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ABSTRACT: A new family of poly(phenylene-pyridyl) dendrimers (up to the fourth generation) with
different periphery was synthesized via a divergent route by using a cascade of Diels-Alder cycloadditions.
Tetra(4-ethynylphen-1-yl)methane served as a core. A new A2B cyclopentadienone building block, namely,
pyridine-containing cyclopentadienone with protected dienophile functions was prepared. By varying the
building blocks at the last step of dendrimer construction, one could design molecules possessing either
a phenyl- or a pyridyl-decorated outershell. The products were characterized by NMR spectroscopy,
MALDI-TOF mass spectrometry, elemental analysis, atomic force microscopy, thermogravimetric analysis,
DSC, and dynamic light scattering methods. These stiff polyphenylene dendrimers with pyridine embeds
were then used as a matrix for encapsulation of Pd nanoparticles. The fourth-generation poly(phenylene-
pyridyl) dendrimer with a phenyl-decorated periphery and pyridine-containing interior was found to serve
as a powerful template for metal nanoparticle formation, resulting in excellent nanoparticle stability (no
precipitation was observed for more than 6 months).

Introduction

Dendrimers are complex, but well-defined individual
macromolecules with a high degree of order that can
contain selected chemical units in predetermined sites
of their structure.1 Although some dendrimers have
been synthesized more than twenty years ago,2,3 the
number of papers devoted to these monodisperse mac-
romolecules of unique structure continues to increase.
Dendrimers based on a diversity of repeat units were
synthesized, including amides, amines, carbosilanes,
siloxanes, esters, ethers, and various organometallic and
amino acid-based structures.4 With emphasis on aspects
of application, dendrimers are currently studied as
biomimetic catalysts,5 building blocks for advanced
materials,6 drug delivery,7 and as supports for cata-
lysts.8

In contrast to dendrimers containing conformationally
flexible single bonds, polyphenylene dendrimers are
stiff, as conformational changes can only occur via
rotation around the inter-ring C-C bonds.9 Further-
more, these dendrimers possess high chemical and
thermal stability10 similar to linear polyphenylenes, but
with greatly increased solubility due to the prevention
of intermolecular packing, which is typical for linear
poly-p-phenylenes. The first divergent synthesis of a
polyphenylene dendrimer was described by ourselves11,12

on the basis of repetitive Diels-Alder cycloaddition,
while a convergent synthesis by Miller et al.13 utilized
transition-metal-catalyzed aryl-aryl coupling reactions.
The cycloaddition approach is free of side reactions due

to a noticeable shift of the reaction equilibrium toward
the target products because of irreversible loss of CO
followed by formation of an inner benzene ring. A key
feature of the synthesis is that Diels-Alder cycloaddi-
tion is not influenced by the substituents of the tet-
raphenylcyclopentadienones as long as the latter survive
the reaction temperatures.12a,b This allows incorporation
of a variety of functional groups into dendrimers of the
final generation by using disubstituted tetraphenylcy-
clopentadienones. These functional groups are exclu-
sively located at the periphery of the dendrimers.

It is also worth noting that dendrimers have areas of
different density, highly dense areas and voids,14,15 so
they can act as hosts for guest molecules. Moreover,
because dendrimers have better-defined shape, size, and
rigidity compared with polymers or surfactants, they
have been proposed as well-defined “nanoreactors” and
nanoporous stabilizers. Meijer pioneered the encapsula-
tion of a guest into a “dendritic box” that was performed
by the incorporation of the organic dye Bengal Rose into
poly(propyleneimine) (PPI) dendrimers modified with
amino acids.16 Then, the molecular encapsulation strat-
egy was developed for the formation of dendrimer-
encapsulated metal nanoparticles.17 Toward this end,
flexible poly(amidoamine) (PAMAM) and PPI dendrim-
ers were mainly used.15,17,18 The relative rigidity of
dendrimers hinders aggregation of their molecules onto
metallic sites, and hence, the access to metallic catalytic
sites is favored in dendrimers as compared with flexible
polymers loaded by the same metal. From this point of
view, stiff, shape persistent polyphenylene dendrimers
are promising for preparation of highly active catalysts.
In addition, high thermal stability of polyphenylene
dendrimers opens up a possibility of carrying out
otherwise impossible organic reactions with polymeric
catalysts.
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In this paper, we report the synthesis of new pyridine-
containing polyphenylene dendrimers via the divergent
route, starting from a tetrahedral core and appropriate
cyclopentadienone branching reagents. Two types of
dendrimers (up to the fourth generation) have been
synthesized, one with a pyridine-functionalized periph-
ery and one with pyridyl moieties arranged within the
scaffold of the dendrimer molecule. The templating
ability of third and fourth generation dendrimers has
been studied for Pd nanoparticles.

Experimental Part

Materials. All starting materials were obtained from
commercial suppliers (Aldrich, Fluka, Fischer, Acros,
Riedel de Haen) and were used without purification.
Solvents were used in HPLC grade purity as purchased.
All atmosphere-sensitive reactions were performed un-
der argon by using Schlenk techniques. Analytical thin-
layer chromatography (TLC) was performed on com-
mercial Merck plates coated with silica gel F-254.

Characterization. 1H NMR spectra were recorded
on a Bruker AMX 400 spectrometer. Chemical shifts
were given in parts per million (ppm), using the solvent
signal as a reference. Mass spectral analyses were
carried out on ZAB2-SE-FPD (VG Analytical) and
Bruker Reflex-TOF spectrometers. MALDI-TOF mass
spectra were measured by using a 337 nm nitrogen laser
and 1,8,9-trihydroxyanthracene as a matrix. Thermo-
gravimetry analysis measurements (TGA) were carried
out on a Mettler TG50 instrument in air. Differential
scanning calorimetry (DSC) was performed on a Mettler
DSC instrument at 10°/min. Absorption spectra were
recorded on a UVIKON 931 UV-vis spectrometer
(Kontron, USA) in the wavelength range of 200-700
nm. The optical path length was 0.1 cm, and THF was
used as a reference for all measurements.

Transmission electron microscopy (TEM) measure-
ments were carried out with a JEOL JEM1010 instru-
ment at an electron accelerating voltage of 60 kV. A drop
of the diluted sample in chloroform (0.75 mg/mL) was
placed on a carbon-coated copper grid situated on
absorbent paper and allowed to dry in open air for 1
day.

Atomic force microscopy (AFM) experiments were
performed in tapping mode by using the Nanoscope IIIa
(Digital instruments, USA) multimode scanning probe
microscope. Commercially available standard silicon
125 µm tapping mode cantilevers (Nanoprobe) were
used. The resonant frequency was in the interval
300-350 kHz, the scan rate was maintained at 1.5-
2.0 Hz. The samples (1 × 10-7 mol/L solutions of G3
and G4 in chloroform) were applied onto a freshly
cleaved mica surface and allowed to dry in air at room
temperature.

X-ray diffraction (XRD) experiments were performed
by using a Rigaku D/max-Rc diffractometer with a 12
kW X-ray radiation source. The KR1 line of a copper-
anode radiation was used. The primary radiation was
monochromatized by a tunable double-reflection silicon
crystal monochromator.

The Malvern Instruments Zetasizer Nano-6 dynamic
light scattering (DLS) instrument was used to deter-
mine dendrimer sizes in chloroform solutions before and
after metalation. DLS experiments were carried out at
a 90° scattering angle and 25 °C.

Elemental analysis on Pd was carried out by using
X-ray fluorescence measurements performed with a

Zeiss Jena VRA-30 spectrometer equipped with a Mo
anode, a LiF crystal analyzer, and a SZ detector.
Analyses were based on the Co KR line, and a series of
standards were prepared by mixing 1 g of polystyrene
with 10-20 mg of standard compounds. The time of data
acquisition was held constant at 10 s.

Synthesis of Tetrakis(4-ethynylphen-1-yl)meth-
ane (Td). Tetrakis(4-ethynylphen-1-yl)methane was
synthesized as described elsewhere.19

Synthesis of 1,3-Di-pyridin-2-yl-propan-2-one (4).
2-Picoline (60 mL, 0.56 mol) was slowly added to freshly
prepared phenyllithium (53.4 g, 0.63 mol) in diethyl
ether (500 mL) and refluxed for 30 min. 2-Pyridylac-
etonitrile (25 g, 0.21 mol) was added dropwise to the
mixture and refluxed for 1.5 h. After cooling, the
reaction product was poured into aqueous 2N hydro-
chloric acid. The aqueous layer was separated, refluxed
for 1.5 h, neutralized, and then extracted with chloro-
form. The chloroform extract was dried over magnesium
sulfate, and the solvent was removed under reduced
pressure. The residual oil was fractionated to give 45%
(20.2 g) of 1,3-di-pyridin-2-yl-propan-2-one, bp 130-135
°C/5 mm Hg, mp 80-81 °C. 1H NMR spectrum (400
MHz, DMSO-d6): 5.44 (CH-enol form, s), 3.68 (CH2-enol
form, s), 4.07 (CH2-ketone form, s), 8.48, 8.25, 7.34 (3d,
4H, PyH) 7.65-7.76, 7.29-7.21, 7.08-6.90 (3m, 12H,
PyH). Elem anal. calcd for C13H12N2O, %: C, 73.57; H,
5.70; N, 13.20; found: C, 73.55; H, 5.73; N, 13.18.

4,4′-Bis(triisopropylsilylethynyl)benzyl (3). 4,4′-
Bis(triisopropylsilylethynyl)benzyl was synthesized from
4,4′-dibromobenzyl via Pd-catalyzed coupling with tri-
isopropylsilylacetylene (TiPSA) as described elsewhere.10

Synthesis of 3,4-Bis-(4-(triisopropylsilylethynyl)-
phen-1-yl)-2,5-dipyrid-2-yl-cyclopentan-2,4-di-
enone (1). 4,4′-Bis(triisopropylsilylethynyl) benzyl (3)
(4 g, 7 mmol) and dipyridylacetone (4) (1.49 g, 7 mmol)
was dissolved in 17 mL of ethanol, and the resulting
solution was heated at 60 °C and stirred for 5 min under
argon atmosphere. Then a solution of KOH (0.02 g, 0.36
mmol) in 5 mL of ethanol was added slowly. The
reaction was carried out for 0.5 h and controlled by TLC
(80% hexane/20% CH2Cl2). After cooling, about 5 mL of
ethanol was added, and the reaction mixture was kept
overnight without stirring.

The product precipitated (enolone) was filtered, dried,
and put into ethylene glycol, where cyclization to
cyclopentadienone was performed at 200 °C for 0.5 h.
Cyclization also can occur in situ in a further Diels-
Alder reaction. The product was received as orange
crystals with yield of 78% (3.88 g), mp 166-167 °C. 1H
NMR spectrum (400 MHz, CDCl3): 8.70 (d, 1 H, PyH),
8.55 (d, 1 H, PyH), 7.73 (t, 1 H, PyH), 7.62 (t, 1 H, PyH),
7.44-7.15 (m, ArH), 1.09 (s, 42H, aliph). FD-MS: m/z
(u e-1): 746.7 (M+). Elem anal. calcd for C49H58N2OSi2,
%: C, 78.77; H, 7.82; N, 3.75; found: C, 78.50; H, 7.93;
N, 3.80.

Synthesis of 2,3,4,5-Tetrapyrid-2-yl-cyclopenta-
2,4-dienone (2). 1,2-Di-pyridin-2-yl-ethane-1,2-dione (2
g, 9.42 mmol) and 1,3-di-pyridin-2-yl-propan-2-one (1.99
g, 9.42 mmol) were dissolved in ethanol (14 mL) at 60
°C under Ar. A solution of KOH (0.03 g, 0.54 mmol) in
ethanol (1.5 mL) was added slowly for 2-3 min. The
reaction was carried out for 0.5 h and was controlled
by TLC. The solvent was removed by rotary evaporation,
and the orange powder was recrystallized from diethyl
ether with a yield of 74% (2.71 g). Enolone formed was
transferred into cyclopentadienone via the above pro-
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cedure. 1H NMR spectrum (400 MHz, CDCl3): 8.69, 8.66
(2d, 2H, PyH), 8.50, 8.43 (2d, 2H, PyH), 7.85-7.69 (m,
4H, PyH), 7.66-6.93 (m, 8H, PyH). FD-MS: m/z (u e-1):
388 (M+). Elem anal. calcd for C25H16N4O, %: C, 77.31;
H, 4.15; N, 14.42; found: C, 77.51; H, 4.23; N, 14.06.

General Procedure for the Diels-Alder Reac-
tion Between Tetraarylcyclopentadienones and
Aryl-ethynyl Derivatives. The reaction was carried
out in a Schlenk flask under argon. The reaction flask
with the cyclopentadienone (Cp, 1.5-2 mol of Cp per 1
ethynyl group) solution in o-xylene (or diphenyl ether
for high generations) (4.5 × 10-3 mol/L) was evacuated
and filled with argon three times and then heated to
100 °C. A solution of aryl-ethynyl derivative in o-xylene
was slowly added, the temperature was increased up
to reflux. The reaction was controlled by TLC, and the
reaction time was dependent on the generation and
varied from 5 h for G1 and G2 to 45 h for G4. After
cooling, the solvent was evaporated, a small amount of
CH2Cl2 was added, and the compound was precipitated
in methanol.

General Procedure for the Desilylation of Tri-
isopropylsilyl (TiPS) Substituted Dendrimers. Tri-
isopropylsilyl-substituted dendrimer (0.06 mmol) was
dissolved in a mixture of THF (20 mL) and benzene (6
mL). To this solution, tetrabutylammonium fluoride
trihydrate (3 mol Bu4NF per 1 triisopropylsilyl group)
in THF (6 mL) was added. After 8 h stirring, CH2Cl2 (5
mL) was added, and the organic phase was washed with
water and dried over MgSO4. After evaporating the
solvent, the crude product was purified by reprecipita-
tion in methanol.

Synthesis of Td-G1-(EthynylTiPS)8. This com-
pound was prepared according to a general proce-
dure (see above) for the Diels-Alder reaction between
tetraarylcyclopentadienones and aryl-ethynyl deriva-
tives by using tetra(4-ethynylphen-1-yl)methane (Td)
(0.416 g, 1 mmol) and 3,4-bis-(4-(triisopropylsilylethyn-
yl)phen-1-yl)-2,5-dipyrid-2-yl-cyclopentan-2,4-dienone (1)
(4.4831 g, 6 mmol). Yield: 91% (1.35 g). 1H NMR
spectrum (400 MHz, CDCl3): 8.58 (d, 4H, PyH), 8.25
(d, 4H, PyH), 7.78 (s, 4H, ArH), 7.49-6.52 (m, 72H,
ArH), 1.09(s, 42H, aliph). MALDI-TOF m/e: 3293 (M+,
calcd 3293.26). Elem anal. calcd for C225H252N8Si8, %:
C 82.0, H 7.71, N 3.40, Si 6.82; found: C 80.99, H 7.39,
N 3.10, Si 6.51.

Synthesis of Td-G1-(Ethynyl)8 (5). A solution of
1.35 g (0.41 mmol) of Td-G1-(EthynylTiPS)8 in THF
(170 mL) and benzene (50 mL) was treated according
to the general procedure (see above) for desilylation of
triisopropylsilyl derivatives. Yield: 83.8% (0.7 g). 1H
NMR spectrum (400 MHz, CDCl3): 8.58 (d, 4H, PyH),
8.24 (d, 4H, PyH), 7.81 (s, 4H, ArH), 7.45-6.55 (m, 72H,
ArH), 3.01, 2.97 (2s, 8H, acetylenes). FD-MS: m/z (u
e-1): 2042 (M+, calcd 2042.49). Elem anal. calcd for
C153H92N8, %: C 89.97, H 4.54, N 5.49; found: C 88.82,
H 4.37, N 5.31.

Synthesis of Td-G2-(EthynylTiPS)16. This com-
pound was prepared according to the general procedure
(see above) for the Diels-Alder reaction between tet-
raarylcyclopentadienones and aryl-ethynyl derivatives
by using Td-G1-(Ethynyl)8 (5) and 3,4-bis-(4-(triiso-
propylsilylethynyl)phen-1-yl)-2,5-dipyrid-2-yl-cyclopen-
tan-2,4-dienone (1). Yield: 62.8%. 1H NMR spectrum
(400 MHz, CDCl3): 8.62 (d, 12H, PyH), 8.30 (d, 12H,
PyH), 7.78, 7.74, 7.68 (3s, 12H, ArH), 7.48-6.51 (m,
184H, ArH), 1.09(s, 336H, aliph). MALDI-TOF m/e:

7820 (M + Na, calcd 7795.96). Elem anal. calcd for
C537H556N24Si16, %: C 82.74, H 7.19, N 4.31, Si 5.76;
found: C 81.79, H 6.92, N 4.22, Si 5.48.

Synthesis of Td-G2-(Ethynyl)16. A solution of Td-
G2-(EthynylTiPS)16 in THF and benzene was treated
according to the general procedure (see above) for the
desilylation of triisopropylsilyl derivatives. Yield: 68.3%.
1H NMR spectrum (400 MHz, CDCl3): 8.62 (d, 12H,
PyH), 8.28 (d, 12H, PyH), 7.78, 7.77, 7.72 (3s, 12H, ArH),
7.47-6.52 (m, 184H, ArH), 3.05, 3.02 (2s, 16H, acety-
lene). MALDI-TOF m/e: 5293 (M+, calcd 5294.42). Elem
anal. calcd for C393H236N24, %: C 89.16, H 4.49, N 6.35;
found: C 88.06, H 4.31, N 6.22.

Synthesis of Td-G3-Ph (7). This compound was
prepared according to the general procedure (see above)
for the Diels-Alder reaction between tetraarylcyclo-
pentadienones and aryl-ethynyl derivatives by using
Td-G2-(Ethynyl)16 and 2,3,4,5-tetraphenylcyclopenta-
dienone. Yield: 74%. 1H NMR spectrum (400 MHz,
CDCl3): 8.54 (d, 12H, PyH), 8.18 (d, 12H, PyH), 7.73-
7.62 (m, 28H, ArH), 7.50-6.39 (m, 504H, ArH). MALDI-
TOF m/e: 10995 (M+, calcd 10997.97). Elem anal. calcd
for C841H556N24, %: C 91.85, H 5.10, N 3.06; found: C
90.68, H 4.88, N 2,91.

Synthesis of Td-G3-Py (8). This compound was
prepared according to the general procedure (see above)
for the Diels-Alder reaction between tetraarylcyclo-
pentadienones and aryl-ethynyl derivatives by using
Td-G2-(Ethynyl)16 and 2,3,4,5-tetrapyridylcyclopenta-
dienone (2). Yield: 71%. MALDI-TOF m/e: 11061.60
(M+, calcd 11061.17). Elem anal. calcd for C777H492N88,
%: C 84.37, H 4.48, N 11.14; found: C 83.27, H 4.31, N
10.96.

Synthesis of Td-G3-(EthynylTiPS)32. This com-
pound was prepared according to the general procedure
(see above) for the Diels-Alder reaction between tet-
raarylcyclopentadienones and aryl-ethynyl derivatives
by using Td-G2-(Ethynyl)16 and 3,4-bis-(4-(triisopro-
pylsilylethynyl)phen-1-yl)-2,5-dipyrid-2-yl-cyclopentan-
2,4-dienone. The reaction was carried out in diphenyl
ether at 200 °C for 72 h. Yield: 65%. 1H NMR spectrum
(400 MHz, CDCl3): 8.55 (d, 28H, PyH), 8.24 (d, 28H,
PyH), 7.68, 7.62, 7.59 (3s, 28H, ArH), 7.42-6.30 (m,
408H, ArH), 1.09 (s, 672H, aliph). MALDI-TOF m/e:
16804 (M+, calcd 16801.35). Elem anal. calcd for
C1161H1164N56Si32, %: C 83.00, H 6.98, N 4.67, Si 5.35;
found: C 81.82, H 6.66, N 4.39, Si 5.11.

Synthesis of Td-G3-(Ethynyl)32 (6). A solution of
Td-G3-(EthynylTiPS)32 in THF and benzene was
treated according to the general procedure (see above)
for the desilylation of triisopropylsilyl derivatives.
Yield: 80%. 1H NMR spectrum (400 MHz, CDCl3): 8.53
(d, 28H, PyH), 8.21 (d, 28H, PyH), 7.69, 7.64, 7.57 (3s,
28H, ArH), 7.42-6.30 (m, 408H, ArH), 2.99-2.95 (m,
32H, acetylenes). MALDI-TOF m/e: 11796 (M +, calcd
11798.29). Elem anal. calcd for C873H524N56, %: C 88.88,
H 4.48, N 6.65; found: C 88.00, H 4.32, N 6.44.

Synthesis of Td-G4-Ph (9). This compound was
prepared according to the general procedure (see above)
for the Diels-Alder reaction between tetraarylcyclo-
pentadienones and aryl-ethynyl derivatives by using
Td-G3-(Ethynyl)32 and 2,3,4,5-tetraphenylcyclopenta-
dienone. The reaction was carried out in diphenyl ether
at 200 °C for 120 h. Yield: 77%. 1H NMR spectrum (400
MHz, CDCl3) 8.52 (d, 28H, PyH), 8.18 (d, 28H, PyH),
7.71-7.53 (m, 60H, ArH), 7.49-6.30 (m, 1048H, ArH).
MALDI-TOF m/e: 23 283.2 (M+ + 2K+), calcd 23205.38
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(M+). Elem anal. calcd for C1769H1164N56, %: C 91.56, H
5.06, N 3.38; found: C 90.49, H 4.91, N 3.29.

General Procedure for the Preparation of Den-
drimer-Encapsulated Metal Nanoparticles. The
reaction was carried out in a Schlenk flask under argon.
To the dendrimer solution (4.5 × 10-5 mol/L) in THF
was slowly added the THF solution of Pd(CH3COO)2 (1
mol of Pd(II) per 2 pyridine fragments). After 8 h of
stirring, the reaction solution was evacuated, filled with
argon three times, and then triethylsilane was added
(2 mol of triethylsilane/Pd(II)) under argon atmosphere.
The light-yellow dendrimer/Pd(CH3COO)2 solution im-
mediately turned brown or dark brown, indicating the
Pd(0) nanoparticle formation.

Preparation of Td-G3-Ph/Pd(0). The solution was
prepared according to the general procedure (see above)
by using Td-G3-Ph (7) (0.050 g, 4.5 × 10-6 mol) and
Pd(CH3COO)2 (0.012 g, 5.4 × 10-5 mol) in THF (100
mL). Elem anal. calcd for C841H556N24 + 12Pd(CH3-
COO)2: Pd, 9.33%; found: Pd, 9.08%.

Preparation of Td-G4-Ph/Pd(0). The solution was
prepared according to the general procedure (see above)
by using Td-G4-Ph (9) (0.061 g, 2.7 × 10-6 mol) and
Pd(CH3COO)2 (0.017 g, 7.6 × 10-5 mol) in THF (60 mL).
Elem anal. calcd for C1769H1164N56 + 28Pd(CH3COO)2:
Pd, 10.11%; found: 9.00%.

Results and Discussion
Synthesis of Building Blocks. The synthesis of

pyridine-containing dendrimers was based on two reac-
tions: the Diels-Alder cycloaddition of tetrasubstituted
cyclopentadienones to ethynes and the deprotection of
triisopropylsilyl (TiPS) substituted alkynes (Scheme 1).

Toward this end, we have introduced here the A2B
building block 1. In addition, we have synthesized
tetrapyrid-2-yl-cyclopentadienone 2 without the ethynyl-
TiPS substituents for the final cycloaddition step to
generate a fully pyridine-loaded periphery.

The syntheses of tetrasubstituted cyclopentadienones
were performed by Knoevenagel condensation according
to Scheme 2.

The reaction of 4,4′-bis(triisopropylsilylethynyl)benzyl
(3) and 1,3-dipyrid-2-yl-2-propanone (4) with KOH in
ethanol resulted in a product with a surprisingly orange
color instead of dark purple, which is typical for cyclo-

pentadienones. We have found that, at standard Kno-
evenagel conditions, the cyclopentadienone is not formed.
Instead, the reaction leads to enolone 1′ (Scheme 2).
Only the reaction of the enolone with ethylene glycol at
200 °C led to the target product 1. The synthesis of
cyclopentadienone 2 was performed from commercially
available 2,2′-pyridyl and 1,3-dipyrid-2-yl-2-propanone
(4). In both cases, the Knoevenagel condensation af-
forded yields of around 80%. The synthesis of 1,3-
dipyrid-2-yl-2-propanone (4) was carried out via addition
of picolyllithium to 2-pyridylacetonitrile. According to
the 1H NMR spectrum, 4 gave rise to an enol-ketone
equilibrium. Further, under Knoevenagel conditions
(i.e., in the presence of catalytic amount of KOH),
equilibrium was shifting to the ketone form, providing
the successful accomplishment of the reaction and
formation of the cyclopentadienones.

The characterization of the obtained cyclopentadi-
enones was performed by using 1H NMR spectroscopy,
field desorption (FD) mass spectrometry, and elemental
analysis. The data obtained confirmed the purity of the
compounds (see Experimental Section).

The synthesis of 1,2-bis-(5-bromo-pyrid-2-yl)ethan-1,2-
dione (3′) based on monolithiation of 2,5-dibromopyri-
dine, followed by condensation with 1,4-dimethylpiper-
azine-2,3-dione, was carried out according to Scheme 3.
The concentration was found to play a significant role
in the selectivity of lithiation. The more dilute the
solution, the higher is the preference for the 2-position.
Under such reaction conditions, 5-bromo-2-lithiopyri-
dine is both kinetically and thermodynamically fa-
vored.20 Then the compound obtained was allowed to
react with 1,4-dimethylpiperazine-2,3-dione to yield,
after hydrolysis, 1,2-bis(5-bromo-pyrid-2-yl)ethan-1,2-
dione (3′). However, the yield of the ketone did not
exceed 22%, and the product obtained was unstable, so
no further experiments were carried out with this
compound.

Synthesis of Dendrimers. Synthesis of dendrimers
by the divergent method started with the Diels-Alder
cycloaddition of building unit 1 to tetra(4-ethynylphe-
nyl)methane (Td)19 (Scheme 4). Subsequent cleavage of
the TiPS groups yielded the corresponding ethynyl-
substituted first-generation dendrimer Td-G1-(Ethy-
nyl)8 (5). A repetitive sequence of the cycloaddition and

Scheme 1. General Scheme of Synthesis of Pyridine-Containing Polyphenylene Dendrimers
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the deprotection steps allowed the construction of the
succeeding generations of dendrimers. Using the above
protocol, dendrimers up to the fourth generation have
been synthesized. By varying the building blocks at the
final cycloaddition step, differently functionalized pe-
ripheries of the dendrimers could be achieved. Using 1,
parent tetraphenylcyclopentadienone, and 2, Td-G3-
(Ethynyl)32 (6), Td-G3-Ph (7), and Td-G3-Py (8) have
been obtained, respectively (Scheme 4). By adding the
parent tetraphenylcyclopentadienone to ethynyl-sub-
stituted (6), the Td-G4-Ph (9) with a phenyl-decorated
periphery was prepared. As the substituents of the
building block did not influence the cycloaddition it-
self, reactions with participation of different building
blocks could be carried out under the same conditions.
As was revealed for the parent polyphenylene dendrim-
ers,10 solvent reflux increases the rate of cycloaddition,

assisting the elimination of carbon monoxide at tem-
peratures above 130 °C under inert atmosphere. It
appears that these conditions are also appropriate for
Diels-Alder cycloaddition of pyridine-containing deriva-
tives, so these reactions were carried out in o-xylene at
reflux. For isolation of the dendrimers, repeated pre-
cipitations in ethanol (for high generations in a hexane/
pentane mixture) were used, followed by MALDI-TOF
mass spectrometry, which proved the absence of side
products resulting from incomplete Diels-Alder cy-
cloadditions. The deprotection of the TiPS-ethyne-
substituted dendrimers was performed by using ammo-
nium fluoride and catalytic amounts of tetrabutyl-
ammonium fluoride in tetrahydrofuran (THF) and did
not require any purification.

Unfortunately, we were unable to synthesize Td-G4-
(EthynylTiPS)64 (10). While the deprotection of Td-
G3-(EthynylTiPS)32 gave pure Td-G3-(Ethynyl)32 (6),
a further Diels-Alder cycloaddition with cyclopentadi-
enone 1 failed to furnish a pure product. We believe that
this is caused by strong crowding in the outer shell of
the high generations of dendrimers. We assumed that,
if there is enough space to add 32 unsubstituted
cyclopentadienones under formation of Td-G4-Ph (9),
then the room is insufficient to accommodate 32 A2B
building blocks carrying additional TiPS-ethynyl groups.

Physical Properties and Characterization. The
dendrimers prepared are soluble in a wide range of

Scheme 2. Synthesis of the Building Blocksa

a Key: (a) triisopropylsilylacetylene, Pd(PPh3)2Cl2, CuI, PPh3, Et3N/toluene; (b) KOH, C2H5OH, 60 °C; (c) ethylene glycol, 200
°C.

Scheme 3. Synthesis of 4,4-Dibromo-2,2-pyridyl
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solvents, but the solubility depends on the dendrimer
structure. While the pyridine-containing dendrimers
with phenyl-decorated periphery are soluble in chlori-
nated solvents, THF, toluene and, no matter what the
generation is, could thus be isolated by precipitation into
ethanol or hexane, starting from the second-generation

TiPS-ethynyl-substituted dendrimers and dendrimers
with a pyridine-functionalized periphery 6, 8 were found
to be soluble in ethanol and other aliphatic alcohols
except methanol.

For a characterization of dendrimers, 1H NMR spec-
troscopy and MALDI-TOF mass spectrometry were

Scheme 4. Divergent Synthesis of Polyphenylene Dendrimers with Pyridine Embedsa

a Key: (a) 1, o-xylene, reflux; (b) NH4F, Bu4NF, THF, r.t.; (c) 2, o-xylene, reflux; (d) tetraphenylcyclopentadienone, diphenyl
ether, 200 °C.
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applied. For all dendrimers, 1H NMR signals of protons
at the central ring of pentaphenyl-substituted benzene
units could be detected clearly for each generation layer
as well as the signals of R-protons of the pyridine units,
which are shifted toward low field. The spectrum of G1
(Figure 1a) shows singlet at δ ) 7.82 ppm assigned to
four equivalent protons of the pentasubstituted benzene
units, and two signals at δ ) 8.58 and 8.24 ppm
attributed to R-protons of nonequivalent pyridine moi-
eties. The 1H NMR spectra of G2 and G3 (Figure 1b,c)
show doublets between δ ) 8.6 and 8.1 ppm, ascribed
to R-protons of pyridines located at the first and next
layers of a dendrimer and a singlet of protons of the
pentasubstituted aromatic units at δ ) 7.66-7.80 ppm.

More detailed information on the structure of the
dendrimers could not be achieved from 1H NMR spectra
because of the strong overlap of signals in an aromatic
region. Conversely, for ethynyl- and TiPS-ethynyl-
substituted dendrimers, the ratio between aliphatic and
aromatic protons correlates well with the expected
structure.

By using MALDI-TOF mass spectrometry, we were
able to determine the molecular mass of dendrimers and
to confirm that the dendrimers are monodisperse. Any
defects coming from incomplete Diels-Alder cycloaddi-
tion in the dendrimer synthesis would result in a mass
difference of 719 or a multiple of that (mass of cyclone
unit minus CO) and would easily be detectable by this
method. Figure 2 represents the MALDI-TOF mass
spectrum of Td-G4-Ph (9) recorded in the presence of
potassium salt. The molecular peak at 23 283 g/mol
(mass of molecule + mass of two potassium cations)
is in good agreement with the mass calculated for
C1769H1164N56 2 K (23 283.6 g/mol). Furthermore, the
signal is accompanied by the molecular peak at 23 204
g/mol with low intensity corresponding to Td-G4-Ph
without salt. Molecular masses of the dendrimers of
second and third generations determined by MALDI-
TOF mass spectrometry also matched the calculated
values.

According to thermogravimetric analysis (TGA), the
dendrimers show the thermal stability typical for
polyphenylene structures.21 Degradation (10% weight
loss) starts at 575 °C under nitrogen and at 480 °C
under air. The DSC traces of all the dendrimers did not
show any phase changes up to the decomposition
temperature. High conformational and thermal stability
of these dendrimers make them unique among all other
dendrimers containing pyridine or amine (imine) func-
tional groups.

Figure 3 shows the AFM images of 7 and 9 absorbed
on freshly cleaved mica by spin-coating of 1 × 10-7 M
chloroform solutions.

The dendrimer sizes for 7 and 9 were determined by
using height estimation of the particles. The values
acquired are 5.5 nm for (7) and 6.7 nm for (9) (Figure
4). The uniformity of the observed spots and the
relatively narrow height distribution lead us to believe
that only individual dendrimers are present on the mica
surface and that aggregation has not occurred. The
values gained reasonably agree with dendrimer diam-
eter calculations carried out by using models obtained
with molecular mechanics and dynamics approaches
(Cerius 2 molecular modeling package) for parent phe-
nylene dendrimers.9,10

Nanoparticle Formation. Coordination between
metal compounds and donor groups leads to metal

incorporation inside various polymer particles, such as
block copolymer micelles22,23 or dendrimers studied by
Tomalia,15 Crooks,17 and Gröhn.18

We anticipated that, for dendrimers decorated with
peripheral pyridine groups, interaction with metal
compounds would result in precipitation of the compos-
ite material from solution due to intermolecular cross-
linking with metal compounds.24 On the other hand, the
dendrimers with a pyridine-functionalized interior and
phenyl periphery should retain their solubility after
incorporation of metal compounds due to intramolecular
complexation.25 The polyphenylene periphery in this
case should prevent cross-linking and precipitation. As
can be seen from the space filling model26 presented in
Figure 5 for 9, this dendrimer also contains voids (or
areas with loose filling), facilitating the accommodation
of nanoparticles. Thus, after metal reduction, the metal
nanoparticles stabilized within dendrimer voids by
steric interaction, and specific adsorption of pyridine
groups with a nanoparticle surface27 should be formed.
Steric crowding on the periphery should prevent the
release of metal nanoparticles from dendrimers.

Nanoparticle characteristics and morphology depend
on a number of factors, which will be considered in the
following discussion. For encapsulation of metal in
dendrimers with phenyl-decorated periphery, we used
Pd(CH3COO)2. This choice was dictated by the good
solubility of this salt as well as of dendrimers in the
common organic solvents such as THF. As was expected,
interaction of the peripherally pyridine-decorated den-
drimer 8 with Pd(CH3COO)2 resulted in immediate
precipitation of the complex due to intermolecular
coordination with the Pd salt; therefore, the following
discussion considers only phenyl-decorated dendrimers.
We studied the influence of metal compound loading,
dendrimer concentration, reduction rate, and dendrimer
generation on the Pd nanoparticle size. The majority of
the experiments have been performed with Td-G4-Ph
(9), while Td-G3-Ph (7) was only used to compare the
two generations of the dendrimers.

The maximum amount of the Pd salt loaded into the
dendrimers is defined by the number of pyridine ligands
in a dendrimer. We assumed that Pd(II) coordinates two
pyridine fragments of a dendrimer.28 Therefore, at a
molar ratio N:Pd of 2:1, 12 Pd(CH3COOH)2 molecules
can be absorbed by Td-G3-Ph and 28 molecules by Td-
G4-Ph. Elemental analysis (see Experimental Section)
on the Pd content performed after incorporation of Pd
salt confirmed this assumption. Moreover, attempts to
incorporate more Pd salt into dendrimers (at a molar
ratio of N:Pd of 1:1) led to the same Pd content in the
final product and to presence of the salt in the filtrate
after isolation of the dendrimer-salt complex.

The concentration of dendrimers in the reaction
solution significantly affects metalation. At high den-
drimer concentrations (g1 wt %), precipitation occurred
once the Pd salt was added to the solution. To obtain a
stable solution, the concentration was reduced to 0.1 wt
%. At this concentration, the solution remained stable
upon reduction of the palladium salt. Here, it is worth
noting that the absence of precipitation does not prove
the encapsulation of a metal nanoparticle by the indi-
vidual dendrimer, but confirms the lack of significant
dendrimer aggregation. In all further experiments, we
used 0.1 wt % dendrimer concentration.

To study the influence of the reduction rate, i.e.,
nucleation and growth of nanoparticles, we used LiB-
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Figure 1. 1H NMR spectra of poly(phenylene-pyridyl) dendrimers of different generations (400 MHz, CDCl3).
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(C2H5)3H as a fast reducing agent29 and (C2H5)3SiH as
a sluggish reducing agent.30 However, while reduction
with (C2H5)3SiH led to the reaction solution that was
stable for at least six months, reduction with LiB-
(C2H5)3H resulted in immediate precipitation. This
outcome may sound counterintuitive because, normally,
smaller particles produced by fast reduction are more
readily stabilized in polymer solutions than larger
particles obtained by slow reduction. We assume that,
because fast reduction leads to fast nucleation and
formation of a large amount of very small Pd nanopar-
ticles, stiff fully aromatic dendrimers are unable to
stabilize these particles. Apparently, small nonstabilized
particles with high surface energy tend to aggregate and
give large metal particles, which cannot be stabilized
by dendrimers and precipitate from the solution. This
provides evidence that the dendrimer serves as an
effective template at a relatively slow reduction rate.

To prove the interaction of the Pd salt with dendrim-
ers, UV-vis spectroscopy was used. Figure 6 depicts the
absorption spectra of Pd(CH3COO)2 in the presence
(pink line) and absence (inset) of 9, the spectrum of
encapsulated in 9 Pd nanoparticles (yellow), and the
spectrum of 9 (green) vs THF. As evident from the
spectra, the interaction of the dendrimer with Pd(CH3-
COO)2 causes red-shifted λmax by about 35 nm as
compared to the spectrum of pure Pd(CH3COO)2. This
shift corresponds to the ligand-to-metal charge-transfer
transition between Pd(II) and pyridine ligands within
a dendrimer.31

Furthermore, the extinction coefficient (ε) for the Pd
complex with a dendrimer is higher than that of Pd-

(CH3COO)2 by a factor of 1000. These findings indicate
that Pd(II) species are coordinated with pyridine nitro-
gen atoms of a dendrimer. After reduction of the Td-
G4-Ph/Pd(CH3COO)2 complex with HSi(C2H5)3, the
band observed at 425 nm completely disappeared and
a new absorption appeared over a wide wavelength
range that is typical of Pd(0) nanoparticles.32 In addi-
tion, the color of the solution changed from yellow to

Figure 2. MALDI-TOF spectrum of Td-G4-Ph (9) in the
presence of potassium ion.

Figure 3. AFM images of Td-G3-Ph (a) and Td-G4-Ph (b).

Figure 4. Size distribution of Td-G3-Ph (a) and Td-G4-Ph
(b), derived from AFM data.

Figure 5. Space-filling view of Td-G4-Ph (9) dendrimer
minimized in energy by molecular dynamics simulation by
using FFMM in Spartan software.
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dark brown after reduction. No precipitation was ob-
served for more than six months.

Characterization of Dendrimers with Encapsu-
lated Metal Nanoparticles. To study dendrimers with
encapsulated metal nanoparticles, we used TEM, DLS,
and XRD. We have found that nonmetalated Td-G4-
Ph (9) cannot be successfully imaged by TEM. In both
cases (stained sample and without staining), 9 forms
films on the carbon-coated electron grid (even when the
sample was cast from a very dilute solution); the
structural details of these films could not be discerned.
Evidently, owing to the rotational mobility of parts of
the molecules around single bonds, the dendrimers have
a tendency to entangle themselves. On the other hand,
the complex of Td-G4-Ph with Pd(CH3COO)2 can be
successfully examined (see Figure 7a) because it dis-
plays a lesser tendency to form aggregates. It is note-

worthy that the presence of Pd species is equivalent to
staining and provides good contrast for the area con-
taining Pd (this area should be close to the full den-
drimer size except the polyphenylene periphery).

The average size of this dendrimer complex obtained
from the TEM image is 5.7 ( 0.8 nm (calculated out of
102 dendrimers), revealing a good agreement with the
data obtained from AFM (for 9 it is 6.7 nm), considering
that AFM shows a full dendrimer size while TEM shows
only an area stained with Pd. The TEM image of the
Td-G4-Ph/Pd(0) sample (after metal reduction) pre-
sented in Figure 7b shows dark circles, which we believe
are Pd(0) nanoparticles, separated by light-grey areas
(dendrimers) and combined into large aggregates. The
particles are not well-separated from each other, but we
could measure their size with image analysis software.
These particles are relatively monodisperse and possess

Figure 6. UV-Vis absorption spectra of THF solutions containing Td-G4-Ph (9) (green), Td-G4-Ph/Pd(CH3COO)2 (magenta),
Td-G4-Ph/Pd(0) (yellow), and Pd(CH3COO)2 (red inset).

Figure 7. TEM images of Td-G4-Ph, containing Pd(II) (a) and Pd(0) (b) and histograms (c) and (d) of size distribution for these
samples.
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a diameter of 2.1 ( 0.3 nm. This size is larger by a factor
of 2 than the expected value of 1 nm calculated for the
corresponding dendrimer loading (one palladium per
two nitrogens) and confirmed by the elemental analysis.
This suggests an exchange between dendrimers leading
to larger particles that probably can be better stabilized
by these dendrimers.

The XRD pattern of this sample (Figure 8) shows
reflexes that are characteristic of Pd crystallites.The
average crystallite size is about 2.0 nm, as calculated
from the broadening of the (111) reflection by using the
Scherrer equation.33 The XRD pattern also shows an
incoherent scattering background coming from the
dendrimer matrix.

Figure 9 shows hydrodynamic diameter distributions
of the Td-G4-Ph (9), complex Td-G4-Ph/Pd(CH3COO)2,
and Td-G4-Ph/Pd(0) in chloroform solutions obtained
from DLS measurements. The solution concentration
was kept as low as possible to prevent interparticle
interaction in solution, namely, 10-4 mol/L for Td-G4-
Ph and 2 × 10-5 mol/L for samples loaded with metal.
It appears that Td-G4-Ph (9) contains two kinds of
particles. The major peak at 7 nm is due to dendrimer
molecules, while the larger particles are dendrimer
aggregates. This value agrees well with the AFM data
and calculations (see discussion above). Because the
contribution of larger particles to the scattering inten-
sity is much higher than that of smaller particles (the
scattering intensity is proportional to the squared
volume, i.e., to R6), the fraction of dendrimer aggregates
in chloroform solution is negligible.

Incorporation of palladium acetate into 9 results in
the slight increase of the dendrimer hydrodynamic
diameter to about 10 nm and an increase of the
dendrimer aggregate size, while their fraction remains
nearly the same. We suggest that the increase in
dendrimer size is due to formation of a solvent shell
because of interaction of polar Pd(CH3COO)2 absorbed
by the dendrimer and a THF dipole. This also reveals
that the dendrimers loaded with Pd acetate remain
intact and aggregates observed on the TEM grid are due
to secondary aggregation during sample casting. Con-
versely, Pd nanoparticle formation results in the forma-
tion of large dendrimer aggregates with an average
diameter of 145 nm (Figure 9). Apparently, this ag-
gregation exists already in solution and is due to strong
interaction between individual dendrimers with encap-
sulated metal nanoparticles. Despite their sizes, these
aggregates are amazingly stable (see discussion above).

Comparison of TEM images of Td-G3-Ph/Pd(0) (Fig-
ure 10) and Td-G4-Ph/Pd(0), presented in Figure 7b,
reveals the nanoparticle formation to be similar in both
these dendrimer generations.

Again, in Td-G3-Ph/Pd(0), Pd nanoparticles are
much larger (2.3 ( 0.3 nm in diameter) than expected
from the dendrimer loading (0.7 nm in diameter), thus
revealing extensive exchange of Pd species between
dendrimers during nanoparticle formation due to in-
termolecular collisions. We conclude that small Pd
clusters of 0.7 nm cannot be stabilized within stiff
aromatic dendrimers, thus exchange between the den-
drimers results in larger particles. We also cannot
exclude that nanoparticles are stabilized by several Td-
G3-Ph dendrimer molecules. Such a mechanism of

Figure 8. X-ray diffraction profile of Td-G4-Ph/Pd(0).

Figure 9. Hydrodynamic diameter distributions of the Td-
G4-Ph dendrimers before and after metalation at 90° scat-
tering angle and 25 °C in chloroform.

Figure 10. TEM image of Pd(0)-containing Td-G3-Ph (a) and histogram of size distribution of Pd nanoparticle diameter (b).
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stabilization of metal nanoparticles by low-generation
dendrimers was proposed earlier by Gröhn18 for PAM-
AM dendrimer and gold nanoparticles. Indeed, the open
“starlike” structure of Td-G3-Ph supports such a sce-
nario.

For both Td-G3-Ph/Pd(0) and Td-G4-Ph/Pd(0), one
should expect the existence of the empty dendrimers;
however, only for Td-G3-Ph/Pd(0) can these empty
dendrimers be clearly seen on the TEM grid (as a film
on the background). One is led to conclude that, for Td-
G4-Ph/Pd(0), the fraction of these dendrimers is smaller
and that they are participating in the formation of
aggregates in the solution (thus they are not seen on
the background). Although these fully aromatic den-
drimers loaded with metal nanoparticles form large
aggregates in organic solutions, the stability of these
solutions and the accessibility of Pd nanoparticles due
to the open and rigid dendrimer structure qualifies them
as promising catalytic systems for catalytic reactions.

Conclusion and Outlook

A family of stiff polyphenylene dendrimers decorated
internally and/or peripherally with pyridine units was
synthesized by Diels-Alder cycloaddition by using the
divergent method. This approach allowed a robust
synthesis of monodisperse dendrimers up to the fourth
generation with molecular masses of more than 23 000
g/mol. The solubility of dendrimers was found to depend
on the nature of the periphery rather than on the
generation. The dendrimers synthesized have outstand-
ing thermal stability similar to that of linear polyphe-
nylenes.

The presence of pyridine moieties in the dendrimers
allowed embedding of metal species, namely, Pd acetate.
Subsequent reduction of fixed Pd(II) species leads to
formation of Pd(0) nanoparticles stabilized by the den-
drimer(s). Only polyphenylene-decorated dendrimers
with a pyridine-benzene interior were found to obey
this scenario, while peripherally, pyridine-decorated
molecules precipitated from reaction solutions due to
intermolecular coordination with a Pd salt.

TEM, along with DLS, revealed the tendency of
dendrimers to form aggregates. For Td-G4-Ph and Td-
G4-Ph/Pd(CH3COO)2, aggregates were observed only
on the TEM grids, while almost no aggregation was
found in solutions. Conversely, for Td-G4-Ph/Pd(0),
large dendrimer aggregates were observed both in
solution (DLS) and on the carbon-coated grid (TEM). At
the same time, Td-G4-Ph/Pd(0) displays a remarkable
solution stability (for more than six months) without any
detectable changes. As supported by TEM and XRD, Pd
nanoparticles of 2 nm in diameter are encapsulated
within dendrimers, revealing that so-called “host-guest
nanoscale synthesis” has been achieved for the first time
for rigid, completely aromatic dendrimers.

One of the most promising aspects of dendrimer-
encapsulated Pd nanoparticles is that they can be used
as catalysts in some reactions of interest, e.g., hydro-
genation. Herein, the dendrimer fraction of the nano-
composite due to its rigidity and open structure can offer
easy access of substrates to catalytic centers, leading
to higher catalytic activity. Moreover, the high thermal
stability of a dendrimer template will open an op-
portunity for high-temperature catalytic applications
where aliphatic dendrimers and polymers cannot be
used. In addition, the periphery of the dendrimers can

be configured to attach dendrimers to the alumina or
silica surfaces for application in heterogeneous catalysis.
While this paper deals with the synthesis of the new
dendrimers and the formation and characterization of
the dendrimer-encapsulated metal nanoparticles, the
application of these materials in catalysis will be
presented in a forthcoming article.
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