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Abstract: Monolithic polymeric sup-
ports have been prepared by electron-
beam-triggered free-radical polymeri-
zation using a mixture of glycidyl
methacrylate and trimethylolpropane
triacrylate in 2-propanol, 1-dodecanol,
and toluene. Under appropriate condi-
tions, phase separation occurred, which
resulted in the formation of a porous
monolithic matrix that was character-

Michael R. Buchmeiser*!™"!

with norborn-5-en-2-ylmethylamine (2)
and provided covalently bound nor-
born-2-ene (NBE) groups inside these
pores. These NBE groups were then
treated with the first-generation
Grubbs initiator [RuCl,(PCys),-
(CHPh)]. These immobilized Ru-alky-
lidenes were further used for the sur-
face modification of the small pores by
a grafting approach. A series of mono-
mers, that is, 7-oxanorborn-5-ene-2,3-

N,N-di-2-pyridyl-7-oxanorborn-5-ene-2-
carboxylic amide (5), N,N-di-2-pyridyl-
norborn-5-ene-2-carboxamide (6), N-
[2-(dimethylamino)ethyl]bicyclo-

[2.2.1]hept-5-ene-2-carboxamide  (7),
and dimethyl bicyclo[2.2.1]hept-5-en-2-
ylphosphonate (8), were used for this
purpose. Finally, monoliths functional-
ized with poly-5 graft polymers were
used to permanently immobilize Pd**

ized by large (convective) pores in the
30 um range as well as pores of
<600 nm. The epoxy groups in pores
of >7nm were hydrolyzed by using
poly(styrenesulfonic  acid) M, =
69400 gmol !, PDI=2.4). The remain-
ing epoxy groups inside pores of
<7nm were subjected to aminolysis

nanoparticles -

Introduction

Monolithic media, originally developed for applications in
separation science,'!! have become increasingly used as cata-
lytic supports for various (bio)catalytic reactions.”! Mono-
lithic polymeric supports are usually prepared within the
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ene-2,3-dicarboxylic
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and Pt**, respectively, inside the pores.
After reduction, metal nanoparticles
(4), 2nm in diameter were formed. The
palladium-nanoparticle-loaded mono-
liths were used in both Heck- and
Suzuki-type coupling reactions achiev-
ing turnover numbers of up to 167000
and 63000, respectively.

anhydride

confines of columns by a one-step, phase-separation-based
process.”) They are designed in such a way that they consist
of a polymeric matrix with large, interpenetrating pores. The
polymeric matrix itself is composed of interconnected, struc-
ture-forming, micro-, meso-, or macroporous microglobules.
As a consequence, mass transfer between the solid phase
and a secondary phase (liquid, gaseous) through the mono-
lith is fast.l'l In the case of a catalyst attached to the surface
of a meso- or macroporous monolith, high turnover frequen-
cies, similar to those obtained under homogeneous condi-
tions,”™ are obtained. During the last 10 years, our group
has developed numerous polymeric matrices and monolith-
supported organometallic catalysts by both ring-opening
metathesis polymerization (ROMP)F! and electron-beam-
triggered free-radical polymerization.”®

In this contribution we present a strategy for the synthesis
of palladium and platinum nanoparticles immobilized within
the confines of small pores of a monolith. The thus-prepared
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palladium nanoparticles were then used in C—C coupling re-
actions with high turnover numbers.

Results and Discussion

Synthesis and characterization of the monoliths: Glycidyl
methacrylate (GMA) based monolithic media were pre-
pared according to published procedures.® In brief, the
monoliths were prepared by electron-beam (EB)-triggered
free-radical polymerization using glycidyl methacrylate
(GMA) as the monomer, trimethylolpropane triacrylate
(TMPTA) as the cross-linker, 2-propanol and 1-dodecanol
as the macroporogens, and toluene as the microporogen.®
Unless stated otherwise, a total dose of 22 kGy over a time
period of 20 min was used (Scheme 1).

The reagents used and their amounts are summarized in
Table 1 and provided monoliths with a substantial fraction
(32%) of micro- and mesopores, that is, pores with an aver-

\HJL%/\\EOIXL

2-propanol, toluene

1-dodecanol
EB curing
—_—
22 kGy
steel column monolith

Scheme 1. Synthesis of GMA-based monoliths prepared by EB-triggered
free-radical polymerization.

Table 1. Composition and structural data of the monoliths.

Composition (in wt %) of the polymerization mixture

GMA TMPTA  1-dodecanol  2-PrOH  toluene dose [kGy]
15 15 30 30 10 22
Structural data of the monoliths (before modification)

& [vol%] ¢ [vol%] & [vol%]  V,[uLg™] @, [A]
10 74 84 420 1450
Structural data of the monoliths (after aminolysis of the epoxides)
10 69 79 420 1420
Structural data of monoliths (after ROMP-based grafting of 5/*')
12 67 79 500 940

[a] See Table 2, entry 4.
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age pore size of <10 nm, as evidenced by inverse size exclu-
sion chromatography (ISEC)! measurements (Figure 1).
The volume fraction of pores (g,), the volume fraction of in-
terparticle void volume (¢,), the total porosity (¢,), the aver-
age pore diameter (@,,), and the pore volume (V,) of the
parent monolith are summarized in Table 1. A scanning
electron microscopy (SEM) image of the cross-section of
such a monolithic structure, which did not change during
modification, is shown in Figure 2.
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Figure 1. Graphs of AR versus log®,, for a)the unmodified, b)the
PSSA-modified, and c) the poly-5 grafted monolith.
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Figure 2. SEM picture of a monolith.

Pore-size-specific modification of monoliths: The concept of
pore-size-specific modification of polymeric monoliths was
first introduced by Svec and Fréchet.™ It is based on the hy-
drolysis of the glycidyl methacrylate derived epoxy groups
by a polymeric (acidic) reagent, for example, poly(styrene-
sulfonic acid). As a rule of thumb, to be penetrated by a
polymer, a pore must have a diameter approximately 2.5
times larger than the hydrodynamic diameter of the poly-
mer.! For the hydrolysis of the epoxy groups inside the
pores, we chose a sulfonated poly(styrene) (i.e., poly(sty-
renesulfonic acid), PSSA) with an average M, of
69400 gmol™" and a PDI of 2.4 (see the Experimental Sec-
tion). Based on the work of van Kreveld and Hoed" and of
Haldsz and Martin,”'” one can calculate the exclusion di-
ameter of a pore for such a polymer from M,=10.87®"7
and M, =2.25®"7, respectively. However, the theory is only
true for narrow molecular weight distributions (PDI <1.1).
Here, for a PSSA with a PDI of 2.4, the lowest M,, that was
observable in the elution peak, that is, M, =3400 gmol ',
had to be considered and used for calculations. This value
corresponds to an exclusion diameter for pores of 7 nm, that
is, pores smaller than 7 nm are not penetrated by the poly-
mer. In other words, the PSSA used should be capable of se-
lectively hydrolyzing epoxy groups inside pores of >7 nm in
diameter. These would be transformed into vic-diols where-
as the epoxy groups within the small pores would remain
unaffected. Because the polarity of a vic-diol is much higher
than that of an epoxide, larger amounts of polar solvent
molecules will be permanently present around these diols
and the support will experience a higher degree of swelling.
As a consequence, the (apparent) pore diameters will be re-
duced. This is exactly what was observed when the mono-
liths were subjected to ISEC after pore-size-selective PSSA-
triggered hydrolysis of the epoxy groups. Thus, the volume
fraction of pores of <7nm (log® <2) remained virtually
unchanged (within experimental error), the volume fraction
of pores of around 80 nm (log @ =2.9) was reduced by 50 %,
whereas those of around 40 nm increased by 150%. The
volume fraction of the larger pores (log @ > 3) remained vir-
tually unchanged (Figure 1). As can be seen from Table 1,
the average pore diameter was slightly reduced from 145 to
142 nm.

4652

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The remaining epoxide groups located within the smaller
pores (d,<7nm) were then treated with a 10 wt% solution
of norborn-5-en-2-ylmethylamine (2), which resulted in the
covalent attachment of the norborn-2-ene groups within the
small pores by aminolysis (Scheme 2).

poly(styrene sulfonic acid)
water
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Scheme 2. Pore-size-specific modification of GMA-based monoliths.

Functionalization by ring-opening metathesis polymeri-
zation: Ring-opening metathesis polymerization (ROMP) is
a well-established polymerization technique.'!! It entails the
use of cyclic olefins with substantial ring strain, for example,
norborn-2-enes and cyclooctenes.'” The major advantages
of ROMP are its truly living polymerization character™ as
well as the possibility of using functional monomers. Among
the large number of well-defined initiators that are currently
available, those based on ruthenium (i.e., the Grubbs initia-
tors)[*1¥ display a higher functional group tolerance than
those based on molybdenum (Schrock catalysts)."”! In the
present case, ROMP-based functionalization was carried out
using the first-generation Grubbs initiator [RuClL,(PCy;),-
(CHPh)] (1). For this purpose, the monolith was treated
with a solution of 1 in CH,Cl, (Scheme 3). Excess initiator
was removed by extensive washing of the monolithic
support.

Passing solutions of different functional monomers, that
is, 7-oxanorborn-5-ene-2,3-dicarboxylic anhydride (3), nor-
born-5-ene-2,3-dicarboxylic anhydride (4), N,N-di-2-pyridyl-
7-oxanorborn-5-ene-2-carboxamide (5), N,N-di-2-pyridyl-
norborn-5-ene-2-carboxamide (6), N-[2-(dimethylamino)-
ethyl]bicyclo[2.2.1]hept-5-ene-2-carboxamide (7), and di-
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Scheme 3. Functionalization of small pores with monomers 2-8.
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methyl bicyclo[2.2.1]hept-5-en-2-ylphosphonate (8), through
the ruthenium-based initiator-loaded monolith resulted in
the surface grafting of the monomers.

Grafting yields varied within the range of 10-420 pmol g™
(Table 2) and were found to depend on both the nature of
the monomer and the amount of initiator immobilized on

Table 2. Grafting results for monomers 2-8.

Entry Solvent T Monomer  Grafting density ~ Ru
[°C] [umolg™] g ']
1 1,4-dioxane 70 2 420 530
2 CH,Cl, 40 3 220 60
3 CH,Cl, 40 4 50 330
4 CH,Cl, 40 5 65 60
5 CH,Cl, 40 6 30 190
6 CH,Cl, 40 7 145 500
7 CH,Cl, 40 8 10 120

the monolith. The latter can be controlled by the amount of
2 that is immobilized on the monolithic support. The exact
amount of initiator covalently bound to the monolithic sup-
port by reaction with the norborn-2-ene groups was deter-
mined by flushing the monolith with a mixture of ethyl vinyl
ether (EVE, 20 vol-%) and DMSO after functionalization

Chem. Eur. J. 2010, 16, 4650 —4658
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and collecting the effluent. These effluents were dissolved in
aqua regia and the solutions were subjected to inductively
coupled plasma optical emission spectrometry (ICP-OES).

It is very important to note that the high permeability of
the monolithic columns was preserved to a great extent
during the entire modification process. Thus, the pressure
drop Ap of a 4.6x100 mm column was 4 and 8 bar (CHCl,,
flow rate 1 mLmin™!) prior to and after the modification
process.

ISEC analysis of a monolith grafted with 5 (Table 2) re-
vealed a significant reduction in the average pore diameter
to 94nm (Table1). Overall, the pore size distribution
(Figure 1) was shifted to smaller pore sizes. Both from the
data shown in Table 1 and the graph shown in Figure 1c, it
becomes evident that the surface grafting of a monolith re-
sults in graft polymers that apparently increase the fraction
of small pores (& < 1.5 nm), thus increasing the pore volume
(V,), at least the one that is determined by ISEC. Whether
these grafted polymer chains
act as “small pores” in ISEC is
not fully understood and is
presently the subject of further
investigations.

\ Immobilization of palladium
and platinum within functional-
ized small pores: In view of the

/ grafting yields obtained with §

compared with those obtained
with 6, poly-5-modified mono-
liths were used for the immobi-
lization of both palladium and
platinum. In the case of palladium, an aqueous solution of

[H,PdCl,] was prepared!® and pumped through the func-

tionalized monolith. For the immobilization of platinum, a

1wt % solution of [PtCl,] in THF was passed through the

monolith. Both palladium and platinum were immobilized
by coordination to the di-2-pyridylamide ligand!®

(2.7mgPdg™" and 3.8 mgPtg™' of monolith as determined

by ICP-OES measurements). Finally, palladium and plati-

num nanoparticles of <2nm in diameter (Figure 3) were
generated by reduction with NaBH, (Scheme 4). The chemi-
cal nature of these nanoparticles was confirmed by energy-

dispersive X-ray spectrometry (EDXS) (Figure 4a and b)

and both palladium and platinum were quantified by ICP-

OES.

From TEM images (Figure 3a), we determined the aver-
age diameter of the palladium nanoparticles, which was
found to be around 2 nm (see the Supporting Information).
The density of bulk, face-centered cubic palladium is
12.03 gem ™"} Assuming the same density for our palladi-
um nanoparticles, we calculated the density of the palladium
nanoparticle as 68 atomsnm . The approximate number of
palladium atoms in a nanoparticle was calculated from
Npq=68(47/3)r*, in which r is the average radius of the
nanoparticles in nanometers. The weight of the palladium
nanoparticle was calculated using Wpy=NpgApy (Apg=

4653
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Figure 3. TEM micrographs of a) palladium and b) platinum nanoparti-
cles formed within the small pores of a monolith.

106.4 gmol ™, Npg=number of palladium atoms). From the
atomic radius of palladium (137 pm) and the average radius
of the palladium nanoparticles (1 nm), we calculated the ap-
proximate number of surface palladium atoms per palladium
nanoparticle. The results are summarized in Table S1 of the
Supporting Information.

Application of palladium nanoparticles in Suzuki- and
Heck-type cross-coupling reactions: Finally, the immobilized
palladium nanoparticles were used as catalysts in ligand-free
Suzuki-type cross-coupling reactions with various bromo-
benzenes and phenylboronic acid in water (Scheme 5). All
the catalytic experiments were performed at a very moder-
ate temperature of 50°C. For all reactions, 0.64 umol of pal-
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Figure 4. EDX spectra of a) palladium and b) platinum nanoparticles
formed within the small pores of a poly-5-modified monolith. Peaks of
copper result from the sample holder (copper grid).

B(OH), Pd-loaded monolith
1.5 equiv. KOtBu
1 equw NBu,Br

<8
HZO THF O
50°C, 24 h

Scheme 5. Suzuki-type cross-coupling reaction using palladium nanoparti-
cles formed within the pores of a monolith.
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Scheme 4. Formation of palladium or platinum nanoparticles after the introduction of Pd** or Pt** ions and subsequent reduction with NaBH,.
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Table 3. Suzuki-type cross-coupling reactions of aryl halides and phenylboronic acid with palladium-nanoparticle-loaded monoliths.

Substrate Product Conversion [%] Yield of hep™® [%] TONU TONU
@—Br 9% 0 12300 61100
F3c—®—8r Fsc 99 0 12800 63000

R F F F
F@—Br F 7 0.5 9200 45200

FoF FF
OZNOBF OzN 99 0 12800 63000
MeOOBr Meo 82 0.5 10600 52200
Hﬁ‘@“Bf H3C 69 05 8700 43300
OzN@—C| 02N 54 8 7000 34400

[a] Conversions and yields were determined by GC. [b] hcp=homocoupling product (biphenyl derivative). [c] Assuming every palladium atom partici-
pates in the reaction. [d] Assuming that only the surface palladium atoms participate in the reaction.

ladium and 8.2 mmol of the reactants were used. The results
are summarized in Table 3.

Coupling of the aryl bromides resulted in the desired
products; homocoupling was only observed to a minor
extent (<0.5%). As anticipated, the highest yields were ob-
tained with activated bromides. Turnover numbers (TONs)
with respect to the number of palladium surface atoms pres-
ent in all palladium nanoparticles of up to 63000 were ob-
tained. This value is far higher than those obtained with
other immobilized palladium nanoparticles."”*¥ Importantly,
even activated chloroarenes could be coupled with TONs of
up to 34400. After catalysis, a few palladium nanoparticles
of <5nm in diameter were generated by agglomeration
and/or Ostwald-ripening of the palladium nanoparticles lo-
cated at the surface of the monolith. However, the diame-
ters of the palladium nanoparticles immobilized within the
small pores remained basically constant within experimental
error (Figure 5). The synthetic protocol presented here is
thus a straightforward approach to the synthesis of metal
nanoparticles that hardly change in size during the catalytic

10 nm
-

Figure 5. TEM micrograph of palladium nanoparticles after Suzuki cou-
pling reactions.
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application despite the fact that the active species exist in
different oxidation states during the catalytic cycle. This
means that most palladium species that are formed in an ox-
idation state other than zero (i.e., Pd** or Pd**)!"! finally
re-enter the nanoparticle as Pd® species. Kinetic investiga-
tions revealed that the Suzuki-type coupling reaction was
complete within 22 h. The graph of conversion versus time
displays a sigmoidal shape, which is indicative of an activa-
tion process that precedes the coupling reaction (see Fig-
ure S3 of the Supporting Information). Importantly, the sup-
port can be reused at least four times without any significant
change in catalytic performance (see the Supporting Infor-
mation).

The immobilized palladium nanoparticles were also used
as catalysts in ligand-free Heck coupling reactions using var-
ious bromobenzenes and styrene in DMF. All experiments
(Scheme 6) were carried at 140°C. For all reactions,
0.33 umol of palladium and 12.7 mmol of the reactants were
used. The results are summarized in Table 4.

The coupling of the aryl bromides resulted in the desired
products. Both cis and trans products were observed. As an-
ticipated, the highest yields were obtained with activated
bromides. TONs for the palladium surface atoms of the pal-
ladium nanoparticles of up to 167000 were obtained. Again,
kinetic investigations were carried out and a linear graph of

Br Pd-loaded monolith

1.2 equiv. NaoAc

¥ B ——
DMF/ 140°C/24h

R

Scheme 6. Heck coupling reaction using palladium nanoparticles formed
within the pores of a monolith.
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Table 4. Heck coupling reactions of aryl bromides and styrene with palla-
dium-nanoparticle-loaded monoliths. P, =trans-product; P,=cis-product.

Halide GC conversion [%] TONE  TONM!
P, P,  P,+P,
(trans)  (cis)

OZNOBF 95 4 99 33900 167200

OBf 47 3 50 19300 95000
MeoOBr 16 2 18 6900 34200

[a] Assuming every palladium atom participates in the reaction. [b] as-
suming that only the surface palladium atoms participate in the reaction.

conversion versus time was obtained (see Figure S4 of the
Supporting Information).

Active species: We next turned to the question of the active
species. In principle, two scenarios can be envisaged. In the
first, the coupling reaction is truly heterogeneous and all re-
actions involve palladium species that are actually bound to
the surface of nanoparticles, that is, are part thereof. The
second, more likely scenario, which has also already been
demonstrated for many other Heck coupling systems, is a
situation in which small amounts of palladium (in the form
of Pd" or ionic species'**?") in the ppm range leach into the
solution,™?' become involved in the coupling process, and
then experience different fates. Thus, in the absence of any
stabilizing ligand, palladium black forms rather quickly. In
case stabilizing ligands such as phosphines or di-2-pyridyla-
mides are present, major parts of the leached palladium
become stabilized again and the formation of palladium
black is suppressed for a prolonged time, particularly when
an excess of ligand is present.'*"

To check for the presence of (active) palladium in solu-
tion, a palladium-loaded monolith was used in the Heck
coupling reaction of bromobenzene and styrene. Then the
reaction mixture was removed from the monolith, filtered,
and reused for the same type of coupling reaction. Indeed,
almost no reaction was observed, which indicates the ab-
sence of persistently active palladium species. ICP-OES
measurements, however, revealed a palladium content of
5 ppm. Interestingly, addition of HgCl, to such a solution or
to the reaction mixture in the presence of the parent mono-
lith-supported palladium effectively suppressed any catalytic
activity (see Table S1 of the Supporting Information). It is
worth noting that Hg" is quickly reduced to Hg’ in the pres-
ence of vinyl compounds such as styrene.

Similar results were obtained in Suzuki coupling reactions
between phenylboronic acid and 4-trifluorobromobenzene.
By using the palladium-containing solution (<4 ppm by
ICP-OES) that was retrieved by filtration of a Suzuki cou-
pling reaction catalyzed by monolith-supported palladium,
no further activity was observed both in the presence and
absence of HgCl, after recharging the solution with reac-
tants, that is, phenylboronic acid and 4-trifluorobromoben-
zene. In contrast, when the Suzuki reaction was performed

www.chemeurj.org
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with the parent monolith-immobilized Pd° in the presence
of HgCl,, almost no activity was observed (2% conversion,
see Table S2 of the Supporting Information).

These findings strongly suggest that 1) there are no persis-
tently active Pd species in solution and 2) the majority of
the palladium immobilized on the monolithic support is in
fact Pd’.?" Generation of the parent palladium nanoparti-
cles within constrained geometry compartments such as
pores efficiently suppresses Ostwald-ripening and thus the
growth and concomitant deactivation of these nanoparticles.

Conclusion

A novel ring-opening metathesis polymerization based ap-
proach to the pore-size-selective functionalization of elec-
tron-beam-triggered free-radical polymerization derived
monoliths has been developed. This concept allows the crea-
tion and immobilization of nanoparticles within small pores.
When used in catalysis, the constrained geometry of the
pores effectively suppresses Ostwald-ripening, which results
in a high and prolonged catalytic activity of the nanoparti-
cles even in the absence of stabilizing ligands. Consequently,
high turnover numbers in, for example, Heck- and Suzuki-
type coupling reactions, are achieved.

Experimental Section

Materials and measurements: CHCl;, CH,Cl,, and 2-propanol were pur-
chased from KMF Laborchemie Handels GmbH (Germany) and dried
over CaH, prior to use. Methanol, 1-dodecanol, toluene, ethyl methacry-
late (EMA), glycidyl methacrylate (GMA), poly(styrenesulfonic acid)
(PSSA, 18 wt% in H,0, M, =69400 gmol™'; M,=29400 gmol~!, PDI=
2.4), trimethylolpropane triacrylate (TMPTA), benzylidenebis(tricyclo-
hexylphosphine)ruthenium dichloride [(RuCl,(PCy;),(CHC:H;)] (1), 1,4-
dioxane, bromobenzene, 1-bromo-4-nitrobenzene, 1-bromo-4-methoxy-
benzene, 1-bromo-4-(trifluoromethyl)benzene, 1-bromo-4-methylbenzene,
1-bromo-2,3,4,5,6-pentafluorobenzene, and 1-4-dioxane were purchased
from Sigma-Aldrich (Germany). The molecular weights of PSSA (Al-
drich, 561223) were determined by GPC. The GPC system consisted of a
Waters 515 HPLC pump, a VDS Optilab column heater, and a Viscotek
VE 3580 RI detector with the following column combination: PL aqua-
gel-OH 30/40/50 8 um, 300 x 7.5 mm (Varian Deutschland GmbH). A so-
lution of 0.1M NaNO;, 0.01m NaH,PO,,and 30% methanol in water was
used as eluent. The flow rate was set to 0.8 mLmin~'. GPC was per-
formed at room temperature. Calibration was carried out with poly(sty-
renesulfonate) sodium salt standards (Polymer Standard Service GmbH)
with molecular weights of 3420—666000 gmol~'. Monomers 2-8 were
prepared according to published procedures.®?! GC-MS investigations
were carried out on a Shimadzu GCMS-QP5050 instrument equipped
with an AOC-20i Autosampler and using an SPB-fused silica (Rxi-SMS)
column (30 mx0.25 mmx0.25 um film thickness) and on a Shimadzu
GCMS-QP2010S instrument equipped with an AOC-20i Autosampler
using an SPB-fused silica (Rxi-5MS) column (30 mx0.25 mm x0.25 um
film thickness), respectively. The injection temperature was 150°C; the
initial column temperature was set to 70°C and then increased to 250°C
within 8.2 min. The column flow was set to 1.0 mLmin~'. NMR spectra
were recorded on a Bruker Avance II+4 600 spectrometer in the solvent
indicated at 25°C and are listed in parts per million downfield from TMS
as an internal standard for 'H and *C NMR analysis. IR spectra were re-
corded on a Bruker Vector 22 spectrometer using ATR technology. The
poly(styrene) standards (266 <M, < 1250000 gmol') used for inverse
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size exclusion chromatography (ISEC) were purchased from Polymer
Standards Service, PSS (Germany). The microstructures of the monolith-
ic materials were investigated by the use of a Zeiss DSM 940A scanning
electron microscope (Carl Zeiss, Oberkochen, Germany).

Synthesis of monoliths: All monoliths were prepared as follows: Stainless
steel columns (100 x4.6 mm i.d.) were cleaned, rinsed, and sonicated in a
1:1 mixture of ethanol and acetone. The columns were closed at one end
with frits and end fittings. Then the columns were filled with the polymer-
ization mixture, sealed at both ends, and irradiated. Unless stated other-
wise, a total dose of 22 kGy was applied. After irradiation, the columns
were directly connected to a HPLC pump and flushed with dichlorome-
thane for 4 h at a flow rate of 0.2 mLmin~', then with THF for 30 min at
a flow rate of 0.3 mLmin~', and finally with water for 30 min at a flow

rate of 0.3 mLmin .

Inverse size exclusion chromatography (ISEC): The volume fractions of
the inter-microglobule porosity (e,), the pore porosity (g,), the total po-
rosity (g, the pore volume (V,), and the mean pore diameter (@,,) of
the monolithic columns were characterized by ISEC!"! as described else-
where. %]

Hydrolysis of the epoxy groups within pores of >7nm: The epoxide
groups of porous polymer rods were hydrolyzed by flushing the mono-
lithic column with a solution of poly(styrenesulfonic acid) (M, =
69400 gmol™!, 45wt% in water) for 15min at a flow rate of
0.3 mLmin~". Then the monolith was kept for 15 h at 65°C. The hydro-
lyzed column was then washed for 2 h at a flow rate of 0.3 mLmin™" with
water/methanol (2:1) and THF. These columns were then again charac-
terized by ISEC.

Functionalization of pores of <7nm: A typical experiment was as fol-
lows: The remaining epoxide groups within the small pores of the mono-
lith were allowed to react with 2. Thus, a solution containing 500 mg of 2
per SmL of 1,4-dioxane was introduced into the monolith, which was
then kept at 60°C for 16 h. The thus modified column was then washed
with 55 mL of CH,Cl, (flow rate 0.3 mLmin~' for 3 h). After this proce-
dure, the monoliths were ready for ROMP-based grafting.

Functionalization of pores of <7 nm by ROMP-based grafting: The ini-
tiator 1 (4.0 mg, 4.86 pmol) was dissolved in CH,Cl, (1.5 mL) and intro-
duced into the monolith. The monolith was sealed and kept at room tem-
perature overnight. Then the monolith was flushed with CH,Cl, for
30 min at a flow rate of 0.3 mLmin ' to remove any unattached catalyst
and then with argon to remove all solvent. A sample of each monomer
3-8 (100 mg) was dissolved in CH,Cl, (1.5 mL) and introduced into the
monolith (Table 2). The monolith was sealed and kept at 40°C overnight.
The following day, the monolith was flushed with a 10 vol % solution of
ethyl vinyl ether (EVE) in DMSO and then with THF and kept in vacuo
overnight. The amount of grafted monomer was determined by either
acid-base titration (monomers 3 and 4) or elemental analysis (nitrogen-
and phosphorus-containing monomers).

Quantification of 3 and 4: Monoliths grafted with 3 or 4 were removed
from the stainless-steel column, ground, and dried in vacuo overnight.
Acid-base titrations were performed with three independent samples.
Each sample was stirred for 3 days in a mixture of a standard solution of
0.1 sodium hydroxide (f=1.000) and 1,4-dioxane (80:20 v/v, 10 mL).
Each sample was filtered using sintered glass crucibles and washed with
deionized water (15 mL). Unconsumed NaOH was back-titrated versus
phenolphthalein using 0.01 M HCI (f=1.000).

Preparation of palladium-loaded monoliths: A solution of [H,PdCl,] was
prepared by dissolving anhydrous PdCl, (25 mg, 0.14 mmol) in a mini-
mum amount of HCI (37 wt %). The pH was adjusted to around 5 by the
dropwise addition of an aqueous 15 wt% solution of NaOH. Finally,
THF (0.2 mL) was added to enhance solvent compatibility. This solution
of [H,PdCl,] (1.5mL) was introduced into the monolith modified with
poly-5. After introducing the [H,PdCl,] solution into the monolith, it was
washed with water/THF (80:20, 20 mL). Finally, the support was dried in
vacuo for 4 h and the palladium content was determined by ICP-OES.
Preparation of platinum-loaded monoliths: A solution of [PtCl,] (15 mg,
0.077 mmol) in THF (1.5 mL) was introduced into the monolith modified
with poly-5. Then the monolith was washed with THF (30 mL). Finally,
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the support was dried in vacuo for 4 h. The platinum content was deter-
mined by ICP-OES.

Suzuki-type cross-coupling reactions: All Suzuki-type coupling reactions
were carried out in 25 mL Schlenk tubes at 50°C for 24 h. The reaction
mixtures were prepared as follows: Distilled water (8 mL) and THF
(8 mL) were placed in a 25 mL Schlenk tube and then the following sub-
strates were added: tert-Butylbenzene (internal standard for GC-MS,
100 mg, 0.746 mmol), phenylboronic acid (1.0 g, 8.2 mmol), the aryl bro-
mide (8.2 mmol), and KOrBu (1.5 g, 12.3 mmol). Finally, tetra-N-butyl-
ammonium bromide (3.96 g, 12.3 mmol) was added followed by the
monolithic material (0.636 umol of palladium). After the reaction, the
THF was removed under reduced pressure and the residue was dissolved
in diethyl ether. The diethyl ether layer was washed with water (2x
50 mL) and saturated brine solution (2x50 mL), then dried over anhy-
drous Na,SO,, and concentrated under reduced pressure. The products
were characterized by GC-MS and NMR and IR spectroscopy.

Heck coupling reactions: All Heck-coupling experiments were carried
out in 25 mL Schlenk tubes at 140°C for 24 h. The reaction mixtures
were prepared as follows: N,N-Dimethylformamide (DMF; 10 mL) was
placed into a 25 mL Schlenk tube and then tert-butylbenzene (100 mg,
0.746 mmol), styrene (1.589¢g, 1528 mmol), the aryl bromide
(12.7 mmol), and NaOAc (1.252 g, 15.28 mmol) were added. Finally, the
monolithic material (13 mg, 0.331 pmol of palladium) was added and the
mixture was degassed twice. The mixture was then stirred at the desired
temperature. After completion of the reaction, the mixture was cooled to
room temperature and the organic products were extracted with diethyl
ether. The conversions were checked by GC—MS and NMR and IR
spectroscopy.

TEM and EDXS analyses: The (crushed) monolithic material was dis-
persed in ethanol and one droplet of this suspension was applied to a
carbon-coated copper grid. Then the solvent was evaporated. For bright-
field TEM imaging as well as for energy-dispersive X-ray spectrometry
(EDXS), a Hitachi H-8100 transmission electron microscope (operated at
200 keV at a point-to-point resolution of 0.23 nm and equipped with a
LaBg filament and a STEM unit) was used. EDXS data were acquired
with a Si(Li) detector with a spectral resolution of 138 eV and analyzed
by using the NORAN system SIX software.

Determination of the ruthenium, palladium, and platinum content by
ICP-OES

Ruthenium: The monoliths were subjected to ROMP-based functionaliza-
tion as described above. EVE (20 vol-% in DMSO) was added to
remove the initiator and the effluent was collected, concentrated in
vacuo, and dissolved in aqua regia. The ruthenium content, which corre-
sponds to the total amount of initiator immobilized on the monolithic
surface, was quantified by ICP-OES. Ruthenium was quantified at 1=
267.876 nm by using the average of at least three consecutive measure-
ments, the background was measured independently at A,=267.759 and
2,=267.998 nm. The limit of detection (LOD) was 0.08 mgL™". For the
calibration, aqueous ruthenium standards (pH 1, nitric acid) containing 0,
0.004, 0.14, 0.5, and 12.0 mgRuL™" were used.

Palladium and platinum: Samples (30-40 mg) of the monoliths of interest
were dissolved in a minimum amount of aqua regia (typically 5-7 mL) by
applying microwave irradiation. The digest was transferred into a volu-
metric flask and the volume of the solution was adjusted to 10 mL. Palla-
dium quantification was accomplished by ICP-OES at 1=340.458 nm
(average of at least three consecutive measurements) and the background
was measured at A, =340.458 and A4,=340.955 nm. The limit of detection
(LOD) was 0.014 mgL~". For calibration, palladium-containing aqueous
standards (pH 1, nitric acid) with palladium concentrations of 0, 0.004,
0.14, 0.5, and 12.0 mgL™" were used. Platinum was quantified by ICP-
OES at 1=214.423 nm (average of at least three consecutive measure-
ments) and the background was measured at A,=214.35 and A,=
214.55 nm. The limit of detection (LOD) was 0.004 mgL". For calibra-
tion, platinum-containing aqueous standards (pH 1, nitric acid) with plati-
num concentrations of 0, 0.004, 0.14, 0.5, and 12.0 mgL "' were used.

Determination of palladium leaching: To determine the palladium con-
tent in the reaction mixtures, clear filtrates were collected at the end of
the reactions for precise palladium analysis. After evaporation of the sol-
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vents, the samples were dissolved in aqua regia and the palladium was
quantified as described above. An average leaching of 3% of the initial
amount of palladium was observed.
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