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Two important properties that influence the activity and the ease
of product separation of heterogeneously catalyzed reactions are
the physical size and the size distribution of the catalyst. This is
particularly true of nanosized heterogeneous catalysts, which hold
much promise for the unprecedented control of reactivity and
stereoselectivity in chemical transformations.1

A number of methods have been developed for the heterogeni-
zation or immobilization of homogeneous catalysts. These include
common grafting of the catalyst to solid supports and the use of
ionic liquid-organic solvent multiphasic media.2,3 Another recent
and promising approach involves heterogenization of the catalyst
or a precursor by ligand modification to generate a self-supporting
insoluble polymeric network architecture akin to that used to
synthesize metal-organic coordination networks.4 In comparison
to other methods, the self-supporting methodology can produce
heterogeneous catalysts during the immobilization process with an
unusually high density of catalytically active units.

Many homogeneous organometallic catalysts are known,5 and
the synthesis of nano- and microsized colloidal coordination
networks has been described.6 Herein, we report the first nanosized
self-supportedorganometalliccatalyst and demonstrate its high
activity in the stereoselective polymerization of phenylacetylene.
We recently reported the synthesis, self-assembly, and deprotonation
of [(η6-1,4-hydroquinone)Rh(COD)]+(1+), as well as the multi-
functional catalytic behavior of1-, in the arylation of benzaldehydes
with boronic acids.7

Treatment of1+ with 1 equiv Al(Oi-Pr)3 in 23 mL of THF
afforded an insoluble yellow solid and 2-propanol (Figure 1). Figure
2a shows the field emission scanning microscopy (FE-SEM) image
of the 340-nm sized organometallic nanocatalyst (ON3). Reduction
in the reaction volume produced an increase in the average particle
size: ON2 ) 402 nm; ON1 ) 537 nm (see Figure S1 in the
Supporting Information for size distributions). The yellowON
precipitates were formed immediately after addition of the Al(Oi-
Pr)3 solution, indicating that the size increase with reduced solvent
volume is due to an increased growth rate rather than an increase
in the number of nuclei formed. Energy dispersive spectroscopy
analysis of the synthesized solids using FE-SEM showed that
ON1-3 contain Rh and Al in about 38 to 62 mol % ratio. When
2 equiv of Al(Oi-Pr)3 was used, the portion of Rh was slightly
decreased to 35 mol %. From inductively coupled plasma atomic
emission spectroscopy, the absolute quantity of rhodium inON1-3
was determined as 30 wt %. The X-ray photoelectron spectroscopy
(XPS) spectrum8 of ON3 (Figure 2b) has two Rh 3d orbital peaks
at 308 and 313 eV. The Al 2p orbital peak appeared at 75.4 eV,
which implies an Al(III) species (see Supporting Information). The
solid-state27Al NMR spectrum (Figure 2c) indicates hexa-coordina-
tion at the Al, possibly indicating aggregation viaµ2-O bonding.9

The ON particles were investigated for catalytic activity in the
polymerization of phenylacetylene. Poly(phenylacetylene) (PPA)
has attracted considerable attention due to a range of potentially
useful properties: photo and electrical conductivity, photolumi-
nescence (PL), magnetism, liquid crystallinity, gas and liquid
permselectivity, and third-order nonlinear optics. PPA can exist as
two stereoisomers: cis-transoid (cis-PPA), trans-transoid (trans-
PPA) forms.10 cis-PPA has an interesting helical structure in solid-
state, and its isomerization mechanism to trans-PPA has been
intensively studied. Moreover, cis-PPA has been suggested as a
spintronic material candidate for application in memory devices.11

Thus, the stereoselective synthesis of PPA is desirable and necessary
for device applications of these materials.

It has been reported that cis- and trans-PPA can be prepared
with Rh-, Ir-, and Ni-based homogeneous organometallic catalysts.12

Table 1 gives a summary of the catalytic activity of nanocatalysts
ON in the polymerization of phenylacetylene. It is important to
note that the Rh center in1+ undergoes a large change upon reaction
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Figure 1. Synthesis of self-supported organometallic nanocatalyst.

Figure 2. (a) FE-SEM image, (b) XPS of Rh 3d orbital, and (c) solid27Al
NMR spectra of organometallic nanocatalyst,ON3.
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with Al(Oi-Pr)3 to generate the heterogeneousON catalysts. During
the self-supporting process, deprotonation of the-OH groups
occurs and theη6-hydroquinone is converted to aη4-quinone ligand.
The Rh acts as an electron sink in this conversion and undergoes
a formal change in charge from+1 to -1.7a

As shown in Table 1, theON catalysts produced much longer
PPAs than did1+ (entry 1 vs 2-5, entry 6 vs 7 and 10-12).
Moreover, theONs were much more stereoselective (up to 96%
formation of cis-PPA), while catalyst1+ produced a mixture of
cis- and trans-PPA (59:41; Figure 3d).13 The polymerization in THF
gave longer and more narrowly distributed PPA with higher yields
than in CH2Cl2. Figure 3b shows gel permeation chromatography
chromatograms of the PPAs. As the size ofON was decreased,
longer PPAs were obtained as a result of increased catalytic activity.
As the solvent volume increased, the PPA lengths decreased
dramatically, consistent with the heterogeneous nature of the
reaction (entries 7-9) CatalystON3, recovered (19 mg) from the

reaction mixture by centrifugation after entry 12, gave a 94% yield
in a second run (see Figure S3 in SI for a SEM image of recovered
ON3).

PPA has a conjugated backbone that bodes well for useful
photoluminescent materials. Figure 3a displays the UV-vis and
PL spectra. Interestingly, the colors of PPAs obtained fromON3
and1+ are different (Figure 3a): bright red (fromON3) and dark
yellow (from 1+). The PPA of entry 12 showed a stronger and
sharper emission peak at 450 nm (380 nm excitation) than that of
entry 6.

In conclusion, heterogeneous self-supportedONs were synthe-
sized by treatment of theπ-hydroquinone rhodium complex1+ with
Al(Oi-Pr)3. The synthesis is triggered by deprotonation of the-OH
groups by Al(Oi-Pr)3, with concomitant coordination of the quinone
oxygen atoms to the aluminum and aη6 to η4 hapticity change in
the bonding of the quinonoid ring to the rhodium. The organome-
tallic nanocatalysts, the size of which can be controlled by alteration
of the reaction conditions, show high catalytic activities in the
stereoselective polymerization of phenylacetylene to producecis-
poly(phenylacetylene). The stereoselective nature of the catalysis
is a property that evolves during the heterogenization process.
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Table 1. Polymerization of Phenylacetylene Catalyzed by ONsa

entry catalyst solvent Mn Mw/Mn yield (%)b

1 1+ CH2Cl2 2900 1.8 90 (59)
2 ON1 CH2Cl2 4100 4.3 82 (86)
3 ON2 CH2Cl2 13 200 3.4 84 (94)
4 ON2-Al CH2Cl2 12 900 2.3 81 (94)
5 ON3 CH2Cl2 15 600 3.5 86 (96)
6 1+ THF 17 800 2.4 98 (59)
7 ON1 THF 23 600 1.8 88 (95)
8 ON1 THF 8800 2.9 67 (94)
9c ON1 THF 4100 4.3 54 (90)

10d ON2 THF 26 800 2.2 98 (95)
11e ON2-Al THF 21 600 2.0 91 (96)
12 ON3 THF 29 200 2.2 98 (96)

a Conditions: 2.5 mL solvent, 1.2 mol % (19 mg)ON, 4.55 mmol PA,
18 h, rt.b Isolated yields; cis-PPA contents in parentheses.c 10 mL THF
was used.d 20 mL THF was used.e 21 mgON was used.

Figure 3. (a) UV-vis and emission spectra (CDCl3) of PPAs from entries
6 and 12 and (inset) photos of PPAs from entries 6 (right) and 12 (left), (b)
GPC chromatograms of PPAs from entries 6-12 in Table 1, and (c,d)1H
NMR spectra of PPAs from entries 6 and 12 in CDCl3,
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