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Abstract: The immobilization of catalytic groups
onto a dendritic support either at the core or at the
periphery gives rise to unique properties that affect
rates of reaction, substrate activation or selectivity,
etc. When advantageous, these properties can be
classified as a positive dendrimer effect. Positive
dendrimer effects can arise from site isolation, transi-
tion state stabilization and/or dielectric effects in the
case of core-modified dendrimers, while peripherally
modified dendrimers usually benefit from steric
crowding or cooperativity for catalytic residues con-
fined to the surface of the polymer. In this review,
the appearance of positive dendrimer effects from

the literature will be highlighted as well as prospects
for future work in the field.
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1 Introduction

In the interest of “green chemistry”[l] and atom econ-
omy,” molecular catalysis remains an active area of
research in both academia and industry, primarily for
the production of fine chemicals used in agriculture,
drug manufacture, organic electronics, etc. Solution-
based methodologies rely not only on the discovery
and optimization of small molecule catalysts for a
given transformation, but also on efficient means to
separate the desired product(s) from the catalyst and
any by-products in the reaction mixture. While this
process can be facilitated by using heterogeneous cat-
alysts, i.e., catalysts immobilized onto organic or inor-
ganic solid supports such as silica or cross-linked poly-
meric beads, there are several drawbacks to this ap-
proach that generally limit its widespread application
to batch processes. These drawbacks include non-uni-
formity in catalyst structure and microenvironment
once it is immobilized onto the support material, slow
diffusion of substrates therein, catalyst leaching, and
lower overall activities than the homogeneous
system.m Solid polymeric supports also exhibit limit-
ed swelling ability in certain solvents. Efforts to over-
come these disadvantages have primarily been direct-
ed at using soluble polymers for catalyst immobiliza-
tion.l* In this manner, the desirable features of homo-
geneous catalysis, such as comparable reaction kinet-
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ics and mass transfer, can be maintained while the
macromolecular nature of the material provides a
convenient means of purification and, in some cases,
recyclability (vida infra).

Both linear polymers and various families of
branched polymers have been used as soluble macro-
molecular supports for reagents and catalysts. While
the former are, in general, more readily available,
they can suffer from poor loading capacity. It is
common for only one catalyst moiety to be appended
to the end of a linear polymer, such as monomethoxy-
poly(ethylene glycol) (MeO-PEG). For example,
MeO-PEGs, catalyst conjugates carry a loading of
only 0.2 mmol catalyst per gram of polymer while
branched polymers typically carry several mmolg
when the degree of branching is greater than 50 % .1]
In the case of dendrimers, where the degree of
branching is 100 %, the highest possible loading can
be achieved. Certainly, in the literature, there has
been extensive work to optimize the catalytic activity
of functional dendrimers to mimic that of the small
molecule, but with the inherent retention ability that
accompanies immobilization on macromolecular su_/p-
ports. There are both covalentl® and non-covalent(”!
approaches described in the literature and many of
these have been used in continuous flow membrane
reactors (CEMRs) with high efficacy.””) The dendri-
mer catalysts in these studies exhibited a rather high
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degree of active site stability and independence (i.e.,
neither cooperative nor non-cooperative effects were
observed) for a variety of catalytic groups placed at
the polymer surface, even for the larger dendrimers.
In some cases, however, high catalyst loading and
reactivity comparable to the parent catalyst are not
the main objectives of polymer attachment. Instead,
immobilization of the catalyst onto a polymer is ex-
pected to give rise to certain properties that are not
possible otherwise. Such properties might include en-
hanced stability through steric isolation, cooperativity
through proximal confinement of reactive groups, or
catalyst tuning through dielectric effects exerted by its
nanoenvironment. These properties are uniquely af-
forded by systems employing branched polymers, par-
ticularly dendrimers, since their syntheses generally
produce well-defined materials with a high degree of
structural control and placement of functional groups
throughout the macromolecule.'”) In this review, we
will discuss the unique role of polymer topology in
controlling the performance of soluble polymers in
homogeneous catalysis with an emphasis on macro-
molecules with a dendritic architecture. The special
properties that may result from catalyst incorporation
onto these macromolecules can be described as a
“dendrimer effect.” This term has been generally in-
voked in the literature to explain phenomena that
arise as the generation of dendrimer increases. In the
examples that follow, special attention is given to
those wherein a beneficial or “positive” dendrimer
effect has been observed. From these examples, sever-
al common themes begin to emerge and these have
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been gathered in this rather comprehensive, if qualita-
tive, description of the dendrimer effect in catalysis.

2 Commonly Used Dendrimer Platforms
for Macromolecular Catalysts

The catalytic properties of branched polymer supports
used in homogeneous catalysis are modulated by the
specific polymer topology, i.e., linear or branched ar-
chitecture. Polymer topology may determine the
number and relative spatial arrangement of immobi-
lized catalytic moieties in solution. The chemical
nature of the support may also affect the rate of reac-
tion through dielectric effects and through its interac-
tion with the substrate(s) and product(s), thereby af-
fecting mass transfer. These effects have been noted
in the literature since the first Merrifield resins were
used in solid-phase synthesis applications in the
1960s."] Until now, however, the effects have been
hard to quantify without reliable and precise chemical
means of controlling polymer microstructure and top-
ology through organic synthesis.

Recently, chemical approaches to control polymer
topology have been successful using convergent!']
and divergentm] syntheses to prepare dendrimers,
while slow-addition protocols can be used to obtain
hyperbranched ?olymers.[”] Controlled syntheses of
star polymers[l‘] have also been put forth, and
dendronized linear polymers'® have benefited from
the methods developed for their spherical dendrimer
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counterparts. Each of these architectures has advan-
tages and disadvantages that may be related to the
degree of structural perfection achieved or to the ease
of preparation and characterization of the material.
For example, a high polydispersity has negative impli-
cations on the characterization of catalyst activity,
due to structural non-uniformity, and generally pre-
vents the application of the macromolecular catalyst
in CFMRs. The scale on which the polymer synthesis
is carried out is also an important factor when consid-
ering its implementation in an industrial process.

Because of their near structural perfection, den-
drimers are arguably the most well-suited of the
branched polymer architectures for catalysis applica-
tions. Dendrimers display hierarchical conformational
ordering at various stages of their growth, eventually
reaching globular conformations at higher genera-
tions.!”l These prescribed changes in structure with
increasing generation provide a convenient basis for
rationalizing the catalytic behavior for a series of re-
lated dendrimer catalysts. This would be near impossi-
ble with other branched polymer architectures that
are statistical ensembles of active species. Other ad-
vantages of dendrimers are related to their monodis-
persity, their uniformity in catalyst structure, and their
precise syntheses. For example, their iterative synthe-
sis allows for the placement of catalytic groups at any
point resulting in a functional macromolecule with a
rather well characterized structure.'8 A survey of
dendrimer types commonly used in catalysis applica-
tions is shown in Figure 1. Typically, catalyst residues
have been appended to the structures either at the
core, at each branch point, or at the periphery. Posi-
tive dendrimer effects arising from each of these cata-
lyst arrangements have been documented in the liter-
ature and will herein be discussed.

Apart from architecture, the chemical make-up of
the dendritic polymer can affect various aspects of
catalysis (vida infra). There are several dendritic plat-
forms that have found widespread use in catalysis ap-
plications (Figure 2): polyamidoamines!'’l (PAMAM),
polypropylene imines®” (PPI), polybenzyl ethers/>
(Fréchet-type), polyaliphatic esters,”?!  polycarbo-

@ |

N

Figure 1. Commonly encountered catalyst placement on
dendritic polymer supports: (a) core-functionalized den-
drimers; (b) dendrimers with modified branch points; and
(¢) peripherally modified dendrimers.
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silanes®? and polyester amides!?*! (Newkome-type).

The selection of one platform over another may be
made for reasons of synthetic convenience, to accom-
modate the reaction conditions, or to achieve a specif-
ic nanoenvironment that could influence the overall
catalytic process.

3 Core-Functionalized Dendrimers in
Catalysis

The steric crowding of reactive core moieties upon
dendritic encapsulation remains one of the more chal-
lenging obstacles to overcome in catalysis. In general,
slower rates of reaction with increasing dendrimer
generation are observed when core-confined catalysts
are so isolated from the reaction medium. A quantita-
tive treatment of this phenomenon was recently re-
ported by the groups of Cossio and Lopez.[! In their
work, a single tertiary amine catalyst for the Henry
(nitroaldol) reaction was encapsulated by a series of
dendrimers of different generation (GO to G2) with
different branch multiplicities. Dendrimer catalysts 1,
2 and 3 derived from A-B; monomer types are shown
in Scheme 1. Pseudo-first-order rate constants, k,p,
for the reaction between benzaldehyde and 2-nitroe-
thanol were measured for these families of dendrim-
ers via in situ FT-IR measurements. It was shown that
the catalytic ability of a single active site in this reac-
tion decreased both with higher generation and with
higher branching multiplicity. For example, the ks
values for dendrimers 1, 2 and 3 were 12.11, 1.89 and
1.03x10™*s7!, respectively. The authors further char-
acterized the structure-activity profiles for these den-
drimers using molecular dynamics simulations. A
linear relationship was observed between the relative
collision rates of the dendrimers and an expression in-
volving the dendrimer’s “reagent accessible surface”
and its molecular weight. In addition, the slope of
that line was used to determine any (non-)cooperative
effects brought about by encapsulation through a
comparison to the slope of the line drawn to repre-
sent ideal behavior in which the polymer does not
participate in any way in the reaction. The negative
linear departure from ideal behavior observed in this
system clearly indicated the deleterious kinetic effects
that accompany dendritic encapsulation when there is
no direct participation by the polymer backbone to
the catalytic cycle, substrate binding, or mass transfer.
These results may offer insight to so-called “negative
dendrimer effects” found in the literature.!?’]

While steric shielding of reactive groups at the
core of dendrimers usually carries negative kinetic
consequences, there are several instances in which
the globular polymer shell proves advantageous. The
incorporation of monodentate ligands such as pyri-
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Figure 2. Structures of dendrimers commonly used in catalysis: (a) PAMAM; (b) PPI; (¢) polybenzyl ether; (d) polyaliphatic

ester; (e) polycarbosilane; and (f) polyester amide.

dines and phosphines into the interior of dendrimers
has, in general, been found to enhance the stability
of transition metal complexes derived thereof in the
presence of air and/or other agents that might other-
wise lead to catalyst deactivation.”’?8! In some
cases, catalysts at the cores of these dendrimers
suffer a concomitant loss of activity due to steric
crowding of the active site. However, in cases where
stability is the dominant factor in determining activi-
ty, dendronization becomes an extremely attractive
approach to derive maximum activity from the ex-
pensive metals.

Due to their strong bond with metals, N-heterocy-
clic carbene (NHC) ligands are very desirable and
have been shown to be extremely versatile in their a?-
plicability to a variety of organic transformations.””’
Rhodium(I) complexes bearing NHC ligands derived
from their imidazolium salts have been used in hydro-
silylation reactions of ketones under mild conditions,
although these reactions are usually limited by factors
such as catalyst stability and activity. Tsuji et al. have
reported the use of dendritic NHC ligands in the
Rh(I)-catalyzed hydrosilylation of acetophenone and
cyclohexanone (Scheme 2).3% A positive dendrimer
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Scheme 3. Ethylene oligomerization using P,O-Ni complexes.
Formation of a bis(P,O)-Ni adduct results in catalyst deacti-
vation.

effect resulting in an increase in the yield with in-
creasing generation of the Rh! complex was observed.
This effect was attributed to the folding of the dendri-
mer around the active site that led to greater stability
and hence greater overall turnover during the course
of the reaction.

While the previous example invoked a single den-
dritic ligand in the catalyst system, it is also common
for multiple ligands to be present at a catalytically
active metal center. In those instances, various equili-
bria are involved when the catalyst is formed in situ
from metal precursors and excess ligand. Indeed, sev-
eral catalytic species may be present in solution, and
because of their different ligand environments, they
may possess different activities. It is also conceivable
that core-functionalized dendrimer ligands could alter
these equilibria due to excluded volume effects
brought about by the assembly of multiple ligands to
the metal center; because of their smaller size, such a
phenomenon would not be experienced with the
parent ligand. For example, nickel complexes bearing
P,O ligands, such as o-phenylphosphinophenols, have
been used widely in industry, for example, in the Shell
higher olefin process.[31] Reactions involving these
nickel complexes are usually carried out in non-polar
solvents such as toluene, although the use of more en-
vironmentally benign media has also been explored;
however, in polar solvents like alcohols or water,
there is a strong tendency for the formation of a bis-
(P,O)nickel complex 5, which is inactive (Scheme 3).
In their work, van Leeuwen and co-workers have con-
structed a second generation dendritic PO ligand 7
based on a carbosilane platform that was effective in
preventing undesirable bis(P,O)nickel complexes in
toluene.’?l As a consequence of this site isolation, the
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dendritic ligand 7 (TOF,,,=7700 h™!) outperforms
the parent ligand 6 (TOF,,,=3600 h™!) in ethylene
oligomerization leading to higher yields of oligoethy-
lene. The site isolation provided by the dendritic
ligand 7 is mitigated in methanol as bis(P,O)nickel
complexes are observed. However, the second P,O
ligand appears to be labile at higher reaction temper-
atures, which is not the case with ligand 6 and its bis-
(P,O)nickel complex. As a result, the nickel catalyst
based on the dendritic ligand shows good activity
(TOF,,, =3242 h™!) in methanol whereas the parent
ligand itself (6) does not produce any higher olefins.
Apart from providing site isolation, the globular
dendritic architecture around a catalytically active site
also functions to bind guest molecules, another impor-
tant factor for achieving efficient catalysis. Many
early reports of small molecule binding by dendrimers
focused on dye molecules as reporter probes,[33] al-
though substrate molecules can be treated similarly
when catalysis applications are considered. This
aspect of catalysis with dendrimers is reminiscent of
molecular transformations achieved by enzymes in
which substrate binding features prominently in deter-
mining the substrate selectivity and the extent of
product inhibition.®* The simple model describing
the active site of an enzyme as a hydrophobic binding
pocket for substrates held in close proximity to moiet-
ies that perform the transformation has often been
applied, with mixed success, to hydrophobic, some-
times amphiphilic, dendrimers. As described earlier,
steric congestion resulting from the encapsulation of
reactive groups within the dendrimer frequently leads
to slower kinetics,[zs] however, there are notable ex-
ceptions: for instance, when substrate binding ability
and nanoenvironment effects are paramount to ach-
ieving reactivity. In this respect, binding pockets with
the desired characteristics will be found only in the
larger dendrimers. A nice example of this phenomen-
on was reported recently by Zhang et al. with a series
of Fréchet-type poly(benzyl ether) dendrimers with a
diselenide core that demonstrate generation-depen-
dent  glutathione peroxidase (GPx) activity
(Scheme 4).1°] The catalytic cycle involves the reduc-
tion of hydrogen peroxide by benzenethiol in the
presence of diselenide-cored dendrimers. Substrate
binding was found to increase with dendrimer genera-
tion (K,=16.4, 39.4 and 252.7M~! for G1, G2 and
G3, respectively). A similar increase was noted for
the initial rates of peroxide reduction (vy=4.07, 8.19
and 2431.20 yMmin~! for G1 to G3, respectively). As
a point of reference, the authors showed that the
third generation catalyst performed around 1400
times faster than Ebselen,[36 a small molecule antioxi-
dant previously studied as a GPx mimic. Higher activ-
ities for the dendrimers were achieved upon the intro-
duction of small amounts of water into the reaction
medium, presumably as a result of stronger binding of
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the substrate to the dendrimer due to the hydropho-
bic effect. This study points to the importance of
nanoenvironment effects in dendrimer catalysts where
substrate binding requires larger dendrimers that are
able to provide the more hydrophobic environment
best suited for the reaction.

Substrate binding can also be achieved through spe-
cific molecular interactions, such as ion pairing.
Highly efficient, light-driven hydrogen evolution from
water was demonstrated by using a poly(phenylene
ethynylene) (PPE) bearing carboxylate-terminated
Fréchet-type poly(benzyl ether) dendritic side groups,
G1 to G3, as the photosensitizer.[37 Greater encapsu-
lation of the conjugated backbone with increasing
generation of dendritic appendages led to the sup-
pression of undesirable self-quenching of the photoex-
cited state of PPE. Methylviologen (MV?%), a posi-
tively charged electron acceptor, was found to aggre-
gate along the negatively charged surface of the
dendronized PPE, thereby generating a spatially seg-
regated donor-acceptor supramolecular complex
(Figure 3). Time-resolved fluorescence spectroscopy
showed that the fluorescence quenching rate constant
for the third generation dendronized linear polymer
(kq:1.2><1015M_1s_1) was much greater than most
diffusion-controlled rate constants, and was consistent
with the high rate of electron transfer (kg7y=9.3x
10°s7!) afforded by the supramolecular assembly.
Upon excitation of 8 in the presence of a mixture of
MV?*, triethanolamine (as a sacrificial electron
donor), and colloidal PVA-Pt, hydrogen evolution
took place with an overall efficiency of 13%, an
order of magnitude better than prior systems based
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Figure 3. Carboxylate-terminated dendronized PPE with sur-
face-bound methylviologens (MV?>*) used in photodriven hy-
drogen evolution.

on common organic dyes. Comparative studies with
several reference sensitizers suggest that spatial isola-
tion of the conjugated backbone and its long-range -
electronic conjugation, along with electrostatic inter-
actions on the exterior surface, play important roles
in achieving such efficient photosensitized water re-
duction.

While many of the prominent features of site-isola-
tion have thus far been described in detail, no particu-
lar mention has been made regarding the dielectric
nature of the nanoenvironment generated by the den-
dritic polymer and how that might affect catalysis. Di-
electric effects on catalytic reactions are well docu-
mented, as are microenvironment effects in catalysis
apphcatlons involving soluble and insoluble polymer
supports Certalnly those exerted by a soluble poly-
mer on the nanoscale should behave similarly. Piotti
and co-workers reported an early example on the sub-
ject of nanoenvironment effects in catalysis with den-
drimers. In this work, third and fourth generation un-
imolecular dendritic reverse micelles were prepared
with a radial polarity gradient consisting of a non-
polar corona resembling the reaction solvent and
more polar ester or alcohol functionalities at prede-
termined  locations  throughout the interior
(Figure 4 These dendrimers were specifically de-
signed to catalyze reactions in which a nascent posi-
tive charge develops during the transition state: for

)39
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example, the simple unimolecular dehydrohalogena-
tion of 2-iodo-2-methylheptane, which proceeds via
an El elimination mechanism. Dendrimers with
polyol interiors outperformed those with polyester
cores. In addition, yields were significantly improved
using the larger G4 dendrimer. One of the most strik-
ing features of this catalyst system was its ability to
achieve high turnover even at very low catalyst load-
ings. Up to 99 % conversion was observed in the elim-
ination reaction using as little as 0.01 mol% of the
G4 polyol-cored catalyst while no reaction was ob-
served in control experiments without the dendrimer.
The authors attributed this result to a kinetic but ther-
modynamically driven “concentrator effect” whereby
the polarity gradient inherent to the dendrimer drives
the relatively polar substrate into the macromole-
cule’s core leading to its accumulation in a constrain-
ed nanoenvironment that was more suitable for the
E1l elimination than the external reaction medium,
hexane. Higher generation dendrimers showed better
efficacy for the reaction due to a larger internal reac-
tion volume that could accommodate a higher con-
centration of substrate molecules. In addition, the
non-polar alkene product had a greater affinity for
the hydrophobic surrounding medium thereby achiev-
ing the necessary turnover. The authors have de-
scribed this latter phenomenon as a free-energy
driven “catalytic pump.”

These concepts, a “concentrator effect” to accumu-
late substrates near a catalytically active site and a
“catalytic pump” to prevent product inhibition, have
been broadly applied to other dendrimer catalysts
with amphiphilic designs. Hecht and co-workers re-
ported the first results on light-driven catalysis at the
core of the dendrimers via photosensitization.*”! In
their design, a 'O,-sensitizing benzophenone core was
incorporated into globular dendrimers having a radial
polarity gradient consisting of a hydrophobic interior
and a hydrophilic surface exposed to the polar sol-
vent. The resulting nanoscale photoreactors were cre-
ated and applied to the oxidation of cyclopentadiene
(CP) with dioxygen (Scheme 5). The non-polar core
was designed both to favor substrate accumulation of
the CP substrate and to increase the lifetime of the
photogenerated '0,. To complete the catalytic cycle,
the endo-peroxide cycloadduct 9 derived from 'O,
and CP was reduced in situ with thiourea to cis-2-cy-
clopentene-1,4-diol. Since the diol product 10 had a
greater affinity for the surrounding medium, vacant
sites for other non-polar cyclopentadiene substrates
were generated and a high rate of turnover was ach-
ieved. Indeed, the authors reported rapid conversions
to 10 within 1 h using only 0.1 mol% of catalyst, al-
though photobleaching of the dendrimer (approxi-
mately 10% over 1 h) and CP dimerization prevented
a complete reaction. Significantly greater yields were
obtained with increasingly larger dendrimer photoca-
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Figure 4. Fourth generation dendritic catalysts for E1 elimination reactions. Interior functionality: R=-CO,Me or -CH,OH.

talysts: G1 to G3 catalysts 11, 12 and 13 gave the diol
in overall yields of 15%, 35% and 50 %. In contrast,
a control experiment carried out using benzophenone
model compound 14 with a hydrophilic triethylene
glycol environment gave less than 10% of diol 10.
These data point to the importance of employing suf-
ficiently large amphiphilic dendrimers with a hydro-
phobic interior to promote adequate substrate binding
and accumulation at the site of reaction.

Exploiting the precise chemical synthesis designed
for dendrimers, Mizugaki et al. were able to concen-
trate multiple functionalities at the cores of a series
of amphiphilic dendrimer catalysts in order to deter-
mine the kinetic consequences of the steric shield at
their apolar periphery. To that end, the periphery of
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a third generation PPI dendrimer was functionalized
with either Cjy or Ci4 acyl chains. Their interiors
were then quaternized with iodomethane to afford
lipophilic tetraalkylammonium iodide dendrimers.[*!]
These dendrimers were used as Lewis base catalysts
(via iodide ions) for the Mukaiyama aldol reaction
of 1-methoxy-2-methyl-1-(trimethylsilyloxy)propene
15 with various aldehydes in toluene (Scheme 6).
This study showed that dendritic iodides were re-
markably more effective than other “small mole-
cule” sources of iodide, such as tetrabutyl- or tetra-
hexylammonium salts. The authors argued that the
higher activity of the dendrimers over the discrete
small molecule iodides stemmed from the high polar-
ity of the nanoenvironment encapsulating the iodide
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Scheme 5. Light-driven photooxidation of cyclopentadiene by dendritic benzophenone-cored 'O, sensitizers.

in the macromolecular catalysts. They noted that
these reactions are promoted to a greater extent in
polar solvents such as DMF as opposed to toluene.
Thus, the concentration of multiple cationic charges
within the nanoscopic confines of the dendritic inte-
rior appears uniquely capable of stabilizing the reac-
tive anionic intermediate. In addition, a study of the
steric effects showed that dendrimer 16 with a more
crowded periphery (i.e., with C;¢ chains) did not per-
form as well as 17 with C,( peripheral chains. There-
fore, the reaction of 15 with benzaldehyde in the
presence of dendrimer 17 reached 98 % yield of the
silylated aldol while only 32 % yield was obtained
with dendrimer 16 under the same reaction condi-
tions. This work clearly delineated the opportunistic
design features of a dendritic catalyst concentrating
reactive moieties within a small reaction volume at
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the core of the dendrimer and using the dielectric
constant of this discrete nanoenvironment to en-
hance reactivity, while stressing that sufficient access
to that environment is also important.

The control of reaction selectivity through dielectric
effects exerted by the dendrimer nanoenvironment
has also been observed by Ooe and co-workers in Pd-
catalyzed Heck reactions and allylic aminations. The
catalysts were prepared using a self-assembly ap-
proach from decanoyl-terminated PPI dendrimers, G2
to G4, and 4-diphenylphosphinobenzoic acid as hgand
for the metal center (Scheme 7). [42] The acid-amine
ion pair ensured selective catalyst placement at the in-
terior of the dendrimer. Subsequent treatment of the
supramolecular construct with [PdCI(C3Hs)], generat-
ed the active catalyst 18. Testing of the catalysts in
Heck reactions between iodobenzene and n-butyl ac-
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rylate showed that the rate of reaction increased with
increasing generation, while in the absence of the
dendrimer no catalysis was observed. A similar reac-
tion between 1,4-diiodobenzene and n-butyl acrylate
with the G4 dendrimer catalyst proceeded with good
selectivity for the mono-Heck adduct (mono:di=
92:8) while the catalyst system derived from only 19
showed little selectivity (mono:di=45:55). These ex-
periments strongly suggest that catalysis occurs inside
the dendrimers.

In contrast to the rate acceleration with increasing
generation seen for Heck reactions using self-assem-
bled Pd-allyl complexes, the allylic amination reaction
of cinnamyl methyl carbonate with morpholine cata-
lyzed by the same catalysts showed decreasing activity
with increasing dendrimer generation (Scheme 7).
However, linear to branched ratios were higher for
larger dendrimer catalysts (/b=9.1 for G4) and sig-
nificantly higher than that for 20 (/b=5.1). It is
known that solvent polarity affects I/b ratios, with the
more polar solvents giving higher values (I/b=14.1 in
DMSO). Thus a significant nanoenvironment effect
can be attributed to the polymer support in that the
charged interior where the catalysts reside was re-
sponsible for the higher //b ratios.
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The first systematic treatment of the specific roles
of macromolecular architecture and nanoenvironment
in the catalytic properties of dendritic polymers was
reported by Helms and co-workers for a related pair
of dendrimers and a dendronized linear polymer con-
taining 4-(dialkylamino)pyridines.**l The catalytic
properties of these materials were investigated in the
context of acylation reactions employing sterically de-
manding tertiary alcohols as substrates. Amphiphilic
Fréchet-type benzyl ether and aliphatic ester G3 den-
drimers 21 and 22, respectively, were prepared from a
common trivalent core containing three 4-(dimethyl-
amino)pyridine (DMAP) analogues while a polyester
dendronized linear polymer 23 containing 4-(pyrroli-
dino)pyridines (PPY) along the backbone was also
prepared (Figure 5). Catalysis experiments clearly in-
dicated that the nanoenvironment played the domi-
nant role in determining the activity of the polymer
catalysts, with the polyester platform being superior
to the benzyl ether (Scheme 8). It was noteworthy
that model compounds DMAP and PPY were only
marginally effective for the transformation under the
reaction conditions employed while the dendritic cat-
alysts were more competent. These results were con-
sistent with the “concentrator effect” previously de-
scribed for amphiphilic dendrimers as the alcohol sub-
strates partitioned preferentially into the more polar
core of the dendrimers from the non-polar reaction

2.5 mol% Or()

OH

cat w
N = _ = x =
Pino, Et3N
cyclohexane
40 ¢ Dendrimer 21
m Dendrimer 22
A Dendronized Polymer 23
= B0 y
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2
g 20 ¥ Uncatalyzed Reaction
c
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0 - * % X
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Time (h)

Scheme 8. Formation of linalool pivalate with time for vari-
ous 4-(dialkylamino)pyridine catalysts.
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medium (i.e., cyclohexane). As a result, the reaction
benefited from a higher local concentration of sub-
strate near the catalyst thereby affecting the rate. In
addition, the non-polar ester product of the reaction
likely diffused back into the solvent to minimize free
energy thus giving rise to a “catalytic pump” to ach-
ieve turnover. Interestingly, polymer architecture
played little or no role in affecting rates of catalysis
as both the dendrimer and the dendronized linear po-
lymer based on the same polyester platform showed
comparable reaction kinetics. With respect to molecu-
lar transport and catalysis, this represented the first
comparative study of the effect of architecture and
nanoenvironment using structurally similar dendritic
materials. Other work has appeared in the literature
further documenting this effect with Ru-BINAP den-
drimers and dendronized linear polymers.[44]

Another salient feature of dendrimers bearing one
or more catalytically active sites at their core is their
ability to achieve substrate selectivity through steric
restriction. In the literature, this has often been refer-
red to as “shape selectivity.” The pioneering work
with shape selective catalysts was performed by Bhyr-
appa etal. with dendritic manganese porphyrins. ]
This was followed by several reports by Crooks and
co-workers using dendrimer encapsulated nanoparti-
cles.[*®! In all of these reports is a common thread that
relates substrate flexibility to its interaction with the
polymer catalyst and the kinetic ramifications that
derive from such an interaction. In more recent work,
the kinetic behavior of various guest molecules with
different steric constraints was investigated using dis-
tance-dependent excited state quenching through
photoinduced electron transfer.[*’" Anthracene-cored
dendrimers were prepared from Fréchet-type den-
drons up to the fourth generation (Figure 6). Core ac-
cessibility was probed using trialkylamines, which are
known to quench the photoexcited state of the an-
thracene chromophore through electron transfer. Var-
ious trialkylamines of different sizes and rotational
degrees of freedom were used as quenchers, including
triethylamine (Et;N), N,N,N',N'-tetramethylethylene-
diamine (TMEDA), N,N,N,N,N",N’-hexamethyl-
tris(2-aminoethyl)amine  (TREN-Meg), diazabicy-
clooctane (DABCO), and N,N-dimethylaminoada-
mantane (ADM-NMe,). Each of these amine-based
quenchers gave smaller Stern—Volmer bimolecular
quenching rate constants, k,, with increasing dendri-
mer generation; for example, k, values for Et;N were
3.5,32,2.9 and 2.0x10°M's™" for the G1 to the G4
anthracene-cored dendrimers. This is consistent with
the greater site isolation achieved with the increasing
larger dendritic shells at higher generations. In addi-
tion, geometrically constrained molecules were found
to have better access to the dendrimer cores than
their more flexible counterparts. For example,
TMEDA (C¢Hi¢N;) and DABCO (C¢HppN,) were
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Figure 6. Quenching of photoexcited anthracene at the cores
of dendrimers by various amines.

used in this comparative study given their similar mo-
lecular composition but different geometry. The
quenching constants measured for the G4 dendrimer
were k,=1.7x10°M~'s™" for TMEDA and k,=
13x10°M s for DABCO, indicating that the
more rigid DABCO can reach the core more easily
than its more flexible counterpart TMEDA. These re-
sults are consistent with other reports in the literature
and provide fascinating insight into the shape selectiv-
ity for substrates using dendritic catalysts.

The placement of catalytic groups at the periphery
or within the interior of a dendrimer obviously has a
great effect on the outcome of reactions using dendri-
mer catalysts. In a thorough related body of work
from the Ford group, the effect of dendritic quaterna-
ry ammonium salts on the unimolecular decarboxyla-
tion of 6-nitrobenzisoxazole-3-carboxylate 24 was in-
vestigated using dendrimers with either peripheral or
internal functionalization (Scheme 9). The peripheral-
ly modified dendrimer 26 was prepared by exhaustive
methylation of a second generation polyether dendri-
mer with 36 primary amine groups at its surface.[*]
While the binding constant of 24 with 26 compares fa-
vorably with those measured for analogous micelles,
various polyelectrolytes and even latices, the observed
rate constant for decarboxylation of 24 at [24]p<
10~*M was only 20 times faster in the presence of <
1.0 mgmL_1 of 26 than in water alone (i.e., k..
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kyaer=20) whereas those for other systems typically
fall in the range of k.;/kyarer =150-9,000 for micelles
and even higher in the latices {k.u/kyarer>21,000 for a
lipophilic poly[(styrylmethyl)tributylammonium] ion
latex}. Thus, while the dendrimer did provide a suita-
ble motif for substrate binding, the solvent-exposed
environment of its surface was too hydrated to desta-
bilize carboxylate 24 for subsequent reaction.

In later work, the Ford group employed fully qua-
ternized PPI dendrimers of generations 2 to 4 in
which the primary amine periphery had been func-
tionalized with both Cg alkyl chains and triethylene
glycol monomethyl ethers to impart some hydropho-
bicity to the substrate-binding interface while main-
taining aqueous solubility (Scheme 9).[49] These cata-
lysts showed marked improvement over the previous-
ly studied hydrophilic dendrimers with structure 26.
For example, the second and fourth generation den-
drimers gave K../k,qer values of 323 and 564, respec-
tively. In addition, binding constants were shown to
increase with increasing dendrimer generation, sug-
gesting a synergistic positive dendrimer effect. While
these materials reached an activity that was on par
with micellar systems, they did not outperform con-
ventional ion latices in this reaction. However, the
study clearly illustrates the importance of functional
group placement in the framework of a dendritic cata-
lyst and its effect on the catalytic activity.

Core-modified dendrimers have also been used as
biomimics. Polymers bearing pyridoxamines[so’5 1 and
pyridoxals[sz] have some success as mimics of trans-
aminases and amino acid racemases, respectively, as
reported by Breslow’s group. Building on their previ-
ous work with functionalized polyethylene imine
linear polymers, a series of PAMAM dendrimers were
prepared with either of the active residues at their
core. For the sake of both clarity and brevity, this
review will only focus on the positive dendrimer ef-
fects afforded by the pyridoxamine PAMAM den-
drimers, G1 to G6, in the transamination of pyruvic
acid and phenylpyruvic acid in aqueous buffer
(Scheme 10).53] The pyridoxamine PAMAM den-
drimers displayed Michaelis—Menten kinetics and su-
perior efficacy when compared to the simple pyridox-
amine. Interesting positive dendrimer effects were
drawn from the observed Michaelis-Menten parame-
ters — i.e., the second order rate constant k,, the bind-
ing constant K, and the ratio kyK, - as they
changed with increasing generation. The larger den-
drimers were much more efficient at facilitating gen-
eral acid-base reactions along the catalytic pathway
leading to a net increase of k,. In the case of the
transamination reaction of pyruvic acid, the G3
PAMAM catalyst gave k,=66x10> min~! while the
corresponding G6 gave a k, value of 180x 10* min~.
Through structural variants, the authors showed that
this effect was in large part due to the tertiary amines
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that reside at the periphery of the dendrimers. In ad-
dition, this series of dendrimers showed enhanced
substrate binding as the globularity of the dendrimer
increased. This effect was most pronounced when the
substrate binding ability of the more hydrophobic
phenylpyruvic acid was compared for different den-
drimer generations. Therefore, K, values for the G2
and G6 PAMAM dendrimers were 110 mM and
39 mM, respectively, with pyruvic acid as the substrate
while they were 30 mM and 2.7 mM, respectively,
with phenylpyruvic acid. These data, taken together,
paint an interesting portrait of dendrimer activity for
these pyridoxamine-cored PAMAM dendrimers: (i)
the substrate binding ability of the dendrimers was
improved as a more globular, enzyme-like conforma-
tion is reached at higher generations; (ii) better bind-
ing is achieved with a more hydrophobic substrate, al-
though rates of reaction are comparable with those
achieved with the more polar substrate; (iii) increas-
ing the dendrimer generation leads to increases in re-
action rates due to general acid-base catalysis that is a
direct result of increasingly more tertiary amines at
the periphery of the dendrimers.

4 Peripherally Modified Dendrimers in
Catalysis

Peripheral modification of dendritic supports for cat-
alysis offers unprecedented opportunity for active site
multivalency and thus high loading capacity. In addi-
tion, the support often imparts other features that
affect catalysis: unique solubility properties, proximal
interactions between catalytic groups leading to coop-
erative effects or steric crowding at the periphery
leading to a certain selectivity profile. All of these
features are illustrated in the following examples that
highlight positive dendrimer effects in peripherally
modified dendrimers.

Metallocene catalysts find widespread use in the
polymerization of a-olefins.’*! The active form of the
catalyst is cationic and is typically generated by a co-
catalyst. Industrially, this is usually methylaluminox-
ane (MAO) - a complex condensate derived from
water and AlMe; - or perfluorophenylborane,
B(C¢Fs)s. The interaction between the ion pair affects
the overall activity, steroregularity, chain transfer, ter-
mination rate and lifetime of the metallocene catalyst.
Less nucleophilic counterions are particularly desira-
ble; this has, in the past, been achieved through
charge delocalization or steric shielding. However, in
their work, Mager and co-workers achieved this
through steric crowding at the surface of a peripheral-
ly modified carbosilane dendrimer.®®! Co-catalysts GO
to G2 were synthesized with 4, 12, and 36 alkyl-tris-
(pentafluorophenyl)borates  at  the  periphery
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Figure 8. Dendritic bis(imino)pyridyl-Fe(II) complexes for
a-olefin polymerization.

(Figure 7). When employed with [(Ind),ZrMe,] met-
allocene co-catalysts, these non-coordinating dendri-
mer polyanions were highly active in ethylene poly-
merization and copolymerizations with propylene or
1-hexene, although activity was not generation-depen-
dent. Unlike non-coordinating small molecule anions
resulting from B(C¢Fs);, the dendrimer polyanions
gave high activities even in aliphatic solvents, with no
apparent loss in activity at reaction times greater than
40 min. This positive dendrimer effect was thought to
arise from the specific and unique interaction be-
tween the active cationic metallocene co-catalyst and
the crowded anionic surface of the dendrimer.

In a similar study relating the nature of the interac-
tion between a dendritic polymerization catalyst with
a conventional anionic co-catalyst, Zheng and co-
workers prepared first and second generation carbosi-
lane metallodendrimers bearing bis(imino)pyridyl
iron(I) catalyst precursors at their periphery
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(Figure 8).°° After activation with modified methyl-
aluminoxane (m-MAO) at a ratio of Al/Fe >1200, the
rate of ethylene polymerization for either of the mul-
tivalent dendrimer catalysts was comparable to the
parent Fe catalyst. However, at lower Al/Fe ratios
(<1000), the activities of both dendrimer catalysts
were superior to the small molecule catalyst. For ex-
ample, at an Al/Fe ratio of 500, a typical polymeri-
zation with the small molecule bis(imino)pyridyl
iron(II) catalyst, the first generation catalyst bearing
four groups, and the second generation bearing eight
groups, the activities measured were 1.14, 2.52 and
2.54x10° kg PE molg, ! h! demonstrating the higher
efficacy of the dendritic platform. In addition, the mo-
lecular weight and the melting temperature (7,,) of
the polyethylene obtained increased with the genera-
tion of the dendrimer catalyst: 7,,=127.9, 133.9 and
134.1°C for the parent, G1 and G2 catalysts, respec-
tively. Again, this positive dendrimer effect was gen-
erally thought to involve a fundamentally different in-
teraction of the dendritic periphery with the polymer-
ic counterion derived from m-MAO than was experi-
enced with the small molecule catalyst system.

While the previous examples focused on catalyst
systems that generated linear PE, catalysts that give
rise to branched polyethylene throus%h a chain walk-
ing mechanism are also well known.”’! Late transition
metal polymerization catalysts, including the Ni(II)
N/N pyridylimine type, generate ethylene derivatives
ranging from light oligomers to high molecular weight
polymers with varying degrees of branching.[Sg] Vary-
ing reaction conditions or tuning ancillary ligands can
generate selectivity profiles for molecular weight and/
or degree of branching. It was thought that unique se-
lectivity characteristics might also arise from catalyst
confinement at the dendritic periphery. Using the
aforementioned Ni(II) catalyst system, the groups of
de Jesus and Flores synthesized a series of carbosilane
dendrimers, GO to G3, with 1, 4, 8 and 16 Ni(II) pyri-
dylimines, respectively (Figure 9).°°l They reported a
strong generation dependence on the molecular
weight and topology of the final product mixture: a
toluene-soluble fraction comprised of a-olefin oligom-
ers and an insoluble high MW PE fraction. With in-
creasing generation of the dendrimer catalysts, there
was a stronger preference for oligomerization, and
hence chain transfer, over polymerization. For exam-
ple, the oligomerization activities for GO to G3 were
measured at 5.2, 8.3, 10.2 and 134 ¢ molNi_1 h~'bar !,
while a concomitant decrease in polymerization activ-
ity was observed. The oligomer fraction showed
Schulz-Flory chain length distributions, o, that de-
creased with increasing nuclearity (e.g., ago=0.70
while 0g3=0.45). Surface confinement of the catalysts
on dendrimers also affected the topology of the tolu-
ene-insoluble polymer fraction. Significantly less
branched and higher MW PE was observed with the
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Figure 9. Dendritic iminopyridyl-Ni(II) chain-walking poly-
merization catalysts for a-olefin polymerization.

larger dendrimers. Thus, the chain-walking ability of
the polymer-bound catalysts appears to be affected by
congestion at the periphery and the metal centers at
the periphery were more protected thus giving rise to
higher MWs. Whether or not this constitutes a posi-
tive dendrimer effect is debatable, however, it does
provide another example of how polymerization
events are modulated by catalysts restricted in loca-
tion at the dendritic periphery.

High selectivities for linear over branched isomers
for reactions involving alkenes at transition metal
sites located at the periphery of a dendrimer have
also been observed in the Rh(I)-catalyzed hydrofor-
mylation reaction using diphenylphosphine-function-
alized polyhedral oligomeric sﬂsesgomoxane (POSS)
dendrimers as ligands (Scheme 11).1°] During the hy-
droformylation of 1-octene, the catalyst derived from
[RhCl(cod)], and dendritic ligand 28 with 16 phos-
phines at its periphery showed unexpectedly high re-
gioselectivity for the linear aldehyde nonanal (/b=
14). In comparative studies, small molecule analogues,
including 1,5-bis(diphenylphosphino)pentane  (29),
MGQSi(CH2CH2PPh2)2 (30) and Sl(CHzCHzPPh2)4
(31), gave significantly lower selectivities (/b=3.4,
3.8 and 5.2, respectively) thus confirming the unusual
selectivity of these dendritic ligands via a positive
dendrimer effect. In this case, steric crowding at the
dendritic periphery is thought to promote bidentate
binding of adjacent phosphines to the rhodium(I)
metal center, producing a ligand environment similar
to large bite angle bidentate phosphine ligands, such
as Xantphos and bis(diphenylphosphinomethyl)bi-
phenyl, that also incur high regioselectivity in favor of
the linear isomer.

Reactions involving the co-operative interaction of
multiple catalysts species have, in the past, been
shown to benefit from their tethering, or covalent at-
tachment through a linker. Catalyst tethering provides
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Scheme 11. Hydroformylation of 1-octene using various
Rh(I) catalysts derived from either dendritic or small mole-
cule bisphosphines.

a useful tool for achieving high local concentrations
of the complementary species in solution. Similar ben-
efits may be derived from catalyst immobilization on
the surface of dendritic supports. For example, the
process of hydrolytic kinetic resolution (HKR) of ter-
minal epoxides using cobalt(salen) complexes is
thought to proceed via both substrate and nucleophile
activation by two different metal-salen units. It was
hypothesized that dendrimeric confinement of the
Co-salen complexes at the surface of the macromole-
cule would reinforce cooperative catalytic activity.
The HKR activity for (+)-32 using PAMAM den-
drimers G1 to G3 with 4, 8 and 16 residues at the pe-
riphery were measured and compared to the unteth-
ered catalyst and a dimer analog (Scheme 12). [61]
Each of the dendrimers outperformed the model com-
pounds 33 and 34, indicating a positive dendrimer
effect. However, the reaction rate was optimal at G1
(35) where only four catalyst molecules were conju-
gated to the support. Thus, a particular molecular ge-
ometry appears to be required for the HKR reaction
and for this series of macromolecules was best ob-
tained at G1.

With peripherally modified dendrimers, the dendri-
mer effect as expressed in greater than statistical im-
provement with increased catalyst nuclearity does not
have to involve steric crowding or cooperativity be-
tween neighboring sites. For example, a large dendri-
mer effect was observed in the bromination of cyclo-
hexene with hydrogen peroxide and NaBr catalyzed
by a series of organochalcogenide Fréchet- tyFe den—
drimers with terminal -O(CH,)3;SePh groups.
catalytic cycle is thought to proceed via activation of
the terminal phenyl selenides with H,O,, followed by
hydration of the selenoxide to the dihydroxyselenane,
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Scheme 12. Hydrolytic kinetic resolution of (rac)-vinylcyclohexane epoxide using Co-(salen) catalysts.

ligand exchange with Br™, then reductive elimination
of “Br™ (as Br, or BrOH) to complete the catalytic
cycle (Scheme 13). Cyclohexene then traps the elec-
trophilic bromine oxidant to give either anti-1,2-dibro-
mocyclohexane or anti-2-bromocyclohexanol. Detty
and co-workers observed an induction period for the
oxidation of bromide anion with H,O, using the sele-
nide-bearing dendrimers as catalysts. In contrast, ad-
dition of pre-formed dendritic selenoxide catalysts
[i.e., R-Se(=0O)Ph] gave rapid catalysis without an in-
duction period. However, the authors report that the
rates of oxidation of the selenides with H,O, under
homogeneous or biphasic conditions, or even with z-
BuOOH under homogeneous conditions, were too
slow to account for the observed dendrimer effect on
cyclohexene oxidation, especially since selenide oxi-
dation rates were generally invariant between genera-
tions. Therefore, the large dendrimer effect in this
system could not be explained by differences in the
rates of oxidation at the dendrimer periphery.

The same study provided evidence of a slow back-
ground reaction between Br~ and H,O, that was ca-
pable of producing electrophilic bromine oxidants.
These were then responsible for selenide oxidation at
the dendrimer periphery, thus explaining the induc-
tion period. The process becomes autocatalytic as se-
lenoxide formation accompanies further consumption
of peroxide to form additional bromine oxidants
(Figure 10). It must be noted that the rate of forma-
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tion of “Br™” increased with increasing reaction time

only in the case of the dendrimers. The reason for this
lay in the localization of selenide pre-catalysts at the
surface of the dendrimer. When “Br™” oxidizes one
selenide at the dendrimer surface, it produces more
“Brt” in close proximity to other selenides, which
then undergo oxidation to the catalytically active se-
lenoxides until the entire dendrimer surface has been
activated. This dendrimer effect, due to autocatalysis,
is strongest with the larger dendrimers because of the
ability of the polymer to concentrate more pre-cata-
lysts within the nanoscopic reaction volume.
Combinatorial approaches have also yielded well-
defined dendritic catalysts with active catalyst species
at their periphery. Reymond and co-workers have de-
scribed a series of Eeptide-based dendrimers that are
models for lipases.[ 31 These dendrimers are prepared
using solid-phase synthesis with various diamino acid
branching units that afford a dendritic architecture.
Initial work sought to incorporate the catalytic triad
of amino acids present in serine proteases in a combi-
natorial manner at various locations throughout the
dendrimer in order to determine which spatial ar-
rangement of reactive grou})s would be required for
high activity and binding.[64 Some of the dendrimers
in the library displayed remarkable esterolytic activi-
ty, even surpassing the activity of 4-methylimidazole
as a model single-site small molecule catalyst, with a
surprising degree of selectivity (Figure 11). For exam-

Adv. Synth. Catal. 2006, 348, 1125-1148


www.asc.wiley-vch.de

The Dendrimer Effect in Homogeneous Catalysis

H20,
/‘\ O
o 3§
%/ ~ N e\ph
H,O
3/0\/\/86‘Ph u 2 OH
|
%/O\/\/?e*ph

— 7

"Br@" (Br, or HOBY)

Br Br
@ Lro (7 - (T
2~2 "Br “"OH

NaBr

Bro

GO: HgC—C—@OMSe‘Ph
L 3
O\/\/SG\Ph
G1: H C—C—@O/_@
3 O/\/\Se,Ph
L 3
O\/\/se‘Ph
O
:<< Ph
0 "s¢
G2: HsC—C‘@O O S
0. \/:<<
N

L -3

Scheme 13. Oxidation of cyclohexene using H,O, and NaBr
in the presence of organoselennide dendritic catalysts.

ple, aspartate-terminated dendrimer 36 with internal
histidine residues was selective for cationic 7-hy-
droxy-N-methylquinolinium ester substrates (38-40)
while histidine-terminated dendrimer 37 was selective
for anionic 8-hydroxypyrene 1,3,6-trisulfonate esters
(Scheme 14). This behavior was explained on the
basis of ion pairing. In addition, more lipophilic esters
were found to be better substrates; interestingly, K,
values decreased with increasing acyl chain length for
38 to 40 or 42 to 45 while k., values remained essen-
tially unchanged. Chiral discrimination was also ob-
served for 2-phenylpropionate 7-hydroxy-N-methyl-
quinolinium esters (+)-41 with aspartate-terminated
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Figure 10. Autocatalytic activation of organoselenide den-
drimers: (a) slow diffusion of “Br*” near the dendrimer; (b)
activation of -SePh by “Br*”; (¢) selenoxide formation re-
sults in “Br*t™” production which further activates more
-SePh groups (autocatalysis); and (d) complete activation of
the dendrimer surface.

/Asp Asp /His His
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His Ser His Asp SerAsp
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His Ser  His Asp Ser Asp
Asp—B\ /B—Asp His—B\ /B—His
Asp Asp His His
36 37

B = branching unit, 3,5-diaminobenzoic acid
C = cysteine

Figure 11. Aspartate- and histidine-terminated dendrimers —
36 and 37, respectively — for catalytic and selective esteroly-
sis.

dendrimer 36 containing the polyhistidine cores.
Again, k., values for both enantiomers of 40 were
similar, while a lower K, value was observed for the
(S)-enantiomer. Finally, the authors were able to
show that a single His to Ala substitution in 37 led to
a 75 % loss of catalytic activity suggesting that a coop-
erative mechanism requiring at least two His residues
at the periphery is involved. In these examples, the
dendrimer effect arises from the ability to precisely
place various functional groups at specific locations
throughout the structure of the dendrimer.
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Scheme 14. Selective ester hydrolysis by peptide dendrimer
catalysts: (a) cationic quinolinium esters as substrates; (b)
anionic hydroxypyrene trisulfonate ester substrates.

In a more recent report,[65] the presence of a strong

positive dendrimer effect with increasing generation
of peptide-dendrimer catalyst was quantified using a
series of dendrimers G1 to G4 whose catalytically
active repeat unit was a His-Ser dipeptide while 2,3-
diaminopropanoic acid afforded the branching
(Figure 12). Michaelis—-Menten parameters for the
macromolecular catalysts were measured at each den-
drimer generation. When selectivity constants, k.,/
Ky, were normalized to the background rate of reac-
tion, k,, obtained using 4-methylimidazole as a con-
trol and subsequently normalized to the number of
histidines in the catalyst structure (i.e., k../Ky/'ky/
His), a non-linear increase in histidine reactivity
reaching a factor of 100 was observed with increasing
generation of the dendrimer from G1 to G4. Isother-
mal titration calorimetry was used to determine the
association constants and the number of binding sites
for a slow reacting substrate (45) and the hydroxypyr-
ene trisulfonate product. Not surprisingly, larger den-
drimers were able to bind more substrate molecules:
for example, while G1 and G2 dendrimers only show
approximately 2 binding sites, 10 binding sites are ob-
served for G4. Larger association constants for sub-
strate 45 were observed with increasing dendrimer
generation: K,=1.66, 10.5, 56.2 and 80.8x 10*M ! for
the series of peptide-dendrimer catalysts G1 to G4.
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Interestingly, all of the dendrimers displayed similar
yet markedly weaker association constants for the hy-
drolyzed product (K,=0.11-0.28x10*M™!). High
rates of turnover were ensured, especially with the
largest dendrimers, as substrate binding was two
orders of magnitude higher than that for the product.
Thus, the strong positive dendrimer effect in this
system can be attributed to both the enhanced sub-
strate binding and the greater contribution of the
proximal histidine residues to the overall rate of catal-
ysis (Figure 13).

5 Conclusion and Outlook

The dendrimer effect — that is, the advantages associ-
ated with catalyst immobilization onto dendrimer sup-
ports — appears to have a very broad scope. For core-
functionalized dendrimers, this effect arises primarily
from site isolation as the polymer shields the reactive
core moiety from deactivation. However, it is impor-
tant that the dendritic polymer participates in some
fashion in the catalysis in order to overcome the nega-
tive kinetic effects associated with encapsulation. One
such mechanism involves substrate preconcentration.
Substrate accumulation near the catalytic site is great-
est with high generation dendrimers due to the more
pronounced nanoenvironment obtained with these
materials. This effect is usually the direct result of the
molecular design of the dendrimer where a gradient
of polarity can be used to drive the reactants to the
core of a dendrimer while expelling products back to
the surrounding solvent. The phenomenon of sub-
strate preconcentration in the interior of the dendri-
mer has been referred to as a “concentrator effect”
while the thermodynamic driving force expelling
products has been described as a “catalytic pump.”
While in the confines of the dendritic interior, sub-
strate-catalyst pairs are subject to dielectric effects ex-
erted by the polymer support producing nanoenviron-
ment effects that, in general, are not trivial. Indeed,
they often dominate the overall activity and selectivi-
ty for a particular transformation. Finally, it has been
shown that substrate selectivity can be engineered
through steric restriction to an active site located at
the core of the dendrimer; this effect manifests itself
more clearly with the larger globular dendrimers
since they provide the best opportunity for complete
encapsulation.

For peripherally modified dendrimers, the dendri-
mer effect arises from various interactions involving
neighboring catalytic sites or reactive groups in close
proximity at the surface of the macromolecule. This
effective means of confinement also affects the molec-
ular interactions between the dendrimer and various
substrates or co-catalysts at the dendrimer-solvent in-
terface. Such interactions, in turn, affect the activity
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Figure 12. G4 peptide-dendrimer catalyst containing His-Ser consensus sequence for ester hydrolysis.

and selectivity profiles of the dendrimer catalysts. For
example, cooperativity between proximal catalyst
groups arises from steric confinement at the dendri-
mer periphery, although a strict relationship between
larger dendrimer generations and optimal catalytic ac-
tivity is not always established. Another consequence
of catalyst immobilization on dendritic supports is the
high local concentration of reactive groups within
well-defined nanoscopic reaction volumes. This phe-
nomenon can result in an autocatalytic activation of
surface bound precatalysts that cannot be replicated
in a randomly dispersed small molecule system. Final-
ly, substrate selectivity can be achieved through spe-
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cific interactions with the polymer: for example,
chiral discrimination has been observed when enan-
tiopure dendrimers are employed and ion pairing at
the dendrimer surface can be used to discriminate be-
tween positively or negatively charged substrates.
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