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About Dendrimers*

Abstract: The esthetically appealing structures of dendrimers have attracted the interest
from many different disciplines of science. In this chapter the literature on some
controversial issues in dendrimer research is reviewed, aiming ot an enhanced insight
into the purity of dendrimers and their conformational behauvior. The translation of
dendrimer properties into functional materials, is the scope of the subsequent chapters.

* Part of this work has been published: Bosman, A. W.; Janssen, H. M.; Meijer, E. W. Chem. Rev.
1999, 99, xxxx.



Chapter 1

1.1 Introduction

Ideally, dendrimers are perfect monodisperse macromolecules with a regular and
highly branched three-dimensional architecture. Dendrimers are produced in an
 iterative sequence of reaction steps, in which each additional iteration leads to a higher
generation material. The first example of an iterative synthetic procedure towards well- .
defined branched structures has been reported by Végtle,! who named this procedure a
“cascade synthesis”, A few years later, in the early 1980s, Denkewalter patented the
synthesis of L-lysine-based dendrimers.2 The patents describe structures up to high
generations, however, except for size exclusion chromatography (SEC) data,® no detailed
characteristics of the materials are given.

The first dendritic structures that have been thoroughly investigated and that
have received widespread attention are Tomalia’s PAMAM dendrimers? and Newkome's
“arborol” gystems.® Both dendrimers are constructed divergently, implying that the
synthesis is started with a maultifunctional core molecule and is elaborated to the
periphery. At a later date and on the basis of the original work of Végtle,! divergently
produced poly(propylene imine) dendrimers have been reported by Miilthaupts and de
Brabander.” Today, these poly(propylene imine) dendrimers are commercially available.
In 1990, Fréchet introduced the convergent approach towards dendrimers.® In
convergent procedures, the synthesis is started at the periphery and elaborated to the
core. Fréchet’s aromatic polyether dendrimers are easily accessible and have been
studied frequently, not only by the Fréchet group but also by other researchers. Finally,
Moore’s convergently produced phenylacetylene dendrimers®1! are the last of the five
classes of dendrimers, reported up to high generations, that are studied in detail and
most known. Additionally, many other types of interesting, valuable, and esthetically
pleasing dendritic systems have been developed,’? and thus, a variety of dendritic
scaffolds has become accessible with defined nanoscopic dimensions and discrete
numbers of functional end groups.

Many of the intriguing properties of dendrimers as well as their syntheses and
possible applications are discussed in excellent books and reviews that have been
published by various experts in the field.1>-1® In this chapter, studies are highlighted
that contribute to a better understanding of the properties of dendrimers and studies
that offer insight into the possibilities for and the limitations of the use of dendritic
materials. Some of these studies relate to three somewhat controversial issues. First,
one can question the perfection of higher generation dendrimers. In the divergent
synthetic approach, for example, several hundred reaction steps have to be conducted
on the same molecular fragment to obtain higher generation species. Second, the
conformational behavior of dendrimers is an issue of debate, giving rise to the following
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About Dendrimers

questions: Are the end groups in dendrimers pointing outward or are they severely
backfolded? Do dendrimers always have a globular shape or can this shape be highly
distorted? Are cavities present inside the dendrimer? Is it possible to obtain site
isolation in the core? How do the physical properties of dendrimers change at higher
generations and how do these physical properties relate to those of linear analogues?

1.2 The Purity of Dendrimers

Two conceptually different synthetic approaches for the construction of high-
generation dendrimers exist: the divergent approach and the convergent approach. Both
approaches consist of a repetition of reaction steps, each repetition accounting for the
creation of an additional generation. The two methodologies have their own
characteristics, and therefore, the perfection of the final dendritic product is related to
this synthetic approach. .

In the divergent synthesis, the dendrimer is grown in a stepwise manner from a
central core, implying that numerous reactions have to be performed on a single
molecule. Consequently, every reaction has to be very selective to ensure the integrity of
the final product. For example, an average selectivity of 99.5% per reaction will, in the
case of the synthesis of the fifth generation poly(propylene imine) dendrimer (64 amine
end groups; 248 reactions, see Scheme 1.1), only result in 0.99524 = 29% of defect-free
dendrimer. Since every new generation of divergently produced dendrimer can hardly
be purified, the presence of a small number of statistical defects cannot be avoided.
Bearing this in mind, the divergent synthesis can be seen as the “macromolecular
approach” towards dendrimers: the purity of the dendrimers is governed by statistics.
The reality of statistical defect structures is also reéognized in the iterative synthesis of
polypeptides or polynucleotides on a solid support (the Merrifield synthesis),?® so the
knowledge gathered in this field should be considered when the perfection of dendritic
structures is discussed.

In the convergent approach, the difficulty of many reactions that have to be
performed on one molecule has been overcome by starting the synthesis of these
dendrimers from the periphery and ending it at the core. In this fashion, a constant and
low number of reaction sites is warranted in every reaction step throughout the
synthesis. As a consequence, only a small number of side products can be formed in
each reaction, and therefore, every new generation can be purified (although the
purification of higher generation materials becomes increasingly troublesome). Thus,
convergently produced dendrimers, which can be seen as dendrimers prepared in an
“organic-chemistry approach”, can be defect-free.
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The characterization of dendrimers is rather complex due to the size and
symmetry of these macromolecules. Various NMR techniques (UH, 133C, 15N, 31P),
elemental analyses, and chromatography techniques (HPLC, SEC) are widely used, but
these technigues cannot reveal small amounts of impurities in, especially, higher
generation dendrimers.?! Fortunately, recent progress in ESI (electrospray ionization)
and MALDI (matrix-assisted laser desorption ionization) mass spectrometry allows for
an in-depth analysis of dendrimers. ESI-MS has been used to identify the imperfections
in both poly(propylene imine)?? and poly(amidoamine) dendrimers (PAMAM).23 Both of
these dendrimer types are made via a divergent synthesis and are very suitable for
electrospray ionization due to their polar and basic nature.

All generations of poly(propylene imine) dendrimers with either amine or nitrile
end groups have been analyzed with ESI-MS to quantitatively determine the
importance of various side reactions.?? In the approach followed, all possible side
reactions have been grouped in two different pathways that describe the formation of
defect structures on going from one amine generation to the next (Scheme 1.1). One
pathway accounts for incomplete cyanoethylations and retro-Michael reactions, the
other pathway accounts for intramolecular amine formations (cyclizations).? With the
ESI-MS spectra of all five generation poly(propylene imine) dendrimers at hand, the
significance of both pathways has been calculated using an iterative computing process.
Thus, every MS spectrum has been simulated. The simulation indicates a polydispersity
(Mo/Mz) of 1002 and a dendritic purity of ca. 23% for the fifth generation
poly(propylene imine) dendrimer, Since the perfect structure is the dominant species in
the final product, it seems more appropriate to discuss the mixture in terms of dendritic
purity than in terms of polydispersity (the dendritic purity is defined as the percentage
of dendritic material that is defect-free).

ESI-MS studies on PAMAM dendrimers indicate defect structures arising from
retro-Michael additions and intramolecular lactam formations (Scheme 1.2).2 For a
fourth generation PAMAM dendrimer (48 end groups), a polydispersity of 1.0007 has
been reported.?

MALDI-MS studies on other divergently produced higher generation dendrimers
(i.e., Newkome-type dendrimers?-27 and carbosilanes®-31) have also shown the presence
of small numbers of imperfect structures. Metallodendrimers that have been studied
with L-SIMS;2 MALDI-MS;33 and ESI-MS3%3 are of lower generations, and
consequently, these materials hardly contain defect structures, even though these
materialg have been produced in a divergent approach.
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Scheme 1.1: The synthesis of poly(propylene imine) dendrimers (reactions A and B} and
alternative, unwanted reaction paths C and D. Path C illustrates “missed” Michael
additions (either by an incomplete cyanoethylation or by a retro-Michael reaction). Path
D illustrates unwanted cyclization reactions. Paths C and D describe defect reactions on
going from one amine generation to the next.22
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Scheme 1.2: Unwanted reactions in the PAMAM-synthesis: retro-Michael reactions (A)
and lactam formations (B). 22

Dendrimers synthesized via the convergent approach can be produced nearly
pure, as confirmed by MS data. MALDI mass spectra of Fréchet-type dendrimers
display very limited amounts of impurities.?® Moore’s phenylacetylene dendrimers have
also been investigated with MALDI-MS.37 For a dendrimer with a mass of 39 969 D,
almost no impurities have been detected.’® ESI-MS data on carboxylate-terminated
phenylacetylene dendrimers subscribe the high degree of purity that can be attained for
these dendrimers.??

The detailed mass studies that have been devoted to the characterization of
dendrimers indicate the most important difference between both synthetic
methodologies at hand. The “polymeric nature” of the divergent approach results in an
accumulating number of statistical defect structures for every next generation. The



Chapter 1

defects are the result of the many reactions that have to be performed on the same
molecular fragment. Furthermore, almost no possibilities exist for the purification of
intermediate generations. The exponential growth in the number of reactions to be
performed on higher generations, makes it virtually impossible to produce perfect
dendrimers of generations beyond five or six. For instance, the average selectivity of
99.5% per reaction leads to a dendritic purity of 29% for a fifth generation
poly(propylene imine) dendrimer and yields purities of 0.9955¢ = 8.0% for the sixth
generation and only 0.9951016 = 0.6% for the seventh generation. Virtually no perfect
structures will be present in even higher generation materials. The “organic nature” of
the convergent approach results in defect-free dendrimers due to the limited number of
reactions performed on the same molecule on going from one generation to the next.
Additionally, it is possible to purify intermediate generations.

The—in the end—small differences in structural features of the divergently
produced structures on one hand and the convergently synthesized structures on the
other are not expressed in differences in overall properties of these two classes of
dendrimers (for example, all investigated dendrimers show a maximum in the intrinsic
viscosity as a function of their molecular weight). Therefore, dendrimers, regardless the
way in which they have been prepared, can indeed be considered as the synthetic
macromolecules with the most defined or most perfect primary structure known today. 13

1.3 The Physical Behavior of Dendritic Molecules

On paper, dendrimers are usually drawn in a highly symmetrical fashion. The
molecular structure is displayed with all tiers—having the characteristic algorithmic
growth pattern—pointing outward, the end groups are invariably located at the surface, ‘
and the overall picture suggests that the dendrimer is a spherical entity. Of course, the
typical architecture of a dendrimer has consequences for its physical behavior and
logically research in the last decade has sought to reveal the true nature of dendrimers,
not only regarding their appearance but also regarding their physical characteristics.

The first part (1.3.1) in this section deals with the studies on the localization of
the end groups in dendritic systems. Such studies are of relevance since many of the
proposed uses of dendrimers rely on the availability of the large amount of neighboring
end groups (for modification, as active ligands, etc.). Related topics concern the density
profiles in dendrimers and the limits of perfect dendrimer growth, and these subjects
are also addressed. Further key issues in this section relate to the deviating properties
of dendrimers as compared to their linear macromolecular counterparts (1.3.2) and
encompass the transition in physical prbperties when a sequence' of dendrimer
generations is considered (1.3.3). Finally, numerous studies have dealt with amphiphilic
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dendrimers and with the behavior of dendrimers on solid or fluid surfaces {1.3.4). These
studies have revealed unexpected conformational features of dendritic molecules.

1.3.1 Localization of End Groups in Dendrimers

Theoretical Calculations. One of the first reports in which the position of end
groups in dendrimers is considered, has been published by de Gennes and Hervet.?8 The
authors have used a self-consistent field model in which the monomers of each
generation are assumed to be fully elongated and in which the end groups of the
dendrimer are grouped in concentric circles around the core. The model indicates that
dendrimers can grow freely up to a certainvpredictable—élimiting generation. It algo
shows that the core of the dendritic molecule has the lowest density.

Numerical caleulations using the kinetic growth model of Lescanec and
Muthukumar predict a monotonic decrease in density on going from the center of the
dendrimer to its periphery.®® As a consequence, the ends of the branches are not
positioned at the surface but are severely backfolded. Qualitatively similar results have
been obtained from Monte Carlo simulations that have been performed by Mansfield
and Klushin.# A molecular dynamics (MD) study of Murat and Grest shows that the
importance of backfolding of the chains increases with generation (moreover, this study
has shown a strong correlation between the solvent polarity and the mean radius of
gvration).4! Finally, Boris and Rubinstein have used a self-consistent mean field model
(SCMF) to describe flexible dendrimers. The model predicts that the density is the
highest in the core and shows that the end groups are distributed throughout the
volume of the dendrimer (Figure 1.1).42

Figure 1.1: Schematic representation of a backfolded trifunctional fifth generation
dendrimer according to Boris and Rubinstein.#
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Studies on specific dendrimers have first been reported by Naylor et al., who have
performed MD simulations on PAMAM dendrimers.® More detailed MD studies have
been performed by Miklis et al* and by Cavallo and Fraternali,** both on
poly(propylene imine) dendrimers functionalized with N-t-BOC-L-phenylalanine. The
investigation of Cavallo and Fraternali indicates that some backfolding of the terminal
amino acids occurs, but not to such an extent that the dendrimer core is completely
filled, resulting in a low-density region inside the higher generation dendrimers. In
addition, the authors have found an increasing inter end group interaction on going
from the first to the fifth generation.

MD studies on poly(propylene imine) dendrimers with amine end groups have
recently been performed with two different force fields representing a good and a bad
solvent.46 Both force fields produce a certain degree of backfolding, being more
pronounced for the force field representing a bad solvent. Monte Carle simulations on
dendritic polyelectrolytes by Welch and Muthukumar show a dramatic change in
dendrimer conformation depending on the ionic strength of the solvent.®” The
investigated polyelectrolytes are topological analogues of poly(propylene imine)
dendrimers. At high ionic strength, backfolding of the end groups takes place and a
“dense core” dendritic structure is formed. At low ionic strength, the multiple charges in
the dendrimer force the molecule to stretch out resulting in a “dense shell” structure
(Figure 1.2).

low salt ' high salt

Figure 1.2: The occurrence of a dense shell (left) or a dense core conformation (right) of
poly(propylene imine)dendrimers is dependent on the ionic strength of the solution
(picture kindly provided by B. Coussens, DSM, The Netherlands).

Almost all aforementioned computational investigations predict backfolded
branches in dendritic structures (the only exceptions being the study by de Gennes and
Hervet and, to some extent, the work of Cavallo and Fraternali). Backfolding is an
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important process in most models, because the conformation of the tiers is mainly
determined by repulsive monomer-monomer excluded volume interactions and by the
entropic energy penalty for the swelling of the dendrimer. In the next paragraph,
experimental data will show that the importance of backfolding is dependent on the
actual dendritic structure. Attractive secondary interactions between the end groups,
for example, can effect the conformations of branches significantly, thereby notably
reducing backfolding. '

Experimental studies. The polyether dendrimers synthesized by Fréchet et al.
(for a typical example see Figure 1.4 top) have been investigated in detail to establish
the possibilities for backfolding in these molecules. One of the first studies by Mourey et
al. uses an experimental set-up in which size exclusion chromatography is coupled to
differential viscometry.#® The hydrodynamic radii, calculated from the measured
intrinsic viscosity, increase approximately linearly with the dendrimer generation.
Additionally, a maximum in the intrinsic viscosity as a function of molecular weight is
found. Both of these trends are in qualitative agreement with the model of Lescanec
and Muthukumar,®® implying that the end groups can be found throughout the
dendrimer volume.

Rotational-echo double-resonance (REDOR) NMR studies on Fréchet-type
dendrimers by Wooley et al. have shown that backfolding also takes place in the solid
state.®® The authors have found that the radial density for a fifth generation polyether
dendrimer decreases monotonically with increasing distance from the center of mass. In
addition, Gorman et al. have measured the spin lattice relaxation (T1) in polyaryl ether
dendrimers with a paramagnetic core.5® The data reveal that the end groups are close to
the core of the molecule. Recently, the hydrodynaxﬁic volumes of Fréchet-type
dendrimers with rubicene cores have been determined by fluorescence depolarization
measurements.5! Qualitatively, this study has given the same results as those obtained
by Mourey et al. (i.e., the end groups are backfolded).*® In addition, the study has
indicated that the hydredynamic volume of the investigated dendrimers appears to be
temperature independent, whereas this volume is strongly influenced by the solvent.
The dendrimers are collapsed in poor solvents, while in a theta-solvent a more open
dendritic structure exists 5!

The previous examples of polyaryl ether dendrimers are built up from flexible
non-interacting units. Percec et al. have produced polyaryl ether dendrimers with
pendant perfluorinated® or perhydrogenated®® aliphatic chains., The dendrimers
assemble in the solid state in such a way that segregation between the dendritic wedge
and the end groups takes place. The segregation is apparent from X-ray diffraction data
and transmission electron microscopy (TEM) measurements.’* Recently, Stithn et al.
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have observed similar phase separation phenomena in carbosilane dendrimers with
perfluorohexyl groups on the periphery.® In contrast to the dendrimers with the
noninteracting units discussed before, all these segregated systems do not exhibit
backfolding.

The conformational behavior of PAMAM dendrimers has been studied with
several techniques. SEC in combination with intrinsic viscosity measurements has been
used to obtain the hydrodynamic radii of the PAMAM dendrimers.15657 The authors
conclude that the acquired data are in agreement with the de Gennes model, i.e., the
PAMAM dendrimers have a hollow core and a densely packed outer layer. BC NMR
relaxation studies on PAMAM dendrimers by Meltzer et al. have indicated no dramatic
change in chain dynamics up to the nineth generation.’® The measurements show that
chain motion is most rapid near the termini of the molecule and is slower in the
interior. It has been concluded that the branches are backfolded to some extent to
relieve the steric crowding on the dendritic surface. These conclusions have been
confirmed in a subsequent 2H NMR study by the same authors on various generation
PAMAMs labeled with deuterium.%® Small-angle X-ray scattering (SAXS)
measurements on PAMAM dendrimers have not given clear-cut results.¢ For the higher
generations {(Myw > 50 000), the overall density appears to be independent of the
generation. These data do not exclude any postulate: the terminal groups can reside on
the dendrimer surface, but backfolded arrangements are also possible. Additional
results from a small-angle neutron-scattering (SANS) study on a deuterium-labeled
seventh generation PAMAM dendrimer indicate that the end groups are preferably
positioned at the exterior of the molecule.$?

End group modification of PAMAMs with naphthalenediimide anion radicals
affords molecules that show strong n—n stacking interactions between the modified end
groups.®? The stacking is apparent from near-infrared spectroscopy measurements,
Comparable results have recently been obtained with amido-ether dendrimers
functionalized with oligothiophenes on the periphery.s? In the case of these dendrimers,
backfolding is presumably prohibited by intrameleculair end group interactions.

Various studies have been devoted to the hydrolyzed “half-generation” PAMAM
dendrimers. These molecules have a poly(amido amine) dendritic core that is
surrounded by a shell of carboxylate end groups (Figure 1.3 left). The picture of a
unimolecular anionic micelle is supported by various photophysical measurements (data
on pyrene fluorescence, steady state Ru(bpy)s?* quenching,$® and dynamic Ru(phen)s?*
quenching®® have been disclosed) and by ESR measurements (Cu(II},¥ nitroxides,t8 and
Mn(ID)*? have been used as probe molecules). Unimolecular micellar systems based on
dendrimers have also been reported by Newkome et al. Alkane™ or polyamide™ cores

10
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and carboxylate or amine end groups have been employed. Both SEC and two k
dimensional diffusion-ordered NMR-spectroscopy (DOSY) have shown that the
hydrodynamic radii of the polyamide dendrimers strongly depend on the pH of the
solvent.

)
=]

\z/
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N\/\N H

N
R
—\<O
o}
Na
ONa
n
n5-PAMAM (n=1 -9} DAB-dendr-(NHCO-R)ynst (n=1 - 5)

Figure 1.3: Haolf-generation PAMAM dendrimer (left) and amide-functionalized
poly(propylene imine} dendrimer (right); n denotes dendrimer generation.

Scherrenberg et al. have recently investigated poly(propylene imine) dendrimers
with both nitrile and amine end groups using viscosimetry and SANS measurements.4
Independent of the nature of the end group or the solvent used, the authors have found
* a linear relationship between the radius of the dendrimer and its generation number.
This linear dependency correlates with the results of the molecular dynamics study by
Murat and Grest.4! Hence, poly(propylene imine) dendrimers are flexible molecules with
a relatively homogeneous density distribution, implying that the end groups must be
backfolded to some degree. Another SANS study on amine terminated poly(propylene
imine) dendrimers has shown that the molecules tend to stretch when the amines are
protonated.™ These data reflect and confirm the flexible character of poly(propylene
imine) dendrimers.

Various studies have been performed on poly(propylene imine) dendrimers that
have been amidated (these materials are abbreviated by the formula DAB-dendr-
(NHCO-R),; Figure 1.3, right).”™ The fifth generation poly(propylene imine) dendrimer
modified with N-£-BOC protected phenylalanine, the so-called “dendritic box” (DAB-
dendr-(NH-t-BOC-L-Phe)ss), has been shown to have a rigid shell consisting of +-BOC-
protected amino acids.™ The soft-interior hard-exterior configuration is confirmed by
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spin lattice (T1) and spin-spin (T2) carbon relaxation measurements,” and by the
absence of optical rotation in this system.™ The rigidity of the shell is thought to
originate from the many possibilities for intramolecular hydrogen bonding between the
amides or the carbamates in the end groups. ’

Reviewing the cited reports, the localization of the end groups of dendrimers
depends eritically on the structure of the dendrimer in question. The flexible nature of
most known dendrimers usually implies that the end groups are found throughout the
dendrimer volume. Thus, the voids inside the dendrimer are filled up to a certain
extent. However, when the end groups can communicate with each other via secondary
interactions such as 7n-n interactions, electrostatic repulsions, hydrogen-bonding
interactions or hydrophobic effects, the dendritic terminal units will assemble at the
periphery, thereby precluding backfolding.

1.3.2 Dendrimers versus Linear Macromolecules

When dendrimers in solution are considered, the occupied volume of a single
molecule increases cubically with generation, whereas its mass increases exponentially
(assuming a spherical shape for the dendrimer). This typical “growth” pattern of
dendritic molecules determines their solution properties and makes these properties
deviate from those of linear molecules, especially at higher molecular weights. The
intrinsic viscosity is a physical parameter for which such a deviation has been
measured. In contrast to linear polymers (that obey the Mark-Houwink-Sakurada
equation), the intrinsic viscosity of dendrimers is not increasing with molecular mass
but reaches a maximum at a certain dendrimer generation (for polyaryl ether,
poly{propylene imine),” and PAMAM dendrimers,13 these maxima have been reported).”
Also in the solid state, the growth pattern of dendrimers determines their physical
characteristics. In general, it is believed that a gradual transition in overall shape, from
a more extended arrangement for lower generation dendrimers to a compact and
approximate globular shape for higher generation dendrimers,*? causes the deviation in
physical behavior of dendrimers from those of linear macromolecules.

In the next part, various studies are surveyed in which the behavior of dendritic
molecules is compared to the behavior of linear polymers or oligomers that are
compositionally related. Until now, only one study has dealt with the comparison of
dendrimers with their linear isomers, having exactly the same number of repeat units
and end group functionalities,™ This study by Hawker et al. is the only investigation in
which the influence of molecular architecture on physical properties is addressed
absolutely. The reason for the absence of more of such studies can be found in the
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synthetic inaccessibility of the linear isomers (usually, the dendritic isomers can be
produced far more easily).

Fréchet et al. have studied several physical properties of polyether and polyester
dendrimers.” The increase in glass transition temperature (Ty) of the dendrimers levels
off at higher molecular weights, a phenomenon that is also observed for the linear
analogues. For linear polymers in general, a leveling off of the T; increase has been
known for a long time, and this effect is explained by the declining influence of the end
groups and the role of the entanglement molecular weight. Dendrimers have more end
groups at higher masses, but, as opposed to linear macromolecules, dendrimers are not
significantly entangled. The absence of entanglements in the higher generation
materials is described in a study on the melt viscosities of polyether dendrimers,® and a
rheologic study on PAMAM dendrimers.8! In another study by the same authors, it
appears that the melt viscosity is a physical parameter that is very dependent on the
type of end group in the dendrimer.5?

Miller et al. have compared the solubilities of 1,3,5-phenylene-based dendrimers
with those of oligo-p-phenylenes.8® Although m-phenylenes would have been more
appropriate linear analogues, the study shows that the dendrimers have an enhanced
solubility. Similar results have been obtained by Fréchet et al. who have compared
dendritic polyesters with their linear counterparts.® In contrast to the linear
polyesters, the dendrimers are soluble in a vast range of organic solvents. The authors
also note a marked difference in reactivity: the debenzylation of the polyesters via
catalytic hydrogenation on Pd/C is only possible for the dendritic structures. Differences
in solubility and reactivity have also been found between poly(propylene imine)
dendrimers with nitrile end groups and poly(acrylonitrile). The nitrile dendrimers are
soluble in various organic solvents, whereas their linear analogues are crystalline and
only soluble in very polar solutes such as dimethylformamide and concentrated sulfuric
acid. Due to this limited solubility, the catalytic hydrogenation of poly(acrylonitrile) is
not possible, while dendritic polynitriles are easily hydrogenated.”# For all these cases,
the observed differences in solubility and reactivity have been attributed to the globular
architecture of the dendrimers and the accessibility of the end groups of the dendrimer.

The uniqueness of dendritic architectures has been shown in an elegant study by
Hawker et al. in which polyether dendrimers are compared with their linear isomers
(Figure 1.4).7 Especially the fifth and sixth generation dendrimers display differing
features when compared to their structural isomers. The hydrodynamic volume of the
fifth generation polyether dendrimer is approximately 30% smaller than that of its
linear analogue. The difference is ascribed to a more compact—backfolded—globular
structure of the dendrimer. In addition, the fifth generation dendrimer is completely
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amorphous (a Ty of 42 °C is recorded) and is soluble in a variety of organic solvents,
whereas the linear analogue is highly crystalline and poorly soluble in THF, acetone,
and chloroform. The Hawker investigation solidly confirms that the physical behavior of
dendrimers is different from that of linear polymers, and equally important, it shows
that dendrimers need to have a certain size to display significantly different physical
behavior. The next section concentrates on additional studies in which dendrimers of

various generations have been compared.

oiosicogdiogiogicogiog
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0000 '0'o
Figure 1.4: The fourth generation polyaryl ether dendrimer (top) and its linear isomer
(bottom).”8
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1.3.3 Lower versus Higher Generation Dendrimers

As noted earlier, the intrinsic viscosity of dendrimer solutions drops at a certain
generation number. The differences in physical behavior between low and high
generation materials within a homologous sequence of dendrimers have been revealed
in numerous other studies as well. Usually, photoactive probes have been used in these
studies.

Fréchet et al. have attached the solvatochromic probe 4-(N,N-dimethyl)-1-
nitrobenzene to the focal point of various generations of polyether wedges.’¢ In low
polarity solvents and on the basis of measured chromophoric shifts, a distinct transition
in the polarity of the dendritic interior is observed on going from the third to the fourth
generation. For the higher generations, the micro-environment of the chromophore is
highly polar (comparable to the polarity of DMF as determined with the n* scale®”). The
study indicates that the higher generatioh Fréchet dendrimers must have a closed and
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compact structure in order to severely limit the influence of the solvent on the probe
(i.e., the core environment). In contrast with the study by Fréchet, Zimmerman et al.
have concluded that the polarity of the interior of a polyether dendrimer is either apolar
or controlied by the solvent.88 The authors have based this conclusion on hydrogen-
bonding studies using a naphthyridine core. The discrepancy between both studies can
be explained by the different physical parameters that have been considered (solvent
polarizability versus H-bonding), by the different immediate surroundings of the probes,
and by the fact that Zimmermann et al. have investigated four generations, whereas
Fréchet has considered two additional bulkier generations.

Phenylacetylene dendrimers with a p-dimethoxybenzene moiety at the foecal
point have been made by Moore et al.® The maximum in fluorescence of a charge-
transfer state in the dendrimer shows an anomalous shift for the fifth and sixth
generation. Remarkably, a substantial shift in the fluorescence maximum can also be
induced when pentane instead of hexane is used. Apparently, not only the solvent
polarity but also the size and shape of solvent molecules are important factors in these
kind of probe studies.

PAMAMSs and poly(propylene imine) dendrimers also display transitions in their
physical behavior when a segquence of generations is considered. Investigations on
saponificated half-generation PAMAM dendrimers using various photophysical probes
indicate a transition in dendrimer appearance on going from generation 3.5 to 4.5,64%5
Spin relaxation data (Th and T: measurements) on a series of N-£-BOC-L-Phe-
terminated poly{propylene imine) dendrimers’™ and hyper-Raleigh scattering (HRS)
measurements on such dendrimers with 4-(dimethylamino)phenyl carboxamide end
groups® show, in both cases, a transition in physical behavior around the fourth
generation.

Spin relaxation data (T1) of Fréchet-type dendrimers with porphyrin® or
azobenzene cores? show a distinct transition between generation three and four,
resulting in unique photophysical behavior for the higher generation materials. In the
azobenzene systems, photoisomerization has been reported by using low energy photons
(i.e., infrared irradiation), whereas in the porphyrin system a very efficient energy
transfer from the dendron subunits to the porphyrin core takes place.

Poly(propylene imine) dendrimers of various generations have been grown from
amine terminated polystyrene chains (PS-NH2) with narrow molecular weight
distributions.?® Aggregation of these PS-dendr-(NHz). amphiphiles in water has been
studied by various characterization techniques (monolayer experiments, pyrene probe
fluorescence experiments, dynamic light scattering (DLS), conductivity and TEM
measurements), showing that the morphology of the aggregates is determined by the
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size (generation) of the dendritic head group. As the head group becomes more bulky,
the aggregates change their shape from inverted micelles, to vesicles and rodlike
structures, and finally to spherical micelles. These observations are in line with
Israelachvili’s theory on the assembly of surfactant molecules.®® The next section
focuses on other amphiphilic dendrimers that have been investigated. Additionally, the
behavior of dendrimers on surfaces will be discussed.

1.3.4 The Behavior of Dendrimers on Surfaces and in Amphiphilic Materials

Transmission electron microscopy (TEM) studies have been performed on
unimolecular carboxylate-terminated micelles with either PAMAM!35 or alkane
frameworks™, The PAMAMs of Tomalia have been studied with cryo-TEM using the
sodium cations as contrast agents. For a 4.5 generation PAMAM dendrimer, spherical
structures are visible with diameters varying from 80 to 100 A. The structures have
been assigned to individual molecules. Newkome et al. have visualized alkane
dendrimers with 36 carboxylate end groups. When tetramethylammonium counterions

“are used, spherical monomolecular structures are visible with sizes of around 30 A
When the carboxylic acids are used as end group, aggregated structures are observed
that probably are caused by intermolecular H-bonding. Using TEM, Newkome et al.
have also observed aggregates formed by second generation polyols.?5 Recently, amine-
terminated PAMAMs (of generations five to ten) stained with sodium phosphotungstate
have been investigated with TEM.% The dendrimers are spherical with radii that are
consistent with SAXS-data (from 4 nm for generation five up to 15 nm for generation
ten). The tenth generation dendrimer has also been investigated with cryo-TEM in
vitrified water, revealing a polyhedral shape for these molecules. Noninterpenetrating
ordered aggregates have been observed, the formation of which can be suppressed to
some extent by adding HCI. This is probably due to protonation of the termini resulting
in electrostatic repulsions between separate molecules. Accordingly, close-packed
aggregates can be obtained in dilute NaCl sclutions in which charges are shielded
efficiently.

Various types of metallodendrimers form monomolecular spherical structures on
solid surfaces. Majoral et al. have used high-resolution TEM to visualize different
generations of gold-containing polyphosphine dendrimers.?? Dendrimers of generation
three, four, five, and ten (theoretical number of Au sites: 24, 48, 96, and 3072,
respectively) give isolated spheres with diameters of 60 £5, 75+ 5,90 £ 5, and 150 + 5
A, respectively. Van Veggel et al. have reported on spherical aggregates of palladium-
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containing dendrimers that have been studied using AFM.? The second generation
metallodendrimers have a radius of 15~20 nm and a height of 4.2 nm.

Carbosiloxane dendrimers with trimethylsilyl end groups have been visualized
with scanning force microscopy (SFM).? On a glass substrate, single dendritic
molecules are observed with globular shapes and diameters in the order of 3 nm (Figure
1.5a). The materials have a strong tendency to coagulate; therefore, in addition to
monomolecular structures, clusters, and even droplets are also visible. Complete
wetting of a mica surface has been observed for carbosilane dendrimers modified with
hydroxyl end groups.®® The wetting is attributed to the preferential adsorption of the
hydroxyl groups to the mica surface. Modification of the substrate with a
semifluorinated coating results in dendrimer droplets on the surface.

Figure 1.5: Schematic representation of the different modes of adsorption of dendrimers
. on surfaces: (a) adsorbed noninteracting dendrimers;? (b) adsorbed dendrimers with
surface-interacting end groups;%-192 (¢) interacting multilayer dendrimer films;1° (d)
multilayer dendrimer films with ionic shielding;193 (¢) mixed monolayer;19% (f}
compressed dendrimer Langmuir bilayer;197.108 (g} dendrimer Langmuir monolayer. 110

The assembly of dendrimers in monolayers or multilayers on solid surfaces has
been discussed in several studies. The previously mentioned hydroxyl-terminated
carbosilanes organize in monolayers with thicknesses of approximately half the
expected (theoretical) values.®® Apparently, strong deformation of the surface-bound
dendrimers takes place (Figure 1.5b). Tsukruk et al. have observed the deformation of
PAMAMs in monolayers on silicon surfaces.’® The PAMAMs are coliapsed and highly
compressed along the surface normal, resulting in flattened, disklike structures (Figure
1.5b). To explain the observed deformation, electrostatic interactions between the
terminal cationic functional groups and the activated (negatively charged) substrate are
assumed. Monolayers of carboxylated PAMAMSs on positively charged surfaces also give
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flattened structures. 0212 Compression of dendrimers is also observed in multilayer
films of oppositely charged PAMAMs (~-NHs* and ~COg termini).'?® In this case,
electrostatic interactions between the layers cause the compression (Figure 1.5¢).
Watanabe and Regen have illustrated that deformation resulting from electrostatic
interactions can be prevented by using a low molecular weight shielding agent. The
authors have used Pt(Il) salts that are located between adjacent dendrimer layers,
thereby shielding the electrostatic interactions (Figure 1.5d).198

Interestingly, the deformation of dendrimers on surfaces has been predicted by
Mansfield in a Monte Carlo study.’®* The investigation considers the adsorption of
dendrimers on a surface at different interaction strengths. The calculations show a
flattening of the dendrimer shape with increasing adsorption strengfhs. As reflected in
the “phase diagram” (Figure 1.6), the mode of adsorption of the dendrimers is
dependent on adsorption strength and on the generation number (higher generation
dendrimers have more interaction gites per molecule, and therefore, these dendrimers
have a better chance to be adsorbed).

.
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Figure 1.6: A “phase diagram” that shows how the shape of dendrimers in adsorbed
monolayers depends on the strength of the adsorption interaction and the dendrimer
generation. The data are based on calculations by Mansfield. 104

An interesting type of deformation has been found by Crooks et al.1% Monolayers
of PAMAMSs adsorbed on a gold surface flatten due to multiple Au—amine interactions,
but subsequent submission of alkanethiols to the surface results in a mixed monolayer
in which the PAMAMs acquire a prolate configuration due to the shear exerted by the
thiols (Figure 1.5e). The shear originates from the stronger thiol-Au interaction as
compared to the amine-Au interaction. If the adsorption time of the dendrimer
monolayer is rather short (45 s instead of 20 h), exposure to hexadecanethiol results in
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piling up of the dendrimers to vacate the surface in favor of the thiols.1%¢ Eventually,
this leads to complete desorption of the dendrimers from the surface.

The assembly of dendritic molecules on the air-water interface has been
investigated by several authors. White et al. have investigated polyether wedges with a
benzylic alcohol function at the core.’0%.19% For generations one to four, the dendrimers
behave as classical surfactant molecules in a Langmuir trough. The isotherms of
generations five and six, however, indicate nonsurfactant behavior, once more reflecting
the deviating properties of higher ‘generation dendrimers. Compression of the fourth
generation polyether dendrimer results in the formation of a stable bilayer. In this
bilayer, the dendrimers are compressed laterally with respect to the surface normal,
producing an ellipsoidal shape which is twice as high as broad (Figure 1.5f). Neutron
reflectivity studies on analogues with perdeuterated end groups indicate that the
terminal benzyl groups are located at the top of the lower layer.!%® More stable
monolayers were formed when oligo(ethylene glyeol) tails were used as core-
functionality.1%?

Poly(propylene imine) dendrimers functionalized with hydrophobic alkyl chains
(palmitoyl chains or alkyloxyazobenzene chains) assemble in stable monolayers at the
air-water interface.!1? In the assemblies, the dendrimers adopt a cylindrical, amphoteric
shape, in which the ellipsoidal dendritic moiety acts as a polar headgroup and the alkyl
chains arrange in a parallel fashion to form an apolar tail (Figure 1.5g). This
representation is based on the observation that the molecular area of a dendritic
molecule increases linearly with the number of end groups in this molecule.
Additionally, the observed molecular area corresponds to the area occupied by one
hydrophobic chain, in an all-trans arrangement, times the number of hydrophobic
. chains in one molecule. When poly(propylene imine) dendrimers with pendant
adamantyl or N-£-BOC-L-Phe end groups are spread on the air-water interface, a non-
linear dependency of the molecular area with generation is found and stable monolayers
are not formed.

Amphiphilic PAMAM dendrimers comparable in design to those reported for the
poly(propylene imine) dendrimers!l® have been studied on the air-water surface by
Tomalia et al.) The PAMAMs with aliphatic end groups of varying lengths (6, 8, 10,
and 12 carbon atomg) also display the linear behavior between the molecular area at the
compressed state and the number of end groups per molecule. Tomalia et al. explain
their findings in a model in which the lower generations- are asymmetric like the
poly(propylene imine) dendrimers, while the higher generations act as hydrophobic
spheroids floating on the air-water interface. Since no indication for the laiter behavior
is found, it iz proposed here that also the amphiphilic PAMAM dendrimers of high
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generations, when disposed on air—water interfaces, are highly distorted with ali
aliphatic end groups pointing upwards.

In addition to the Langmuir-Blodgett (LB) studies, the aggregation in water of
the palmitoyl and alkoxyazobenzene-functionalized poly(propylene imine) dendrimers
has been studied.}’¢ At a pH of 1, vesicle-type structures are observed as evidenced by
{cryo) TEM micrographs, dynamic light scattering (DLS) data, X-ray diffraction results
and osmometry measurements. In the aggregates, the dendrimers are thought to have
similar conformations as those observed at the air-water surface. The hydrophilic
protonated dendritic component faces the water, while the aliphatic chains are packed
in a parallel fashion to form an apolar bilayer. Within this assumption, the axial ratio is
calculated at 8:1 for the highest dendrimer generation (the axial ratio is defined as the
ratio between both characteristic distances in an ellipse). Thus, the dendritic head
group has a flattened, far from globular, ellipgoidal shape.

Strong deformation from a spherical shape is also observed in liquid crystalline
(LC) dendrimers. Attachment of a mesogenic unit to the dendrimer periphery results in
a deformation of the dendritic core in order fo align the LC units. Cylindrical
conformations are found for LC-modified carbosilane!? and poly(propylene imine)
dendrimers (Figure 1.7a),31% having cyanobiphenyl and 3,4-bis(decyloxy)benzoyl end
groups respectively. In contrast, severe flattening of the dendritic core is observed in
cyanobiphenyl-functionalized poly(propylene imine) dendrimers (Figure 1.7b),1
comparable to the deformation observed for amphiphilic poly(propylene imine)
dendrimers in monolayers or vesicles. 110 ‘

] dendritic core

mesogenic
units

alkyl chains dendritic core
Figure 1.7: Proposed models for the conformation of poly(propylene imine) dendrimers
bearing mesogenic groups in (o) hexagonal columnar phases?’3 and (b) smectic layered
phases. 114 '
The phenylacetylene dendrimers prepared by Moore et al. are distinguished from
other dendrimers by their rigidity. The authors describe them as “shape persistent” and
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“dimension persistent”.® The shape persistency has been confirmed by electron
microscopy and diffraction measurements on the first and second generation
phenylacetylene dendrimers.!’ However, even these rigid dendrimers can be deformed
to “pancake”-shaped structures, when LC behavior is induced by meodifying the outer
functionalities with oligoethylene glycol chaing:1¢ Columnar discotic liquid crystalline
phases are observed for these materials. Similar molecular organization has been found
for stilbenoid dendrimers V7

In reality, dendrimers do not necessarily behave as might be expected from a
simple representation on paper. Most dendrimers possess flexible branches that can
adopt different conformations, implying that the end groups can fold back into the
interior of the molecule. More'surprisingly, the flexibility in dendritic molecules—even
in bulky higher generation dendrimers—allows that these molecules can adopt shapes
that are far from globular. Such shapes are only observed when dendrimers are exposed
to “external stimuli”, i.e., secondary interactions that force the dendrimers into specific
supramolecular arrays. Flattened dendritic structures have for example been found in
monolayers and in LC materials.

It has firmly been established that specific properties can only be expected from
higher generation dendrimers. In this respect, the drop in intrinsic viscosity for higher
molecular weight dendrimers has frequently been mentioned, although other properties
also change for higher generation dendrimers (see for example the simple and elegant
study by Hawker et al.”®),

1.4 Aim and Scope of the Thesis

More than 10 years after the initial reports on the syntheses of dendritic
macromolecules, many characteristics of these macromolecules have been revealed. The
development of advanced mass spectrometry techniques (ES[-MS, MALDI-TOF MS) has
enabled researchers to exactly determine the purity of dendrimers. Thus, it has been
confirmed that dendrimers are synthetic macromolecules that are almost monodisperse
and previously unattainable polydispersities well below 1.01 are common for
dendrimers. Theoretical and experimental data have clearly shown that dendrimers are
highly flexible molecules. The conformational 'ﬁexibility brings about many initially
unexpected properties, e.g., the end groups can be severely backfolded, the interior of a
dendrimer is able to expose itself to the environment, and huge distortions of the overall
dendritic shape are possible under specific experimental circumstances. Finally, it has
been established that higher generation dendrimers show deviating properties, not only
in relation to their lower generation analoegues but also when compared to linear and
compositionally similar oligomers or polymers.
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Today, research on dendrimers is not only focused on disclosing aberrant or
special features of dendrimers but considerable effort is also invested in the
development of applications for dendrimers. Dendritic molecules have been tested in
supramolecular polymer chemistry, in medicinal chemistry, and in catalysis.!?® Soon
dendrimers might be used in new devices, since it can be expected that highly defined
molecules with precise submicron dimensions will be of relevance for those active in the
emerging fields of bio- and nanotechnology. Additionally, research on dendritic
materials is facilitated by the circumstance that, nowadays, a few types of thoroughly
studied dendrimers are either commercially available or easily accessible. Thus, it has
become possible to broaden the potential of these materials even further. Consequently,
the research described in this thesis concerns the modification of poly(propylene imine)
dendrimers with different functionalities, that all make uge of the unique features of
the dendritic framework in order to explore the added-value of the dendrimer
architecture.

In Chapter 2, dendrimers are used to physically entrap guest-molecules by the
construction of a dense shell around a flexible dendrimer (“the dendritic box”). In this
way, the guests show typical characteristics due to the dendritic micro-environment. In
addition, the structure of the shell has been modified and investigated both in solution
(IR and NMR spectroscopy) and in the solid state (X-ray diffraction), to obtain a more
flexible systern. These studies indicate that the presence of hydrogen bonds between the
end groups is of utmost importance. In order to get more insight into the dynamic
behavior of poly(propylene imine) dendrimers, these dendrimers have been
functionalized with pendant stable nitroxyl radicals, as described in Chapter 3. EPR
spectroscopy reveals that the flexibility of nitroxyl functionalized dendrimers is related
to both temperature and nature of the solvent. These dependencies can be attributed to
the presence of a network of H-bonds in the periphery of the molecule.

In Chapter 4, the dendrimers are used as nano-scaffolds for several metal-ions
like Cu(Il), Ni(II) and Zn(II). These metal-ions are bound by the end groups of the
poly(propylene imine) dendrimers. The highest generation dendrimer binds 32 metal-
ions, and has nanometer dimensions. This makes it possible to use membrane-filtration
to isolate the metallodendrimer from the solution, opening the way to use these
dendrimers for continuous metal extraction, sensor-applications and catalysis, as shown
in this chapter.

Finally, functionalized poly(propylene imine) dendrimers are used in Chapter 5 to
mimic the multivalency present in many biological systems using the highly branched
architecture of the dendrimers. The first example consists of a Cu(I)-modified
dendrimer which is able fo bind multiple molecules of dioxygen. Therefore, this
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multivalent dioxygen complex may be seen as a model for oxygen binding by

hemocyanine assemblies, the oxygen-carriers in mollusks and arthropods. In the second

example, the poly(propylene imine) dendrimers are used as scaffold to assemble

multiple porphyrins, both in a covalent and noncovalent way. The covalent assemblies

show intramolecular electronic interactions between the porphyrin end groups in the
excited state, thereby mimicking the light harvesting of the natural LH2 system, which
is responsible for capturing and storing light-energy in photosynthetic bacteria.
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Soft-Core Dense-Shell

Dendrimers”

Abstract: The encapsulation of two different functional molecules in the dendritic box
(DAB-dendr-(NH-t-BOC-L-Phelsy) is described. Encapsulation of 7,7,8,8-tetracyano-
quinodimethane (TCNQ) leads to a charge transfer complex with the polyamine interior
of the poly(propylene imine) dendrimer. The resulting radical anion (TCNQ") is then
physically trapped as a dimer, as evidenced with UVivis and EPR spectroscopy.
Encapsulation‘ of the photosensitizer pheophorbide a, results in a chemical modification
of pheophorbide a due to the basic interior. The resulting dye, chlorin es, shows reduced
mobility in time-resolved fluorescence anisotropy as a consequence of encapsulation,
Encopsulation in the dendritic box does not hamper singlet oxygen generation, opening
the way to use these systems in photodynamical therapy (PDT). In order to obiain a
dendritic box with a less congested shell, the preparation and hydrogen bonding
properties of a series of fully functionalized poly(propylene imine) dendrimers (DAB-
dendr-(NHz),, n=4,8, 16, 32, 64} with N-t-BOC-glycine residues is described. The
presence of intramolecular H-bonding between the N-t-BOC-glycine end groups is
reflected in the X-ray structure of a first generation functionalized dendrimer (n = 4).
NMR and infrared studies in dichloromethane of all dendrimer generations show that
intramolecular H-bonding also occurs in solution. Moreover, there is a steady increase in
H-bonding with generation because of the higher local concentration of end groups.
Comparing DAB-dendr-(NH-t-BOC-Glyjes with the dendritic box, reveals that the degree
of H-bonding is higher for the latter. The decrease in congestion of the shell in DAB-
dendr-(NH-t-BOC-GlyJss is subscribed by 2D NOESY spectroscopy and size selective
encapsulation of an aldol condensation product.

* Part of this work has been published: Bosman, A. W.; Jansen, J. F. G. A,; Janssen, R. A. J.; Meijer; E. W.
Proc. ACS. PMSE., 1995, 73, 340-341. Bosman, A. W,; Bruining, M. J.; Kooijman, H.; Spek, A. L;
Janssen, R. A. J.; Meijjer, E. W. J. Am. Chem. Soc., 1998, 120, 8547-8584.



Chapter 2

2.1 Introduction

The concept of “topological trapping” of guests by core~shell molecules has been
introduced by Maciejewski as early as 1982.1 It refers to the binding of guest molecules
in internal and confined cavities of a host system. First indications for the presence of
cavities in dendrimers come from studies of Tomalia et al.? They observed a decrease in
spin-lattice relaxation times for guest like 2,4-dichlorophenoxyacetic acid and
acetylsalicylic acid in the presence of carbomethoxy-terminated PAMAMs in deuterated
chloroform solution. The validity of Maciejewski’s concept has been shown
experimentally by Jansen et al.3* and has been confirmed theoretically later on.5% In
this system the soft-core, hard-shell framework of modified poly(propylene imine)
dendrimers is used to encapsulate guest molecules. These structures are also called
“dendritic box” and are constructed by end group functionalization of a fifth generation
poly(propylene imine) dendrimer (DAB-dendr-(NHz)es) with bulky substituents like ¢-
BOC-L-Phe.? The rigidity of the shell is reflected in the NMR relaxation behavior of the
carbon atoms,® TH NMR data,® and chiroptical data.™® These experimental findings
show that intramolecular hydrogen bonding interactions between the #-BOC-L-Phe-
moijeties are stronger for the higher generation functionalized poly(propylene imine)
dendrimers and, therefore, it is believed that these hydrogen bonds add to the solid -
phase character of the shell.

The encapsulation of molecules is performed by reaction of DAB-dendr-(NHz)ss
with an activated ester of N-t-BOC-L-Phe in the presence of guest meolecules with some
affinity for the tertiary amine functions in the interior of the dendrimer (Scheme 2.1).
Excess guest molecules and molecules adhered to the surface of the box can
conveniently be removed by a dialysis procedure. Liberation of guests in the dendritic
box is only possible after destruction, i.e., hydrolysis, of the shell.’® Lower generation
poly({propylene imine) dendrimers cannot be used as boxes, since the shells in these
systems are not dense enough to trap guest molecules: aqueous work-up will release all
adhered molecules.

The encapsulation of dye molecules in general, and of Rose Bengal in particular,
has been studied in detail.’! The features of the guest molecules can change upon
capturing, obviously as a result of the changed micro environment. For example, Rose
Bengal@DAB-dendr-(NH--BOC-1L-Phe)ss!? displays strong fluorescence at Amax = 600 nm
in chloroform, whereas the fluorescence of free Rose Bengal is quenched in this
wavelength region. Induced chirality upon encapsulation has also been found for Rose
Bengal. When one molecule of Rose Bengal—an achiral compound-—is trapped, a CD
spectrum is found which, on basis of UV/Avis spectrum, hag to be attributed to Rose
Bengal.l®* When four molecules are trapped, an exciton-coupled Coﬁ;on effect is
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observed, indicating the close proximity of chromiophores. The CD experiments suggest
that the cavities in the dendritic box must have retained some chiral features, although
the shells of the box do not display significant optical activity. The close proximity of
trapped guest molecules has been confirmed in EPR spectroscopy measurements on
dendritic boxes containing 3-carboxy-PROXYL radicals as guests. Ferro-magnetic
interactions are observed between the radical species present in one dendritic host
molecule. 14

P

64

Scheme 2.1: Construction of dendritic box in presence of guest molecules.

In this chapter two other examples of encapsulation are given, resulting in a
charge transfer complex and a photoactive species capable of producing singlet oxygen.
Both encapsulated functionalities show unique properties due to the micro-environment
imposed by the dendrimer. Then, functionalization of poly(propylene imine) dendrimers
with the smaller -BOC-Gly end group is addressed, in order to obtain a core~shell
topology with a less sterically congested shell. The resulting “perforated dendritic box”
has been investigated on its use as catalyst in aldol condensations.

2.2 Topological Trapping of Functionalities in the Dendritic Box

2.2.1 Charge Transfer with the Dendritic Box

Previously, evidence has been put forward that 7,7,8,8-tetracyanoquinodimethane
(TCNQ, Figure 2.1) gives a charge transfer (CT) complex with a dendritic box.? This
paragraph describes the encapsulation of TCNQ in more detail. As a result of the large
electron affinity (Ea = 2.48 eV),15 TCNQ forms stable CT complexes with various organic
and inorganic donors; well known is the CT complex of TCNQ with triethylamine
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(TEA).}¢ Since the inside of the dendritic box contains many (62) tertiary amines, an
electron transfer between TCNQ and the dendrimer is likely to occur. The ability of the
dendritic box to donate electrons has also been shown in the photeinduced electron
transfer to buckminsterfullerene.l” Recently, intramolecular charge transfer has been
observed in a dendrimer from tetrathiafulvalene to anthraquinone units which are both
covalently linked to the same aromatic polyester dendrimer.1®

NC CN NC CN
>:C>:< © N
NC CN NC 3
N
@_\
TCNQ DEMI-3CNQ

Figure 2.1: TCNQ and DEMI-3CNQ.

TCNQ with dendritic box. Reaction of TCNQ with increasing amounts of empty
dendritic box produced an intense green color and new absorption bands at
Amax= 670, 750 and 850 nm were observed (Figure 2.2), with an associated loss of the
TCNQ bands at 400 nm. The new absorptions are readily attributed to the TCNQ

“radical anion.®

300 400 500 600 700 800 900
wavelength (nm)

Figure 2.2: UV /vis-spectra of TCNQ with different amounts of dendritic box, recorded
in dichloromethane.

Direct spectral evidence for charge transfer has been obtained using EPR
spectroscopy which revealed the well-resolved hyperfine couplings (an = 1.00 G and an =
1.42 Q) associated with TCNQ" (Figure 2.3a). These results subscribe that electron
transfer from the inside of the dendritic box occurs to TCNQ. The nitrogen based radical
cation of the dendrimer is not observed, probably due to disproportionation giving
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ammonium and iminium ions stabilized by the free electron pairs of the remaining
tertiary amines.

a) V
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Figure 2.3: EPR spectre of TCN@ with empty dendritic box (o) and TCNQ@DAB-dendr-
(NH-t-BOC-L-Phejss (b, 10 times magnified), recorded in dichloromethane.

TCNQ in dendritic box. On addition of TCNQ to a solution of a DAB-dendr-
(NHz)es in dichloromethane, the same absorption bands were observed as found for the
mixture of TCNQ with empty dendritic box (Figure 2.4) tbgeth@r with the corresponding
TCNQ™ EPR signal. Subsequently, encapsulation of TCNQ was accomplished by the
construction of the dense outer shell, via endcapping the dendrimer with the N-
hydroxy-succinimide ester of {-BOC-L-phenylalanine. The resulting reaction mixture
was washed thoroughly to remove non-encapsulated TCNQ-molecules. After washing, a
decrease of the relative intensities of the absorption bands at Amac= 750 and 850 nm is
observed as compared to the band at 670 nm, indicating the partial loss of TCNQ™.
Rigorous purification of the box from adhered molecules was attained by dialysing the
sample in an acetone/water mixture (95/5 by volume) using a regenerated cellulose
membrane. Dialysis was possible because of the large dimensions of the dendritic box
(r¢=18 A, based on DLS and SAXS measurements).4 After dialysis only absorption
bands at Amex= 615 and 663 nm remained (Figure 2.4), while the bands of TCNQ™ at
Amax = 750 and 850 nm were completely lost together with the EPR signal (Figure 2.3b).

These results demonstrate that the species associated with the 750 and 850 nm
absorptions, i.e. TCNQ™, is not encapsulated in the dendritic box. Howéver, the
encapsulated molecules (TCNQ@DAB-dendr-(NH-t-BOC-L-Phe)ss) are associated with
the 615 en 663 nm absorptions and are attributed to a dimer of the TCNQ radical anion
in the box. This kind of n—n dimer has also been observed in aqueous solutions by Boyd
et al.l? exhibiting a Amax of 643 nm. The equilibrium constant associated with the
dimerization: 2TCNQ~ == TCNQ* is 2.5-10%2 M-! in water at 298 K and lowers when
the solution is made less polar by the addition of ethanol.20

33



Chapter 2

071

wavelength {nm)

Figure 2.4: Vis spectra of the reaction mixture on encapsulating TCNQ; TCNQ with
DAB-dendr-(NHz)es (---), TCNQ with DAB-dendr-(NH2)es after addition of the active
ester (—), TCNQ@DAB-dendr-(NH-t-BOC-L-Phe)ss after washing the reaction mixture

{- - -), and TCNQ@DAB-dendr-(NH-t-BOC-L-Phe)s: after dialysis (---.-).

Enhancement in formation of the n—n dimers in aqueous sgolution has been found
in the presence of y-cyclodextrine by complexing dimers in the cyclodextrine cavity.2!
Dimerization in pure organic solvents has never been observed before. The
disappearance of the EPR signal is in agreement with the proposed dimerization,
because pairing of the two unpaired electrons in the dimer will regult in a diamagnetic
product, as was found for y-cyclodextrine complexation. Even heating dimers
encapsulated in the dendritic box to 140°C in 1,2 dichlorobenzene, does not result in a
recovery of the EPR spectrum, indicative for a high association constant. Assuming that
the extinction coefficient for the TCNQ" dimer in the box is comparable to that in
aqueous solution (esss = 3.36-10¢ M-lem1),® a loading of approximately 0.3 dimer per
dendritic box is obtained. ‘

Recently, it has been shown that TCNQ reacts with TEA, resulting in a
zwitterionic adduct of TCNQ (DEMI-3CNQ).22 Hence, the difference in vis absorption
bands between free and encapsulated TCNQ, could result from a reaction of TCNQ with
the polyamine dendrimer involving the formation of covalent bonds. In order to
eliminate the possibility that TCNQ has reacted similarly with the tertiary amines in
the box, we exposed the polyamine dendrimer and TCNQ to the same reaction
conditions as described for the synthesis of DEMI-3CNQ (reflux in chloroform for three
days). However, only unreacted species were found together with an inscluble black tar.
To check that TCNQ does not react with the primary amines of the poly(propylene
imine) dendrimer under the reaction conditions of encapsulation, n-propylamine has
been used as a probe. On mixing TCNQ with n-propylamine in dichloromethane, the CT
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bands at 750 and 850 nm were observed, as has been found for the dendrimer. However
after adding of N-hydroxy-succinimide ester of t-BOC-L-phenylalanine, the CT bands
disappeared and only one absorption at 400 nm remained, belonging to TCNQ. More
recently, amine terminated PAMAM dendrimers have been reacted with TCNQ under
similar reaction conditions, however, this resulted only in intractable, hardly soluble
material.2? In order to obtain additional evidence for the absence of DEMI-3CNQ like
derivatives in case of encapsulation of TCNQ, we encapsulated DEMI-3CNQ. On
encapsulation the absorption bands of this molecule undergo a dramatic blue shift
(~200 nm). This blue shift also occurs when TEA ig added to DEMI-3CNQ, attributed to
a reduction of the molecule.?t Therefore, the formation of DEMI-3CNQ upon
encapsulation of TCNQ can be completely ruled out.

In conclusion, both the synthesis as well as the optical data show that no reaction
involving covalent bonds has occurred between TCNQ and the poly(propylene imine)
dendrimers. Therefore, the TCNQ radical anions are trapped physically as n-n dimers
in the dendritic box. The radical anions are formed via charge transfer with the
dendritic polyamine, whereupon these anions combine to a dimer in the dendritic core.
Probably, this dendritic core stabilizes the dimeric form of the TCNQ radical anion. In
this way it is possible fo generate the dimer in organic media, exemplifying the use of
dendrimers as a tool to create a micro-environment.

2.2.2 Photosensitizer in the Dendritic Box

The presence of a typical micro-environment ingide the dendrimer has inspired
several research groups to prepare dendrimers with specific functionalities at the core.?5
, Thus, molecular systems are created in which a certain functionality is surrounded by a
particular, sterically congested structure. Especially porphyrin based dendrimers have
attracted a lot of attention in this research field, in order {o create substrate selectivity
in catalysis,?® to prevent quenching of the photoactive core,?” to modify redox-
potentials,®® and to protect the porphyrin core from aggregation and chemical
degradation when used as Oe-carriers.?®

Prevention of aggregation of dye molecules is of utmost importance in
photodynamic therapy (PDT) of cancer. PDT is based on the selective accumulation of a
photosensitizer in tumor tissue and on the production of singlet oxygen by irradiation of
the sensitizer-enriched tumor with visible light.3® The resulting formation of cytotoxic
singlet oxygen causes cell death and often total tumor necrosis. Effective candidates for
PDT are distinguished by low self aggregation in water, as this results in a decrease in
singlet oxygen production, and an lipophilic character. The presence of hydrophobic
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gites is important for incorporation in cell membranes and uptake by low-density
lipoproteins (I.DL).3* Tumor cells show enhanced uptake of LDLs.32

In this paragraph a model system for PDT-agents is described in which a
photosensitizer is encapsulated in the dendritic box: Embedding the PDT-agent in the
dendritic surroundings prevents aggregation of the photosensitizer dye used, i.e.
pheophorbide a (pheo, Scheme 2.2). This dye ig sensitized at the red end of the visible
spectrum, where human tissue has the highest transmittance. Although the dendritic
box ig not water soluble, the structure can easily be modified to be soluble in aqueous
solvent by attaching poly(ethylene)glycol chains at the periphery,?® thereby remaining
partly hydrophobic. Therefore, these structures will be promising candidates for a
carrier system of a photoactive drug in PDT. These studies have been initiated by Prof.
B. Rheiner of the Humboldt University in Berlin, and performed in a collaborative
program with her group.

Encapsulation of Pheophorbide a. Construction of the dense shell around the
poly(propylene imine) dendrimer in the presence of pheo resulted in encapsulation of
the dye in the dendritic box. Adhered dye-molecules were removed via exhaustive
dialysis with a regenerated cellulose membrane. The validity of this way of purification
has been tested by mixing empty dendritic box with pheo followed by dialysis. This
resulted in complete removal of the dye from the dendrimer as evidenced with UVAis
spectroscopy. '

pheophorbide a chiorin sg

Scheme 2.2: Ring opening of pheophorbide a under basic conditions.

Compared to the native dye, the low field 'H NMR signals belonging to the
methine protons (o, B, and 8) of the encapsulated dye have shifted. To get more insight
into these shifts, a first generation dendrimer with four primary amine end groups has
been mixed with pheophorbide a. After work up, the 'H NMR spectrum shows that no
reaction with pheo has taken place. This indicates that the primary amines of the
unfunctionalized dendrimer do not react with pheo during the encapsulation
procedure.3 A possible explanation for the changes in the 'H NMR spectrum, can be
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found in a chemical modification of pheo due to the basic environment inside the box.35
The rizig V of pheo is known to open under basic conditions resulting in chlorine es
(Scheme 2.2),3 having comparable 'H NMR resonances to the dye in the box 3738
Additional information came from a 2D NOESY spectrum (Figure 2.5). The methine
protons showed negative cross-peaks with sharp signals which are otherwise masked by
the dendritic box resonances. The observed through-space interactions are in
agreement with a chlorin es structure. In contrast, the non-encapsulated dye is NOE~
silent in a 2D NOESY experiment. This can be explained by the intermediate molecular
weight of the dye.®® Thus, the dye has virtually gained weight by the encapsulation
procedure resulting in a slower motion of chlorin es. No NOEs were found between dye

and dendritic box, probably the signal intensities of the dye are too small.
I
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Figure 2.5: NOE.-interactions for dye resonances in chlorin es@DAB-dendr-(NH-t-BOC-
L-Phe)ss, assignment of chlorin es signals follows from Scheme 2.2.

The loading of the dendritic box with chlorin es was determined with both UVAvis
and !H NMR spectroscopy. Using the extinction coefficient of the Qy(0-0) band and the
integrals of the methine protons in *H NMR, the dye-loadings of the dendritic box were
calculated to be proportional to the amount of dye offered. Assuming that the extinction
coefficient did not change upon encapsulation, the efficiency of encapsulation was
23 + 2 %. The same number was found comparing the integrals of dye with dendrimer
in *H NMR (Figure 2.6). A maximum number of 1.2 chlorin es per dendritic box was
reached, no gaturation could be obtained as found for rose bengal. 1

37



Chapter 2

12 g -
go9r b
@
aﬂh
£06[ b
-
__=°_ ] uv data
® 43l °  nmrdata |
0.0 3. i ‘1 H i3 3

1 2 3 4 5 6 7
offered {eq)

Figure 2.6: Loading of dendritic box with chlorin es as function of amount of guest
offered. The loadings were determined with both :H NMR (open circles) and UV /vis
spectroscopy {open diamonds), slope of the line is 0.23 +0.2.

Photophysical Characterization. Upon encapsulation of pheo in the dendritic
box, the photophysical behavior changes profoundly as expected when formation of
chlorin es takes place (Figure 2.7). Compared to pheo, the Soret and the Q-bands all
shift hypsochromicly in ethanol. The Soret band becomes sharper and the intensities of
the Q+«(0,1), Qy(0,0) and the Qu«0,0)-band decrease significantly. The fluorescence
spectrum of chlorin es@DAB-dendr-(NH-t-BOC-L-Phe)ss in ethanol is hypsochromicly
ghifted next to a decrease in intensity of the Qy(1,0) emissgion band, when compared to
that of pheo. These spectral changes are in agreement with the proposed ring opening of
pheo. Moreover the spectra of chlorin e€@DAB-dendr-(NH-t-BOC-L-Phe)ss can be almost
completely reproduced by dissolving pheo in ethanol containing sodiumhydroxide,
resulting in a spectrum analogous to the reported spectrum of chlorin es in dioxane.?8 In
order to get more structural information on the encapsulated dye, the circular dichroism
{CD) spectrum of chlorin es@DAB-dendr-(NH--BOC-L-Phe)ss was recorded in dioxane
(Figure 2.7, top). The CD spectrum has the same features as the native dye, indicating
that the chirality of the dye is hardly affected by the chiral shell of the dendritic box.
However, the resolution of the spectrum obtained did not make it possible to
discriminate between pheo and chlorin es, as the spectral features of both dyes only
slightly differ.4

The reduced motion of the dye caused by the embedding in a polymeric structure,
as found with NMR, was subscribed by a slower rotational fluorescence anisotropy
decay. Pheo has a fast single exponential decay time of 0.22 + 0.05 ns in ethanol. For
the encapsulated species, however, a double exponential decay has been observed in
ethanol. Both decay times (¢; and ¢,) are longer than those for the corresponding free
dye. For chlorin es@DAB-dendr-(NH-t-BOC-L-Phe)s: decay times of 1.1+ 0.2 ns and
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7 + 2 ns were observed (Figure 2.8). The double exponential decay can be attributed to
the presence of two different motions for the dye-dendrimer complexes, a possible
explanation would be the motion of dye in the box and motion of the box itself,
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Figure 2.7: UV/vis (left) and fluorescence (right) spectra of pheo (—J and chlorin
es@DAB-dendr-(NH-t-BOC-L-Phelss (- - -), recorded in ethanol. CD spectrum of chlorin
es@DAB-dendr-(NH-t-BOC-L-Phe)es recorded in dioxane is shown on top.

time (ns)

Figure 2.8: Normalized decoy in rotational ﬂaorescence anisotropy for pheo (A) and
chlorin e§@DAB-dendr-(NH-t-BOC-L-Phe)ss (B).

Singlet Oxygen Generation. The photosensitized generation of singlet oxygen
with pheo in ethanol results in a singlet oxygen lifetime of 14.7 ps. A small decrease in
lifetime was observed when the dye is encapsulated in the dendritic box (13.9 ps). The
obgerved quenching is ascribed fo the interaction of singlet oxygen with the ¢-BOC-L-
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Phe-modified dendrimer. This is supported by the dynamic quenching that takes place
when “empty” dendritic boxes are added to a solution of pheo in ethanol, as a linear
Stern-Volmer plot is obtained. However the quantum yield of the singlet oxygen is not
affected by the encapsulation of pheo, in both cases this value is 0.52 £ 0.05.

In conclusion, encapsulation of pheophorbide a in the dendritic box results in
small differences in absorption and emission spectra due to the basic micro-
environment caused by the presence of the polyamine structure ingside the dendrimer.
This micro-environment results probably in a chemical modification of pheophorbide a
giving chlorin es. Interestingly, in vivo PDT activity has been found for chlorin es.%! The
dye-dendrimer complex shows a double exponential decay in the fluorescence
anisotropy, reflecting the presence of two different mobilities. Encapsulating pheo has
no negative effect on the photoinduced generation of singlet oxygen. Only a small
reduction in the lifetime of the singlet oxygen luminescence signal has been observed,
which can be assigned to quenching by the dendritic framework. However, the same
dendritic framework limits aggregation of dyes in different “boxes”, suggesting the
feasibility of the concept of compartmentalization.! Therefore, this system has the
potential to be used as PDT-drug. Moreover, it is noteworthy that for both PAMAM#
and lysine dendrimers®® no immunogenicity has been found. However, more detailed
investigations have to be performed to optimize the chemical structures of both the
dendrimer and the photosensitizing dye before moving to investigations on biological
systems

2.2.3 Concluding Remarks

Both the encapsulation of TCNQ and pheophorbide a show that topological
trapping of functional molecules in the dendritic framework is possible. Moreover, the
encapsulation procedure provides a way to alter the characteristics of the functionalities
due to the typical micro-environment of the dendrimer, In this way molecules can be
foreed to be together (TCNQ™), or they can be prevented from being close together
{pheo). However, the constraints of the dendritic box system are the dependency on
(unselective) acid—base interactions, and the irreversibility of encapsulation.

2.3 Perforated Dendritic Box

In the previous paragraph the irreversible encapsulation of guest molecules ig
described. Liberation of these molecules is only possible after chemically removing the
shell.’® Reversible binding of guests inside the dendrimer has been investigated by
several research groups. The first indications (NMR relaxation data) of reversible
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interactions between dendrimer and guest molecules come from Tomalia et al.,, who
used the acid-base interaction between organic acids and PAMAMs in CDCls.2 Also
unimolecular micelles have frequently been employed as host systems for guest
molecules, In these systems hydrophobic interactions are responsible for encapsulation
of apolar guests like phenol blue and diphenylhexatriene® or pyrene® in aqueous
solution.

Other hosts are based on a hydrophilic dendrimer modified with hydrophobie alkyl
chains on the periphery.464’ The résu]ting structure behaves as an inverted
unimolecular micelle in organic solvents. Poly(propylene imine) dendrimers with
palmitoyl end groups can extract several anionic xanthene dyes from the water layer to
the organic phase.®® The amount of guests per dendrimer is directly related to the
number of tertiary amines in the interior. The efficiency of the extraction is related to
the pX, and the hydrophobicity of the guest, and the pH of the water layer. DeSimone et
al. have prepared poly(propylene imine) dendrimers with hexafluoropropylene oxide
chains to obtain dendritic surfactants that are soluble in supercritical CO2.4° Indeed, the
“COsz-philic” amphiphiles are able to extract methyl orange, a COes~insoluble guest,
from water to supercritical COs. '

Dendrimers with specific receptors in the interior have been reported by Diederich
et al.% These structures are composed of a cyclophane core modified with pendant
poly(ether amide} dendrimers. The employed cyclophane cores bind flat aromatic
substrates or steroids as determined with 'H NMR and fluorescence studies in water
and aqueous methanol.

Previously, flexibility in the dendritic box has been introduced by placing alkyl-
. chain spacers between the end of the branching of the dendrimer and the :-BOC-L-Phe
end groups.®? Here, the dendritic box hag been made more flexible using a sterically less
demanding end group then {-BOC-L-Phe. Therefore, the synthesis and characterization
of the different generations poly(propylene imine) dendrimers with pendant t-BOC-Gly
groups is described. Comparing DAB-dendr-(INH-t-BOC-Gly)ss with the dendritic box,
reveals that the degree of H-bonding is higher for the dendritic box. Moreover, the shell
is less congested in DAB-dendr-(NH-t-BOC-Gly)ss as shown by 2D NOESY and a “ship
in the bottle” experiment.

2.3.1 Preparation of DAB-dendr-(NH-t-BOC-Gly),

The different generations of N-t-BOC protected glycine functionalized dendrimers
3a-e (DAB-dendr-(NH-t-BOC-Gly)n; n = 4, 8, 16, 32, and 64; Figure 2.9) were prepared
in analogy to the synthesis of the dendritic box,® by the reaction of the N-hydroxy
succinimidyl ester of N-t-BOC glycine with the poly(propylene imine) dendrimers.
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Reference compounds 1 and 2 were synthesized from n-propylamine and 3,3’-diamino-
N-methyldipropylamine, respectively. These compounds were fully characterized with
NMR and IR measurements. Complete functionalization of the dendritic polyamines
was also subscribed by MALDI-TOF mass analysis, showing the molecular ions and
ions resulting from fragmentation of the dendritic framework (Figure 2.10).5! The two
highest generations also showed tailing to lower masses of which the origin is not yet
clear. It might originate from the presence of defect structures in the native
poly(propylene imine) dendrimers.
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Figure 2.9: Synthesized t-BOC-Gly-functionalized poly(propylene imine} dendrimers
3a-e (n =4, 8, 16, 32, 64), and reference structures 1 and 2.
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Figure 2.10: MALDI-TOF mass spectra of 3¢ (n =186, top) and 3d (n = 32, bottom)}
showing the molecular ion peaks at 4200 and 8541 respectively, pecks due to
fragmentation of dendritic framework are labeled with £
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2.3.2 Hydrogen Bonding in Solid State

Since single crystals of 3a were obtained from dichloromethane, the hydrogen
bonding motif could be investigated in the crystal structure. First generation dendrimer
8a adopts a globular structure in the solid state (Figure 2.11), with four Cz symmetric
molecules 3a and eight molecules dichloromethane in the unit cell. All H-bond donors of
the end group are involved in the H-bonding with the acceptor sites within the amido-
carbamate end group of the same or neighboring molecule. As a result, the end groups
are assembled on one side of the structure and the core atoms are positioned at the
other side. Two linear and two bifurcated intramolecular H-bonds are accompanied by
four bifurcated intermolecular H-bonds per molecule (Table 2.1). All of the secondary
interactions are located between carbonyls and N~H functions of different branches,
while no interactions are found involving nearest neighbor groups (C5 or C7)% or
tertiary amines. These findings are in sharp contrast to the X-ray structures of the
Fréchet type dendrons® or the carbosilane dendrimers,® in which no end group
interactions are present and there, the end groups are positioned away from each other
as far as possible. The intermolecular hydrogen bonds link the molecules into an
infinite two dimensional network in the b-c plane, as can be seen in Figure 2.12.
Interestingly, all molecules are oriented in the same way.

Table 2.1: Hydrogen bonding data of 3a. Suffix n denotes symmetry operation -x, % -y,
-%% + z, estimated standard deviations in parentheses.

H-bonding type atoms® distance? angle®
Intramolecular: N102-0104 2.830(4) 144.7(2)
N102-N103 2.782(5) 108.2(2)
N104-0105 2.924(4) 161.6(2)
Intermolecular: N103-0101n 2.993(4) 157.2(2)
N105-0101n 2.893(4) 159.9(2)

a) for atom numbering see Figure 2.11, b) distance donor-acceptor (A). ¢} angle N-H-A ).
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Figure 2.11: PLUTON representations of the crystal structure of 3a, projections along
a, b, and c-axis, respectively. Hydrogen bonds are shown by dotted lines, ornly protons
involved in hydrogen bonding are shown for clarity. Acceptor atom Q101 [-x, % -y,
-1 + z] as well as the donating hydrogen atoms of other neighboring molecules have been
included to provide a complete scheme of all hydrogen bonding interactions.

Figure 2.12: PLUTON representation of intermolecular orientation of 3a in the crystal
structure. Hydrogen bonds are shown by dotted lines, only protons involved in hydrogen
bonding are shown for clurity. Rectangular shows orthorhombic unit cell .

2.3.3 Hydrogen Bonding in Solution

IR studies. The X-ray structure of 3a supports the dense shell motif in the
dendritic box having all end groups interacting intramolecularly. In order to confirm
this proposal, all molecules were studied in solution. IR spectroscopy of 1-3 in
dichloromethane (1 mM) showed both one absorption at 3435 em- for the non H-bonded
amide and carbamate N-H stretching vibrations and one broad absorption at
approximately 3320 cm-! for the H-bonded amide and carbamate N-H stretching
vibrations (Figure 2.13).5255 Integration of the 3435 cm-! absorptions and relating them
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to that of compound 1, yields the relative amount of H-bonded species (Table 2.2).58
There is an increase in the amount of intramolecular H-bonding when going to
dendrimers of higher generation, attributed to an increase in the local concentration of
end groups, that are forced in closer proximity.2 From the data a K., is estimated of 1.6
% 0.1 (Keq = [H-bondedl/[non H-bonded}) for model compound 2, which is comparable to
bipeptide systems reported before.5 These H-bond interactions are only intramolecular,
since the ratio of both peaks is not changed upon dilution of the starting solution.5”
Probably there is no significant difference in H-bonding for both the amide and
carbamate functions, as they have comparable extinction coefficients.?® The trend of
increasing intramolecular H-bonding is also reflected in the carbonyl stretch region, the
amide I peak shifts from 1680 em-! for 1 to 1665 cm-! for 3e. The latter resonance is
also found for yturns in proteins.?® An increase in intramolecular H-bonding with
generation is subscribed by molecular dynamics calculations of DAB-dendr-INH--BOC-
L-Phe),,5 although the amount of H-bonding is much smaller (7 % for n = 4 and 15% for
n = 64).
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Figure 2.13: N-H stretch IR spectra of 1 (—), 3a (- - -}, 8¢ (--) 3e (-----) in CHCl; at
298 K. Spectra are normalized to 1 mM end group.

1H NMR studies. To discriminate between the N-H resonances of the amide and
the carbamate, proton NMR studies were performed in deuterated dichloromethane.
However, due to the fast exchange of H-bonding with respect to the NMR time scale, the
H-bonded and non H-bonded states are not visible separately. Both the amide as the
carbamate N~H resonances shift to lower field by going to higher generations (Table
2.2). Comparable shifts have been found for poly(propylene imine) dendrimers
functionalized with amide groups only 4660 Following the methods developed by Gellman
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et al.% to establish the equilibrium constants of the intramolecular bonding in 2, we
estimate Keq = 0.8 for the amide and K. = 0.3 for the carbamate, using the limiting
chemical shifts as obtained from dimerization studies of 1 (8pon-vondea= 5.94 ppm,
Sivonges= 8.29 ppm, and Kim=0.22M-1 for amide NH, and 8nonbonges= 5.04 ppm,
Shbondea= 7.34 ppm, and Kam= 0.21 M-? for carbamate NH). The calculated K. are in
good agreement with the IR data. Measurements of the reduced temperature
coefficients (A8/AT) show that there is almost no difference in temperature dependency
for the different generations. This confirms that the observed differences in H-bonding
originate from the closer proximity of the end groups.

Table 2.2: Solution hydrogén bonding data of 1-8 and dendritic box.

DAB-dendr-NH-+-BOC-Gly) dendritic
1 2 3a 3b 3¢ 3d  3e boxe
amount of H-bonding® 0 061 067 070 077 079 080 087
amideI(ecm-) . 1679 1671 1671 1670 1671 1667 1666 1654
8 sec. amide (ppm) 606 698 708 724 733 746  7.54 7.99
& carbamate (ppm) 508 555 562 582 592 611 613 614
AS/AT sec. amide (ppb/K) -34 51  -78  -83  -80 -74 64  -65
AS/AT carbamate (ppb/K) -21 54 61 77 79 68 -68  -52

a) FTIR measurements performed in dichloromethane, NMR measurements in deuterated
dichloromethane, all measurements performed in 0.5 - 3.2 mM concentration regime. b) values obtained
from FTIR spectra after subtraction of solvent spectrum and deconvolution of peaks, using
€ = 1.32-10% mm-1M-1for 3435 cm-1 absorption in absence of H-bonding (see text). ¢) N-H chemical shifts for
t-BOC-L-Phe-NH-propyl are 5.86 and 5§.00 ppm.

2.3.4 Host-Guest Interactions of DAB~dend1-(NH-i‘-BOC—Gly)“ versus
DAB-dendr-(NH-t-BOC-L-Phe)es

Comparing the IR data of 3e in solution with those of the dendritic box, a small
increase in hydrogen bonding is cbserved for the latter (Table 2.2). This is subscribed by
the larger changes in chemical shifts for the N-H resonances in the dendritic box.
Moreover, the mode of H-bonding is different for the L-Phe-series when compared with
the DAB-dendr-(NH-t-BOC-Gly).. This is reflected in the IR absorptions of both the N-H
as the C=0 stretch regions (Figure 2.14). In the dendritic box structure the extinction
coefficient of the H-bonded amide frequencies is significant higher, and the carbonyl
absorptions are shifted 13-21 cm™! to lower energy relative to 3e. These changes can
probably be attributed to participation in H-bonding by the phenyl group of L-Phe.8!
Weak H-bonds between benzene rings and H-donors are known to play a role in nature,
additional to conventional H-bridging systems.® Differences are also found on
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macroscopic scale, as the glass transition temperature (7%} of the dendritic box is 16°C
higher then that of 3e (T = 39°C and 23°C respectively). The higher T} of the dendritic
box reflects the presence of a more rigid structure. Therefore, changing the end group
from ¢-BOC-L-Phe to t-BOC-Gly suggests a decrease in packing density of the shell,
indeed.
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Figure 2.14: N-H and C=0 stretch regions in infrared of DAB-dendr-(NH-t-BOC-L-
Phe)es (+, and DAB-dendr-(NH-t-BOC-Gly)ss (- - -).

Whether the difference in size—a proton instead of a benzylic group—does result
in size selectivity, was first investigated with 2D NOESY NMR. As probe molecule
benzoic acid was chosen because of its affinity for the basic interior of the
poly(propylene imine) dendrimers. Adding benzoic acid (5 eq.) to both fifth generations
" dendrimers resulted in an additional dendrimer signal at 2.7 ppm attributed to
methylene protons next to protonated tertiary amines. The signals of benzoic acid
shifted to higher field (A8 = 0.1 ppm), indicative of protonation of the dendrimer by the
benzoic acid. The 2D NOESY spectrum of benzoic acid with 3e is shown in Figure 2.15.
Clearly visible are the cross-peaks between benzoie acid and the dendrimer signals,
indicating that both species are close together. In contrast, the 2D NOESY spectrum of
the dendritic box with benzoic acid revealed unresolved cross-peaks of lower intensity in
the 1-3 ppm region, suggesting that the amount of host—guest interactions is lower in
the dendritic box system.

To get more information on the rigidity of these systems, the dendrimers were
used as base-catalyst in the aldol condensation of p-nitrobenzaldehyde with acetone.
The polyamine interior of the functionalized poly(propylene imine) dendrimers results
in a basic micro-environment inside the dendrimer (pK ~ 10), as evidenced by natural
abundance N NMR studies.?® Upon dissolving the dendritic box or 3e in acetone in the
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presence of p-nitrobenzaldehyde, an orange-yellow solution was obtained. GC-MS
analysis revealed the formation of 4-hydroxy-4-methyl-2-pentanone and condensation
product 4 (Figure 2.16) in both cases. This shows that the basic interior is accessible, no
matter which end group is used, in agreement with the deprotonation of benzoic acid
found in' NMR. However, when the resulting reaction mixtures were exhaustively
dialyzed, differences were found between the two different systems. UVivis spectroscopy
showed the unchanged spectrum of the dendritic box after dialysis, whereas, in the case
of 8e, a residual absorption was observed attributed to the condensation product 4.
Therefore, it is proposed that all reactants are able to diffuse into 3e where they react.
Consequently, the size of 4 prevents it from diffusing out of the dendrimer. This ship in
the bottle concept is also known to take place in supramolecular host—-guest systems,835¢
zeolites,®® and dendrimer-copper nanocomposite .5
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Figure 2.15: 2D NOESY spectrum of 3e with benzoic acid. Signals belonging to benzoic
acid are labeled with ba, labeling dendrimer signals is shown in upper left corner.

2.3.5 Concluding Remarks

In conclusion the X-ray structure of 3a shows multiple interactions between the
different end groups of the dendrimer, modeling the shell of a higher generation
dendrimer. Spectroscopic results from solutions of dendrimers of all generations
confirm this close proximity of end groups due to the presence of secondary interactions.
Moreover, changing the size of the end group, ie., t-BOC-Gly instead of t-BOC-L-Phe,
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leads to a less dense packing of the end groups on the dendrimer periphery.
Consequently, the dendrimer core becomes more accessible.
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Figure 2.16: UV/vis spectra 3e (—) and 3e (- - -) after dialysis, inset shows difference
spectrum (— and spectrum of 4 {- - -).

2.4 Overall Conclusions

The localization of the end groups in dendritic systems is an issue of debate and a
subject of many theoretical and experimental studies (see Chapter 1). The position of
the end groups is of relevance, since many of the proposed uses of dendrimers rely on
the availability of the large amount of neighboring end groups. The flexible nature of
most known dendrimers usually implies that the end groups are found throughout the
dendrimer volume. Thus, the voids inside the dendrimer are filled up to a certain
extent. However, when the end groups can communicate with each other via secondary
interactions, the dendritic termini will assemble at the periphery, thereby precluding
backfolding.

In the fifth generation poly(propylene imine) dendrimer modified with N-t-BOC
protected L-phenylalanine, the “dendritic box”, this communication takes place via H-
bonding between the amide and carbamate functions present in the outer tier. In
combination with the steric bulky N-#-BOC-L-Phe end group, this results in a rigid sheli
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around the soft-core interior. As a result, it is possible to encapsulate different
functionalities in the dendritic framework. In this way, the physical properties of the
dendritic system can be altered in a rather broad range, resulting in for example radical
dimer or photosensitizer containing dendrimers. The only restriction for encapsulation
is some affinity of the guest for the polar basic interior.

Using sterically less demanding end groups (N-t-BOC-Gly instead of N-t-BOC-L-
Phe), results in a more open (“perforated”) shell and consequently a more flexible
system, as reflected in a lower T and lesser amount of hydrogen bonding. Also the
host—guest properties are biased by the size of the end group. For the fifth generation
N-t-BOC-Gly functionalized dendrimer there is interaction possible between guests and
the polyamine interior, whereas these interactions are much weaker in the dendritic
box species.

2.5 Experimental Section

General Methods and Materials v

Poly(propylene imine) dendrimers were kindly provided by DSM, The Netherlands. The N-hydroxy
succinimide esters of N-t-BOC-L-phenylalanine and N-t-BOC-glycine were used as received (Sigma).
Tetracyanoquinodimethane and 3,3-diamino-N-methyldipropylamine were wused without further
purification (Aldrich). DEMI-3CNQ was kindly provided by Dr. G. H. Cross. Pheophorbide a was provided
by Prof. B. Rheiner. All solvents were of p.a. quality except dichloromethane which was purified and dried
following standard procedures. Merck silica gel 60 (particle size 0.063-0.200 mm) was used for column
chromatography. UV/vis measurements were performed on a Perkin Elmer Lambda 3B UViis
spectrophotometer or an UV/vis/NIR Perkin Elmer Lambda 900 spectrophotometer. CD-spectra were taken
on a JASCO J-600 spectropolarimeter. GC-MS was performed on a Shimadzu GCMS-QP5000 equipped with
a WCOT fused silica column (length 15 m, ID =0.25 mm, coated with CP-sil 8 CB, DF = 0.10 pm).
Differential scanning calorimetry (IDSC) measurements were performed using a Perkin Elmer Pyris 1 DSC
with a heating rate of 20 Kmin-!, EI-MS spectra were obtained using the direct insert probe on the GCMS-
QP5000. MALDI-TOF MS spectra were performed at the Max Planck Insiitute for Polymer Research in
Mainz using a dithranol matrix. )

EPR Spectroscopy

EPR spectra were recorded using a Bruker ER200D SRC spectrometer, operating with an X-band standard
cavity and interfaced to a Bruker Aspect 3000 data system. Temperature was controlled by a Bruker
ER4111 variable temperature unit between 100 and 400 K. Samples were flushed with He to remove

molecular oxygen and kept under constant He atmosphere during measurements. Simulations were
performed with NIEHS WinSim EPR, version 0.95.

NMR Spectroscopy

H and ¥C NMR spectra were recorded on a Bruker AM-400, a Varian Gemini equipped with a variable
temperature unit, and a Varian Mercury 400 spectrometer operating at proton frequencies of 400 MIiz, 300
MHz, and 400 MHz, respectively. Chemical shifts are given in ppm (8) relative to TMS. NOESY spectra
were recorded on a Varian Mercury 400 with mixing times of 100 ms.

IR Spectroscopy

Infrared spectra were recorded on a Perkin Elmer 1605 IR spectrophotometer operating between 4400 and
450 em? using KBr pellets or a 1 mm cell with NaCl windows. Extinction-coefficients were obtained after
subtracting of solvent-spectrum by integration of a fitted Gaussian curve.
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X-Ray Crystallography

The X-ray diffraction pattern was taken using Mo Ko radiation and a multi-wire area detector X-1000
coupled with a graphite monochromator. Crystal data for 1a: C4sHaN10012.2CHCl;, colorless crystals with
orthorhombic spacegroup Aba2 (no. 41) with a = 22.942(4), b = 24.674(11), ¢ = 10.775(4) A, v=609910)A% 2
= 4, 13408 reflections measured, (150 K, Mo Ku radiation, 0.89° < & < 27.5°) of which 3413 are independent.
The structure was solved by automated direct methods (SHELXS96). Refinement on F2 (SHELXL-97), 831
parameters, with H-atoms at calculated positions. wR2 = (.1384, R1 = 0.0546 for 2856 I > 20(I), S = 1.0486,
w = 1/[0%(F?) + (0.0658P)2 + 4.35P], with P = (Max( Ff O+ 2 Ff /8. No regidual density was found outside -
0.50 and 0.47 e A%,

Time-Resolved Fluorescence Spectroscopy and Singlet Oxygen Luminescence
Time-resolved spectroscopy and singlet oxygen luminescence$” have been measured at Humboldt University
in Berlin. For the measurement of time resolved fluorescence and rotational fluorescence anisotropy the
aperture for time-correlated single photon counting (TCSPC) was used.®® All measurements have been
performed at concentrations of 10% — 106 mol/l to reach an OD of 0.2 at the excitation wavelength of 668 -
nm. The luminescence intensity I of singlet oxygen is given by:

T=yekexgy® @y (1-1070D) % Loy
where ke is the rate constant of radiative transitions, I is the intensity of excitation, ¥ is a constant factor
of the equipment, 1, is the lifetine of singlet oxygen, OD is the optical density at excitation wavelength and
®, is the calculated quantum yield . Two different methods have been used to determine @, in method a
the amplitude of the singlet oxygen luminescence signal, obtained by time resolved luminescence
measurement, is compared with the amplitude of a reference sample with known singlet oxygen quantum
yield, In method b the quotient of the steady state singlet oxygen signal and of the singlet oxygen decay
time is compared with the quotient of a sample with known guantum yield. An ethanolic solution of TPP
was used as reference.

Preparation

‘" TCNQ@DAB-dendr-(NH-£-BOC-1-Phe)ss

To a stirred solution of 118 mg (1.65-10°° mol) DAB-dendr-(NH2)ss and 0.1 mL triethylamine in 10 mL
dichloromethane was added 14 mg of tetracyanoquinodimethane (6.9-10-% mol, 4.2 equiv.}. After 1 hour, 1.01
equivalents (386 mg, 1.07 mmol) of N-t-BOC-L-phenylalanine hydroxy succinimide ester was added to the
turbid greenish reaction mixture. The reaction was stirred overnight and the resulting clear green solution
was washed with water (3x) and subsequently with saturated aqueous NazCOs solution (3x). Adhered
TCNQ"™ was removed from the dendritic box by dialyzing the sample in an acetone/water mixture (35/5 by
volume). Yield: 160 mg (42%). *H NMR (CDCls, 400 MHz) & 8.0 (64H, NHCOCHPh), 7.1 (320 H, Phenyl), 6.0
(64H, NHCO0Q), 4.6 (64 H, COCHNH), 3.3 (128 H, CH:CH:NHCQ), 3.0 (328H, CHCH:Ph), 2.4-2.0 (376 H,
N(CHaz)), 1.5 (252H, CH:CHaNH), 1.3 (570H, C(CHz)). UVivis (CH:Clz, nm (log £)): Amax 315 (4.28), 615
(3.96), 663 (4.00) nm. IR (KBr,em'): v 3323 (NH), 2977, 2185 (CN), 2128 (CN), 1709 (C=0).

DEMI-3CNQ@DAB-dendr-(NH--BOC-L-Phe)ss

‘To a stirred solution of 185 mg (2.59-10 mol) DAB-dendr-(NHz)e: and 0.1 mL triethylamine in 10 mL
dichloromethane was added 7 mg of DEMI-3CNQ (2.5-10% mol, 1.4 equiv.). After 1 hour, 1.01 equivalents
(423 mg, 1.17 mmol) of N-t-BOC-L-phenylalanine hydroxy succinimide ester was added to the red reaction
mixture. The reaction was stirred overnight and the resulting red solution was washed with water (3x) and
subsequently with saturated aqueous Na:CO; solution (3x). Yield after dialysis with acetonefwater mixture
(95/5 vivx: 353 mg. 'H NMR (CDCls, 400 MHz) & 8.0 (64H, NHCOCHPh), 7.1 (320 H, Phenyl), 6.0 (64H,
NHCQO), 4.6 (64 H, COCHNH), 3.8 (128 H, CH:CH:NHCO), 3.0 (128H, CHCH:Ph), 2.4-2.0 (376 H,
N(CHz)s), 1.5 (252H, CH:CHNH), 1.3 (570H, C(CHs)3). UVivis (CHzClz, nm (log £)): Amax 488 (3.59) nm.

Chlorin es@DAB-dendr-(NH-{-BOC-L-Phe)ss

In a typical procedure, 77 mg (1.1-10°° mol) fifth generation poly(propylene imine) dendrimer in a
dichloromethane/methanol mixture (4/1 v/v) was added to a stirred solution of 14 mg pheophorbide a
(2.4-10 mol; 2.2 equivalents). After 30 minutes, 280 mg N-t-BOC-L-phenylalanine hydroxy succinimide
ester (0.69 mmol; 1.01 eq) was added. The reaction was stirred for 6 hours and subsequently washed with
1N aqueous NaOQH, saturated aqueous NazCOs solution (2x) and water. After drying in vacuo, the organic
fraction was redissolved in § mL DMF and three times dialysed against 500 mL DMF. The contents of the
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dialysis bag was dried in vacuo, redissolved in 5 ml methanol and two times dialyzed against 500 mL
methanol. Evaporating of the solvent, redissolving in dichloromethane and drying over anhydrous Na:80
followed by drying in vacuo, resulted in 60 mg (24%) of a green glass. ‘H NMR (CDCls, 400 MHz) & 8.0
(64H, NACOCHPh), 7.1 (320 H, Phenyl), 6.0 (64H, NHCOO), 4.6 (64 H, COCHNH), 3.3 (128 H,
CH2:CHoNHCO), 3.0 (128H, CHCH>Ph), 2.4-2.0 (376 H, N(CHz)s), 1.5 (252H, CHCH:NH), 1.3 (570H,
C(CH3)3). Signals belonging to encapsulated dye: § 9.6 and 8.8 (methine protons), 3.7, 3.6, 3.5, -1.65 and -
1.85 (NH). UVAis (CHoClz, nm): Ausx 408, 504, 668 nm. IR: (KBr, ecm')): v 3309 (NH), 1698 (C=0), 1655
(C=0) 1654, 1526 {CONH). The dendritic boxes were obtained with different loads of pheo, depending on the
ratio of dye to dendrimer, see Table 2.3.

' Table 2.3: Load ings of dendritic boxes with chlorin es.

Batch equivalents offered equivalents encapsulated
NMR= visP
A 0.9 0.25 0.24
B 1.6 0.36 -0.64
C 2.2 0.47 0.52
D 44 1.20 1.22
E 5.9 1.20 1.20

a} based on comparing integrals of methine-protons with those of the ¢-BOC-L-Phe-
endgroup; b) based on extinction coefficient Q(0,0) band (668 nm).

Separation mixture DAB-dendr-(NH-£-BOC-L-Phe)ss with pheo.

To a stirred solution of 45 mg DAB-dendr-(NH-{-BOC-L-Phe)ss in a dichloromethane/methanol mixture (4/1
v/v} was added 2 mg pheo (1.8 equivalents). After stirring for 4 hours the reaction was worked up as
described for the encapsulation of pheo. UV/vis recorded in dichloromethane showed abserpiions belonging
to dendritic box only.

DAB-dendr.(NHz2)s with pheo

To a stirred sohation of 4 mg DAB-dendr-(NHz)s (1.3-10 mol} in a dichloromethane/methanol mixture (4/1
viv) was added 29 mg pheo (5.0-10% mol, 4 equivalents). After stirring for 12 hours the reaction mixture was
dried in vacuo followed by dissolving in dichloromethane and washing with aqueous saturated
ammoniumchloride solution (2x), and brine (1x). All water fractions were colorless, the organic fraction was
evaporated to dryness. *H NMR (CDCls, 400 MHz) showed spectrum belonging to pheo.8?

General Procedure for 1-3

The N-t-BOC-glycine functionalized poly(propylene imine) dendrimers were obtained by the reaction of the
polyamines with 1.01 equivalent of the N-#-BOC-glycine N-hydroxy succinimide ester in dichloromethane.
After 12 h an aqueous solution of 1 N sodium hydroxide was added and the two phase system was stirred
for an hour to hydrolyze the excess of activated ester, followed by a base extraction with a saturated
aqueous sodium carbonate solution and a washing with water. The organic phase was dried (Na2S04) and
concentrated in vacuo, resulting in white glasses for each generation.

Propylcarbamoylmethyl-carbamic acid £-butyl ester, 170

Chemical yield: 72%. TH NMR (CDCls, 300 MHz): § 6.53 (1, br.t.,, CH:NHCO), 5.48 (1, br t., NHCOO), 3.72
(2H, m, COCH,NH), 3.15 (2H, m, CH:CH:NH), 1.48 (2H, m, CHsCH?2), 1.37 (9, s, C(CH»)), 0.82 {3H, t,
CH3CHbz). ¥*C NMR (CDCls, 75 MHz): 5 169.5, 158.4, 79.9, 44.2, 41.0, 28.2, 24.8, 22.6. IR (CH:zClz,cmi); v
3435w (NH), 17115,b (C=0), 1673s,b (C=0), 1513s,b, 1368m, 1165s. EI-MS: m/z 216 [M']*.

Bis-(N-propylcarbamoylmethyl-carbamie acid £-butyl ester)-methylamine, 2

Chemical yield: 90%. *H NMR (CDCls, 300 MHz): & 7.2 (2H, br.t., NHCOCH2), 5.7 (2H, br.t. NHCOO), 3.7
(4H, br.t., COCH3;NH), 3.3 (4H, br.t., CH2NHCOCH?z), 2.3 (4H, t, CHsNCHp), 2.1 (3H, s CH3N), 1.6 (4H, m,
NCH2CH2CH:2Nj, 1.3 (18H, s, C(CH3)s). 3C NMR (CDCls, 75 MHz): 8 170.4, 156.8, 80.3, 56.2, 44.8, 42.2,
38.6, 28.8, 27.0. IR (CH:Clg,cml): v 3435w (NH), 3320w (NH), 1711s,b (C=0), 1673s,b (C=0), 1513sb,
1368m, 1165s. EI-MS: m/z 459 [M']*,

52



Soft-Core Dense-Shell Dendrimers

DARB-dendr-(NH-t-BOC-glycine)s, 3a

Chemical vield: 75%. TH NMR (CDCls, 300 MHz): 8 7.3 (4H, br.t., NHCOCHy), 5.8 (4H, br.t. NHCOO), 3.8
(8H, m, COCH:=NH), 33 (8H, brt, CH:NHCOCH:), 24 (12H, brt., N(CH:k), 1.6 (12H, m,
NCH:CH:CHoNH, NCHCH2CH:N, NCH:CH2CH,CH;N), 1.3 (36H, br.s., C{CHs);). BC NMR (CDCls, 78
MHz): § 169.7, 155.6, 79.3, 53 - 50, 43.8, 37.7, 28.0, 26.4, 24.2. IR (CH:Cly,cm'!): v 3435w (NH}, 3320w (NH),
17118,b {C=0), 1673s,b (C=0), 1513s,b, 1368m, 1165s. MALDI-MS: m/z 946 [M+H]*.

DAB-dendr-(NH-£-BOC-glycine)s, 3b

Chemical vield: 90%. *H NMR (CDCls, 300 MHz): 8 7.4 (8H, br.t.,, NHCOCHz), 5.9 (8H, br.t. NHCO0O), 3.8
(16H, m, COCH:NH), 8.2 (16H, brt., CH;NHCOCH:z), 2.3 (36H, brt, N(CHz), 1.5 (28H, m,
NCH:CH:CH:NH, NCH:CH:CH:N, NCH:CH>CH2CH:N), 1.3 (72H, br.s., C(CHz)3). ¥¥C NMR (CDCls, 75
MHz): § 169.9, 156.2, 79.7, 53 - 50, 44.1, 37.8, 28.3, 26.7, 24.9. IR (CH2Clz,cm!): v 3435w (NH), 3320w (NH),
17118,b (C=0), 1873s,b (C=0), 1513s,b, 1368m, 11655, MALDI-MS: m/z 2031 [M+H]*.

DAB-dendr-(NH-t-BOC-glycine)ss, 3¢

Chemical yield: 88%. *H NMR (CDCls, 300 MHz) § 7.5 (16H, br.t., NHCOCH?2), 5.9 (16H, br.t. NHC0OQ), 3.7
(32H, m, COCH:NH), 3.2 (32H, br.t., CH:NHCOCH2), 2.4 (168H, br.t., N(CH2s), 1.5 (60H, m,
NCH;CH2CH2:NH, NCH:CH2CH:N, NCHoCH2CHCH:N), 1.3 (144H, br.s., C(CHa)s). 1¥C NMR (CDCls, 75
MHz) § 169.9 (NHCOCHg), 156.1 (NHCOQ), 79.5 (C(CHs)s), 53 - 50 (N(CH2)s), 43.1 (COCH:NH), 37.5
{CH:NHCOCH?), 28.4 (C(CHs)), 26.6 (NCH2CH2CHoNHCO), 22.9 (NCH2CH2CH:N, NCH2CHCH2CH:zN).
IR (CH:Cloen)): v 3435w (NH), 8320w (NH), 1711s,b (C=0), 1673s,b (C=0), 1513s,b, 1368m, 1185s.
MALDI-MS: m/z 4200 [M+H]*, 2129,

DAB-dendr-(NH-£-BOC-glycine)sg, 3d

Chemical yield: 91%. 'H NMR (CDCls, 300 MHz) § 7.5 (32H, br.t., NHCOCHa), 6.1 (32H, br.t. NHCOO0), 3.7
(64H, m, COCH:NH), 3.2 (64H, br.t., CH:NHCOCH:), 2.3 (180H, br.t., N(CH2}s), 1.5 (126H, m,
NCH:CH:CH:NH, NCH2CH:CHeN, NCH:CH2CH.CH:N), 1.3 (288H, br.s., C(CH3)s). *C NMR (CDCls, 76
MHz) § 169.9 (NHCOCH32), 156.1 (NHCOO), 79.5 (C(CH3)s), 53 - 50 (N(CHz)), 43.9 (COCH:NH), 37.6
(CH:NHCOCH?), 29.2 (C{CHs)s), 26.6 (NCH2CH2CHoNHCO), 24.1 (NCH2CH2CHaoN, NCH2CH2CH2CH:=N).
IR(CHzClz,em)): v 3435w (NH), 3320w (NH), 1711sb (C=0), 1673s,b (C=0), 1513sb, 1368m, 1165s.
MALDI-MS: m/z 8641 [M+H]+, 4298, 2074, 989.

DAB-dendr-(NH-£-BOC-glycine)ss, 3e

Chemical yield: 70%. TH NMR (CDCls, 300 MHz) § 7.6 (64H, br.t., NHCOCHz), 6.2 (64H, br.t. NHCOOQ), 3.8
(128H, m, COCH:NH), 3.2 (64H, br.t., CH:2NHCOCH:z), 2.4 (360H, br.t., N(CHz)), 1.5 (252H, m,
NCH:CHCH:NH, NCH:CH:CHaN, NCH:CHCHCH:2N), 1.3 (570H, br.s., C(CHs)s). 13C NMR (CDCls, 75
MHz) & 171.1 (NHCOCHz), 156.2 (NHCOO), 79.4 (C{CHs)s), 53 - 50 (N(CHz)s), 45.3 (COCHNH), 38.3
(CH:NHCOCH?z), 29.2 (C(CH3)3), 27.4 (NCHCH-CH;NHCO), 25.2 (NCH2CH:CH2N, NCHzCHCH2CH2N).
IR(CHsClg,cml): v 3435w (NH), 3820w (NH), 1711s,b (C=0)}, 1673s,b (C=0), 1513s,b, 1368m, 1165s.
MALDI-MS: m/z 17229 [M+H]*with severe tailing to lower masses, 8497, 4246,

Aldol Condensations with Functionalized Dendrimers

In a typical procedure 14 mg (8.1:107 mol) 3e was dissolved in 3 mL acetone. To the stirred reaction
mixture 9 mg (6.0-10'% mol) p-nitro benzaldehyde was added. After 24 h stirring at room temperature, the
reaction mixture was dialysed against acetonefwater (95/5 v/v) until no further differences in UVivis were
observed.
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Nitroxyl-Functionalized

Dendrimers®

Abstract: The preparation and EPR spectroscopy of a series of fully functionalized
poly(propylene imine) dendrimers (DAB-dendr-(NHn; n = 2, 4, 8, 16, 32, 64) with 3-
carboxy-PROXYL rodical end groups is described. The pendant nitroxyl end groups
exhibit ¢ strong exchange interaction. As o consequence, the EPR spectrum directly
reveals the number of end groups from the splitting between the hyperfine transitions for
the lower generations. For the higher generations an increasingly exchanged-narrowed
EPR spectrum is observed. The temperature and solvent dependency of the exchange
interaction is used to assess the dynamic behavior of the dendritic branches. IR
spectroscopy shows that a hydrogen-bonded network between the amide functionalities is
present, consistent with the observed solvent effect on the EPR spectra. Additionally,
formation of intramolecular hydrogen bonding is investigated in a homologous series of
bis-PROXYLs with different spacer lengths.

* Part of this work has been published: Bosman, AW,; Janssen, R. A. J.; Meijer, E.W. Macromoleciles
1997, 30, 3608-3611.



Chapter 3

3.1 Introduction

Combination of the globular structure of dendrimers with functional properties is
one of the focal points of current research in dendritic molecules.! This interest is
motivated by the recognition that the controlled branching of dendritic structures may
provide a three-dimensional architecture that allows functional groups to be
incorporated in a geometrically well-defined fashion. However, not only the architecture
is important for understanding the properties of dendrimers, but also the interaction
between the pendant functional groups at the exterior of the dendritic surface as well as
their dynamic behavior.

An increasing number of dendrimers is being functionalized with stable organic
radicals or redox active groups, aiming at molecules or materials with a wide variety of
functional properties. Living radical polymerization of vinyl monomers has been
performed with different generations of poly(benzyl ether) dendrons attached to a stable
nitroxyl radical core.? High-spin molecules formed from organic radicals incorporated
into a n-conjugated hyperbranched topology have been studied in relation to future
organic magnetic materials.®® In these molecules, dendritic branching is used to ensure
a more robust intramolecular spin alignment than can be obtained in linear or branched
structures. Electrical conductivity of PAMAM dendrimers with naphthalene diimide
anion radical end groups, forming n—-dimers or n-stacks, has been reported.® Arborol
dendrimers peripherally modified with oligothiophenes also show n~dimerization upon
oxidation to the cation radicals.” Redox active end groups such as tetrathiafulvenyl® and
ferrocenyl®® have been attached to the periphery of aromatic polyester and silicon
dendrimers, respectively. In these cases, multi-electron oxidation to the corresponding
cations could be accomplished, but no evidence was obtained for a significant
interaction between the end groups. Although recently, intramolecular n-n interactions
in oxidized tetrathiafulvenyl dendrimers based on glycol have been observed.!t

EPR-spectroscopy has been applied to study the dynamic behavior of dendrimers
using paramagnetic probes. PAMAMs containing carboxylate end groups have been
probed with Cu(D,)? Mn(ID** and TEMPO-derivatives’* in aqueous solutions by
Ottaviani et al. The authors rationalize their findings by assuming a high mobility of
the complexes for the lower generations and a somewhat reduced motion for
generations 4.5 and higher. This is explained by a more congested structure for the
higher generations. The dynamics of PAMAMs modified at the periphery with the
chelating group diethylenetriaminepentaacetic acid (DTPA), have been studied with
EPR spectroscopy using vanadyl (VO2+).15 The dendritic vanadyl-chelate complexes
indicate that the rotational correlation times of the end groups increase with generation
and reflect the internal segmental motions of the dendrimer.
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In analogy to their linear macromolecular counterparts,161” the dynamic behavior
of pendant end groups and their mutual intefactions can also be probed using EPR
spectroscopy when the functional groups are covalently attached stable radicals. In this
way, intramolecular interactions can be probed and the possibility of an equilibrium
between free and bound radical-probes is ruled out.

Here a first example of five generations of dendrimers with stable radical end
groups is described.’® A series of poly(propylene imine) dendrimers functionalized with
3-carboxy-PROXYL radicals, 8a-e, and the mono- and biradical analogues 1 and 2 (see
Figure 3.1), have been prepared and studied in detail using EPR spectroscopy. The
individual nitroxyl radicals at the exterior of the DAB-dendr-(NH-3-CO-PROXYL).
dendrimers are found to exhibit a strong exchange interaction which depends on
temperature and solvent, and reflects the dynamic behavior of dendritic branches.
Additionally biradical series 4a-d have been prepared to investigate the influence of

,J—:l'ﬂ/dé ”
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1 2
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3a-¢: DAB-dendr-(NH-CO-PROXYL), (n = 4, 8, 16, 32, 84; m = 2log(n/2))

Figure 3.1: The different 3-carboxy-PROXYL-functionalized amines.

3.2 Synthesis

The preparation of different generations of poly(propylene imine) dendrimers has
been described elsewhere.’® For end-group-functionalization 3-carboxy-2,2,5,5-
tetramethyl-1-pyrrolidin-1-oxyl (3-carboxy-PROXYL) was first activated with N-
hydroxysuccinimide in . 1,2-dimethoxyethane in the presence of 1,3-
- dicyclohexylcarbodiimide. The DAB-dendr-(NHz). dendrimers were subgequently
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functionalized by reaction with this activated ester in dichloromethane (Scheme 3.1, for
n = 16). The resulting DAB-dendr-(NH-3-CO-PROXYL), dendrimers (8a-e, Figure 3.1),
with molecular weights up to 19 kgmol-! for the fifth generation, were extensively
purified from monoradical impurities using combinations of extraction, column
chromatography, precipitation, and dialysis, depending on dendrimer generation. The
absence of starting material was checked using IR, monitoring the absence of C=0
stretch vibration of free 3-carboxy-PROXYL (1750 em-1) and its N-hydroxysuccinimide
ester (1745 cmm1), and checking the presence of the carbonamide vibration (1660 em-1).
Simulation of the experimental EPR spectra (vide infra) demonstrated that after
purification less than 3% monoradical was present for 3d, and less than 1% for all other
" dendrimers. '

DAB-dendr-(NH-3-CO-PROXYL),,

Scheme 3.1: Synthesis of third generation PROXYL-functionalized poiy(pkopylene
imine) dendrimer (3¢).

The identity of the DAB-dendr-(NH-3-CO-PROXYL), dendrimers was confirmed
using MALDI-TOF mass spectrometry employing a dithranol matrix. In each case a
small deviation between measured and calculated values hag been observed. This
difference is explained by the partial reduction of the nitroxyl groups to hydroxylamines
during sample preparation or ionization, due to presence of electron donors in acidic
medium.2® Next to typical fragmentation products resulting from formation of
pyrolidinium or azetidinium based fragments,?! peaks at lower mass (m/z) values were
also found for n = 8 and n = 16 (Figure 3.2) that are possibly due to incomplete product
formation (n =7 and n = 14, and 15, respectively) or post source fragmentation during
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the measurement.?? The two highest generation dendrimers (n = 32 and n = 64) gave
signals at the calculated values, but strong tailing to lower masses occurred.

4387

Intensity (a.u)

1000 2000 3000 4000 5000

Figure 3.2: MALDI-TOF mass spectrum of 3¢ showing the partly reduced molecular ion
peak at 4387 (see text), peaks due to fragmentation of dendritic framework are labeled
with f.

3.3 EPR Spectroscopy

The EPR spectra of 2 and DAB-dendr-(NH-3-CO-PROXYL). (n = 4, 8, 186, 32, and
64) dendrimers recorded in oxygen-free N,N-dimethylacetamide at 298 and 378 K are
shown in Figure 3.3. The EPR spectrum of these polyradicals in a non-viscous solvent
can be described with a three-term Hamiltonian:

. no,.. B as 7 o ar mg
A=gugBy 38 +ay 3 I 5D - 327050 . §WD @

i=1 i=1 i> j=1

describing the eleciron Zeeman interactions, hyperfine coupling aj , and the exchange
interaction J in the definition that when J is negative, the diamagnetic state is the
lowest. An important aspect of these polyradicals in solution is the fact that the
exchange integrals J @ are not constant but a function of -the intramolecular
conformation. Therefore, the spectrum depends on temperature, viscosity, and nature of
the solvent. Before discussing the spectra of the higher generations, it is instructive to
look in some detail at the spectral properties for biradical 2.
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Figure 3.3: EPR spectra of 2 and 3a-e in N,N-dimethylacteamide recorded at 298 and
378 K.

The EPR spectra of nitroxyl biradicals and the influence of the exchange
interaction on these spectra have been described in detail theoretically.?826 Using
Hamiltonian (1) and the usual singlet |S) and triplet states |T,.), | Ty}, |T_), the four
energy levels for a symmetric nitroxyl biradical (2) in any nuclear spin state |mm2) are
described by:
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1) =I7:) E, = gu,By - %J + Bay(m +m) (2

|2)=cos8| Ty ) +5in6| ) E,=~%J+}%ay(m —m,)tan®

|3)=-sin6| Ty ) +cos | §) E,=%J-Yay(m —m)tan@

|4)=|T-) E, =-gu,By = §J + Kay(m +m,)
Where 6 is given by:

@n26=-ay(m +my)/2J 3)

The energies of the transitions, and their intensities, obtained by calculating the
matrix elements of the [W(§* +§7 )2 operator, are listed in Table 3.1. From the
transition energies and their intensities it can be seen that for |J| << |ay| the
spectrum of the biradical is similar to that of two independent monoradicals exhibiting
three lines separated by ap with relative intensities 1:1:1. The other possibility that
|J]| >> | ay | gives rise to a five-line hyperfine pattern with a separation of %2ay and
relative intensities of 1:2:3:2:1. These five lines are conveniently labeled with the sum of
m: and m; {given by Mr = +2, +1, 0, -1, -2). At intermediate values, where |J| = | ay |,
the spectra are more complex.

Table 3.1: Transitions and intensities for a nitroxyl biradical.

transition energy? intensity2

De 2 gleBy + Kay(m +my)y—Ka,(m —m,)an@ Jro o
e 3) gHy By —2J + Kay(m +my)+ Ka,(m —m,)tané Ysin® @
12} & 14 gug B, +/l'§a,v {m, +m2)+}§“,&{ml ~m,)tan B Ycos’ 0

Boe gz B, +2J + Kay(m +my) - Ya, (m —m,)tan8 Ysin? @

2§ is defined in equation 3

The experimental EPR spectrum 6f 2 recorded at 298 K (Figure 3.3) exhibits five
lines, indicating that |J| >> |4y | The widths of the five hyperfine lines clearly
alternate. The alternating line width at 298 K, and the changes in the spectrum when
warming to 378 K, result from the modulation of the exchange interaction J, caused by
conformational changes of the chain linking the two nitroxyl radicals. The alternating
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line width and the changes in the spectrum with temperature can be rationalized (albeit
in a somewhat naive model) by assuming the presence of at least two classes of
conformers designated with A and B (Figure 3.4), characterized by strongly different
exchange interactions. In the extended structure A, the exchange integral J is small
compared to the ¥N hyperfine coupling (|Ja| << | ay |), whereas in conformation B,
with two proximate nitroxyl radicals, a strong exchange interaction is present
([JB] >> {ay |-

Il << IaNI gl >» lanl

Figure 3.4: Schematic representation of nitroxyl biradical with two conformations A
ond B having different exchange interactions J.

In solution, both classes of conformers will exist and the actual EPR spectrum
depends on the values of Ja and J5 and the rate of interconversion between A and B,
expressed by the lifetimes = and 75.2-% When the exchange interaction is rapidly
modulated, the broadening of the line widths due to modulation of J in time is given
by:23

T2_1 = —-———a%lj_(__zzj) [ml -~y ]2 4)
16J

where j(27) is the spectral density and J = (maJa + wJ8)/(7a + t8). This expression
shows that of the total of nine nuclear spin functions in a nitroxyl biradical, the three
lines corresponding to my =m, (ie. M = 2, 0) are not affected by the modulation of J.
In contrast, the widths of the six remaining transitions, for which my #=my, are
increased. The spectrum exhibits two broader lines for My = £1 together with a central
M;=0 line (overlapping the sharp central transition) which is broadened by an
additional factor of four. The spectra of 2 clearly correspond to this situation as is
demonstrated by simulation of the spectra at 298 and 378 K, using this model with
ay= 14.58 Gauss (Figure 3.5). Because the line widths of the M;=+1 transitions
decrease with increasing temperature it can be concluded that the modulation of the
exchange interaction is fast. If the spectrum at 298 K would correspond to a situation of
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slow modulation of exchange interaction, the spectrum would be a superposition of the
spectra of the individual conformations A and B, and hence an increase in temperature
would affect the line widths much less. Moreover, the ratio of the doubly integrated
intensities in the experimental spectra is very close to 1:2:3:2:1, confirming the
conclusion of fast modulation of exchange interaction.

208K

3325 3350 3375 3325 3350 3375
B (Gauss) B (Gauss)

Figure 3.5: Experimental (solid line) and simulated (dotted line, offset for clarity) EPR
spectra of 2.

The spectra of the higher generations and their temperature dependence (Figure
3.3) show a similar behavior as compared to the biradical. Apart from the polyradical
signals, a characteristic nitroxyl 1:1:1 triplet signal of variable intensity is present in
each of the spectra. This is atfributed to a residual amount of monoradical impurity.
Spectral simulation as well as double integration reveals that the amount of nitroxyl
monoradicals is less than 3% for n = 32, and less than 1% for all other generations. In
each case the broadening which is present at room temperature decreases considerably
when the temperature is increased to 378 K. For n = 4 the spectrum recorded at 378 K
‘ clearly shows the expected 9 lines separated by ap /4. For n = 8 it is possible to discern
a number of shoulders, separated by ap/8. For n = 16, 32, and 64 the spectral
resolution does not allow the observation of the ever decreasing spacing between the
various hyperfine transitions, and the number of nitroxyl radicals can no longer be
determined directly from the spectrum. The continuously decreasing peak-to-peak line
width (ABpp) observed for n = 16, 32, and 64, is consistent with the increasing number of
nitroxyl end groups. The EPR spectra of these higher generations agree well with
spectral simulations for » nuclei with I = 1 (n = 16, 32, and 64) having a hyperfine
coupling of ay/n and an EPR line width that is identical to that of the monoradical
measured under similar conditions.

The EPR spectra of the DAB-dendr-(NH-3-CO-PROXYL): dendrimers also
depend on the nature of the solvent as shown in (Figure 3.6) for n = 4 and » = 64. In
general, the line widths are smaller in polar solvents such as methanol (¢ = 33.6) and
acetonitrile (¢ = 37.5) than in more apolar solvents such as toluene (¢ =2.4) and
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dichloromethane (e =9.1). The fact that the spectrum in N,N-dimethylacteamide is
broader than expected from its high dielectric constant (¢ = 37.8), is rationalized by the
significantly higher viscosity of this solvent at room temperature (1 = 2.14 mPa-g) as
compared to the other solvents (1 = 0.3-0.6 mPa-s). Clearly, the higher viscosity will
glow down intramolecular motion and hence the modulation of the exchange interaction.
In all solvents investigated, the EPR spectra exhibit a smaller line width at higher
temperatures, similar to the behavior shown in Figure 3.3. V

3a:

5

g
)
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Figure 3.6: EPR spectra of 3a and 3e, recorded ot room temperature in (a) toluene, (b)
dichloromethane, (¢} acetonitrile, (d) methanol, and (e} N,N-dimethylacetamide. No EPR
spectrum for 8e in toluene could be recorded because of poor solubility.

At lower temperatures, the spectra of all dendritic polyradicals continue to
broaden. The resulting spectrum for n = 64 in dichloromethane at 120 K is shown in
Figure 3.7 as an example and consists of a single and essentially “isotropic line” with a
width of AByp = 21 Gauss. Under these conditions a |Ams| = 2 transition at half field is
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observed for each generation, which gives direct evidence of the presence of a high-spin
state, exhibiting a zero-field splitting (D). No |Ams| = 3 or other lower-field transitions
could be cbserved. Their absence is in accordance with the fact that the intensity of the
jams| =1, 2, and 3 transitions are expected in the ratio 1 : (D/Bo)?: (I/Bo)4.2" Therefore
the |Ams| 2 3 transitions will go undetected, except when D ig large.

1 M i M ¥ v 1 v 1 I

1800 1800 €700 1800 1900

i I I3 y i r 5, X L

3250 3300 3350 3400 3450
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Figure 8.7: EPR spectrum of DAB-dendr-(NH-3-CO-PROXYL)s¢ in dichloromethane,
recorded af 120 K. Inset shows the |Ams| = 2 transition at half field.

3.4 IR Spectroscopy

The increased flexibility of the dendritic polyradicals in more polar solvents
suggests that electric-dipole interactions play a role in the dynamic conformational
changes. This observation is consistent with the presence of an intramolecular hydrogen
bonded network for poly(propylene imine) dendrimers where functional end groups are
attached via an amide bond.282® This is schematically shown for the PROXYL-
functionalized dendrimers in Figure 3.8. The presence of intramolecular hydrogen
bonds in the PROXYL-systems has been inferred from IR spectroscopy. The IR spectra
of the N-H-stretch region for 0.5-1.5 mM samples of DAB-dendr-(NH-3-CO-PROXYL).
in dichloromethane have been recorded and are shown in Figure 3.8 for n = 4, 16 and 64
together with the spectrum for monoradical 1.
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Figure 3.8: N-H stretch IR spectra of 1 (- - -), 3a (), 8¢ (--) 8e (—) in CHClz ot 298 K.
Spectra are normalized to 1 mM end group. Schematic view of the hydrogen bonded
network is shown on the right.

The dendrimers give rise to twoe bands; a narrow band at 3441 cm-! arises from
free N-H and a broad band at 3300-3350 cm~! due to N-H hydrogen bonded to an
amide carbonyl.3® The IR spectrum of 1 shows a single N-H stretch at 3441 c¢m-,
indicating that at the concentrations employed no intermolecular hydrogen bonding
occurs. For higher dendrimer generations the band at 3300-3350 cm-!, agsigned to
intramolecular hydrogen-bonded N-H, increases with respect to the band at 3441 cm-t
from non-hydrogen-bonded N-H. Indicating the progressive formation of an
intramolecular hydrogen-bonded network at the periphery of the dendrimers for higher
generations, formed by organization of the amide functionalities. Also the maximum of
the low-energy band shifts to lower wavenumbers (Figure 3.9), reflecting an increment
in strength of the H-bond with dendrimer generation. In addition the amide I peak
shifts from 1677 cm-! for 1 to 1659 em-? for 8e. Quantification of the degree of hydrogen
bonding for the different generations as done for the DAB-dendr-(NH-t-BOC-Gly),
series (Chapter 2),%° shows that the same trend is observed for H-bonding, although the
increase in hydrogeh bonding is somewhat higher for the PROXYL.-series.
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Figure 8.9: Energy of in H-bonded amide absorption (8 left axis) and amount of H-
bonding (# right axis) as function of end groups for 1-3.

3.5 Influence of Spacer Length on Biradicals

From the results described above, it is clear that intramolecular hydrogen bonding
within the dendrimers plays an important role in the dynamics of the molecules. In
order to obtain more insight into the influence of spacer length on the dynamic behavior
of biradicals, bis-nitroxide series 4a-d {Scheme 3.2) has been synthesized starting from
the corresponding diamines. Double-label EPR spectroscopy has also been used as a tool
to get information on secondary structures of proteins,3 as it provides information on
the relative distances between the labels.

ON H
Sooww L ",
O-N | ¢ N-O R ""H'N
" ) °
) N
4a-d:n=3,4,56 S

Scheme 3.2: Investigated biradicals and proposed mode of intramolecular H-bonding.

The EPR spectra of all these bis-PROXYL derivatives show the typical five line
pattern in various solvents (toluene, dichloromethane, methanol) as observed for 2.
However, the modulation of the exchange interaction differs significantly for the
different biradicals in the series. Surprisingly, this deviation is not linearly related to
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the distance of the radical centers, but shows anomalous behavior for 4b as can be
inferred from Figure 3.10.

toluene dichloromethane methanol

A e -
Ry
- Pd— e
B e e

3325 3350 3375 3325 3350 3375 3325 3350 3375
B (Gauss) B {Gauss) B {Gauss)

Figure 3.10: EPR spectra 4a-d in different solvents.

Moreover, the exceptional behavior of 4b is more pronounced in an apolar solvent
(toluene, dichloromethane) than in a polar solvent (methanol). This suggests that
hydrogen bonding plays an important role in the dynamic behavior of these biradicals
as seen before for dendrititic polyradicals. This is described by the IR spectra of 4a-d
recorded in dichloromethane (Figure 3.11). Although all biradicals shows comparable
amounts of hydrogen bonding, the nature of the H-bond is different for 4b as its
absorption is shifted to lower energy reflecting a stronger H-bonding mode.

An explanation of this behavior can be found, if the studies on protein folding with
model compounds are taken into account. Deviant behavior within homologous series of
linear diamides has also been found when these have been functionalized with N-¢-
BOC-L-phenylalanine 3 The pentamethylene derivative shows different chiroptical
features compared to the others in the series. This difference is attributed to favorable
intramolecular H-bonding for the pentamethylene derivative, as inferred from *H NMR
and IR studies. Gellman et al. have observed anomalous behavior concerning
intramolecular hydrogen bonding in homologous series of diamides based on
dicarboxylic acids.® 'H NMR and IR data show that the derivative containing the
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tetramethylene spacer is more intramolecularly H-bonded. They rationalize their
findings by addressing the difference in steric interactions present in the different cyclic

structures.

0.06
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Figure 3.11: N-H stretch vibrations 4a-d in dichloromethane.

3.6 Conclusion

The first five generations of poly(propylene imine) dendrimers have been
functionalized with pendant nitroxyl radicals. The nitroxyl radicals at the periphery of
the dendrimers exhibit a strong exchange interaction resulting in thermally populated
high-spin states. For the lower generations (2, 3a and 3b), the number of transitions in
the EPR spectrum and their spacing can be directly related to the number of end
_ groups, confirming the proposed structures. For the higher generations, such an
analysis is hampered by the decreasing value of the splitting (¢ 5 /n) and the increasing
number of lines (2n + 1). In these cases, however, the EPR spectrum gives direct
spectral evidence for interaction between the end groups from the progressive exchange
narrowing. This result is in contrast with previous studies on dendrimers with
paramagnetic end groups in which no interaction®0 or formation of a diamagnetic state
~ was observed.®

An interesting aspect of the exchange interaction is the fact that it is modulated
by the dynamic behavior of the dendritic branches, since they probe conformations with
strongly different values of J in time. Since this modulation of the exchange interaction
can be influenced by the temperature and the nature of the solvent, the EPR spectra
give evidence of the dynamic behavior of the dendritic branches. IR spectroscopy has
revealed that a hydrogen-bonded network is formed between the amide functionalities
of the end groups, consistent with the observed solvent effect on the EPR specira.
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Moreover an increase in amount and strength of hydrogen bonding is observed with
increasing generation.

In an homologous series of linear diamines (3 through 6 bridging methylene units)
functionalized with 3-carboxy-PROXYL, anomalous behavior is observed in spin
exchange interactions and N-H infrared absorptions. These anomalies can be directly
related to the favorable formation of a intramolecular hydrogen bonded nine-ring.

3.7 Experimental Section

General Methods and Materials

Commercial grade reagents were used without further purification. All solvents were of p.a. quality except
dichloromethane and toluene which were purified and dried following standard procedures. For a general
section concerning spectroscopic techniques: see Chapter 2. Infrared spectra of compounds da-d were
recorded on a UVAis/NIR Perkin Elmer Lambda 900 spectrophotometer using 5 mm quartz cells.

Preparation

N-succinimidyl 3-carbonylate-2,2,5,5-tetramethylpyrrolidin-1-oxy]s8

To a solution of 3-carboxy-PROXYL (Aldrich, 203 mg, 1.09 mmol) in 1 ml 1,2-dimethoxyethane, N-
hydroxysuccinimide (126 mg, 1.09 mmol) and 1,3-dicyclohexylearbodiimide (247 mg, 1.20 mmol) were added
upon cooling with an ice-bath. After one hour the reaction mixture was brought to room temperature and
was allowed to react for an additional 12 hours and subsequently filtered. The filtrate was evaporated to
dryness under reduced pressure followed by two washings with hot cyclohexane (5 mL). After drying in
vacuo, the ester was obtained as a yellow viscous oil (281 mg, 91%). IR (CH:Clg, em-1): v 1814 (C=0), 1788
(C=0), 1744 (C=0), 1364 (R2NO). EPR (CH:Clz, G): 14,49 (ap), 9.7 {ac), 5.9 (acz). GC-MS yielded one peak
with a molecular mass of 283 (M")*.

General Procedure for 1-4

The 3-carboxy-PROXYL functionalized amines were obtained by the reaction with 1.01 equivalent of the N-
succinimidyl ester per end group in dichloromethane in the presence of triethylamine. After the reaction
was completed, an agueous solution of 1 N sodium hydroxide was added and the two phase system was
stirred for one hour to hydrolyze the excess of activated ester, followed by a base extraction with a
saturated aqueous sodium carbonate solution and a washing with water. The organic phase was dried
(Na2804) and concentrated in vacuo, resulting in yellow glasses for each generation.

3-((N-propylamino)carbonyl)-2,2,5,5-tetramethylpyrrolidin-i-oxyh), 1

Yellow needles were obtained after recrystallization in hexane (50 mg, 88%). IR (CH2Cls, em1): v 3444
(Amide A, & = 3.2:102 mm-1M-1), 1677 (Amide I), 1515 (Amide II), 1364 (RzNO-). EPR (CH:Cly, G): = 14.49
(awn), 9.7 (acs), 5.9 (acs). GC-MS yielded one peak with a molecular mass of 227 (M")*.

 4-Methyl-1,7-bis-(1-0xy-2,2,5,5-tetramethyl-3-pyrrolidinyl-carbonylamino)-4-aza-heptane, 2
Biradical 2 was purified using column chromatography (8i0: eluent: methanol), redissolved in
dichloromethane and subsequently filtered and dried in vacuo (65 mg, 42%). IR (CH3Clg, em-1): v 3444
(Amide A), 3343 (H-bonded amide), 1665 (Amide I), 1514 (Amide II), 1364 (RaNO-). EI-MS: m/z 481 (M.

DAB-dendr-(NH-3-CO-PROXYL),, 3a

DAB-dendr-(NH-3-CO-PROXYL) was purified using column chromatography (SiOz, eluent: methanol),
redissolved in dichloromethane and subsequently filtered and dried in vacuo (83 mg, 51%). IR (CHaCle,
eml}y v 3441 (Amide A), 3337 (H-bonded amide), 1666 (Amide I), 1518 (Amide II), 1364 (R:NO). MALDI-
MS: m/z 992.3 (M+3H)*. ’
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DAB-dendr-(NH-3-CO-PROXYL)s, 3b

The second generation PROXYL functionalized dendrimer was purified by extraction from dichloromethane
into an agueous solution of 1 N hydrogenchloride. The aquéous layer was brought to pH > 10 and extracted
with dichloromethane. The organic phase was dried (Naz804) and concentrated in vacuo (45 mg, 35%). IR
(CHClg, cm-1): v 3441 (Amide A), 3327 (H-bonded amide), 1661 (Amide I), 1519 (Amide II), 1364 (R2NO).
MALDI-MS: m/z 2123.9 (M+5H)", 1955.4 (M+4H-[3-CO-PROXYL])*, 1911.8, 1898.3, 1883.8, 1786.9 (M+4H-
[8-CO-PROXYLJz), 1089.8, 1035.4.

DAB-dendr-(NH-3-CO-PROXYL)1s, 3¢

DAB-dendr<(NH-3-CO-PROXYL)1s was purified in a similar way as 3b (57 mg, 38%). IR (CH:Clz, ecm~1): v

3441 (Amide A), 3324 (H-bonded amide), 1660 (Amide I), 1520 (Amide II), 1364 (R2NO"). MALDI- MS: m/z
 4386.9 (M+9H)*, 41486.9, 3906.9, 2221.1, and 1035.8.

DAB-dendr-(NH-3-CO-PROXYL)3z, 83d

DAB-dendr-(NH-3-CO-PROXYL)s2 was purified by precipitation in hexane (34 mg, 28%). IR (CH:Clz, cm1):
v 3441 (Amide A), 3322 (H-bonded amide), 16567 (Amide I), 15306 (Amide 1I), 1364 (R:NO'). MALDI-MS: m/z
8910 (M+13H)*, 8669, 8409 with broad tail, 4485, 2166, and 1105.

DAB-dendr-(NH-3-CO-PROXYL)s4, 3¢

DAB-dendr-(NH-3-CO-PROXYL)s« was purified by dialysis (regenerated cellulose 24 A) with
dimethylformamide. Dialysis was continued until no further decrease in the EPR signal belonging to free 3-
carboxy-PROXYL radicals compared to the broad signal of the functionalized dendrimer was observed.
After removing the solvent, the functionalized dendrimer was obtained (59 mg, 42%). IR (CHoClp, emi): v
3441 (Amide A), 3322 (H-bonded amide), 1659 (Amide I), 1514 (Amide II}, 1364 (RaNO)). MALDI-MS: m/z
broad peak around 17618 with severe tailing to lower masses (Meale = 17934 g/mol).

1,3-bis-(1.0xy-2,2,5,56-tetramethyl-3-pyrrolidinyl-carbonylamino)-propane, 4a
Biradical 4a was obtained after precipitation in hexane (90 mg, 70%). IR (CH2Clz, cm-): v 3438 (Amide A),
3366 (H-bonded amide), 1670 (Amide 1), 1518 (Amide II), 1364 (ReNO'). EI-MS: m/z 410 (M)~

1,4-bis-(1-0xy-2,2,5,5-tetramethyl-3.pyrrolidinyl-carbonylamino}-butane, 4b

Biradical 4b was obtained without further purification (120 mg, 84%). IR (CH2Clz, cm-1): v 3443 (Amide A),
3307 (H-bonded amide), 1676 (Amide I), 1515 (Amide II), 1364 (R2NO). EI-MS: m/z 424 (M")*, MALDI-MS:
m/z 4272 (M+3H)*.

1,5-bis-(1-0xy-2,2,5,5-tetramethyl-3-pyrrolidinyl-carbonylamino)-pentane, 4¢
Biradical 4¢ was obtained after precipitation in hexane (103 mg, 62%). IR (CHz2Clz, cm~!): v 3443 (Amide A),
3342 (H-bonded amide), 1675 (Amide I), 1516 (Amide II), 1364 (RaNO"). EI-MS: m/z 438 (M")*,

1,6-bis-(1.0xy-2,2,5,5-tetramethyl-3.pyrrolidinyl-carbonylamino)-hexane, 4d
Biradical 4d was obtained after precipitation in hexane (92 mg, 58%). IR (CH:Cls, cm-1); v 3443 (Amide A),
3354 (H-bonded amide), 1675 (Amide 1), 1516 (Amide II), 1364 (R2NO-). EI-M8: m/z 452 (M")*.
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- Abstract: Different generations poly(propylene imine) dendrimers DAB-dendr-(NH3z).
(n=4,8 16, 32, and 64) are used as multifunctional ligands for the transition metals
Cu(ll), ZndD, and Ni(Il). Complexation takes place by the dipropylenetriamine (dpt) end
groups. Therefore, metallodendrimers are formed with 2, 4, 8, 16, or 32 metal sites per
molecule, as shown with UV/vis and EPR spect?‘oscopy, ESI-MS spectrometry, and X-
ray crystallography. Guests like azide can be reversibly bound by the Cu(ll) containing
dendrimer, whereas the Zn(ID-dendrimers exhibit catalytic activity towards p-
nitrophenol esters that increases with generation. The large size of the fifth generation
poly(propylene imine) dendrimer (3—4 nmJ makes it possible to use membrane separation
technigues. Here, the dendrimers have been applied in a hemodiolyzer set up, resulting
in continuous extraction of Cu(ll) from agqueous solution, sensing of azide, and
continuous catalysis in a membrane reactor. :

* Part of this work has been published: Bosman, A. W.; Schenning, A. P. H. J.; Janssen, R. A. J.; Meijer, E.
W. Chem. Ber./Receuil 1997, 130, 725-728.



Chapter 4

4.1 Introduction

Metal containing architectures in the range of 1-10 nm are thought to create new
materials with promising electronic! and catalytic? properties. Polymers with metal
coordinating side groups®* or amphiphilic assemblies® are most commonly used in this
field. Polymers, however, show polydispersity while amphiphilic aggregates are
dynamic systems, making both structures less defined. In contrast, dendrimers combine
the attractive properties of polymers (size and large number of functionalities) with
those of classic organic molecules (highly defined structure). This makes dendrimers
well suited for nanoscopic materials, e.g., in complexation of metals.

From an architectural point of view, metal containing dendrimers can be divided
into three groups. In the first group, metals are located in the core, especially
metalloporphyrins have attracted a lot of attention.t-1! Additionally, metals are placed
in the dendrimer core to assemble the different wedges,'?35 or to add a functionality.1817
Second, metals are used as assembly points in the dendrimer branches. Metals that
have been used as connectors are: Ru(Il),281 Pt(II),2 and Pd(I).2! Finally, dendrimers
have been functionalized at the periphery with a manifold of metals, resulting amongst
others in end groups containing Au(l),2223 GA4(I1I),2¢ Ni(1I),25 Ru(1l),2627 Pd(11),282¢ and
ferrocene.3231 For a complete overview, the reader is referred to some excellent
reviews,32 .

Catalysis seems to be a research area in which promising applications for
metallodendrimers may be developed. Dendrimers have nanoscopic dimensions and can
be molecularly dissolved. This combination of features makes dendrimers suited to close
the gap between homo- and heterogenecus catalysis, in other words, dendrimers will
combine the advantages of homo- and heterogeneous catalysts, if soluble dendrimers
with defined catalytic sites are developed that can be removed from homogeneous
reaction mixtures by simple separation techniques (i.e., ultrafiltration or dialysis).’?

Several metallodendrimers with the metal site in the core have been applied as
catalyst aimed at improved characteristics due to site isolation. However, in all cases
investigated, no significant improvements were observed concerning regioselectivity,M
or enantioselectivity.?3 In some cases the dendritic framework even hampered the
reactions leading to deteriorations in enantioselectivity3® and activity. 3738

The first metallodendrimer with multiple catalytic sites at the periphery has been
reported by van Koten et al.?5 Inspired by the idea of anchoring catalytic sites to soluble
polymer supports, the authors have used the Ni(ll)-containing dendrimer as catalyst for
the Kharasch addition of tetrachloromethane to methyl methacrylate. This first
generation dendritic catalyst has turnover frequencies that are 30% lower than those
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observed for monomeric or polymer bound analogues.?® Recently, this metallodendrimer
has been applied in a continuous membrane reactor.4

Following van Koten’s initial approach, Reetz et al. have produced third
generation poly(propylene imine) dendrimers with peripheral biphenylphosphine
ligands.?® These dendrimers complexate PACle, PA(CHa)z, Ir{cod)BF4, or Rh(cod)BF+. The
Pd(II)-containing dendrimer catalyzes the Heck reaction of bromobenzene and styrene.
A 4-fold increase in turnover number has been observed for the Pd(il)-dendrimer as
compared to a mono-palladium analogue. This has been ascribed to the higher thermal
stability of the dendritic catalyst. Hydroformylation of l-octene is possible with the
Rh(I}) dendrimer, although a monomeric analogue shows a comparable turnover
frequency. Up to date, no catalyst regeneration via filtration has been reported.

Marquardt and Liining have prepared a second generation aromatic ether
dendrimer with six pendant concave pyridine moieties that are able to catalyze the
acylation of alcohols with diphenylketene.#: In contrast to analogues coupled to a linear
polymer or to a Merrifield resin, the dendritic systems do not show a decrease in
selectivity toward primary, secondary, or tertiary alcohols. Recovery of the catalyst by
nanofiltration is possible in fair yields (70-90%).

Several examples of enantioselective catalysis with peripherally functionalized
dendrimers have been reported. However, a drop in enantiomeric excess (ee) with
generation is observed.24® Possibly, the packed end groups at the periphery of higher
generation dendrimers do not allow proper three-point interactions. Interestingly, Togni
et al. have synthesized low generation dendrimers which hardly show a decrease in ee.%
Moreover, the dendrimers can be separated from the reaction mixtures by applying a
nanofiltration membrane.

A new approach towards catalysis and metallodendrimers is the dendrimer-
templated synthesis of metal nanoclusters.45 Both the groups of Tomalia% and Crooks*
reported on stable nanocomposites consisting of hydroxyl-terminated PAMAMs with
Cu-particles in the range of 24 nm. These structures were obtained by mixing the
dendrimers with the appropriate Cu(ID)-salt, followed by chemical reduction. In
addition, dendrimer nanocomposites have been constructed containing CdS,# and zero-
valent silver and gold clusters.*® The use of metal-dendrimer composites in catalysis has
recently been shown by Crooks et al. using dendrimer-encapsulated Pd and Pt
nanoparticles.® The resulting noble metal entities show catalytic activity towards
hydrogenation of alkenes in water or Oz reduction in 1M aqueous sulfuric acid.

In this chapter the propensity of the different generations poly(propylene imine)
dendrimers to act as multifunctional ligand for the transition metals Cu(Il), Zn(II) and
Ni(II) is investigated. The copper dendrimers show reversible binding of azide, whereas
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the zinc analogues catalyze the ester hydrolysis of p-nitro phenol esters. Finally, the
fifth generation poly(propylene imine) dendrimer has been applied in a membrane
reactor, giving the possibility to continuously extract Cu(Il) from aqueous solutions,
probe for azide, and to do catalysis.

4.2 Poly(propylene imine) Dendrimers as Polyvalent Ligands

The end groups in poly(propylene imine) dendrimers consist of a
dipropylenetriamine (dpt) unit, known from X-ray studies to act as a tridentate ligand
for a number of transition metals (Scheme 4.1).5-5¢ Therefore, the possibility of site
specific metal inclusion in the poly(propylene imine) dendrimers is investigated in this

{ NH, 24 { NH,
M |
'y 24

A~ — R—N»-M
<_/NH? <_/N—|2

Scheme 4.1: Complexation of transition metals by dpt-unit.

paragraph.

4.2.1 Cu(II)-complexes

UV/vis Spectroscopy. The addition of CuCl: te the different generations
poly(propylene imine) dendrimers in methanol immediately resulted in a deep blue
color from a broad absorption band at Amax =620 nm belonging to the copper d-d
trangition, indicative of the formation of a complex between the two species. The metal
complexation of Cu(Il}) was followed with UV/vis spectroscopy by monitoring the
increase in absorption at Amax = 620 nm upon titration of the polyamines with CuClz in
methanol. All generations form a 1:2 complex between Cu(ll) and the NHz-functions
(Figure 4.1), indicating the presence of multiple Cu(Il)dpt complexes within one
dendrimer, leading to molecules with 2, 4, 8, 16 or 32 copper sites. A linear increase in
extinction coefficient with number of end groups is found when going from the first to
the fifth generation (inset Figure 4.1). From the shape of the titration curves it can be
concluded that Cu(Il) is strongly complexated by all dendrimer generations as ig found
for the complexation of Cu(ll) with dpt, having a pK of 14.5% When dendrimers were
used in which the primary amines had been converted into amides, or when nitrile
end capped poly(propylene imine) dendrimers were used, no complexation was
observed. These results clearly show that no complexation takes place with the inner
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tertiary amines. In contrast to the findings for PAMAM dendrimers, which show also
coordination of Cu(Il) inside the dendrimer.5”
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Figure 4.1: Titration curves for DAB-dendr-(NH2» (n = 4, 8, 186, 32, 64) with CuCls in
methanol, table shows the determined amount of Cu(ll) per dendrimer. Graph on the
right shows the extinction coefficients for the fully occupied dendrimers of different
generations.

EPR Spectroscopy. The complexation of copper with the poly(propylene imine)
dendrimers could also be followed with EPR spectroscopy. When less than one Cu(Il)
cation is present per dendrimer, the EPR spectrum shows an isotropic 4-line pattern
(giso= 2.11, Figure 4.2a). As soon as the number of Cu(Il) ions per dendrimer exceeds
one, a single unresolved signal is observed probably caused by exchange interactions
between the copper centers mediated by bridging chloride ligands. Consequently, no
exchange narrowing was observed when a non-coordinating anion like perchlorate was
used. Further increase of the Cw/NH-ratio to a value of 0.5, produces the signal of free
CuCls in methanol, indicating that all complexation sites are occupied. The anisotropic
g-values for the copper complexes were determined in a methanol matrix at 130 K (0.4
equivalent Cu(Il), Figure 4.2b), giving an axial Cu(Il)-spectrum with gy=2.223,
g1 =2.048, and Ay = 17510~ cm™.

The EPR parameters indicate the formation of a Cu(ll)-complex involving three
nitrogen nuclei.®® Moreover, the UV/vis data are typical for a five-coordinated species
with a square-pyramidal or trigonal bipyramidal ligand field.®® Therefore, a
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coordination geometry between trigonal bipyramidal and square-based pyramidal is
proposed for the dendrimer Cu(Il) complex, analogueocus to the X-ray structure of the
copper(Il)chloride complex with N,N,N’ N'-tetrakis(3-aminopropyl)-1,5-diamino-3-
oxapentane.5?
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Figure 4.2: o) EPR spectra of DAB-dendr-(NHz) ¢ upon titration with CuCls in methanol,
legends shows equivalents of Cu(ll) added; b) EPR spectrum of DAB-dendr-(NHz)4 with
0.4 equivalent Cu(ll} in methanol ot 130 K.

ESI-MS Spectrometry. Further characterization of the metal complexes was
achieved with electrospray ionization mass spectrometry (ESI-MS). This technique is
well suited for organometallic compounds, since these species are easily charged by the
loss of labile anions.®® Therefore, the complexes of Cu(ClO4): with DAB-dendr-(NHz).
~{n=4, 8, 16) obtained by precipitation in diethylether, have been subjected to mass
analysis. The ESI-MS spectrum of a first generation poly(propylene imine) dendrimers
loaded with Cu(Cl04): is shown in Figure 4.3. Next to the peak belonging to the native
complex minus one perchlorate ion (739 amu), peaks are observed, attributed to doubly
charged species and copper complexes in which perchlorate has been replaced by
hydroxide combined with a solvent molecule (methanol or acetonitrile). Interestingly,
peaks were also observed displaying subsequent loss of perchloric acid. Although these
losses may be attributed to proton transfer from the ligand to the anion,® this seems
highly unlikely because of the low basicity of perchlorate. A more convenient
explanation would be reduction of Cu(ll} to Cu(I) by the ligand followed by the loss of
perchloric acid.
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The collision-induced dissociation (CID) of Cu(ID-complexes accompanied by
reduction of the metal in electrospray conditions, has been observed before whereby
solvent molecules or ligands act as electron donors.$2-% Consequently, reduction of
Cu(Il) to Cu(l) during ESI leads to a mixed valence species (Cu(Il)Cu()) and fully
reduced species (Cu(l)z) for the first generation dendrimer. Moreover, this reduction is
tunable by the orifice voltage (Figure 4.3), indicating that CID-processes are operative,
and the proposed structures were subscribed by the observed isotope patterns.

Cug cucu” Cu,

Intensity (a.u.)

. . s ] R . ) e R ) .
400 500 600 700 800
mass (amu}

Figure 4.3: ESI-MS spectra [Cu2DAB-dendr-(NH2)J(ClO44 at low orifice voltage (25 V,
top) and high orifice voltage (100 V, bottom). Labels on peaks show oxidation state of
copper sites, peaks belonging to ions in which ClQ4 is exchanged for OH and solvent
molecule (S) are labeled with: a (S8 = MeOH), b (8 = MeCN), and ¢ (S = H20).

The same behavior was found for the second generation Cu(Il)-dendrimer, leading
to five peaks for the different mixed valence species (Figure 4.4, OR=100V). The
isotope patterns of these five signals were in agreement with the proposed structures as
shown for the Cu(I)Cu(Il)3-dendrimer in Figure 4.4. Again the relative intensities of the
peaks could be tuned by changing the orifice voltage. For the higher generations no
signals belonging to molecular jons were obtained (ESI or MALDI-TOF). This can be
rationalized by the increase of complexity of the systems and the limited mass range of
the ESI mass spectrometer. Indeed, nine different redox-states are possible for the third
generation Cu(ll)-dendrimer. Moreover, the isotope-pattern for the corresponding
Cu(IDs-species (3 675 amu) ranges over 27 mass units.
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Figure 4.4: ESI-MS spectrum [CuDAB-dendr-(NH2)sJ(ClOys in acetonitrile displaying
the five possible oxidation states of the four copper centers. Graph in the right upper

corner shows isotope pattern (top: simulated, bottom: measured) for [Cu(D)Cu(Il)sDAB-
dendr-(NH2)sJ(ClOgs.

X-ray Crystallography. The tridentate binding by the dpt-unit was subscribed
by the X-ray structure obtained from a first generation poly(propylene imine) dendrimer
containing a Cud(us-COs)(p-Cl)z site (Figure 4.5). The crystals were grown in aqueous
solution in the presence of chloride and perchlorate ions. Carbonate has been generated
by fixation of atmospheric COq, a process known to take place for metal complexes in
slightly basic aqueous solutions.t58 The structure of the tetranuclear unit consists of
four copper atoms placed at the corners of a rectangular with a ps-carbonato ligand in
the center (disordered). This tetranuclear binding mode for the carbonate is also found
in similar compounds with dpt as organic ligand,®® and in the mineral malachite
(Cua(OH)x(CO3)).87 The bridging chlorides are in the plane of the rectangle
perpendicular to the short edges. The dpt ligand-unit is mer coordinated to the copper,
resulting in a five-coordinated complex. Due to the disorder in the carbonato-ligand, two
different coordination spheres are present for the copper. Both are best described as
irregular square pyramid (SP) with the chloro ligand apical. For selected bond lengths
see Table 4.1. Residual electron density through the crystal structure is attributed to
the presence of unresolved perchlorate anions. IR spectroscopy supports the presence of
non-coordinating perchlorates. The DAB-dendr-(NHz)4, Cu(ll), carbonato, and chloro
ligands form a two-dimensional infinite array in the b,c-plane as shown in Figure 4.5
and Figure 4.6. Due to this packing channels are formed through the crystal structure,
probably the location where the perchlorate anions are resorting.
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Table 4.1: Selected bond-lengths for [(u+CO)(-Claf CusDAB-dendr-(NH2) 42 (ClO 4.

atoms distance (A) atoms distance (A)
Cu(11)-CK11) 2.4961(18) Cu(21)-CIAD 2.56124(18)
Cu(11)-0(11) 2.094(5) Cu(21)-0(12) 2.087(5)
Cu(11)-N(101) 2.005(4) Cu(21)-N(104) 1.990(4)
Cu(11)-N(162) 7 2.068(4) Cu(21)-N(105) 2.073(4)
Cu(11)-N(103) 1.992(4) Cu(21)-N(108) 1.987(4)
Cu(11)-0(10) 2.051(5) Cu(21)-0(10} 2.087(5)
Cu(11)-Cu(21) 3.6744(8)
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Figure 4.5: PLUTON represeniations of [(ueCO3(u-C2{Cusd DAB-dendr-
- (NH292)(ClOs, crystal packing in b,c-plane with unit cell on the left, tetranuclear unit
is enlarged on the right showing the disorder of the carbonate group.

Figure 4.6: PLUTON representations of intermolecular orientation of [(1-CO3)(u-
Cl)2{Cus(DAB-dendr-(NH2)4)s] (ClO4)4, viewed along b-axis.
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4.2.2 Zn(Il)-complexes

1H NMR spectroscopy. To investigate the metal complexating abilities of the
dendritic polyamines with *H NMR spectroscopy, Zn(II} was used. Upon titration the
dendrimer with ZnClz in deuterated methanol a downfield shift is observed for the
protons present in the outer tier (Figure 4.7), caused by the complexation of the zinc
cation. This indicates that complexation of Zn(II) occurs exclusively at the periphery of
the dendrimers via the primary amines and the tertiary amines of the penultimate
generation. Moreover, when the ratio of Zn(II)/NH: exceeds 0.5, no further shifting of
the proton resonances is observed, consistent with the complexation of one Zn(Il) per
two end groups. The presence of a three-nitrogen coordinated Zn(Il) was subscribed by
1BC NMR and COSY measurements and is in agreement with the X-ray structure of a
Zn(IDdpt complex.53
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Figure 4.7: :H NMR spectra of DAB-dendr-(NHz)s: upon titration with ZnClz in
deuterated methanol, a: protons o to primary amines; b: protons yto primary amines; c:
protons o to all tertiary amines except those in the outer tier; d: protons B to primary
amines; e: protons B to all tertiary amines except those in the outer tier.

4.2.3 Ni(Il)-complexes

UVivis Spectroscopy. Complexation of NiCl: with the poly(propylene imine)
dendrimers revealed a somewhat different behavior as compared to CuCly and ZnCla.
Although the first generation dendrimer shows the same 1:2 ratio for complexation of
Ni(II) to NH2 end groups, all higher generations exhibit 1:4 complexation when the .
Ni(ID) concentration is low compared to that of the polyamine. At higher Ni(ID)
concentrations, 1:2 complexation is found between Ni(II) and the NH: end groups as
evidenced from a reverse titration experiment in which aliquots of poly(propylene
imine) dendrimers were added to a NiClz solution (Figure 4.8). By monitoring the d-d
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absorption at Amax = 640 nm,58 g singularity is observed at a Ni/NH: ratio of 1:2, while

the absorption at Amsx = 680 nm exhibits a singularity at a ratio of 1:4.
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Figure 4.8: Change in UV fvis spectra upon addition of DAB-dendr-(NHz)sz to NiClz in
methanol (left), corresponding changes in optical density for absorptions ot Ames = 640
nm (-&) and 680 nm (—e-) (right).

In agreement with the fact that two different coordination spheres have been
found in complexes of Ni(II) with dpt,5 it is proposed that first a site with six
coordinating nitrogens is formed, followed by a site with three coordinating nitrogens
when the ratio of Ni(Il) to dendrimer is increased (Scheme 4.2). The complex with six
coordinating nitrogens is attributed to octahedrally surrounded Ni(I) (two ligand
units).5288 Such a structure is known from the X-ray structure of Ni{dpt)2(ClO4)4.5 In
the second complex Ni(II) is only coordinated by three nitrogens. Probably, this
structure is comparable to the Cu(Il}-complexes. The fact that the first generation
dendrimer does not show an octahedral coordination sphere can be rationalized by
sterie factors.

Scheme 4.2: Schematic representation of the different binding modes for Ni(ll) in DAB-
dendr-(NHz), (n = 8, 16, 32, 64), filled circle represents dendritic framework.
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4.3 Catalysis

4.3.1 Azide-binding by Cu(ll)-dendrimers

In order to probe the accessibility of the different generations metal-functionalized
poly(propylene imine) dendrimers, the binding of azide to the Cu(ID)-sites in the
dendrimer was investigated. As this azide binding is accompanied by ligand to metal
charge transfer (LMCT) bands in the visible or near-UV region and produces changes in
the EPR spectra, this probe method has been widely employed to obtain information on
the metal sites in copper proteins.®®

Addition of sodium azide to a solution of [CuneDAB-dendr-(NH2),IClL, (n = 4, 8, 16,
32, and 64) in methanol resulted in the formation of a LMCT-band at 371 nm for every
generation (Figure 4.9). From the titration curve in the inset of Figure 4.9 it is clear

‘that there is an equilibrium between bound and non-bound azide. Assuming that every
Cu(Il)-site binds one azide and has no interaction with other Cu(ll)-sites in the
dendrimer, the equilibrium constants for the different generations was obtained. The
value dropped from 4.4-104¢ M- for the first generation to 1.9-10¢ M- for the fifth
generation (Table 4.2), probably due to increased steric constraints in the dendrimers.
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Figure 4.9: Spectral changes upon addition of NaN:z to [CusDAB-dendr-(NH2)5/Cls in
methanol. Inset shows increase in 371 nm absorption against equivalents azide.

Following the titrations with EPR in frozen methanol solutions, revealed a
decrease in signal intensity with increasing azide concentration. This can be
rationalized assuming that the azide is bridging between two coppers in a u-1,3 mode,
since these complexes are known to be anti-ferromagnetic.” In contrast, only a small
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change in g-values and signal intensity was observed when a mononuclear analogue,
[CuMedpt)ICle (Medpt = bis(propylamine) methylamine), was titrated with azide.
Moreover, the LMCT-band of the corresponding azide complex is shifted to the red
(Amax = 382 nm) and displayed an azide stretch vibration at higher energy in the IR
spectrum, when compared to the dendrimer systems. All these spectroscopic data are in
agreement with a bridged azide between the Cu(ll)-sites in the dendrimers in a u-lk,3
binding mode,” reflecting the accessibility and dynamics of these metal loaded systems.

Table 4.2: Kinetic dato ozide-bindinge and PNPP-ester hydrolysis® for the different
generations metal-loaded poly(propylene imine) dendrimers .

PNPP-ester hydrolysis
Generation® Kazige (105 M) Kobs (1073 871) Rewpp (M-1) k. (10-2s1)

0 15+1 0.86 + 0.01 - -

1 44+3 0.90 = 0.01 510 + 30 2401
2 34:3 1.09 2 0.01 . -

3 21x1 148+ 0.01 - -

4 211 2.71 £ 0.02 - “

5 191 3.90 + 0.02 322+ 10 161

a) Dendrimers containing CuCl: in methanol. b) Dendrimers containing Zn(ClO4) in 0.05 M HEPES buffer
at 35°C, pH = 7.2. ¢) Generation 0 consists of metal salt with Medpt as ligand.

4.3.2 Ester hydrolysis with Zn(II)-dendrimers

Zn(Il)-amine complexes have been widely investigated on their activity in
hydrolytic reactions. These investigations are motivated by the fact that Zn(II) plays an
essential role in hydrolytic metalloenzymes like carboxypeptidase A (CPA), carbonic
anhydrase (CA), and alkaline phosphatase (AP).”2 In low-molecular model systems, the
cleavage of carboxylic and phosphoric esters have been thoroughly investigated. Three
different roles have been attributed to the metal. It serves as a template to assemble
substrate and nucleophile, the metal activates the substrate (i.e. carbonyl or phosphoryl
bond) and it activates the nucleophile (i.e. metal-bound hydroxide ion).73-7

In order to get more insight into the use of dendrimers in catalysis, the
poly(propylene imine) dendrimers loaded with zinc(IDperchlorate have been
investigated on their catalytic activity towards hydrolysis of p-nitrophenyl picolinate
(PNPP, Scheme 4.3). The reaction was followed by observing the release of p-
nitrophenolate spectrophotometrically (400 nm). Pseudo first-order rate constants were
determined in the presence of excess catalyst (20 equiv.) in a buffered solution of
pH = 7.2 (HEPES) at 35 °C. First generation dendrimer containing 2 Zn(Il)-ions, showed
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comparable catalytic activity when compared to [ZnMedpti(ClO4): or other mono-zinc
compounds.™?" However, when going to higher generations dendrimers, a Steady
increase of activity per Zn(Il)-site with generation was observed (Table 4.2). The turn-
over behavior of the fifth generation Zn(II)-dendrimer was tested by adding 5
equivalents of PNPP per Zn(Il)-ion. Release of p-nitrophenolate was quantitive,
indicative of a rapid regeneration of catalyst.

N+

o o}
@/U\O—O—NOQ @OH + HO—QNOz
N H,0, pH =72 =

PNPP

Scheme 4.3: PNPP-ester hydrolysis with Zn(1l)-dendrimers.
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Figure 4.10: Pseudo first-order rate constants for the hydrolysis of PNPP as function of
dendrimer generation ((Zn(ID] = 1 mM, left), and as function of the Zn(Il)-concentration
for first (~e-) and fifth (-m} generation Zn{ID-functionalized poly(propylene imine)
dendrimers {right), at pH = 7.2 and 35°C, [PNPP] = 0.05 mM.

For a better understanding of the ester hydrolysis mediated by the Zn(I1)-loaded
poly(propylene imine) dendrimers, the rate of hydrolysis was investigated as function of
the catalyst concentration for a first generation {n = 4) and a fifth generation (n = 64)
poly(propylene imine) dendrimer loaded with Zn(II). In both cases saturation kinetics
was observed, indicative of strong affinity of PNPP for both Zn(IT)-species. Assuming a
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rapid reversible formation of a Zn(II)dendrimer-substrate complex followed by a rate
determining hydrolysis, the corresponding association constant X and catalytic rate
constant k. (Scheme 4.4) can be determined.”™

K
D-Zn{ll} + PNPP === [-Zn(i1)-PNPP
|«
D-Zn(Il) + PNP
+ picolinate

Scheme 4.4: Proposed reaction mechanism for dendrimer-catalyzed ester-hydrolysis, D
represents poly(propylene imine) dendrimer.

The values found for the first generation catalyst are comparable to those found
for Zn(I1) metallosurfactants in micellar systems (Table 4.2). The lower value found
for K in the case of the fifth generation, can be attributed to an increase in steric
crowding, making the metal site less attainable for substrate. In accordance with the
observed decrease in X for azide-binding when going to higher( generations. The increase
in catalytic rate with generation is unprecedented, and is probably best understood
when compared with the rate increments observed for micellar systems. In the latter
systems, rate accelerations upon incorporation in micelles is rationalized by binding of
substrate to the micellar surface and high local concentration of cations, resulting in
enhanced electrophilicity of the metal and lowering of the pK, of metal-bound water.”>
To what extent these effects are also present in the dendritic systems remains unclear.
However, it is obvious that the high local concentration of metal-sites will lead to

different features when compared to a monomeric system.

4.4 Separation based on Nanoscopic Size

As stated in the introduction, the combination of nanoscopic size and catalytic
activity would make dendrimers well suited for use in a membrane reactor.3? The size of
a fifth generation poly(propylene imine) dendrimer is in the range of 3-4 nm as
measured with SANS"-8! and viscosimetry measurements.® The Cu(ll) complexes of
the fifth generation poly(propylene imine) dendrimer could be visualized using
transmigsion electron microscopy. The micrographs showed the presence of spherical
structures with a diameter of 5 nm with almost no size distribution (Figure 4.11).
Therefore, it can be concluded that unimolecular nanoscopic structures are formed.
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50 nm

Figure 4.11: TEM-micrograph of [Cus:2DAB-dendr-(NH2)s:/Clss as developed from an
aqueous solution (10~ M).

4.4.1 Nanofiltration

Since the dimensions of fifth generation poly(propylene imine) dendrimers are in
the nanometer regime, the molecules can be separated using membrane techniques.
Dialysis bags consisting of regenerated cellulose have been used previously to purify
functionalized poly(propylene imine) dendrimers.82 Here, a commercially hemodialyzer
(“artificial kidney”, Figure 4.12) is used to separate the metallodendrimers from the
bulk solution, using the same regenerated cellulose membranes. However, because the
hemodialyzer consists of many microtubili, the surface over which exchange takes place
is much larger than in case of the dialysis bag (1.5 m2 compared to 50 cm?).83

The applicability of the hemodialyzer was tested with a solution containing
[Cua:DAB-dendr-(NH2)s4](ClO4)32 in HEPES/methanol (1/1 v/v). When this solution was
dialyzed against the same solvent combination without the Cu(Il)-dendrimer, a small
signal attributed to a Cu(I)-amine complex was observed in the dialyzate with EPR
spectroscopy (Figure 4.13). Double integration of this signal revealed that 1% of the
Cu(Il) had leached through the membrane. As in a second run no more Cu(ll) was
observed, this leaching is attributed to the presence of low molecular defect structures

present in fifth generation poly(propylene imine) dendrimers.8
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dialyzate in

dendrimer out

Figure 4.12: Schematic diagram of hollow fiber dialyzer,83 experimental setup shown on
the right.
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Figure 4.18: Performance hemodialyzer in retention of [Cus:DAB-dendr-(NH2)s1J(ClO4)32
followed with EPR; a: dendrimer-containing solution, b: dialyzate first run, c: dialyzate
second run.

4.4.2 Metal Absorption

In order to remove metals from dilute aqueous solutions, water soluble polymeric
supports containing metal-complexating sites (polychelatogens) have been
developed.8586 Although polymer resins are used a lot for this purpose,® the major

drawbacks of these systems are the lack of chemical definition, and slow exchange rate
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due to the heterogeneous nature of the extraction. Therefore, the use of soluble
polymeric chelating agents in combination with membrane separation has attracted
considerable attention.®® Requirements for such systems are water solubility, large
number of functional groups and high molecular weight. Consequently, branched
poly(ethylene imine), PEI, has been widely used as it is commercially available, water
soluble and contains 1°, 2°, and 3° amino groups in the polymer chain capable of metal
binding.3655 Poly(propylene imine) dendrimers can be viewed as the dendritic analogues
of PEI, they are soluble in water and are large enough to use in a membrane reactor
(fifth generation). In contrast, they have a lower intrinsic viscosity, a very low
dispersity (1.0018),8¢ and contain chemical defined complexating units having affinity
for metals like Cu(Il), Zn(II), Ni(II). Hence, the fifth generation poly(propylene imine)
dendrimer has been tested to extract metals from water streams using the
hemodialyzer setup. The hemodialyzer was first loaded with DAB-dendr-(NHz)ss and
subsequently flushed with aqueous solution containing 2.4 mM Cu(ClOs). Almost
immediately a blue color evolved in the hemodialyzer, indicative of the complexation of
Cu(ll) by the dendrimer. Monitoring the dendrimer—containing stream with UVAvis in
time, revealed a growing signal belonging to a Cu(ID-poly(propylene imine) dendrimer
complex (Anax =610 nm, Figure 4.14). Moreover, after 3000 g, there was no further
increase in the 610 nm absorption, exhibiting that the dendrimer is fully loaded with
Cu(ID). Simultaneously monitoring the copper contents in the filtrate, shows that there
is a sudden rise in [{Cu(I)] coinciding with the leveling off observed for the dendrimer
solution (Figure 4.14). In addition, the UV/vis spectrum of the filtrate is typical for an
aqueous copper containing solution (Amax =720 nm), subscribing that the himiting
capacity of the dendrimer is reached. From the extinction coefficient of the dendrimer
solution a loading of 29 mol copper per dendrimer was determined, equivalent to a
capaicity of 4.1 mmol Cu(Il) per gram. This is higher than for branched PEl with M, =
30 000—40 000 (2.4 mmol/g, Polymin P, BASF)® reflecting the higher density of
endgroups in a dendrimer compared to a branched polymer. Recycling of the dendrimer
solution was performed by flushing with acidified water (pH = 1), as all copper was
removed from the dendrimer.

In conclusion, a fifth generation poly(propylene imine) dendrimer is effective in
extracting Cu(ID)-ions from aqueous solution using a hemodialyzer in a continious flow
system. This makes it possible to apply high flow rates and large volumes, which is
attractive for highly diluted metal salt solutions. Compared to branched PEI, a higher
Cu(Il)-loading is possible. Moreover, the poly(propylene imine) dendrimers are easily
modified with selective metal-complexating ligands, opening the way to use these
systems for specific metal-extractions.
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Figure 4.14: Cu(ID-absorption by fifth generation poly(propylene imine) dendrimer in
hemodialyzer. UV/vis spectral changes in dendrimer-stream are shown on the left,
changes in [Cu(ID)] for dendrimer-stream (-m-) and waterstream (~-#-) are shown on the
right, based on UV/vis absorption at Ane = 610 and 260 nm respectively; [DAB-dendr-
(NHyjes] = 0.11 mM in end group, [(Cu(ll)] = 2.4 mM, flow rate 15 mL/min .

4.4.3 Reversible Azide-Binding

The possibility of reversible binding of guests using the hemodialyzer, was
investigated with the Cu(ll)-dendrimer azide system described in paragraph 4.3.%
Adding NaNs to the feed solution results immediately in an increase in the 400 nm
absorption in the dendrimer stream (Figure 4.15) attributed to the formation of a
copper-azide complex. Subsequent flushing of the hemodialyzer with NaNs-free aqueous
solution leads to decomplexation of the azide from the Cu(ID)-center (Kaqua = 2.2-102 M-1)
as apparent from the disappearance of the 400 nm absorption. A second run gave
similar results, subscribing the reversibility of the system.

These experiments illustrate the possible use of poly(propylene imine) dendrimers
as sensor materials, since rapid response on the presence of azide takes place and the
binding is reversible. Dendrimers in films have been used as sensors for volatile organic
compounds® and sulfurdioxide.” However, these sensors are heterogeneous as volatile
compounds interact with solid substrates (dendrimer-films). Here, sensor and probe
molecule are both in the same aqueocus phase, only separated by a size-selective
membrane. Moreover, the dialyzer set up makes it possible to monitor aqueous streams
continuously.
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Figure 4.15: Changes in optical density of Cu(ll)-dendrimer solution at A =400 nm in
presence and absence of azide; * denotes addition of NaNs to feed, # denotes beginning of

azide-free feed. [Cu(ID)] = 5.7 mM; [N3s"] = 0.86 mM; flow rate = 6 mL/min.

4.4.4 Ester Hydrolysis in Membrane Reactor

The possibility of using functionalized fifth generation poly(propylene imine)
dendrimers as catalyst in a membrane reactor, was investigated with a Zn(II)-
containing dendrimer as catalyst for ester hydrolysis. In a first attempt, a dialysis bag
was used to separate the dendrimer from the bulk solution. Adding p-nitrophenol
acetate to the solution, resulted first in a yellowing of the contents of the dialysis bag.
Where upon the complete solution turned vyellow, caused by the release of p-
nitrophenolate. Repeating this procedure after refreshing of the bulk solution gave
similar results, showing that the catalyst is retained by the membrane, Figure 4.16¢-g
shows the reproductivity up to five sequential runs. In contrast, when [ZnMedptl(ClO4):
was used as catalyst, refreshing of bulk solution resulted in a drop in reaction rate
(Figure 4.16b). What is expected for a catalytic species that is small enough to diffuse
through the dialysis membrane.

An even better way to perform ester hydrolysis with a membrane reactor was
found when a stirred cell was used. In this case separation of catalyst and products only
takes place batch wise after a certain period of time by pressing the solution through a
membrane (polymer supported regenerated cellulose). Consequently, a better mixing
exists between catalyst and substrate, resulting in almost quantitative hydrolysis of the
ester after 1 hour. Then, the reaction mixture was pressed through the membrane,
leaving the fifth generation Zn(II)-dendrimer almost completely stripped from reaction
products in the reactor. In the two sequential runs, the same catalyst solution did not
show a decrease in catalytic activity, subscribing the validity of this approach.
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Figure 4.16: Hydrolysis of p-nitrophenol acetate in membrane reactor consisting of
dialysis bag; a: no catalyst present, b: three sequential runs with [ZnMedpt/(ClOY as
catalyst, c-g: five sequential runs with [ZnsDAB-dendr-(NH2)6J(ClOgss as catalyst.
HEPES/MeOH (1/1v/v), pH = 7.2, 35°C.

Changing the dialysis bag for the hemodialyzer, made it possible to do the reaction
continuously. Monitoring the release of p-nitro phenol in time, revealed a steadily
increase in product formation followed by a gradual leveling off at 5% conversion. This
low conversion is probably caused by a combination of the short residence time in the
dialyzer (11.5 min.) and slow diffusion through the membrane.
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Figure 4.17: Ester hydrolysis with Zn(ID)-dendrimer in hemodialyzer, [Zrn(ID] = 5.8
mM, [PNP] = 0.8 mM, flow rate is 2.6 mL/min. Corrected for non-catalyzed reaction.
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4.5 Conclusions

In conclusion we have shown that the poly(propylene imine) dendrimers can be
used as polydentate ligands for Cu(ll), Ni(ID), and Zn(Il). Site selective metal-
complexation takes place by the dpt end group. Therefore, the construction of metal
containing assemblies of defined structure and size is possible. The peripheral metal-
sites are accessible for guest-molecules (azides), and capable of catalyzing ester
hydrolysis. Due fo their large size, the fifth generation metal loaded dendrimers can be
separated from solution using regenerated cellulose membranes. As a consequence,
these dendrimers combine the advantages of homo- and heterogeneous systems used for
metal-extraction, sensoring, and catalysis.

Thus, this study has shown that it iz possible to use dendrimers in homogeneous
catalysis and separate them via filtration techniques. However, in line with other
studies, 1253+ attaching catalytic sites to a dendritic molecule does not result in
dramatic beneficial effects in catalytic activity, when compared to monomeric
analogues. As the added value of the dendritic systems is only coming from the large
size of the dendrimer, this field of research can be regarded as a revisitation of the
research on polymer-supported catalysts. Ultimately, a more tailored design of dendritic
catalysts can have a great future when systems are created in which multiple
interactions favor the reaction under investigation, or in which the dendritic framework
provides a beneficial micro-environment.% ‘

4.6 Experimental Section

General Methods and Materials

Commercial grade reagents were used without further purification. All solvents were of p.a. quality.
Cu(Cl04)2.6H20, Zn(Cl0¢)2.6H20, and 4-nitrophenyl acetate were purchased from Aldrich. N-{2-
hydroxyethyDpiperazine-N'-{2-ethanesulfonic acid] (HEPES) was purchased from Sigma. In all cases
HEPES used, the buffered solutions consisted of 50 mM HEPES in water adjusted to a pH of 7.2. p-
Nitrophenyl-picolinate was prepared according to literature methods, m.p. 148-152 °C (lit. 144~146 *C).%
pH-measurements were performed with a Sentron 1001 pH system calibrated between pH = 7 and 10. The
stirred cell was received from Schieicher and Schuell equipped with an Ultran RC membrane having a cut
off of 10 kD. The hemodialyzer (COBE Centrysystem) was kindly provided by Prof. J. T. F. Keurentjes. The
hemodialyzer was connected to a Minipuls 8 Peristaltic Pump (Gilson) using PVC tubing, the flow range
was in between 0 and 26 mL/min. For a general section concerning spectroscopic techniques: see Chapter 2.

Warning! Although the perchlorate salts described here were not found to be shock sensitive, care should be
taken in handling these compounds. 94

X-Ray Crystallography

Crystal data for of [(1s-COu-Ch2{CusdDAB-dendr-(NH2)a)2){C100)4: CaaHsoCloCusN120s, Mr = 1018.19,
blue, block-shaped crystal (0.15x0.15x0.30 mm), orthorombic spacegroup Pnma (no. 62) with
a = 17.8337(18), b = 13.2938(12); ¢ = 25.857(3) A, V = 6130.1(10) A3, Z = 4, Dx = 1.103 gem-3, F(000) = 2144,
WMo Ko} = 1.5 mm-, All data, where relevant, are given without disordered solvent contribution (vide
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infra). 96063 Reflections measured, 5808 independent reflections, Rint = 0.134, 1.6° <8< 25.25°, T= 150 K,
Mo Ko radiation, graphite monochromator, A = 0.71073 A). and 259 parameters. Data were collected on an
Enraf-Nonius KappaCCD area detector on rotating anode: The structure was solved by Patterson methods
(SHELXS86) and refined on F? using SHELXL-97-2. Channels, with a total volume of 2151 A% per unit cell
were found to be filled with disordered counterions (ClO4") and solvent molecules, probably water and
methanol. No satisfactory model could be refined. This disordered density was taken into account with the
SQUEEZE procedure, as implemented in PLATON. A total electron count of 1088 per unit cell was found
and corrected for. Hydrogen atoms were included in the refinement on calculated positions riding on their
carrier atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters; hydrogen atoms
were refined with a fixed isotropic thermal parameter related to the value of the equivalent isotropic
displacement parameter of their carrier atoms by a factor of 1.2. Final wR2 = 0.1534, R1 = 0.0686 (for 5221
I>20(D), w = VIo¥F? + (0.0515P) + 20.78P], with P = (Max( F,0)+ 2 F7 /3,5 =1.140,-1.13 < Ap < 0.51 ¢

A,

UV/vis Titrations :

Stoek solutions of 102 M metal salt in methanol were added in aliquots of 10—40 pL to a 103 M (end group)
solution of poly(propylene imine) dendrimer of a known volume (2-3 mL) in a quartz cell. Spectra were
recorded after vigorous stirring and corrected for dilution. Azide titrations were performed by adding
aliquots (4050 uL) of NaN3j dissolved in methanol (102 M) te a methanol solution containing the CuCle-
loaded dendrimers (10-3 M in copper) of known volume (2 mL). Binding constants were evaluated by fitting
the data with a nonlinear least squares fitting procedure (Origin 4.1).%

EPR Titrations

To a 102 M (end group) methanolic solution of DAB-dendr-NHz): in a quartz EPR-tube (300-400 pL)
aliquots (2040 pL) were added of 10-2 M Cu(Il) in methanol. The solution was mixed by bubbling helium
. through it. In case of low temperature measurements (130 K), samples were quenched in liquid nitrogen
prior to measurements.

NMR Titrations ,

In a typical titration, 7.2 mg DAB-dendr-(NHz)s was directly weighed into a NMR-tube and dissolved in 1
ml deuterated methanol. Aliguots of 20 uL (0.7 equiv.) ZnCl: solution in CDsOD were added portion-wise
added. Spectra were recorded after vigorous stirring and short heating of the sample.

ESI-MS Spectrometry

ESI-MS spectra were recorded on a API 300 MS/MS mass spectrometer (PE-Sciex) with a mass range of
3000. The sample solutions were delivered to the ES-mass spectrometer by a syringe pump (Harvard
Apparatus) at a flow rate of ca. 5 pLmin-? in MeOH/MeCN mixtures containing ~1 mM [Cu(I}]. Orifice
voltages ranged between 25 and 200 V. Spectral simulations were performed with IsoPro 3.0.

Kinetic Studies

In a typical run 2 cell was filled 2 mL HEPES-buffer, 30 pL dendrimer solution (66 mM in dpt-end group,
HEPES), and 34 pL Zn(ClO4)2 (58 mM, H20). The cell was placed in a thermostated cell-holder at 35 °C and
continuously stirred. The kinetic run was initiated by injecting a 12 pL sample of 8.2 mM PNFPP in
acetonitrile. Liberation of PNP was monitored at 400 nm for at least 8 half-lives. Linear first-order plots
were always obtained for at least 2 half-lives.

Experiment using the dialysis bag were performed in HEPES/methanol (1/1 v/v). In a typical experiment, a
dialysis bag containing 5 mL of Zn(ID-dendrimer solution ([Zn(11)] = 30 mM) was placed in the solution (20
mL) which was thermostated at 35 °C. Catalytic runs were started by addition of 6.5 mg (3.6:10-% mol) p-
nitrophenol acetate. For subsequent runs, the dialysis bag was not changed, whereas the contents of the
reaction vessel was refreshed.

The stirred cell experiments were performed in 60 mL HEPES/methanol (1/1 v/v) containing DAB-dendr-
(NHz)s: with 32 equivalents Zn(ClO4)z ({Zn(II) = 4 mM) which was first dialyzed with an equal amount of
solvent. Reactions were performed at room temperature and initiated by adition of 17 mg (9.4-10-° mol) p-
nitrophenol acetate.
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Hemodialyzer Experiments

Retention of [CuzDAB-dendr-(NH2)s4](ClO4)s2 was tested with a solution of 50 mL HEPES/MeOH (1/1 viv)
containing 44 mg DAB-dendr-(NH2)ss with 32 equiv. Cu(ClOg)z ([Cu(ID] = 4 mM). This was dialyzed (2x)
against 50 mL of the same solvent combination, every run lasted for 4 h at a rate of 20 mL/min. The {Cu(II})]
in the dialyzate was determined with EPR and amounted to 1% of that of the dendrimer solution in the first
run and unmeasurable small in the second run. In the subsequent experiments, the hemodialyzer loaded
with fifth generation poly(propylene imine) dendrimer was first dialyzed against HEPES to remove low
molecular weight impurities before the actual experiment was started.

The extraction of Cu(Il) from the dialyzate was performed by dialyzing 0.11 mM DAB-dendr{(NHz)s in 30
mL HEPES against 2.4 mM Cu(ClO4)z-solution in HEPES at aflow rate of 15 ml/min. The [Cu(II)] in the
dendrimer stream was followed on line with UV/Avis spectroscopy, whereas the [Cu(ID] in the dialyzant was
determined periodically by measuring the absorption at 260 nm.

Reversible azide-binding was probed with a solution of DAB-dendr-(NHz)s with 32 equivalents Cu(ClOs) in
30 mL HEPES ([Cu(ID)] = 5.7 mM), which was dialyzed against a 0.86 mM NaNj3 solution in HEPES, or
azide-free HEPES solution, at a flow rate of 6 ml/min. The formation of a Cu(II)-N3 complex was on line
followed spectrophotometrically by monitoring the optical density at A = 400 nm.

Ester hydrolysis was performed with a 30 mL solution of DAB-dendr<NHz)ss with 32 equivalents Zn{ClO4)2
([Zn(ID] = 5.8 mM) in HEPES/MeOH (1/1 v/v). This was dialyzed against p-nitrophenol acetate (0.8 mM) in
the same solvent combination at a flow rate of 2.6 mL/min. The release of p-nitrophenol (PNP) in the
dialyzate was spectrophotometrically monitored on line at A = 400 nm. The concentration of PNP was
determined by callibration with a PNP stock solution. The non-catalyzed release of PNP was determined by
performing the dialysis-procedure without the presence of Zn(II)-dendrimer.
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Biomimicry with Dendrimers*

Abstract: Functionalized poly(propylene imine) dendrimers are used to mimic the
multivalency present in many biological systems resulting from the highly branched
architecture of dendrimers. First, four subsequent generations of poly(propylene imine)
dendrimers, DAB-dendr-(NH2)» with n =4, 8, 16, and 32 have been functionalized by o
high-pressure reaction with 2-vinyl pyridine to give bis[2-(2-pyridyl)ethylJamine or PY2
ligands as peripheral end groups of the dendrimer. Quantitative coordination of one
Cu(ll} or Zn{Il) ion per PY2 group takes place for every generation. The fourth generation
dendrimer DAB-dendr-(PY2)3z binds approximately 30 Cu(l) ions. Low temperature
(-85 °C) UV/vis spectroscopy of this complex in dichloromethane in the presence of
dioxygen shows that 70-75 % of the copper centers are involved in dioxygen binding,
corresponding to 11-12 molecules of dioxygen per dendrimer molecule. This complex is a
model for hemocyanin, the copper containing oxygen transport protein of molluscs and
arthropods. Second, the poly(propylene imine) dendrimers are used as a scaffold to
assemble multiple porphyrins, both in o covalent and non-covalent way. In the non-
covalent approach, two different Zn(ll}-porphyrins are assembled around the dendrimers
via coordination to the primary amine end groups. The number of assembled porphyrins
ranges from 2 to 33, depending on dendrimer generation and porphyrin used. In the
covalent approach, assemblies with 4, 8, 16, and 64 porphyrins have been obtained by
attaching an acid-functionalized porphyrin to the dendrimer perfphery. The covalent
assemblies show intramolecular electronic interactions between the porphyrin end
groups in the excited state as measured with time-resolved fluorescence anisotropy
measurements at 77 K. Thereby mimicking the light harvesting of the natural LHZ
system, which is responsible for capturing and storing light-energy in photosynthetic
bacteria.

* Part of this work has been published: Klein Gebbink, R. J. M.; Boswman, A. W.; Feiters, M. C.; Meijer, E.
W.; Nolte, R. J. M. Chem. Eur. J. 1998, 5, 65-69. Reek, J. N. H.; Schenning, A. P. H. J,; Bosman, A. W.;
Meijer, E. W.; Crossley, M. J. Chem. Commun. 1998, 11-12.



Chapter §

5.1 Introduction |

Already in the early years of dendrimer chemistry, it was vproposed that
dendrimers can mimic many of the functions that are present in different proteins.?
This because several characteristic properties of proteins, i.e., the presence of endo- and
exo-receptors, globular structure and nanoscopic size, can be found in many dendritic
molecules.? However, since proteins are much more sophisticated entities than the
covalently and polymerically constructed dendrimers, until now only few properties of
proteins have been, only partly, mimicked.

Endo-receptors are buried inside a sterically congested protein structure, implying
a typical micro-environment at the receptor. This site-isolation has been mimicked in
several dendritic structures, since the dendritic core is—at least to some extent—
shielded from the medium. In this way several dendritic models for electron-transfer
proteins (i.e. cytochrome ¢, iron-sulfur proteins) have been synthesized. They are based
on an electroactive core, metalloporphyrind or FesSs-cluster,* surrounded by dendritic
wedges. Indeed, large shifts in redox-potentials have been found depending on
dendrimer-type and generation. Other examples of endo-receptor mimicking in
dendrimers are the myoglobin models based on dendrimers with an iron porphyrin
core.5¥# The dendrimers show reversible oxygen binding in toluene and diminished
gensitivity towards water as a result of the dendritic surroundings. Recently,
dendrimers containing a Cu(I) complex of N-substituted 1,4,7-triazacyclononane in the
core, dimerized on addition of oxygen at low temperatures, resulting in a bis(u-oxo)-
dicopper species which can be seen as a mimic for multinuclear metalloproteins.”

In many biological systems interactions take place through simultaneous binding
of multiple ligands on one biological entity to multiple receptors on other species.® This
results, amongst others, in enhanced substrate binding originating from either
statistical or cooperativity effects. The combination of discrete numbers of
functionalities in one molecule and high local densities of active groups, makes
dendritic molecules therefore very well suited to act as a synthetic multivalent ligand in
biological systems. An example of multivalency in biology can be found in carbohydrate-
protein interactions (this specific cooperativity effect is known as the glycoside cluster
effect).? Consequently, many research groups have been inspired to prepare
carbohydrate containing dendrimers, also called ‘glycodendrimers’.’® Indeed several
glycodendrimers show enhanced binding properties towards relevant biclogical
macromolecules as tested in several in vitro studies.?*-¥ Other biological applications in
which the multivalency of dendritic molecules have been successfully applied are the
generation of antibodies with dendrimers containing multiple antigen peptides,”® and
dendrimers as gene-transfer agent.1$
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In this chapter two examples of biomimetic dendrimers will be addressed, both
based on the multivalency present in these synthetic highly-branched structures. In the
first part of the chapter, a multi-O2 complex derived from a Cu(l)-functionalized
poly(propylene imine) dendrimer is described. This complex can be seen as a model for
hemocyanine, the copper confaining oxygen transport protein of molluscs and
arthropods.t” These studies have been performed in a collaborative program with the
group of Prof. R. J. M. Nolte.’8 In the second part, the poly(propylene imine) dendrimers
have been used as scaffolds to assemble porphyring, both in a covalent and non-covalent
way, together with the group of Dr. J.N.H. Reek and Prof. M.J. Crossley.
Intramolecular electronic interactions are observed between the porphyrin end groups
in the excited state.

5.2 Multi-Copper Hemocyanine Model

The remé.rkable oxygen-binding properties of the binuclear copper protein
hemocyanin (Hc) have stimulated many groups to develop biomimetic copper complexes
displaying various Cu:Q: stoichiometries and different binding modes for the O:-
ligand.!” In particular the complexes reported by Karlin!” and by Kitajimal®1® have been
very helpful in predicting the u-—n2n? peroxo binding mode for the O2-ligand in oxy-He.
Hc molecules are known to assemble into large aggregates under the influence of
protons and of certain alkali and earth alkali metal ions.20 In this way a multi-metal
complex is formed which binds many molecules of O2. Inspired by this behavior of He, a
multi-copper complex is designed which is similarly capable of binding a large number
of O2 molecules. In this paragraph the synthesis and metal-binding properties of four
generations of dendrimers possessing 4, 8, 16, and 32 bis{2-(2-pyridyDethyllamine (PY2)
ligands at their peripheries (1a-d respectively, see Figure 5.1) is described.
Additionally, pyridine dendrimer 1d is used to bind approximately 30 Cu(l) ions in its
PY2 groups, and the Cu(I)ss complex, in turn, can bind 11 or more molecules of O2.

b
. ¢ o
d a

[
@ |

N
K

1a-k: DAB-dondr-(PY2) 1 k=1,2, 3, 4

7

co LD

Figure 5.1: Newly synthesized PY2-functionalized poly(propylene imine) dendrimers.
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5.2.1 Synthesis and Metal-Binding Properties DAB-dendr-(PY2),

Synthesis of DAB-dendr-(PY2).. To obtain a multi-ligand system designed to
complex Cu(l) ions, the primary amines of the poly(propylene imine} dendrimers were
transformed into PY2 groups. Under a pressure of 15 kbar, at 50 °C, and with acetic
acid as a catalyst (Scheme 5.1), the dendrimers DAB-dendr-(NHz), with n = 4, 8, 16, and
32 were completely converted within sixteen hours into the desired pyridine compound
DAB-dendr-(PY2), (1a-d).?! The resulting viscous orange-brown oils were purified by
column chromatography for 1a, precipitation for 1b and 1c, and by dialysis for 1d.

7 N
- "
R-NH, +2 N\ 7 N
_ 50°C
15 kbar N
\_/

Scheme B5.1: Synthesis of la-d, R =different generations poly(propylene imine)
dendrimers.

IR and 3C NMR analysis showed that all primary amine groups had reacted
under the reaction conditions applied, moreover the relative intensities of the signals in
H NMR spectroscopy were in agreement with the expected polypyridine dendrimer
structures. For la-c, ESI-MS spectra confirmed the complete functionalization of the
dendrimers. Next to the peaks at the expected [M+H]* positions (1 158, 2 456, and
5 052, respectively), peaks were found at [M-105]+ attributed to retro-Michael reactions
resulting in the loss of one vinylpyridine. Moreover, all spectra showed minor peaks
originating from fragmentation of the dendritic core? and from defects present in the
native poly(propylene imine) dendrimers.?® Peaks at higher masses then the [M+H]*-
peak, showed the presence of non-covalent assemblies with vinylpyridine and formic
acid, the latter is added to protonate the dendrimers. A typical ESI massaspectrum of
compound le is shown in Figure 5.2, ESI and MALDI-TOF mass analysis revealed a
very broad ion cluster of low intensity between 7 500-10 500 Da for 1d. This range
corresponds to the calculated molecular mass of the monocation of a completely reacted
polyamine, i.e., 10 242 Da. The origin of the broadening of the peak is not clear, but it
may be caused by retro-Michael reactions of the PY2 end groups or by fragmentation of
the dendritic framework during mass analysis.
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M+H]
3
8
g 1000 1500 2000 m2500 3000 [M+Na]‘”
f:f [M+HCO H+H]"
Mvp+HTY| | (MevpsHT
f o ] ‘
L f e J;M
2 . " i i i " " i i a4 A i "
4000 4500 5000 5500

Mass (amu)

Figure 5.2: Experimental (inset) and deconvoluted ESI-MS data of 1e with molecular
- ion at 5052; peaks due to fragmentation of dendritic framework are labeled with f, peaks
originating from defects in native dendrimer DAB-dendr-(NHz):s are labeled with an
asterisk (up = vinylpyridine).

Zn(1l) and Cu(Il) complexes of DAB-dendr-(PY2).. The number of Cu(ID jons
that is complexed by la was investigated by performing a UV/vis titration with
Cu(ClO4)2 in methanol. The titration curve in which the increase in the d-d absorption
band of the resulting complex at A = 664 nm was plotted against the number of Cu(I)
ions per ligand revealed the uptake of 4 Cu(Il) ions per molecule of 1a. To get more
structural information, a 'HNMR titration of 1la with Zn(IIXClO4): in a mixture of
deuterated methanol and acetonitrile was carried out. This yielded a number of bound
Zn(1l) ions identical to that found for Cu(ll) in the UV/vis titration, viz. 4 Zn(I) ions.
Addition of Zn(II) to 1a resulted in a new set of pyridine signals at lower field (Figure
5.3) indicating the coordination of the PY2 donor centers to a transition metal.
Downfield shifts were also observed for protens belonging to the ethylene spacer and for
some of the methylene protons next to tertiary amine nitrogen atoms of 1a. On the
other hand, no shifts were observed for the B-methylene protons in the dendrimer core.
Addition of more than 4 equivalents of Zn(II) to 1a did not result in any additional
changes in the 1H NMR spectrum.
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Figure 5.8: tH NMR titration of 1a with Zn(ClO4)z. For peak-assignment see Figure 5.1,
asterisk denotes solvent peak.

The tetranuclear copper complex [1a(Cu(I1)4J(ClO4)s was obtained in 42 % yield by
simply adding a methanol solution of the appropriate amount of Cu(IIXCl04)2-6H20 to a
stirred solution of la in methanol, followed by warming to reflux temperature, and
precipitation upon subsequent cooling. MALDI-TOF mass analysis showed a parent
peak at 1 710 Da corresponding to a single charged cationic species composed of ligand
1a, four Cu{l) ions,?* and three perchlorate counter ions. In its main fragmentation
pattern this cation looses the copper and the perchlorate counter ions in consecutive
pair-wise steps. In methanol solution this complex behaved as an 8:1 electrolyte,
Am =1 116 Sem?mol-!, indicative of the complete dissociation of the perchlorate counter
ions. IR analysis confirmed that also in the solid state the perchlorate is non-
coordinating (v (Cl0¢) = 1 097 and 623 cm1). A frozen methanol solution of the complex
at 130 K displayed a typical axial EPR spectrum (g, = 2.07, gr=2.25, Ayr=170 @),
which might be explained by the weak axial coordination of solvent molecules to the
copper centers. The EPR line width is small and there is no indication of the presence of
more than a single type of copper center, Together with the NMR data and the mass
analysis these observations point to the formation of tetranuclear complexes in which
the metal centers are complexed by the PY2-ligands and are further weakly coordinated
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by solvent molecules. There is no evidence for participation of the tertiary amine

nitrogens of the dendritic backbone in the complexation.
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Figure 5.4: EPR titration of 1d with Cu(ClO4d>6H:20 in methanol; a) 8 eq. of Cudl), b)
12 eq. of CudD, ¢) 24 eq. of Cudl}, and d} 32 eq. of Cu(ll).

UVivis and EPR titrations showed that the newly synthesized pyridine
dendrimers 1b, 1c¢, and 1d readily bind copper ions as well. The UVAvis titration curves
of 1b, 1c¢, and 1d with Cu(ID)(ClO4)2-6H20 in a 1/1 (v/v) MeOH/CH:CN mixture revealed
inflection points at roughly 8, 16, and 32 copper ions per dendrimer, respectively. The
EPR spectra of different mixtures of 1d and Cu(II}Cl0O4);-6H20 in pure methanol are
presented in Figure 5.4. A typical axial spectrum, resembling the spectrum recorded for
the tetranuclear complex derived from 1a, was obtained for the 8:1 mixture of
Cu(IIXClO4):z and 1d (g, =2.07, gr=2.25, Ay=185 G). Further addition of Cu(Il)
initially did not change the spectrum much; only after 32 equivalents of Cu(Il} had been
added, signals belonging to free Cu(II} in solution emerged. During this titration neither
the g-tensor values nor the copper hyperfine coupling constant underwent large
changes, implying a large homogenity of the copper centers. Dendrimer 1d was also
investigated with *H NMR by adding different amounts of Zn(ClOs)e in a 1/1 (viv)
CD3:0D/CD3sCN mixture. Comparable shifts were obtained as for la with Zn(II). The
results of both the UV/vis, EPR and NMR titrations indicate that the fourth generation
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dendrimer 1d was completely functionalized with PY2 ligands, and that the expected
number of Cu(Il) ions could be bound.

5.2.2 Binding of Cu(l) and O; by DAB-dendr-(PY2)s,.

Cu()-complexation. To investigate whether the dendritic ligand 1d behaved in
a comparable way towards Cu(l) ions, a UV/vis titration was performed by adding
[Cu(IXCHsCN)4J(C1O4) in acetonitrile to a solution of 1d in dichloromethane under
oxygen-free conditions (see Figure 5.5). This titration revealed the uptake of
approximately 30 Cu(I) ions per molecule of 1d, which resembles the number of Cu(Il)
ions that is bound by this fourth generation dendrimer.
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Figure 5.5: UV/vis titration curve of 1d with [Cu(I)(CH3CN}4J(CIO4 in an acetonitrile-
dichloromethane mixture.

Complex [1d{Cu(D))30](ClOg)s0 was synthesized by simply mixing solid
[Cu(ICH3CNCIO4 with a solution of the pyridine dendrimer 1d in CH:Clo. The
perchlorate counter ion is expected to result in highly reactive, three-coordinate Cu(l)
complexes, which are known to be formed from PY2-based ligands and
[Cu(I(CHsCN)ICl0.2 Characterization of the complex [1d(Cu(D))3ol(Cl04)30 was
performed by NMR and UV/vis spectroscopy. Shifts in down-field direction were
observed for the pyridine protons and for the methylene protons next to some of the
tertiary amine nitrogen atoms of 1d, indicating the coordination of the PY2 donor
centers to a transition metal. No shifts were cbserved for the B-methylene protons in
the dendrimer backbone. The UV/vis spectrum showed no absorptions corresponding to
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Cu(ll) d-d transitions, but instead displayed a very strong feature at A = 340 nm (see
Figure 5.6). This spectrum strongly resembles the spectra of other Cu(I) complexes in
which the copper ion is coordinated by the PY2 unit.242 The extinction coefficient of the -
340 nm band amounts to approximately € = 3.47-103 M-lcm-! per copper. This value
corresponds well to that reported by Karlinr and co-workers for [Cu(l):N4[(ClO4)z, a
Cu(l) complex derived from a tetramethylene linked bis-PY2 ligand,?® and to those
reported by Klein Gebbink et al.2! for related molecular host complexes (¢ = 1.75-103 M-
lem-! and 2.5-103-3.0-102 M-tem~* per Cu(I)-PYZ2 unit, respectively). These observations
indicate that the copper ions are coordinated at the dendrimer periphery only, and that
the amine functions in the inside the dendrimer are not involved in the Cu()
‘coordination.

Oz-binding of Cu(l)-modified dendrimer. The ability of [1d(Cu(I)30](Cl1O4)30 to
bind dioxygen was studied by low-temperature UV/ivis spectroscopy. At -85 °C pre-dried
dioxygen was bubbled through a dichloromethane solution of this complex, which
resulted in the formation of a strong absorption band at A = 360 nm (see Figure 5.6).
This band is indicative of the formation of dioxygen complexes in which the dioxygen
molecule is bound as a bent p-n%n? peroxo ligand between two Cu(lIl)-centers,?
comparable to the binding mode in oxy-Hc.2 The absence of additional absorption
features around A = 430 nm excludes the formation of bis p-oxo species.?® The extinction
coefficient of the 360 nm band amounted to 1.45-10° M-lcm-! per (Cu)se-complex. This
number corresponds to £ = 9.7-102 M-lcm-! per Cuz202 unit, assuming that all ccpper ions
are involved in Ogzbinding. For the Oz-complex formed by Karlin's [Cu(I)2N4KClO4):
complex the extinction coefficient of the 360 nm band is 1.4-10¢ M-lem-1.2 The same
band has values &=1.3-10¢ M-lem-! in the Oszcomplexes of the molecular host
compounds previously reported by Klein Gebbink et al.?! Given these numbers it
appears likely, therefore, that approximately 70-75% of all copper centers of
[1d(Cu(D)s0](ClO4)30 are involved in dioxygen binding, which corresponds to a total
number of 11-12 molecules of dioxygen per Cu(I) dendrimer 1d. The fact that not all
copper ions are involved in dioxygen binding may be the result of restrictions placed on
the structure of the complex by the highly branched nature of the dendrimer backbone.
Another explanation would be that 15 dioxygen molecules are bound, involving all
copper ions of the dendritic complex, but that the individual Cu20: moieties in the
resulting complex have a relatively low extinction coefficient, viz. £ = 9.7.10° M-iem-1. In
any case, this dendritic dioxygen complex may be regarded as a “hot” species as it
contains at least approximately 11-12 highly activated dioxygen molecules at its
copper-covered periphery, resulting in a high local concentration of oxygenatixig
equivalents. On standing at low temperature and upon warming to room temperature
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green Cu(Il) complexes were formed (Figure 5.6), showing that no additional
stabilization of the copper dioxygen species in the dendritic complex occurred.

05

12n+

04r

03[
=
o

02

01}

00

800

wavelength (nm)

Figure 5.6: UV/vis spectra in dichloromethane of the Cu(DClO; complex of 1d (--), its
Osz-complex (—), and the Oz-complex ofter warming to ambient temperature (- - -). Inset
shows proposed u-n2m?2 peroxe binding mode between two Cu(ll)-centers, only one of the
possible dendrimer conformations is depicted.

5.2.3 Concluding Remarks

The high pressure reaction with 2-vinylpyridine results in quantitative conversion
of DAB-dendr-(NHz). (n =4, 8, 16, and 32) to the DAB-dendr-(PY2). analogues, and
these molecules can bind one Zn(Il) or Cu(Il) ion per PY2 group. DAB-dendr-(PY2)sz
(1d) binds approximately 30 Cu(l) ions per molecule and this complex can bind 11-12
dioxygen molecules at low temperature in dichloromethane. The resulting dendritic
multivalent dioxygen complex may, therefore, be seen as a mimic for the oxygen binding
by hemocyanine-assemblies.

5.3 Non-Covalent and Covalent Dendritic Multi-Porphyrin Arrays

The light-harvesting system present in plants, algea, and photosynthetic bacteria
is able to convert light into chemical energy very efficiently, supplying the earth’s
biosphere with energy from sunlight?” In this natural antenna system the
photophysical properties are determined by the spatial arrangement and orientation of
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the chromophores, which is controlled by non-covalent interactions within a protein
scaffold. Recently, the crystal structure of the light-harvesting antenna LH2 of a purple
bacterium has been resolved. The LH2 system is capable of capturing light and store it
by a multi-step energy transfer process untill this light-energy is passed to another
light-harvesting complex (LH1) which leads to the conversion of light-energy to
chemical energy in the photosynthetic reaction center (RC).27 LH2 consists of two sets of
rings containing 27 bacteriochlorophyll and 9 carotencid chromophores held in place
without stacking by the assembly of 18 helical protein subunits forming a hollow
cylinder with a radius of 18A.28 This architecture makes the LH2-system well suited to
harvest light due to the favorable energetical interactions between the different
chlorophylls in one ring.

The biological photoconversion system of the purple bacteria has inspired many
research groups to construct mimics congisting of cylindrical arrays of porphyring.?¥
However, a dendrimer as template to assemble chromophores has had little attention
up till now. The synthesis of dendrimers with porphyrins at the periphery has only been
reported for low generation dendrimers (first and second).?0-3¢ Still, in none of these
systems unconventional photophysical behavior has been found resulting from
interaction between the porphyrin end groups in the dendrimer. In fact, the only
multiporphyrin system that actually uses the dendritic framework is introduced by
Sanders et al.,* who constructed a metalloporphyrin system that shows cooperative
binding towards a diamine.

In this paragraph a covalent and non-covalent method is described to construct
spherical porphyrin arrays using the different generations poly(propylene imine)
. dendrimers. First, the dendrimers are applied as a template to construct porphyrin
assemblies in a non-covalent approach. Second, the porphyrins are covalently attached
to the dendrimers, thus leading to more defined and stable structures. Importantly, the
porphyrins are prevented from stacking by attaching bulky ¢-butyl groups at the meso-
position of the porphyrins. The resulting porphyrin dendrimers have nanosize
dimensions and, moreover, the covalent assemblies show intramolecular electronic
interactions between the porphyrin end groups in the excited state, as measured with
time-resolved fluorescence anisotropy measurements at 77 K. Thereby mimicking the
light harvesting of the natural LH2 system.

5.3.1 Non-Covalent Multi-Porphyrin Assemblies

In(IDporphyrin. Amino groups are known to be good ligands for zince porphyrins
and this metal-to-ligand interaction has been used in the construction of porphyrin
assemblies and in host-guest complexation.?9343% In the non-covalent approach, the
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complexation of zinc(II) porphyrin 2 (Figure 5.7) towards the different generations of
poly(propylene imine) dendrimers is used in order to form large well organized

porphyrin arrays.

Figure 5.7: Zinc(IDporphyrin 2 and Triger’s base bis-porphyrin receptor 3 used in the
non-covalent approach.

Binding studies were conducted using UVAis spectroscopy, following the
characteristic bands of the porphyrin chromophores upon the addition of the dendrimer.
From the inflection point of the titration curve, the ratio of porphyrin to dendrimer
could be estimated. This method showed that upon full complexation of the DAB-dendr-
(NH2)» to the zinc atom of 2 roughly a 1:1 ratio between the zinc porphyrin and each
amino end group of the dendrimer was found in the case of the first three generations
(n=4,8, and 16). Thus, around the DAB-dendr-(NH:)s core 4 porphyrins were
assembled, and around the second and third generation this number is approximately 8
and 16, respectively. In the case of the DAB-dendr-(NHz)s-core the titration curve
obtained could be fitted, assuming that all binding constants were equal, giving a
binding constant of approximately 7-104 M (per porphyrin-amine interaction), This
value is in the range of the binding constant of hexylamine to zine porphyrin (5.1-10¢ M-
1).3 For the higher generations the fitting procedure did not converge, indicating that
the assumption of equal equilibrium constants was no longer valid. However, it was
clear that the average binding constant of 2 to the amino groups of DAB-dendr-(NHz)»
drops with higher generations. This is very likely to be due to the increasing steric
interactions between bound porphyrins. For the same reason the fourth and fifth
generations bind to 2 in less than a 1:1 ratio.

Tréger’s base bis-porphyrin. Earlier studies have shown that ditopic ligands
are bound much stronger in a rigid Triiger’s base bis-porphyrin receptor molecule such
as 3,37 compared with the above described monotopic ligandation (at least by a factor of
1000).38 Therefore the assembly of 3 around the different generations of the
poly(propylene imine) dendrimers was also studied, expecting that more porphyrin
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units with a different geometry would assemble around the dendrimers. The
complexation of 8 around the first generation poly(propylene imine) dendrimer was
studied using both *H NMR and UVAis titrations. The spectrophotometric titration
revealed two inflection points upon addition of dendrimer to the bis-porphyrin receptor
in toluene. These inflection points are attributed to a 1:2 complex and a 1:1 complex
(DAB-dendr-(NHz)4:3), respectively. In the 1:2 complex all Zn-atoras of the porphyrin
units are bound to the primary amines of one DAB-dendr-(NHs)s. Therefore, a molecular
capsule is formed as schematically depicted in Figure 5.8, as subscribed by NMR
titrations in deuterated chloroform. The formation of a 1:2 complex led to significant
upfield shifts for all protons present in DAB-dendr-(NHz)s due to the presence of the
porphyrin rings {(differences in chemical shifts ranged from -1.8 ppm for §-CH: protons
to -5.9 ppm for NH:z protons). Both UV/vis and NMR titrations did not show the
presence of 1:4 complexes in the presence of excess 3, indicating that the 1:2 complex is
relative stable, which is in agreement with earlier work.37

Figure 5.8; Schematic view of molecular capsule based on 3.

In the case of the higher generations of the dendrimers more inflection points
could be expected, however, they were not clearly observed. During the titration both
the absorption of the free receptor (616 or 572 nm) and that of the complexed receptor
(632 and 582 nm) were monitored. The curves of these different absorptions as function
of the concentration of dendrimer gave clearly two different inflection points. From the
inflection point of the disappearance of the Q-band assigned to the free receptor, i.e.
A =616 or 572 nm, a good estimation of the maximum number of receptor molecules 2
assembled around the dendrimer core could be made. In the case of DAB-dendr-(NHz)is
for example (Figure 5.9), the absorptions at A = 816 and A = 572 nm did not change after
the addifion of 0.06 equivalents of dendrimer to the receptor 8 solution, indicating that
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the maximum number of molecules of 8 around the dendrimer is about 16. In this case
the ratio of 8-NH: is 1:1, indicating that each receptor is bound only monotopically.
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Figure 5.9: UV/vis spectra (left) and titration curves (right) of recepior DAB-dendr-
{(NHz}1s added to 3 in dichloromethane. The disappearance of the absorption assigned to
free 3 (616 nm) gives the number of maximum monotopically bound receptors around
DAB-dendr-(NH2)16 and the increase in the absorption assigned to complex (632 nm)
gives the maximum number of ditopically bound receptors (see text).

Plotting the absorptions of the complex (632 and 582 nm) against the equivalents
of dendrimer, a second inflection point at higher dendrimer concentrations was
observed. In contrast to the first inflection point at 0.06 equivalents, the second
inflection point is less defined and the experimental error is significant higher here.
Adding more than 0.06 equivalents of dendrimer resulted in a further increase (up to
approximately 0.12 equivalents) of the bands belonging to the complexed receptor, i.e.
A =632 and A = 582 nm, indicating that the assembly of porphyrins rearranged into a
dendrimer complexed with about 8 receptor molecules 8 (Figure 5.9). The receptor
molecules 3 can now be bound ditopically, since the ratio of 3-NHz is 1:2. Thus,
dependent on the ratio of receptor to dendrimer, a maximum of 8 receptor molecules 3
were assembled around the core in a ditopic way, and a maximum of 16 porphyrins in a
monotopic way (see also Figure 5.13). For the other generations these observed maxima
are given in Table 5.1. The maximum numbers of receptors 8 bound ditopically to the
different generations of dendrimers is close to the expected maximum numbers, i.e. n/2,
for all generations. Assembling more receptors 8 around the DAB-dendr-(NHz)s and
DAB-dendr-(NHz)is led to the expected number of 8 and 16, respectively, which means
that to each amino group of the dendrimer one molecule 8 is bound. For the higher
generations this number was smaller than the theoretical maximum, presumably due to
steric hindrance. The maximum number of receptor molecules 8 that can be assembled
around the DAB-dendr-(NHz)s2 appears to be 21 and around the DAB-dendr-(NHz)ss
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core only 33 receptors. Thus, in the non-covalent approach different number of
porphyrin compounds can be assembled around the dendritic templates by using simple
metal to ligand interactions.

Table 5.1: The maximum number of receptor molecules 3 that can be assembled either
mono- or ditopically around the different dendrimer generations.

Dendrimer Maximum number of 8 assembled around dendrimer
204 inflection point 1st inflection point
(monotopically) (ditopically)
DAB-dendr-{(NHz): -2 2
DAB-dendr-(NHz)s 8 4
DAB-dendr-NHz)is 18 8
DAB-dendr-(NHz)sz 21 14
DAB-dendr-(NHaz)ss - 33

& Upon the addition of an excess of 8 nc higher complexes (4:1) were cbserved,
showing that the 2:1 complex was more stable, » Not more than 33 receptor
molecules 8 were found to complex to this generation,

5.3.2 Covalent Multi-porphyrin Assemblies

In order to obtain more defined and stable structures, porphyrins were covalently
attached to the poly(propylene imine) dendrimers. The resulting porphyrin
functionalized dendrimers 5a-d (DAB-dendr-(NH-CO—C:Hs~CO-NH-porphyrin)n;
n =4,8, 16, and 64) were prepared by coupling the N-hydroxy succinimidyl ester of 4a
to the different generations of dendritic polyamines {Scheme 5.3). The compounds were
purified by intensive washing, and extraction and finally by precipitation from
dichloromethane and methanol. According to TLC analysis, IR and 'HNMR
spectroscopy, the compounds obtained were pure and no starting materials were
detected.
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Scheme 5.8: Synthesis of the different generations of the porphyrin functionalized
poly(propylene imine) dendrimers 5a-d and monofunctional compound 4e.

The peaks in the 'H NMR spectrum of the first generation dendrimer 5a, bearing
four end groups were sharp and could eagily be assigned. Shifts were observed for the
spacer CH:z protons in the products as compared with respect to the resonances found
for the porphyrin ester 4b. Integration of the dendrimer and the porphyrin resonances
revealed that they had reacted in the expected 1:4 ratio. The resonance of the amide
proton attached to the dendritic core was shifted 0.5 ppm down field when compared to
monomeric analogue 4e, indicative of the formation of intramolecular hydrogen bonds
between the amide functions. The H NMR spectrum of the higher generations 5b-d
were significantly broadened due to diminished molecular motion and overlapping
resonances of the dendrimer core (between 1.5 and 3.3 ppm). Moreover, an incremental
downfield shift of the amide protons attached to the dendritic core was observed (resp.
0.1, 0.2, and 0.6 ppm compared to Ba), as expected for a progressive formation of an
intramolecular H-bonded network of the amides at the periphery of the dendrimers for
the higher generations.3%-4¢ Moreover, small upfield shifts for the porphyrin resonances
were found (0.06 ppm for 5¢ and 0.08-0.17 ppm for 5d) indicating that these porphyrin
rings are closer to each other. Additional evidence for H-bonding was found in the IR
spectra of the dendrimers (1 mM in dichloromethane), which showed a decrease in
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signal intensity for the free amide N-H (8439 cm?!) in favor of the broad peak
belonging to the hydrogen bonded amides (3320 cm-!) when going to higher
generations.

The functionalized dendrimers were further analyzed with mass spectroscopy.
Compound 5a gave peaks at the expected [M+HJ* in both FAB-MS and MALDI-TOF
(4 959 and 4 961 Da, respectively). The mass spectra also showed several post-source
fragmentation peaks with intensities depending on laser power used,*42 indicating that
these compounds were not stable under the conditions of analysis. These fragmentation
peaks were found at [M-1178]* and [M-2x1178)+, reflecting the loss of one and two
butancic acid porphyrins, respectively. Compounds 5b and 5c¢ gave signals at the
expected [M+H]* positions (10 063 and 20 243 Da, respectively). These molecules not
only showed the same fragmentation pattern as for 5a, i.e., subsequential logs of acid
porphyrin moieties, but also fragmentation of the aminodendrimer core.?2 Consequently,
the signals for the degraded compounds were relatively more intense. A typical MALDI-
TOF spectrum of compound 5c¢ is shown in Figure 5.10. Compound 5d did not give any
results with MALDI-TOF nor ESI-MS, probably due to strong fragmentation and the
relatively high molecular weight of 5d (MW = 81 408).
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Figure 5.10: MALDI-TOF mass spectrum of 5¢ showing the molecular mass peak
(20 243) and fragmentation peaks.

The first three generations of functionalized dendrimers Sa-c gave UVivis and
fluorescence spectra which were virtually the same (Figure 5.11a, Anex = 424 nm and
FWHM# = 21 nm), suggesting that the ground state interaction between the porphyrins
iz negligible. The extinction coefficients of the compounds increased linearly with the
number of porphyrins, as expected for fully functionalized dendrimers (inset Figure
5.11). Fifth Generation dendrimer 5d showed a small broadening of the Soret band
(hinax = 423 nm, FWHM = 25 nm). Furthermore, the relative fluorescence quantum yield
of 8d (per porphyrin unit) was found to be only 85 % of the quantum yields of the lower
generations (Figure 5.11b). Together with the 'H NMR and IR data, these results
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indicate that in compound 5d the porphyrins are forced in close proximity in a face-to-
face** manner due to the dendritic architecture of the compound.
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Figure 5.11: o) Normalized (per porphyrin unit) UV/vis spectra of 5a (—), 8b (- - -) and
5e (--9); b) fluorescence emission spectra when excited at 424 nm (curves for 5a and 5b
partly coincide). Inset shows € as function of theoretical number of end groups.

To investigate possible electronic interactions between the porphyrin end groups
in the excited state, time-resolved fluorescence polarization measurements were
performed in an ethanol-pentane-ether (2:5:5) glass at 77 K. The porphyrin
functionalized dendrimers 5a and 5¢ showed a fast depolarization of the fluorescence as
compared to monofunctional reference compound 4¢ (Figure 5.12). This difference
between the dendrimers 5a and 5¢ and monofunctional compound 4c indicates that
energy migration takes place between the chromophores within the dendrimer.
Remarkably, both the first and third generation dendrimers 5a and 5¢ have similar
rates of anisotropy decay.*® Apparently, the end groups are already close to each other
in Ba, probably assisted by the hydrogen bonding between the amides, which is
promoted by the polarity of the solvent and the low temperature used. Close proximity
of the end groups due to the presence of secondary interactions in first generation
amide-functionalized poly(propylene imine) dendrimers, have also been found in the
solid state,® and at low temperatures.3¢
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Figure 5.12: Time-resolved fluorescence anisotropy curves of dendrimers 5a, 5e, and
monomeric reference compound 4e. %5

5.3.3 Concluding remarks

Metal-to-ligand interactions can be used to assemble multiple porphyrin molecules
2 and bis-porphyrin molecules 3 around the different generations of the poly(propylene
imine) dendrimers. The number of assembled porphyrins ranges from 2 to 33,
depending on dendrimer generation and porphyrin used. In the covalent approach, 4, 8,
18, and 64 porphyrins have been attached to the different generations poly(propylene
imine) dendrimers using the activated ester synthesis. Both approaches are
schematically outlined in Figure 5.13. Only the fifth generation porphyrin
functionalized dendrimer 5d shows indications of ground-state interactions between the
chromopheres. In contrast, both first and third generation dendrimers 1 and 3 show
fast energy migration between these chromophoric units in the nanosecond regime.

5.4 Conclusions

The use of the multivalency present in dendrimers, has resulted in two different
mimics of multivalent structures known from biology. These biomimics show some of
the features present in the natural eccuring systems, but are far away from the degree
of sophistication present in nature. This relates to both structure and function.

A major conceptual difference in structure with Nature is the method of
construction. In contrast to the synthesized structures described in this chapter, many
biological systems are built up by assembling different functional subunits into one non-
covalent entity that is particularly equipped for its function. This assembly results for
example in the formation of complex aggregates of hemocyanines in order to effectively
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bind dioxygen, or in the typical orientation of porphyrins in the light harvesting system
resulting in an effective photoconversion. Assemblage as construction method creates
the possibility to build many different functional structures with a relative small
amount of building blocks. This is a major advantage compared to the covalent
constructed dendrmc biomimics described in this chapter.

A0 /\W
”Lb 4\

\/{wf s Q M x{>

DAB-dendr-(NH,),¢3, DAB-dendr-(NH,),43,4

/

Py

@
ey

2.

)/

DAB-dendr-(NH,) 62+

Figure 5.13: Schematic representations of the different ways to construct porphyrin
arrays around a third generation poly{propylene imine) dendrimer. Switching from 8:1
to 16:1 ratio with bis-porphyrin 8 (above), assemblmg of porphyrin 2 and a porphyrin-
functionalized dendrimer 5e (below).

The other main difference of the dendritic biomimics with their biological
archetypes can be found in the complexity of the interactions with the surroundings. In
biological systems the overall performance is the sum of an interplay of many different
interactions, instead of the only few modes of interaction present in dendrimers. This
gives biological gystems the possibility to tune their characteristics, in order to be able
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to react to different environmental ropditions. A feature that iz almost completely
ahsent in their dendritic analogues.

Although there are many drawbacks present in the dendritic biomimics, the
possibilities for the dendritic systems in this field are numerous. Since dendrimers do
have the potency to possess site-isclation and multivalency, and since they are also uzsed
for assembly processes, s it is probably only a matter of time uniil these three features
are combined into one structure. This will, eventually, result in more complex systems
that will be cloger to Nature. Moreover, the constraints imposed on the biomimics are
usually much lower than those imposed on biosystems by living organisms. As we are
mastly interested to use the biomimic for limited function only.

5.5 Experimental Section

General methods and Materials

{CulIKCHsUNLICID: was synthesized according o Kubse¥? 2.¥inylpyndine was purified before use by
flash chrematography over Silica 60 using diethy! ether as the eluent. Porphyrin 2% was kindly provided by
Ir A P H J Schenning, and bisporhyrin 3,7 and  Z-amine5,30,15,20-tetralas(3 Bditert-
butylphenyDporphyrind® were kindly provided hy Prof. M. J. Crossley. All oiher chemicals were purchased
commercially and used as received. Solvenis were dried and distilled prior o use, except methanal which
was of HPLC-grade and used ss received. Diethyl ether was distilled from sodium/benzophenone.
Dichloromethane and acetonitrile were gistidled from eajcivis hydride. Dichloromethane used in the
handling of the Cuth<omplexes was stirred with concentrated sulfuric acid for 2 days, and seutralized by
washmps with ammonia and water prior to destillation, Preparation of the air-sensitive Cuf}) samples was
carried out using standard Schlenk techiques. Solvents were deoxygenated by repeated lrecze-thaw cycles
or hy hubbling dinitrugen through them (20 min.} Flash chromatography was carried out using newviral
alumivem sxide T0-200 mesh {Acros) brought to avtivity 1115 or Merch silica gel 56 (particle size 0.063-0.206
). Dialysis was performed using regenerated cetlulose dislysis tubing {pove size 24 A), which was
swollen in water far 1 h. For remaining general procedures, ses Chapter 2.

Mass spectromebry

MALDI-FOF-MS spectraometry was performed on s PerSeplive Biosystems Voyvager DE.RP MALDI-TOF
mass spectrometer with a dihydroxybenzoic acid matrix at the Institute for Mass-Spectrometry at the
University of Amsterdam {FYZ-tontaining products], and an IR-MALDI using 8 Er-YAG laser emitting at
2.94 yn and a thiourea matrix at the Institute fir Medizinische Phyaik un Biophysik at the Westfslischs
Withelme-university of Mnster {porphyrin-systems). ESL.MS spectra were recorded on a APT 3060 MS/ME
mans specirometer {PE-Seiex) with a mass range of 3000, The ssmple sohutions were delivered to the ESI-
mass gpeclrometer by a syringe pump {Harvard Apparatus) t @ flow rate of ca. § planin™ in MeOH/MeCN
mixtures containisg ~1 % formic acid. HR FAB MS measurements have been performed on a Fisons
Instruments ZAB-Z5E(Q) mass spectromeler using a cesium ion gun operating at 30kV at the Research
Schoal of Chemistry, Australian National University, The matrix used was mefo-nitrobenzyl aleohol. The
mass resclution was 10,000, cesium jodide was used 88 an exterasl reference and the mass range scanned
from 18% below to 10% nrhove the requirsd mass using voltage scanping Abbreviations ussed:
vp = vinyipyridine; pa = propylamine.

UV/vis spectroscopy

LiVivis apectra were recorded on a Perkin Elmer Lamhda 960 spectrophetemeter with path lengths of 10
mm. Titration-experiments were carried out under magnetic stirring. For Cu(l) titration, Cuil)-containing
solution was added via a gas-tipht Hamilton syringe through 2 teflon-lined septum sealing the cell. Low-
temperature UVAvis specirn were obtained on a Hewlett Packard 8452A divde array spectrophotomster
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driven by a Compaqg Deskpre 3868 competer esing a soflware system written by On-lane Instrument
Syotems, Ine. The spectrogholometer was eqpeipped with s Kontes KM-811772 varisble temperature UV/vis
Dewar cell with quartz windows. The low temperatore inside the Dewar assembly was achieved by pulting
a copper tubing ¢oil inside the methanch filled Dewar-cell. Through the coil cold methanol was cireudated by
an externzl cooling enit (Neslab O0-1061 cryocon] immersion cooler, an Agitainer A with dreulation
pump). The cell sesembly consisted of & quarte coll fused @ one end of a glass tube. The other end was
attached fo a high-vacsum-stopcock and a 14720 ground glass joint. The temperature inside the Dewar
assembly wag menifored by an Omega Model 651 resistance thermometer probe The spectrem of the
solvent was also recorded for each set of experiments. After placing a solution of HHOWDMNCION in
dichloromethane in the Dewar assembly, the temperature was allowed o equilibrate for 10 min. and the
spectram was subssguently recorded. The cell assembly had been previously calibeated for volume ve
height in the tube, and the height of the solution in the cell assembly at low temperature was noted for the
purpass of concentration determination. Oxygenation of the thilled sojutions was effected by direet bubbling
of dry, pre-cosled dioxvgen osing 2 syringe needle. The apectra wers recorded at set intervala, After
warming to reom temperature, the spectra were revorded again.

Time-resolved fluorescence anisotropy

Trme-resolved flucrescence anisotropy messurements were carried out as described previoosly™ using a
svnchronously moedeJocked dve luser as the excitation source and time-correlated singie photen counting
detection. The excitalion wavelength was 585 nm and the emission monitored at 655 nm. The samples
were studied in an elhanolpentuns-ether (Z:8:8) glass st 77 K in an Oxford Instrumenis Optistat DN
eryostat.

Preparation

Genersl procedurs for Tasd

A teflon high-pressure capsule was filed with a solution of polylpropylens imine) dendrimer (typieal 1.4
mmol in end group), 4 equivalests 2-vinylpyridine, snd 2 equivalents of acetic acid in metharol (total
volume 15 mid and kept at 58 *C and 15 kbar for 16 hrs. The resulting reddish selution waa disscived in
CHCl: and this solution was washed twice with an equal amount of aqueons 15% NaOH and once with an
equal amount of water. The organic layer wag dried over NauSQu und the zolvent removed in vacus. The
excess vinylpyridine was removed by leaving the resuiting brown oil under vacuum on a rotary evaporaior
for severs] hours,

DAB-dends-{PYZ34, Ia

Purification of Ia was performed portionwise by means of column chromategraphy (reutral alumiea {act.
HI}, CHCly/MeUH = 9773, v/vi Typically, 209 mg (64 %) of the yellowish ol 1 was obtained from 460 mg of
the crade oil. "HNME {CDCL, 400 MFzY: 5 = 1,35 {m, 4H), 156 (u, 85, 2.38 &, 12H, J = 7.2 Ha), 2.54 &,
8H, J =74 Hz}, 291 5, 12 H), 7.06 (ddd, 8H, J = 1.1, 4.8, 7.2 Hz}, 7.08 {4, 8H, J = 77 Hz), 7.52 {dt, 8H,
4 =238, 99 Hz), 849 (ddd, BH, J= 1.0, 4.8 H2). ¥C NMR (CDCl, 100 M¥zx &= 25.5, 25.7, 36.6, 52.7, 52.8,
548 1216, 124.0, 136.8, 149.8, 161.4. IR (KBr, cm-") = 3067, 3007 (ArH), 1591, 1568, 1478, 1434 (0=C,
£=N), 1362, 1248, 1211 (C-N), 749 (Ar). BESLMS: m/z 1158 [MaHr, 1053 IM-vpa B}, 890IM-{pa+2vpi+Hls,
606, 552, Analysia Caled. for CnHusNuwMeOH: C, 75.70; H, 847, N, 16.48 Found: €, 73.64; H, 815 N,
i6.10.

DAB-dendr-(PY2)s, 1b

Purification of 1b was achieved by precipitaiion of s concentrated dichloromethane solution of the crude
product in hexane. This procedure vieldsd 922 mg (87 %2 of 1b as a brownish erange oil. {H NMR (CDCl,
400 MHz): 5 = 1.35 Gu, 4H), 1.52 (n Br), 24H3, 2.32 (¢, 20 1y, 2.35 {m (br), 16H), 2.53 (4, 16HD, 2,85 (s, 641},
7.05 (m, 32H), 7.50 (m, 16H), 847 {m, 168D, 3¢ NMR (O, 1006 MHz: 6= 25.2, 254, 38.7, 52.7, 529,
54.1, 547, 121.7, 124.0, 138.8, 149.9, 1614, IR (BBr, em1) v = 8067, 3067 (AsH), 1590, 1588, 1474, 1434
C=C, C=Nj, 1365-1250 (C-23, 749 (Ar). ESEMS: m/r 2456 [MoHP, 2351 BLepHlt, 2186 M-
{pa+2vpleH}, 1864,
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DABlendr-(PY2)s, e

Purification of I¢ was achieved by precipitation of a concentrsied dichloromethane solution of the crode
product in hexane. This procedure vielded 1.02 g (91 %) of 1o as & brownish orange oil. TH NMR (CDCls, 460
MHz}: 8 = 1.38 {m (he), 4H), 1.52 {m (br}, 56H), 2.32 (i thr), 52 H), 2.85 (m (br), 32H), 2,51 i, 32H), 2.87 (s,
128H), 7.08 {m, 64H), 7.47 {m, 32H), 8.48 (m, 32H). 3C NMR (CDCIa, 100 MiHz): & = 25.8, 25.5, 36.7, 52.8,
52.5, 52.9, 53.2, 54.1, 54.6, 121.8, 124.0, 136.8, 1498, 161 4. IR (KBr, ¢r!) v = 3067, 3007 {Ark), 1590,
18688, 1474, 1434 {G=0, O=N), 1365-1250 (C-N}, 749 tAr); EST-MS: m/z 5052 (M+H]*, 4947 [M.vpeH]",
4888, 4784 [M-(pa+2vpleH]r, 4565, 4450 [M-2pa+ BrphH}*.

DAB-derdr{PY2hg, 14

Purification of 14 wes achieved by mweans of three subsequent dialysis runs against 500 ml methanol/water
(95/5 wiv)y. This protedure yielded 330 my (100 %) of 1d as = brownish orange oil. 'H KMR (CDCli, 400
MHz): § = 1.3 {be, 4H), 1.52 {m (br), 124H), 2.30 (& {br), 84HY, 2.37 {m (br), 118H), 2.48 (L {b7), 64H), 2.85 {3y
(bry, 256H7, 7.02 (m (be), 128H), 7.46 {m (br), 64K}, 8.44 (m (br), 64H), ¥C NMR (CDCL;, 100 MHzk § = 24.8,
45.3, 38.5, 52.5, 5.8, 53.], B4.B, 1217, 124.0, 136,58, 1497, 161.3. TR (KBr, a1} v = 3067, 3007 ¢ArH),
1590, 1568, 1474, 1434 (C=C, TN 1365-1260 (C-NJ, 749 (Ar). MALDI-TOF-MS: m /r 7,500-10,560 {Caled.
10,242.8), Analysis Caled. for CavMapoNi2s MeGH: C, 7T4.00; H, 8.57; N, 17.18 Found: C, 7442, H, 8.58; N,
16,85,

[MatCuliiCHias

To 2 solution of 45 myg {0.039 mmes!} of Hgand 1a in 10 mL of MeOH was added dropwise a solution of 57.5
mg (9.156 mmol) of Cu(ClOu)e.6HeO in 1 mi of MeOH. A dark green precipitate formed immediately upon
addition of the copper salt, ABer the addition was sompleted, the reaction mixkure was shortly heated to
refiux, which resulted in 2 clear, dark preen solution. The sciution was set aside and silowed to ome to
room temperature upon which ¢ dark green precipitate formed. The precipitate was collected by filtration:
afier deying in vocus 38 mp (42 %) of a pale, dark green powder was obtained. Mp. 168 °0 tdee). Am: 1116
Semimol (anlvent acetonitrile), UVhvis {acetonitrile, nm (¢, M-lem{3k Aaux 261 (26,300), 207 {sh, 13,700},
390 (sh, 3640), 684 (750). IR (KBr, con?) v = 3474 (H20), 3084 (A, 1612, 1572, 1489, 1448 (Cx0, CaN),
1320 {C-N1, 1097, 623 {non-coord. TlO¢ ), 769 {Ar), MALDI TOF-MS m/x 1710 [M+4Cu=3CHD|*, 1546
[M+30:+2CH ], 1383 M+2Cu+CHO)®, 1221 [M+Cul*. Anal. Caled. for CrabloeMseCuaClslan4H:0: C, $7.94;
H, 450; ¥, 860, Feund: ¢, 37.72, 1, 4.89; N, 8.53,

[ Cuil ] Cl0)n

Te 50.2 mg of solid Cu(IXCHICNNCIO (0,156 mmol, 32 equivalents) was added dropwise u sulution of 49.1
me of 1d in 35 ml of CHCh vnder contibucus stirring. After 2 hours the resalting orange sclution had
turned somewhat zloudy. Filtration yielded an orange powder, which was discarded, and 2 clear arange
solution. This selution was concentrated in vacuo and an excess of diethy! ether was added to induce
precipitation of an orange brown powder. After storage at -20 °C avernight the supernsatant was decanied
and the precipitate dried in vacuo. Iselstion of the pale yellow brown product was achieved afler another
precigitation. The yield of the preduct was not determined. *H NMR (CDaNG:, 800 MHz): 5= 1.59 (a (hr},
1248, 2.30-2.70 {m (br), 244H], 2.88 (s (br}, 256H), 7.33 {a {br), 128H), 7.81 {5 (br}, 64H), 3 59 (s {br), 84H}.
UVivis {0HCOK): Anax 340 nm {2 = 104,600 M-2cm)

4 JAmIng-2.[5, 10,15 20-tetrakis(3,5-didert-butvlphenylh-porphyrinyvili-4-oxo-butanoic aeid, 3a

A mixiure of Z-aming-510,1520-tetrakis(3,5- B fert-butylphenyliporphyrs (580 mp, (.54 mmell and
sueeinic anhydride (240 mg, 2.39 mmol} in dry toluene (50 ml) was heated at reflux for 16 b ander nitrogen.
Dichloromethane (160 ml) was added and the erganic layer was washad with water {2 x 50 mil, dried over
anhydrous sodium sulfate and filtered. The anlvent wus removed and the crude product was purified by
column shromadopraphy over silica (dichloromethane methanol; 38:2) and recrystailized from chloroform-
methzanol to yield 3a (509 mg, 80%) as a dark brown microcrystalline solid, m.p. » 3206 *C. IR (CH2Cl2, e i)
v (CHCH) 3402br w (NH), 2884s, 2605m, 286%9m, 1710m (C=0), 1592m, 1515, 147Tm, 1426w, 1363m:,
1247m, 918m, 560, UVAis (CHCE, nm (og 81} Amex 425 (5.56), 488 (3.62), 520 (4.38), 554 (3.8, 5.93 (3.80),
B48 {3.62} nm. 'H NMR (400 MHz; CDCly) & -2.60 {2 H, br s, inner NH), 155153 (72 H, m, {-hotyl H}, 228
{28, ¢, J 7.0 Hz, CHeCOuHS, 272 (2 H, £, J 7.0 He, CERCONH), 7.77 {8 H, m, 2ryl H), T.97-8.02 and 8.02~
810 (3 H, m, arvl H3, 884 (1 H, d, J 4.5 Hz B-pyrrolic H), 8.580-8.94 (8 H, m, J-pyrrokic H}, 944 {1 H, s,
CH:CONHD. MS (ED 1178 MY,
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4-{Amino-2-[5,10,15,20-tetrakis(3,5-di-tert-butylphenyl}-porphyrinyl]}-4-oxo-butyric  acid  2,5-
dioxo-pyrrolidin-1-yl ester, 3b

To a solution of 3a (420 mg, 0.36 mmol) in dimethoxyethane (3 ml) coeled in an ice bath, N-
hydroxysuccinimide (40 mg) and 1,3-dicyclohexylearbodiimide (80 mg) was added. The reaction mixture was
atirred for 16 h and the precipitate was filtered and washed with additional dimethoxyethane. The solution
was evaporated to dryness, dissolved in dichloromethane (2 ml) and recrystallized at 0 °C with isopropancl
vielding 3b (386 mg, 85%). This compound was directly used for further reactions with the dendrimers. IR
(CH2Clz, cm~1): v 3392 5 (NH), 1815w (C=0), 1788 w (C=0), 1744 s (C=0), 1591s 1513s, 1477m, 1364m.
'H NMR (300 MHz;, CDCl3} §-2.72 (2 H, br 5, inner NH), 1.50-1.53 (72 H, m, #-butyl H}, 238 (2H,t,J="7.0
Hz, CHzCOxSue), 3.03 (2 H, t, J = 7.0 Hz, CHCONH), 7.77 (3 H, m, aryl H), 7.97-8.02 and 8.02-8.10 (9 H,
m, aryl H), 8.64 (1 H, d, .J 4.5 Hz p-pyrrohic H}, 8.80-8.94 (6 H, m, B-pyrrolic H), 9.44 (1 H, s, CH2CONH).

4-{Amino-2-(5,10,15,20-tetrakis(3,5-di-tert-butiylphenyl).-porphyrinyl]}-4-oxo-N-propyl-butyramide,
3c

To a solution of 3b {39 mg, 3-10-% mol) in dichloromethane (2 ml) 4 drops of n-propylamine were added. The
reaction mixture was stirred for 12 h, aquecus sodium hydroxide solution (1 N, 3 ml) was added and the
mixture stirred for another 3 h. Dichloromethane (10 m}) was added and the organic layer was washed with
water, sodium carbonate (10%, 2 times), water and dried over anhydrous sodiuin sulfate. The solution was
filtered and the solvent was evaporated to dryness. The compound was further purified by column
chromatography over silica (dichloromethane-methanol; 98:2) to yield 3¢ {21 mg, 57%) as a dark brown
microcrystalline solid. IR (CHzClz, em~1): v 3439, 3396s, 3333, 3309 (NH 1675m,b (C=0), 1591s, 15133,
1477m, 1363m. '"H NMR (400 MHz;, CDCla) § -2.78 (2 H, br s, inner NH), 0.90 (3H, t, CH2CHzCH3), 1.45—
1.55 and 1.60 (72 H, m, t-butyl-H and 2 H CH:CHCH:N), 2.28 (2 H, t, CHzCONH-porphyrin), 252 (2 H, t,
CHACONHCH-:), 3.22 (2 H, q, CH;CONHCH:CH:CONH?}, 6.30 (1 H, br, CH2CONHCH:), 7.71 and 7.76 (3 H,
m, aryl H), 7.94 and 8.04-8.10 (9 H, m, aryl H), 8.61 (1 H, d, J 4.5 Hz, fi-pyrrolic H}, 8.80-8.90 (6 H, m, -
prrrolic H), 9.41 (1 H, s, CH:2CONH).

General procedure for 5a-d

To a solution of 3b (80 mg, 0.06 mmol) in dry dichloromethane (2 ml} 0.95 equivalents of DAB-dendr-NHz
{about 5 mg) was added. The reaction mixture was stirred for 20 h, aqueous sodium hydroxide solution {1
N, 3 ml) was added and the mixture stirred for another 3 h. Dichloromethane (20 ml) was added and the
organic layer was washed with water, sodium carbonate (10%, 2 times), water (5 times) and dried over
anhydrous sodium sulfate (DO NOT use MgSO4). The selutton was filtered and the solvent was evaporated
to dryness. The compound was further purified by adding a few drops of methanol to a dichloromethane
solution of porphyrin functionalized dendrimer, the compound precipitated and was immediately filtered
off.

DAB-dendr-(NH-CO-C:H.-CO-NH-porphyrin)4, 5a

5a was obtained in a yield of 62 mg (83 %). IR (CHz2Clz, cm~1): v 3438w (NH), 3396m (NH), 3320w,b {(NH),
1666m,b (C=0}, 1591s, 1513s, 1477Tm, 1364m. UViis (CHzClz, nm (log €)): Amnx 424 {6.00), 520 (3.87), 553
(3.36), 594 (3.33), 649 (3.14) nm. 'H NMR (400 MHz; CDCls) 6 -2.78 (8 H, br s, inner NH), 1.45-1.55 and
1.60 (288 H, m, ¢-butyl H and 12 CH2CH2CH:N dendrimer-H), 2.25 (8 H, m, CHzCONHCH?), 2.38 {4 H, br,
CH:NCH2), 2.41 (8 H, br, CH:NCHy), 2.47 (8 H, m, CH2CONH-porphyrin), 3.24 (8 H, m,
CH;CONHCH:CH:CONH}, 6.72 (4 H, m, CH:2CONHCH3}, 7.71 and 7.76 {12 H, m, aryl H), 7.94 and 8.04-
8.10(36 H, m, aryl H), 8.61 (4 H, d, J 4.5 Hz, B—pyrrolic H), 8.80-8.90 (24 H, m, f-pyrrolic H), 9.41 (4 H, s,
CH2CONH). MALDI-TOF MS: m/z 4959 [M+H]*, 3781 [M-3a+H]*, 2603 [M<(3a):+H]*. HR-FAB-MS: m/z
4956.53  [CassHazeN260:]*, 495753  [Caas?®CiHazoNzeOel®, 4958.53  [Casa!3CoHu2aN260a)*,  4959.54
[Ca3a’3CaHazaN2603)*, 4960.54 [Cazna'?CyHyzeN260sl*, 4961.54 [Caz1'?CsHazaN2sOs]*,

DAB-dendr-(NH-CO-CzH«~CO~-NH-porphyrin)s, 5b

5b was obtained in a yield of 57 mg (72 %). IR (CH2Clz, em-!): v 3438w (NH), 3396m (NH), 3320w (NH),
1666m,b (C=0), 1591s, 15135,1477m, 1364m. UVfvis {CH2Clz, nm (log €)): Amax 424 (6.28), 520 (4.14}, 553
(3.64), 594 (3.60), 649 (3.42) nm. 'H NMR (400 MHz; CDCl3) § -2.77 (16 H, br s, inner NH), 1.42-1,55 and
1.60-1.80 (576 H, m, r-butyl H and 48 H, br, dendrimer-H), 2.26 (16 H, br 5, CH:CONHCH?2), 2.50-2.60 (16
H, br, dendrimer-H and CHzCONH-porphyrin}, 3.30 (16 H, m, CH;CONHCH:CH:CONH), 6.83 (8 H, m,
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CH:CONHCH2), 769 a0d 776 (24 B, =, aryl HY, 7.93 and 804-8.10 (72 H, m, aryl H, 880 (8 H, 4, J 4.5
Hz, -pyrrolic H), 883 (48 H, br =, B-pyrrelic Hy, .42 (R H, 3, CHCONH. MALDETOF M8 m/z 10063
M+H],

DAB~dendr (NH-{OWCHi-CO-NH-porphyriohs, Sc

Sc was obtained in a yield of 89 mg (66 %). IR (CHaCly, em='): v 333%m (NH), 3320m,b (NH), 1866m.b
(€=03, 1591, 15138, 147%m, 1364m. UVivis ([CHoCl2, nm (log £)) Amex 424 (6.58), 520 (4.44), 553 (3.94), 694
€3.91), 649 (3.71) nen, ‘H NMR (400 MHz, ODCs3 § -2.78 (32 H, br g, inner NH), 1.256-1.80 (1152 H, m, ¢-
butyl H and 112 H, dendrimer-H), 228 (32 H, m, CHRCONHCH), 2.50 84 U, br m, dendrimer-H and
CHGCONE-porphyrind, 3.32 632 H, br, CE;CONHUHCH:CONH), 6,90 (1€ H, br, CHLUONHCH:), 7.55-71.76
48 H, 2br m, sryl H), 7.50-8.10 {144 H, m, aryl H), 2.50-8.60 (18 H, br m, B-pyrralic 1}, 270-8.30 (98 H,
br m, f-pyrrolic H) 9.39 {18 H, br s, OH:CONH) MALDLTOF MS: »/z 20243 IMLHP, 12075, 17817,
16600, 13238, 14070, 12743, 11534, 10146, 8991, 7647, 84389, 4959, 3702, 2394 ises slso Figure 5.10)

DAB-dendy-(INH-CO-CL-CO-NH-porphyrinis, 6d

&d was obtained in a yield of 48 mg (57 %), IR (CH2Clz, om-ly: v 33980 (NH3, 3320m,b (NFD), 1666m,b
(C=0), 15918, 15188, 1477m, 1364m. UVivis (CHCly, nm {log €)): Amex 424 (7.16), 520 (5.02), 553 (4.51), 594
(4.48), 649 (4.29) nm. 'H NMR (400 MHz; CD(I) 6 -2.78 {8 H, br s, inner NH), 1,101 80 (4608 H, m, ¢-butyl
H and 498 H, CHyCH;CHoN dendrimer-H), 2.25 (128 H, br, CH;CONHCH,), 2.47 (256 H, br, CHCONH-
porphynin ead dendrimerH), 3.27 (128 H, br, CHROONKHCH::CH:CONHE), 1.2 (84 H, m, CHCONHUHg,
7.60-8.20 (768 H, be, aryl H), 8.60-8.00 (448 I, br, B-pyrrolic H), 8.30-8.45 184 H, br, CH:CONH).
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Summary

Dendrimers are highly branched macromolecules with a tree-like structure. As a
consequence these molecules posses a large number of end groups (Figure 1). Moreover,
the typical dendrimer-architecture forces the termini to be close together. The
combination of these aberrant features and the high chemical definition of dendrimers
has attracted the interest from many different disciplines of science. In this thesis the
modification of poly(propylene imine) dendrimers with different functionalities is
described, making use the unique features of the dendritic framework.
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Figure 1: Fifth generation poly(propylene imine) dendrimer (DAB-dendr-(NHz)sg).

Covering the flexible dendrimer with a dense shell makes it possible to physically
entrap guest molecules in a dendrimer (“dendritic box”). This encapsulation procedure
often leads to altered characteristics of the guests as a result of the typical micro-
environment within the dendrimer. In this way molecules can be forced to be in close
contact as shown for radical anions of tetracyanoquinodimethane (TCNQ™). Or
molecules can be prevented from self-aggregation, illustrated by the encapsulation of
isolated photosensitizer dyes (pheophorbide a). The entrapped dye remains it ability to
produce singlet oxygen, opening the way to use this system in photodynamical therapy
(PDT) of cancer.

In addition, the structure of the shell has been modified to obtain a more flexible
gsystem. IR and NMR spectroscopy studies in solution and X-ray diffraction data
indicate that the presence of hydrogen bonds between the end groups is of utmost
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importance for the solid state character of the shell. EPR spectroscopy performed on
dendrimers functionalized with pendant stable nitroxyl radicals subscribes the presence
of a H-bonded network at the periphery of the molecule. The EPR data show that the
flexibility of nitroxyl fﬁnctionalized dendrimers is related to both {emperature and
nature of the solvent.

The end groups in poly(propylene imine) dendrimers consist of a
dipropylenetriamine (dpt) unit capable of binding transition metal ions like Cu(ID,
Ni(Il), and Zn{ID in a tridentate way. UVAis, EPR, NMR spectroscopy, X-ray
crystallography, and electrospray mass spectrometry, confirm this site specific metal
inclusion in the poly(propylene imine) dendrimers. Consequently, the dendrimers are
used as nano-scaffolds for several metal-ions. The highest (fifth) generation dendrimer
binds up to 32 metal-ions, and has nanometer dimensions. This makes it possible to use
membrane-filtration to isolate the metallodendrimers from solution. The versatility of
this size selective recovery of metal containing species has been illustrated by using the
poly(propylene imine) dendrimers for continuous metal extraction, sensor-applications
and catalysis. ‘

Finally, functionalized poly{propylene imine) dendrimers have been investigated
on their propensity to mimic the multivalency present in many biological systems using
the highly branched architecture of the dendrimers. The first example consists of a
Cu(D)-modified dendrimer which is able to bind multiple molecules of dioxygen.
Therefore, this multivalent dioxygen complex may be seen as a model for oxygen
binding by hemocyanine assemblies, the oxygen-carriers in molluscs and arthropods. In
the second example, the poly(propylene imine) dendrimers are used as scaffold to
assemble multiple porphyrins, both in a covalent and noncovalent way. The covalent
assemblies show intramolecular electronic interactions between the porphyrin end
groups in the excited state, thereby mimicking the light harvesting of the natural LH2
system, which is responsible for capturing and storing light-energy in photosynthetic
bacteria.
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Samenvatting

Dendrimeren zijn sterk vertakte macromoleculen met een boomvormige struktuur
(Figuur 1). Deze kenmerkende architectuur heeft tot gevolg dat dendrimeren veel
eindgroepen bevatten die bovendien gedwongen worden om dicht bij elkaar te zitten.
Samen met de hoge graad van chemische definitie, hebben deze eigenschappen er toe
geleid dat dendrimeren de aandacht hebben getrokken van een breed scala aan
wetenschappers. In dit proefschrift wordt de modificatie van poly(propylene imine)
dendrimeren met verschillende functionaliteiten beschreven. In al deze modificaties is
gebruik gemaakt van de typische kenmerken van het dendrimeer.

e

N

Figuur 1: Een vijfde generatie poly(propylene imine) dendrimeer (DAB-dendr-(NHzss).

Door de buitenkant van de flexibele poly(propylene imine) dendrimeren te
bedekken met een dicht gepakte schil is het mogelijk om gast moleculen fysisch op te
sluiten in een dendrimeer (*het dendrimere doosje”). Deze opsltiiting leidt vaak tot
veranderingen in de eigenschappen van de gasten als gevolg van de micro-omgeving
opgelegd door het dendrimeer. Op deze wijze is het mogelijk om moleculen te dwingen
dicht bij elkaar te zitten, zoals aangetoond voor de radicaal-anionen van tetracyano-
gquinodimethaan (TCNQ"). Ock kunnen moleculen van elkaar geisoleerd worden, zodat
er geen zelf-aggregatie meer op kan treden. Dit is geillustreerd aan de hand van de
opsluiting van de photo-sensitizer kleurstof pheophorbide a. De opgesloten kleurstof
blijft zijn vermogen behouden om singlet-zuurstof te produceren, wat perspectieven
biedt om dit systeem te gebruiken in de fotodynamische therapie (PDT) van kanker.
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Ten einde een flexibeler systeem te verkrijgen, is de schil van het dendrimere
doosje vervolgens opgebouwd met een kleinere eindgroep. Uit apectroscopische gegevens
gemeten in oplossing (IR en NMR) en kristallografische informatie, blijkt dat de
aanwezigheid van waterstof bruggen tussen de eindgroepen in een dendrimeer
uitermate belangrijk is voor het vaste stof karakter van de dendrimere schil. Electron
spin resonantie (ESR) spectroscopie metingen aan dendrimeren gefunctionaliseerd met
stabiele nitroxide-radicalen als eind groep, bevestigen de aanwezigheid van een netwerk
van H-bruggen in de periferie van het molecuul. Deze ESR-metingen laten zien dat de
flexibiliteit van nitroxide-gefunktionaliseerde dendrimeren afhangt van zowel
temperatuur als oplosmiddel. k

De termini van de poly(propylene imine) dendrimeren bestaan uit een
dipropyleen-triamine {(dpt) eenheid, welke in staat is om de tweewaardige
overgangsmetaalionen van koper, nikkel en zink tridentaat te binden. Deze specifieke
metaalbinding door de dendrimere eindgroepen is aangetoond met UVAis-, ESR- en
NMR-spectroscopie, rintgenkristallografie en electrospray ionisatie massa-
spectrometrie. De hoogste (vijfde) generatie poly(propylene imine) dendrimeer is in
staat om 32 metaalionen te binden en heeft nanometer dimensies. Deze grootte maakt
het mogelijk om membraan technieken te gebruiken voor de isolatie van de
metallodendrimeren uit oplossing. De toepasbaarheid van deze scheiding op grootte is
toegelicht aan de hand van het gebruik van poly(propylene imine) dendrimeren in
continue metaalextractie, azide-meting en katalyse.

Tenslotte zijn gefunktionaliseerde poly{propylene imine) dendrimeren onderzocht
op hun vermogen om de multivalentie na te bootsen zoals deze aanwezig is in vele
biologische systemen. In de eerste benadering is een Cu(l)-bevattend dendrimeer
gebruikt dat in staat is om meerdere moleculen zuurstof te binden. Deze complexen
kunnen beschouwd worden als model voor de hemocyanine-assemblages die aanwezig
zijn in weekdieren en geleedpotigen en daar het zuurstoftransport verzorgen. In de
tweede benadering zijn de poly(propylene imine) dendrimeren gebruikt als
verzamelpunt voor meerdere porfyrines. Deze multi-porfyrine assemblages zijn zowel op
covalente als niet covalente wijze verkregen. De covalent gebonden strukturen vertonen
intramoleculaire elektronische interakties tussen de geéxciteerde porfyrine-
eindgroepen. Dit is vergelijkbaar met het verzamelen van lichtenergie in de natuur door
het LH2-systeem dat de opname en opslag van lichtenergie reguleert in
fotogynthetische bacterién. '
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studenten. Monique, het is geweldig dat je het hebt aangedurfd om bij mij af te
studeren, ik kan alleen maar hopen dat je net zo veel geleerd hebt van mij als ik van
jou. Researchstagiaires Jan de Boer, Jeroen van Gestel en Ronald Ligthart ben ik zeer
erkentelijk voor hun enthousiaste inzet. Mijn dank gaat ook uit naar de leden van de
Dendrimeren-lunch. Rob, Cristina, Maurice, Jan Willem (wie kent hem niet), Kees,
Jorn, Anil, AKB, Jef en Marcel, gelukkig hebben we regelmatig stevig van gedachten
kunnen wisselen. Mijn kamergenoten waarmee ik door al die jaren heb samen geleefd,
wil ik hier graag bedanken. Felix, Luc, en stickem ook Brigitte, jullie hebben er voor
gezorgd dat geen dag van mijn promotie hetzelfde was. Luc, ik hoop dat jij en Emiel snel
een goede opvolger voor het, o zo succesvolle, SMO promoteam vinden. Speciale dank
gaat uit naar Hanneke Veldhoen, Ingrid van de Boomen, Joost van Dongen, Henk
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Eding, Hans Damen en Hanny van de Lee, jullie zijn de pilaren waarop deze vakgroep
gebouwd is, Hanny, niet alleen heb jij fijn al die jaren mijn bureau opgeruimd, maar
bovendien was jij één van de weinigen die mijn muzieksmaak kon waarderen. Joost, jou
wil ik vooral bedanken omdat jij mij kennis hebt laten maken met de wereld die DIP
heet! Alle (oud) leden van de vakgroep Macromoleculaire en Organische Chemie, helaas
te veel om op te noemen, wil ik bedanken voor de gezelligheid binnen en buiten het lab.
Ik zal jullie voortaan niet meer vervelen met mijn vele interpretaties van het
Nederlandse Lied. ' -

De dendrimeren-club van DSM, met name Ellen de Brabander, Manon Muré-Mak
(“De Moeder aller Astramolen”), Peer Froehling en Remko Vreekamp, ben ik erkentelijk
voor de vele grammen (kilo’s ?) poly(propylene imine) dendrimeren.

I am gratefull to Dr. H. Ridder (MPI-Mainz), Dr. S. Berkenkamp (Westfilische
Wilhems-universitit, Munster) and R. Fokkens (UvA), for performing several MALDI-
TOF experiments. Prof. B. Réder und Steffen Hackbarth von der Humboldt Universitiit
in Berlin, mochte ich gern danken fiir die Zusammenarbeit in dem Pheophorbide a
Project. De prachtige kristalstructuren in Hoofdstuk 2 en 4 zijn opgelost door Dr. Huub
Kooijman (RUU), hiervoor mijn dank. Prof. Jos Keurenties van de vakgroep SPD ben ik
erkentelijk voor het idee en gebruik van de kunstnier. In addition, I would like to
acknowledge Prof. Max Crossley (University of Sydney), Prof. Ken Ghiggino, and Edwin
Yeow (University of Melbourne) for the collaboration in the LH2-project. »

De nodige relativering en ontspanning heb ik gevonden bij mijn vriendén, die mij
gelukkig altijd in staat stelden om het doen van wetenschappelijk onderzoek in het
juiste perspectief te zetten tijdens menig zeilweekend, squash-meeting, of stap-avond.
Helaas waren de omstanders niet altijd even gecharmeerd van mijn retorica.

Mijn ouders hebben mij in staat gesteld om te studeren en mij altijd gesteund in
mijn beslissingen, jullie hebben mij mede gemaakt tot wat ik ben. Mijn zus(e) wil ik
bedanken voor de vele gezellige momenten, ik kan mij geen betere paranimf wensen.

Anke, jij was er altijd voor mij en bleef ook bij mij zelfs als ik in het weekend weer
even een paar uurtjes naar het lab moest. Voor jou is geen bos rode rozen groot genoeg.
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STELLINGEN

behorende bij het proefschrift
Dendrimers in Action
door
Anton W. Bosman

De vorm-selectiviteit waargenomen in de binding van amine-liganden door dendrimere
metalloporfyrines heeft niets te maken met een ‘dendrimeer-effekt’, maar alles met het

substitutiepatroon van het porfyrine.

Bhyrappa, P.; Vaijayanthimala, G.; Suslick, K. S. J. Am. Chem. Soc. 1999, 121, 262.

De noodzakelijkheid van ozonolyse om holle nanobollen gebaseerd op een micel met een
vernette schil te verkrijgen, maakt het vrijwel onmogelijk om deze strukturen te

gebruiken voor de opsluiting van biologische actieve stoffen.

Huang, H.; Remsen, E. E.; Kowalewski, T.; Wooley, K. L. J. Am. Chem. Soc. 1999, 121, 3805.

Het is opmerkelijk dat het bedekken van cellen met een laag van zouten zoveel aandacht

krijgt, daar de basis voor de techniek meer dan 100 jaar geleden is gelegd.

Mendelson, N. H. Science 1992, 258, 1633. Davis, S. A.; Burkett, S. L.; Mendelson, N. H.; Mann, S.
Nature 1997, 385, 420. Harting, P. Natuurk. Verh. der Koninkl. Academie 1873, 13, 1.

Het beschrijven van dendrimere strukturen aan de hand van culinaire vergelijkingen
(erwten, bloemkool, inktvis, zeester, zeeégel en pannekoek), is niet alleen kenmerkend
voor de ruime belevingswereld van onderzoekers in het dendrimeren veld, maar ook voor

de vele verschijningsvormen die deze moleculen kunnen aannemen.

Vogtle, F.; Weber, E. Angew. Chem., Int. Ed. Engl. 1974, 13, 814. Tomalia, D. A.; Durst, H. D. Top.
Curr. Chem. 1993, 165, 193. Fréchet, J. M. J. Science 1994, 263, 1710. Balogh, L.; de Leuze-
Jallouli, A.; Dvornic, P.; Kunugi, Y.; Blumstein, A.; Tomalia, D. A. Macromolecules 1999, 32, 1036.
Bosman, A. W.; Janssen, H. M.; Meijer, E. W. Chem. Rev. 1999, 99, xxxx.

De ontdekkingen van de bulk commodities low-density polyethyleen (LDPE), high-
density polyethyleen (HDPE), polyvinylchloride (PVC) en polyethyleen oxide (PEO)
berusten op een hoge mate van serendipiteit, hetgeen aangeeft dat de beoordeling van

onderzoeksprojecten op hun eventuele economische utiliteit uitermate hachelijjk is.

Swallow, J. C. In Polythene—The Technology and Uses of Ethylene Polymers; 2nd ed., Renfrew, A.
Ed.; Nliffe and Sons: London, 1957. Coordination Polymerization; Chien, J. C. W., Ed.; Academic
Press Inc.: New York, 1975; Chapter 1. Degradation and Stabilization of PVC; Owen, E. D., Ed.;
Elsevier Appl. Sci. Publ.: London, 1984; Chapter 1. Myerly, R. C. J. Chem. Ed. 1980, 57, 437.
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14.

Regelmatig de afwas doen, kan leiden tot baanbrekende wetenschappelijke technieken en

inzichten, echter het vuile vaatwerk laten staan ook.

Pockels, A. Nature 1891, 43, 437. ibid., 1892, 46, 418. ibid., 1893, 48, 152. ibid., 1894, 50, 223.
Maurois, A. The Life of Sir Alexander Fleming; Jonathan Cape Ltd.: Oxford, 1959. Hoofdstuk 2 en
4 in dit proefschrift.

Aangezien spermine, spermidine en putrescine (chemische motieven die voorkomen in
polypropyleenimine dendrimeren) gevonden worden in bloemknoppen en humaan
sperma, is het aannemelijk dat polypropyleenimine dendrimeren een vruchtbare

toekomst tegemoet gaan.

Van Leeuwenhoek, A. Philos. Trans. R. Soc. London 1687, 12, 1040. Evans, P. T.; Malmberg, R. L.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 1989, 40, 235.

In het voorgestelde belastingstelsel voor de 21e eeuw gaat de inkomstenbelasting wel
omlaag, maar door de verhogingen van de BTW en energie heffingen, en het verdwijnen
van de belastingen op vermogen, dividend en rente, zullen de verschillen in netto
besteedbaar inkomen groter worden, ondanks invoering van de forfaitaire

rendementsheffing.

Belastingen in de 2le eeuw: een verkenning; Ministerie van Financién: Den Haag, 1999;
http://www.minfin.nl.

Een goede Margarita is meer dan de som der delen.

Tequila, Cointreau, zumo de limén, hielo, sal.

Dat bezitters van rijbewijs B opnieuw een theorie examen moeten afleggen voor rijbewijs
A, laat zien dat het CBR weinig vertrouwen heeft in de kennis van automobilisten inzake

de verkeersregelgeving en dientengevolge ook in hun eigen toetsingskwaliteiten.

Don’t solve problems that do not exist.

De top halen is niet genoeg, men moet ook kunnen terugkeren naar de basis.

Mount Everest expeditie G. Mallory, 1924.

Soms is kunst Broodnodig.

Gebouw Scheikundige Technologie van de Technische Universiteit Eindhoven.

Elvis leeft.





