.@2 ChemPubSoc
et Europe DOI: 10.1002/cctc.201601096

CHEMCATCHEM
Full Papers

The Immobilization of a Transfer Hydrogenation Catalyst

on Colloidal Particles

Bas G. P. van Ravensteijn,”™  Dirk-Jan Schild,” Willem K. Kegel,* and

Robertus J. M. Klein Gebbink*™!

In this paper, we report a new synthetic procedure to immobi-
lize a transfer hydrogenation catalyst on the surface of colloi-
dal polystyrene particles. Using supports of colloidal dimen-
sions allows for combining a relatively high surface area for
catalyst binding, mobility of the catalyst, and facile recovery by
centrifugation or sedimentation. The immobilization procedure
relies on the covalent attachment of terpyridine moieties on
the particle surface. These immobilized terpyridines are subse-
quently employed as colloidal ligands, which participate in the
formation of an active ruthenium-based transfer hydrogena-
tion catalyst. The resulting functional colloidal particles suc-
cessfully catalyze the transfer hydrogenation of acetophenone

Introduction

Colloids refer to particles with linear dimensions between 10
and 1000 nm, which are typically dispersed into a continuous
medium (colloidal dispersion)." Therefore, the colloidal size
regime exists in between nanoscale and macroscopic objects,
enabling colloidal particles to combine the properties of these
two extreme length scales in a unique fashion. Similarly to
nanoparticles, colloids are small enough to be subjected to
Brownian motion, causing persistent movement of the parti-
cles. Gravitational forces acting on the objects are small, keep-
ing them well-dispersed in the continuous medium. In contrast
to nanoparticles, the relatively large dimensions of colloids fa-
cilitate separation from the continuous medium by simple cen-
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with 2-propanol as the hydrogen donor. Thorough analysis of
the chemical composition of the colloidal surface led to the
determination of the catalyst loading per particle. This enabled
us to conduct reference hydrogenations with equal concentra-
tions of the homogeneous transfer hydrogenation catalyst to
probe the effect of the immobilization procedure on the cata-
lytic activity. Despite a decrease in transfer hydrogenation ac-
tivity, full acetophenone conversion is still achievable within
24 h. Preliminary experiments show that the catalytic colloids
are recyclable without significant loss of transfer hydrogena-
tion activity.

trifugation or filtration. Although particles of colloidal dimen-
sions have less surface area per gram of material compared to
nanoparticles, the available surface is significantly higher than
for macroscopic objects.

Because of these distinctive properties of colloidal systems,
they are applied in a wide variety of fields, ranging from funda-
mental model systems for atoms/molecules to food applica-
tions and optics.”® This broad applicability is further facilitated
by the fact that colloidal particles can be extensively tuned in
terms of their shape, bulk material, and chemical surface prop-
erties. In particular, the introduction of functional chemical
handles on the surface of colloidal particles makes them valua-
ble platforms for solid-phase reactions,” bioassays,” and drug
delivery.®

The intermediate size of colloidal objects combined with
chemical surface reactivity make colloids in principle also
a promising target for catalyst immobilization.”’ In general, im-
mobilization of catalysts onto solid supports provides a route
toward hybrid catalytic systems to simultaneously combine the
advantages and circumvent the disadvantages associated with
purely homogeneous and heterogeneous catalysts. By tether-
ing homogeneous complexes to a solid support, a hybrid cata-
lytic system is obtained in which activity and selectivity are
governed by the well-defined structure of the immobilized mo-
lecular species, while recycling is promoted by their
attachment to a (solid) carrier.”

For the commonly applied immobilization platforms, such as
nanoparticles, dendrimers, and macroscopic surfaces, a trade-
off between high surface area/catalyst mobility and easy cata-
lyst recovery is unavoidable. In contrast, the intermediate size
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range of colloidal objects circumvents this trade-off. High sur-
face areas for catalyst binding, catalyst mobility owing to
Brownian motion of the supporting particles, and facile recov-
ery from the reaction mixture by centrifugation or filtration are
all combined in one carrier platform. Colloidal particles can
therefore be regarded as the ultimate compromise between
macroscopic surfaces, nanoparticles, and dendritic structures
as catalyst supports.

To explore and exploit the benefits of colloids as catalyst car-
riers, we immobilized a transfer hydrogenation catalyst on the
surface of colloidal polystyrene particles. Transfer hydrogena-
tions are synthetically attractive reactions in which unsaturated
compounds, for example, ketones, are reduced by employing
secondary alcohols as hydrogen donors.”) Conducting hydro-
genation reactions in this fashion has the clear advantage that
the use of highly flammable and explosive hydrogen gas or
hazardous reducing agents is prevented. A large number of or-
ganometallic complexes that catalyze (enantioselective) trans-
fer hydrogenation are currently reported in the literature.”’ For
this study, we selected a ruthenium-based catalyst reported by
Kelson et al., which comprises two pyridonate moieties next to
a terpyridine ligand (Scheme 1)."%" Although the selected cata-
lyst is not among the most active transfer hydrogenation cata-
lysts reported to date,” the facile synthesis of this ruthenium
complex and no need for in situ preparation of the active cata-
lytic species, allows us to neatly illustrate our novel immobiliza-
tion strategy.

To realize immobilization of the transfer hydrogenation cata-
lyst, terpyridine moieties were covalently tethered to the sur-
face of colloidal polystyrene particles. These immobilized ter-
pyridines were subsequently exploited as colloidal ligands for
the formation of the complete transfer hydrogenation catalyst
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in an analogous synthesis procedure as described for the
homogeneous counterpart.'”

To investigate the catalytic activity of the supported catalyst
and to probe the effect of the immobilization, the transfer hy-
drogenation of acetophenone to 1-phenylethanol with 2-prop-
anol as the hydrogen donor was used as model reaction. We
showed that upon immobilization, catalytic activity was pre-
served. Separation of the catalytic colloids by simple centrifu-
gation and reusing them in a subsequent transfer hydrogena-
tion showed the potential of recycling the immobilized cata-
lysts. These preliminary results provide proof of principle for
our novel immobilization strategy.

Results and Discussion

Synthesis of homogeneous transfer hydrogenation catalyst
(TPR) and immobilization strategy

A ruthenium-based transfer hydrogenation catalyst (trans-[(ter-
py)RU(NCH,0-xN),(OH,)], TPR) previously reported by Kelson
et al." was selected to investigate the feasibility of our immo-
bilization procedure. The active complex was easily obtained
by a two-step synthesis process. First, RuCl; was coordinated
to 2,2":6',2"-terpyridine (terpy). The coordinated ruthenium
center was further decorated by two auxiliary pyridonate li-
gands upon addition of 2-hydroxypyridine and base. This
second step completed the formation of the TPR complex,
which was readily isolated by filtration in the form of dark-
purple crystals. Neither reaction step required demanding reac-
tion conditions, for example, complete exclusion of water or
oxygen, and the final complex was stable under ambient at-
mosphere. These features ensure that the synthesis procedure
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Scheme 1. Synthetic strategy to immobilize the transfer hydrogenation catalyst of choice on the surface of colloidal polystyrene particles. Step (a): seeded-
emulsion polymerization of 4-vinylbenzyl chloride (VBC) and divinylbenzene (DVB) in the presence of cross-linked polystyrene particles (CPs). Step (b): hydroly-

sis of the surface chlorine groups by reaction with KOH in dimethylformamide (DMF). Step (c): attachment of 4'-chloro-2,2":6

', 2"-terpyridine (Terpy-Cl) to the

hydrolyzed particle surface by reaction in DMF in the presence of KOH. Step (d): coordination of RuCl; to the immobilized terpyridine ligands followed by
coordination of two auxiliary pyridonate ligands after addition of 2-hydroxypyridine and an aqueous NaOH solution.
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is easily adaptable towards an immobilized analog of TPR. Em-
ploying polystyrene particles functionalized with covalently
bound terpyridine moieties is a key step in the immobilization
strategy. We hypothesize that the surface-tethered terpyridines
could subsequently be exploited as colloidal ligands in the for-
mation of the active transfer hydrogenation catalyst in a similar
fashion as described above for the homogeneous counterpart.

Synthesis of terpyridine-functionalized polystyrene colloids
(CPs-Terpy)

Terpyridine-functionalized colloids were successfully synthe-
sized in four steps, which are schematically depicted in
Scheme 1. The first step comprised a straightforward emulsion
polymerization of styrene and divinylbenzene (DVB) to yield
monodisperse, cross-linked seed particles (CPs) with a diameter
of approximately 350 nm.!""

Benzyl chloride moieties were introduced on the surface of
these polystyrene particles by conducting a seeded-emulsion
polymerization with 4-vinylbenzyl chloride (VBC) and DVB as
monomers (Scheme 1, step a)."! Proof of successful incorpora-
tion of the chlorine functionality was provided by both infrared
(IR) spectroscopy (Figure 1, blue spectrum) and X-ray photo-
electron spectroscopy (XPS; Figure 2, red spectrum). Compar-
ing the IR spectra of the bare polystyrene seeds (Figure 1, red
spectrum) and the chlorinated particles (CPs-Cl) revealed the
appearance of a distinct new signal at 1266 cm™', which corre-
sponds to the —CH,—Cl vibration of the incorporated vinylben-
zyl chloride. Binding energies of 200 and 270 eV in the XPS
spectrum corresponding to chlorine were detected, providing
additional evidence that these chlorinated moieties were pres-
ent at the particle surface, as XPS is a surface elemental analy-
sis technique with a penetration depth of only 1-10 nm. The
detected carbon signal (284 eV) originated from the polystyr-
ene core of the colloids. Oxygen was detected owing to the
presence of sulfate and sulfonate groups at the surface of the
colloids. These moieties originate from the initiator system
(KPS and NaHSO,) employed in the emulsion polymerizations

——— Terpy func. colloids (CPs-Terpy)
—— OH func. colloids (CPs-OH)
—— Chlorine func. colloids (CPs-Cl)
—— Bare p(St) seeds (CPs)
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Figure 1. Infrared (IR) spectra of the bare polystyrene seeds (CPs, red), chlori-
nated core-shell particles (CPs-Cl, blue), the particles obtained after hydroly-
sis of the surface chlorine groups (CPs-OH, green), and the terpyridine-func-
tionalized polystyrene colloids (CPs-Terpy, orange). Characteristic signals are
labelled with the corresponding chemical entity causing the vibration.
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Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of chlorinated
core-shell particles (CPs-Cl, red), terpyridine-functionalized polystyrene col-
loids (CPs-Terpy, blue), terpyridine-containing colloids after the complexation
reaction with RuCl; (green), and the spectrum obtained from particles
equipped with the complete transfer hydrogenation catalyst on their surface
(TPRC, orange). Characteristic signals are labelled with the corresponding el-
ement appearing at that binding energy.

to form the bulk and the outer chlorinated shell of the chlori-
nated particles (see the Experimental Section).'?

The introduction of chlorine groups provides a chemical
handle for further chemical modification. As the chlorine moi-
eties are localized on the surface of the prepared particles, all
subsequent chemistry is strictly confined to the surface as well.
This is a major advantage, as it will ensure good catalyst
accessibility after completing the immobilization strategy
(Scheme 1) and therefore optimal catalytic activity of the
colloidal particles.

The surface chlorine groups of CPs-Cl were subsequently hy-
drolyzed by addition of KOH (Scheme 1, step b), yielding hy-
droxylated polystyrene particles (CPs-OH). After the reaction, IR
spectroscopy revealed the disappearance of the characteristic
—CH,—Cl (1266 cm™") vibration and the appearance of a broad
OH signal at 3400 cm™' (Figure 1, green spectrum), indicating
successful hydrolysis.

In the final step required for the preparation of terpyridine-
functionalized colloids, the surface hydroxyl groups were ex-
ploited to covalently attach 4'-chloro-2,2":6',2"-terpyridine
through a nucleophilic aromatic substitution reaction
(Scheme 1, step c). The presence of the terpyridine moieties on
the surface could again be confirmed with IR spectroscopy
(Figure 2, orange spectrum). After terpyridine coupling, the IR
spectrum showed a significant lowering of the OH signal inten-
sity and the appearance of a signal at 1562 cm™', characteristic
for the C=N vibrations of terpyridines. XPS analysis provided
additional proof for the successful attachment of terpyridine. A
sharp decrease of the chlorine signals (200 and 270 eV) was ac-
companied by the appearance of a nitrogen signal at 398 eV
(Figure 2, blue spectrum). The signals around 490 eV represent
Sn detector impurities.

Final confirmation of the successful immobilization of the
terpyridine ligands was provided by the addition of FeCl, to
a dispersion of presumably terpyridine-functionalized particles.
Before addition, the dispersion was white in appearance (Fig-
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Figure 3. (a) Macroscopic appearance of terpyridine-functionalized particles
(CPs-Terpy) without the addition of FeCl, (left, vial i), non-functionalized par-
ticles (CPs) in the presence of FeCl, (middle, vial i), and the pink dispersion
obtained after adding FeCl, to a CPs-Terpy dispersion (right, vial iij). The pink
color is characteristic for Fe* " terpyridine complexes. (b) Energy dispersive
X-ray (EDX) spectrum of the iron-loaded terpyridine-functionalized polystyr-
ene particles.

ure 33, vial ). Upon treating this white dispersion with FeCl,,
an intense pink color emerged (Figure 3a, vialiii), which is
characteristic for terpyridine-Fe?* complexes."® Centrifugation
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of the colored dispersion yielded an intensely pink sediment
and a colorless supernatant, indicating that the terpyridine-
Fe?* complexes were indeed attached to the colloids. As a ref-
erence, FeCl, was added to a dispersion containing non-func-
tionalized (CPs) particles. As anticipated, no color change was
observed in this situation (Figure 3 a, vial ii).

The complexation capability of the surface-tethered terpyri-
dine groups was further confirmed by using energy dispersive
X-ray spectroscopy (EDX). The particles treated with FeCl, were
measured by using this elemental analysis technique, resulting
in a spectrum clearly revealing iron related signals located at
6.4 and 7.1 keV (Figure 3b). The copper and silicon signals ori-
ginated from the grid on which the sample was placed and
detector impurities, respectively.

With experimental evidence for successful terpyridine immo-
bilization and its capability to bind metal ions at hand, we pro-
ceeded by estimating the actual terpyridine surface density on
CPs-Terpy. Knowledge about the ligand density is useful for cal-
culating the quantities of reactants required for the subse-
quent reaction steps to complete catalyst formation. Further-
more, the terpyridine density sets an upper limit for the cata-
lyst loading per colloidal particle. Having this estimation for
the catalyst loading allows for fair comparison between the
catalytic activity of the homogeneous and immobilized cata-
lyst, as transfer hydrogenation reactions with equal concentra-
tions of molecular catalytic species can be conducted.

To this end, a titration experiment was designed in which
FeCl, was added to a CPs-Terpy dispersion (Scheme 2) in a step-
wise fashion. After each addition step, the dispersion was
stirred to allow for the iron ions to coordinate to vacant terpyr-
idines. After complex formation, the dispersions were centri-
fuged and the supernatants were tested for residual iron ions
by means of UV/Vis spectroscopy (see the Supporting Informa-
tion for details). Detection of Fe’" ions was possible after addi-
tion of 1,10-phenanthroline. Free Fe?* ions coordinate to 1,10-
phenanthroline, generating a highly UV-active complex, allow-
ing for the detection of iron ions down to ppm levels."* This
procedure was repeated until a certain concentration of free
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Scheme 2. Schematic representation of the performed iron (Fe?*
polystyrene particles (CPs-Terpy).
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iron ions was measured. Based on the total amount of ions
added to the particles minus the free ions which were mea-
sured in the last titration step, the total iron uptake per parti-
cle could be determined (see Experimental Section for details
on this calculation). This calculation yielded a surface density
of one terpyridine moiety per 4 nm” Although this density is
probably a slight overestimation owing to, for example, non-
specific ion adsorption, it indicated the colloidal surface was
densely packed with terpyridines.

Exploiting CPs-Terpy as colloidal ligands for the preparation
of immobilized transfer hydrogenation catalysts (TPRC)

With the successful introduction of terpyridine ligands to the
surface of our polystyrene colloids and an estimation of their
surface density, the final reaction steps to complete the immo-
bilization strategy were performed (Scheme 1). Analogous to
the synthesis of the homogenous complex, the first step was
coordination of RuCl; to the surface-bound terpyridines
(Scheme 1, step d). Indications for successful coordination of
ruthenium were provided by XPS measurements. The spectrum
obtained after mixing CPs-Terpy particles with RuCl; (Figure 2,
green spectrum) showed both the appearance of a ruthenium
signal (461 eV) and an increase in the chlorine content caused
by the auxiliary chlorines coordinated to the ruthenium center.
Addition of 2-hydroxpyridine and NaOH to complete the for-
mation of the catalyst, resulted in a decrease of the chlorine
content as observed with XPS (Figure 2, orange spectrum).
This is in agreement with replacement of the chlorines by two
pyridonate ligands (Scheme 1). The nitrogen and ruthenium
signals remained present, suggesting complete catalyst
formation.

Although the XPS results provided compositional informa-
tion, no structural details could be extracted from this data.
However, the dispersion obtained after the complete catalyst
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immobilization procedure displayed a purple color, resembling
the color of the molecular catalyst. The match in color is
a strong indication that ruthenium is present in the expected
oxidation state 4+2 and that the measured elemental composi-
tion indeed corresponds to the formation of the active catalyt-
ic complex. Indisputable evidence for the immobilization of
the desired complex will be provided by measuring the trans-
fer hydrogenation activity of the synthesized colloidal system.

From a molecular and chemical compositional point of view,
catalyst immobilization appeared successful. However, to ex-
ploit the colloids as an immobilization platform, the particles
themselves should still be intact after the chemical treatments
required for catalyst synthesis. To verify the robustness of the
particles, transmission electron microscopy (TEM) was used to
image the colloids throughout the complete immobilization
procedure (Figure 4).

The bare polystyrene particles (CPs, Figure 4a), as well as
the chlorinated particles (CPs-Cl, Figure 4b) were smooth and
spherical in appearance. After hydrolysis of the surface chlorine
groups (Figure 4c) and introduction of the terpyridine ligands
(Figure 4d), the colloidal surface became significantly rougher.
As both the hydrolysis and terpyridine coupling were per-
formed in DMF, this surface texture was probably caused by
the dissolution of non-cross-linked polymer present in the inte-
rior of the polystyrene colloids into the continuous phase
(DMF is capable of dissolving linear polystyrene). Coordination
of the ruthenium center and the auxiliary pyridonate ligands
did not led to a significant change in particle morphology and
rough polystyrene colloids were obtained as final product (Fig-
ure 4e). Capturing an image of the colloids in scanning mode
(STEM) underlines the presence of a textured surface even
more (Figure 4f).

From this series of TEM images, we concluded that the bulk
of the polystyrene carrier colloids survived all reactions re-
quired for catalyst immobilization. Regardless of the partial dis-

Figure 4. Transmission electron microscopy (TEM) images of colloidal particles throughout the catalyst immobilization procedure. For panels a-e, a schematic
representation of the particles (see Scheme 1) is added in the top right corner. (a) Bare cross-linked polystyrene colloids (CPs). (b) Chlorinated polystyrene par-
ticles (CPs-Cl). (c) Particles obtained after hydrolysis of the surface benzyl chlorine groups (CPs-OH). (d) Colloids functionalized with immobilized terpyridine li-
gands (CPs-Terpy). (e) Colloidal particles equipped with the full transfer hydrogenation catalyst on their surface (TPRC). (f) Scanning TEM (STEM) image of
TPRC colloids. The scanning mode underlines the surface roughness of the carrier particles. Scale bars in panels a, b, and c=1 pum, panel d=0.5 um, and

panels e and f=0.1 um.
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solution of linear polystyrene polymers and the resulting de-
velopment of surface roughness, the catalytic moieties are still
tethered to a relatively heavy carrier. Easy separation of the
catalyst from the reaction mixture by centrifugation is there-
fore anticipated. Furthermore, the developed surface rough-
ness might even be beneficial as it significantly enlarges the
available surface area and therefore the potential catalyst
loading per particle.

Transfer hydrogenation with TPR

To probe the influence of the immobilization procedure on the
catalytic activity, transfer hydrogenations catalyzed by the ho-
mogeneous TPR complex served as a natural reference point.
Acetophenone was selected as substrate, as it readily reacts in
transfer hydrogenations and is commonly used as a model
hydrogen acceptor.*"'*!

The catalytic transfer hydrogenations conducted with TPR
are summarized in Table 1. To verify the catalytic activity of the

Table 1. Summary of transfer hydrogenations conducted with acetophe-
none as substrate, 2-propanol as hydrogen donor, and the homogeneous

catalyst (TPR).”!
(o] OH Cat. OH o
)k i )\ £ )\ )j\
—_— +
Ph F—— e
H H

Entry TPR NaOH Aceto- TPR/NaOH/  Conversion Conversion
phenone ketone ratio after 2 h after 24 h
[umol] [umol] [umol] [9%] [%]

1 10®" 200 2100 1:20:210 100 n.d.

2 10®9 200 2100 1:20:210 19 n.d.

3 0.2 0 40 1:0:200 0 0

4 0.2 4 40 1:20:200 7 46

5 0.2 100 40 1:500:200 27 100

6 02 200 40 1:1000:2200 62 100"

[a] All reactions were conducted in 2-propanol; total reaction volume was
5mL. [b] Degassed as solid. [c] No measures were taken to exclude
oxygen from the reaction mixture. [d] Full conversion was reached before
measuring. Conversions were determined with gas chromatography-mass
spectrometry (GC-MS). n.d.=not determined.

complex, we reproduced the hydrogenation of acetophenone
reported by Kelson etal. (Table 1, entry 1)."” In agreement
with the reported results, full conversion was reached within
2 h by using a catalyst concentration of 2 mm, showing the
transfer hydrogenation capability of the prepared complex.
However, to be able to employ TPR in its immobilized form,
significant reaction rates should be maintained upon drastically
lowering the catalyst concentration. The high catalyst loadings
used by Kelson et al. are unfeasible for the immobilized var-
iant, as both the number of TPR complexes per particles and
the number of colloids in the reaction mixture are limited. The
limited surface area of the polystyrene particles restricts the
maximal catalyst loading per particle, whereas the overall solid
content of the dispersion should be kept low enough to pre-
vent high viscosity and related mixing problems. Therefore, we
chose to lower the concentration of TPR by a factor of 50 to
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a catalyst concentration equal to 0.04 mm. Colloidal disper-
sions with an equivalent number of catalytic complexes can be
prepared without any solid content related problems. Unsur-
prisingly, a decrease in TPR concentration translated into lower
hydrogenation rates. Compared with the full conversion mea-
sured after 2 h for the higher catalyst loading (Table 1, entry 1),
only 46 % of the acetophenone was converted after 24 h when
0.04 mm TPR was used (Table 1, entry 4).

According to Baratta et al., we should be able to (partially)
compensate for the decrease in catalytic activity upon lower-
ing the catalyst concentration by increasing the concentration
of base in the reaction mixture."® They reported that these
transfer hydrogenations typically follow second-order kinetics
in which the reaction rate depends on both the catalyst and
the base concentration.'” In agreement with the findings of
Baratta et al., significantly higher conversions were measured
upon raising the concentration of NaOH and full conversion
could be reached within 24 h even at these low catalyst load-
ings. The key role of base was demonstrated by the complete
lack of product formation if the transfer hydrogenation reac-
tions were attempted in the absence of base (Table 1, entry 3).
Clearly, the strong dependence of the catalytic activity on the
base concentration allows for performing transfer hydrogena-
tion reactions with reasonable rates at low catalyst loadings.
This feature is beneficial for the hydrogenations catalyzed by
the immobilized variant of TPR, where the restricted number
of catalytic complexes can be easily counteracted by increasing
the base concentration.

Transfer hydrogenation with TPRC

With the transfer hydrogenations performed with TPR as a ref-
erence point for the maximal achievable catalytic activity, we
proceeded to the TPRC catalyzed reactions. These hydrogena-
tions were performed under the same conditions as applied
for the experiments with TPR and are summarized in Table 2.
For all transfer hydrogenations, a maximal catalyst loading
based on the estimated surface density of terpyridine was as-
sumed. This translates to one catalytic species per 4 nm% As
the reactions were conducted in dispersions with a solid con-

Table 2. Summary of transfer hydrogenations conducted with acetophe-
none as substrate, 2-propanol as hydrogen donor, and the immobilized
catalyst (TPRC).”!

Entry TPR NaOH Aceto- TPR/NaOH/  Conversion Conversion
phenone ketone ratio after 2 h after 24 h

[umol] [umol]  [umol] [%] [%]

1 0.2 0 40 1:0:200 0 0

2 0.2 4 40 1:20:200 n.d. 21

3 0.2 100 40 1:500:200 5 40

4 0.2 200 40 1:1000:200 18 100

5 0.2" 200 40 1:1000:200 n.d. 83

[a] All reactions were conducted in 2-propanol; total reaction volume was
5 mL. Reaction mixtures contained 0.4 wt% of TPRC colloids. [b] Immobi-
lized catalyst was reused from the reaction performed in entry 4. Conver-
sions were determined with gas chromatography-mass spectrometry (GC-
MS). n.d.=not determined.
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tent of 0.4 wt%, the resulting reaction mixtures contained an
equivalent of 0.04 mm immobilized TRP complexes.

Analogous to the catalytic reactions with the homogeneous
complex (Table 1, entry 3), the addition of base was crucial to
obtain any hydrogenation activity (Table 2, entry 1). Entries 1-4
in Table 2 clearly demonstrate that the catalytic action was pre-
served after immobilization of the TPR complex. However, the
activity decreased compared with the homogeneous counter-
part (Table 1, entries 3-6) as was deduced from the measured
conversions after 2 and 24 h.

The true reason for the decrease in catalytic activity remains
speculative and is difficult to assess. One of the most signifi-
cant factors might be the change in electronic environment
caused by the charged polystyrene surface on which the cata-
lysts are immobilized. These negative surface charges originate
from the initiator system employed in the seeded-emulsion
polymerization to coat the particles with a chlorinated layer
(see the Experimental Section). The initiating system, consisting
of KPS and NaHSO;, decomposes to generate sulfate and bisul-
fite radicals, capable of starting the styrene polymerization.
This yields polymers with charged sulfate or sulfonate moieties,
which will preferentially reside at the surface instead of in the
highly hydrophobic interior of the polystyrene particles. The
presence of these surface charges, although key for ensuring
colloidal stability and preventing aggregation of the carrier
particles, may result in lowering of the local hydroxyl concen-
tration in close proximity to the colloidal surface owing to
electrostatic repulsion.'” As the transfer hydrogenation rate is
highly dependent on the base concentration (Table 1, en-
tries 3-6), this local decrease in hydroxyl concentration trans-
lates into a slower hydrogenation reaction. This reasoning also
explains why higher NaOH concentrations were required to
significantly speed up the transfer hydrogenations catalyzed
with TPRC (Table 2, entries 3 and 4) compared to hydrogena-
tions catalyzed with TPR (Table 1, entries 4 and 5). Although
a significant increase in hydrogenation rate is realizable upon
the addition of more base, this strategy is limited by the colloi-
dal stability of the carrier particles. Upon addition of NaOH, the
ionic strength of the reaction medium increases, resulting in
more efficient screening of surface charges present on the col-
loids. Consequently, the electrostatic repulsion between indi-
vidual particles diminishes, eventually leading to the formation
of colloidal aggregates.”” Performing catalytic reactions in ag-
gregated systems is not desirable, as a fraction of the immobi-
lized catalysts will be trapped in the interior of the clusters,
thereby lowering the effective catalyst concentration. With the
strong dependence of the catalytic performance on the base
concentration in mind, a possible strategy we suggest to over-
come the requirement of excessive NaOH concentrations
might be to employ colloids with a positively charged surface,
instead of the negatively charged particles used throughout
this work. This might result in higher hydroxide concentrations
near the surface-immobilized catalytic complexes and there-
fore a significant transfer hydrogenation rate enhancement.

Besides the electrostatic repulsion of the hydroxyl ions close
to the colloidal surface, other factors commonly proposed to
account for a drop in catalytic activity upon catalyst immobili-
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zation also apply in the presented example. Although the col-
loids as a whole are subjected to Brownian motion and there-
fore mobile, the diffusion of the immobilized catalysts will be
significantly slower compared with their molecularly dissolved
counterparts.®>4f9! This slower diffusion results in less efficient
transport of reactants to and/or products from the catalytic
centers.

In essence, the colloid can also be regarded as an extremely
bulky ligand providing steric hindrance for incoming or
eliminated species, thereby slowing down the catalytic
conversion [#Pdfg)

Finally, the exact number of catalytic species present in the
reaction mixtures conducted with TRPC is not known. The cat-
alyst loading was calculated from an estimated value of the
terpyridine loading per particle. Apart from the fact that the
measured terpyridine loading might be slightly overestimated
(see Scheme 2), the resulting catalyst loading might be even
more overvalued, as it is reasonable to assume that not all im-
mobilized terpyridine ligands are converted into the complete,
active catalyst. This overestimation of the number of catalysts
per particle results in a larger apparent loss of catalytic activity
after immobilization, as the activities are compared with hydro-
genations performed with higher TPR concentrations. More
precise catalyst loadings per particle could possibly be deter-
mined by using inductively coupled plasma mass spectrometry
(ICP-MS) to improve the comparison between catalytic activity
of TPR and TPRC.

Nevertheless, from the results presented in the last two sec-
tions, we can conclude that the immobilized form of TPR is
catalytically active in the transfer hydrogenation of acetophe-
none. Although immobilization caused a drop in catalytic activ-
ity compared with the homogeneous complex, the decrease is
not dramatic and full acetophenone conversion could be ob-
tained after careful optimization of the base concentration.
The measured catalytic activities are reasonable from a practical
point of view. However, we have to note that more conven-
tional immobilization strategies of transfer hydrogenation cata-
lysts on solid supports, dendrimers, or imprinted polymers
generated higher catalytic activities."® These higher activities
were obtained by using inherently more active (Noyori-type)
catalysts and/or significantly higher catalyst loadings.

Immobilization of TPR by adsorption on colloidal surfaces

Although covalent binding of catalysts to a carrier undoubted-
ly yields the most robust immobilized systems, one could
argue that covalent bonds are not an absolute necessity. In
this particular case, the hydrophobic surface of the polystyrene
colloids could be used to simply adsorb the catalyst. If the
binding energy is sufficiently high, immobilization will be ach-
ieved without any particle modification reactions, making this
procedure synthetically far less demanding. To probe the feasi-
bility of the adsorption approach, TPR was added to a disper-
sion of non-functionalized polystyrene seeds (CPs, see the Ex-
perimental Section) dispersed in 2-propanol. Complete mixing
yielded a homogenous pink dispersion (Figure 5). The number
of TPR complexes in this dispersion was comparable to the
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Figure 5. Attempt to immobilize trans-[(terpy)Ru(NCsH,O-kN),(OH,)] (TPR) on polystyrene colloids by simple adsorption. Step a): upon mixing a solution of
TPR in 2-propanol (left top corner) and non-functionalized polystyrene particles (CPs, left bottom corner), a homogeneous purple/pink dispersion is obtained.
Step b): centrifugation of the CPs-TPR mixture yields a purple, TPR-containing supernatant and a white sediment consisting of the polystyrene colloids. The
lack of purple color in the sediment strongly indicates the absence of TPR on the particles. If a dispersion containing colloids with TPR covalently bound to
their surface (TPRC) was centrifuged, a strongly colored sediment was obtained (picture on right).

number of catalytic entities present in a TPRC dispersion of
equal volume and solid content. The pink color was evidently
caused by the intense purple color of TPR (Figure 5, left top
corner). The resulting dispersion was stirred for 4 h to facilitate
TPR adsorption onto the polystyrene particles. Subsequent
centrifugation to separate the particles from the continuous
phase resulted in a white sediment and a purple supernatant.
This visual observation already strongly suggests that TPR did
not adsorb (significantly) onto the colloidal surface, as this
would result in a purple/pink sediment. Furthermore, the non-
functionalized particles showed poor colloidal stability in 2-
propanol, hampering their use as efficient catalyst carriers
even further. These observations are in sharp contrast if com-
pared with a TPRC dispersion. Centrifugation yields a strongly
colored sediment in combination with a colorless, transparent
supernatant (Figure 5, right panel) showing that the immobili-
zation strategy based on covalent attachment of the catalyst
(Scheme 1) is indeed necessary to achieve successful immobili-
zation onto the colloidal particles. On top of actual catalyst
binding, TPRC showed good colloidal stability under the reac-
tion conditions required for the transfer hydrogenations. This
ensures good dispersion of the carrier particles and therefore
maximum accessibility and mobility of the immobilized catalyt-
ic species throughout the hydrogenations.

Recycling of catalytic colloids

As mentioned in the Introduction, the ability to recover the
catalyst from the reaction medium is the main advantage of
immobilized catalysts in general. To investigate if our system is
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indeed recyclable, we took the crude reaction mixture of the
transfer hydrogenation reaction labelled entry 4 in Table 2. The
particles were easily separated from the crude reaction mixture
by centrifugation and redispersed in pure 2-propanol. A
second, identical transfer hydrogenation reaction was then
performed with these particles (Table 2, entry 5). For both reac-
tions, the conversion was measured after 24 h. The recycled
catalyst reached a conversion of 83%, whereas the same reac-
tion with fresh particles yielded 100% conversion.

This preliminary recycling experiment showed that recovery
and reuse of these catalytic particles seems feasible. Most
probably a large part of the (apparent) activity loss is caused
by either oxygen-mediated catalyst deactivation (see Table 1,
entry 2; TPR does not function properly in the presence of
oxygen), leaching of ruthenium species or simple loss of cata-
lytic material as a result of centrifugation. The reported conver-
sion after the first recycle step sets, therefore, a lower limit for
the catalytic activity of the recycled TPRC. Evidently, more de-
tailed studies to optimize the recycle protocol are required to
take full advantage of our immobilization strategy and exploit
the proof of principle provided here. Given the focus on the
immobilization procedure in the paper, detailed recycling stud-
ies are outside the scope of the current manuscript and will be
investigated separately.

Conclusions

We have reported a new strategy for the immobilization of
a ruthenium-based transfer hydrogenation catalyst. Stable col-
loidal polystyrene particles were functionalized with covalently
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attached terpyridine ligands and these particles were subse-
quently exploited as colloidal ligands to support a ruthenium-
based transfer hydrogenation catalyst. The catalyst loading per
particle was conveniently measured by determining the terpyr-
idine density by Fe" titration. Knowledge of the number of
immobilized complexes per particle allowed us to conduct
analogous transfer hydrogenations with an equal concentra-
tion of the homogeneous catalyst to directly probe the influ-
ence of the immobilization procedure on the catalytic activity.
Although the catalytic activity decreased after immobilization,
significant transfer hydrogenation rates were measured for the
reduction of acetophenone to 1-phenylalcohol. The drop in
catalytic activity is compensated by preliminary experiments
suggesting that our catalytic colloids can be recycled after
easy catalyst recovery by centrifugation. Combining the pre-
sented results with future work on detailed recycling studies
will reveal the true potential of the presented catalytic system.

This novel immobilization strategy shows the potential use
of stable colloidal particles as a support for homogeneous cat-
alysts. The colloidal dimensions of the carrier combine high
surface area available for catalyst loading, catalyst mobility,
and easy separation from the reaction mixture in one immobi-
lization platform.

Experimental Section
Materials

Styrene (St, 99%), divinylbenzene (DVB, 55% mixture of isomers,
tech. grade), 4-vinylbenzyl chloride (VBC, >90%, tech. grade),
sodium bisulfite (NaHSO;, ACS reagent), 4'-chloro-2,2":6',2"-terpyri-
dine (99%), 2,2":6',2"-terpyridine (98%), ruthenium(lll) chloride hy-
drate (RuCl;:xH,O, 40.00-49.00% ruthenium), 2-hydroxypyridine
(97 %), dimethylformamide (DMF, >99%), acetophenone (98%),
1,10-phenanthroline (>99%), hydroxylamine hydrochloride (puriss
p.a.), iron(ll) chloride tetrahydrate (FeCl,-4H,0, puriss p.a.>99%),
and [D¢lacetone (99.9 atom% D) were purchased from Sigma-Al-
drich. Powdered potassium hydroxide (KOH), sodium hydroxide
(NaOH) pellets, and absolute ethanol (EtOH) were purchased from
Merck. 2-Propanol was obtained from Carl Roth and sodium dode-
cyl sulfate (SDS) from BDH. Finally, potassium persulfate (KPS,
>99% for analysis) was purchased from Acros Organics. All chemi-
cals were used as received. The water used throughout all synthe-
ses was purified by using a Milli-Q water purification system.

Synthesis of chlorinated seed particles (CPs-Cl)

Cross-linked polystyrene (CPs) particles were synthesized by using
a standard emulsion polymerization method described in the liter-
ature."” A 500 mL round-bottom flask equipped with a magnetic
stir bar was placed in an oil bath at 80°C. Water (200 mL) was
charged into the reactor and allowed to reach the bath tempera-
ture. Styrene (23 mL, 0.2 mol), DVB (0.68 mL, 5 mmol), and SDS
(0.25 g, 0.9 mmol) dissolved in water (50 mL) were added. The
complete mixture was allowed to heat up to the temperature of
the bath. Finally, the addition of KPS (0.39 g, 1.4 mmol dissolved in
37.5 mL water) initiated the polymerization. The reaction was al-
lowed to continue for 24 h at 80°C. The resulting dispersion had
a solid content of 7% (measured gravimetrically). The resulting par-
ticles had a radius of 125 nm with a polydispersity of 3.8% as de-
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termined with transmission electron microscopy (TEM). The synthe-
sized particles were used as seeds in the second step, in which
chlorine groups were introduced at the colloidal surface." Crude
seed dispersion (CPs, 25 mL) and water (10 mL) were transferred
into a 50 mL round-bottom flask equipped with a magnetic stir
bar. The mixture was degassed with nitrogen for 30 min. VBC
(1 mL, 6.6 mmol premixed with DVB, 20 uL, 0.15 mmol) was inject-
ed under inert atmosphere. The seeds were swollen for 1h at
30°C, after which the temperature was raised to 60°C. When this
temperature was reached, KPS (0.04 g, 0.15 mmol) and sodium bi-
sulfite (0.03 g, 0.29 mmol) dissolved in water (2.5 mL) were added
to initiate polymerization. The presence of sodium bisulfite shifts
the mechanism for radical formation from a purely thermal process
to a redox process in which the bisulfite ion acts as a reductor."”
This way, the polymerization could be performed at a lower tem-
perature, suppressing the undesired hydrolysis of the relatively
labile chlorine functionality of 4-vinylbenzyl chloride. The reaction
was allowed to run for 4 h. The particles were washed twice by
centrifugation (3-4 h per cycle, 3000 g) and redispersed in water.
The solid content of the resulting dispersion was adjusted to 5%.
A particle radius of 150 nm and polydispersity of 4.4% were mea-
sured by using TEM. The presence of the chlorine groups was con-
firmed by using Fourier transform infrared spectroscopy (FTIR; 7=
1266 cm™' (s)) and X-ray photoelectron spectroscopy (XPS): E,=
200 (Cl), 270 eV (CI).

Synthesis of terpyridine-functionalized particles (CPs-Terpy)

A dispersion containing chlorinated polystyrene particles (CPs-Cl)
in DMF (10 mL, solid content=1%) was injected into a reaction
flask containing powdered KOH (20 mg, 0.35 mmol). Sonication
was used to aid solubilization of the KOH. The mixture was heated
to 60°C for 48 h. After hydrolysis, the colloids were washed with
DMF (three times) and water (three times) by centrifugation (1-2 h
for each step, 3000 g) and redispersion cycles. The chemical com-
position was monitored with FTIR: %=3400 (br) appears,
1266 cm™' (s) disappears. Attachment of 4'-chloro-2,2":6',2"-terpyri-
dine to the obtained hydrolyzed polystyrene colloids was per-
formed as described in refs. [13] and [19]. The particles containing
surface hydroxyl moieties were redispersed in DMF (10 mL, solid
content=1%) and subsequently mixed with KOH (25 mg,
0.44 mmol) and 4'-chloro-2,2":6',2"-terpyridine (60 mg, 225 umol).
The resulting reaction mixture was heated to 70°C for 48 h. A
green/yellow mixture was obtained. These colloids were washed
with DMF (three times) and water (three times) by centrifugation
(1-2 h for each step, 3000 g) and redispersion cycles. TEM analysis
revealed the presence of slightly rough particles with an average
radius of 143 nm and a polydispersity of 4.6%. The presence of ter-
pyridine ligands on the particle surface was verified by addition of
FeCl, to an aqueous dispersion of the obtained particles. After ad-
dition, a bright pink dispersion was obtained, which indicated the
formation of a coordination complex between Fe’* and the terpyr-
idine moieties (see Figure 3a)."¥ Centrifugation of the pink disper-
sion yielded a colorless supernatant and an intensely pink sedi-
ment, confirming that the iron-terpyridine complex was indeed
immobilized onto the colloids. The presence of iron ions was fur-
ther confirmed by using energy dispersive X-ray (EDX) spectrosco-
py on the iron-loaded terpyridine-functionalized colloids (6.4 and
7.1 keV). Finally, the chemical composition of these particles was
probed with FTIR and XPS. FTIR: #=1600 (s), 1581 (s), 1561 (s),
1493 (s), 752 (m), 697 cm™' (s). XPS: E, =543 (0), 398 (N), 284 eV
(©.
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Determination of terpyridine surface density of CPs-Terpy

The surface coverage of terpyridines on CPs-Terpy was estimated
by performing the following titration experiment. An aqueous solu-
tion of FeCl,-4H,0 (14 um) was added in steps of 2 mL to an aque-
ous CPs-Terpy dispersion (2 mL, solid content=1%). After each
step, the dispersion was sonicated for 5 min to ensure complete
complex formation between the added Fe?" ions and the immobi-
lized terpyridines. After sonication, the dispersion was centrifuged
and 2 mL of the supernatant was collected and used to determine
the concentration of free Fe’". To measure the concentration of
free iron ions, first a UV/Vis spectrum of the supernatant was re-
corded, which was used as a blank. After recording of the blank
spectrum, a 1,10-phenanthroline stock solution (0.1 mL, 5.5 mwm)
and hydroxylamine-HCl solution (20 pL, 1.4 M) were added to the
supernatant. 1,10-Phenanthroline forms complexes with the Fe?"
ions, which are highly UV active, enabling the detection of Fe’*
concentrations down to ppm levels."” The presence of hydroxyla-
mine ensures that all iron ions are present in oxidation state + 2.
The resulting solution was measured again by using UV/Vis spec-
troscopy. After subtraction of the blank spectrum, the absorbance
at 508 nm was indicative for the Fe’" concentration. The relation-
ship between iron concentration and absorbance was previously
determined by measuring a concentration series of the Fe?*-1,10-
phenanthroline complex (see the Supporting Information). If UV/
Vis spectroscopy did not show any Fe?" ions, a new shot of the
FeCl, stock solution was added to the same CPs-Terpy colloids.
This procedure was repeated until free Fe?" ions were measured.
Based on the total amount of ions added to the particles minus
the free ions, which were measured in the last titration step, the
total iron uptake per particle could be calculated. In this calcula-
tion, we assumed that the particles were perfectly spherical with
a radius of 143 nm and had the density of pure polystyrene (o=
1.05). Furthermore, we assumed formation of monodentate iron-
terpyridine complexes exclusively. A resulting terpyridine surface
density of one terpyridine moiety per 4 nm? was obtained.

Synthesis of homogeneous catalyst (trans-[(terpy)Ru(N-
C;H,0-kN),(OH,)] (TPR))

First, [RuCls(terpy)] was obtained by complexation of Ru;Cl with
2,2":6',2"-terpyridine as described by Sullivan et al.”” The complex
was isolated as a dark-brown solid. Yield: 68.8 %; FTIR: #=1595 (s),
1564 (m), 1537 (m), 1444 (s), 774 (s), 729 cm™' (s). The formed
[RuCl(terpy)] was used for the preparation of the molecular trans-
fer hydrogenation catalyst by following a method reported by
Kelson et al."” The catalyst was isolated as dark-purple crystals.
Yield: 93%; FTIR: 7=1604 (s), 1539 (s), 1470 (s), 1443 (s), 1375 (s),
1274 (s), 1009 (s), 965 (w), 845 (m), 762 (m), 738 cm™' (m); 'H NMR
(400 MHz, [Dglacetone, 25°C): 6=9.24 (2H, m), 8.48 (4H, m), 7.93
(2H, td, J/=7.5 and 1.6 Hz), 7.76 (1H, t, J=8 Hz). 7.60 (2H, m), 6.77
(2H, m,), 5.77 (2H, m), 5.75 (2H, m), 5.45 ppm (2H, m).

Synthesis of immobilized catalyst (TPRC)

The synthetic procedure towards the immobilized catalyst was
analogous to the one described for preparation of the homogene-
ous catalyst (TPR). The only key difference was the use of terpyri-
dine ligands, which were covalently bound to polystyrene colloids
(CPs-Terpy) instead of free molecular terpyridines. An excess of
RuCl;xH,0 (20 mg, 79-97 umol) was added to a dispersion con-
taining terpyridine-functionalized colloids (CPs-Terpy, 10 mL, solid
content 1%=0.094 umol terpyridinemL™") in ethanol. The disper-
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sion was heated at reflux for 3 h, after which the particles were
washed with water (two times) and ethanol (two times) by centri-
fugation (0.5-2 h for each step, 3000 g) and redispersion cycles.
The colloids were analyzed with FTIR and XPS. FTIR: #=1600 (s),
1493 (s), 752 (m), 697 cm™" (s). XPS: E, =543 (0), 461 (Ru), 398 (N),
284 (C), 270 (Cl), 200 eV (Cl). The particles containing ruthenium
coordinated terpyridine ligands were redispersed in ethanol
(10 mL) and 2-hydroxypyridine (0.42 mg, 4.4 umol) was added. The
dispersion was heated at reflux for 1 h, after which an aqueous
NaOH solution (5 mL, 300 mm) was injected into the reaction mix-
ture. Reflux was continued for two additional hours. After refluxing,
the colloids were washed once with water, ethanol, and 2-propanol
by centrifugation (0.5-2 h for each cycle, 3000 g) and redispersion
cycles. TEM analysis revealed the presence of rough particles with
an average radius of 142 nm and a polydispersity of 5%. The
chemical composition was probed with FTIR and XPS. FTIR: 7=
1607 (s), 1550 (br), 1382 cm™' (br). XPS: E, =543 (0), 461 (Ru), 398
(N), 284 eV (Q).

General procedure for transfer hydrogenation reactions
catalyzed with TPR(C)

TPR dissolved in 2-propanol (1 mL, catalyst concentration was
varied: see Table 1) or a 2-propanol TPRC dispersion (1 mL, solid
content=2%, ~0.188 umol catalytic moieties) was introduced into
a Schlenk flask and degassed by careful evacuation and refilling
with nitrogen. A degassed NaOH solution in 2-propanol (2 mL) was
injected. NaOH concentrations were varied for both reactions con-
ducted with TPR (Table 1) and TPRC (Table 2). The resulting mixture
was heated at reflux for 30 min under a nitrogen atmosphere. A
color change from purple to yellow was observed. Finally, a de-
gassed acetophenone stock solution in 2-propanol (2 mL, 20 mm)
was added. Conversions of acetophenone were measured with gas
chromatography-mass spectrometry (GC-MS). Typically, samples
were withdrawn from the mixture 2 and 24 h after acetophenone
injection. If necessary, the samples were diluted with 2-propanol
before conversion determination. For the transfer hydrogenation
performed with TPRC, GC-MS measurements were conducted on
the supernatants obtained after centrifugation (5 min, 11000 g) of
the samples. Only the top part of the supernatants was used for
GC-MS measurements to ensure the complete absence of colloids.

Recycling of TPRC

TPRC colloids that were previously used in a catalytic reaction
were separated from the reaction mixture by centrifugation (5 min,
11000 g). The colloids were then redispersed in 2-propanol and
a new catalytic reaction was performed as described in the previ-
ous subsection. The conversion of acetophenone after 24 h of reac-
tion was measured with GC-MS and compared with the conversion
obtained after the first catalytic reaction performed with the same
TPRC colloids.

Measuring adsorption of TPR on polystyrene colloids

Non-functionalized colloids (CPs, 1 mL, solid content=1%) were
centrifuged (10 min, 11000 g). The supernatant was removed and
the particles were subsequently redispersed in a solution of TPR in
2-propanol (1 mL, 0.188 mm). The resulting dispersion was stirred
for 4h to provide sufficient time for potential TPR adsorption.
After this period, the dispersion was centrifuged (10 min, 11000 g)
and the color change of the sediment was monitored by eye. Ad-
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sorption of the purple complex onto the white polystyrene parti-
cles should result in a similar purple sediment as observed for
TPRC (see Figure 5). However, the sediment was not colored,
strongly suggesting complete lack of catalyst adsorption onto the
surface of the non-functionalized polystyrene particles.

Characterization

Transmission electron microscopy (TEM) pictures were recorded
with a Philips Technai10 electron microscope typically operating at
100 kV. Bright field images were recorded by using a SIS Megavie-
w [ICCD camera. The samples were prepared by drying a drop of
diluted, aqueous particle dispersion on top of polymer-coated
copper grids. Energy dispersive X-ray (EDX) spectra were recorded
with a TechnaiF20 from FEI with an acceleration voltage of 200 kV.
The microscope was equipped with an EDX system from EDAX and
used Emispec software in STEM mode. X-ray photoelectron spec-
troscopy (XPS) was performed by using a Thermo-Scientific K-
Alpha, equipped with a monochromatic small-spot X-ray source
and a 180° double focusing hemispherical analyzer with a 128-
channel detector. Spectra were obtained by using an aluminum
anode (AIK,=1486.6 eV) operating at 72W and a spot size of
400 um. Survey scans were measured at a constant pass energy of
200 eV and region scans at 50 eV. The background pressure was
2x10° mbar and during measurement 3x 107 mbar argon was
used because of the charge compensation dual beam source. Infra-
red (IR) spectra were recorded by using a PerkinElmer FTIR/FIR
Frontier Spectrometer. The attenuated total reflectance (ATR) mode
was used. Measurements were performed on powders obtained by
drying the particle dispersion. UV/Vis spectra were measured with
a PerkinElmer Lambda-35 spectrophotometer using 1cm quartz
cuvettes. '"H NMR spectra were recorded by using a Varian MRF400
400 MHz NMR machine. Samples were dissolved in [Dglacetone.
Gas chromatography-mass spectrometry (GC-MS) measurements
were performed with a PerkinElmer Austosystem XL Gas Chroma-
tograph equipped with a PE-17 column (50% phenyl, 50% methyl-
polysiloxane; 30 mx0.23x0.5 um). Samples withdrawn from the
transfer hydrogenation reactions were stored in the freezer (—8°C).
In all measured traces, only signals corresponding to acetophe-
none and the product (1-phenylethanol) were observed, indicating
the absence of side products and high selectivity of the (immobi-
lized) catalyst. The obtained conversions were therefore indicative
for the yield.
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