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Abstract—Dendrimers, well-defined hyper-branched macromolecules with characteristic globular structures, have
inspired chemists and chemical engineers to develop new materials and several applications have been explored. The
dendritic molecule has emerged as an attractive material in the field of catalysis and various dendrimer catalysts have
been applied not only to catalytic reactions but also to non-catalytic ones such as nanoscale reactor systems. This article
presents a review of research work on the dendrimer-based catalysis involving the rational design of homogeneous
or heterogeneous chiral dendrimer catalysts for enantioselective reactions and the synthesis of catalytically active
bimetallic nanopatrticles in the presence of dendrimer as a template.
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INTRODUCTION lyst: persistent and controllable nanoscale dimensions, chemically
reactive surface, favorable configurations in which all the active
What potential would precise macromolecular fractals, constructedites would always be exposed towards the reaction mixture so that
by geometrically progressive structural branching, possibly offer tothey are easily accessible to migrating reactants, and soluble but
the scientific and industrial community? This is a question that hascan be easily recovered by filtration. These properties, or some com-
been asked many times over the past decade, since the discovenytifiation of them, are what makes dendrimers so useful not only in
the new class of polymeric architecture called “dendrimers.” Wouldcatalytic applications but also in non-catalytic ones such as nanos-
these tree-like molecules initiate new fields of application or would cale reactor systems [Turro et al., 1991; Tomalia and Durst, 1993].
they merely be remembered as esoteric objects of symmetrical beau- The aim of this article is therefore to discuss the interesting fea-
tures of dendrimer-based catalytic systems with an expectation that
Undoubtedly, the chemistry of dendritic molecules has becomean efficient catalyst can be realized by virtue of the unique features
more and more interesting and the developments in this field showf dendrimer. Section 2 covers the important characteristics and some
the efforts of many research groups to design new dendritic moleexamples of chiral dendrimer catalysis using internal and external
cules focusing on novel properties, functions, and potential applisurface of a dendrimer. In section 3, we describe the design of sil-
cations. The development of a number of dendritic systems (Polyica supported dendritic chiral auxiliaries to overcome the drawbacks
amidoamines (PAMAMS), carbosilane dendrimers and others) irof the conventional supports associated with the irregular texture
the early years of dendrimer chemistry has made dendritic skeleand heterogeneous chemical nature of silica gel. Section 4 is related
tons available that can be used for further functionalization. Build-to dendrimer nanoreactors. In particular, we demonstrate the prepa-
ing up from,e.g, dendritic polyamine cores or from dendritic poly- ration of various bimetallic nanoparticles in the presence of den-
arylether “wedges” multiple functional groups can be introduced drimers.
and thus functional dendrimers can be obtained. Many functions Since Knapen and coworkers opened a new avenue by intro-
have been reported up to now targeting future applications and inducing the first dendrimer-supported catalysts [Knapen et al., 1994],
cluding supramolecular recognition/assembly processes, ion transwith the possibility of combining catalysis with other unique features
port, guest enclosure, adhesion, catalysis, microstructuring, coatf dendrimers, expectations are running high in this area [Tomalia
ing, and diagnostics. and Dvornic, 1994]. Only time and more experimentation will de-
In the field of catalysis, the hope is that dendrimer catalysts willtermine whether dendrimer catalysts will live up to their generous
retain the benefits of homogeneous catalysts (high activity, highpromises.
selectivity, good reproducibility, accessibility of the metal site and
so on), and unlike most other polymeric species they will be readily CHIRAL DENDRIMER IN CATALYSIS
recoverable after reaction. In principle, dendrimer is one of the most
promising candidates which can meet the needs for an ideal cata- Homogeneous reaction systems have advantages over their respec-
tive heterogeneous counterparts in attaining high activity and selec-

To whom correspondence should be addressed. tivity by virtue of the concentrating and intimate-contacting between
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The problematic separation of homogeneous catalysts from rea
tion products in solution has hampered the commercialization of ¢
number of excellent homogeneous catalysts. Furthermore, comr
plex ligands and homogeneous metal catalysts have become increi
ingly expensive.
Therefore, it is natural that besides the efforts to design effective
catalysts, bridging the gap between homogeneous and heterogene
catalyses by the variation of the application phizse, heterog- (a) b (©)
enized,” “immobilized” or “anchored” catalysis, has been another
subject of intensive research on homogeneous catalysis ever sin
its beginning [Panster et al., 1996; Copéret et al., 2003]. Fig. 2. Chiral active sites incorporated at the focal point (a), periph-
Unfortunately, particularly in asymmetric reactions which will ery (b), and core (c), respectively.
be discussed in this article, the efficiency of the heterogenized cat-
alysts generally depends on the nature of the support and is less than
satisfactory compared with their homogeneous counterparts [Jarand Niwa, 1992] and is one of the most widely studied reactions
nes et al., 1993; De \Vos et al., 2000]. With organic polymer sup-catalyzed by chiral dendrimers. As described in Fig. 2, there have
ports, enantiomeric excesses are high but rates are generally lokeen three types of catalyst design in which chiral active sites are
due to the intrinsic nature of polymer that reactions taking place orincorporated at the focal point, periphery, and core, respectively.
the interior surface of a porous catalyst particle encounter resist. Focal Point-functionalized Chiral Dendrimers
tance to mass transport through the pores. On the other hand, inor-Bolm et al. carried out enantioselective addition of diethylzinc
ganic materials such as silica are particularly suited for heterogeto aldehyde with pyridyl alcohol and found that the enantioselec-
neous support because of their high physical strength and chemictity was significantly influenced by the aggregation behavior of
inertness. In the case of inorganic supports, however, lower rateghe various zinc-containing species involved in this reaction [Bolm
selectivities, and enantioselectivities are obtained. et al., 1990]. They also prepared dendritic macromolecules using
Dendrimers are highly branched macromolecules and they ar¢he Fréchet convergent approach to investigate the influence of the
generally described to have a structure of spherical shape with eatalyst periphery on the reaction performance [Bolm et al., 1996].
high degree of symmetry [Newkome, 1994; Newkome et al., 1996:The chiral dendrimers were synthesized by attachment of Fréchet-
Fischer and Vogtle, 1999; Archut and Vogtle, 2000]. Since the distype branches up to the 3rd generation to a chiral pyridyl alcohol at
covery of this highly ordered material, the elegance often expressetthe focal point. However, practically no changes in enantiomeric
in dendritic molecules, beyond their aesthetic appeal, has inspiredxcess (ee) were observed regardless of the dendrimer catalysts used
many research groups and consequently a large number of defabout 85% ee). This suggests that the size of catalyst periphery
drimer-related reports have exploded targeting future application$as little influence on the chiral environment.
during the past decade. 2. Periphery-functionalized Chiral Dendrimers
In line with the prospect of dendrimer catalysts, an overwhelm- In 1995, Meijer and coworkers synthesized poly(propylene imine)
ing number of dendrimer-based catalysts have been designed angndrimers modified with chiral secondary alcohols to investigate
applied to various reactions [Seebach et al., 1998; Bosman et athe conformational effect of dendrimer on the enantioselective ad-
1999; van Koten et al., 1999; Hechet and Fréchet, 2001; Oosterom dition of diethylzinc to aldehyde [Sanders-Hovens et al., 1995]. R-
al., 2001; Kreiter et al., 2001; Astruc and Chardac, 2001; van Heestyrene oxide was introduced at the periphery of dendrimer (by ring
beek et al., 2002; Twyman et al., 2002; King and Twyman, 2002].opening) and used as asymmetric controllers. It was found that in-
In particular, chiral dendrimers have drawn much attention becausereasing dendrimer generation results in a dramatic drop in enanti-
the highly ordered structures of dendrimers are considered to bemeric excess and the catalyst obtained from the 5th generation den-
suitable for realizing approximately the same chiral environmentsdrimer showed almost no preference for one enantiomer over the
Dendrimers make themselves attractive in the design of asymmetther. This phenomenon results from a distribution of different con-
ric catalysts by combining chirality or asymmetry with their highly formations caused by the multiple interactions between end groups.
symmetrical nature. The subtle differences between chiral active sites may influence
While dendritic chiral catalysts have been applied to several reache stereochemical course of the reaction and result in a poor enan-
tions, the major portion of this and next sections is mainly con-tiomeric excess. They explained this negative dendritic effect in
cerned with the enantioselective addition of dialkylzincs to alde-conjunction with the peculiar chiroptical properties of dendritic boxes
hydes as shown in Fig. 1 because this reaction is generally accept@bly(propylene imine) dendrimers modified with N-tert-Boc-L-
as being an ideal test reaction for the induction of asymmetry [Sogbhenyl alanine) [Peerlings et al., 1995; Jansen et al., 1995; Peer-
lings and Meijer, 1997]. The vanishing optical rotation of these den-
dritic boxes agrees with the poor enantiomeric excess attained from

@ : chiral active sites

RCHO + Rgzn chiral cat. H0><H + HO><H the rea}ction catalyzed by the 5th generation glendrimgr. o
H,0* R; R, R; R, Soai and coworkers reported the preparation of chiral imino and
(R(4)- S0- amino qlgndrimers ppssessing ephedrine derivativgs at their' termi-
nal positions [Suzuki et al., 1997]. The resulting chiral dendrimers
Fig. 1. Enantioselective addition of dialkylzinc to aldehyde. were used as chiral inducers in the enantioselective addition of di-
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ethylzinc to N-diphenylphosphinylimines. Compared to the chiral without a loss of activity.
imine and amine ligands (~92% ee), chiral dendrimer ligands af- Seebach et al. synthesized dendrimer-bound TADDOLates in
forded a moderate enantioselectivity (30-43% ee) regardless of thehich triol was used as a starting material for the preparation of
ligand type (imino or amino). Moreover, increasing dendrimer gen-dendritic molecules and then TADDOLs, &, ,a'-tetraaryl-1,3-
erations resulted in a decrease in the enantioselectivity. Similarly talioxolane-4,5-dimethanols) were attached at the periphery of den-
the case of Meijer group’s poly(propylene imine) dendrimers, thedrimers [Seebach et al., 1996, 1998]. The TADDOL moieties were
decrease in the enantioselectivity may be ascribed to the unfavorccessible to form Ti complexes and dendrimer-bound Ti-TAD-
able intramolecular interactions between chiral functionalities causeddOLates efficiently promoted the enantioselective addition of dieth-
by flexible backbones. ylzinc to benzaldehyde. The enantioselectivities obtained with the
Three years later, they synthesized ephedrine-functionalized polghiral metallodendrimers (97 and 98% enantioselectivity with the
(phenylacetylene) dendrimers with a hope that the rigid hydrocarzero and first generations, respectively) were comparable to that
bon backbone may be effective to resolve the unfavorable multipl@bserved with monomeric chiral catalyst (~98% ee). The dendrimer
interaction problems observed in the case of chiral PAMAM (poly catalyst was separated by column chromatography.
(amidoamine)) dendrimers [Sato et al., 2000a]. They prepared threg. Core-functionalized Chiral Dendrimers
types of chiral dendrimers (the first generation dendrimers bearing Pu and coworkers prepared rigid and optically active dendrim-
chiral sites apara- andmetapositions and the second generation ers containing cross-conjugated units from the coupling of pheny-
dendrimer having six chir@l-amino alcohols on the phenylacety- lacetylene-based dendrons with an optically active pure diacetate
lene chain-end) and used the resulting chiral dendritic ligands irof 4,4',6,6™-tetrabromo-1,1'-bi-2-naphthol [Hu et al., 1999]. The con-
the enantioselective addition of diethylzinc to N-(diphenylphosphi- vergent method pioneered by Fréchet and coworkers was adopted
nylimines. It was found that these chiral poly(phenylacetylene)in the synthesis of the binaphthyl-based dendrimers [Hawker and
dendrimers were effective to obtain high enantioselectivities and-réchet, 1990]. The resulting dendrimers were found effective in
that thepara-substituted chiral dendrimer (89-94%) showed a slight- conducting the energy migration from the periphery to the core. This
ly higher enantioselectivity than theetasubstituted one (73-85%).  suggests their potential use for developing an enantioselective fluo-
It is believed that thparaposition has a larger space thanrteta rescence sensor.
position and therefore almost the same chiral environment can be In addition, the binaphthyl-based dendrimer was also used as a
established in thpara position. The second generation chiral den- chiral inducer in the enantioselective addition of diethylzinc to ben-
dritic ligand was also used in the reaction and high enantioselectivzaldehyde, and the catalytic performance was compared with that
ities (87-90%) were obtained. The chiral dendritic ligands couldof the (S)-BINOL molecule. It was revealed that the binaphthyl-
also be reused without a significant loss of enantioselectivity. based dendrimer showed a much higher catalytic activity (98.6%
The same chiral dendritic ligands were applied in the enantioseeonversion at room temperature in 24 h) than the parent BINOL
lective addition of dialkylzincs (ethyl and isopropyl) to aldehydes (37% conversion). The enhanced catalytic activity was explained
(phenyl, 2-naphtyl, p-tolyl) and 77-86% enantioselectivities were by the different Lewis acidity of the zinc complexes; the zinc com-
observed [Sato et al., 2000b]. This indicates that the use of a rigiglex generated between dendrimer and diethylzinc may have a much
dendritic branch is effective in weakening the multiple interactionshigher Lewis acidity than that formed from the reaction of BINOL
between end groups; thus almost the same chiral environment afith diethylzinc.
respective active sites can be formed. Concerning the enantioselectivity, it is interesting to note that the
Recently, they also expanded their strategy to carbosilane deruse of binaphthyl-based dendrimer provided the opposite enantio-
drimers and reported that chiral dendrimers possessing four or twelvmeric product compared to BINOL, although enantioselectivities
chiral amino alcohol groups at the flexible carbosilane chain-endf the dendrimer and BINOL remained very low. The zinc com-
were successfully used as catalyst in the enantioselective additigplex generated from BINOL exists as aggregates or oligomers in
of dialkylzinc to N-(diphenylphosphinyl)imines [Sato et al., 2002a] solution through intermolecular Zn-O-Zn bonds which greatly re-
or aldehyde [Sato et al., 2002b]. The carbosilane-based chiral demtuces the Lewis acidity of the zinc center. In the case of dendrimer,
drimers afforded the enantiomerically enriched secondary alcoholfiowever, bulky and rigid dendritic arms prevent the formation of
(74-93% ee) or N-(diphenylphosphinyl)imines (82-92% ee). Theoligomers through Zn-O-Zn bonds, and yet there is enough space
enantiomeric excesses were as high as those of monomeric chirallowing the substrate approaching the active sites.
dimers. In both cases, however, little change in enantioselectivities In the presence of Ti(GPr), the same enantiomeric product
was observed as the dendrimer generations increased. with high enantioselectivities (90% ee for dendrimer and 89% ee
Hu et al. synthesized optically active ephedrine bearing dendronfor BINOL, respectively) was obtained when either dendrimer or
ized polymers with poly(phenylene) backbones [Hu et al., 2002].BINOL was used. This indicates that structurally similar chiral ac-
They applied the macromolecular chiral catalysts to the enantiosetive sites were formed if dendrimer or BINOL was used in the pres-
lective addition of diethylzinc to benzaldehyde and compared theilence of titanium complex. Moreover, because the titanium-den-
catalytic performance with those of their corresponding linear poly-drimer complex is considered to form the monomeric structure, the
meric and dendritic chiral catalysts. The macromolecular chiral catcomplex formed between Ti(@?r), and BINOL may also be mono-
alyst effectively promoted the reaction and afforded (R)-1-phenyl-meric. The binaphthyl-based dendrimer was easily recovered from
1-propanol with 75% enantioselectivity. The enantioselectivity wasthe reaction mixture by precipitation with methanol.
as high as that of polymer (76% ee) or dendrimer (78% ee). The Development of dendrimer-bound Ti-TADDOLAates was pio-
dendronized polymer was readily recovered by filtration and reusecsheered by Seebach and coworkers [Seebach et al., 1998, 2001; Sell-
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ner et al., 2002). In 1996, they synthesized dendritic Ti-TADDOLatesenantioselectivity [Soai et al., 1990].
built in a polystyrene matrix. For this, TADDOLS were attached to  In an attempt to overcome these intrinsic problems of amorphous
Fréchet-type branches with 8 or 16 peripheral styryl double bondssilica, highly ordered mesoporous materials have emerged as an
and then these compounds were incorporated into polystyrene maiternative and there have been investigations involving changes in
trix through a suspension copolymeration [Seebach et al., 1997; Rhdhe pore size and the composition of the support, end-capping of
ner and Seebach, 1999]. The dendrimer-bound Ti-TADDOLateghe surface, and dilution of the catalytic sites to improve the activity,
were prepared by the reaction of the resulting beads withi-Ti(O- selectivity, and enantioselectivity [Brunel, 1999; Bellocq et al., 1999;
Pr),. Compared to the conventional polymer attached one, the noveAbramson et al., 2000; Bae et al., 2000]. It is claimed that two fac-
polymer-incorporated dendritic Ti-TADDOLates showed a high tors, the suppression of the activity of the naked surface towards
enantioselectivity (98%), as high as that of their homogeneous arthe formation of racemic alcohols and the accessibility of reactants
alogue (99%). However, the dendrimer generation had little impacto the catalytic sites, are of prime importance.
on the enantioselectivity and little change was observed as the gen- In this regard, this section is focused on the design of catalyst
eration of dendrimers increased. The high enantioselectivity wasystems satisfying these two crucial conditions by employing den-
ascribed to the dendritic structure preventing the blocking of activedritic systems [Chung and Rhee, 2002a, b, 2003d]. It is worth noting
sites in the polymer matrix. It is worth noting that the enantioselec-that little attention has been directed to heterogeneous dendritic chiral
tivity was dependent upon the degree of crosslinking and a lowecatalysts, and thus the examples for the catalytic achievement through
content of Ti-TADDOLates was favorable to obtain a higher enan-these systems have been extremely limited.
tioselectivity. 1. Catalyst Design I: Stepwise Propagation of Dendrimers
They also investigated the effects of chain length and flexibility on Silica
of dendrimer on the reaction performance [Sellner and Seebach, Propagation of the dendrimer generation on silica support was
1999]. From a more detailed study, it was found that enantioseleczarried out by repeating two steps pioneered by Tomalia and co-
tivities were largely dependent upon the properties of dendrimersworkers [Tomalia et al., 1985]: (1) Michael addition of methyl acry-
First, while ~90% enantioselectivity was obtained with all the poly- late to surface amino groups as an initiator €ig énd (2) amid-
mers of low loading, dendrimer-bound Ti-TADDOLates in poly- ation of the resulting ester moieties with ethylenediamine. As shown
mer matrix gave rise to a high enantioselectivity up to 98% in 20in Fig. 3, the treatment with methyl acrylate and ethylenediamine
sequential applications. Second, a longer chain length of linkers bevas repeated n times to obtaintktiegeneration dendrimer grafted
tween the TADDOL core and polymer backbone resulted in a drasilica. It is noteworthy that the propagation of dendrimer on silica
matic drop in the catalytic performances. Furthermore, the low-loadedurface at a higher generation is hardly as high as that of the the-
dendritic beads with a short chain length were advantageous in mairetical value [Tsubokawa et al., 1998; Yoshikawa et al., 1999; Tsub-
taining their swelling properties even after repetitive uses. Third,okawa and Takayama, 2000; Murota et al., 2002]. This is believed
the rate of reaction was the same with and without stirring using
the dendritic beads bearing the shortest spacer. This indicates th
active sites are readily accessible for the reactants. ' %ﬁ: Y GOSN, %ﬁ)’)a A,
Sellner et al. also applied their strategies to the preparation of OH o
dendrimer-bound BINOL ligand in polymer matrix [Sellner et al.,
2000]. Several dendritic BINOL derivatives bearing at least two
polymerizable styryl groups were prepared and subsequently treate /\[(OMe -~ o
with Ti(O-i-Pr).. The resulting polymer-incorporated dendritic Ti- °© O~ ‘é\/LN /\/NH2> o,
BINOLates were employed as catalysts for the enantioselective ac " 878' N H ,
dition of diethylzinc to benzaldehyde and high enantioselectivities ® #N~ >~ .
up to 93% were obtained over 20 cycles.

/\H/OME
SILICA-SUPPORTED DENDRITIC } Do . . o
CHIRAL AUXILIARIES é g?s‘ N N i Gus

For the purpose of immobilization, inorganic supports are con-
sidered appropriate because of their high physical strength and cher

Initiator site G,

ical inertness. However, while a variety of metal complexes anc G5, Gas, Cus

ligands have been immobilized on silica supports, the catalytic per repeating amidation

formances of the heterogenized catalysts were not always succes & Michael addition

ful [de Vos et al., 2000]. Concerning the enantioselective additior

of dialkylzinc reagents to aldehydes, the irregular pore structure an

reactive surface of silica give rise to some serious problems. Th ' oH

former restricts the accessibility of reactant to the active sites, whicl 6, Me G, E  (=01234)
results in a decrease of not only the reaction rate but also the s reflux

lectivity. In addition, the participation of the latter in the unfavor- Fig. 3. Stepwise propagation of dendrimer from initiator sites on
able racemic reaction is clearly responsible for the decrease in the silica.
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to be due to the incomplete Michael addition and amidation with Chiral auxiliaries
surface functional groups, arising from steric crowding and ulti-
mately resulting in the threshold of dendrimer growth being reachec
[Bourque et al., 1999, 2000].

In view of the catalyst support, the irregular hyper-branching is
unfavorable because in such a case the dendrimer may not renc pgnqrimer unit i
the microenvironments of individual active sites approximately the

>
same. Therefore, a well-defined structure seems more favorabl (> 4nm)
for the design of an effective dendritic catalyst. In this regard, we
prepared two types of aminopropylsilicas containing 0Z4L X Silica support
and 0.9 mmol/g®,H) of amino group, respectively, as the initia- (2-25u)

tor site. The amount of amino group introduced onto the silica sur-_ o . i i
face was controlled by the concentration of 3-aminopropyltriethox-F'g' 6. Schematic diagram of silica-supported chiral dendrimer
; constructed by stepwise propagations.
ysilane (APES).
As shown in Figs. 4 and 5, the amount of amino groups on the
resulting silica increased with the number of generations regardlessig at every generation was lower than the theoretical value. How-
of the amino group content of initiator sites. As expected, the graftever, the propagation on silica surface having a low density of amino
group G.L) was more efficient than that on silica surface having a
high density of amino grougs¢H). With a high density of initiator

16 sites, the actual amount of the grafted amino group became much

less than the theoretical value as the number of generation increased.
1 — Observed This suggests that the propagation of highly branched dendrimer
124 B Theoretical onGH is more sterically hindered than thatGyh. .

Dendritic chiral catalysts were prepared by reactions of various
dendrimers G, H, G, L) with a chiral ligand such as (1R, 2S)-
ephedrine. The immobilization of chiral ligands on the dendritic

supports affords two series of cataly&sH-E andG,L-E. The
61 heterogeneous dendritic system depicted in Fig. 6 is thought to be
4] advantageous in many facets. One of the expectations is that the
1 2 3 4

Amino group content (mmol/g SiO,)
o]

access of reagents to the native mineral surface may be effectively
suppressed due to the crowding or globularly hyper-branched na-
ture of dendrimers. In case of the conventional inorganic supports

5 including mesoporous materials, treatment of mineral surface such
Dendrimer generation (G H) as silylation is needed to suppress the involvement of uncovered

Fig. 4. The amino group content of dendrimer constructed silica
having a high density of amino groups (g1, 0.9 mmol/g
SiO,).

Conversion
[ Selectivity
N ce —

100 A

4 [ Observed

80 4 —
EE Theoretical

60 |
40
20

14
0 T T T T T T
0 Homo. G0.5 G1.5 G2.5 G3.5 G4.5
1 2 3 4

Dendrimer generation (G, ;H-E)

Conversion, selectivity, and ee (%)

Amino group content (mmol/g SiO,)

Dendrimer generation (G, L) . . . . . . .
Fig. 7. Enantioselective addition of diethylzinc to benzaldehyde in

Fig. 5. The amino group content of dendrimer constructed silica the presence of GsH-E series?
having a low density of amino groups (g, 0.24 mmol/g 2All the reactions were carried out in toluene &€ Gor 48 h
SiO,). using 2.2 molar equiv. of diethylzinc and 5 mol% of catalyst.
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surface in the racemic reaction. By passivation of the naked sumay have a significant impact on the stereochemical properties. In
face, the enantioselectivity can be improved at the expense of a deddition, the irregular branching seems ineffective to prevent the
crease in the activity [Bellocq et al., 1999]. Therefore, the use ofeactant from accessing the native support on which the unfavor-
dendritic support is considered to be an effective alternative to thable racemic alkyl transfer proceeds. These features will certainly
conventional methods for the suppression of the unfavorable suhave the effect of significantly decreasing the enantiomeric excess.
face reaction. On the other hand, the reactions V@hL-E series exhibit dif-

The reaction performance was found to be strongly dependerfierent characteristics compared to those @iitiid-E series as shown
on both the number of generations and the amino group content af Fig. 8. Increasing the number of generations results in an increase
initiator sites. In all the cases wifh), H-E series, the conversion, in the conversion, going from 63(-E) to 88.5% G,.L-E). This
1-phenyl-1-propanol selectivity, and enantiomeric excess decreaséaddicates that a large number of active sites exist at the periphery of
with an increase in the number of generations as shown in Fig. @lendrimers and are exposed towards the reaction mixture so that
Our speculation is that this might be caused by the incomplete reathey are easily accessible. Although incomplete propagation was
tions at individual propagation steps. The incomplete propagatioralso observed in this case, the diffusional resistance does not seem
left several branches unreacted and resulted in amputated versioss serious as in the case of@eH-E series. When the fourth gen-
of the proposed structures. An incomplete reaction at one state wouleration is reached( L -E ), however, the steric hindrance caused
propagate itself into higher generations. This indicates that digresby the hyper-branching appears so high that the access of reagents
sions from ideally symmetric dendrimer growth are manifested atto the active sites is partially restricted and this may lead to a de-
higher generations. In this case, the hyper-branched backbone ofease in the catalytic activity.
dendrimer becomes more densely coiled. It is evident that the more The most conspicuous feature of the reactions witstHe-E
significant the irregular hyper-branching, the less accessible the caseries is the changes in enantioselectivities. Unlike in the case of
alytic sites and the less efficient the overall catalytic process. ThergheG, H-E series, the enantioselectivity was enhanced as the num-
fore, the situation becomes similar to the case of a cross-linked doer of generations increased. When the reaction was carried out in
highly branched polymer support. the presence @&.:L-E, the enantioselectivity was increased to 56%.

The chiral microenvironment cannot operate independently as
the irregular hyper-branching becomes more significant. This implies
that the end groups will have a number of different frozen-in con-

formations, which will result in the presence of different chiral en- yoH
vironments [Jansen et al., 1995]. Moreover, the chiral ligand car N—  HQ
also be incorporated with the end groups which have propagate °3§ _/—ZN _g—Q
\
N [0}

from incomplete branches. It seems that a large portion of the en Q_(
groups may be located not at the periphery but in the middle of the - =X/ g %TOH
irregular branches. Therefore, one may assume that they have le / _\—\N N oY
degree of freedom in comparison with those of end groups existin o\ _<4 _\—H/>_\_ §L

at the periphery; thus it seems hardly achievable for a chiral cal = o o '
alyst to take its preferred conformation. The restricted flexibility 2 o N/—/

! 7
[ Conversion o \
[ Selectivity o /__/‘ N/\)J\N

. e = /_)\,NH kL I on
7
O 7N
NN
-

=
o
s

< _
[0 —1
2 . T
2 Y .

\
> 0 N
S 60 [ o RN NN \ooH
= = N N /
© H \’\,N OH
<@ H Y,
: ¢ o

p
g 0 07 NH
9 0 >\__/—N
o) 0 N N 0
2 *NJK/\N_/_H -0 _\—<
o 20 | N
o OH HN o= il
I ~N o {1 'NTOHHO
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0 ' ' , ‘ ‘ ‘ ' : \\(0
Homo. G0.5 G1.5 G25 G3.5 G3.5% G4.5 0.
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}OH

Fig. 8. Enantioselective addition of diethylzinc to benzaldehyde in
the presence of GL-E series.
* Excess EZn Fig. 9. Schematic representation of GE.
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Moreover, increasing the diethylzinc concentration improved theTable 1. Catalytic performance of recycled catalyst (GL-E)

reaction performance to a level almost equivalent to that of homo- Conversion  Selectivity  e.e. (%),
geneous counterpart as shown in Fig. 8 because the unfavorable ~ Recycle (%) (%) (R)
racemic reaction associated with the hetero atoms was suppresset
by the coordination of diethylzinc with the hetero atoms on the den- Fresh GsdE) 88.5 97.6 o6
dritic backbone [Sato et al., 2000a]. The high enantioselectivity dem- 1 86 97.2 538
onstrates the efficiency of the dendritic chiral catalyst and suggests 80 97 20.4
that the drawbacks of inorganic support can be overcome by the 713 93.6 34
85.3 98 56.2

propagation of dendrimer on the silica support.
The high enantioselectivity may originate from the unique feature®’Additional fresh catalyst was supplemented for the loss during

of the dendritic catalyst. Presumably, the globularly hyper-branchedecycling.

nature of the dendritic backbone effectively prevents reagents from

gaining access to the native mineral surface which is responsible

for the production of racemic alcohol. In other words, as the num- For the purpose of suppressing the racemic reaction, it may be

ber of generations increases or the dendritic backbone becomes marenceivable that immobilization of a perfectly symmetric dendrimer

crowded, the reagents will have less chance to meet the silanol groupsuld be more effective than the previous methed,stepwise

of mineral support, and this leads to an increase in the enantiosgropagation of dendrimer on silica support. However, a ready-made

lectivity (cf. Fig. 9). However, the lower enantioselectivity observed dendrimer carries dense packing caused by multiple interactions

in the reaction wittG,L.-E suggests that the so-called frozen-in on the dendritic surface at higher generations and this will bring

effect becomes so high that it may have an impact on the chiral erabout not only the diffusional resistance but also the different chiral

vironment. The possibility of surface reaction can be excluded beenvironments [Peerlings and Meijer, 1997]. Therefore, another type

cause the dendritic backbone is more crowded at the fourth generaf silica supported dendritic chiral catalyst was designed to achieve

tion. One may recall that in the casesqfH-E series which were  two goals: suppression of the unfavorable racemic reaction caused

constructed ofs,H having a high density of amino group, the enan- by the surface silanol groups and weakening of the multiple inter-

tioselectivity was decreased as the number of generations increaseaktions between the chiral functionalities at the periphery of den-
In order to confirm the feasibility of catalyst recycling, after the drimer.

reaction withG;.L-E was completed, the catalyst was filtered, wash-  As shown in Fig. 10, the preparation of silica supported den-

ed thoroughly, and reused three times. As shown in Table 1, it iglritic chiral catalysts was carried out in four steps: (1) grafting of

evident that the dendritic catalyst can be reused without apparergpoxide linker on the silica support, (2) immobilization ofritte

loss of catalytic activity. generation dendrimer, (3) introduction of a long alkyl spacer, and
2. Catalyst Design II: Direct Immobilization of “Ready-made” (4) anchoring of chiral auxiliaries at the periphery of dendrimer.
Dendrimers on Silica The grafting of epoxide linker on the silica supp8g) (vas con-

OH a O 0 b O
OH ——> o—=si” "0 TN ] —— o—si” "0y NH,
OH o o on "

Go Gna

amorphous silica

A OH
d o~ NN H x
_a o :g;s. oﬂOHﬂu G,a-E

“

A
c O NN N H\/\/\/\ G.b
. 7 —0—Si O/Y\H NH, n+1
4_0/ OH 0 2
id
O~ N N N G,,.b-E
i NN +1190"

o— SI/\/\O/Y\”"/ NS 1
o OH o OH 2 (n=1234)

@ : Prviam dendrimer

Fig. 10. Direct immobilization of ready-made dendrimers on silica.
a: (3-glycidoxypropyl)trimethoxysilane, toluene, reflux, 3 hnth: generation PAMAM dendrimer, methanol, reflux, 4 h; c: (i) excess of
methyl acrylate, methanol, 8G, 3 days, (i) excess of 1,6-diaminohexane, methané,58 days; d: (1R, 2R)-(+)-1-phenylpropylene
oxide, hexane, reflux, 3 h
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Fig. 11. Enantioselective addition of diethylzinc to benzaldehyde Fig. 12. Enantioselective addition of diethylzinc to benzaldehyde
in the presence of Ga-E series. in the presence of G,,b-E series.

ducted by treating the surface silanol groups with 3-glycidoxypro-the reaction. In all the cases wiha-E series, the conversion, se-
pyltrimethoxysilane (GPTMS) under reflux of toluene. Immobili- lectivity, and enantiomeric excess decreased with an increase in the
zation of thetth generation dendrimer &y, afforded the dendrimer  number of generations as shown in Fig. 11. The decrease in the cat-
grafted silica G,a). To extend the chain length, the terminal ethyl- alytic activity indicates that the access of reagents to the active sites
enediamine was substituted by 1, 6-diaminohexane. Michael addis restricted due to the steric hindrance as the packing becomes den-
tion of G,a with methyl acrylate gave rise to the formation of ter- ser at higher generations. In addition, the denser packing of the end
minal ester groups3,a). Subsequent amidation of the resulting groups at higher generations brings about the presence of a num-
product with 1, 6-diaminohexane completed the reaction to yieldber of different frozen-in conformations. Consequently, it seems
G...b. Introduction of chiral functionalities at the periphery of den- hardly achievable for a chiral catalyst to adopt its preferred confor-
drimer was carried out by the reactions of various silica supportegnation, and this results in a poor enantiomeric excess.
dendrimers@,a andG,,,b) with (1R, 2R)-(+)-1-phenylpropylene On the other hand, the reactions W@, b-E series exhibit dif-
oxide. The reaction afforded two series of catalgstsE andG,...b- ferent characteristics as may be observed in Fig. 12. Irrespective of
E. the number of generations, the reaction performanceyith
Concerning the catalytic performance, there is a striking differ-E series were improved compared to those @jtE series. This
ence between the two series of dendrimer catalysts in promotingndicates that the introduction of an alkyl spacer not only rendered

hdan

PAMAM, G4

o550 -

ZI} ? H Weakening multiple

Silica surface !
interactions

[: @ : Chiral auxiliaries

Fig. 13. Effective catalyst design for suppression of the racemic reaction on silica surface and weakening of the multiple iotemas between
the chiral functionalities at the periphery of dendrimer.
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Table 2. Catalytic performance of recycled catalyst (-E) merman, 1997; Matthews et al., 1998; Fischer and Végtle, 1999;
Conversion  Selectivity  e.e (%), Crooks etal., 2001a,b]. .
Recycle (%) (%) (R) The preparation of dendrimer-encapsulated metal nanoparticles

is simple. First, a predetermined amount of metal ion is extracted

Fresh f“b'E) 252’ ?;; 2; into dendrimer. Second, the encapsulated ions are reduced with a
reducing agent to yield dendrimer-encapsulated nanoparticles. The
23 8 97.6 28.8 dendrimer-mediated approach is particularly well-suited for host-
3 84 98 34.2

ing metal nanoparticles for the following reasons: (1) the dendrimer
2Additional fresh catalyst was supplemented for the loss duringtemplates themselves are of fairly uniform composition and struc-
recycling. ture, and therefore they yield well-defined nanoparticle replicas;
(2) the nanoparticles are stabilized by encapsulation within the den-
drimer, and thus they do not agglomerate; (3) the encapsulated nano-
the access of reactant to the catalytic active sites easier but also ghrticles are confined primarily by steric effects, and hence a sub-
fectively relieved the unfavorable intramolecular interactions betweerstantial fraction of their surface is unpassivated and available for
the chiral active sites as depicted in Fig. 13. The latter feature sughe participation in catalytic reactions; (4) the dendrimer branches
gests that the respective chiral ligands at the periphery of denean be used as selective gates to control the access of small mol-
drimer are expected to operate independently and thus exhibit agecules (substrates) to the encapsulated (catalytic) nanoparticles; (5)
proximately the same chiral environment. In the presenGghboef the terminal groups on the dendrimer periphery can be tailored to
E, however, the multiple interactions between the end groups beconeontrol the solubility of the hybrid nanocomposite and used to fa-
more pronounced. This may have led to the lowered reaction peeilitate linking to surfaces and other polymers [Crooks et al., 2001b].
formance. Although the reaction performance is deteriorated at highéFhese five attributes take full advantage of the unique structural
generations, it is evident that the use of an alkyl chain as a spacand chemical properties of dendrimers.
gives rise to the enhancement of the catalytic performance. In the From the catalytic point of view, bimetallic nanoparticles, com-
case ofG,a-E series the increase of enantioselectivity was not ob-posed of two different metal elements, have drawn a greater inter-
served at higher generations. est than monometallic ones because bimetallization would make it
It was reported that this particular type of chiral catalyst formedpossible not only to obtain improved catalytic activity but also to
by the epoxide ring-opening showed a moderate to low enantiomericreate a new property, which may not be achieved by monometal-
excess [Sanders-Hovens et al., 1995]; however, the chiral dendriméc catalysts [Sinfelt, 1987; Yoon et al., 1997]. However, it is worth
catalyst has been used to investigate the viability of our strategy fanoting that most of the previous studies have been confined to the
the suppression of the racemic reaction taking place on the mineréinonometallic’ nanoparticles, and “bimetallic’ nanoparticles have
surface and for the relaxation of multiple interactions between chirahot been exploited yet, although there has been a preliminary at-
active sites. It is natural that the enantioselectivity mainly dependsempt to prepare dendrimer/bimetal nhanocomposite by using two
on the nature of the chiral ligand and thus the moderate enantidadifferent metal precursors [Crooks et al., 2001a, b]. As shown in
meric excess obtained in this study can be improved by using a mofeg. 14, dendrimer-encapsulated bimetallic clusters can be synthe-
effective chiral ligand. The recycling experiment reveals that the
silica supported dendritic chiral catalyst can also be reused with th
catalytic activity maintained as shown in Table 2. 1. Partial displacement reaction method

Ag*
DENDRIMER NANOREACTORS @ ’ @

The preparation of narrowly distributed metal nanoparticles has ~ ®™OH(Cw Gn-OH(Agzr)
been the subject of intense investigation and research is in progre Agr, A%, P, or Pd?*
from various points of view [Lewis, 1993; Schmid, 1994; Fendler,

2001]. Metal nanoparticles have also provided new opportunities 2 Co-complexation method

for catalysis and thus research activities in this area have paved tt My + Mg Reduction @ Bimetallic cluster
_— >

Au®, Pt2*, or Pd?*

way to new solid catalysts over the past decade.
Dendrimers have been considered as new types of host for tr

accommodation of guest molecules by virtue of their three-dimen- ™ /‘
sional structure having interior void spaces and hence various me Reduction
al nanoparticles have been successfully prepared by using dendrim /‘

as a template [Zhao et al., 1998, 1999a, b; Esumi et al., 1998, 200 3. Sequential loading method Me™

Balogh and Tomalia, 1998; Zhao and Crooks, 1999; Gréhn et al. Mo Reduston
2000; Floriano et al., 2001; Crooks et al., 2001a, b.]. The driving — —
force for guest encapsulation within dendrimers can be based o

electrostatic interactions, complexation reactions, steric confinemen Gn-OH

various types of weaker forces (van der Waals, hydrogen bondingrig. 14. Synthetic routes for the preparation of dendrimer-encap-
hydrophobic force, etc.), and their combinations [Zeng and Zim- sulated bimetallic nanoparticles.
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Fig. 16. Variations in the UV-vis spectra of Pt and Pd metals in the
course of the complexation and the subsequent reduction
(Pt/Pd ratio=1/4).
a) 55 mM KPtCl, b) 55 mM KPdC], ¢) mixture of 11 mM
K, PtCl, and 44 mM KPdCl, d) complexation of metal mix-
ture with 1 mM dendrimer, e) reduction with 0.55 M NaBH
sized by any of three methods: (1) partial displacement of the den- and f) PAMAM-OH dendrimer (generation 4)

drimer-encapsulated cluster, (2) simultaneous co-complexation of
two different metal ions followed by reduction, or (3) sequential load-
ing and reduction of two different metal ions. However, detailed
experimental results have been limited.

In this regard, we will describe here the preparation of den-
drimer-templated bimetallic nanoparticles and the application of
these bimetallic nanoparticles as catalysts [Chung and Rhee, 200:
b, c].

1. Pt-Pd Bimetallic Nanoparticles

A schematic illustration for the preparation of dendrimer-encap-
sulated bimetallic nanoparticles is presented in Fig. 15 [Chung an
Rhee, 2003a]. The method is similar to that for monometallic nano:
particles [Zhao and Crooks, 1999] except for the simultaneous us
of two metal precursors,,RtCl, and KPdCl. Recently, Scott et
al. applied the same approach to the preparation of dendrimer-el i : ,
capsulated Pt-Pd bimetallic nanoparticles and used the resulting nan 200 250 300
particles in the hydrogenation of ally alcohol [Scott et al., 2003]. Wavenumbers (nm)

Dilute agueous solution of PAMAM-OH dendrimer was mixed with Fig 17, Uv-vis spectra of dendrimer-encapsulated Pt-Pd bimetal-

the aqueous solution of two metal ions at controlled stoichiome- lic nanoparticles with various Pt/Pd ratios.

tries. After stirring the solution for 1 h, aqueous solution of NaBH

was slowly added and subsequently the two metal iong (Rt@l

PdCF) were simultaneously reduced to yield zero-valent metal par-however, a new band at 230 nm appears at the expense of the de-
ticles. The light yellow dendrimer/(P§C+PdCE) solution immedi- crease in the strong absorption peak at 205 nm. This indicates that
ately turned dark brown indicating the formation of colloidal nano- two metal ions are complexed with the internal functional groups
particles. The resulting nanoparticles were very stable and there was the dendrimer and are encapsulated in the dendrimer host. After
no precipitation up to six months. reduction, the band observed in the former case completely disap-

Fig. 16 shows the changes in the absorption spectra of Pt and Rebars and a new broad absorption band appears over a wide wave-
metals (Pt/Pd ratio=1/4) in the course of the complexation with denlength region.
drimer and the subsequent reduction. Concerning the monometal A series of UV-vis spectra of the Pt-Pd bimetallic nanoparticles
ions, the characteristic absorption peaks at 214 and 208 nm arisingith various Pt/Pd ratios (D{Rd), where x/y=PtPd mol ratio)
from a ligand-to-metal charge-transfer (LMCT) are observed forare presented in Fig. 17. Regardless of the Pt/Pd ratios, the absorp-
PtCE and PdC, respectively [Gerloch and Constable, 1994]. In tion bands are of nearly exponential shape and this indicates the
the absence of dendrimer, the mixture of Pt@hd PdCl also complete reduction of metal ions. Moreover, it should be noted that
exhibits the mixed absorption peaks of two metal ions. After thethe spectra of the resulting nanoparticles are different not only from
addition of PAMAM-OH to the solution of the P{Cnd PdCF, those of the monometallic Pt or Pd nanoparticles but also from those

D(Pt,2*/Pd,?") D(Pt2/Pd,f)

Fig. 15. Schematic diagram for the preparation of dendrimer-en-
capsulated Pt-Pd bimetallic nanopatrticles.

Absorbance (A.U.)
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Fig. 18. HRTEM image and patrticle size distribution of Pt-Pd bimetallic nanoparticles with a Pt/Pd ratio of 1/4.

of their physical mixtures. in all the particles analyzed and this clearly indicates that they are
The result of X-Ray photospectroscopy (XPS) analysis also supbimetallic ones.
ports that all the metal ions are completely reduced irrespective of The dendrimer-encapsulated Pt-Pd bimetallic nanoparticles were
the Pt/Pd ratios. In the case of Pt, the peaks corresponding to plaapplied as catalyst to the partial hydrogenation of 1, 3-cyclooctadi-
inum 4f,, and 4§, levels are observed at 72.5 and 75.7 eV binding ene (see Fig. 19) in ethanoliwater mixture (viv=4/1). As shown in
energies, respectively, and these peaks are assignét tdpBh Fig. 20, the dendrimer-encapsulated Pt-Pd bimetallic nanoparticles
reduction, the peaks are shifted to 71.3 and 74.4 eV, respectivelyyere found to be effective in the partial hydrogenation of 1, 3-cy-
which are assigned to’PBimilarly, it is observed that the Pd{3d  clooctadiene. This result indicates that, being different from the con-
peak is shifted from 337.6 to 334.9 eV and Pgd(Retak from 342.7  ventional polymer-stabilized nanoparticles, the catalytic nanoparti-
to 340.5 eV upon reduction. cles which are sterically confined by dendrimer branches are avail-
The representative HRTEM image of O(Pt) is shown in able for reactants to access in catalytic reactions. In addition, it is
Fig. 18. The microscopy demonstrates that the particle size is uniworth noting that in the case of the 4th generation dendrimer, the
form and the shape is nearly spherical. The formation of quite monceompactness of dendrimer branching is not severe and thus would
dispersed nanoparticles suggests the effectiveness of dendrimanst restrict the accessibility of reactant to the active sites [Niu et al.,
acting as both nanoreactors for the preparation of nanoparticles argD01]. These unique features of the dendrimer nanoreactor make it
nanoporous stabilizers for the prevention of aggregation. Regardsossible to obtain the high catalytic activity.
less of the metal composition, bimetallic nanoparticles with a diam- Moreover, the catalytic activity of the bimetallic nanoparticles
eter of ~2.3 nm were observed. increased as the Pt/Pd ratio decreased and the catalytic activities of
To confirm whether the nanoparticles are a mixture of Pt and Pc
nanoparticles or bimetallic ones, EDS analysis was carried out an

both Pt and Pd elements were detected. However, it was rather di 1400+ .
ficult to acquire the elements of one particle because the spatial re
olution (ca. 5 nm) was not high enough to detect the X-rays gen .. **] .
erated from a single particle. At this stage, therefore, only their av- :i\ 1000_' U
erage compositions are discussed. Since precipitation was expect E =
due to the metal-induced crosslinking of amine terminated den & g . .
drimers (PAMAM-NH), we prepared another type of Pt-Pd bimetal/ €
dendrimer nanocomposite using PAMAM-Ntd obtain nanopar- T 600+
ticles large enough to detect the X-ray generated from a single pa £
ticle. For these alternative samples, the two elements were detect & “*7 B = D(P{/Pd) bimeta
20| ",_A.';T7"’:l' A D(Pt) + G(P") mixture
0 —* T T T T
® + H2 —— D(Pt") D(Pt,’/Pd.°) D(Pt,’/Pd,’) D(Pt,/Pd.°) D(Pt,/Pd,”) D(Pd")
Pt/Pd ratio
1,3-Cyclooctadiene Cyclooctene Fig. 20. The dependence of th_e catal_ytic activity _of the de_ndrimer—
encapsulated Pt-Pd bimetallic hanopatrticles on its com-
Fig. 19. Partial hydrogenation of 1,3-cyclooctadiene. position in partial hydrogenation of 1, 3-cyclooctadiene.
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D(PE/Pd) and D(PYPd) were higher than that of the palladium 1400
nanoparticles prepared by the same method. It should be noted t+ -
the enhanced catalytic activity of the bimetallic catalyst, which can _ 3%
be explained in terms of an ensemble and/or a ligand effect in ca <=
alysis, is hardly achievable in the case of physical mixtures of pal-
ladium and platinum nanoparticles. Similar results have also beel
reported for the case when Pt-Pd bimetallic nanoparticles were prc
tected by polymer [Toshima et al., 1989, 1993].

The cyclooctene selectivity at the complete conversion of 1, 3-
cyclooctadiene was higher than 99%, which is as high as that o
the palladium nanopatrticle catalyst.

2. Pd-Rh Bimetallic Nanoparticles i

The preparation of Pd-Rh bimetallic nanoparticles within den- 800
drimer nanoreactor was carried out by the method similar to the
Pt-Pd ones except for the simultaneous use of two metal precu
sors, KPdC}, and RhGJ[Chung and Rhee, 2003c]. By preloading Fig. 22. The dependence of thg catalytic activity (_)f the depdrimer—

a dendrimer “nanoreactor” with suitable metal ions and then chem- encapsulated Pd-Rh bimetallic nanoparticles on its com-

. . - o . position in partial hydrogenation of 1, 3-cyclooctadiene.

ically reducing this compositm-sity, a dendrimer-encapsulated

metal cluster was prepared. After reduction, the UV-vis spectra of

the nanoparticles are different not only from those of the monomeexcept for their halides. Unfortunately, however; &g readily

tallic Pd or Rh nanopatrticles but also from those of their physicakeacts with halogen ions to provide water-insoluble silver halides.
mixtures regardless of the Pd/Rh ratios. Hence, the choice of noble metal candidate to be mixed with a sil-

The HRTEM image of D(P{RH) shown Fig. 21 demonstrates ver salt is restricted. In the case of other water-soluble noble metal
that the particle size is uniform and the shape is nearly sphericatompounds such as cyanides and ammine complexes, their strong
Similarly to the Pt-Pd case, bimetallic nanoparticles with a diame-binding with metal ions may give rise to another serious problem.
ter of ~2.3 nm were prepared. They are less active than halides for elimination or substitution re-

As presented in Fig. 22, the dendrimer-encapsulated Pd-Rh bimeactions of ligands, which is prerequisite before the reduction of met-
tallic nanoparticles were also applied as catalyst to the partial hydracal ions [Cotton and Wilkinson, 1988]. Second, the standard elec-
genation of 1, 3-cyclooctadiene and were found to be effective. Irtrode potential of AgAgP is relatively high, so it often occurs that
this case, however, the highest activity was achieved with a Pd/RAg" is reduced much more rapidly than other metal ions and hence
ratio of 1/2. It should be noted that the activity is higher than thatbimetallic particles are hardly formed.
of the palladium or rhodium monometallic nanoparticles prepared In addition, there are some intrinsic problems in the dendrimer
by the same method. templating systems. With PAMAM-OH dendrimer, cumbersome
3. Ag-Pd Bimetallic Nanoparticles pH controls are required for the formation of Ag particles in the

The preparation of bimetallic hanoparticles containing Ag anddendrimer cavity because Agn cannot be spontaneously extracted
noble metals is more difficult than that of our previous Pt-Pd or Pdinto dendrimer [Zheng et al., 2002]. With PAMAM dendrimer, pre-
Rh system because of the following reasons [Torigoe and Esumgipitation may occur because of the noble metal-induced crosslink-
1993]. First, there are few noble metal complexes soluble in wateing [Watanabe and Regen, 1994]. Only at low metal to dendrimer

m  D(Pd’/Rh’) bimetal -

A D(Pd°) + D(Rh’) mixture
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Fig. 21. HRTEM image and particle size distribution of Pd-Rh bimetallic nanoparticles with a Pd/Rh ratio of 1/2.
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Fig. 23. Schematic diagram for the preparation of dendrimer-templated Ag-Pd bimetallic nanopatrticles.

ratio can the unfavorable precipitation be prevented. Therefore, i
is difficult to prepare Ag-Pd bimetallic nanoparticles with conven-
tional metal precursors such ag”’Cl, and AgNQ in dendrimer
templating systems.

To solve the intrinsic problems of Ag-Pd systems, silver(l) bis
(oxalato)palladate(ll) complex was used [Chung and Rhee, 2003b
The complex seems suitable for the Ag-Pd bimetal formation be-
cause two metal ions exist in one complex,, and thus the unfavol
able formation of silver halides can be avoided. Moreover, the oxalat
ligand rapidly decomposes by light irradiation or chemical reduc-
tion [Torigoe and Esumi, 1993]. A schematic illustration for the
preparation of the dendrimer-templated Ag-Pd bimetallic nanopar-
ticles is represented in Fig. 23.

The preparation of Ag-Pd bimetallic nanoparticles within den- 200 300 400 500 600
drimer templates was carried out by a method similar to that for Wavenumbers (nm)

monometallic nanoparticlgs except for the use of silver(l) bis(oanato)Fig_ 24, Variations in the UV-vis spectra of Ag and Pd metals dur-

palladate(ll) complex. Dilute aqueous solution of PAMAM den- ing the course of the complexation and the subsequent re-

drimer was mixed with the aqueous solution of oxalate complexes duction.

at controlled stoichiometries. After stirring the solution for 1 h, aque- a) 4 mM Ag[Pd(CO,),], b) complexation of metal ions with

ous solution of NaBlHwas slowly added and subsequently the two 40 mM dendrimer*, c) reduction with 40 mM NaBldnd d)

metal ions were simultaneously reduced to yield zero-valent metal PAMAM dendrimer (generation 4). *The concentration of den-

particles. The light yellow dendrimer/(silver(l) bis(oxalato)palladate(ll) drimer refers to the surface functional groups.

complex) solution immediately turned dark brown or black indi-

cating the formation of colloidal nanopatrticles. with dendrimer and the subsequent reduction. Concerning the met-
For the purpose of changing the Ag/Pd composition, Agh3 al ions, a mixed absorption peak of two metal ions is observed at

mixed with Ag[Pd(CO,),] in the calculated ratio, and the mixed 225 nm. After the addition of PAMAM to the solution of the,Ag

solution were reduced by NaBlf the same manner. Monometallic  [Pd(CO,).], however, an enhanced absorption band around 230 nm

Pd and Ag nanoparticles were prepared by the reductiofPddK appears. This indicates that the two metal ions are complexed with

and AgNQ, respectively. All of the resulting nanoparticles were the dendrimer. After reduction, the band observed in the former case

very stable and there was no precipitation for up to six months.  completely disappears and a new broad absorption band appears
Fig. 24 shows the changes in the absorption spectra of Ag andver a wide wavelength range.

Pd metals (Ag/Pd ratio=2) during the course of the complexation Fig. 25 presents a series of UV-vis spectra of the Ag-Pd bime-

Absorbance (A.U.)
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Fig. 25. UV-vis spectra of Ag-Pd bimetallic nanoparticles with vari-
ous Ag/Pd ratios.
with a diameter of ~2.4+0.2 nm are observed. The variations of par-

ticle size with the change of Ag/Pd ratio are presented in Fig. 27. It

tallic nanoparticles with various Ag/Pd ratios. As the Ag/Pd ratio is observed that the average particle size increases with the increase
increases, thé,,, shifts to a shorter wavelength. Moreover, it is noted of Ag content. Compared with Ag nanoparticles which show broa-
that the spectra of the resulting nanoparticles are different not onlgler size distributions with larger particle size, the particle size dis-
from those of the monometallic Ag or Pd nanoparticles but alsatributions of Ag/Pd bimetallic nanoparticles remain in the range of
from those of their physical mixtures. Therefore, the characteristi2-5 nm regardless of the Ag/Pd ratio. The narrow particle size dis-
absorption spectra strongly suggest the formation of Ag-Pd bimetributions may be another evidence of bimetal formation.
tallic nanoparticles. The broadening of plasmon peak results from
an overlap between surface plasmon band and interband transitions. SUMMARY AND OUTLOOK
According to Creighton et al., [Creighton and Eadon, 1991], silver
displays approximately free-electron behavior in the visible range Heterogenization of homogeneous catalysts has been carried out
which gives rise to a sharp absorption band, while other metals inby the immobilization of homogeneous species on polymer or silica
cluding Pd are less free-electron metals, resulting in a broad absorpupport. Although considerable attention was paid to this technique
tion band. An intermediate bandwidth between Ag and Pd showrover the past decade, the efficiency of the heterogenized catalysts
in Fig. 25 is consistent with the theory and may be considered ais found generally lower than that of their homogeneous counter-
another evidence for the formation of Ag-Pd bimetallic nanoparti-parts and remains unsatisfactory. There exist many intrinsic prob-
cles. lems of solid support such as the diffusion resistance, the hetero-

The representative HRTEM image of G4-Jid);/Pd) is shown geneous chemical nature, and the low concentration of active sites.
in Fig. 26. The microscopy demonstrates that the particle size is Dendrimer, a new class of well-defined macromolecules exhib-
uniform and the shape is nearly spherical. Bimetallic nanoparticledting a tree-like structure, emerges as an alternative for the achieve-
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Fig. 26. HRTEM image and patrticle size distribution of Ag-Pd bimetallic nanoparticles with Ag/Pd ratio of 2.
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ment of the elusive goal. Indeed, in the past decade the dendrimer tion Reactions Using Recyclable Rhodium-Complexed Dendrimers
chemistry including catalysis has been extremely popular. It is clear on Silica;J. Am. Chem. Sqd.22 956 (2000).
from the contributions of many groups that dendrimer has been corBourque, S. C., Maltais, F., Xiao, W.-J., Tardif, O., Alper, H., Arya, P.
sidered as one of the most promising candidates accommodating and Manzer, L. E., “Hydroformylation Reactions with Rhodium-
the conditions for an ideal catalyst and consequently has provided Complexed Dendrimers on Silicd; Am. Chem. Sed.21, 3035
new opportunities for bridging the gap between homogeneous and (1999).
heterogeneous catalysts. Brunel, D., “Functionalized Micelle-Templated Silicas (MTS) and Their
The approach described here for the design of dendrimer-based Use as Catalysts for Fine Chemicalditroporous Mesoporous
catalytic systems including dendritic chiral auxiliaries and dendrimer ~ Mater, 27, 329 (1999).
nanoreactors may be the examples of dendrimer-based catalysghung, Y.-M. and Rhee, H.-K., “Dendritic Chiral Auxiliaries on Silica:
taking full advantage of the unique aspects of dendrimer structure: A New Heterogeneous Catalyst for Enantioselective Addition of Di-
chemistry of terminal groups, generation-dependent reaction per- ethylzinc to Benzaldehyd€’hem. Commun238 (2002a).
formance, easy recovery of catalysts, and accommodation of guesthung, Y.-M. and Rhee, H.-K., “Design of Silica-Supported Dendritic
molecules. Chiral Catalysts for the Improvement of Enantioselectivetiddd
Although the research in this area still remains in its infancy, itis  of Diethylzinc to Benzaldehyd€atal. Lett, 823-4), 249 (2002b).
clear that the dendrimer-related catalytic systems will be applicabléChung, Y.-M. and Rhee, H.-K., “Pt-Pd Bimetallic Nanoparticles Encap-
to various reaction systems and further pave the way to new cat- sulated in Dendrimer NanoreactOétal. Lett, 853-4), 159 (2003a).
alysis. However, it is worth noting that high turnover numbers of Chung, Y.-M. and Rhee, H.-K., “Dendrimer-Templated Ag-Pd Bime-
dendrimer catalysts and development of a cheaper alternative such tallic Nanoparticles;). Colloid Interface S¢i(2003b)submitted.
as hyper-branched polymer are prerequisite before these sophistthung, Y.-M. and Rhee, H.-K., “Partial Hydrogenation of 1, 3-Cy-

cated systems become attractive for commercial applications. clooctadiene Using Dendrimer-Encapsulated Pd-Rh Bimetallic
Nanoparticles). Mol. Catal. A: Chemical2003c)in press.
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