CHEMISTRY

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200903462

Nanoparticles as Semi-Heterogeneous Catalyst Supports

Alexander Schiitz,™"! Oliver Reiser,”” and Wendelin J. Stark*?!

8950

& WILEY .
=;'.' ) InterScience® © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 8950-8967



REVIEW

Abstract: Nanoparticles can serve as semi-heterogeneous
supports since they readily disperse in common solvents
and combine high surface area with excellent accessibility.
Reversible agglomeration through solvent changes and
magnetic separation provide technically attractive alterna-

tives to classical catalyst filtration. This account places
emphasis on recent developments in this emerging area.
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Introduction

Catalysis is among the most important applications within
the field of nanoscience.!! Next to oxide supports, the large
surface area of metal nanoparticles, the only scaffold that
shall be discussed in this Review, qualifies them quite natu-
rally to act either as heterogeneous promotors for catalytic
reactions or as a support for homogeneous catalysts.”) This
Review discusses how spherical particles provide attractive
supports for catalysis with other non-traditional properties.
Contrary to classic heterogeneous catalysts,”) nanoparticles
(NPs) are typically synthesized in a bottom-up approach
from molecular precursors such as a metal salt, a stabilizer,
and a reducing agent (with the latter two being sometimes
identical). When catalytic applications of NPs are discussed,
four general approaches can be considered in distinct form
or as combinations thereof. They can be discriminated in
terms of the role of the metal the nanoparticle consists of,
the location of the ligand, if any, with respect to the particle
surface, and whether the ligand plays an active part in the
catalytic process or acts solely as a stabilizer.

Even more complex morphologies are possible if bimetal-
lic nanoparticles or multilayer shells are considered. The
first three approaches involve the use of systems in which
the nanoparticle metal exerts the dominating influence on
the catalytic activity (Figure 1a—c). In all these cases, the
catalytic processes take place on the surface of the nanopar-
ticles, affected only in one structure by ligands/capping
agents that transmit influence to metal-coordinated sub-
strates in their vicinity (Figure 1c). A plethora of clusters
with constituent metals such as Pt, Pd, Ru, and Rh has been
reported.”! Since the catalytic properties of these metal
nanoparticles, which act in principle as heterogeneous cata-
lysts, have been extensively reviewed, the following chap-
ters will focus on the emerging field of nanomaterials acting
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Figure 1. Catalysis with a) metal nanoparticles, b) metal nanoparticles
capped with a protective shell, ¢) metal nanoparticles capped with ligands
contributing to the catalytic activity, and d) metal nanoparticles with cat-
alysts supported on the protective shell. Only in the last case the core
material does not promote the reaction.

solely as carriers for soluble catalysts (Figure 1d), an ap-
proach that has been scarcely discussed.”! In this case, the
clusters act as a structuring element for an assembly of li-
gands, which are bonded to the core material through an ad-
ditional function, different from the chelating functional
groups that define the catalytic center. Importantly, the cata-
lytic activity does not arise from the core material.

For these nanoclusters, catalysts are exposed on the parti-
cle surface, which makes them accessible almost like their
homogeneous counterparts. Such a globular surface might
be superior to conventional polymeric supports, which rep-
resent the most popular scaffolds used for immobilization to
date.! Amorphous resins sometimes have the problem that
catalytic sites are buried in the polymer backbone, thus lim-
iting the access of reactants.”! This limitation was widely tol-
erated since the benefits from grafting of an otherwise solu-
ble heavy-metal complex or organocatalyst, namely ease of
separation and recyclability of the usually toxic and expen-
sive species, outweigh the loss of activity and selectivity oc-
casionally observed. Soluble transition-metal complexes, in

— 8951

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

W. J. Stark et al.

A EUROPEAN JOURNAL

particular, are difficult to separate, a fact which has limited
their application in large-scale pharmaceutical processes due
to metal contamination.’! Furthermore, the separation of
heterogeneous matrices from a reaction mixture is more
straightforward than separation from biphasic systems, for
example, extraction using perfluorinated tags.’’ The domain
of nanoparticles acting as a recyclable scaffold lies between
these two orthogonal strategies, hence, this approach is
sometimes called “semi-heterogeneous”.”! The separation
of the functionalized nanomaterial can be achieved by dif-
ferent methods, such as centrifugation, precipitation—floccu-
lation, nanofiltration, or magnetic decantation (in the case
of magnetic nanoparticles), depending on the nature of the
particles.
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Since the core material is not meant to take part in the
catalytic reaction (support role only), this metal should be
comparatively inactive or surrounded by a widely imperme-
able shell. The latter condition is rather difficult to accom-
plish, which explains why only a few metals have been used
as structural elements, despite the many different metal NPs
used in heterogeneous catalysis. Therefore, gold colloids
tethered to a protective alkanethiol-monolayer were for a
long time the dominating motif for nanosized core-shell
structures.'”! They profited from the ease of preparation and
the “inertness” of Au’, an assumption which is, however, not
completely true."'! Progress in the synthesis of stable mag-
netic nanoparticles has fuelled the number of possible appli-
cations, such as magnetic storage media,l'”! vessels for drug
delivery™™ and cancer treatment through hyperthermia™ as
well as contrast agents for magnetic resonance imaging
(MRI),¥! thus suggesting their use as a catalyst support.
The advantage over gold colloids lies in their physical and
chemical stability, which is highly dependent on the nature
of the protecting shell, and clearly in the ease of separation
by using an external magnet. Hence, the categories of differ-
ent nanoparticle supports will be classified by the nature of
the metal core and coating rather than the immobilized cat-
alyst or the promoted reaction.

Monolayer-Protected Gold Clusters

The first nanosized core—shell structures utilized as supports
for catalysts were gold colloids. Au nanoclusters sufficiently
stable to act as supports for metal complexes usually feature
a stabilizing alkanethiol monolayer on which the catalysts
are anchored. The exceptional stability of the Au—S bond
could result in a misguided association of a certain rigidness
of the shell. In fact, the self-assembling monolayer (SAM)
on the particle surface is far more comparable to a two-di-
mensional fluid in terms of its behavior. Thiolates constantly
shift on the cluster, “hopping”™® from one cluster to the
next, or exchanging with thiols occasionally present in the
supernatant. The latter behavior offers a straightforward
route for the attachment of functionalized thiols via the so-
called place-exchange reaction."”’ Early studies feature ex-
amples of an in situ functionalization by passivation of pre-
formed gold colloids or simultaneously to the growth of
gold nuclei, which form upon reduction of tetrachloroaur-
eate with sodium borohydride according to a procedure de-
veloped by Brust, Schiffrin et al.l'® Owing to the exception-
ally simple and concise layout of the Schiffrin reaction,
chemistry using monolayer-protected gold clusters
(AuMPCs) proved very popular."”! The first transition-metal
complex immobilized on metal nanoparticles was reported
by Tremel et al. in 1998.%%) Freshly prepared gold colloids
were stirred with 4-methylhexa-3,5-diene-1-thiol in the pres-
ence of RuCl; under argon to yield a black powder, which
could be dissolved in acetone and precipitated from metha-
nol (Scheme 1). The gold-grafted Ru complex 1 was able to
catalyze the ring-opening metathesis polymerization
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1. \)\/\/SH

2. RuCly,
Toluene, 4d, 80°C

Scheme 1. Tagging of gold colloids with a Ru complex for the ring-open-
ing metathesis polymerization (ROMP) of norbornene to polynorbor-
nene.

(ROMP) of norbornene, providing turnover frequencies
(TOF: 16000 h™") superior to those obtained with the homo-
geneous counterpart (TOF: 3000 h™!). It was reasoned that
the orientation of the catalyst on the surface of the MPCs
favors the coordination of the monomer and the orientation
of the growing polymer chain. However, turnover frequen-
cies of Ru complexes on two-dimensional Au surfaces even
far exceeded the values obtained with their three-dimen-
sional counterparts (TOF: 80000 h™1).

In elegant studies, Sasai et al.Pl reported on Au clusters
stabilized by thiols bearing chiral 1,1'-bi-2-naphthol
(BINOL) moieties by using exclusively disulfides with (R)-
BINOL at the terminal position. Since functionalized disul-
fides were employed already during the Schiffrin reaction,
core passivation and functionalization succeeded in a one-
pot reaction that makes this route comparatively simple. A
Ti-BINOLate complex was able to catalyze the asymmetric
alkylation of benzaldehyde using Et,Zn in up to 98 % yield
and with 86 % ee (Scheme 2).

BINOL-functionalized MPCs 3 gave results comparable
to the homogeneous catalyst (95 % yield, 90 % ee) and clear-

(CeHi7)aN"Br™

NaBH,

HAuCH4

3
3
(10 mol%)
2 Ti(O-Pr)g OH
(2.0 equiv)
+ Et,Zn @ ———————>
CH,Cl,,
7h,-10°C
4 5 6 vield: 98%
ee: 86%

Scheme 2. In situ synthesis of Ti-BINOLated-AuMPCs (top) and asym-
metric alkylation of benzaldehyde (4) with diethylzinc (5) catalyzed by 3
(bottom).
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ly superior to polystyrene-supported Ti-BINOLate com-
plexes (61% vyield, 83% ee).'l A specific advantage of
thiolated gold colloids lies in their agglomeration behavior,
which allows their rapid precipitation from polar, and re-dis-
perison in apolar solvents. Thus, recycling of the nanocom-
posite was possible by precipitation from EtOH and redis-
persion in CH,Cl,, although this procedure was accompa-
nied by a notable drop in enantioselectivity (62 % ee). In ad-
dition, the length of the alkanethiol spacer (C,, Cs, C,;) was
found to have quite an effect on the selectivity in the alkyla-
tion of several aldehydes. Albeit such an in-situ functionali-
zation is very appealing, its scope is limited to rather insen-
sitive ligand precatalysts, given the fact that the Schiffrin re-
action demands harsh reductive conditions. However, Sasai
et al. expanded this concept to immobilizing multicompo-
nent asymmetric catalysts such as Ga—Na-bis(binaphthox-
ide) complexes.”*! The synthesis was akin to the one depict-
ed in Scheme 2, using methoxymethyl(MOM)-protected
BINOL-terminated disulfides but with a significantly longer
(Cy) alkyl spacer. The as-prepared AuMPC-supported
BINOL (20 mol %) was treated with GaCl; (20 mol %) and
NaOrBu (85 mol%) in the presence of cyclohex-2-enone
and dibenzylmalonate to afford the corresponding Michael
adduct in 98% ee, which is comparable to the parent homo-
geneous catalyst. In this regard, the work by Gao et al.l’l is
worthy of note. They designed a maghemite-supported Ti-
BINOLate complex, which was envisaged to deliver results
comparable to the AuNP-based catalyst 3 developed by
Sasai et al. Surprisingly, under conditions similar to those
depicted in Scheme 2, only moderate reaction yields (47—
55%) and enantioselectivities (15-43 % ee) were achieved.

Gold Nanoparticles with Mixed Monolayers

In contrast to the aforementioned in situ preparation strat-
egies, the exchange of surface-bound thiolates for dissolved
functionalized thiols represents a convenient post-grafting
process (Scheme 3).

The place-exchange reaction of thiolates on 3D surfaces,
such as AuNPs, has been studied extensively."”) In general,
the tendency of thiolates ligating gold clusters to exchange
with thiols in the supernatant is higher than on 2D surfaces.
Whereas terrace sites are the predominant motif on a flat
Au(111) surface, the core surfaces of nanoclusters® contain
a large fraction of classically defined defect sites. The differ-
ent surface sites exhibit a substantial gradation in reactivity.
Thiolates on vertexes and edges are significantly easier to
exchange than the ones on the interior terrace sites."”" Evi-
dence was found for both associative!'’"*! (Sy2-like) and dis-
sociative (Syl-like)!'"*? pathways as the rate-determining
step. Reaction kinetics were represented satisfactorily in a
pseudo-first-order process.'”l In an associative pathway, the
thiol enters the monolayer, protonates, and then substitutes
a bound thiolate ligand. This process does not alter the core
dimensions, hence, the size of the Au particles can be con-
trolled prior to particle modification following well-elaborat-
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Scheme 3. Place-exchange reaction of surface-bound thiolates and dissolved w-functionalized alkanethiols.

ed protocols, whereas the previously discussed in situ routes
lack such simple size-control. The rate of place-exchange de-
creases with an increase in the size of the entering ligand
and the chain length of the protecting monolayer.'”1 How-
ever, the most significant advantage of this post-grafting
procedure is the formation of mixed alkanethiol monolayers,
which enables higher degrees of complexity in the SAM
compared to those obtained by in situ methods. For in-
stance, the use of alkanethiols with different chain lengths
results in variably constructed catalytic sites. Complexes
positioned on long-chained alkanethiols relative to the
neighboring thiolates form convex reaction sites, similar to
homogeneous catalysts, whereas concave reaction sites are
created with short-chained thiols resembling enzyme-like
environments (Figure 2).

R R ROR_R R
j RRg(R ?’ }:/RR / ? R@ }?R
S $S SS S S g
Figure 2. Different active sites for metal catalysts on thiolate monolayers:

Convex active site (homogeneous-like, left) and concave active site
(enzyme-like, right).

In addition, the loading of the particles can be controlled
in place-exchange reactions by careful choice of concentra-
tions and reaction times. Different termini of the surround-
ing alkanethiolates in the monolayer can be used to tune
the solubility or reactivity of the cluster through interactions
with the substrate or the catalytic center. Following this con-
cept, Belser, Stohr, and PfaltzZ®! have published a compre-
hensive study using a [Rh(cod)(PYRPHOS)]|BATF catalyst.
Different gold colloids were synthesized by a place-ex-
change reaction of AuMPCs with unequal chain lengths
(C¢C,,) and end group polarity of the alkanethiolates in
the shell for rhodium PYRPHOS bearing thiols (Scheme 4).
Almost all “heterogenized” catalysts gave yields (>99%)
and enantioselectivities (93% ee) equal to those obtained
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with homogeneous [Rh(cod)(n-
octanoyl-PYRPHOS)|BArF in
the hydrogenation of methyl a-
acetamidocinnamate 12. The
colloids could be recovered by
filtration and reused at least
three times without loss of
enantioselectivity.

AuMPCs 10 and 11 were
tethered with polar end groups
to tune the solubility and reac-

7:n=1;R=CH, R
8: n = 0; R = adamantyl R
9:n=5R=CH;
10:n=5;R=NH;
11:n=5R=0H R
7
(1 mol%)
2, CO2Me H, (60 bar) * CO,Me
[j HN CH;Cly, [ j HN
Y ah, 24°C L
0 o]
12 13 conversion: > 99%

ee: 93%

Scheme 4. Asymmetric hydrogenation of methyl a-acetamidocinnamate
(12) in the presence of [Rh(cod)(PYRPHOS)|BArF-AuMPCs.

tivity of the cluster in accordance with the aforementioned
principle of a controlled catalyst environment. Unfortunate-
ly, these compounds, in particular, delivered significantly
lower yield (32-94 %) and selectivity (82-86 % ee). Thus, the
promising strategy of creating AuNPs compatible with
polar-protic reaction media was unsuccessful. The concept
of forming pocket-like environments for catalysts by varying
the alkyl-chain length of the linking thiol was applied in an
early study by Tanaka et al.”® and pushed to its limits by
Koskinen and co-workers.””) Both used oxazoline-based li-
gands incorporated in gold clusters protected by hexane-
thiols. Tanaka et al. examined the influence of different
spacer lengths (C,, Cq, Cg, Cy) of the alkanethiols linked to
the central carbon atom of a chiral bis(oxazoline) on the dis-
persability and reactivity of the corresponding (R)-Ph-BOX-
AuMPCs (Scheme 5, top). The copper(IT) complexes of the
functionalized AuMPCs 14 acted as nearly homogeneous
catalysts in the ene reaction between 2-phenylpropene (15)
and ethyl glyoxylate (16). It was found that ligands tethered
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(10 mu\%) OH
5 Cu(OT), :
s (10 mol%) CO,Et
CO,Et CHzC\z
h, 25°C
15 16 17 yield: 80-90%
ee: 84-86%
5 cycles
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B, ~ \Hss : SSJJJ
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3] s
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Odc [;ﬁyfl';f;'“é’& MeO,C._.CO;Me
COzMe 2 L\
e { (2 molte) Ph >~ ph
co,Me BTMSA,
KOAc,
THF, 46 h,

Scheme 5. Chiral oxazoline-based ligands in a concave environment
within the shell of hexanthiolate-protected AuMPCs.

with the shortest (C,) linker show the highest level of disper-
sion and are the most effective in terms of catalytic activity
and recycling utility. The authors reasoned that use of a con-
cave active site with copper(IT) complexes buried in the hex-
anthiolate-shell minimized aggregation of the particles.
Albeit the recycling of these highly dispersed particles is la-
borious, involving shaking after dilution with hexane, centri-
fugation, and decantation, yields decreased only slightly
from 99% to 80% in the fifth run and good enantioselecti-
vites were achieved in each cycle (84-86% ee).

A chiral PyOX ligand was buried even deeper in the hex-
anthiolate coating of the gold particle (SchemeS5,
bottom).””! The authors suggested that a 32-atom gold clus-
ter was formed, resembling a hollow structure, which would
represent the smallest core diameter (1.2+0.2 nm) ever
used for AuMPCs serving as carriers for catalysts. However,
the catalytic activity of the palladium complexes of these
MPCs in the alkylation of chalconol acetate (19) with di-
methyl malonate (20) was limited. It showed only negligible
activity but slightly better enantioselectivity than a polystyr-
ene-bound analogue. Complete conversions and selectivities
up to 73% were possible with diverse homogeneous PyOX
ligands, thus suggesting that an enzyme-like binding site has
a detrimental effect on this reaction. A very early example
for a convex active site forming a homogeneous-like envi-
ronment was reported by Mrksich and co-workers.” In fact,
this represented the first application of a chiral catalyst im-
mobilized on AuNPs. A mixed monolayer was formed con-
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taining 25 % of dihydroquinidine-functionalized alkanethiols
neighboring octanethiolate on gold cores with an average di-
ameter of 2.5 nm (Scheme 6). The chiral cinchona alkaloid

o

\ S
S,
O/\,O\/\Oﬂ(’%f\/\s o
N
| /S .

22
(10 mol%)

OH
080, KFe(CN)g,
K;COy tBUOH/H,0,

X Me Me
Oh L,
5h, 25°C

23 24 yield: 72-81%

ee: 79-90%
3 cycles

Scheme 6. Asymmetric dihydroxylation of -methyl styrene 23 using cin-
chona alkaloid 22 tagged to gold colloids in a convex fashion.

derivative 22 was used to activate oxidant osmium tetroxide
to render the Sharpless asymmetric dihydroxylation of f3-
methyl styrene (23) highly enantioselective (90% ee). It is
noteworthy that 24 was sufficiently stable to allow recycling
by gel permeation chromatography at least twice, thus im-
pressively demonstrating the versatility of this support even
in aqueous media and under oxidative conditions.

When it comes to recyclability, the work of Belser and Ja-
cobsen™! needs to be mentioned. They reported a chiral
Co"-salen complex grafted on octanthiolate-coated gold
nanoclusters for the hydrolytic kinetic resolution of epoxides
(Scheme 7). It maintained its excellent selectivity and reac-
tivity, which was even superior to its homogeneous counter-
part, in six iterative runs. The subsequent drop in activity

e {go@og}

tBu tBu
26
(0 01 mol%) 0 HQ  OH
+ ¥
H20 20°C
Et Et
rac-25 25 27

conversion: >99%
ee: > 99%
6 cycles

Scheme 7. Hydrolytic kinetic resolution of racemic epoxide 25 with im-
mobilized catalyst 26.
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was due to reduction of the cobalt species rather than cata-
lyst leaching, thus, reactivity was restored upon oxidation. A
recent study carried out by Yu et al.®” reported a similar ac-
tivity enhancement for a heterogenized palladium-bipyridyl
complex in alkyne cyclotrimerization reactions, which was
attributed to interphase effects.

An immobilized Hoveyda—Grubbs catalyst developed by
Lee et al.® turned out to be equally suited for several con-
secutive metathesis reactions. Octanethiolate-passivated
AuMPCs were exchanged with styrene-functionalized do-
decanethiols. Treatment of cluster 28 thus obtained with
second-generation Grubbs catalyst 29 in the presence of
CuCl yielded AuMPC-Ru-carbene complex 30 (Scheme 8).

Mes-n )
’(0 AO‘_ )G.rl‘"Mes

R . 'Cl
Cl
T e
Mes’NYN‘Mes
&l Ru=\
S HJ_/' PCyfh g /_,-’j‘

S

29
X - X
o Cucl
-~ CH,Cl,
%S \:_\\:;'\—O reflux, 2h ? \L\
@OJ\
™
L oX
28 30

Scheme 8. Synthesis of AuMPC-bound Ru-carbene complex 30 for the
ring-closing metathesis of dienes.

In a very similar procedure, the selfsame catalyst was anch-
ored on different magnetic nanoparticles.’” Catalyst 30
proved to be soluble in CH,Cl, and was recovered by pre-
cipitation from methanol, ethanol, or diethyl ether. This ma-
terial showed high reactivity (>98% conversion) in the
ring-closing olefin metathesis of several dienes to heterocy-
clic compounds.

After the sixth run, conversion decreased dramatically
from 80% down to 20% accompanied by particle floccula-
tion. Desorption of the coating monolayer followed by ag-
gregation of the gold cores might be responsible for this
effect, a suspicion which was substantiated by TEM analysis.
As shown in the previous examples, activities and selectivi-
ties of catalysts immobilized on gold nanoparticles reach
levels that are often restricted to homogeneous catalysts and
rarely equalled by complexes anchored on solid supports.
This might be attributed to the excellent dispersibility of
these particles, sometimes even considered “soluble”.PU In
addition, the immobilization on AuMPCs offers many pros-
pects, such as tuning the environment of the catalytic sites.
However, it has to be admitted that recycling is sometimes
tedious and possible only in a limited number of cycles.
After several cycles the monolayers start to desorb from the
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surface of the cluster, thus causing irreversible aggregation
of the gold nuclei and finally resulting in a material that
cannot be dispersed anymore. Driven by the motivation to
retain the beneficial properties of the AuMPCs and to si-
multaneously overcome limitations in recycling, especially
with regard to feasibility and deficiency in number, several
groups disclosed nanoparticles that contain magnetic core
materials.

Ferrite Nanoparticles

Recent advances in the synthesis of size-controlled and
monodisperse magnetic ferrite nanoparticles without the call
for size-selection facilitated the exploition of these particles
in many applications.™ Similar to gold nanoparticles, these
materials allow surface stabilization by simple organic com-
pounds. Carboxylic acid sites are predominant among the
most common capping agents for ferrite nanoparticles.*!
Thus, an early example for magnetic nanoparticles coated
with a homogeneous catalyst is provided by a Rh-based cat-
ionic catalyst modified with benzoic acid, namely [Rh(cod)-
n®-benzoic acid]BF,.[*)) Co-ferrite (CoFe,O,) was chosen as
support, which possesses a deviation from the nominal struc-
ture of a spinel ferrite in the shell. An amorphous ferric hy-
droxide layer on the surface was proposed,’® which ex-
plained the non-stoichiometric composition. The saturation
magnetization of this nanomaterial with a size distribution
ranging from 8 to 20 nm was reported to be approximately
60 emug ', Similar to the place-exchange reaction, surface
modification did not alter the chemical composition, which
resulted in the form (CoFe,04)core(Feo 190 )smen-{[Rh(cod)-n’-
benzoic acid]|BF,} 3.

The nanomagnet-supported catalyst 32 showed a yield
and regioselectivity toward the hydroformylation of 4-vinyl-
anisole 31 comparable to its homogeneous counterpart, al-
though it has to be stated that reactions with the unsupport-
ed catalyst require only one third of the reaction time
(Scheme 9). Nevertheless, the catalyst activity was still extra-
ordinarily high relative to that of catalysts immobilized on
conventional supports, for example, polymers,”” and showed

Rh*
Rh*
“0,CRh*
COy COy
FUCoy TR -0 o}
Rh § Rh* |
= Rh*
32
+
CO, Hy, 3h
OMe OMe OMe
3 33 34
yield: >99%
5 cycles

Scheme 9. Hydroformylation of 4-vinylanisole by the nanomagnet-sup-
ported catalyst 32. Ratio of products: 33/34 =10/90.
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no loss in activity upon recycling by magnetic decantation.
Materials like Co-ferrite are a highly magnetic but rather
exceptional support. Superparamagnetic materials, such as
iron oxide nanoparticles (SPIONs) are far more common
since they are intrinsically nonmagnetic (absence of a mag-
netic field) but readily magnetized in the presence of an ad-
ditional external magnetic field. Still, low-field magnets are
sufficient to recover these particles quantitatively from solu-
tion. Furthermore, the lack of magnetic remanence prevents
the formation of aggregates in the reaction media. Magnet-
ite (Fe;0,) is not only a widespread representative of such
SPION particles but the most common nanomagnetic sup-
port par excellence. Phosphonic acid derivatives were suc-
cessfully used to stabilize magnetite NPs in a number of
publications,® although they were assumed to be less effec-
tive in preventing aggregation upon solvent evaporation
than oleic acid. Lin et al.’®! used a ruthenium(IT) complex
with phosphonic acid-substituted BINAP [Ru(BINAP-
PO;H,)(DPEN)CL,] tethered to magnetite nanoparticles
which were synthesized either by thermal decomposition or
a coprecipitation method (Scheme 10).*!

o
(.
36
(o] OH
(0.1 mol%)
—_—
OO Hz (700psi) O
KOfBu (1 mol%)

20h, 25°C .

conversion: >99%
35 37 ee: 97-98%

14 cycles

Scheme 10. Asymmetric hydrogenation of 1-acetonaphtone 35 using a
Ru"-BINAP-phosphonic acid catalyst supported on Fe;O,-nanoparticles.

Especially magnetite synthesized by the latter route dem-
onstrated outstanding stability, and immobilized catalyst 36
exhibited impressive and simple recycling capabilities via
magnetic decantation. A drop in conversion was observed in
the 15th cycle of the hydrogenation of 1-acetonaphtone 35
(35%), whereas selectivity remained high (95% ee). Cata-
lyst 36 exhibited a saturation magnetization (o;) of
50 emug', which is smaller than that of bulk magnetite
(92 emug ). Magnetite particles obtained from a similar co-
precipitation method served as carriers for a proline ligand
that promoted an Ullmann-type coupling between aryl/het-
eroaryl bromides and nitrogen heterocycles.*®! In contrast
to previous protocols, the phosphonic acid derivative was
not ligand-functionalized prior to the coating of the particle
surface but derivatized in a post-grafting process. To this
end, an alkyne moiety was installed on a 4-hydroxyproline
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derivative to yield compound 39, which readily undergoes
an azide/alkyne cycloaddition!®” reaction in the presence of
catalytic amounts of Cu' (Scheme 11).#1 Thus, immobiliza-
tion was achieved by reaction of 39 with simple 3-azidopro-
pylphosphonic acid stabilized magnetite clusters 40 followed
by deprotection.

1,_m0
N

OtBu

sodium ascorbate e

38 2. TFA/DCM 40
o]
40
o (20 mol%) o
/@){\ R EY Cul (10 mol%) )ﬁ
" s/ Cs,CO; (2.0 equiv) EN
DMF, 24h, 110°C
a3
41 42 conversion: 93-98%
4 cycles

Scheme 11. Synthesis of magnetite supported proline (top) and Ullmann-
type coupling reaction of p-bromoacetophenone 41 with imidazole 42
promoted by 40 (bottom).

The as-prepared magnetite@proline nanocomposite 40
consisted of partially aggregated particles with a diameter
between 6 and 20 nm and exhibited good catalyst loading
(2.0 mmolg™). The nanomagnets could be reused up to four
times without any significant loss of activity. Since phos-
phonic acids as well as oleate-capped iron oxide nanoparti-
cles sometimes suffer from aggregation due to insufficient
stabilization of the discrete clusters, effort was put into the
design of additional mantle structures. Gao and co-work-
ers used oleate-protected vy-Fe,O; nanocrystals and
coated them with a thin (2 nm) film of crosslinked polystyr-
ene by using an emulsion—polymerization approach.*!
Other strategies were reported as well, such as encapsula-
tion of magnetic beads in a self-assembling Cu-bipyridine
chelate and its utilization as oxidation catalyst.[*l However,
1,4-vinylbenzene chloride was copolymerized to allow the
immobilization of 1-methylimidazole, which formed N-het-
erocyclic carbenes (NHC) upon deprotonation. NHCs were
chosen as ligands for chelating Pd because of the impressive
complex stability of these compounds (Scheme 11).[*! The
catalytic power of this system was tested in a range of
Suzuki cross-coupling reactions of aryl halides with arylbor-
onic acids. In this context, SPION-supported Pd catalyst 45
showed better catalytic activity than chloromethyl polystyr-
ene resin-supported counterparts reported in the litera-
ture.*! Finally, maghemite-supported Pd catalyst 45 was
subjected to five iterative reactions between p-iodotoluene
46 and phenylboronic acid 47 to demonstrate its recyclabili-
ty (Scheme 12).
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44 45
45
/@/I (HO),B (0.015 mol%) O
_ =
DMF, Na,CO;, O
50°C, 12 h
46 47 48  yield: 85-91%

5 cycles

Scheme 12. Suzuki cross-coupling of 4-iodotoluene (46) with phenylbor-
onic acid (47) catalyzed by PS-coated SPION@NHC-Pd 45.

Dopamine-Capped Ferrite Nanoparticles

Enediol ligands such as catechols are known to have a high
affinity for under-coordinated surface sites of metal oxide
nanoparticles.*”! Therefore, dopamine has attracted some at-
tention since it features an additional amine moiety that
allows either immobilization of metal centers or further co-
valent modification.”®! Manorama and co-workers*! report-
ed several examples of palladium(0)-doped ferrite particles
(NiFe,O, and Fe;0,). The dopamine (DOPA) layer was
formed by refluxing or sonicating the ferrites together with
the catecholamine in water. Once a Pd species was anchored
on the nanomagnets (Scheme 13), the saturation magnetiza-

Qoo

49: MO = NiFe,0,
50: MO = Fe;0,

NazF‘dCI4

.ED”

51: MO = NiFe,0,4
52: MO = Fe30,

NHQNHQ

Scheme 13. Synthesis of ferrite-dopamine nanocomposite doped with Pd’.

tion of the spinel ferrite and magnetite supported Pd-DOPA
51 and 52, respectively, dropped significantly. For a series of
hydrogenation reactions with catalysts 51 and 52 including
aromatic nitro and azide compounds to their respective
amine derivatives, the activities observed exceeded those of
previous studies.”” The activity of 52 was somewhat inferior
due to a lower palladium loading on the surface. Even after
10 cycles, no deterioration in catalytic efficacy of both cata-
lysts occurred.™ In addition, the spinel-supported catalyst
51 was applied for Suzuki and Heck coupling reactions with
several aromatic halide derivatives.

Varma et al. described the synthesis of nickel-, rutheni-
um-, and palladium-doped ferrite nanoparticles for hydroge-
nation and oxidation reactions following a similar route.”"
The stability of this relatively simple tagging method for
metal oxide nanoparticles was impressively demonstrated in
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an extensive study by Gun‘ko, Connon and co-workers.”? A
proline-derived chiral 4-dimethylaminopyridine (DMAP)
was fused with DOPA-capped magnetite nanoparticles, thus
resulting in catalyst 55, which exhibited unprecedented recy-
clability. It was reused 32 times for the asymmetric acylation
of different sec-alcohol substrates, mostly monoprotected vi-
cinal diols, retaining high activity and selectivity profiles
(Scheme 14). Furthermore, TEM images of the nanocatalyst
did not reveal any morphological alterations that could be
attributed to particle degradation.

Cl O
S N
‘ o
* N HO
:2 AAT

S N
(>
53 55 HO'

ArAr
55
OH (1 mol%) OAc
(0] PhMe, 25°C, 16 h 0
———— 56 + .
o Ac,0 (1.2 equiv) (0]
NEts (1.25 equiv
r‘\l/ 3 ( quiv) |\|‘I/
57
rac-56
ee: 83-99%
different substrates
32 cycles

Scheme 14. Preparation of a chiral DMAP/DOPA@magnetite catalyst for
the asymmetric acylation of secondary alcohols.

Catecholamines can additionally act as cornerstones for
more complex molecular architecture on iron oxide nano-
particles, which allows the tuning of solubility and enables
complex formation. Gao et al.*® reported on maghemite (y-
Fe,0;) NPs protected with a shell of Simanek-type (mela-
mine) dendrons footing on a dopamine linker. Different
generations of Simanek-type building blocks were modified
with dopamine, which enabled these dendritic branches to
undergo a place-exchange reaction with the oleate surfac-
tants.’ Up to three dendron generations were anchored on
a maghemite core in this way. Triphenylphosphine moieties
on the termini of generation-one dendrons could be used to
allow the formation of Pd complexes on the surface of the
dendrimer-like core—shell structure (Scheme 15). The as-pre-
pared dendron-coated iron oxide NPs were able to promote
Suzuki cross-coupling reactions of several aryl halides with
phenylboronic acid 47 at a catalyst concentration of 5 mol %
under conditions comparable to those given in Scheme 12.
In addition, 60 was found to maintain its activity upon recy-
cling. Very recently, another highly active metallodendron
based on polymer-coated maghemite was reported.”® It was
likewise functionalized with a diphosphinopalladium com-
plex for Suzuki cross-coupling reactions but allowed recy-
cling more than 25 times with almost no loss in reactivity.

Chem. Eur. J. 2010, 16, 8950 -8967
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Scheme 15. Representative diagram for the synthesis of y-Fe,O; nanopar-
ticles protected by first-generation Simanek-type dendrons possessing
Pd-triphenylphosphine moieties.

Silica-Coated Ferrite Nanoparticles

Apart from enediol ligands, silanes are frequently used to
coat ferrites.’” The deposition and adhesion of silica can be
achieved by the hydrolysis of a sol-gel precursor to give
shells with a thickness between 2 and 100 nm. Because of
the strong affinity of iron oxide surfaces toward silica, no
primer is required. An advantage of the silica coating is that
its surface is terminated by silanol groups, which can react
with various coupling agents to covalently attach linkers, li-
gands, metals, or complexes. As with catechols, silanes are
able to replace simple carboxylate ligands, hence, Gao et al.
used an oleate-stabilized precursor for the synthesis of
Fe,0,@Si0, (Scheme 16, top).[” Nanocomposites of this
kind were extensively used for palladium-catalyzed cross-
coupling reactions.” In addition, an interesting application
for the immobilized NHC-Pd catalyst 61 was presented by
Gao et al., that is, taking advantage of the ability of the
nanomagnet 61 to enter the polystyrene backbone (1% di-
vinylbenzene-crosslinked polystyrene) of a solid-phase sup-
ported arylhalogenide 62.°! The two supports 61 and 62
may be considered orthogonal due to the different separa-
tion procedure. Together with phenylboronic acid 47 in the
solvent phase, this system furnished a three-phase Suzuki
cross-coupling reaction (Scheme 9, bottom). The Pd catalyst
was recovered from the reaction mixture with the aid of an
external magnet. Subsequently, filtration removed the
excess of dissolved borate reagent from the resin/product.
Finally, the cross-coupling product 63 was cleaved from the
polymer by basic hydrolysis.

The ability of nanoparticles to penetrate the pores of cer-
tain polymers has inspired their use in polymer synthesis. In

Chem. Eur. J. 2010, 16, 8950-8967
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general, the purification of polymers can be challenging al-
ready with a homogeneous catalyst since separation through
copious washing is tedious. Therefore, a catalyst support
being small enough to pass the polymer coils is a prerequi-
site for efficient recycling. Moreover, a support that can be
attracted by an external magnetic field might be apt to
reduce the amount of solvent necessary for complete remov-
al of catalyst. Following this line of argument, Shen and co-
workers®™! developed a magnetite-anchored atom transfer
radical polymerization (ATRP)!*! catalyst with an average
particle diameter of 25 nm (Scheme 17).

Catalyst 66 mediated the polymerization of methyl metha-
crylate (MMA) in a manner similar to homogeneous cata-
lysts, thus being in contrast to catalysts immobilized on com-
paratively “large” particles, whose resulting polymers had
uncontrolled molecular weights and high polydispersity.
After recycling, 66 showed slightly diminished activity,
which decreased further after another cycle. The authors
reasoned that oxidation of copper(I) might be responsible
for this effect. To overcome this problem, in situ catalyst re-
generation methods were developed, for example, triethyl-
amine was used to reduce any Cu'’.”™ Indeed, recycled cat-
alyst 66 regained high activity and excellent control over
polymerization after in situ regeneration. Admittedly, the
formation of well-defined transition-metal complexes on the
surface of the shells is tedious and not necessarily suggested
for every reaction. Early representatives of “magnetic silica”
were doped with palladium nanoclusters by using amine- or
thiol-affinity ligands. In fact, Schiith and co-workers®! were
the first to disclose the perspectives of magnetically separa-
ble mesoporous silica; however, Ying et al.®” reported SiO,-
coated maghemite nanoparticles that served as a catalyst
support. In a straightforward synthesis, maghemite@silica
was refluxed with either (3-mercaptopropyl)trimethoxysi-
lane (MPS) or N-(2-aminoethyl)-3-aminopropyltrimethoxy-
silane (AAPS) in toluene for 30 h to yield 67 and 68 respec-
tively (Scheme 18).

Next, palladium nanoclusters were deposited on the sur-
face of the affinity-ligand-functionalized Fe,O;@SiO, parti-
cles under microwave irradiation. Fe,0;@SiO,@Pd nano-
composites of 67 and 68 were examined as catalysts for the
hydrogenation of nitrobenzene to aniline. Both gave 99 %
conversion over five consecutive runs. Their conversions
then decreased gradually in subsequent runs to 87% and
76 %, respectively, at run 14. The conversion after multiple
catalyst recycling was reduced through agglomeration of the
Pd clusters, especially in the case of Fe,0;@SiO,-SH@Pd.
TEM images taken before and after 14 runs confirmed this
hypothesis (Figure 3).

The catalytic activity is known to be related with Pd clus-
ter size and shape.””! The authors concluded that AAPS
might serve as a stronger affinity ligand than MPS, thus sup-
pressing the aggregation of palladium. Kirschning et al. used
a nanocomposite prepared by the reductive precipitation of
tetrachloropalladate salts bound on magnetic NPs 69 as a
packed bed inside a flow reactor.”! Moreover, they dis-
closed inductive heating as a simple and efficient alternative
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3. Pd(OAc);
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58 61

Magnetic Decantation

Washing

Scheme 16. Synthesis of a NHC-Pd complex tagged on silica-coated maghemite-nanoparticles by a place-ex-
change reaction with oleate-stabilized iron oxide nanocrystals (top) and representation of its utilization in a
magnetic nanoparticle facilitated solid-phase Suzuki cross-coupling reaction (bottom).
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Scheme 17. A tetracthyldiethylenetriaminocopper(I) complex for the
polymerization of methyl methacrylate (MMA) supported on magnetite
via a silane agent.

67: R= S~SH
H
68: R= \/\/N\/\NHZ

69 R= /©/\NM93C|

\/\/NHZ
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Scheme 18. Different silica-coated ferrite nanoparticles with thiol and
amine tags.
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AN \Me to microwave irradiation for

) e G this kind of material in a flow-

L through system. Several

Suzuki-Miyaura and Heck re-
actions were performed with
that technique, thus giving
proof that the catalyst remained
active for at least three consec-
utive runs. As a minor draw-
back, moderate palladium
leaching was observed (up to
100 ppm), albeit this is still at a
reasonable level taking into ac-
count the forcing reaction con-
ditions.

Similar to catecholamine-sta-
bilized iron oxide nanocrystals,
silica-coated cores can be
dendronized to make them
more stable and soluble in or-
ganic solvents. Just like on
dendronized Fe,O;@DOPA 60,
phosphonized moieties can be
introduced to chelate transition
metals. To this end, Post and
co-workers® grew up to three
generations of a polyaminoami-

Filtration

ized iron oxide. Interestingly,
without silica coating the
growth of dendrons could not
be achieved. The dendrons
were phosphonated by reaction
of the terminal amino groups
with diphenylphosphinometha-
nol prepared in situ from diphe-
nylphosphine and paraformal-
dehyde. Although the amount of amino groups increased
with the growth of the dendrons to higher generations, the
phosphorus content remained almost the same because of
incomplete phosphination due to steric hindrance. The phos-
phonated dendrons were subsequently complexed with [{Rh-
(cod)Cl},] (Scheme 19).

The resulting complex 72 was tested in hydroformylation
reactions using a 1:1 mixture of carbon monoxide and hy-
drogen pressurized to 1000 psi. The selectivity toward the
branched product was high and catalysts were more reactive
and selective when compared with those used in previous
studies.™ G(1) dendrimer based catalyst 72 was able to
maintain its activity for at least five iterative runs. In con-
trast to previous studies,® moving to higher generations
did not involve loss of activity and selectivity. The present
catalytic systems, grafted on up to three dendron genera-
tions, retained their efficacy.

Silica-coated magnetic nanoparticles are certainly among
the most versatile scaffolds, since the metal oxide core is
shielded effectively from its surrounding environment.

Chem. Eur. J. 2010, 16, 8950 -8967
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Figure 3. TEM images of Fe,0;@SiO,-SH@Pd taken before (left) the first and after the 14th run (right) of ni-

REVIEW

The recovered material was
subsequently found to be even
active when employed at load-
ings as low as 0.2mol%. The
reaction scope was further ex-
amined by subjecting the recy-
cled catalyst to a range of dis-
tinct transformations where it
acted as a nucleophilic catalyst.
After 30 iterative cycles, it was
still able to achieve an almost
identical level of conversion
(80%) in the acetylation of
phenylethanol. At the time, this
was an unprecedented level of
recyclability, which was excelled
only by its chiral successor

trobenzene hydrogenation. The inset in the right picture shows that the Pd nanoclusters interconnected and

some of them became detached from the support. Reprinted with kind permission.
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Scheme 19. Procedure for the dendronization, phosphination and com-
plexation with [{Rh(cod)Cl},] of silica-coated iron oxide nanoparticles for
the hydroformylation of styrene.

Hence, this support was recently used for a number of orga-
nocatalysts.””) Connon et al. were the first to report an orga-
nocatalyst tethered to a Fe;0,@Si0O, nanomagnet.”® They
evaluated achiral DMAP as an antecessor of its chiral coun-
terpart (Scheme 14) in the acetylation of 1-phenylethanol by
acetic anhydride where it furnished the acetylated product
in 14 iterative cycles with excellent conversion in each case.
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s 56.5%1 Shortly after, Cheng et al.
published a magnetite@silica-
grafted quinuclidine that pro-
moted the Morita-Baylis—Hill-

man reaction as efficiently as commercial 1,4-diazobicyclo-

[2.2.2]octane (DABCO) and was more active than a simple

silica-bound analogue (Scheme 20).) Moreover, 78 could

be reused basically without any loss of activity.

ofEt H
g"\/\/N
@ %
o 78 OH
I CN (20 mol%) CN
d ¢ ﬁ -
- MeOH, 25°C 0N

79 yield: 79-88%
7 cycles

76 77

Scheme 20. Magnetically separable quinuclidine 78 for the Morita-
Baylis—Hillman reaction.

Examples for chiral transition-metal complexes on silica-
coated nanoparticles are rather rare. Li et al.” entrapped y-
Fe,0; in a siliceous mesocellular foam that was decorated
with a chiral diamine ligand for the ruthenium-catalyzed
transfer hydrogenation of aldehydes and ketones. Although
this concept is not based on core—shell assemblies, it ought
to be mentioned in this regard since the immobilized Ru—
TsDPEN (N-(p-toluenesulfonyl)-1,2-diphenylethylenedi-
amine) complex furnished high yields and ee values in at
least nine runs. The first example of an enantioselective
metal complex grafted on discrete SPION particles was pub-
lished by Reiser et al.”!l An azabis(oxazoline)copper com-
plex was “clicked”™ on azide-functionalized Fe;O, coated
with amorphous silica (Scheme 21). The preparation of the
azide-terminated NPs was achieved in a simple one-pot re-
action. The nanocatalyst 82 outperformed its analogues on
soluble (MeOPEG) and insoluble (polystyrene) polymeric
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Scheme 21. Copper(I)-catalyzed azide/alkyne cycloaddition reaction of
azabis(oxazoline)copper complex 81 and azide-functionalized magneti-
te@silica nanoparticles (top) and application of the resulting catalyst 82
in the kinetic resolution of racemic 1,2-diol 83 (bottom).

supports, respectively, in the kinetic resolution of racemic
1,2-diol via asymmetric benzoylation in terms of activity and
selectivity (Scheme 20).

A prerequisite for these high levels of induced enantiose-
lectivity was the TMS capping of residual hydroxyl groups
on the silica surface to avoid interactions of the silanol moi-
eties with copper. Copper salts on the silica surface lack a
stereodiscriminating environment. Hence, such catalytic cen-
ters would result in racemic products and therefore diminish
the overall ee value. Spatial interactions between the ligands
are potentially detrimental as well, thus, the loading and
therefore catalyst density on the surface was kept low (0.1-
0.3 mmolg™).

Carbon-Coated Metal Nanoparticles

Apart from the magnetic metal oxides, pure metals such as
Fe, Co, and Ni and their metal alloys were used in various
fields requiring magnetic materials.”” The saturation mag-
netization of these ferromagnets exceeds the values ob-
tained with ferrites, for example, magnetite (Mg
<92emug™), by far (Co, Fe: Mgy, <220 emug™; CoFe,
CoNiFe: (Mgpy <245emug™). On the other hand, nano-
particles of pure metals are highly sensitive to air and may
even be pyrophoric, whereas oxidation of the aforemen-
tioned magnetite particles to maghemite is less problematic.
Thus, a suitable coating for metal NPs has to take various
factors into consideration. Nevertheless, cobalt metal nano-
clusters are also known to be efficiently stabilized by oleic
acid.””! A recent example shows that even this rather pene-
trable carboxylate layer can enable Co-NPs to act as recy-
clable carriers. Pericas et al. reported on nanosized e-cobalt,
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stabilized with oleic acid and long chained carboxylic acids
functionalized with chiral f-amino alcohols (Scheme 22).7
The presence of oleic acid during this synthesis is crucial

& -

Coz(CO)s (1.0 equiv)

COONa oleic acid (0.5 equiv)

TOPO (0.2 equiv)

OMe 0-CgH,4Cly, 180°C, 1h (o]
OH
i1
85 86
o 86 (6 mol%)
[{RuClz(p-cymene)}]
©)K (3 mol%) @/‘\
iPrOH, KOH,
22 h, 25°C
conversion: 96% (1st run)
ki 88 ee: 77%
conversion: 61% (2nd run)
ee: 26%

Scheme 22. Synthesis of oleic acid capped cobalt nanoparticles function-
alized with chiral amino alcohol for the Ru-catalyzed transfer hydrogena-
tion of acetophenone 87.

since no stable nanomaterial can be obtained without it. Par-
ticle size and loading strongly depend on the nature of the
amino alcohol. For example, amino alcohol derivative 85
furnished a loading of 1.4 mmolg ' and a mean cluster di-
ameter of 13nm. It served as a magnetically recyclable
ligand for the ruthenium-catalyzed transfer hydrogenation
of ketones, for example, acetophenone 87 (Scheme 22). It
was found that activity and selectivity of the grafted com-
plex were reasonably higher than values obtained with the
free amino alcohol. The authors reasoned that the concave
active site formed on the surface of the nanostructure in-
duced this beneficial effect.

However, the recovered catalyst was limited in terms of
yield and selectivity when applied in a second run, even if
fresh [{RuCl,(p-cymene)},] was added. Leaching of function-
alized carboxylates from the nanoparticles might have con-
tributed to this explicit drop. Moreover, without the addi-
tion of ruthenium, virtually no conversion was observed. Re-
duction of the ruthenium complex by metallic cobalt was
thought responsible for this effect. This pioneering work on
pure metallic core materials as catalyst support demonstrat-
ed once more the need for a suitable shell material to pro-
tect the labile metal cores. Silica coatings are sufficiently
stable as long as harsh basic conditions are avoided and
have therefore gained a predominant position for the passi-
vation of iron oxide nanoparticles, as pointed out in the pre-
vious chapter. However, a primer has to be used to make
the surface of metal nanoparticles glasslike (“vitreo-
philic”)" to create an additional barrier for oxygen and
other species that could diffuse through pores in the silica.
Carbon layers provide definitely the highest level of chemi-
cal and thermal stability over all aforementioned organic
and inorganic compounds.” Despite this benefit, the forma-
tion of carbon-coated metal particles was challenging and
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possible only in small-scale operations (<1 gh™) via arc dis-
charge techniques,’”! chemical vapor depositions,™ and py-
rolysis of metal complexes.”” Recently, Grass et al.®™ re-
ported on different metal nanoparticles on which a graphene
layer (1 nm) was deposited by reducing flame-spray pyroly-
sis.B! This procedure gave rise to substantial amounts of
metal nanoparticles (>30 gh™'), which is of course a prereq-
uisite for their application as catalyst support. Moreover,
the thermal and chemical stability of this material, even
under harsh acidic conditions, was remarkable.’”! The gra-
phene layer can be covalently functionalized and offers a
versatile and reliable attachment to ligand backbones via
C—C bonding.®**®! Stark and Reiser anchored the stable ni-
troxyl radical 2,2,6,6-tetramethylpiperidine-1-oxyl

(TEMPO), an organocatalyst for the chemoselective oxida-
tion of primary and secondary alcohols, on carbon-coated
cobalt nanoparticles by using a “click” protocol.® To this
end, the Co/C nanopowder was azide-taged by way of cova-
lently bound aryl compounds, which were formed on the
graphene surface by the decomposition of diazonium precur-
sor 90 (Scheme 23).

HCI, NaNO,
H,O O OH
—_—
20°C, 15 min
Sonication
89 90 91
LO
HN Toluene,
25°C, 24 h

93

-

Cul (20 mol%),
NEts, 20°C,
Toluene, 36 h

94 "0, 92

Scheme 23. Grafting of the diazonium salt of 4-aminobenzyl alcohol (90)
onto carbon-coated cobalt particles and subsequent “click” reaction be-
tween azide-modified particles 92 and propargylated TEMPO 93.

This covalent attachment through a triazole linker is
known to persist over a wide pH range. Co/C-TEMPO 94
promoted the oxidation of several benzylic and aliphatic al-
cohols into the corresponding aldehydes in 14 consecutive
runs without significant loss of activity. In addition, the re-
covered material did not show any morphological alterations
after several cycles in TEM studies. No hitherto existing
nanoparticle support had demonstrated such performance
under the harsh oxidative conditions (alkaline chlorine
bleach) of TEMPO-mediated oxidations until then, although
examples of NP-anchored TEMPO were reported.® The
stability and inertness of the graphene layer is one argument
for metal/carbon assemblies. Moreover, the magnetic prop-
erties of such metallic nanoparticles are quite pronounced.
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This qualifies them for applications restricted to highly mag-
netic materials, for which SPION particles might not be
suited in every case. Reiser and Stark tested azabis(oxazo-
line)copper complexes on magnetite@silica and Co/C-NPs
respectively in a continuous-flow reactor as a conceptual al-
ternative to fixed-bed reactors.’®! Magnetic fluidization of
the nanoparticle-supported catalyst in the microreactor was
expected to make the application of membranes for nanofil-
tration dispensable. In theory, clogging of the membrane,
which would inevitably provoke a flow-collapse, could be
avoided and fluid dynamics would be improved. Therefore,
the free-floating nanocatalyst had to be retained magnetical-
ly in the reactor. When Fe;0,@Si0O,-tagged catalyst 82 was
employed, excessive leaching occurred immediately even at
moderate flow rates (0.2 mLmin!). Thus, SPION particles
with their comparatively low saturation magnetization
(20 emug™") appeared ineligible for this setup. In contrast,
the carbon-coated cobalt particles (158 emug™') were re-
tained showing only negligible nanoparticle leaching (<1 %
after 60 h). The resulting material was able to resolve sever-
al batches of racemic 1,2-diol 83 fed into the closed circuit
reactor (Scheme 24). Although selectivities were excellent,
reaction times were significantly prolonged, most probably
due to the inevitable dilution of reactants.

magnets

reactor filled with nanomagnets

N—"
Bn
L‘N“‘(I)uCIz
pump (§ by
95

Ph Ph Ph Ph
Ph Ph \_< & >_/
— HO OB T
il » z HO OH
rac-83 —_— (R.R)-84 (S,5)-83
yield: 39-47%
ee: 98-99%

Scheme 24. Representation of a continuous-flow reactor for the asymmet-
ric monobenzoylation of racemic diol 83 with magnetic fluidization/con-
tainment of catalytic nanomagnets inside the microreactor.

Not only the properties of the core material but also the
chemical and physical properties of the shell enable novel
strategies in catalyst separation. Carbon surfaces feature the
possibility of noncovalent functionalization through n—m
stacking interactions with highly aromatic compounds.®”)
The attraction to the graphene layer is sufficiently strong to
prevent any unintended dissociation of the immobilized
compounds in polar solvents, thus offering a very concise
route for the grafting of catalysts. On the contrary, dissocia-
tion of a tethered complex can even be intended when a
catch-release strategy is desired. Stark, Reiser, and co-work-
ers™ reported on a palladium complex, noncovalently at-
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tached to Co/C-NPs via pyrene tags, for the hydroxycarbo-
nylation of aryl halides in water. In this case, the desorption
of the aromatic anchors was thermally triggered to allow the
catalyst to become homogeneous during the course of the
reaction at 100°C. Once the reaction was finished and the
solution cooled to ambient temperature, the pyrene moieties
could be re-absorbed on the carbon surface (Scheme 25).

e

N~
N-\_OAc

H,0, 25°C Q
-
H,0, 100°C ’8
Heterogeneous Homogeneous
96 97

Scheme 25. A palladium(NHC)-complex noncovalently attached to Co/C
nanoparticles via pyrene tags for a thermally triggered catch-release
system.

The absorbed complex was amenable to magnetic decant-
ation and therefore recycled 16 times. Catalyst leaching into
the product phase, a potential drawback of this “boomer-
ang” catalyst, proved to be negligible (0.7 ppm).

Summary and Outlook

This Review highlights recent achievements in the field of
particle-supported nanocatalysis, that is, by immobilization
of catalysts on the surface of globular core—shell assemblies,
and the immanent potential in this emerging area. In theory,
catalysts anchored on the surface of highly dispersible and
quantitatively recyclable nanoparticles promise reaction
rates and selectivities that are usually restricted to their ho-
mogeneous counterparts. Cooperative catalysis and inter-
phase effects allowed the grafted complexes to perform
even better than their soluble analogues in particular
cases.”*?3% However, mass transport limitations and diffi-
culties to control the degree of confinement along with clus-
tering of for example, palladium catalysts on the surface are
usually detrimental to rates.[” The choice of the core mate-
rial and coating can influence the performance of the graft-
ed catalyst dramatically, for example, a BINOL complex
tethered to AuMPCs might be highly active,”!! whereas the
same compound lacks reactivity on maghemite NPs.F! Al-
though factors such as spatial interference of the active sites
on the periphery and spacer length demand fine-tuning, the
chemical and physical properties of the structural bulk ma-
terial are crucial.® Any detrimental interaction of the core
material with catalyst has to be prevented by the choice of a
suitable mantle structure.™ Moreover, reaction rates
depend on the efficient dispersion of the nanoparticles,
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which is usually more feasible for smaller particles. Howev-
er, comparatively little space was dedicated to the itemiza-
tion of the mean particle diameter of the discrete core—shell
structures in the previous chapters, since a wrong impression
of the actual dimension of the nanocomposites would be
given as long as the degree of polydispersity and particle ag-
gregation are not considered. Counterintuitively, especially
very small nanoparticles might result in comparatively large
aggregates.*”) All nanosized assemblies suffer from this in-
trinsic tendency to agglomerate, thus reducing the energy as-
sociated with the high surface area/volume-ratio. Conse-
quently, materials that are denoted “nano” might not exhibit
a relevant population of matter in a dimension that justifies
this tag. The formation of aggregates might be detrimental
for reaction rates, but does not necessarily affect the lifetime
of the discrete nanoparticles since agglomeration is reversi-
ble if stable coatings are used rather than surfactants.

Magnetic materials usually offer opportunities that largely
outnumber the potential disadvantages. Magnetically driven
separations make the recovery of catalysts in a liquid-phase
reaction more feasible than techniques relying on crossflow
filtration and centrifugation. Naturally, the affinity to coales-
cence is enhanced in ferromagnetic particles, thus making
the formation of dispersions and the coating process itself
more challenging. Even though such problems are far less
tantalizing if superparamagnetic iron oxide nanoparticles
(SPION) are handled, pure metals and alloys are highly at-
tractive since they exhibit superior magnetic behavior, that
is, saturation magnetization. Ultimately, well-defined super-
paramagnetic metal nanoparticles accessible in large scale
and low cost would be the destination. For all practical pur-
poses, this is an almost insurmountable obstacle since al-
ready a small percentage of the produced material being fer-
romagnetic (in plain terms: too large) would induce overall
remanent magnetism. In any case, the coating should be
able to exclude oxygen, a problem that was effectively ad-
dressed with shells derived from inorganic components, in-
cluding silica,” precious metals, such as Ag and Au," and
especially carbon! rather than organic compounds (e.g. sur-
factants, polymers).””! Carbon-coated metal particles bear
great potential since they furnish a material that is nearly in-
destructible, characterized by a vast resistibility to environ-
mental impairment, for example, heat or acid.®*® In addi-
tion, strategies for their covalent functionalization comply
with that inertness. The issue of a coating that is able to pro-
vide the metal cores with physical and chemical stability at
least on a par with polymer® and dendrimer®™ supports,
was rarely discussed. This is understandable in part because
often enough metal leaching from organometallic complexes
is the limiting factor for catalyst recycling. However, certain
complexes and organocatalysts put the resistibility of the
scaffold to the test and call for supports that are stable in an
expanded pH range.

In summary, huge effort was placed in the development of
systems that minimize the influence of the support on the
catalyst and are capable of efficient recycling at the same
time. Catch-release systems, as depicted at the very end of
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the previous chapter (Scheme 25), might be a promising tool
en route to catalysts that are actually homogeneous and not
only “semi-heterogeneous”. Next to classical metal-mediat-
ed and organocatalytic reactions, nanoparticle-bound enzy-
matic and biomimetic catalysts (e.g. “nanozymes”) are a fas-
cinating emerging area that was omitted in this article.”®
Overall, the field of nanocatalysis is expanding dramatically,
most novel nanosized materials and applications are yet to
be explored.
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