¢ 20 63
2 @{ 80 10 79
2 QE 80 10 89
A @—: 90 10 80
i emo )= 80 10 53
% ertle C - 80 10 40

“Yields of isolated products.

The order of Pd mediated alkynylation is directed by the
electronic properties of the pyridine core. At first positions
2 and 6 are functionalized, followed by position 4. The last
steps are the alkynylation of positions 3 and 5."°

Addition of alkyne moieties to the pyridine leads to an
activating effect due to the withdrawing nature of the
alkyne. Thus using our developed condition with 2.4 equiv
of alkyne gave the pentacthynylpyridine as a major pro-
duct and 3,4,5-trichloro-2,6-bis(ethynyl)pyridine as one of
the minor products.

The facile pentafold Sonogashira reactions of 1 are in
striking difference to Suzuki—Miyaura (S—M) reactions
which proved to be not possible (vide infra)."*

The molecular structure of 2g was independently con-
firmed by X-ray crystal structure analysis (see Supporting
Information). The phenyl groups and the pyridine moiety are
nearly in plane. Layers are formed in the crystal lattice. A
detailed discussion is provided in the Supporting Information.

The reaction of hexachlorobenzene (3) with 8 equiv of
phenylacetylene, using the procedure developed for the
synthesis of 2a—k, proceeded sluggishly and gave the
desired product 4ain only 36% yield. This can be explained
by the fact that the oxidative addition of the catalyst is
faster for electron-poor pyridine 1 than for hexachloro-
benzene (3). Nevertheless, the yield of product 4a could be
increased to 93% by increasing the temperature (100 °C),
extending the reaction time (20 h) and using a slightly

(13) Kim, C.-S.; Russel, K. C. J. Org. Chem. 1998, 63, 8229. (b) Hirano,
K.; Inaba, Y; Watanabe, T.; Oishi, S.; Fujii, N.; Ohno, H. Adv. Synth.
Catal. 2010, 2, 386. (c) Chambers, R. D.; Hall, C. W.; Hutchinson, J.;
Millar, R. W. J. Chem. Soc., Perkin Tran. 1 1998, 1705.
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Synlett 2010, 1528.
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Table 3. Synthesis of Hexaalkynylbenzenes 4a—h

product alkyne temp time [h]  yield [%]®
[°C]

4a _
@—— 100 20 93

4b _
MeO—@—— 100 20 54

4 _
¢ 'B”{ >7— 100 20 81

4d _
F{ >7— 100 20 89

4 S _
¢ D= 100 20 61

af =
Cahte—= 100 20 14

4 S5
& § > 100 20 73

4h —
100 20 87

¢ Conditions: 5 mol % PdCl,(CH3;CN),, 10 mol % X-Phos, 3 mol %
Cul, 3, 1—4 dioxane, HNiPr», 8 equiv of alkyne. >Yields of isolated products.

increased catalyst loading (Table 3). Using these condi-
tions, products 4a—h were prepared in good yields (except
for alkyl derivative 4f).

The structure of 4g was independently confirmed by X-ray
crystal structure analysis (see Supporting Information).
Similar to 2g, the phenyl groups and the central benzene
unit are nearly in plane (see Supporting Information).

The reaction of pentachlorobenzene with various arylalk-
ynes afforded the pentaalkynylbenzenes 6a—h (Table 4).
Good yields were obatined when 6 mol % of the catalyst
were used and when the reaction was stirred at 100 °C for 20 h.

Steady-state absorption and fluorescence spectroscopic
studies of compounds 2, 4, and 6 were carried out. Typical
absorption and corrected fluorescence spectra are shown

Table 4. Synthesis of Pentaalkynylbenzenes 6a—h

product alkyne temp time [h]  yield [%]*
[°C]

6a —
@—— 100 20 75

6b _
MeO—@—— 100 20 73

6 _
¢ 'BU{ >7— 100 20 89

6d —
F{ >7* 100 20 73

6 s -
¢ = 100 20 68

of _
—Q—_ 100 20 89

6 —
g Q‘ 100 20 69

6h =
100 20 72

“Yields of isolated products.

Org. Lett,, Vol. 13, No. 7, 2011



in Figure 1 for compounds 2a, 4a, and 6a (in CH»Cl,). The
absorption and fluorescence properties of all derivatives
are summarized in Table 5.
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Figure 1. Normalized absorption and corrected emission spectra
of compounds 2a, 4a, and 6a in CH,Cl,.

For both absorption and fluorescence maxima of com-
pounds 2, 4, and 6, electron-donor groups (derivatives b, ¢,
and e) led to a slight red shift, while electron-acceptor
groups (derivatives d) led to a slight blue shift (compared to
phenyl-substituted derivatives a) (Table 5). The absorption
spectra of pentaalkynylpyridines 2 extend to lower energies
compared to benzene derivatives 4 and 6. The lowest absorp-
tion bands S;=—S, appear in the range of 410 to 420 nm
(exemplarily shown for 2a in Figure 1). The fluorescence
quantum yields of donor substituted pentaalkynylpyridines
are about 50% higher compared to the corresponding
pentaalkynylbenzenes (Table 5).

In conclusion, we have reported a facile synthesis of
pentaalkynylpyridines, hexaalkynylbenzenes, and pen-
taalkynylbenzenes from readily available arylchlorides.
The synthesis of pentaalkynylpyridines had not been re-
ported before. Polyalkynylated benzene derivatives had
been previously prepared, but in lower yields. Pentafold
S—M reactions of pentachloropyridine (1) proved to be
unsuccessful. The reactions only occurred, under harsh
conditions, at positions 2 and 6."* The facile pentafold
Sonogashira reactions of 1 are in striking difference to the
S—M reactions and can be explained by the activating
(electron-withdrawing) effect of the alkynyl groups. In
fact, the activating effect of the alkynyl groups is so strong
that regioselective Sonogashira reactions of 1 at positions 2
and 6 could not be realized because the pentaalkynylated
pyridines are rapidly formed.

The absorption and fluorescence properties of the
products were studied and compared to each other. In
this context, the quantum yields were determined for the
first time. The results show that donor substituted
pentaalkynylpyridines (especially derivative 2b) repre-
sent promising light emitting organic materials, due to
their high quantum yields compared to the corresponding
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Table 5. Photophysical Properties of Compounds 2a—e, 4a—e,
and 6a—e in Dichloromethane: Molar Absorption Coefficients
at Absorption Maxima (and Shoulders), Fluorescence Band
Maxima, and Quantum Yields

/‘{abs (labs) lfxfluag( Do
compd [nm] ((10*M tem ™) [nm] quantum yield
2a 338 (11.0) 438 0.55+0.08
376 (4.6)
421 (1.4)

2b 356 (26.6) 459 0.81+0.12
396 (12.4)
421 (6.2)

2¢ 347(20.1) 444 0.63+0.09
384(9.3)
421(3.9)

2d 337(6.4) 436 0.47+0.07
372 (2.7)
407 (1.5)

2e 342 (17.9) 441 0.48+0.07
379 (8.0)
411 (3.6)

4a 349 (20.0) 452 0.43+0.07
371 (11.9)

4b 366 (22.2) 466 0.55+0.08
386 (12.6)

4c 357 (19.3) 459 0.44+£0.07
379 (10.9)

4d 347 (16.6) 450 0.25+0.04
368 (9,6)

4e 351 (16.5) 453 0.27+0.04
371(10.5)

6a 332(11.9) 424 0.26 +0.04
364 (7.3)

6b 349 (14.1) 437 0.53+0.08
380 (7.0)

6c 343 (11.6) 429 0.414+0.06
373 (5.5)

6d 330 (15.5) 421 0.43+0.06
371(5.3)

6e 334 (11.2) 425 0.32+0.05
372 (4.3)

benzene derivatives. The photophysical data suggest
that a strong electronic interaction between the pyridine
core and the phenyl group is present. This is supported
by the X-ray crystal structure analysis of 2g (see Sup-
porting Information) which shows that the pyridine and
phenyl moieties are nearly in plane.
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