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W F Hermans, Nooit meer Slapen

Aan mijn ouders
Voor Paula
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CHAPTER 1
Introduction

1.1 Supramolecular chemistry

Supramolecular chemistry is the chemistry of intermolecular bonds and is concerned with the
synthesis and study of supermolecules, and assemblies of molecules, held together by weak noncovalent interactions (hydrogen bonds, van der Waals interactions, electrostatic interactions, etc ) '
Supramolecular Chemistry can be divided into two large, partly overlapping areas The first is that of
host-guest chemistry which deals with so-called host and guest molecules which are complementary
species that can recognize each other and associate to form a host-guest complex 2 The formation of
such a supermolecule can be followed by a chemical reaction (e.g in the case of a synthetic enzyme),
a transport process (e g in the case of ion channels), or a detectable signal (e g in the case of a
sensor) The second area is that of molecular aggregates Four kinds of aggregates will be discussed
in this section because the research described in this thesis will be focused on them (Figure 1 1)
Bubble induced assemblies

Lyotropic liquid crystals

Molecular
aggregates

Host-guest polymers

Monolayers

Figure 1.1. Schematic representation offour different types of molecular aggregates described in
this thesis
A liquid crystal is an example of a molecular aggregate It is a state that has properties of both
the solid state and the liquid state Liquid crystals can be divided into thermotropic and lyotropic
crystals The former type is induced by heating and cooling, the latter type by a solvent (most
commonly water) The properties of a liquid crystal depend on the type of molecule from which it is
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Amphiphiles

Micelle

Vesicle

Figure 1.2. Schematic representation of an amphiphile and two type of aggregates formed by
amphiphiles
Molecular assemblies of amphiphiles in water are arranged according the same physical forces that
give proteins their secondary and higher ordered structure, / e van der Waals interactions,
hydrophobic effects, hydrogen bonds, stenc repulsions, and interactions between charged groups 4 5
An application of molecular assemblies of amphiphiles which is described in this thesis, is
catalysis Aggregates (micelles or vesicles) are known to catalyze reactions because they can give rise
to rate enhancements which are the result of binding of reagents to the aggregates This rate
acceleration is caused by a concentration effect (the reagents are concentrated at the surface of the
aggregate) or by a change in activation energy due to desolvation effects Reactions in vesicles can
take place at the outer surface (exo-vesicular) or at the inner surface (endovesicular) which sometimes
results in different reaction rates 6 The polarity of the substrate determines its location in the
membrane Polar or ionic substrates will be localized at the membrane-water interface or in the water
phase, whereas apolar ones will be situated in the membrane 7 In aggregates of ionic amphiphiles a
strongly charged interface exists between the aggregate and the water phase A part of the charge is
compensated through the binding of counter ions (60-90% per charged head group) which results in a
so-called Stern layer which is anisotropic 8 In the case of vesicles the physical state of the vesicle
bilayer can also be important for catalysis 9 Below a critical temperature (called phase transition
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temperature, T c ) bilayers are in a gel or solid state in which the alkyl chains of the amphiphiles have
an all trans conformation Above the T c , the bilayers are in a liquid-crystalline state in which the alkyl
chains also have gauche conformations The activation energy of a reaction between two reaclants is
normally higher below the phase transition temperature because under this temperature the rigidity of
the bilayers suppresses the reaction Formation of domains and clusters of substrate or catalyst
molecules, which depends on the physical state of the bilayer, can also influence the reaction rate
Monolayers at interfaces represent a second type of molecular aggregation and the Langmuir
technique is one of the methods to form such two dimensional assemblies of molecules
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Figure 1.3. Schematic representation of a Langmuir trough before compression (A) and after
compression (B)
In this technique a solution of an amphiphilic compound in a volatile solvent is spread on a water
surface After evaporation of the solvent the amphiphilic molecules form a monolayer in which their
hydrophilic head groups are directed toward the water phase and their hydrophobic tails directed
away from it The monolayers can be compressed by means of a barrier, leading to a reduction of the
molecular area and as a result to an increase of the surface pressure The properties of a monolayer
depend on the mutual interactions between the amphiphiles and on the interactions of the molecules
with the water phase ' ' The isotherms obtained upon compression of the amphiphiles give
information about the packing properties of the molecules, the orientation of their head groups, their
molecular areas and also about the interactions with molecules or ions dissolved in the water phase
For example molecular recognition studies at the monolayer-water interface have been carried out in
order to study the enantioselective recognition of odorants by phospholipids

12

The binding of
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azobenzene guest molecules to cyclodextrin amphiphiles, and the binding of avidin to biotinfunctionalized amphiphiles have also been reported ' 4 Monolayers can, in principle, be transferred
onto solid substrates to give so-called Langmuir-Blodgett (LB) films
A relatively new technique in the formation of supramolecular structures is the bubble-induced
aggregation of molecules which is the result of a complex process determined by hydrodynamic and
surface effects '

5

*
Figure 1.4. Bubble induced aggregation of amphiphiles
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Figure 1.5. Complexation of a host to a polymeric guest
In supramolecular chemistry host-guest interactions have been used to induce hquidcrystalline behavior in polymers For example polysiloxanes with liquid crystalline side chains have
been prepared through a self-assembly process in which polymers with carboxylic acid functions
interact with the pyridine receptors via hydrogen bonds 2 0 Polymers with crown ether side chains
have been turned into ion-conductive liquid-crystalline polyelectrolytes by the complexation of alkali
metal ions, which are bound in the crown ether parts of the polymer

21

Changes in physical

properties of polymers have also been introduced by charge transfer interactions When a molecule
with electron accepting properties was added to a polymer with alkoxy-substituted tnphenylene side
chains, the phase behavior of the latter macromolecule was altered 2 2 It has shown that copolymers of
styrene and 1,3-dihydroxystyrene can be made liquid crystalline by binding clip molecules with long
aliphatic chains to these copolymers

2i

It may be said that supramolecular chemistry has existed as long as life has been on earth For
example DNA, which forms the basis of life on earth, is a supramolecular complex of two long
strands of biomacromolecules which are held together by hydrogen bonding interactions The
biosynthesis of DNA is also based on molecular recognition phenomena 2 4 Other examples of

4
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supramolecular systems in nature are the enzyme-substrate complexes, the cell membranes, and the
system involved in signal recognition and processing Nature is often the source of inspiration for the
supramolecular chemist In this thesis these sources are the photosynthetic machinery, the enzyme
system Cytochrome P450, and the membrane-bound protein receptors
The construction of molecular systems and molecular assemblies having well-defined shapes
25 26

and dimensions is a topic of great current interest · Applications of such supramolecular systems
can be foreseen in the fields of electronics, information storage, light energy conversion, and
catalysis In this thesis we are focusing on the design, synthesis, and properties of supramolecular
structures from two types of building blocks, viz porphyrins and (amphiphilic) receptor molecules
Porphyrins are attractive building blocks because they are (photo)catalytically active and have
interesting electronic properties 2 7 · 2 8 Receptor molecules are attractive because they can bind
substrates In the following sections we will present a short overview of the supramolecular
chemistry of porphyrins and the chemistry of amphiphilic receptor molecules

1.2 Porphyrins in supramolecular chemistry

1.2.1 Porphyrins as components of Cytochrome P450 mimics
In nature numerous of chemical reactions are carried out and controlled by enzymes Enzymes
are the most superb supramolecular catalysts, they are very efficient and highly specific with respect
to the type of substrate This last property is the result of the presence of a binding site in the enzyme
which can selectively complex a substrate amongst others because of a complementary shape In the
design of synthetic catalytic systems nature can be used as an example In the present thesis this is the
enzyme Cytochrome P450 which plays a crucial role in the metabolism of endogenous chemicals and
xenobiotics This archetypal oxidation catalyst may also serve as a model for a new generation of
synthetic catalysts Cytochrome P540 catalyzes a variety of oxidation reactions, including the
hydroxylation of alkanes and the epoxidation of alkenes according to equation (1) 2 9
RH + 0 2 + 2e- + 2H+ ~*~

ROH + H 2 0

(1)

The active site of this enzyme contains a heme function, ι e an iron(III) protoporphyin IX (Figure
1 6) This heme function has a thiolate group as an axial ligand
The catalytic cycle (Figure 1 6) starts with the complexation of a substrate which binds in a
hydrophobic cavity of the enzyme, also containing the heme group, and which is the O2 binding site
In the next step iron(III) of the heme is reduced to iron(II) (first electron transfer step), and binding of
molecular oxygen then takes place Finally the second electron is transferred to the heme iron and

5
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Figure 1.6. The catalytic cycle of Cytochrome P450 (left) and the prosthetic group iron(lll)
protoporphyrin IX (right)
Most Cytochrome P450 enzyme systems are located in a membrane The membrane environment
stimulates the reactions of Cytochrome P450 which includes electron transfer from NADPH via the
reductase and the hydroxy lation of the substrate by molecular oxygen 3 1 The wide range of substrates
handled by the various Cytochrome P450's dictates that the substrate-binding pocket exhibits a
variety in sizes, shapes and flexibility, as confirmed by X-ray crystallographic studies on four
different Cytochrome P450's
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Mimicking the action of Cytochrome P450 may give insights to how to develop a new
generation of synthetic oxidation catalysts 3 3 Systems containing metalloporphynns in combination
with a single oxygen donor like a ïodosylarene, H2O2, NaOCl, or a peracid have already been
successfully used for the oxidation of various types of substrates 3 4 In this case the iron(V)oxo
complex is directly formed from the ïron(III) species (Figure 1 6, single oxygen donor indicated as
XO) Also metalloporphynn systems using O2 as an oxygen source in combination with a reducing

6
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agent like ascorbic acid, H2/Pt, Zn, or sodiumborohydnde have been described 3 5 In order to achieve
regio and stereoselective oxidation catalysis several types of capped, bridged, "picnic basket", and
picket fence ' porphyrins have been designed and synthesized 2 7 These types of porphyrins will not
be discussed here since no binding site for a substrate are present in these molecules The focus in
this section will be on porphyrin catalysts that contain a binding site and on porphyrins that function
as membrane-bound catalysts since these systems are related to the topics discussed in this thesis

A

В

Figure 1.7. Porphyrin linked to (A) a cyclophane and (B) to α β cyclodextrin (β-CD)
Supramolecular catalysts which a combine an azacyclophane host and a metalloporphynn
complex have been described by Diedench et al (Figure 1 7A) 3 6 Aromatic substrates such as
acenaphtalene, which are able to bind in the cyclophane cavity, are oxidized with a turnover number
(mol of oxygenated product/mol of catalyst per h) of 14 using íodosylbenzene as the single oxygen
donor When phenanthene was present in the solution the oxidation of the substrate was blocked due
to the binding of this compound in the cyclophane cavity A photocatalytic oxidation of racemic α
pinene has been carried out by a porphyrin linked to a cyclodextrin cavity (Figure 1 7B) 3 7 In all
cases the major product was oc-pinene oxide with the S-enantiomer being formed in excess The
enantioselectivity was enhanced when the polarity of the solvent was increased which is caused
presumably by the stronger complexation of the substrate in the cyclodextrin cavity The
enantioselectivity also increased when 2-methylpyndine was added because the porphyrin was
blocked at the non cavity side due to coordination of this axial ligand Alkenes can be bound in the
cavities of a water soluble catalyst composed of an iron porphyrin which is sandwiched between two
cyclodextrins moieties 3 8 This system can epoxidize cyclohexene much faster than a porphyrin analog
without the two binding cavities However, no difference in reactivity was observed for 2,3dimethylbut-2-ene,
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Figure 1.8. Polymerized vesicle microreactor with colloidal platinum encapsulated in the inner
compartment of the vesicle41^
A 'steroidal" porphyrin which is able to span a phospholipid vesicle bilayer in such a manner that the
porphyrin is centered in the bilayer and lies parallel to the aqueous interface has been synthesized
(Figure 1 9) 4 1 Iron(III) and manganese(III) derivatives of this porphyrin were used as regioselective
epoxidation and hydroxylation catalysts in combination with the single oxygen donors
ïodosylbenzene, sodium periodate, or molecular oxygen in combination with ascorbic acid as coreactant Diolefinic sterols were epoxidized exclusively on one side in the molecule A
polyunsaturated fatty acid was epoxidized preferentially at the more hydrophobic terminus (ratio of
2/1) This preference could be enhanced to 9/1 by increasing the rigidity of the bilayer, viz by the
addition of cholesterol
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Figure 1.9. Selective hydroxylation of a steroid by a membrane spanning porphyrin41
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Figure 1.10. Biocompatible catalyst developed by Groves et al.42
A biocompatible catalytic system has been developed by Groves et al. In this system the
decarboxylation of pyruvic acid catalyzed by the enzyme pyruvate oxidase drives the reduction of a
synthetic, membrane-spanning manganese(HI) porphyrin containing steroid groups, via mediation of
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an amphiphilic flavin electron carner(Figure 1 10) 4 2 After this reduction oxygen binding, activation
and transfer can take place The developed system oxidizes ethylbenzene to acetophenone after 15 h
with a turnover number (mol of oxygenated product/mol of catalyst) of 20
A two-phase catalytic epoxidation system consisting of an aqueous sodium formate solution
and a tnchloroethane solution of manganese(III) tetraphenylporphynn, together with a redox active
phase transfer catalyst ([Rh(IH)(T)5-C5Me5)-bipyndine dichlonde) has been developed recently

43

This system is capable of epoxidizing a variety of alkenes with turnover numbers (mol of oxygenated
product/mol of catalyst per h) up to 42 The artificial catalyst and cofactor have also been incorporated
in a positively charged bilayer The system was not able, however, to epoxidize alkenes 4 4 The low
proton concentration at the surface of the positively charged bilayer surface and aggregation of the
porphyrin catalyst could be the reason why the system was not catalytically active (see also Chapters
4 and 5 of this thesis)
1.2.2 Porphyrins as components in mimics of the photosynthetic system
Photosynthesis is one of the most fundamental processes in nature 4 5 Life on earth derives all
its energy from this process The photosynthetic unit, assembled in a membrane matrix, comprises
antenna pigments for light energy harvesting and a reaction center where this energy is used to initiate
a series of consecutive electron transfer steps producing a transmembrane potential In green
photosynthetic bacteria the main light-harvesting antenna complexes consist of several structural
variants of bactenochlorophyll, a porphyrin derivative organized in so-called chlorosomes bound to
the inner side of the cytoplasmic membrane

46

In these complexes very fast and highly efficient

energy transfer takes place

Figure 1.11. (a) The structure of the bacterial light-harvesting complex LH2 The drawing shows
how absorbed light energy is passed through the similar LH I complex to the reaction center (RC) (b)
Schematic representation of the LH2 complex structure viewed onto the membrane

10
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In most purple bacteria this process is performed by two types of light-harvesting complexes,
LH 1 and LH2 (see schematic picture in Figure 111) 4 7 · 4 8 The LH2 complex is composed of nine
identical units each consisting of two fairly short α-helical polypeptides and associated pigments
combined into a ring When light is absorbed by the peripheral antenna LH2 complex, energy is
captured and transferred to LH1, which then passes it on to the reaction center (RC) in which a redox
reaction causes charge separation across the membrane A technique will be presented for the
construction of porphyrin rings in this thesis (see Chapter 3)
The construction of porphyrin arrays has recently received much attention, the main purpose
being to mimic some aspects of the photosynthetic machinery 4 9 This m tum gives the possibility to
unravel the underlying mechanism of the energy transfer processes between the pigments The
Ldngmuir-Blodgett technique is one of the most appropriate methods to assemble molecules With
this technique organized mono and multilayer films of porphyrins can be prepared using this method
A great deal of effort has been made in the literature to control the stability, the orientation, the type of
aggregation, and the deposition behavior of these films49 in order to create highly ordered structures
which offers the possibility to use them in photoelectric devices (Chapter 2)

1.3 Amphiphilic receptor molecules in supramolecular chemistry

Figure 1.12. Five different types of amphiphilic receptor molecules (R is an apolar hydrocarbon
chain) based on (A) an aza crown ether, (B) a calixarene, (C) a cyclodextrin, (D) a cyclophane, and
(E) a molecular basket based on diphenylglucoluril
Interactions between cells play a crucial role in a broad range of biological processes,
including cell migration, cell differentiation, inflammation, and immune function 5 0 Surface receptors

11

Chapter 1

1.4 Aim and outline of this thesis

This thesis describes the construction, characterization and application of several types of
molecular assemblies formed by porphyrin and amphiphilic receptor molecules Arrays of different
types of amphiphilic porphyrins assembled with the help of the Langmuir technique are presented in
Chapter 2 Chapter 3 deals with the construction of large rings of porphyrin molecules Arrays and

12
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ring like assemblies of porphyrins can be seen as structural models for certain parts of the
photosynthetic machinery in nature As a first step towards the development of a membrane-bound
supramolecular catalyst, the aggregation and location behavior of several type of porphyrins in
synthetic bilayers is described in Chapter 4 This study evaluates what type of porphyrin has
potentially the most promising properties as site of O2 activation in a membrane-bound oxidation
catalyst Supramolecular catalysis in water with the help of molecular aggregates is presented in
Chapter 5 A membrane-bound mimic for Cytochrome P450 was developed which has been
characterized in detail In Chapter 6 vesicles and tube-like aggregates of amphiphilic receptor
molecules are described Binding studies show that guest molecules can be bound in the cavities of
the amphiphilic receptor molecules The vesicle type assemblies of the receptor amphiphiles can be
envisaged as "molecular golfballs

A first attempt to realize substrate selective catalysis using a

rhodium complex anchored to vesicles of an amphiphilic receptor compound is given in Chapter 7
The strategy for the construction of the catalyst is based on the outcome of the studies described in
Chapters 5 and 6 Finally, in Chapter 8 the binding properties of several host molecules based on
diphenylglycoluril towards paraquat and polymeric paraquat guests are presented These properties
have been evaluated by a variety of physical techniques including X-ray crystallographic analysis
Clipping diphenylglycoluril host molecules on the paraquat polymers was found to change the
physical properties of these macromolecules
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CHAPTER 2
Monolayer Studies on Amphiphilic Porphyrins
and Multiporphyrin Systems

2.1 Introduction

The photosynthesis is one of the most fundamental processes in nature.' Life on earth derives
all its energy from this process. The photosynthetic unit, assembled in a membrane matrix, comprises
antenna pigments for light energy harvesting and a reaction center where this energy is used to initiate
a series of consecutive electron transfer steps producing a transmembrane potential. The active
components in the solar energy conversion process in the photosynthetic unit are mostly ordered
assemblies in which porphyrins (chlorophylls) play a major role. The construction of porphyrin
arrays has received much attention with the main purpose to mimic some aspects of the
photosynthetic machinery 2~12 This offers the possibility to understand the underlying mechanisms of
the energy and electron transfer processes. The Langmuir-Blodgett technique is an appropriate
method of assembling molecules. With this technique organized layers of porphyrins can be prepared
which can find application as components in photoelectric devices and as nonlinear optical materials
in devices processing optical signals.13'14
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As part of our program aimed at the construction of porphyrin assemblies,15·16 we report here
on the preparation of Langmuir monolayers and Langmuir-Blodgett multilayers from a series of
amphiphilic porphyrins (1-4) containing pyridyl groups as the hydrophilic parts and
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2.2 Results and discussion

2.2.1

Synthesis
The amphiphilic porphyrins 1-4 were synthesized from 4-(hexadecyloxy)benzaldehyde, 4-

pyndinecarboxaldehyde and pyrrole following a literature method 1 6 · 1 8 The obtained reaction mixture
contained porphyrins 1-4 but also the trans isomer of porphyrin 2 and tetrakis(pyndyl)porphynn
which could be separated by column chromatography The amphiphilic multiporphyrms 5 and 6
were synthesized by the coordination of palladium(II) dichlonde to the pyndyl groups of the
porphyrins 3 and 2, respectively, following a procedure described by Drain and Lehn 1 7 The titration
experiment performed with rrans-PdCl2(NCPh)2 and porphyrin 3 in dichloromethane showed that a
complex with 1 2 metal to ligand sloichiometry was formed (Figure 2 1) The wavelength maximum
of the porphyrin Soret band shifted from 422 nm to 426 nm and the half width of this band doubled
The same results were found by Drain et al
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They indicate that some electronic coupling exists

between the two porphyrin units
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Figure 2.1. Titration curve describing the complex formation between PdC¡2(NCPh)2 and
porphyrin 3 in dichloromethane (for reaction conditions see Experimental Section)
0

0 25

The titration of iraM5-PdCl2(NCPh)2 with porphyrin 2 in dichloromethane revealed that a
complex with a 1 1 stoichiometry was formed (Figure 2 2) In this case the maximum of the Soret
band showed a red shift of 8 nm and also a doubling of the half width of this band was observed The
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titration curve was S-shaped which may be an indication that the binding of the palladium centers is a
cooperative process
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Figure 2.2. Titration curve describing the complex formation between PdCÎ2(NCPh)2 and
porphyrin 2 in dichloromethane (for reaction conditions see Experimental Section)
The porphyrin complexes could be purified by column chromatography and were less polar than the
starting compounds The 'H-NMR spectra of the purified multiporphynns showed downfield shifts
for the 2' and 6' protons of the pyridyl groups indicating that the palladium is coordinated to these
groups The complexes were further characterized by elemental analysis and by mass spectroscopy
For porphyrin 6 no mass corresponding to the tetramenc structure was found indicating that during
the mass spectroscopy measurements the compound is not stable and decomposes The mass spectra
did show, however, the presence of porphyrin tnmers, dimers and monomers This instability was
also observed in the case of porphyrin 5 but to a lesser extent During the monolayers studies (vide
infra) no decomposition of compounds 5 and 6 took place as was checked with TLC EPR
measurements were carried out in order to investigate if the two porphyrin units of 5 interacted with
each other For this purpose a copper containing porphyrin dimer S was synthesized which showed
no coupling between the two copper nuclei but only a broadening of the signals This broadening can
occur when the two copper nuclei are as far apart as 20 Â 31 3 2 In our case the distance between the
two copper centers is 18 A, based on CPK models Electrochemistry indicated that the palladium
centers in 5 and 6 had no influence on the reduction potential of the porphyrin molecules (5 E]/2 =
-1 67 V and 6 E1/2 = -1 62 V (vs Fc/Fc+)) Also no electronic interaction between the porphyrins
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rings could be detected This latter behavior may be the result of the trans pyridyl substituted
palladium centers which showed no electrochemical response in the solvent range measured
Using porphyrin 3 and tetrakis(dimethylsulfoxide)ruthenium(II) dichlonde we also
synthesized porphyrin tetramer 7 2 0 In comparison with 3, the maximum of the Soret band of 7 was
found to be red shifted and the half width of the band to be increased which is indicative for some
electronic coupling between the porphyrins The 'H-NMR spectra of purified 7 showed downfield
shifts for the 2' and 6' protons of the pyridyl groups indicating that the ruthenium(II) center is
coordinated to these groups The complex was further characterized by elemental analysis and mass
spectroscopy (field desorption technique) No satisfactory mass analysis could be obtained for 7
indicating that this compound, like 6, decomposes during these measurements
ОСібНзз

СібНззОЧ

/>-ОС,6Нзз

СиНззО

ОС 1 6 Н 3 3

-¡ЪОС,6Нзз

С 16 НззО

ОС 1 6 Н 3 3
It is known that tetrakis(pyridinium)ruthenium(II) dichlonde can be reversibly oxidized in
acetomtnle at a potential of 0 26 V vs SCE 2 1 Electrochemistry of 7, however, did not show any
oxidation wave for the oxidation of ruthenium(II) to ruthenium(III) metal center in this range This
lack of electrochemical response may be due to the twelve long aliphatic chains present in this
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2.2.2 Langmuir monolayers and Langmuir-Blodgett multilayers
Monolayer studies on our porphyrins were performed with the Langmuir-Blodgett technique
Figure 2 3 shows the pressure-area isotherms that were obtained for compounds 1-4 at 20°C

2 i

Monolayer experiments with the trans isomer of porphyrin 2 and with tetrakis(pyridy])porphynn are
not presented here because no reproducible results could be obtained
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Figure 2.3. Surface-pressure isotherms of the amphiphihc porphyrins 1-4 on pure water at 20°C
The characteristic features of the Langmuir monolayers are listed in Table 2 1 Based on space filling
CPK-models the molecular area of a tetraphenylporphynn core is estimated to be 225 A2 As can be
seen in Figure 2 3, the molecular area increases gradually when the number of alkyl chains is
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increased from one to three. For all compounds the measured areas are significantly smaller than the
planar area of the molecules (Table 2.1). This means that the porphyrin plane cores are tilted with
respect to the water surface. Porphyrin 4 showed a rather exceptional behavior because its mean
molecular area was very small (50 À2) corresponding to an almost perpendicular orientation on the
water-surface. For porphyrin S a rise of the surface pressure was observed at an area of 360 A2 per
porphyrin unit, and the monolayers collapsed above 6 mN/m indicating that no stable monolayers
were formed (isotherm not shown). The isotherms of the porphyrin tetramere 6 and 7 are depicted in
Figure 2.4. Porphyrin 6 gave a rise of the surface pressure at 360 A2 per molecule indicating that the
molecules of this compound are aligned at the air-water interface in the same way as those of
compound 5, presumably with two porphyrin units pointing to the water interface. The relatively
small molecular area measured for 6 suggests that the plane of the porphyrin tetramer is oriented
nearly perpendicular to the water surface with the alkyl chains pointing towards the air. Tetramenc
porphyrin 6 gave stable monolayers in contrast to dimenc porphyrin 5. This difference may be due
to the two extra porphyrin units that are present in the former compound. These units can give an
extra stabilizing interaction between neighboring molecules of 6 which will prevent the porphyrin
layers from collapsing.
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Figure 2.4. Surface pressure isotherms of the amphiphilic porphyrin multimers 6 and 7 on pure
water at 20°C
Compound 7 displayed a rise of the surface pressure at 800 A 2 per molecule indicating that
the molecules are initially lying almost flat on the air-water interface. The lipophilic hydrocarbon
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Table 2.1. Molecular area, compressibility (a), transfer properties, and absorption characteristics
of amphiphihc porphyrins 1-6

Compound Molecular
area

3

ab

Transfer
1

(mN/m)-

type

Transfer ratio
downstroke upstroke

445

0.7-0 9

1 0

420

432

>08

1 0

420

398/440

420

398/440

1

Ζ

<02

2

88

0 008

Y
Y

115

0017

50

0015

5

360

6

360

0 008

7

800

0 05

air-water

420

0 004

3

CHCI3

>06

60

4

B-band (nm)c

426
ζ

0 1

06

426

430a

422

a

The mean molecular areas (A2/molecule) were determined by taking the tangent of the isotherms at the pressure of the
monolayer transfer and extrapolating to zero pressure The pressures for the monolayer transfer were 20 mN/m for 1 and
2, while for 3 and 6 a pressure of 10 mN/m was taken b As calculated from equation I c The absorption spectra were
recorded after equilibration of the monolayer d Asymmetric В band with shoulder at 416 nm

The monolayer stabilities of the monolayers of our porphyrins were tested in experiments in
which the decrease of the area per molecule was followed as a function of time after adjusting at a
fixed pressure It was found that above certain pressures, depending on the compound, a slow
decrease in the molecular area was observed, indicating some collapse on the longer time-scale In the
case of 1, 2 and 6 the monolayers were stable up to 30 mN/m, whereas in the case of 3 and 4 this
stability was limited to a surface pressure of 10 mN/m For compound 5 no stability experiments
were performed because the isotherm showed that no stable monolayers are formed by this
amphiphile {vide supra)
Large hystereses were observed at high pressures in compression/expansion cycles with
substantial shifts of the mean molecular area to smaller ones in subsequent runs This suggests that
the porphyrin aggregates, once formed, do not dissociate when the layers are expanded The rigidity
of the films becomes less pronounced when the number of hydrocarbon chains increases This is
clearly observed in the decreasing slope of the isotherms when going from 1 to 2 to 3 The film
rigidity is commonly expressed by the compressibility parameter, a, which is defined as follows
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α=Α 1 (δΑ/δπ)χ

(1)

where A is the molecular area, π the surface pressure and Τ the subphase temperature Values of α
for the different porphyrins are included in Table 2 1 As can be seen in this table the monolayer of
amphiphilic porphyrin 1 is solid-like, while those of 3, 4 and 7 have a more fluid character The
monolayers of porphyrin 2 and porphyrin tetramer 6 are in between fluid and solid The film rigidity
is the result of the balance between the number of head groups and the aliphatic chains in the
porphyrin molecules Increasing the number of aliphatic chains results in a more fluid-like character
The organization and orientation of the porphyrin molecules in the monolayers is determined
by the balance between π-π stacking interactions, the interactions of the hydrophihc groups with the
aqueous interface and the stenc repulsion between the hydrocarbon chains The mean molecular area
increases from 60 to 115 A 2 when going from the single chain porphyrin 1 to the three chain
porphyrin 3 (Table 2 1) A similar effect was recently observed for amphiphilic push-pull
porphyrins ' 4 Fore these compounds the mean molecular area also became larger when the number of
aliphatic chains was increased from one to four Linear dichroic measurements showed that this
change was not the result of a different orientation of the porphyrins with respect to the water surface
but the result of a change in interactions between the porphyrin rings and this surface Our
experiments may be explained in a similar way The polar pyndyl groups of the porphyrins point to
the water phase and will define the orientation of the molecules while the number of chains
determines the distance between the porphyrins This explanation is in agreement with the observed
increase of the compressibility of the Langmuir film going from porphyrin 1 to 3
Porphyrin 4 does not follow the trends in molecular area and compressibility found for
porphyrin 1-3, which is understandable because this molecules contains no pyndyl groups Also
porphyrin 6 shows a deviating behavior, probably because the pyndyl groups are occupied by
coordination to the palladium centers, which makes that they are not accessible for interaction with the
water phase Due to the low overall hydrophilicity of porphyrins 4 and 6 the interaction of these
molecules with the aqueous subphase is weak and the organization of the molecules in the
monolayers will be more determined by intermolecular forces
Transfer of the monolayers of compounds 1-3 and 6 to hydrophihc glass substrates was
studied at surface pressures < 20 mN/m At higher pressures collapse of the layers occurred The
transfer properties of the porphyrins are compiled in Table 2 1 Porphyrins 2 and 3 displayed a Ymode deposition (deposition takes place during both upstroke and downstroke dipping) with
remarkably high transfer ratios between 0 8 and 1 0 (20 layers were deposited) Porphyrin 1 showed
a Z-type deposition (deposition takes place during upstroke dipping) with a transfer ratio of 0 7 This
Ζ type deposition is quite unusual for amphiphiles with long alkyl chains The Langmuir film of 1
has a very solid-like character (vide supra) and it is therefore not surprising that monolayer deposition
is not quantitative in the upward stroke The alkyl chain of 1 probably has a high degree of

27

Chapter 2

E = Emonomer + D ± ε

(2)

where D is the dispersion energy and ε is the exciton splitting For N cofacially arranged
chromophores, ε is related to the transition dipole moment (M), the center to center distance of these
chromophores (R) and the angle α between the center to center vector and the transition moment via
equation 3
2

2

ε = [2(Ν-1/Ν)(Μ /Κ3)(1-3α« α)]

(3)

One of the two transitions is symmetry forbidden which usually results in only one absorption band
In porphyrins, however, the excited state is two-fold degenerated with two dipole moments aligned
at an angle of 90° along axes through the pyrrole nitrogens at opposite positions in the porphyrin
molecule The absorption spectra of the porphyrins can therefore be explained in terms of the
displacement of the molecules within the aggregate along these axes (Figure 2 5)
The UV-vis spectra of the porphyrins molecules in the monolayers did not change after
compression of these layers which suggest that each molecule in the film experiences the same degree
of coupling irrespective of the surface pressure Similar results have also been reported for other
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porphyrin films and for phthalocyaninc LB-films 1 4 · 2 6 The observed red-shift of the Soret-band
measured for porphyrins 1 and 2 (Table 2 1 ) indicates that these porphyrins form a head to tail type
of aggregates in the monolayers A broadening of the bands was observed, which is probably caused
by some inhomogeneity associated with the irregular orientation of the molecules Totally different
spectra were recorded for 3 and 4 Both compounds showed essentially the same features The Soret
band was split into two components, one narrow band of high intensity at 440 nm and one broad
band of low-intensity around 400 nm An identical splitting pattern was observed previously by our
group15 for aggregates of 4 incorporated in bilayers and by Schick8 for a derivative of 4, e g tetra(4(l-octyloxy))phenylporphyrin in monolayers The spectral data were quantitatively interpreted using
the exciton model,25 and a highly ordered edge to edge arrangement of the molecules was proposed,
in which the individual members of the aggregates are separated by ca 4-5 Â, slipped by ca 47°
with respect to one another, and tilted (in a domain-fixed axis system) by ca 40° Splitting of the
Soret band has not been observed before for tetraarylporphynns containing pyridyl groups It is not
clear yet, what the structural factors are that determine the formation of such highly ordered
monolayers Surprisingly, in spite of the high degree of order, the molecules do not form very stable
monolayers on the water surface, which may be due to a less favored interaction of the porphyrins
with the water phase when compared with the interaction between the molecules Another possibility
is that highly ordered aggregate domains are formed which will result in relatively unstable
monolayers The absorption spectrum of 6 showed an asymmetric Soret band which indicates that
this band is splitted suggesting the formation of edge to edge type of aggregates for compound 6
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Figure 2.5. (A) Arrangement of porphyrin molecules in aggregates The angles between the axis
through the porphyrin centers and the two transition dipole moments are denoted by a¡ and CC2 (B)
Face to face type aggregate (a¡ = <X2= π/2, blue shift ofB-band) (C) Head to tail type aggregate (a¡
= аг- π/4, red shift ofB-band) (D) Edge to edge type aggregate (a¡ = 0, (X2= π/2, splitting ofBband)
We have proposed above that the presence of a larger number of hydrocarbon chains at the
periphery of the porphyrin ring leads to an increase of the distance between the molecules
Consequently, in the framework of the exciton theory (e g equations 2 and 3), this increase should
result in a smaller red-shift of the Soret-band, since the degree of exciton coupling depends on the
magnitude of the transition dipole moments and the distance between them In the film of 1, in which
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the molecules are very closely packed, the observed red-shift, relative to a chloroform solution of 1,
is+25 nm, while in the film of 2 a red-shift of+12 is found (Table 2.1). The monomeric spectrum in
solution in fact is not a good reference, since the change of the environment will also result in a small
red-shift (viz. via the dispersion energy D). These observations correlate well with the findings of
Chou,14 but apparently cannot be applied to 3, for which the red-shift is found to be +20 nm (Table

Figure 2.6. Brewster angle microscopy pictures of (a) porphyrin 1 at 20°C after equilibration, π 0 mN/tn and (b) during compression; idem (c) porphyrin 2 at 20°C after equilibration, π=0 mN/m
and (d) during compression; idem (e) porphyrin 1, π = 10-40 mN/m and (f) after collapse of the
monolayer. Magnification 200 X
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Brewster Angle Microscopy was earned out to investigate what types of porphyrin aggregates
are formed These Brewster Angle Microscopy experiments revealed that after spreading, the
porphyrin molecules formed domains and after compression a homogeneous film (Figure 2 6) After
an equilibration period of 15 minutes at a surface pressure of 0 raN/m the molecules of porphyrin 1
were no longer uniformly distributed but were found to be clustered in domains of different sizes and
shapes This behavior was also observed by UV-vis spectroscopy When spectra of the monolayers
were recorded as a function of time immediately after spreading a chloroform solution of 1, the peak
around 425 nm decreased in a few minutes and a red shifted broad band at 445 nm appeared
Different types of patterns were visible by Brewster Angle Microscopy when porphyrin 2 was
equilibrated for 15 minutes (Figure 2 6c) In this case more ribbon-like domains were formed
Porphyrins 3, 4 and 6 gave homogeneous films without ribbons after spreading (pictures not
shown) UV-vis spectroscopy indicated that these porphyrins formed aggregates immediately after
spreading Spectra obtained during the compression of the monolayers were the same in all cases,
indicating that the stacks of the aggregated porphyrins at the air-water interface did not further change
during the compression Brewster angle microscopy showed that during the compression, the
domains of the aggregates came closer together (Figure 2 6b and 2 6d) and that the boundaries
between the domains became obscured when the surface pressure was increased A more or less
homogeneous image without structure was observed (Figure 2 6e) for all porphyrins after
compression The collapse of the monolayers of the porphyrins in all cases manifested itself nicely by
the appearance of intense lines (Figure 2 6f), indicating that the films were in their solid phase

2.3 Aggregation of charged amphiphilic porphyrins in water

The aggregation behavior of charged derivatives of porphyrins 1-3 in water was also
investigated in this study
These charged derivatives were prepared by N-methylation of the pyridinium groups of 1-3
with methyl tosylate and the compounds were purified by column chromatography and characterized
by 'H-NMR, FAB MS, and UV-vis spectroscopy (see Chapter 4) Only the charged porphyrin 8 was
found to give well defined aggregates in water The results for this compound will be briefly
discussed below
The electron micrograph of a dispersion of 8 in water (0 1 mM) is shown in Figure 2 7
Large spherical particles with diameters varying from 2,000 to 10,000 À are visible indicating the
formation of vesicles UV-vis spectroscopy was used to determine the critical aggregation
concentration (CAC) of 8 For this purpose the porphyrin band at 522 nm was followed as a function
of the dmphiphile concentration The curve followed Beer s law up to a porphyrin concentration of
1*10 5 M at which point an inflection was visible (Figure 2 8)
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OC, 6 H 3 3

Figure 2.7. Transmission electron micrograph of an 0.1 mM dispersion of 8 in water (needle
represents 2000 nm)
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Figure 2.8. Absorbance at 522 nm as a function of the concentration of compound 8 in water
Further increase in concentration caused a deviation from linearity due to the formation of aggregates.
This result suggests that the CAC value of 8 is approximately 1 * IO 5 M. In the concentration range
above the CAC no decrease of the absorbance was observed during several hours at room
temperature, indicating that the vesicle dispersions were stable.27 The half-width of the Soret band (at
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426 nm for all concentrations above the CAC) of 8, which is a criterion for aggregation, was found
to be 41 nm. When a 1:1 (v/v) DMFibhO mixture was used as the solvent, this half-width decreased
to 26 nm. This suggest that in this solvent mixture the amphiphiles are in their monomeric form. The
wavelength of the Soret band in water was similar to that in the DMF:H20 mixture which is
remarkable. It may indicate that the angle between the porphyrin molecules in the aggregates in water
is close to 54.7°.25 Another explanation for the fact that the two wavelengths are the same may be that
the porphyrin molecules are not in a parallel orientation or that the distance between the molecules is
too long for coupling.
The packing parameter (p) is often used to predict the type of aggregate that will be formed by
an amphiphile. This parameter can be calculated from the volume and the length of the hydrophobic
chain and from the diameter of the head group of the surfactant.28 Considering its shape (calculated
packing parameter from CPK space filling models ρ = 0.1) we expected that 8 would form micelles
rather than vesicles in water. The unusual and unexpected formation of vesicles may be ascribed to
the presence of stacking interactions between the porphyrin rings and between these rings and the
tosylate counter ions. X-ray diffraction was performed on a cast film of a vesicle dispersion of
amphiphile 8 which was dried on a silicon plate in vacuo. The diffraction patterns displayed a
periodicity of 47 Á. One possible explanation for this value is that the bilayers and the multilayers of
8 have intercalated hydrocarbon chains and that the porphyrin units make an angle with their chains
(see Figure 2.9). This intercalation of the hydrocarbon chains may be another reason why vesicles
rather than micelles are formed in water. As a result of these interactions, the effective head group
area in the aggregate will be smaller and the hydrocarbon part will be increased compared to that of a
single hydrated porphyrin molecule 8. Thus, ρ will be larger and may reach a value normally
observed for vesicle forming amphiphiles (0.5 < ρ < 1).
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Figure 2.9. Stacking arrangement of the porphyrin molecules in a bilayer of 8

2.4 Conclusions

In this chapter we have shown that porphyrins with 4-pyridyl subslituents and long aliphatic
carbon chains form stable monolayers at the water-air interface and that these monolayers can be
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transferred to a substrate The observed small mean molecular areas indicate that the porphyrins adopt
a tilted orientation with respect to the water surface This orientation is determined by the polar
pyndyl groups The molecular area of the porphyrins at the interface appears to depend on the number
of apolar carbon chains It was possible to synthesize amphiphilic multimers of the porphyrin
molecules by forming complexes with PdCl2 These multimers also gave stable monolayers
Brewster Angle Microscopy and UV-vis spectroscopy revealed that the porphyrins form domains of
aggregates when they are spread at the air-water interface Upon compression these domains are
driven together and come into close contact During this process the aggregate structures are not
disturbed A charged amphiphilic porphyrin derivative (8) was found to form vesicles on dispersal in
water

2.5 Experimental

General. Unless otherwise indicated, commercial materials were used as received CHCI3 was
distilled from calcium hydride Melting points were measured with a Jeneval polarizing microscope
connected to Linkam THNS 600 hot stage FAB MS spectra were recorded with a doubly focusing
VG 7070E spectrometer As a matrix nitrobenzyl alcohol was used EPR spectra were recorded on a
Braker ESP 300 spectrometer, equipped with a Oxford flow cryostate Elemental analysis were
determined with a Carlo Erba Ea 1108 instrument 'H-NMR spectra were recorded on Bruker WH90, WM-200 or AM-400 instruments Chemical shifts (6) are reported in ppm downfield from the
internal standard tetramethylsilane Abbreviations used are s = singlet, d = doublet, t = triplet, m =
multiplet, and br = broad Thin-layer chromatography (TLC) was performed using precoated F-254
plates and column chromatography using basic alumina and silica 60H (from Merck) Transbis(benzonitnle)palladium(II) dichlonde was purchased form Acros Chimica Tetrakis
(dimethylsulphoxide)ruthenium(n) dichlonde was synthesized according to a literature procedure 2 0
Synthesis of porphyrins 1-4. Freshly distilled pyrrole (4 mL, 57 mmol) was slowly added with
stirring to a solution of 4-(hexadecyloxy)benzaldehyde

(5 1 g, 14 mmol) and 4-

pyndinecarboxaldehyde (4 5 mL, 42 mmol) in 240 mL of refluxing propionic acid Refluxing was
continued for 2 h, whereafter the propionic acid was evaporated and the resulting solid adsorbed on
alumina A mixture of porphyrins was isolated by flash chromatography (alumina, eluent CHCI3)
Subsequent column chromatography (silica, eluent СНСІз/МеОН, 99 5/0 5, v/v) gave 6 fractions
which could be identified as 21H,23H-5,10,15,20-(4-hexadecyloxyphenyl)porphynn
(СНСІз/МеОН, 95/5, v/v) = 0 95),

(4) (Rf

21H,23H-5-(4-pyndyl)-10,15,20-tn(4-hexadecyloxy-

phenyOporphynn (3) (Rf (CHCl3/MeOH, 95/5, v/v) = 0 90), 21H,23H-5,15-di(4-pyndyl)-10,20di(4-hexadecyloxyphenyl)porphynn (Rf (CHCl3/MeOH, 95/5, v/v) = 0 65), 21H,23H-5,10-di(4-
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pyndyl)-15,20-di(4-hexddecyloxyphenyl) porphyrin (2) (Rf (CHCl3/MeOH, 95/5, v/v) = 0 45),
2IH,23H-5,10,15-tri(4-pyndyl)-20-(4-hexadecyloxyphenyl)porphyrin (1) (Rf (CHCIyMeOH, 95/5,
v/v) = 0 25), and 21H,23H-5,10,l5,20-tetra(4-pyndyl)porphynn (Rf (CHCI3/MeOH, 95/5, v/v) =
0 05)
21H,23H-5,10,15,20-Tetra(4-hexadecyloxyphenyl)porphyrin

(4).

Yield

220 mg

(1 0%) Mp 97°C 'H-NMR (90 MHz, CDC13) δ 8 8 (s, 8H, ß-pyrrole), 8 0 (d, 8H, phenyl), 7 2
(d, 8H, phenyl), 4 2 (t, 8H, OCH2), 2 2-1 1 (b, 112H, CH2), 0 9 (t, 12H, CH3), -2 5 (b, 2H,
NH) UV-vis (CH2C12) λ/nm (log(e/M-> cnr 1 )) 421(5 6), 518(4 2), 555(4 1), 593(3 7), 650(3 9)
FABMS m/z = 1351 (М-СібНзч)
21H,23H-5-(4-pyridyl)-10,lS,20-tri(4-hexadecyloxyphenyl)porphyrin (3). Yield 430
mg (2 3%) Mp 79°C 'H-NMR (90 MHz, CDC13) δ 8 8 (m, 2H, pyridyl, 8H, ß-pyrrole), 8 0 (m,
2H, pyridyl, 6Н, phenyl), 7 2 (d, 6H, phenyl), 4 2 (t, 6H, ОСН2), 2 1-11 (b, 84Н, СН 2 ), 0 9 (I,
9Н, СН 3 ), -2 5 (Ь, 2Н, NH) UV-vis (СН2С12) λ/nm (log(e/M-' cm" 1 )) 421(5 4), 519(4 2),
554(4 0), 592(3 7), 649(3 6) FAB MS m/z = 1337 (M)
21H,23H-5,15-Di(4-pyridyI)-10,20-di(4-hexadecyloxyphenyl)porphyrin. Yield 180
mg (1 2%) Ή NMR (400 MHz, CDCI3) δ 9 02 (d, 4H, pyridyl, J = 5 60 Hz), 8 94 ( d, 4H, β
pyrrole, J = 4 79 Hz), 8 79 (d, 4H, ß-pyrrole, J = 4 80 Hz), 8 17 (d, 4H, pyridyl, 5 79 Hz), 8 10
(d, 4H, phenyl, J = 8 47 Hz), 7 29 (d, 4H, phenyl, J = 8 56 Hz), 4 26 (t, 4H, OCH2 J = 6 49 Hz),
2 01-1 27 (b, 56H, CH2), 0 88 (t, 6H, CH3, J = 6 56 Hz), -2 82 (s, 2H, NH) UV-vis (CH2C12)
λ/nm 419,516,552,591,648 FABMS m/z =1097 (M)
21H,23H-5,10-Di(4-pyridyl)-15,20-di(4-hexadecyloxyphenyl)porphyrin (2). Yield
410 mg (2 6%) Mp > 400°C 'H-NMR (400 MHz, CDC13) δ 9 02 (d, 4H, pyridyl, J = 5 19 Hz),
8 94 (d, 2H, ß-pyrrole, J = 4 76 Hz), 8 91 (s, 2H, ß-pyrrole), 8 82 (s, 2H, ß-pyrrole), 8 78 ( d,
2H, ß-pyrrole, J = 4 74 Hz), 8 15 (d, 4H, pyridyl, J = 5 53 Hz), 8 09 (d, 4H, phenyl, J = 8 42
Hz,), 7 27 (d, 4H, phenyl, J = 8 47 Hz), 4 23 (t, 4H, OCH2, J = 6 47 Hz), 2 01-1 19 (b, 56H,
CH2), 0 88 (t, 6H, CH3, J = 6 42 Hz), -2 81 (s, 2H, NH) UV-vis (CH2C12) λ/nm (log(e/M ' cm
')) 420(5 3), 516(3 8), 552(3 5), 591(3 3), 647(3 1) FAB MS m/z = 1097 (M)
21H,23H-5,10,15-Tris(4-pyridyl)-20-(4-hexadecyloxyphenyl)porphyrin (1). Yield
300 mg (2 5%) Mp > 400°C 'H-NMR (90 MHz, CDCI3) δ 9 2 (m, 6H, pyridyl, 2H, ß-pyrrole),
9 0 (s, 6H, ß-pyrrole), 8 3 (d, 6H, pyridyl), 8 2 (d, 2H, phenyl), 7 5 (d, 2H, phenyl), 4 3 (t, 2H,
OCH 2 ), 1 3-1 5 (b, 28H, CH2), 0 8 (t, 3H, CH3), -2 5 (b, 2H, NH) UV-v.s (CH2C12) λ/nm
(log(e/M-l cm ')) 418(5 3), 514(4 0), 549(3 6), 589(3 5), 646(3 3) FAB MS m/z = 858 (M)
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21H,23H-5,10,15,20-Tetra(4-pyridyl)porphyrin. Yield 200 mg (2 3%) ]H-NMR (90
MHz, CDC13) δ 9 4 (d, 8H, pyndyl), 9 2 (s, 8H, ß-pyrrole), 8 2 (d, 8H, pyndyl), 2 5 (b, 2H,
NH) UV-vis (CH2C12) λ/nm 416,513,546,588,643 FAB MS m/z = 619(M)
Bis(21H,23H-5-(4-pyridyl)-10,15,20-tri(4-hexadecyIoxyphenyl)porphyrin)palladium-dichloride (5). 7raMj-bis(benzonitnle)palladium(II) dichlonde (7 2 mg, 18 mmol) was
added with stirring to a solution of 3 (50 mg, 37 mmol) in 50 mL of dichloromethane After 2 h the
solvent was evaporated, and the resulting solid was adsorbed on silica Compound 5 was isolated by
column chromatography (eluent CHCJ3/MeOH, 95/5, v/v) Yield 34 mg (64%) TLC (silica,
МеОН/СНСІз, (5/95,v/v)) Rr = 0 95 Mp 225CC (decomposition to starting materials) Ή NMR
(200 MHz, CDCI3) δ 9 58 (d, 4Η, pyndyl, J = 6 4 Hz), 8 99 (d, 4H, ß-pyrrole, J = 4 9 Hz), 8 89
(d, 8H, ß-pyrrole, J = 4 6 Hz), 8 82 (d, 4H, ß-pyrrole, J = 4 9 Hz), 8 37 (d, 8H, pyndyl, J = 6 6
Hz), 8 18 (d, 12H, phenyl, J = 8 4 Hz), 7 45 (d, 12H, phenyl, J = 8 4 Hz), 4 40 (t, 12H, OCH2 J
= 26 Hz), 20-13 (b, 168H, CH2), 1 00 (t, 18H, CH3), -2 75 (b, 4H, NH) FD MS

Found for

Ci82H25oNio06Pd m/z = 2776 86576, Cale 2776 86156 UV-vis (CHCI3) λ/nm (log(e/M ] cm '))
426(5 9), 521(4 6), 558(4 5), 592(4 2), 651(4 2) Anal Caled for Ci 8 2 H 2 48Nio0 6 PdCl 2 C,
76 72, H, 8 77, N, 4 92 Found C, 76 59, H, 8 96, N, 4 85 IR (KBr, cm ') 3433, 2923, 2852
CV E1/2 = -1 67 V (VJ Fc/Fc+), ΔΕ ρ = 69 mV, E ] / 2 = 1 98 V, ІьЛг= 1
Copper(II) (5-(4-pyridyl)-10,15,20-tri(4-hexadecyloxyphenyl)porphyrin. This com
pound was synthesized according to a literature procedure 1 5 Yield 95% UV-vis (CHCI3) λ/nm
(logte/M-1 cm >)) 418(5 5), 540(4 2) FAB MS m/z=1398(M)
Bis(copper(II)

(5-(4-pyridyl)-10,15,20-tri(4-hexadecyloxyphenyl)porphyrin)palla-

dium(II) chloride. This compound was synthesized in the same way as compound 5 starting from
copper(II) (5-(4-pyndyl)-10,15,20 tn(4-hexadecyloxyphenyl)porphynn and trans bis(benzomtnle)palladium(II) dichlonde Yield 53% UV-vis (CHCI3) λ/nm (log(e/M ' cm ')) 422(5 7),
540(4 6) Anal Caled for Ci 82 H 2 46Nio06Cu2PdCl2*H 2 0 C, 73 05, H, 8 35, N, 4 68 Found C,
72 71, H, 8 31, N,4 73
Tetra(21H,23H-5,10-di(4-pyridyl)-15,20-di(4-hexadecyloxyphenyl)porphyrin
tetra(palladium dichloride) (6). 7>arci-bis(benzonitnle)palladium(II) dichlonde (19 mg, 48
mmol) was added with stirring to a solution of 2 (55 mg, 49 mmol) in 50 mL of dichloromethane
After 2 h the solvent was evaporated, and the resulting solid was adsorbed on silica Compound 6
was isolated by column chromatography (eluent СНСІз/МеОН, 95/5, v/v) Yield 29 mg (47%)
TLC (silica, МеОН/СНСІз, 5/95, v/v) Rf = 1 Mp > 400 °C 'H-NMR (200 MHz, CDCI3) δ 9 50
(d, 16H, pyndyl, J = 5 8 Hz), 8 9 ( m, 24H, ß-pyrrole), 8 34 (d, 16H, pyndyl, J = 6 6 Hz), 8 15
(d, 16H, phenyl, J = 8 3 Hz), 7 35 (d, 16H, phenyl, J = 8 6 Hz), 4 3 (t, 16H, OCH2), 2 0 1 3 (b,
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224H, CH 2 ), 0 9 (t, 24H, CH3), -2 8 (b, 8H, NH) FD MS Found for C i ^ H ^ N u C U P d i C h m/z
= 2473 20421, Cale 2473 20850 UV-vis (CHCI3) λ/nm (log(e/M ' cm ')) 429(6 0), 520(4 7),
556(4 5), 592(4 3), 648(4 0) Anal Caled for С 2 9 б Н э б 8 ^ 4 С ^ 4 С 1 8 С, 69 72, H, 7 27, Ν,
6 59 Found С, 69 66, Η, 8 22, Ν, 6 42 IR (KBr, cm ·) 3433, 2923, 2852 CV Em = -1 62 V (νs
Fc/Fc+), ΔΕρ = 82 mV, Ib/If = 1
Palladium(II)

(5-(4-pyridyl)-10,15,20-tri(4-hexadecyloxyphenyl)porphyrin.

compound was synthesized according to a literature procedure
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Yield 90% 'H-NMR (200 MHz,

CDCI3) δ 9 00 (d, 2H, pyndyl, J = 5 8 Hz), 8 88 (d, 2H, ß-pyrrole, J = 5 0 Hz), 8,86 (s, 4H, ßpyrrole), 8,72 (d, 2H, ß-pyrrole, J = 5 0 Hz), 8 12 (d, 2H, pyndyl, J = 5 9 Hz), 8 05 (d, 6H,
phenyl, J = 8 3 Hz), 7 25 (d, 6H, phenyl, J = 8 4 Hz), 4 20 (t, 6H, OCH2), 2 10 (m, 6H,
ОСН2СЯ2), 16-12 (m, 78H, CH2) 0 90 (t, 9H, CH3) UV-vis (CHCI3) λ/nm (log(e/M ' cm '))
419(5 1), 524(4 0) FAB MS m/z = 1441 (M+l)
Tetrakis(paIladium(II)
phyrin))ruthenium(II)

(5-(4-pyridyl)-10,15,20-tri(4-hexadecyloxyphenyl)porchloride

(7). Palladium(II)

(5-(4-pyndyl)-10,l5,20-tn(4

hexadecyloxyphenyOporphynn (20 mg, 14 mmol) and RuCl2(DMSO)4 (1 7 mg) were reacted in the
melt (T = 90°C) for 30 min Purification was achieved by column chromatography (eluent CH2CI2)
Yield 8 5 mg (45%) Mp 97°C (decomposition to starting materials) 'H-NMR (200 MHz, CDCI3)
δ 9 75 (d, 8H, pyndyl, J = 6 1 Hz), 9 01 (d, 8H, β pyrrole, J = 4 9 Hz), 8 86 (d, 8H, ß-pyrrole),
8 81 (s, 16H, ß-pyrrole), 8 35 (d, 8H, pyndyl, J = 6 5), 8 10 (d, 8H, phenyl, J = 8 6 Hz), 8 00 (d,
16H, phenyl, J = 8 5 Hz), 7 26 (d, 8H, phenyl, J = 8 5 Hz), 7 08 (d, 16H, phenyl, J = 8 6 Hz),
4 24 (t, 8H, OCH2, J = 5 9 Hz), 4 01 (t, 16H, OCH2, J = 6,2 Hz), 2 00-1 30 (b, 336H, CH2),
0 88 (t, 36H, CH3, J = 6 9 Hz) UV-vis (CHCI3) λ/nm (log(e/M ' cm ')) 422(6 1), 527(4 9),
556(4 51) Anal Caled for C364H492N2oOi2Pd4RuCl4 C, 72 57, H, 8 37, N, 4 66 Found C,
72 76, H, 8 25, N, 4 67
5,10,15-Tris(l-methylpyridinium-4-yl)-20-(4-(hexadecyloxy)phenyl)-21H,-23Hporphyrine tritosylate (8). Under a nitrogen atmosphere, 100 mg of porphyrin 1 and 0 3 mL of
methyl tosylate were dissolved in 10 mL of a mixture of toluene/acetonitnle (2/1, v/v) The reaction
mixture was stirred at 80°C for 16 h After cooling to room temperature, the reaction mixture was
poured over a glass filter with silica After washing with 50 mL of CH2CI2, compound 2 was
isolated by eluting with СНСІз/МеОН, (9/1, v/v) Yield 90 mg (55%) of 4 as a purple powder Mp
> 400°C 'H-NMR (CD3OD) δ 9 5 (d, 6H, pyndyl), 9 2 (d, 6H, pyndyl), 8 9 ( s, 8H, b-pyrrole),
8 3 (d, 2H, phenyl), 7 6 (d, 2H, phenyl), 7 3 (d, 6H, tosylate), 7 1 (d, 6H, tosylate), 4 9 (s, 9H,
NCH3), 4 3 (l, 2H, OCH2), 2 2 (s, 9H, tosylate CH3), 13-15 (b, 28H, CH 2 ), 0 8 (t, 3H, CH3),
-2 5 (b, 2H, NH) FAB MS m/z =1246 (M-Tos) UV-vis (DMF) λ/nm (log(e/M-' cm '))
418(5 01), 522(3 89), 552(3 68), 587(3 47), 645(3 25)
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Field desorption mass spectrometry. This technique was applied for measuring the mass of
compound 5, 6 and 7 because FAB MS only showed decomposition products Field Desorption
(FD) mass spectrometry was carried out using a JEOL JMS SX/SX 102A four-sector mass
spectrometer, coupled to a JEOL MS-MP7000 data system, 10 μιτι tungsten wire FD emitters
containing carbon microneedles with a average length of 30 μτη were used The samples were
dissolved in methanol/water and then loaded onto the emitters with the dipping technique An emitter
current of 0 15 mA was used to desorb the samples The ion source temperature generally was 90CC
UV-vis titration experiments. A stock solution of porphyrin in dichloromethane was prepared
(concentration 1 3*10

6

M) Exactly 2 mL of this solution was transferred to a quartz cuvette (path

length 1 000 cm) in a thermostatted compartment of a Perkin Elmer λ-5 UV-vis spectrophotometer
Subsequently, 25 [iL aliquots of a rraw5-bis(benzonitnle)palladium(II) dichlonde stock solution were
added and the absorption at the wavelength maximum of the porphyrin В band was measured
Langmuir monolayer experiments. π-Α Isotherms were recorded on a Lauda Filmwaage FW2,
which was thermostatted at 20°C and placed in a laminar flow cabinet Ultrapure water used as the
subphase was obtained by filtration through a SERALPUR PRO 90C system The monolayers were
formed by spreading the porphyrins from their chloroform solutions (10 4-IO 3 M) onto the water
subphase (pH = 5 5) by using a microsynnge After equilibration of the monolayers for at least 15
min the compression was started The compression and expansion rates were 3 cm2/min Monolayers
were transferred onto glass substrates by the vertical dipping technique using a dipping/withdrawal
rate of 3 mm/min Before use the substrates were cleaned by sonication in a DECON-soap solution
for 15 min After extensive rinsing with pure water and acetone, the substrates were dried by purging
with a stream of N2 An absorption spectra of monolayers at the air water interface were recorded
with a quartz fiber optic probe (Spectrofip 8452, Photonetics) connected to a HP 8452 diode array
spectrophotometer A spectrum was taken by passing light through the monolayer and reflecting the
light beam back into the fiber via a concave-shaped mirror placed just below the water surface
Electrochemical measurements. Cyclic voltammetry was performed with a PAR model 173
potentiostat equipped with a PAR model 176 I/E converter coupled to a PAR model 175 universal
programmer The measurements were carried out with 1 raM solutions of the porphyrin in
dichloromethane with 0 1 M tetrabutylammonium hexafluorophosphate as the supporting electrolyte
at 20°C A three-electrode configuration was employed with platinum auxiliary as well as working
electrodes and Ag/Ag+ (0 1 M Agi) as a reference electrode Potentials were calibrated against the
ferrocene/ferrocenium couple (E1/2 = 0 050 V vs Ag/Ag+)
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Brewster angle microscopy. The Brewster angle microscope experiments were carried out with
a NFT В AMI instrument, manufactured by Nano Film Technology, Gottingen The instrument was
equipped with a 10 mV He-Ne laser with a beam diameter of 0 68 mm operating at 632 8 nm
Reflections were detected using a CCd camera Fully details of the BAM technique have been
described in the literature
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Powder diffraction. Samples were prepared by placing a drop of a porphyrin suspension on a
silicon single crystal sample holder and by subsequent evacuating to 0 1 Torr Powder diffraction
measurements were carried out on a commercial Philips X-ray powder diffraclometer or on a homebuilt (NIOZ, Texel) Bragg-Brentano diffractometer, optimized for low-angle measurements , 5 The
X-ray tube was ceramic with a long fine focus and gave Cu-Ka radiation (generator 40 kV, 40 raA)
The goniometer had a variable divergence and anti-scatter slits The detector, with the receiver slit at
0 1 mm, was of the Peltier-cooled Si/Li type The instrument was mounted in a chamber of which the
relative humidity was controlled by a humidifying instrument flushed with He gas
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CHAPTER 3
A Facile Method for the Construction of Porphyrin
Wheels

3.1 Introduction

The construction of molecular assemblies having well-defined shapes and dimensions
(molecular objects) and pattern formation by self-assembly of molecules are topics of great current
interest ' 2 Applications of these supramolecular structures can be foreseen in fields such as
electronics, information storage, light energy conversion, and catalysis Porphyrins are attractive
building blocks to form such molecular materials because they are (photo)catalytically active and have
interesting electronic properties 3 · 4
The crystal structure of the LH2 complex of the purple bacterium Rhodopseudomonas
Actdphila, which was recently solved, consists of two concentric cylinders of helical protein subunits
which enclose the porphyrin derivatives which are arranged as in the wheels of a turbine (see Chapter
1) As part of our program aimed at the development of energy and electron storage and transporting
systems from phthalocyanine and porphyrin molecules,5·6 we describe here a simple method to
prepare porphyrin wheels" on a micrometer scale With this method it is possible to arrange several
types of porphyrin derivatives, including Protoporphyrin IX and Chlorophyll-α in the form of rings
The diameter of these rings can be modified by varying the temperature Ring-shaped assemblies of
porphyrins are known to occur in nature, viz in the bacterial light-harvesting complex LH2,7 which
is responsible for the absorption of light and the storage and transport of light energy to the reaction
center, where it is converted into chemical energy

3.2 Results and discussion

We discovered the formation of ring-shaped objects from porphyrins while studying the
properties of compound 1 A droplet of a 1* 10 4 M solution of 1 in chloroform was placed on a
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Transmission electron micrographs (ТЕМ) of these grids, taken without staining, revealed the
presence of rings (Figure 3 la) The possibility of globular structures, such as droplets or vesicles,
was ruled out because the inner compartments of the rings were colorless The staining in the present
case originates from the strong electron scattering by the palladium metal centers in the molecules of
1 Scanning electron micrographs (SEM) of the samples showed that dimer 1 forms large wheels
with diameters varying between 2 and 5 μιη (Figure 3 1 b)
Electron diffraction studies indicate that the wheels had an amorphic structure The rings were
also visible by confocal laser scanning microscopy in the fluorescence mode The observed diameters
were in the same range as those observed by the electron microscopy The averaged width of the
porphyrin bands of the porphyrin wheels could be determined using near-field scanning optical
microscopy (NSOM) and atomic force microscopy (AFM) 8 They varied between 10 100 nm
depending on the size of the ring, which corresponds to 1 to 10 molecules of 1 UV-vis spectroscopy
on the porphyrins rings showed that the porphyrin B-band was red shifted (22 nm) whereas the Q
bands were unaffected, suggesting, according to the exciton theory, that head to tail type aggregates
had been formed

y

The B-band was narrow which illustrates that the porphyrin molecules have a

well defined arrangement in the supramolecular structure This result seems in contrast with the
electron diffraction data Most likely there is no long range order in the ring structures but domains of
well-defined porphyrin aggregates are present (short range order) Based on the data above, we
propose that the rings have a molecular architecture as illustrated in Figure 3 2
The diameter of the wheels could be tuned by varying the temperature When the temperature
was increased during the evaporation of the chloroform, the diameter and number of the rings also
increased Rings with an average diameter of 50 μτη were formed at a temperature of 60°C At a
temperature of -40°C the ring structures were imperfect and small arrays of aggregated porphyrin
molecules were mainly visible (Figure 3 lc)
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о О"
.on. (
Figure 3.1. (а) ТЕМ of a 1*10'4 M dispersion of 1 in chloroform without staining (bar = I цт). (b)
SEM of a 1*10-4 M dispersion of 1 in chloroform (bar = lßm). Sample is Au-coated. (с) ТЕМ of a
1*10'4 M dispersion of 1 in chloroform drained after 10 s at -40°C (bar = 30 nm). (d) SEM of a 1*102 M dispersion of 1 in chloroform (bar = 1 ßm). (e) ТЕМ of a 1*10-4 ^¡ dispersion of 1 in
methanol/chloroform (1/9, v/v) without staining (bar = 0.1 ßm). (f) ТЕМ of a 1*10"* M dispersion of
chlorophyll-a (5) in chloroform (bar = 0.1 ßm). Sample shaded with Pt
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Figure 3.2. Schematic representation of the porphyrin wheels constructed from porphyrin 1 The
arrows indicate the transition dipole moments of the porphyrin molecules in the dimers The two sets
of dipole moments in a dimer make an angle of a= π/4 with neighboring sets of dipole moments,
which results in a red shift of the porphyrin В band10
Carbon tetrachloride was found to be the best solvent for the formation of the porphyrin rings
On going from carbon tetrachloride to chloroform and then to dichloromethane, the structures became
progressively less perfect The boiling points of these solvents also decrease in this order, which
could indicate that slow evaporation stimulates the formation of well-defined rings {vide infra) No
rings were observed when tetrahydrofuran or toluene was employed The addition of a small amount
of methanol to a chloroform solution of 1 caused the structures to change from rings into fibers
(Figure le) UV-vis spectroscopy revealed that the molecules of 1 are aggregated in this solvent
mixture In general, it was found that no rings are formed when the porphyrins are aggregated in a
particular solvent

6

This suggests that it is important for them to be present as monomers in solution

otherwise the structure after slow evaporation and draining, is determined by the aggregate structure
in solution
Two mechanisms may be envisaged for the formation of rings from 1 The first possibility is
that two-dimensional phase separation takes place resulting in a porphyrin rich and a porphyrin poor
domain This process may occur at nucleation sites where solid domains of porphyrins are formed
Domain formation is a known process, for examples in two-dimensional assemblies of lipids or block
copolymers

10

"

12

In this case solid domains can be formed during the compression of the

molecules at the air-water interface The shape of the domains is determined by the competition
between repulsive electrostatic forces (favoring elongation of the domains) and interfacial line tension
(favoring the formation of circular domains) ' ' In our case solid circular domains of porphyrin could
be formed initially during the evaporation of the chloroform These could then undergo a transition
from a circular to a torus-shaped structure This phenomenon has been shown to be concentration
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dependent and to occur in only a very narrow concentration range. 13 In the concentration range used
here ( 1 * 10"2 - 1 * 10"6 M) nng structures were always obtained making this mechanism less likely
The second possible, and preferred mechanism is that the presence of gas bubbles in the
solution causes the formation of rings ' 4 Bubble-induced aggregation is a well-documented
phenomenon in literature and is the result of a complex process determined by hydrodynamic and
surface effects 15.16,17 ¡ n o u r

case m e

development of rings can be interpreted in principle within the

framework of what we would like to term "two-dimensional gas bubble" formation and the nucleation
and growth of a porphyrin amorphous phase around the gas bubbles We have observed that
although the possibility of formation of 3D (three dimensional) chloroform gas bubbles in the bulk
liquid below the boiling point of the solution can be excluded, the formation of 2D gas bubbles at the
free surface of a rapidly evaporating solution is very possible, since the vapor pressure of chloroform
in the air is much lower than the saturation pressure of chloroform itself Referring to Figure 3 3, the
nucleation free energy barrier for the saturation pressure formation of 2D gas bubbles with radius R is
given by
AG = • ^ ^ Δ μ + 2R7ihygi + R 2 Jt(m-l)y g i

(1)

with m = cosa = (y g s - TlsVïgl (-1 < m < 1 )

(2)

with h being the thickness of the liquid layer, Ω the molecular volume per structural unit, α the
wetting angle between the liquid and the substrate and Ygs, yis and ygi the surface free energy between
gas and substrate, between liquid and substrate, and between gas and liquid, respectively Δμ
denotes the difference in chemical potential between the liquid and the gas phase According to the
basic principles of thermodynamics, Δμ can be expressed as
Δμ = kTln(p/p'),

(3)

where ρ is the equilibrium vapor pressure of the liquid phase and p' the actual vapor pressure in the
surrounding gas phase Setting the first derivative of Δ ϋ to zero (5G/ôR = 0), one obtains for the
critical size (R c ) of the gas nuclei the following expression

RC =

^Ω

( 4 )

Δμ-Ω{πι-1)γ 6 ι

o r

R

c

=

Tfc"

( 5 )

kTln(p/p')-Û{m-l)Y gl
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c

The smaller the value of R is, the lower the nucleation barrier will be, thereby facilitating gas bubble
formation. Equations 4 and 5 have the following implications. First, the critical radius of 2D gas
bubbles for m = - 1 will be much smaller than that for m = 1 (In the latter case, the expression of R

c

is identical to that for 3D spherical gas bubble formation). In other words, 2D gas bubbles can be
formed more easily if the substrate cannot be "wetted" by the liquid, and less readily when the
c

substrate is very well "wetted" by the liquid. Secondly, R decreases with h suggesting that the
thinner the liquid layer is, the more easily 2D bubbles will be formed. This explains the common
observation that 2D bubbles are always generated in a later stage of the evaporation process.
In our case, presumably, the liquid will not wet the substrate particularly well because of the
poor interaction between the liquid and the carbon coated substrate, and hence m must be approaching
- 1. The liquid layer applied to the substrate will become increasingly thinner due to the rapid
evaporation of the chloroform, making it more likely that 2D gas bubbles will be formed gradually
At a site P, where bubbles occur at the free surface of the liquid (Figure 3.3A), the local vapor
pressure ρ will be particularly high if the radii of these particles is much smaller than that of the flat
liquid layer.

Particle Ρ

Liquid layer
Substrate
2D gas bubble

Liquid surface

В

2D gas bubble
Liquid layer

Figure 3.3. Schematic representation of the formation of porphyrin wheels. Dashed arrows indicate
the direction of the stream of evaporating molecules. For further explanation see text
The driving force for the formation of 2D bubbles is much higher, therefore, at this site than in the
surrounding solution (cf. equation 5). Foreign particles will also lower the free energy barrier for 2D
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bubble formation

18

2D gas bubbles will therefore be formed preferentially around the floating

foreign particles providing the liquid layer is not too thick resulting in a shape as shown in Figure
3 3B Once a 2D gas bubble is formed, the upper comer of the circumference С will maintain a very
high evaporation rate (indicated by the dashed arrows in Figure 3 3C) due to the very large radius of
curvature, and the bubbles will continue to grow
The concentration of porphyrin molecules at the circumference of the bubbles will be built up
rapidly due to the rapid evaporation, and this local concentration can easily reach a value higher than
the equilibrium concentration of the porphyrin amorphous phase Nucleations and growth of the
porphyrin amorphous phase will then occur at the circumference of the gas bubbles The porphyrin
rings are then obtained by draining the rest of the solution

In the case of highly concentrated solutions, amorphous particles of porphyrins can be formed easily
at a very early stage These particles are transported by convection into the liquid bulk where, at that
moment, the concentration of porphyrins is already higher than the equilibrium concentration of the
porphyrin amorphous phase These particles are distributed homogeneously in the solution and will
serve as nucleation centers for the formation of the next generation of 2D gas bubbles, which lead
subsequently to the observed honeycomb like structures (Figure 3 Id)
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The scope of the method was tested with other porphyrin derivatives (2-5) The so-called
"picket-fence" porphyrin 3 gave no rings in chloroform, whereas compound 2 did It is known that
' picket-fence" porphyrins hardly stack due to the ortho-substituents on their phenyl rings

19

It can be

concluded, therefore, that π-π stacking interactions between the molecules are important in generating
the well-defined circular solid domains It was also possible to construct rings from protoporphyrin
IX (4) and chlorophyll-α (5) (Figure 3 If) using the procedure described This may open a route to
construct synthetic wheels of bactenochlorophyll
In summary, we have developed a facile technique for the construction of ring-shaped
assemblies of porphyrins on the micrometer scale Further studies are in progress to determine
whether the rings can function as molecular synchrotrons and store energy or electrons

3.3 Conclusions

We have developed a simple method to prepare porphyrin "wheels" on a micrometer scale Using this
method it is possible to arrange several types of porphyrin derivatives, including Protoporphyrin IX
and Chlorophyll-a in the form of rings The diameter of these rings can be changed by varying the
temperature The mechanism for the formation of the 'wheel"-type aggregates presumably is that of
2D gas bubbles which are generated in the solution and induce aggregation of the porphyrin
molecules The porphyrin wheels can have applications as molecular synchrotrons for storage of
electrons or energy

3.4 Experimental

General. Unless otherwise indicated, commercial materials were used as received CCI4, CH2CI2,
and CHCI3 were distilled from calcium hydride Transmission and scanning electron microscopy
were earned out on Philips EM 201 and JEOL 100 CX II instruments Atomic force microscopy was
performed with a Nanoscope UIA MMAFM instrument Near-field scanning optical microscopy
(NSOM) experiments were performed on a TopoMetrix Aurora instrument in the group of Prof F de
Schrijver (University of Leuven, Belgium) The set-up for these experiments has been described
elsewhere

8

UV-vis spectra were obtained with a thermostatted Perkin-Elmer Lambda 5

spectrophotometer The synthesis of porphyrin 1 is described in Chapter 2 Porphyrins 2 and 3 were
synthesized according to literature procedures 2 0 Porphyrins 4 and S were purchased from Aldrich
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Sample preparation. A droplet of a sample (porphyrin concentration normally 1*10

4

M) was

placed on a carbon-coated copper grid After allowing to evaporate on the grid for typically 10 s at
20°C, the solution was drained with filter paper The samples containing no heavy metals were
shadowed with platinum or gold
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CHAPTER 4
Control of Aggregation and Tuning of the Location of
Porphyrins in Synthetic Membranes

4.1 Introduction

Porphyrins play an important role in biological processes, e g substrate oxidation reactions
and conversion of light energy into chemical energy '· 2 As part of our research program dealing with
model systems for the membrane-bound enzyme system Cytochrome P450, we are interested in the
catalytic properties of porphyrins located in bilayers 3 4 The active center of Cytochrome P450
contains an iron porphyrin which is involved in oxygen binding and subsequent activation (see also
Chapter 1) ' In the development of a membrane-bound mimic for this enzyme it is important to
evaluate the aggregation properties and the location of porphyrins within membranes It has been
found previously that aggregation can change the catalytic efficiency of a porphyrin, while its location
in the membrane can determine its selectivity 5 6
We are using two strategies to prevent porphyrins from aggregating in our membrane-bound
Cytochrome P450 mimic 4 The first is the use of stencally encumbered, so-called "picket-fence"
porphyrins (7-9) 7 Porphyrin 6 acts here as a reference compound The second is the incorporation
of positively charged porphyrins (2-5) in negatively charged vesicles Porphyrin 1 acts here as a
reference compound Because of electrostatic interactions, porphyrins (2-5) will prefer to be
surrounded by the negatively charged amphiphiles rather than by other positively charged porphyrins
It was shown previously by our group that the location within the membrane can be tuned by using
either charged or uncharged porphyrins 8 Charged porphyrins are preferentially bound near the
surface of the bilayer, whereas uncharged ones are located in the center of the bilayer
To date the aggregation and location properties of only a limited number of porphyrins in
bilayers have been investigated The studies reported so far are aimed at mimicking photosynthetic
proteins 9 13 In this paper we report on the location and the aggregation properties of nine porphyrins
(1-9) in synthetic surfactant vesicles derived from positively charged dioctadecyldimethylammonium
chloride (DODAC) and negatively charged dihexadecylphosphate (DHP) amphiphiles ' 4
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4.2 Results and discussion

Incorporation
Efficient incorporation of porphyrins in bilayers of DODAC can usually be achieved by the
ethanol injection method

8

This method was also used for our porphyrins. The actual incorporation

into the DODAC and DHP bilayers was checked by gel permeation chromatography (GPC) The
GPC elution profiles (see for a typical GPC chromatogram Figure 4.1) showed that the elution
volumes of DHP vesicles with porphyrins are the same as those of vesicles without porphyrins
Separate experiments revealed that non-incorporated porphyrins eluted much slower or not at all In
the case of DODAC vesicles, the same results were obtained All porphyrins were incorporated
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quantitatively, with the exception of porphyrin 5, which could not be efficiently incorporated in a
DODAC membrane (less than 10% incorporation was detected by UV-vis spectroscopy) This latter
behavior can be attributed to the fact that the four positively charged pyridyl groups of 5 prefer to be
located in water rather than in the hydrophobic bilayer In the case of DHP, this positively charged
porphyrin probably is strongly adsorbed to the negatively charged surface of the vesicles

08s

¿ 06·
g 044
02·

τ — г12

iiu

16

20

24
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32

36

Elution volume (ml)
Figure 4.1. GPC elation profiles

of dispersions

of DODAC vesicles

porphyrin 7 incorporated in DODAC vesicles (gray columns)
measured by UV-vis spectroscopy

40
(black columns)

and

The concentration of DODAC was

at 300 nm and the concentration

of 7 was measured

by

fluorescence (Xex = 420 nm)
Electron micrographs of the eluted dispersions showed that closed spherical vesicles were
present The average diameter of the DODAC and DHP vesicles containing the porphyrins was 4000
A This diameter was the same for vesicles without porphyrins and is typical for vesicles prepared by
the injection method

14

The vesicle diameter remained unaffected after incorporation of the

porphyrins
Aggregation
Figures 4 2 and 4 3 show examples of the effect of changing the lipid/porphyrin ratio (R) on
the fluorescence intensity, while keeping the amount of porphyrin constant (1*10 6 M ) In the case of
the charged porphyrins the most pronounced fluorescence differences were observed for 4 in
DODAC and DHP vesicles (Figure 4 2)
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Figure 4.2. Self-quenching of the fluorescence of 4 in DODAC (o) vesicles and DHP (·) vesicles.
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fluorescence intensity at R = 8000
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In the "picket-fence" series the most pronouncedfluorescencedifferences were found for 6 and 7 in
DODAC vesicles (Figure 4 3) When R decreased, the fluorescence intensity at a constant porphyrin
concentration also decreased, which points to aggregation of the porphyrins

l9 20

In Table 4 1 the

lipid/porphyrin ratios are given at which the fluorescence intensity is half that of the porphyrins in the
monomeric form, ι e the value at high lipid/porphyrin ratio It was possible to fit the fluorescence
curves with the equation (see equation 9, Experimental Section) derived for the following
equilibrium
ηM ^

1

A

with

K a =[A]/[M] n

(1)

in which η is the aggregation number, M the monomeric porphyrin, A the aggregate built up of η
monomers, and Ka the association constant The calculated aggregation numbers and the association
constants are an indication for the aggregation behavior of the different porphyrins and the values are
listed in Table 4 1
At high amphiphile/porphynn ratios (R), the porphyrins are not aggregated in the bilayers, as
can be concluded from the fact that the fluorescence of these molecules is not quenched under these
conditions (Figures 4 2 and 4 3) In the charged porphyrins series (1-5), upon going to low R
values, aggregation is reduced if one or more charged pyndyl groups are introduced (see Table 4 1,
aggregation numbers and association constants for 1 versus those for 2-5) The self-quenching
curves of the positively charged porphyrins showed that in DODAC vesicles aggregation increased
when the number of charges on the porphyrin ring became larger This contrasted with the selfquenching behavior of these porphyrins in DHP vesicles In the latter negatively charged systems the
aggregation decreased when going from porphyrin 2 to 5 (see association constants in Table 4 1)
This trend was, however, less pronounced than the increase in aggregation observed for DODAC
vesicles These observations are in line with the amphiphile/porphynn ratios (R) where Fo/F = 2
(Table 4 1) These ratios (R) remain almost the same in DHP vesicles but increase in the case of
DODAC vesicles when going from porphyrin 2 to 5 The behavior of the charged porphyrins in
DHP vesicles can be explained in terms of electrostatic interactions between the porphyrins and the
lipids For this reason, the porphyrin with the greatest number of charged pyndyl groups is expected
to have the lowest association constant, as borne out by the results (Table 4 1) In the case of
DODAC vesicles electrostatic interactions play a less pronounced role and other factors become
important In these vesicles the aggregation increases when the number of tails decreases (Porphyrin
1-5, Fo/F values in DODAC vesicles) Langmuir-Blodgett films formed by our amphophilic
porphyrins also showed such behavior (see Chapter 2) 2 8 In these monolayers the organization of the
porphyrins is largely determined by the balance between π - π interactions, the interaction of the
hydrophilic head groups with the aqueous surface, and the stencal repulsion between the
hydrocarbon chains These factors apparently also play a role in the present systems
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The "picket-fence porphyrins were only studied in DODAC vesicles The aggregation of
these molecules increased in the order 7 < 9 < 8 < 6, which implies that the substituents on the
picket-fence ' porphyrins reduce aggregation Acylation of 8 to give porphyrin 9 resulted in a
decrease in aggregation behavior The presence of intermolecular hydrogen bonds (vide infra) can be
an explanation for the fact that 8 aggregates more strongly than 9 Porphyrin 7 was found to have the
lowest aggregation tendency (R = 120 where Frj/F = 2) of all nine porphyrins
Table 4.1. Aggregation data for porphyrins in DODAC and DHP bilayers
Ra

nb

Kac
(MC η))

1, DODAC

2000

9 2d

5 6*1028d

DHP

2000

2, DODAC

300

2 8

1 4*IO 4

DHP

150

27

3 1 * ] о4

3, DODAC

450

27

3 5*10 4

DHP

150

3 0

4, DODAC

600

4 4

29*IO4
43*10lld

DHP

150

Porphyrin,
amphiphile

a

d

1 3*10 4

29

52*1018d

d

5, DODAC

700

69

DHP

150

28

9 5*10 3

6, DODAC

1500

60a

1 0*1014d

7, DODAC

120

20

6 5*10 3

8, DODAC

1100

21

4 6*10 5

9, DODAC

270

3 2

b

2 2*10

4

c

Ratio where F()/F = 2 Aggregation number (estimated error 10%) Association constant (estimated error 10%) d
These values are inaccurate because the determination could not be carried out in the range recommended for such high
association constants due to low fluorescence yields ^ '

In Table 4 2 the spectroscopic data of the porphyrins at two lipid/porphyrins ratios R are
given In all cases, upon going to a lower R only the В band was shifted, whereas the Q bands of all
the porphyrins remained unchanged The most likely explanation for this behavior is that the
porphyrins tend to aggregate as the lipid/porphyrin ratio decreases
When the porphyrins are aggregated a strong exciton coupling will exist which can cause a
shift of the B-band 2 0 This shifts can be interpreted by the exciton model developed by Kasha as
described in Chapter 2 2 1 The absorption spectra of the porphyrins can therefore be explained in
terms of the displacement of the molecules in the aggregates along these axes (Figure 4 4)
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Table 4.2. Spectroscopic data of porphyrins in DODAC and DHP bilayers
Porphyrin,

R

amphiphile
1, DODACb
DHP
2, DODAC b

421C

200

402,436

2000

420

200

400-440
424

DHP

2000

427

200

427

3, DODAC

2000

424

200

422

DHP

2000

427

200

427

DHP
6, DODAC

b

7,DODAC
8, DODAC
9, DODAC
b

2000

426

5, DODAC

n m

<Лтах. nni)

2000

DHP

^max

Fluorescence

200

4, DODAC

a

UV-vis
В band a

Data laken from ref 8

pyridine λ,,^χ = 425 nm

c

c

2000

423

200

422

2000

427

200

427

2000

424

200

422

2000

427

200

427

2000

418

200

420

8000

426

50

444

8000

417

50

428

8000

417

50

424

652

717

660

720

660

720

666

723

660

715

665

716

660

714

663

d

650

700

660

718

652

717

655

715

655

712

660

714

В band of 1 in hexane, X m a x = 418 nm, dichloromethanc, λ Π Ί 3 Χ = 421 nm,

Could not be accurately determined

Porphyrin 1 displayed the same behavior in DHP and DODAC vesicles

8

The observed

splitting of its В band (Table 4 2) suggests that edge to edge type aggregates are formed The charged
porphyrins show small blue shifts of the В band upon aggregation in DODAC vesicles, which
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L .
I
L _

___

A
B
C
Figure 4.4. Possible arrangements of porphyrins in aggregates (A) Face to face type aggregate
(blue shift ofB-band) (B) Head to tad type aggregate (red shift ofB-band) (C) Edge to edge type
aggregate (splitting ofB-band), see also Chapter 2
All

'picket-fence" porphyrins showed a red shift of the В band with decreasing

amphiphile/porphynn ratio (R), which according to the exciton theory suggests that head to tail type
aggregates are formed For stencal reasons these porphyrins probably can not form face to face type
aggregates The red shift is the largest for porphyrin 7 which indicates that the porphyrin molecules
in this aggregate have a geometry with a strong interaction energy
Location
The use of quenchers can give information about the location of porphyrins in bilayers

22

For

quenching, a close contact must exist between the chromophore and the quenching compound
Hydrophilic quenchers will quench porphyrins that are located at the water-bilayer interface
Porphyrins which are located in the inner part of the membrane will not be quenched by these
compounds We used iodide ions as quenchers in the case of DODAC vesicles, because these ions
will adsorb strongly to the quaternary ammonium groups of these aggregates In the case of DHP
vesicles, copper(II) ions were used The quenching experiments were carried out above the phase
transition temperature of the vesicles Linear Stem-Volmer plots were obtained up to a quencher
concentration of 10% of the amphiphile concentration The obtained Stem-Volmer constants are given
in Table 4 3 The constants for our porphyrins are not corrected for partition of the quencher between
the aqueous phase and the vesicle phase nor for the possibility that vesicle fusion occurs or that
osmotic effects can be induced by the quenchers 2 8 The measured Stem-Volmer quenching constants
show that the location of the porphyrin molecules in the bilayers depends on the nature of the
substituents on the porphyrin rings The general trend is that the porphyrins move to a region in the
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bilayer that is compatible with their polarity. The charged porphyrins are located near the interface
(highest Stem-Volmer quenching constants) whereas the porphyrins without hydrophil ic substituents
are situated more in the inner part of the bilayer (lower Stern-Volmer quenching constant). The
location of the latter porphyrins is probably between the bilayer center and the interface. This position
is also deduced from the fact that the absorption maximum of the В band of porphyrin 1 in the
bilayers is almost the same as that in a solvent of intermediate polarity, i.e. dichloromethane (Table
4.2, footnote b). Similar effects were also found in the case of the other uncharged porphyrins.
Table 4.3. Stern-Volmer quenching constants (Ksv)for

various combinations of porphyrins and

hydrophilic quenchers in DODAC and DHP vesicles

Porphyrin

Nal/DODAC

Cu(II)S04/DHP

Ksv(M-l)

Ksv(M-l)

480

220

2

4570

4140

3

10700

4020

4

4420

3410

5

2100

4990

6

430a

7

80

8

-580b

9

20

1

a

Data taken from ref 8 ° Stern-Volmer constants measured in CHCI3 and MeOH amount to -40 and 230, respectively.

The negative Stem-Volmer constant measured for 8 can be explained in terms of the presence
of hydrogen bonds which results in the formation of non-fluorescent aggregates. In methanol, 8 is
not aggregated and a normal Stem-Volmer constant is found. In chloroform intermolecular hydrogen
bonds between the porphyrins are possible and aggregates are observed (negative Stern-Volmer
constant). Upon the addition of iodide ions these interactions break down resulting in an increase in
fluorescence. This effect is probably stronger than the quenching effect. The negative quenching
value in DODAC vesicles can be caused by a similar behavior as found in chloroform solution. The
strong effect of iodide on the fluorescence of 8 suggests that this porphyrin is located near the
interface.
Orientation
The orientation of the porphyrins in the DHP and DODAC bilayers was investigated by EPR
spectroscopy using the copper(II) derivative of porphyrin 7 as the model compound. Aligned
bilayers were obtained by allowing a vesicular solution of Cu-7 to dry on a flat support, i.e.
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Figure 4.5 EPR spectra ofCu-7 in DHP bilayers (R = 200) measured at two different orientations
(see text) (A) Magnetic field parallel to the bilayer normal (B) Magnetic field perpendicular to the
bilayer normal
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The EPR spectra of Cu-7 are typical for a porphyrin with an orientation parallel to the bilayer surface
(φ, being the angle between the bilayer normal and the porphyrin normal, is 0°) It is interesting that
for DHP and DODAC amphiphiles well-oriented bilayers could be obtained in contrast with earlier
findings

8

The orientation of Cu-7 in DODAC bilayers is different from that found for porphyrin

Cu-6 (φ = 30°) in these bilayers

8

An explanation for this result can be that 6 (R = 200, 85 %

14

aggregated, К = 1*10 ) aggregates more strongly than 7 (R = 200, <40 % aggregated, К =
3

6 5*10 ) Hence for Cu-6 the orientation of a porphyrin aggregate is measured, whereas in the case
of Cu-7 the orientation is that of a porphyrin monomer
Considering the aggregation and location properties, porphyrin 7 is probably the most
promising candidate to be studied as a catalyst in Cytochrome P450 mimics (see Chapter 5) This
porphyrin may give the highest catalytic efficiency because the aggregation of this porphyrin in the
bilayer is strongly reduced, due to the ortho substituents on the phenyl ring The location of 7 in the
hydrophobic part of the bilayer is to a certain extend similar to that of the catalytic center in
Cytochrome P450, which is also located in a hydrophobic environment '

4.3 Conclusions

The aggregation and location of two series of tetraarylporphynns in positively and negatively
charged bilayers have been examined Aggregation of the porphyrins can be reduced by introducing
positively charged pyridinium groups on the porphyrin ring In the positively charged bilayers, the
degree of aggregation of the porphyrins increases with the number of charges on the porphyrin The
opposite behavior is found in the case of the negatively charged bilayers All the charged porphyrins
form face to face type aggregates whereas the uncharged ones form edge to edge type of aggregates
Reduction of aggregation can also be achieved by using "picket-fence" type of porphyrins which
form head to tail aggregates The charged porphyrins are located near the aqueous interface and the
uncharged ones in the hydrophobic part of the bilayer "Picket-fence" porphyrin 7 is found to be the
most promising candidate for being studied as a catalyst in models of Cytochrome P450

4.4 Experimental

Instrumentation. 'H-NMR spectra were recorded on a Bruker WH90 (90 MHz) spectrometer, at
room temperature Chemical shifts are given in ppm downfield from tetramethylsilane Abbreviations
used are s = singlet, d = doublet, t = triplet, m = multiplet, and b = broad Infrared and UV-vis
spectra were obtained with a Perkin-Elmer 298 and a thermostatted Perkin-Elmer Lambda 5
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Materials. For the preparation of the vesicles absolute ethanol, distilled tetrahydrofuran, and
deionized water were used DODAC was prepared from DODAB (N,N-dioctadecyl-N,Ndimethylammonium bromide) by ion exchange chromatography 8 DHP, tns(hydroxymethyl)aminomethane (Tris), 4-pyndinecarbaldehyde, methyl tosylate, and pyrrole were purchased from
Aldnch Pyrrole was freshly distilled before use Thin-layer chromatography (TLC) was performed
on precoated F-254 plates and column chromatography using basic alumina and silica 60H (from
Merck) The syntheses of 21H,23H-5,10,15,20-(4-hexadecyloxyphenyl)porphynn (1), 21H,23H-5(4-pyndy 1)-10,15,20-tn(4-hexadecyloxy-phenyl)porphynn, 21 H,23H-5,15-di(4-pyndyl)-10,20di(4-hexadecy]oxyphenyl)porphynn, 21 H.23H-5,10-di(4-pyndyl)-15,20-di(4-hexadecyloxyphenyl)porphynn, 21H,23H-5,10,15-tn(4-pyndyl)-20-(4-hexadecyloxyphenyl)porphynn, and 2IH.23H5,]0,15,20-tetra(4-pyndyl)porphynn have been described in Chapter 2 21H.23H-5,10,15,20Tetraphenylporphynn (6), 21H,23H-5,10,15,20-tetra(2,6-dichlorophenyl)-porphynn (7), and
21H,23H-5,10,15,20-tetra(2,6-dihydroxyphenyl)porphynn (8) were prepared according to literature
procedures '5.16,17 4-Hexadecyloxybenzylaldehyde was prepared as described in the literature ' 8
21H,23H-5-(l-Methyl-4-pyridyl)-10,15,20-tri(4-hexadecyloxyphenyl)porphyrin
monotosylate (2). Under a nitrogen atmosphere, 100 mg of 21H,23H-5-(4-pyndyl) 10,15,20tn(4-hexadecyloxyphenyl)porphynn and 0 1 mL of methyl tosylate were dissolved in 10 mL of a
mixture of toluene/acetonitnle (2 1, v/v) The reaction mixture was stirred at 80°C for 16 h After
cooling to room temperature, the reaction mixture was poured over a glass filter filled with silica
After washing with 50 mL of CH2CI2, compound 2 was isolated by elution with СНСІз/МеОН (9/1,
v/v) Yield 70 mg (61%) of 2 as a purple powder 'H-NMR (CDCI3) δ 9 5 (b, 2H, pyndyl), 8 8
(s, 8H, ß-pyrrole), 8 6 (b, 2H, pyndyl), 8 1 (d, 2H, tosylate), 7 9 (d, 6H, phenyl), 7 3 (d, 3H,
tosylate), 7 1 (d, 6H, phenyl), 5 0 (s, 3H, NCH3), 4 2 (t, 6H, OCH2), 2 2 (s, 3H, tosylate-CH3),
2 1-11 (b, 84H, CH 2 ), 0 9 (t, 9H, CH3), -2 5 (b, 2H, NH) FAB MS (matrix

nitrobenzyl

alcohol) m/z =1352 (M-Tos) UV-vis (СНСІ3/ЕЮН, 3/7) λ/nm (log(e/M ' cm ')) 424(5 7),
522(4 5), 568(4 5), 584(4 4), 657(4 2)
21H,23H-5,10-Di(l-methyl-4-pyridyl)-15,20-di(4-hexadecyloxyphenyl)porphyrin
ditosylate (3). This porphyrin was synthesized starting from 21H,23H-5,10-di(4-pyndyl)-15,20di(4-hexadecyloxyphenyl)porphynn, as described for 2, except that in this case 0 2 mL of methyl
tosylate was used Yield 72 mg (54%) of 3 as a purple powder 'H-NMR (CD3OD/CDCI3, 1/1, v/v)
δ 9 5 (d, 4H, pyndyl), 9 2 (d, 4H, pyndyl), 8 9 (s, 8H, ß-pyrrole), 8 3 (d, 4H, phenyl), 7 6 (d,
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4H, phenyl), 7 3 (d, 4H, tosylate), 7 1 (d, 4H, tosylate), 4 9 (s, 9H, NCH 3 ), 4 3 (t, 4H, OCH 2 ),
2 2 (s, 6H, tosylate-СНз), 13-15 (b, 28H, CH 2 ), 0 8 (t, 3H, CH 3 ), -2 5 (b, 2H, NH) FAB MS
(matrix nitrobenzyl alcohol) m/z = 1297 (M-Tos) UV-vis (DMF) λ/nm (log(e/M ' cm '))
420(5 0), 518(3 9), 552(3 7), 588(3 5), 646(3 3)
21H,23H-5,10,15-Tri(l-methyl-4-pyridyl)-20-(4-hexadecyloxyphenyl)porphyrin
tritosylate (4). This porphyrin was synthesized starting from 21H,23H-5,10,15-tn(4-pyndyl)-20(4-hexadecyloxyphenyl)porphynn, as described for 2, except that in this case 0 3 mL of methyl
tosylate was used Yield 90 mg (55%) of 4 as a purple powder 'H-NMR (90 MHz, CD3OD) δ 9 5
(d, 6H, pyndyl), 9 2 (d, 6H, pyndyl), 8 9 (s, 8H, ß-pyrrole), 8 3 (d, 2H, phenyl), 7 6 (d, 2H,
phenyl), 7 3 (d, 6H, tosylate), 7 1 (d, 6H, tosylate), 4 9 (s, 9H, NCH3), 4 3 (t, 2H, OCH2), 2 2 (s,
9H, tosylate-СНз), 1 3 1 5 (b, 28H, CH 2 ), 0 8 (t, 3H, CH3), -2 5 (b, 2H, NH) FAB MS (matrix
nitrobenzyl alcohol) m/z =1246 (M-Tos) UV-vis (DMF) λ/nm (log(e/M ' cm" 1 )) 418(5 0),
522(3 9), 552(3 7), 587(3 5), 645(3 3)
21H,23H-5,10,15,20-Tetra(l-methyl-4-pyridyI)porphyrin

tetratosylate

(5).

This

porphyrin was synthesized starting from 21H,23H-5,10,15,20-tetra(4-pyridyl)porphyrm,

as

described for 2, except that in this case 0 6 mL of methyl tosylate was used and that the reaction was
carried out in DMF as the solvent Yield 155 mg (71%) of 5 as a purple powder 'H-NMR
(CD3OD) δ 9 4 (d, 6H, pyndyl), 9 2 (s, 8H, ß-pyrrole), 9 0 (d, 6H, pyndyl), 7 6 (d, 6H,
tosylate), 7 0 (d, 6H, tosylate), 4 9 (s, 12H, NCH3), 2 2 (s, 12H, tosylate-CH3), -2 5 (b, 2H,
NH) FAB MS (matrix nitrobenzyl alcohol) m/z = 1020 (M-2Tos) UV-vis (MeOH) λ/nm (log(e/M
1

cm 1 )) 424(5 6), 515(4 4), 551 (4 0), 590(4 0), 644(3 5)

21H,23H-5,10,15,20-Tetra(2,6-dipalmitoylphenyl)porphyrin (9). To 25 mL of freshly
distilled THF was added under a nitrogen atmosphere 200 mg (0 27 mmol) of 21 H,23H-5,10,15,20
tetra(2,6-dihydroxy-phenyl)porphynn (8), 785 mg of palmitoyl chloride (2 85 mmol) and 325 mg
(2 66 mmol) of (dimethylamino)pyndine After stirring at room temperature for 24 h, the solvent was
evaporated, dichloromethane was added, and the organic layer was washed twice with aquous 2N
HCl and with sodium hydrocarbonate The dichloromethane solution was dried (Na2SCM), filtered,
and evaporated under reduced pressure

Further purification was achieved by column

chromatography on silica with chloroform/dielhylether (10/1, v/v) as the eluent Yield 90 mg (13%)
of 9 as a purple powder Rf (CHC13/Et20, 10/1, v/v) = 0 83 'H-NMR (CDCI3) δ 8 9 (s, 8H, βpyrrole), 8 0 (m, 12Н, phenyl), 2 1-1 1 (m, 224H, CH 2 ), 1 0 (t, 24Н, СН3), -2 8 (b, 2H, NH)
FAB MS (matrix nitrobenzyl alcohol) m/z = 2650 (M) UV-vis (CHCI3) λ/nm (log(e/M ' cm '))
417(5 5), 510(4 3), 586(3 7), 652(3 3)
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Copper 5,10,15,20-tetra(2,6-dichlorophenyl)porphyrin (Cu-7).

21H.23H-5,10,15,20-

Tetra(2,6-dichlorophenyl)porphynn (120 mg, 0 14 mmol) and 120 mg (0 55 mmol) of
Cu(OAc)2 2H2O were dissolved in 25 mL of DMF and the mixture was refluxed until all free-base
porphyrin had been consumed (2 5 h, followed by UV-vis) After cooling to room temperature the
reaction mixture was poured into water and extracted with 30 mL of CH2CI2 The organic layer was
washed twice with 50 mL of 5 wt % aqueous sodium carbonate solution The organic layer was dried
(Na2SC>4), concentrated in vacuo, and subjected to column chromatography (silica, eluent
МеОН/СНСІз, 1/10, v/v) Yield 99 mg (91%) of Cu-7 as a purple powder FAB MS (matrix
nitrobenzyl alcohol) m/z = 951 (M) UV-vis (CHCI3) Xlnm (log(e/M > cm l)) 415(5 6), 540(4 2),
576(3 6)
Vesicle preparation. Ahquots of stock solutions of porphyrin and surfactant, calculated to give
the desired concentrations, were mixed in a test tube The solvent was evaporated under a stream of
nitrogen to give a homogeneous thin film of porphyrin and surfactant The film was dissolved in 100
μL of ethanol/THF (1/2, v/v) In the case of DODAC as surfactant, 50 μ ι of the solution was
injected into 5 mL of water of 55 °C, while vortexing In the case of DHP, the 50 [iL solution was
injected into 5 mL of Tris buffer solution (75 °C), which consisted of a 20 mM Tris solution adjusted
to pH 7 8 with hydrochloric acid
Incorporation experiments. The incorporation efficiency was measured by gel permeation
chromatography (GPC) in combination with fluorescence and UV-vis spectroscopy Vesicle
solutions prepared as described above (R = 1000, [porphyrin] = 1*10"6 M) were passed over a
Sephadex G50 column with water (in the case of DODAC vesicles) or 20 mM Tris buffer (pH = 7 0,
DHP vesicles) as the eluents The fractions were collected and the fluorescence spectrum and the
absorption spectrum were measured to calculate the porphyrin and amphiphile concentrations
Fluorescence measurements. Quenching experiments were carried out with a thermostatted
cuvette at 75 and 65°C for DHP and DODAC vesicles, respectively For the self-quenching
experiments, samples were prepared with different [amphiphile]/[porphynn] ratios (R) The
concentration of the porphyrins was 1 * ΙΟ"6 M in all cases The wavelength of the porphyrin B-band
was chosen as excitation wavelength (Table 4 2, R = 4000) Quenching of the fluorescence with
hydrophilic quenchers was studied by titrating 0 8 mL of a vesicle solution (R = 2000, [porphyrin] =
1 * 10 6 M) with 5 μ ι aliquots of a 20 mM Nal solution when using DODAC vesicles Quenching
titration experiment with negatively charged vesicles were earned out by adding 1 μ ι aliquots of a 30
mM Cu(II)S04 solution to the vesicle solution In this case, sodium dihexadecylphosphate (NaDHP)
was used instead of protonated DHP because aggregates formed by this amphiphile were found to be
more stable against Cu(D)S04 The fluorescence intensity was measured 3 min after each addition of
quencher and the data were corrected for the volume increments
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Electron Microscopy. For the visualization of the vesicles the negative staining method was used
A droplet of a sample was placed on a carbon coated copper grid The grids were first made
hydrophilic by exposure to an argon plasma for 2 min After allowing to adsorb on the grids for 2
nun , the solution was drained with filter paper and the samples were stained with an aqueous uranyl
acetate solution (1 wt %) which was removed after 1 min
Fitting of the self-quenching curves. The relation between the porphyrin concentration in the
bilayer and the ratio R is as follows
[porphynn] t o t a i = l/R*[amphiphile]toiai

(2)

where the concentrations are related to the aqueous bulk For the molar amount of porphyrin and the
volume of the bilayer, the following relationships hold
Mol porphyrin = V tota i*[porphyrin] lo tal

(3)

ыіауег = aV lota |*[amphiphile]i 0 iai
where α is the molar volume of the amphiphilc and

(4)
юы is the volume of the solution

[porphyrin],,,,^ = MolP^phym, = ^ . [ p o r p h y r i n ] , t a l
v
bilayer
(xV lota |[amphiphile] to i a i

=

_ L
ocR

Equation 5 gives the relationship between the porphyrin concentration in the bilayer and the ratio R
The fluorescence curves could be fitted by assuming the following equilibrium

ηM

^

1

"

A

with

K a = [A]/[M]n

(6)

in which η is the aggregation number, M is the monomenc porphyrin and A is the aggregate which is
built up of η monomers K a is the association constant For the total porphyrin concentration
[porphynn]biiayer. o n e

c a n

write

[porphyrinogen = [M] + n[A] = [M] + nK a [M]"

(7)

If it is assumed that only monomenc porphyrins display fluorescence, one can write
[Μ] = YF

(8)
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[pOiphynn]b,layer = ^

+ nKJOT]"

(9)

This relation enables the determination of the aggregation number and the association constant from
the fluorescence data F can be substituted by F/aR in formula 9 This substitution of F enables
comparison of the data, since this corrected fluorescence intensity is now related to the same volume
of the bilayer For the molar volume of both DODAC and DHP a concentration of 1 1 L/mol was
taken

8

EPR measurements. Vesicle dispersions (5 mL) of DHP or DODAC (5 mM) containing Cu-7
(125 nM) were prepared by the modified ethanol injection method These dispersions were dried on a
Mylar film in a desiccator over sodium hydroxide or phosphorus pentoxide The resulting films were
carefully cut into 3x15 mm strips Circa 15 to 25 strips were stacked on a quartz rod and fixed with
Sellotape This rod was subsequently placed in the EPR spectrometer The angle could be set by a
goniometer
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CHAPTER 5
Cytochrome P450 Mimics

5.1 Introduction

Cytochrome P450 catalyzes a variety of oxidation reactions, including the hydroxylation of
alkanes and the epoxidation of alkenes according to equation (1) '
+

> = < + 0 2 + 2H +2e

*- X

+ н2о

(1)

The active site of this membrane-bound enzyme contains a heme function with a thiolate as axial
ligand The catalytic cycle involves the binding of a substrate, reduction of ïron(III) to iron(II), and
binding and reductive cleavage of molecular oxygen to generate what is formally an iron(V)oxo
complex, which transfers its oxygen atom to the bound substrate The iron center accepts the
electrons from NADPH, through mediation of a Cytochrome P450 reductase Through a temporary
association of this flavo reductase protein with the enzyme, a very fast two electron transfer can take
place which is important for an efficient epoxidation reaction (Figure 5 1 ) 2

Fe(III)

2e" + 2H+
Figure 5.1. Substrate oxidation by Cytochrome P450. Consumption of the iron(V)oxo

complex

via substrate (S) oxidation (productive pathway, A) and the non-productive pathway which yields
water as the product (B)
After the formation of the iron(oxo) species, the reductase-enzyme complex dissociates,
interrupting the supply of electrons In this way the non-productive water forming pathway (Figure
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5 1 В) is inhibited The protons necessary for the cleavage of the bound oxygen are presumed to
come from complexed water molecules 2
Because of its biological importance (this enzyme plays a crucial role in the metabolism of
endogeneous chemicals and xenobiotics) and also because this archetypal oxidation catalyst may
serve as a model for a new generation of synthetic catalysts, a great deal of research is currently
focused on mimicking the action of Cytochrome P450 3 Systems containing metalloporphyrms in
combination with a single oxygen donor like ïodosylarenes, H2O2, NaOCl, and peracids have been
successfully used for the oxidation of substrates 4 Metalloporphynn systems using O2 as an oxygen
source in combination with a reducing agent like ascorbic acid, Н2ЯЧ, Zn, or borohydnde have also
been described 5 Until now, however, only a few models are known that incorporate all the important
features of the natural system, іг molecular oxygen as the oxidant, a metalloporphynn as catalyst,
an electron donor as reducing agent, and a membrane system holding these components together 6 7 8
All these models have displayed very low catalytic activity
Vesicle bilayer

/VvVVVvVV

хлллллллі

Rh-5
Mn-1

Redox cycle
НС0 2 Ч

,

[Rh(III)-5]2+

>

CO/ 1

*

[HRh(III)-5]+

у

*
ч

[Μη(ΙΙ)-1]+ .

Ιη(ΙΙΙ)-1]°υ M
>
[Μη(ΙΙΙ)-1]

.>=<+02+2Η+

VЧW ^ + н 2 о

Figure 5.2. Schematic representation of a Cytochrome P450 mimic
During the course of our studies on novel supramolecular catalytic systems, we found that the
rhodium complex [Rh(III)(T|5-Cp*)(bipy)Cl2] (Cp*H = pentamethylcyclopentadiene, bipy = 2,2bipyndine) is an efficient catalyst for the reduction of manganese(IH) porphyrins by sodium
formate 9 We now report on a membrane-bound Cytochrome P450 mimic (see Figure 5 2 and Chart
5 I ) which incorporates most of the features of the natural enzyme system, ι e (1) a membrane-bound
metalloporphynn (Mn), (11) an axial ligand (N-methylimidazole), (111) an electron donor (Rh5/formate), (ìv) molecular oxygen as oxygen donor, and (v) a membrane system which holds the
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components within its bilayer.10This microreactor epoxidizes alkenes with the highest turnover
numbers reported so far for membrane-bound model systems.

Chart 5.1.
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5.2 Results and discussion

Incorporation
The incorporation of Rh-5 in bilayers of DPPC, DPPA, DHP and DODAC vesicles (Chart
5 1) was investigated by gel permeation chromatography (GPC) The elution patterns revealed that
Rh-5 was efficiently bound in the bilayers Incorporation of the porphyrin derivatives Mn-1, Mn-2
and Mn-3 could be achieved by the ethanol/THF injection method ' ' Electron microscopy showed
that after incorporation of the rhodium complex and the manganese porphyrins into the different
systems closed vesicles were still present The diameters (3000 - 5000 A) of these vesicles were the
same as those without rhodium complex and manganese porphyrin These results are in agreement
with earlier findings that Rh-5 and Mn-2 can be incorporated in polymerized positively charged
bilayers

12

DPPC vesicles containing Rh-5 were also prepared in aqueous solutions of riboflavin

(RF), methylviologen (MV2+) and Mn-4 (see Experimental Section) Electron micrographs showed
that also in these cases vesicles were present
DSC measurements revealed that the phase transition temperature of the DPPC vesicles (Tc =
38 °C) was not influenced by incorporation of Rh-5 and Mn-1 (vide infra)

12

Electrochemistry
The reduction potential of membrane components often depends on the vesicle charge The
reduction potential of vesicle-bound viologens, for example, has been reported to increase upon
going from negatively charged to positively charged vesicles ' 3 In our case stabilization of the
rhodium(in) species by the negatively charged DHP head groups and destabilization by the positively
charged DODAC head groups can be expected Earlier studies in our group on polymerized
aggregates have shown that the reduction potential of the rhodium complex also depends on its
location in positively charged bilayers ' ' Since the kinetics of the reduction of Rh-5 can be
influenced by the reduction potential of this complex electrochemical experiments were performed
Cyclic voltammograms (CV) of Rh-5 incorporated in bilayers of DODAC, DPPC or DHP were
recorded at neutral pH The results are listed in Table 5 1
In DODAC and DPPC vesicles clear reduction and oxidation waves were recorded When the
vesicle solution in the cell was changed for the buffer solution (pH = 7), reduction and oxidation
waves were still observed, indicating strong adsorption of the electroactive component on the
electrode The peak currents also varied linearly with the scan rate up to 500 mV s ' which is
characteristic for adsorbed electroactive species

14

According to cyclic voltammetry the reduction potential of Rh-5 in DODAC and DPPC
bilayers is the same and very similar to that of Rh-5 in ЩО (Table 5 1, Rh-5 in water E1/2 = -0 897
V, Rh-5 in DODAC and DPPC bilayers E1/2 = -0 92 V) This similarity may be due to strong
adsorption of Rh-5 and/or the surfactants on the electrode 1 5 Cluster formation of Rh-5 in this types
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of Mayers can also play a role, however, this theory can not explain the observations made for the
chemical reduction of Rh-5 (vide infra) 16 It is also possible, but not very likely, that the head
groups of the different surfactants have no effect on the reduction potential 13 The reduction potential
of Rh-5 in DODAC aggregates is shifted 50 mV to more negative potential when compared with Rh5 incorporated in polymerized DODAC bilayers as reported earlier ' ' This difference may be the
result of the fact that the rhodium complex is located at different positions in the respective bilayers It
may also be due to the fact that in the present experiments a different Rh-5/surfactant ratio is used In
the case of negatively charged DHP bilayers no reduction of Rh-5 could be observed (Table 5 1)
which may be the result of electrostatic repulsions between the DHP head groups and the cathode
The electron transfer processes between the vesicle-bound rhodium complexes and the electrode may
become too slow in this case ' 7
Table 5.1. Kinetic parameters determined from equation (¡9)a and electrochemical data for Rh-5 in
different type of vesicles^
Lipid

kmaxinmoll- 1 s-l)

KM(M)

Ei/2(V) C

ДЕр(т )

ib/if

DODAC
DPPC

220

0 030

-0.915

96

08

30

0 071

-0 917

104

08

DHP

150

0.035

_d

-

-

a T _ 4 9 o C i n , h e c a s e o f DODAC and DPPC vesicles, Τ = 74°C in the case of DHP vesicles b Rh-5 in water Ej/2 =
0 897 V ΔΕ ρ = 80 mV and it/if = 0 8 c Conditions [surfactant] = 926 μΜ, [Rh-5] = 72 μΜ, pH = 7, Τ = 25°C d
No redox waves were observed

Chemical reduction of Rh-5
The reduction of Rh-5 by formate was investigated in different type of vesicles under an
argon atmosphere. The formation of the Rh(I) species (UV-vis, Àmax = 520 nm) was measured at
520 nm and the obtained progress curves could be fitted assuming first order kinetics The results are
listed in Table 5 2 The reduction of Rh-5 by formate in vesicles of different types of amphiphiles
reveals that the reduction is the fastest in positively charged bilayers and the slowest in negatively
charged bilayers In all cases an increase in temperature leads to an increase in reduction rate The
proposed reaction mechanism for the reduction of Rh-5 is as follows ' 8
[Rh(III)Cl]+ + HCOO[Rh(III)HCOO]+
[Rh(III)H]+

^

-**
1

^ ^

[Rh(III)HCOO]+ + CI"

[Rh(III)H]+ + C0 2

[Rh(I)] + H+

(2)
(3)
(4)
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Equation (2) shows the equilibrium reaction in which formate replaces the chloride ion and
coordinates to the rhodium complex Equation (3) is thought to be the rate determining step where the
Rh(III)-formate complex decomposes into Rh(III)-hydnde and carbon dioxide

18

The pH conditions

for the reduction experiments (vide infra) were chosen such that only Rh(I) is formed (equation 4, see
Table 5 2) The reduction rate of Rh(III) depends mainly on the concentration and on the relative
stability of the positively charged Rh-formate complex Although the electrochemical results are not
conclusive, the Rh(III)-formate species is expected to be stabilized in a negatively charged membrane
matrix which causes a lowering of the reduction potential This means that the lowest reduction rate is
expected to be found in the case of DHP and DPPA On the other hand, the concentration of Rhformate will be the highest in the case of the positively charged DODAC bilayers (vide infra) because
the concentration of formate at the surface of these bilayers is relatively high These effects account
for the increase in reduction rate in the series DPPA < DPPA/DPPC < DPPC < DODAC (Table 5 2,
ki values) The relatively high reduction rate found in DHP bilayers when compared with DPPA
bilayers, which are also negatively charged, cannot be explained with this theory In general the
relative stability of the Rh-formate complex also depends on its location in the bilayer, which may be
a more important factor in the case of DHP bilayers ' ' In the case of DODAC vesicles the counter
ions are chloride ions which will influence the equilibrium in equation (2) and consequently cause a
decrease of the concentration of the Rh-formate complex The fastest reduction rate is found yet in
DODAC bilayers This behavior may indicate that the rate of formation of the rhodium-hydride
species mainly depends on the relative stability of the rhodium-formate complex in the matrix and on
the formate concentration
Table 5.2. Rate constants for the reduction of bilayer-anchored Rh-5 and experimentally
determined pKa°bsvalues
Entry

Surfactant

T(°C)

1

DHP

72

2

DPPA

72
64

3

a

for Rh-5 anchored to bilayers of different types of amphiphiles0

DPPA/DPPC

b

pKa°bs

ki (ms J )

pH c

8 6

10

105

9 1

1 6

102

76

25

94

4

DPPC

47

5 7

3 2

70

5

DODAC

47

49

13

59

6

DODAC

72

25

59

Conditions [surfactant] = 926 μΜ, [Rh-5] = 72 μΜ
bilayer-anchored Rh-5 was measured

50
b

Molar ratio = 1

c

pH at which the reduction constant of

It is known that the Rh(I) species is only generated above a certain pH value
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The reduction

of rhodium(III) by formate initially gives the rhodium(III)-hydnde species (equation 3), which is
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formed by a hydride transfer from the formate anion to the rhodium(III) center The Rh(III)-hydnde
can decompose, depending on the pH, into the rhodium(I) species via equation (4) ' ' The pKa of the
Rh(III)-H complex can give information about the local concentration of protons (necessary for the
epoxidation reaction, vide infra) at the bilayer-water interface The acidity of the membrane-bound
rhodium species depends on the surface bilayer potential which is determined by the type of
amphiphile The relation between the intrinsic pKa' and the observed pK a o b s is given by equation
(5),20
pK a o b s = pKa' - F*44x)/2 303*R*T

(5)

where Ψ(χ) is the surface potential, R is the gas constant, F the Faraday constant, and Τ the
temperature The intrinsic pKa' is the pKa in the absence of any surface potential It depends only on
the relative stabilities of the rhodium species involved in equilibrium (4) 2 1 For our rhodium complex
this pK a ' value is roughly 7 6 " The p K a o b s of the Rh(HI)-H complex can be determined by
measuring the [Rh(I)]/[Rh]t0i3i ratio as a function of the pH The results are given m Figure 5 3 The
experimental curves could be fitted assuming a single acid-base dissociation equilibrium and the
resulting pK a o b s values are listed in Table 5 2

Figure 5.3. Fraction of Rh(I) complex as a function of the pH for DODAC (square), DPPC
(cross), and DHP (circle) Conditions [surfactant] = 926 μΜ, [Rh-5J = 72 μΜ
It can be seen from Figure 5 3 that the type of amphiphile has a large effect on the pK a
the rhodium complex anchored to the bilayer The pK a

obs

obs

of

increases m the series DODAC < DPPC <
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Reduction of electron earners
Methylviologen, also called paraquat (MV2+), and riboflavin (RF) are often used as electron
carriers in redox reactions 2 2 · 2 3 This prompted us to investigate whether these compounds could act
as mediators between the rhodium reductor and the manganese porphyrin As mentioned before,
carrier mediated electron transfer is one of the crucial steps in the reductive activation of molecular
oxygen by Cytochrome P450 First we investigated if it was possible to reduce methylviologen and
riboflavin by Rh-5 incorporated in DPPC vesicles under an argon atmosphere
When Rh-5 in DPPC was added to a methylviologen solution, the color of the solution
turned dark blue indicating that the MV+ radical was formed 24 The UV-vis spectrum showed one
sharp band at 394 nm and one broad band at 602 nm characteristic for MV + After the complete
disappearance of MV 2+ the UV-vis spectrum remained unchanged and no precipitation occurred
indicating that no MV° or radical dimers were formed The potential for the further reduction of MV+
is ca -0 90 V vi SCE in the presence of zwittenonic bilayers 13 The two electron reduction potential
of our rhodium complex is -0 62 V vs SCE so it is not surprising that the reduction of MV 2+ stops
after the first single electron reduction step The reduction progress curve of MV 2+ showed zero
order kinetics and the reaction rate was 219 nmol 1 ' s ' at 71 °C The percentage of monomer (MV+)
with respect to the radical dimer (MV+)2 present can be calculated from the optical spectrum with the
following equation '3
% monomer = 100(Abs602/Abs552 - 0 59)/0 98

(6)

The absorbance at 552 nm (Abss52) corresponds to the monomer-dimer isobestic point In our case
the monomer content amounted to more than 90%
The reduction of riboflavin (RF) was also catalyzed by Rh-5 incorporated in DPPC vesicles
The reduction was found to follow zero-order kinetics The reduction rate was measured at different
temperatures and the activation energy was calculated from the slope of the Arrhenius plot, Ea = 80
kJ mol"1 This activation energy is in the same range as that reported for the reduction of
nicotinamides catalyzed by RhCp*(bipy)Ch (Ea = 88 kJ mol 1 ) but is lower than that found for the
reduction of flavin catalyzed by rhodium complexes covalently anchored to positively charged
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Mayers (Ea = 109 к J mol"1) ' · The reduction rate of RF in DPPC vesicles at 70 °C as calculated
from the Arrhenius plot amounts to approximately ко = 100 nmol H s"1 which is almost two times
slower than the reduction rate of MV 2+ at this temperature (T = 71 °C, ko = 219 nmol H.s - 1 ) This
difference is probably the result of the different stoichiometrics of the reduction reactions of RF and
MV2+, which are 2-electron reduction (equations 7-10) and 1-electron reduction (equations 11-15)
reactions, respectively ' '
[Rh(III)H]++ RF —*-

[Rh(III)] 2+ + RF-H-

(7)

[Rh(I)] + RF —*~

[Rh(III)] 2+ + RF2"

(8)

RF 2 " + H+ ^ ^

RF-H-

(9)

RF-H-+H+ ^ ^

RF-H2

(10)

[Rh(III)H]++ MV 2+ —*[Rh(I)] + MV 2+ —*~
[Rh(II)]++ MV 2+ -*2[Rh(II)]+

^ =

[Rh(II)H] + MV+

(11)

[Rh(II)]+ + MV+

(12)

[Rh(III)]2+ + MV+

(13)

[Rh(I)] + [Rh(III)]2+

[Rh(II)H] + H+ = ^

(14)

[Rh(II)]+ + H 2

(15)

The electron carriers can be reduced by both [Rh(III)H]+ and [Rh(I)] complexes (see also equation
4) Which reaction will occur, depends on the pH and on the reaction constants belonging to the sets
of equations 7-8 and 11-12, respectively The reduction of MV 2+ may lead to the formation of the
9

1

_1

Rh(II) species (equation 12) which rapidly disproportionates (k = 10 M- .s ) to the Rh(I) and
Rh(III) complex (equation 14) ' ! Another possibility is that the Rh(II) reacts with another MV

2+

The

reduction of both electron carriers is zero order with respect to carrier which indicates that the
formation of the rhodium hydride complex is the rate determining step In the case of paraquat this
rhodium hydride complex reduces two equivalents of paraquat while in the case of riboflavin only
one equivalent is reduced
Reduction of manganese porphyrins
First we investigated the intervesicular reduction of manganese porphyrins (Figure 5.4) under
an argon atmosphere with and without electron carrier present For this process Rh-5 and manganese
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porphyrin were incorporated in separate vesicles In all cases reduction of the manganese porphyrins
took place after a short induction period (vide infra) in a zero-order reaction. The results are listed in
Table 5 3 (entries 1-5) The intervesicular reduction of manganese porphyrins proceeded both with
and without electron carriers present (Table 5.3, entries 1, 2 and 5 vs 3 and 4) This means that the
rhodium containing vesicles can reduce the Mn-porphynn containing vesicles directly. Apparently,
the rhodium complexes are able to transfer electrons intervesicularly via the hydrocarbon chains of the
surfactants Another possibility is that the vesicles are leaky or that vesicle fusion takes place under
the conditions of our experiments Addition of СаСІг in order to induce vesicle fusion, however, did
not enhance the reduction rate 2 5 The intervesicular reduction is accelerated by the addition of RF or
MV 2+ (Table 5.3, entries 3, 4 VÍ 2) indicating that these electron earners shuttle between the rhodium
containing vesicles and the manganese containing vesicles In the natural Cytochrome P450 system
the flavin containing reductase also shuttles between the NADPH cofactor and the Cytochrome P450
catalyst '

о о о-.
_

Rh ^ - -

Mn

—

—

Rh

- \

Figure 5.4. Schematic representation of the intervesicular (a) and intravesicular (b) reduction of
Mn(III)porphyrin catalyzed by Rh-5
As the intervesicular reduction of manganese(III) porphyrins can take place without electron
carriers we investigated the intravesicular reduction (Figure 5 4) of this catalyst also without these
carriers The influence of the type of membrane on the reduction rate of Mn-1 is given in Table 5 3,
entries 7, 11 and 12 It is found to depend on the charge of the surfactant used At the same
temperature and the same Rh-5/Mn-l ratio the rate increases going from DHP to DODAC The
reaction of Rh-5 with manganese porphyrins is a one electron reduction so presumably the same
reaction equations are valid here as for the one electron reduction of MV 2+
The influence of the location of the porphyrin in the DPPC bilayer on the rate of its reduction
by formate catalyzed by Rh-5 was also studied Reduced porphyrins Mn-1 and Mn-2 are located in
the center of the bilayer, whereas Mn-3 is located at the bilayer surface (Chapter 4) Mn-4 will be
present in the water phase 2 0 After a short induction period all porphyrins were reduced in zero order
reactions by Rh-5 The results are listed in entries 7-10 of Table 5 3 As can be seen in this table the
reduction rates of manganese(III) porphyrins 1-4 are roughly the same This result is interesting
because the overall concentrations of the porphyrins used in our experiments are identical but the local
concentrations will be different For example, in the case of Mn-3 which is located at the bilayer
interface the concentration of a porphyrin in the neighborhood of the rhodium complex will be higher
than in the case of Mn-4 which is dissolved in the water phase The fact that the reduction rate of the
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manganese porphyrins is independent of the location and concentration of these molecules is an
indication that the rate determining step of this reaction is the decomposition of the Rh(III)-formate
complex into Rh(III)-hydride and carbon dioxide. The observation that the reduction of the porphyrin
is independent of its position in the bilayer differs from earlier observations made in our group on the
reduction of nicotinamides and porphyrins catalyzed by Rh(III)-hydride anchored to polymerized
vesicles. ' ' In the latter case the reaction rate did depend on the location of the substrate, and a
difference in the rate of reduction in the water phase and in the bilayers was found: porphyrins in the
water phase were reduced in a zero order reaction and the rate was independent of the surfactant to
rhodium ratio, whereas porphyrins incorporated in the vesicle bilayers were reduced in a first order
reaction and the reaction rate did not depend on the rhodium concentration. The difference between
the two studies may be that in the two cases different ratios of [Rh]/[Mn] were used and that in the
earlier experiments the rhodium complexes were covalently anchored to the bilayers.
Table 5.3. Reduction rates of various manganese porphyrins incorporated in vesicle bilayers of
different types of amphiphiles catalyzed by Rh-5 under an argon atmosphere"
kotnmol.Hs" 1 )

Entry

Surfactant

Reaction type

T(°C)

Porphyrin

lb

DPPC

ntervesicular

48

Mn-1

3.3

2C
3d

DPPC

ntervesicular

48

Mn-2

5.1

DPPC + RF

ntervesicular

48

Mn-2

9.2

e

DPPC + MV2+

ntervesicular

48

Mn-2

11.1

5f

DHP

ntervesicular

75

Mn-1

3.7

6f
c

DHP

ntravesicular

75

Mn-1

60

7

DPPC

ntravesicular

48

Mn-1

12.4
126

4

&

DPPC

ntravesicular

48

Mn-2

9-

DPPC

ntravesicular

48

Mn-3

9.4

10

DPPC
DODACb

ntravesicular

48

Mn^l

12.5

ntravesicular

75

Mn-1

> 100

II

C

12
DHPb
ntravesicular
75
Mn-1
20.0
a
For reaction condition see Experimental section ° Conditions [surfactant] = 926 μΜ, [Μη] = 24 μΜ. [Rh-5] = 2 4
μΜ L Conditions [surfactant] = 926 μΜ, [Μη] = 4 8 μΜ, [Rh-5] = 6 7 μΜ. d Conditions [surfactant] = 926 μΜ,
c
[Μη] = 4.8 μΜ, [Rh-5] = 6 7 μΜ, [RF] = 10 μΜ Conditions [surfactant] = 926 μΜ, [Μη] = 4.8 μΜ, [Rh-5] =
2+
f
6 7 μΜ, [MV ] = 10 5 μΜ Conditions [surfactant] = 960 μΜ, [Μη) = 2 4 μΜ, [Rh-5] = 12 μΜ

The reduction rate of Mn-1 in DPPC and DHP vesicles was also measured as a function of
the [Rh-5]/[Mn-l] ratio. A linear relation was found for both vesicle systems with the same slope
(Figure 5.5, the experiment with DPPC vesicles is shown). A similar relationship between the
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Figure 5.5 Induction period (diamonds) and reduction rate ofMn-1
[Rh-5J/[Mn-l]
= 24χημΜ(η

(dots) as a function of the

ratio in DPPC vesicles Conditions [DPPC] = 926 μΜ, [Mn-1] = 24 μΜ, [Rh-5]
= Rh-5/Mn-l), pH = 70, Τ = 48 °C

In the case of the DPPC vesicles the reduction of Mn-1 was measured as a function of the
temperature No inflection point in the rate versus temperature plot was observed at the phase
transition temperature of the vesicle bilayers (38°C, vide supra) and a linear relation between the
reduction rate and 1/T was obtained The activation energy was calculated from the slope of this
Arrhemus plot and was found to be E a = 87 kJ mol '
Reduction experiments with DPPC vesicles were also carried out in air At 48 °C with a
formate concentration of 0 25 M, no reduction of Mn(III) porphyrin could be observed at [Rh]/[Mn]
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ratios lower than 10 At [Rh]/[Mn] ratios higher than 10, however, reduction took place Oscillations
in the concentration of manganese(II) porphyrin were detected at a [Rh]/[Mn] ratio of 10 (Figure
5 6) After an induction period of approximately 30 min the manganese(II) porphyrin was gradually
formed and approximately 50 min after the start of the experiment the onset of oscillations with a
periodicity of ca 90 s was observed When the Mn(III) species was monitored the complementary
progress curve was obtained
With a semi-batch reactor containing an oxygen-selective Clark electrode it was possible to
measure the oxygen concentration in solution 2 7 The concentration of oxygen amounted to 5 2 mg/L
at the start of the experiment and dropped to almost zero when the manganese(II) species started to
form When an oxygen/nitrogen-gas mixture different from that of air (eg 1 %o oxygen) was used
no oscillation was observed but only a linear increase of Mn(II) was seen When this species had
reached its maximum concentration a bathochromic shift of 5 nm for the B-band as well as for the Qband was detected by UV-vis spectroscopy Changes in temperature caused the oscillations to cease
054

с
о
о

О)

η

<

03-

02-

Time (minutes)
Figure 5.6. Change in absorbance at 435 nm (Mn(ll)) versus time under the conditions at which
the oscillating reduction of manganese(Ill) porphyrin takes place Conditions [DPPC] = 926 μΜ,
[Mn-l] = 24μΜ, [Rh-S] = 22μΜ, T=48°C, pH = 70
The fact that in air no net reduction is observed at [Rh-5]/[Mn-l] < 10 indicates that the
reoxidation of the manganese(II) porphyrin by molecular oxygen is considerably faster than its
reduction At ratios > 10 the situation is reversed and a net reduction of Mn-l occurs At [Rh5]/[Mn-l] = 10 apparently an oscillating reaction can take place in which the manganese porphyrin
shuttles between the +2 and +3 state The two-dimensional projection of the phase plot of the
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manganese(II) porphyrin is shown in Figure 5.7. This so-called attractor reveals that the reaction
has an elliptical periodic oscillation between the absorption of 0.4 and 0.5. This behavior suggests
that whatever the initial concentration of Mn(II) is, the system always settles down into the same
periodic variation of concentration (ellipse). Small changes in temperature were found to prohibit the
oscillation which is in line with the fact that both the reduction and the oxidation reactions are strongly
temperature dependent (vide supra). The bathochromic shifts of 5 nm observed for the B-band and
the Q-band of the manganese(II) porphyrin (vide supra) might indicate that the porphyrin molecules
temporally move to a part of the bilayer that has a lower polarity, e.g. more away from the bilayerwater interface.28
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Figure 5.7. The attractor reconstructed from Figure 5.6
In Chapter 4, we studied the location of non-charged "picket-fence" porphyrins and it was
shown that these porphyrins are located in the middle of the vesicle bilayer and oriented parallel to the
vesicle surface.26 Because of its net positive charge the manganese(III) porphyrin is probably situated
closer to the bilayer/water interface and when it is reduced it may move slightly towards the center of
the bilayer. These alterations may lead to small changes in the bilayer packing, which in turn will
cause a change in the local oxygen concentration. This may lead to the following autocatalytic
reactions equations (16) and (17).
Rh(I) + Mn(II) + Mn(III)
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2Mn(II) + Rh(II)

(16)
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4H+ + 0 2 + Mn(III) + 4Mn(II) —*~ 5Mn(III) + 2H 2 0

(17)

It should be noted that Rh(II) can disproportionate to Rh(I) and Rh(III) which in principle can also
give rise to an autocatalytic reaction according to equation ( 18)
2Rh(I) + 2Mn(III) ~ * "

2Mn(II) + Rh(I) + Rh(III)

(18)

In general it appears that three conditions must be fulfilled in order to obtain oscillations 2 9 (г) the
reaction must be far from equilibrium, («) the reactions must have autocatalytic steps, (HI) the system
must be able to exist in two steady states In our case the two steady states can be the continuous
formation and consumption of the Rh(I) species and the absorption and utilization of the oxidant O2
Calculations and further experiments are in progress in order to elucidate the exact underlying factors
causing the oscillatory behavior
Formate concentration dependence
The dependence of the rate of the reduction of Mn-1 on the formate concentration was investigated m
different types of vesicles (Figure 5 8) In the case of DHP vesicles the reaction temperature was 74
C

C and in the case of DPPC and DODAC vesicles 49 °C, which is above the phase transition

temperature of these vesicles bilayers The experimental curves could be approximately fitted using
Michaelis-Menten type kinetics " · 1 8

where k ma x is the maximal" rate constant and Км is a constant which is related to the binding
constant of formate to the rhodium complex (K't>) and the surface potential of the bilayer at the site of
the rhodium complex (T(x)) The calculated values for Км and k m a x are listed in Table 5 1
The fact that Michaelis-Menten type kinetics is found for the reduction of the manganese(III)
porphyrins at different formate concentrations indicates that the coordination of formate to the
rhodium center takes place in an equilibrium reaction preceding the rate determining step, which is the
formation of the rhodium(lII)-hydnde species

18

The latter reacts rapidly with the manganese(III)

porphyrin
The different values found for kmax and Км in the various types of bilayers (Table 5 1) are
difficult to interpret because they were obtained at different temperatures Also the concentration of
the formate ions in the bulk solution differs from the concentration at the bilayer surface At the
negatively charged surface of the DHP vesicles the formate ion concentration will be relatively low
and at the positively charged surface of the DODAC vesicles relatively high The apparent binding
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constant for the coordination of formate to the rhodium complex therefore will differ for the two
systems. Also the surface potential will be different for the three types of surfactants. At the same
temperature the k m a x is higher for the DODAC bilayers than for the DPPC bilayers (Table 5.1). This
rate constant for the reduction of Mn-2 is known to depend on the rate of decomposition of the
rhodium formate complex into the rhodium (Ill)-hydride complex. The rhodium formate complex
may be less stabilized in the positively charged DODAC vesicles which results in a lower activation
energy and a higher reaction rate for the decomposition reaction.

0.02

0.04

0.06

0.08

Formate (M' 1 )

Figure 5.8. Reduction

0 1

rate constants for the reduction of Mn-1 as a function

of the formate

concentration for Rh-5 incorporated in DODAC (dots), DPPC (triangles) and DHP

(diamonds)

vesicles. Conditions: [surfactant] = 910 μΜ, [Mn-1] = 2.4 μΜ, [Rh-5] - 12 μΜ

Epoxidation experiments
Mn-1 was chosen as the catalyst in the epoxidation experiments because this porphyrin
displayed almost no aggregation in the vesicle bilayers (Chapter 4). The location of the reduced form
of this porphyrin was proven to be in the hydrophobic part of the membrane (Figure 5.2). 2 6 The
epoxidation of various substrates with molecular oxygen catalyzed by Rh-5 and Mn-1 was
investigated in different types of vesicles. The results are listed in Table 5.4.
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Table 5.4 Epoxidation of alkenes by the membrane-bound Cytochrome P450 mimic0
Entry

Surfactant

Substrate

Product 0

TOc

1

DHP

a-Pinene

a-Pinene oxide

360

2

DPPC

a-Pmene

a-Pinene oxide

16

3

DHP

cis-Stilbenc

cis-Stilbene oxide

45

4

DHP

Limonene

Limonene oxide

50

5

DHP

Styrene

Styrene oxide

55

6

DHPe

Styrene

Styrene oxide

5

7

DODAC

Styrene

Styrene oxide

0

8

DODAC?

Styrene

Styrene oxide

0

9

DPPC 1

Styrene

Styrene oxide

4

10

DHP

Ethylbenzene

Acetophenone

400

а

[Mn-1] = 2 4 μΜ [Rh-5] = 2 4 μΜ for further reaction conditions see Experimental section The reaction was
followed by GLC for I h No destruction of Ihc catalyst was found after that period Ь No epoxide was formed without
vesicles or when any of the components of the catalytic system were omitted except in the case of ethylbenzene Here
also some oxidation took place when Rh-S was omitted c T O = turnover number [epoxide]/[Mn-l] per h calculated
from the initial part of the conversion/lime plot ^ Rh-5/Mn-l molar ratio = 5 e Rh-5/Mn-l molar ratio = 10

All substrates tested were epoxidized by the catalytic systems based on DHP and DPPC
vesicles The turnover numbers (Table 5 4) were higher than those obtained with the two phase
system previously published by our group 9 They are in the same range as those observed for the
natural system (1 nmol product/nmol P450*mm) ' The effect of the membrane environment on the
catalytic epoxidation reaction is most pronounced visible when the DHP vesicles are compared with
the DODAC vesicles In the latter membrane system no epoxidation of alkenes was observed (entries
7 and 8 of Table 5 4) Presumably, the concentration of protons is too low to allow the catalytically
active Mn(V)oxo species2 to be formed at the positively charged interface When the [Rh]/[Mn] ratio
was increased from 1 to 10 the turnover number of the reaction decreased considerably (Table 5 4,
entries 5 and 6) This phenomenon may be caused by the fact that more electrons become available
due to the higher concentration of the rhodium centers (Figure 5 5) As a result a side reaction can
take place which produces water (the so-called non-productive pathway, Figure 5 1) 2 The turnover
numbers measured for DPPC vesicles are much lower than those for the DHP vesicles This behavior
probably is not the result of the lower reaction temperature in the later case because in the experiments
with DPPC a higher concentration of rhodium was used, which makes the reduction rates of Mn-1 in
the two systems almost the same (DHP T= 75 °C, [Rh-5]/[Mn-l] = 1, k 0 = 20 nmol 1 ' s ', DPPC
T= 47 °C, [Rh-5]/[Mn-l] = 5, ko = 30 nmol 1 ' s ') The oxygen concentration will be higher in the
case of DPPC vesicles at 47°C than in the case of DHP vesicles at 75 °C, which should be an
advantage for the former system A reasonable explanation for the observed difference in turnover
numbers is that the concentration of protons at the DPPC surface is lower, as it was in the case of the
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Figure 5.9. cc-Pinene oxide (A) and its decomposition products campholenic aldehyde (В),
pinocamphone (С), trans-carveol (D), and trans-sobrerol (E)
a-Pinene oxide stability
The stability of a-pinene oxide under the reaction conditions was investigated in separate
experiments in which this reaction product was mixed with DHP and DPPC vesicles Identical
decomposition curves of the epoxide were obtained for vesicles with and without catalyst The 11/2
for the decomposition of a-pinene oxide in the presence of DHP vesicles at 75 °C and DPPC vesicles
C

at 47 C amounted to 2 and 7 minutes, respectively GC MS and mass spectra analysis revealed that
four main products were formed during the decomposition reaction, viz campholenic aldehyde,
irani-carveol, pinocamphone and rranf-sobrerol (Figure 5 9) These decomposition products are the
normal isomerization products of a-pinene oxide and are the result of an acid catalyzed ring opening
reaction
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5.3 Conclusions

A membrane bound Cytochrome P450 mimic, which incorporates most of the features of the
natural system, ι e (ι) a membrane-bound metalloporphyrin (Mn), (u) an axial ligand (Nmethyhmidazole), (HI) an electron donor (rhodium complex/formate), (iv) molecular oxygen as
oxygen donor, and (v) a membrane system which holds the components within its bilayer, has been
developed The reduction rate of the rhodium complex incorporated in closed vesicle bilayers of
surfactants with a positive, zwittenonic or negative charge is highly dependent upon the vesicle
charge The reduced rhodium complex efficiently catalyzes the reduction of flavin, methylviologen,
and various types of manganese(III) porphyrins The charge of the surfactant head groups determines
the reduction rate of the manganese(III) porphyrins which increases on going from negatively to
positively charged surfactants Under aerobic conditions net reduction of Mn(III) porphyrin lakes
place when the concentration of rhodium is more than 10 times that of the porphyrin because the
reduction rate is faster than the reoxidation of the porphyrin At a [Rh]/[Mn] ratio of 10, the
concentration of Mn(II)porphynn oscillates A variety of substrates has been epoxidized with this
model system with turnover numbers in the same order of magnitude as those of the natural system
The charge of the vesicles has a dramatic effect on the catalytic epoxidation activity of the mimic In
the case of the positively charged DODAC vesicles no epoxidation of alkenes is observed,
presumably because the concentration of protons is too low to allow the formation of the catalytically
active Mn(V)oxo species

5.4 Experimental

Instrumentation. Infrared and UV-vis spectra were recorded with a Perkin-Elmer 298 and a
Perkin-Elmer Lambda 5 spectrophotometer, respectively

Differential scanning calonmetry

measurements were performed on a Perkin-Elmer DSC 7 instrument Electrochemical measurements
were carried out with a PAR 175 potentiostat Transmission electron microscopy was earned out with
a Philips EM 201 microscope FAB Mass spectra were recorded on a VG 7070E instrument with mnitrobenzyl alcohol as the matrix GC analyses were carried out with a Vanan 3700GC instrument
containing a Chrompack column (WCOT/CP-SIL5CB, diameter = 0 25 μπι) The injection post
temperature and the FID detector temperature in all cases were 250 °C and 260 °C, respectively A
specific temperature program was used for each substrate
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5,10,15,20-Tetra(2,6-dichIorophenyl)porphyrin manganese(III) acetate (Mn-1). This
compound was synthesized as described in the literature,35 starting from 50 mg of 2IH,23H5,10,l5,20-tetra(2,6-dichlorophenyl)porphynn and 300 mg of manganese(IH) acetate Yield 40 mg
(72 %) of Mn-1 as a green powder Rf (MeOH/EtOAc,l/l, v/v) = 0 7 FAB MS m/z = 943 (MCH3COO ) UV-vis (CHCI3) Xmax/nm (log(e/l mol ' cm ')) 372 (4 50), 394 (4 34), 477 (4 77),
578 (3 85)
5,10,15,20-Tetra(4-hexadecyloxyphenyl)porphyrin
A solution

of

manganese(III) chloride (Mn-2).

15 mL of THF containing 50 mg of 21H,23H-5,10, l5,20-(4-

hexadecyloxyphenyl)porphynn, 100 mg of ЫаНСОз and 150 mg of manganese(II) chloride was
refluxed with stirring under a nitrogen atmosphere for 24 h The solvent was evaporated under
reduced pressure and the product was purified by column chromatography (silica, eluent
(MeOH/CHCl3,l/18, v/v) Yield 45 mg (85 %) of Mn-2 as a green powder Rf (MeOH/CHCl3,l/9,
v/v) = 0 7 FAB MS m/z = 1629 (M) UV-vis (CHCI3) Xmax/nm (log(e/l mol · cm ·)) 382 (4 60),
406 (4 56), 480 (4 87), 584 (3 83), 625 (4 00)
5,10-Di(4-pyridyl)-15,20-di(4-hexadecyloxyphenyl)porphyrin

manganese(III) ace
35

tate. This compound was synthesized as described in the literature, starting from 100 mg of
21H,23H-5,10-di(4-pyndyl)-15,20-di(4-hexadecyloxyphenyl)porphynn and 100 mg of
manganese(III) acetate Yield 98 mg (94%) of compound as a green powder Rf (МеОН/СНС1з,1/9,
v/v) = 0 15 UV/vis (CHCI3) λ^χ/ηιη 378,403,479,581,619
5,10-Di(4-(methyIpyridinium)-15,20-di(4-hexadecyloxyphenyl)-porphyrin

manga-

nese(III) acetate ditosylate (Mn-3). Under a nitrogen atmosphere, 50 mg of manganese(HI)5,10-di(4-pyridyl)-15,20-di(4-hexadecyloxy-pheny!)porphynn acetate and 300 mg of methyl tosylate
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were dissolved in 10 ml of a mixture of toluene/acetonitnle (2/1, v/v) The reaction mixture was
stirred at 80°C for 16 h After cooling to room temperature, the reaction mixture was poured over a
glass filter covered with silica After washing with 50 mL of acetone in order to remove the excess
methyl losylate, Mn-3 was isolated by elution with (МеОН/СНС1з,1/1, v/v) Yield 40 mg (61 %) of
product as a dark green powder Rf (MeOH/CHCl3, 1/9, v/v) = 0 1 FAB MS m/z = 1180 (M-2tosacetate) UV-vis (CHCI3) Xmax/nm, (log(t/l mol ' cm 1)) 380 (4 61), 404 (4 51), 476 (5 16), 580
(4 08), 620 (3 87)
5,10,15,20-Tetra(4-pyridyl)porphyrin manganese(III) acetate. This compound was
synthesized as described in the literature,36 starting from 50 mg of 21H,23H-5,10,15,20-tetra(4
pyndyOporphynn and 300 mg of manganese(III) acetate Yield 72 % of product as a green powder
Rf (МеОН/СНСІз, 1/9, v/v) = 0 05 UV-vis (CHCI3) Xm^/nm 368, 396, 473, 581, 616
5,10,15,20-Tetra(4-(l-methylpyridinium))porphyrin manganese(III) pentachloride
(Mn-4). This compound was synthesized according to a literature procedure,36 starting from 50 mg
of manganese(III) 5,IO,15,20-tetra(4-pyridyl)porphynn acetate and 400 mg of methyl tosylate and
converted into the corresponding chloride salt by ion exchange chromatography Yield 52 mg (72 %)
of Mn-4 as a dark green powder FAB MS m/z = 766 (M-4C1 ), 731 (M-5C1") UV-vis (EtOH)
\ m a x /nm (log(e/l mol ' cm ')) 372 (4 12), 396 (4 05), 461 (4 55), 569 (3 57), 620 (3 87)
Vesicle preparation. Ahquots of stock solutions of manganese(III) porphyrin, Rh-5, and
surfactant, calculated to give the desired concentrations, were mixed in a test tube The solvent was
evaporated under a stream of nitrogen to give a homogeneous thin film This film was dissolved in
100 μ ι of ethanol/THF (1/2, v/v) Half of the amount of the solution was injected into 5 mL of an
ethylmorpholine/formate buffer solution at a temperature which was higher than the phase transition
temperature of the bilayers of the surfactant for DODAC T c = 38°C,37 for DPPC T t = 37°C,21 for
DPPA TL = 67°C,21 and for DHP T c = 72°C 3 7
Incorporation experiments. The incorporation efficiency of the catalyst in the vesicles was
measured by gel permeation chromatography (GPC) in combination with UV-vis spectroscopy
Vesicle solutions were prepared as described above and were passed over a Sephadex G50 column
with ethylmorpholine buffer as the eluent The fractions were collected and the UV-vis absorption
spectra were measured to calculate the manganese(III) porphyrin, Rh-5, and amphiphile
concentrations
Electron Microscopy. For the visualization of the vesicles the negative staining method was used
A droplet of a vesicle solution was placed on a Formvar-coated copper grid which had first been
made hydrophihc by exposure to an argon plasma for 2 min After allowing to adsorb on the grid for
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2 min, the solution was drained with filter paper and the samples were stained with an aqueous uranyl
acetate solution (1 wt %) which was removed after 1 mm
Differential scanning calorimetry. Cups containing about 10 mg of material were placed in the
1

DSC apparatus and heating and cooling scans were recorded with a scan rate of 2 °C mm"

Cyclic voltammetry. All measurements were carried out in water using a basal-plane pyrolytic
graphite electrode as the working electrode, which was polished with alumina, rinsed with water, and
cleaned in a bath-type sonicator during 1 min before use The reference electrode was a sodiumsaturated calomel electrode (SSCE), which was separated from the solution by a salt bridge of similar
composition and pH, and from the auxiliary electrode, a platinum electrode In a typical experiment, 4
mL of an ethylmorphohne buffered (50 mM, pH = 7 0) vesicle solution of Rh-5 and surfactant was
placed in the electrochemical cell and the solution was purged with nitrogen for 20 min Unless
otherwise indicated the scan rate was 100 mV s ' A nitrogen stream was passed over the solution
during the measurements After the cyclic voltammograms had been recorded, ferrocenecarboxylic
acid was added such that its concentration was 5*10

4

mol 1 ' and the redox potential of this

compound (Ei/2 = 0 275 V vs SCE, ΔΕ ρ = 62 mV and іь/if = 1) was measured The half-wave
potentials are reported relative to this internal standard
Reduction experiments. The desired amounts of stock solutions of Rh-5, manganese(III)
porphyrin, and DHP, DODAC, DPPA, or DPPC in chloroform were mixed in a test tube The
solvent was evaporated under a stream of nitrogen to leave a homogeneous film This film was
solubilized in 100 μ ι of ethanol/tetrahydrofuran (1/1, v/v) and injected in 1 25 mL of water at 75°C
The suspension was purged with argon for 30 min and injected in a cuvette containing 1 25 mL of an
C

ethylmorpholine/sodium formate buffer at 75 C The course of the reaction was followed by
measuring the change of the absorbance in the UV-vis spectrum (λ/nm) Rh-5 (522), Fl (444),
MV 2 + (394), Mn-1 (435), Mn-2 (440), Mn-3 (453), Mn-4 (446)
Conditions
Rhodium reduction 72 μΜ of Rh-5, 926 μΜ of surfactant in ethylmorpholine (50 mM) - sodium
formate (150 mM) buffer The obtained curves were fitted with the following first order equation
[Rh(I)]t= [Rh(I) max ] - [Rh(I)max]e-l4
pH Experiments 7 2 μΜ of Rh-5, 910 μΜ surfactant in ethylmorpholine (50 mM) - sodium formate
(150 mM) buffer adjusted to the desired pH value with a concentrated sodium hydroxide solution
The obtained pH curves were fitted with the following equation [Rh(I)](= [Rh(I)max]/(ka[H+] + 1)
Formate experiments 2 4 μΜ of Mn-1, 12 μΜ of Rh-5, 910 μΜ of surfactant in ethylmorpholine
(50 mM) - sodium formate (varied between 0 016 M and 0 150 M) buffer (pH = 7 0)
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Temperature

experiments

2 4 μ Μ of M n - 1 , 7 2 μ Μ of Rh-5, 910 μ Μ of surfactant in

ethylmorpholine (50 mM) - sodium formate (150 mM) buffer (pH = 7 0), Τ was varied between 25 °C
and 65°C
2 4 μΜ of Mn-1, 2 4*n μΜ of Rh-5 (n = Rh/Μη molar

Experiments with rhodium complexes

ratio), 910 μΜ of surfactant in ethylmorpholine (50 mM) - sodium formate (150 mM) buffer (pH =
7 0), Τ = 48 °C
Oscillation experiment

2 4 μΜ of Mn-1, 24 0 μΜ of Rh-5, 910 μΜ of DPPC in ethylmorpholine

(50 mM) - sodium formate (150 mM) buffer (pH = 7 0), Τ = 48 °C
Epoxidation experiments. Final conditions 2 4 μΜ of Mn-1, 2 4*n μΜ of Rh-5 (n = Rh/Mn
molar ratio), 3 5 μΜ of N-methyhmidazole and 910 μΜ of surfactant in ethylmorpholine (50 mM) sodium formate (250 mM) buffer (pH = 7 0), 200 μΜ of substrate The 100 μ ι solution containing
all components was directly injected into a 2 5 mL buffered solution above the phase transition
temperature of the bilayers of the vesicles After one mm the substrate was injected and the reaction
mixture was analyzed by taking from time to time 0 2 mL aliquots to which was added 0 1 mL of
diethyl ether containing mesitylene as an internal standard This mixture was vortexed and
centnfuged After phase separation, a 5 μΐ. sample was taken from the diethyl ether layer and
analyzed by GLC (temperature program 70°C (2 min), 10°C/min, 220°C (2 min)) Reaction products
were identified by GC/MS and by comparison with authentic samples
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CHAPTER 6
Molecular Golfballs: Substrate Recognition
by Artificial Membranes

6.1 Introduction

Surface receptors play a key role in substrate recognition and signal response in biological
processes For example, proteins and peptides can enter cells by first binding to specific surface
receptors followed by rapid internalization ' This process, called receptor-mediated endocytosis,
plays a fundamental role in the growth, nutrition and differentiation of animal cells Binding sites also
play an important role in the working mechanism of medicines The anti-tumor compound taxol for
instance decreases the growth of cancer cells by binding to the so-called microtubuli 2
Amphiphilic synthetic receptors can give information on how membranes recognize
extracellular signals and respond to them Currently the majority of the research is focused on
molecular recognition at the air-water interface 3 Until now, however, only a limited number of
synthetic amphiphilic receptors in water has been studied Water-soluble hexasulfonated
cahx[6]arenes with long aliphatic chains have been synthesized This type of amphiphiles forms
micelles in water and binds aromatic guest molecules 4 Murakami and coworkers have described
amphiphilic octopus-type cyclophane receptors which form multi-walled vesicles in water 5 The
cavities of these receptors are able to bind negatively charged aromatic guests with high binding
constants by an induced fit mechanism Amphiphilic cyclodextnn diesters can also form micelles and
vesicles in water, however, no binding studies were performed 6
As part of our program aimed at the design and synthesis of receptor molecules7 derived from
diphenylglycolunl, we report here that amphiphilic bowl-shaped hosts with a rigid cleft form several
types of aggregates upon dispersal in water 8 These supramolecular aggregates are able to bind guest
molecules and respond to them by changing their structure

6.2 Results and discussion
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The bowl-shaped amphiphilcs 4 and 5 were synthesized from compounds l b and I d ,
respectively, by reaction with hexadecylamine in acetonitnle under Finkelstein conditions ' 2 The
positively charged amphiphilic receptors 6 and 7 were obtained by subsequent methylation of
compounds 4 and 5 with methyl tosylate in toluene Because of the presence of the quaternary
nitrogen atoms, amphiphiles 6 and 7 can exist as three diastereomers the methyl groups can have
two different orientations with regard to the hexadecyl and ethyleneglycol units The presence of
these isomers, however, could not be detected by 400 MHz 'H-NMR and ' 3 C-NMR spectroscopy
and will not be taken into account in the following results
Conjormational behavior
Host molecules based on diphenylglycolunl containing 1,8-connected naphthalene side walls
can exist in solution as a mixture of three conformers {aa, sa, and ss, Figure 6 1), which interconvert
slowly on the NMR time scale ' 3

ÍS
sa
aa
Figure 6.1. Three possible conformations of a bis ¡,8-connected naphthalene derivative of clip

molecule 1c
Earlier work in our group has shown that these receptors bind guest molecules only in their aa
conformation by an induced fit mechanism ' 3 Since knowledge of the conformational behavior of the
receptors is important for our studies we performed 'H-NMR experiments on 5 and 7 The most
characteristic resonances of 5 and 7 are listed in Table 6 1 By comparison with H-NMR data of
related compounds synthesized in our group 7 and by using Johnson-Bovey tables' 4 for ring current
contributions, we were able to prove that 90% of the molecules of amphiphile 5 exist in the sa
conformation and 10% in the ss conformation, a ratio typical for this kind of bowl-shaped
compounds ' 3 The aa conformer was not detectable in the 'H-NMR spectrum and hence is estimated
to constitute less than 2 % of the population After addition of an excess of potassium thiocyanate,
all molecules of 5 were found to be converted to the aa conformation which agrees with earlier
findings in our group (see Experimental Section) ' 3 The effect of the addition of aromatic guest
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molecules on the conformation of 5 was also investigated Addition of 0 8 equivalent of Magneson
(4-(4-nitrophenylazo)resorcinol, compound 8, vide infra) to a 10 mM solution of 5 resulted in a
small change in the ratio of comformers (sa conformer 85%, ss conformer 10%, aa conformer 5%)
Table 6.1. !Η NMR signals (ppm) and coupling constants (Hz, in parentheses) of the ss, sa, and
aa conformers of 5 and 7 a
ЫСЯ2Аг

NC//2Ar
anti

Napth-H

Napth-H

syn

syn

anti

5 sa

4 77(15) 6 07

4 05 6 08

7 25 6 83

7 75(9) 7 25

5 ss

5 14(15) 6 30

7 ia

4 75(14)

7 ss

5 10(15)

7 25 6 83
6 07 4 05

7 21(9)

7 79(9)

7 26(9)
5 80(16)

loa

7 31(9)

a

The ' Η NMR spectra of 5 were recorded with a 90 MHz NMR instrument m CDCI3 and those of 7 with a 400 MHz
instrument in CD3OD Τ = 25°C

Amphiphilic receptor 7 displayed the following distribution of conformers in chloroform sa 60%, ss
15%, and aa 25% In this solvent receptor 7 is presumably aggregated because relatively broad
signals were observed in the NMR spectrum so the observed conformer ratios should be treated with
caution In methanol, where receptor 7 is present as a monomer, the ratios were as follows sa 50%,
ss 20%, and aa 30% Addition of D2O (МеСЮ/огО = 5/1, v/v) or doubling the concentration had a
negligible effect (less than 5%) on the distribution of conformations of 7
Complexation studies in chloroform
We previously showed that molecular clips such as la can bind aromatic substrates, e g
resorcinol in chloroform

10

Binding occurs by π - π stacking interactions between the two aromatic

walls of the cavity of la and the aromatic ring of the guest and by hydrogen bonding of the phenolic
OH groups of the guest with the urea carbonyl groups of the host as determined by IR and 'H-NMR
spectroscopy The chromophore-containing resorcinol derivative 8 (Magneson) was chosen as a new
guest because its binding affinities towards host molecules can not only be measured by 'H-NMR
but also by UV-vis titration experiments This is an advantage because NMR measurements in water
on aggregated host molecules are hampered by the broadness of the resonances (vide infra) which
makes accurate binding studies impossible In order to evaluate the binding properties of our new
guest molecule 8, we first carried out titration experiments with several receptor molecules in
chloroform The binding constants were determined by UV-vis and in one case also by 'H-NMR
spectroscopy The guest molecules resorcinol (9) and Magneson (8) were bound as 1 1 inclusion
complexes The association constants as listed in Table 6 2
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Table 6.2. Association constants of Magneson (8) with different hosts in chloroform at 25 °C.
Ka(M-l)

AG (kJ/mol) '

9.7

720

-16.3

-

690

b

-16.2

2

22.8

5400

-21.3

3

15.0

310

-14.2

4

18.7

2500

-19.4

5

27.0

850

-16.7

10.4

2200

-19.0

17.0

1600

-18.2

3

Host

BHG-eo(xl0 )

la
la

6

C

7

a

0

This value is the difference in extinction coefficient between the host-guest complex and the guest (M"'cm"'). ° This
association constant was determined by ' H-NMR titration experiments. c The association constant for complexalion of
resorcinol was determined by ' H-NMR titration experiments and was calculated to be K a = 3400 M"'.

The complexation induced shifts calculated from the NMR titration experiments are shown in Table
6 3.
Table 6.3. Complexation induced shift (CIS) values of guests in their complexes with hosts 1 and
6.
Guest
Magneson

Resorcinol
Resorcinol

3

2

Host

Δδ Η (ppm)

Δδ Η 4 (ppm)

Δδ Η 5 (ppm)

la

-1.71

-0.42

-

la

-2.71

-0.46

-0.30

6b

-1.24

-0.25

-0.27

a

Data taken from reference 10 b FT-IR measurements showed that after complexation of resorcinol to 6 a 23 cm"1
shift of the carbonyl stretching vibration to lower wave number occurred

The binding studies in chloroform (Table 6.2) show that Magneson indeed is bound to clip
1

molecule la. The association constant of 720 M determined by UV-vis spectroscopy agrees within
experimental error (10%) with that calculated from 'H-NMR data (K a = 690 M 1 ). The complexation
induced shifts determined from the NMR data (Table 6.3) indicate that guest 8 is bound in the cleft of
receptor la in presumably a similar orientation as resorcinol in the cleft of la, earlier determined by
10 14

our group. ·

1

Receptor la is a better receptor for resorcinol (Ka = 2600 M ) than for Magneson

(Ka = 690 M"1). This difference is probably caused by the intramolecular hydrogen bridge which
exists between the OH group and one of the azo nitrogens of Magneson.19 In order to form two
hydrogen bonds with the receptor, this intramolecular hydrogen bond has to be broken. The same
order in binding strength was observed for the bowl-shaped amphiphile 6; Ka (Magneson) = 2200
1

1

M' , Ka (resorcinol) = 3400 M . Here an additional effect may play a role, viz. steric hindrance
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Aggregation behavior in water
Dispersal of the amphiphihc receptors 4-7 in water led to the formation of well-defined
aggregates as could be deduced from electron microscopy (Figure 6 2) Amphiphile 4 formed vesicle
and tube-like structures in neutral water (Figure 6 2a) The diameter of the vesicles varied between
500 and 4000 Â The tubes had diameters and lengths varying from 1000 to 4000 À and 6000 to
11000 Â, respectively Compound 5 yielded vesicle structures with diameters in the range of 100 to
1000 Â (Figure 6 2e) Receptor molecules 6 and 7 also gave vesicles with diameters of 1000 to
5000 Â and 500 to 2000 À, respectively (Figure 6 2b,c and d)
The vesicles formed by bowl-shaped amphiphiles 6 and 7 were further characterized Several
techniques were used in order to obtain information about the molecular architectures of this type of
aggregates
The particle size distributions of aggregate solutions of 6 and 7 as determined by light
scattering are shown in Figure 6 3 15 Bowl-shaped amphiphile 6 displayed two types of spherical
aggregates one with a diameter of approximately 1000 Â and one with a diameter of approximately
4500 Â Amphiphile 7 displayed a single type of spherical aggregate structure with a diameter of
approximately 1000 A

102

Golfballs: Substrate Recognition by Artificial Membranes

Figure 6.2. Transmission electron micrographs of dispersions in water of (a) amphiphile 4
(negative staining), (b) amphiphile 7 (negative staining), (c) amphiphile 6 (negative staining), (d)
amphiphile 6 (freeze fracture technique), (e) amphiphile 5 (negative staining), (f) amphiphile 5 with
1 equivalent of Magneson (negative staining). The bars represent 200 nm

103

Chapter 6

В

ΓΓΓΓΓΓΓΓΓΓΓΓΠΎΤΓΠ
74

ιιιιι

91 113 139 172 213 264 326 404 499 618 764 900

ЦггггЬп

°

ΤΤΠΗΗΠ Ι Ι Ι Ι Μ ι η I I I I I
71

98

115 I3S 148 186 2IB 256 301 151 414

Size (nm)

Size (nm)
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Figure 6.4. Gel permeation chromatogram showing the inclusion of ethydium bromide m vesicles
formed by receptor amphiphile 6. Black columns represent the intensity of thefluorescentdye, white
columns represent the absorbance of amphiphile 6
16

Encapsulation experiments were performed with the fluorescent dye ethydium bromide in
order to determine whether the vesicles had a closed structure. A solution of 50 μ ι of methanol
containing amphiphile 6 was injected in water containing the positively charged dye and the resulting
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mixture was separated on a Sephadex column The resulting gel permeation chromatogram (GPC) is
shown in Figure 6 4 It indicates that the elution volume of the encapsulated dye is similar to that of
the vesicles proving that closed vesicles are formed by 6 The elution volume of the free dye was
found to be much larger
X ray diffraction was carried out on a cast film of a vesicle dispersion of amphiphile 6 dried
on a silicon plate in vacuo The diffraction patterns displayed a clear periodicity of 35 A, which
according to CPK space-filling models, points to intercalation of the bilayers of amphiphile 6
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Figure 6.5. Compression isotherms of compound 4 (—) and compound 6 (—), water, Τ = 25°C
Monolayer experiments were performed with 4 and 6 in order to estimate the size of the head
groups of these amphiphiles (Figure 6 5) Molecular areas can be determined by extrapolating the
slopes of the isotherms in the liquid condensed region A molecular area of 190 À2 was obtained by
extrapolation of the slope of the steepest part of the isotherm of amphiphihc compound 6 The
molecular area for compound 4 amounted to 180 À2 Both areas correspond roughly to the areas of
the receptor molecules having their crown ether parts fully extended The 10 À2 larger area for 6 is
presumably the result of the presence of the two methyl groups in this compound
Conductivity measurements give information about the critical aggregate concentration (CAC)
of our bowl-shaped surfactants

17

The results of experiments carried out with compounds 6 and 7

are shown in Figure 6 6 Amphiphile 6 gave an inflection point at 2 2*10 5 M which represents the
CAC while in the case of 7 this point was found at 1 3* 10 5 M The CAC of amphiphihc compounds
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In the following we will discuss the results obtained so far Transmission electron
micrographs showed that 4 forms both vesicles and tube-like structures (Figure 6 2a) The pK d values of the amino functions of the azacrown ether rings in this amphiphilic are estimated to be 8-9
(cf pK a tnethylamine = 8 4) The pH of deionized water which was used in the experiments is 6
which means that the amino functions of 4 are mainly protonated The doubly charged receptor is
expected to give vesicles only based on the fact that this amphiphile gives such aggregates at pH = 1
when both amine functions are fully protonated (data not shown) In partly protonated receptors
intermolecular hydrogen bonds between the amino groups of adjacent molecules may exist which will
result in a different packing which in turn can lead to the formation of tubules In the isotherms, the
mean molecular area of 4 is 10 Â 2 smaller than that of amphiphile 6 This small difference may
explain why 4 forms a mixture of vesicles and tube-like structures and 6 forms vesicles only
Apparently, the head group area of 4 is in a critical range small changes in the mean molecular area
results in a different type of aggregate In the case of receptor molecule 5, only vesicle structures
were observed This behavior is in contrast with that of 4 The doubly charged receptor 7 also
formed vesicles just like 6 Electron micrographs revealed that the vesicles of 5 are clotting together
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much more than those of receptor 7 This clotting may point to intervesicular interactions such as
hydrogen bonding between the amino groups
The particle size distribution of the vesicle solution of receptor 6 showed two populations of
aggregates with diameters around 1000 A and 4500 À, respectively These two populations could not
be distinguished in the electron micrographs of the solutions of 6 A bimodal distribution has also
been reported for aggregates of the so-called hyperextended amphiphile 2 1 The GPC profiles
indicated that 6 forms closed vesicles, most likely with their binding cavities pointing towards the
aqueous phases Based on these data, we propose that the vesicles of amphiphilic receptor 6 and
probably also of the other amphiphiles have the structure of a molecular golfball as is depicted in
Figure 6 7 The thickness of the bilayer of 6 is such that the hexadecylamine chains must be
intercalating

22 23

Figure 6.7 Schematic

representation

of the molecular golfballs formed by the

bowl-shaped

amphiphiles
Complexalion studies in water
Host-guest binding studies were performed on the vesicle forming receptor molecules 5-7 in
water Magneson was used as the guest and the titration experiments were followed by UV vis
spectroscopy
The titration curves of amphiphile 7 under and above the CAC obtained by UV-vis titration
experiments are shown in Figure 6 8A and В

I8

The same type of binding curves were obtained for

amphiphile 6 When Magneson was added to the two bowl-shaped hosts no change in the type of
aggregates was observed by electron microscopy
X-ray diffraction was performed on a cast film of a vesicle dispersion of amphiphile 6 which
had been titrated with the guest The film was dried on a silicon plate in vacuo The diffraction
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Figure 6.8. (A) Titration curve of Magneson (G) with bowl-shaped amphiphile 7 (H) under the
CAC, Τ = 25°C, [H] = 9.0*10-6M. (B) Above the CAC, Τ = 25°C, [H] = 2.0*1Q-4M
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Figure 6.9. Titration of Magneson with bowl-shaped amphiphile 5, water, Τ = 25"С, [Η]
2.0*ICr4 M (concentration above CAC)
In water, below the CAC of 6 and 7, compound 8 is bound in a 1.1 host-guest ratio, as can
be concluded from the titration curves. The association constants calculated from these curves are Ka
= 1*106 M"1 and K a = 15*10 6 M _ 1 for host 6 and 7, respectively. These Ka are rough values
because the measurements could not be carried out at the optimum concentrations of host and guest
for the titration experiments.24 The values are, however, very high when compared to those in
chloroform (Ka < 5000 M" '), but are of the same order of magnitude as those found for amphiphihc
5

cyclophanes with non-ionic guests. The titration curves of 6 and 7 with 8 above the CAC of the
amphiphile could only be fitted if it was assumed that only half of the host molecules are involved m
the binding process. In that case, a good correlation for a 1:2 complex was obtained with a binding
constant K a = 4*10 5 M _ I in the case of 6 and a binding constant K a = 7*10 5 M-' in the case of 7.
These results suggest that only the dimples at the outer face of the golfballs are accessible to guest
molecules and that the inner part of the aggregates cannot be reached. This behavior is in agreement
with the X-ray diffraction data which indicate an increase in the thickness of the bilayer after binding
of Magneson at one side
Figure 6.9 shows the curve for the titration of the vesicles of amphiphile 5 with Magneson
The concentration of 5 in the titration experiment was the same as that used for the electron
microscopy measurements, i.e. above the CAC. When guest molecule 8 was added to 5 a change in
the type of aggregates was observed, viz. from vesicle to fiber-like structures (Figure 6.2e and 6.2f).
The binding experiments of amphiphihc receptor S with 8 show that above the CAC 8 is bound in a
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5

1 1 host-guest ratio The binding constant was calculated to be Ka = 4* ΙΟ M ' The measured hostguest ratio is surprising since it means that all the binding sites are accessible to guests molecules
which in turn indicates that the vesicles undergo a change upon binding This is confirmed by the
electron microscopy experiments which show that the vesicles rearrange into tubules (Figure 6 2f)
We know from NMR experiments that amphiphile 5 can exist in three conformations in chloroform
The binding of a guest occurs via an induced fit mechanism This mechanism may also play a role in
the change of the aggregate structure, however, such a change was not observed in the case of
amphiphile 7 Another possibility is that a structural change occurs when the guest molecules bind to
the receptor molecules at the outer side of the vesicles, e g a change in the polarity of the head
group Because of this change all the host molecules may become accessible Protonation of the
vesicles formed from amphiphile 5 by 8 in an acid-base reaction, which can not occur in the case of
vesicles formed by 7, can also be an explanation for the observed phenomena

6.3 Conclusions

We have shown that aggregates displaying high binding affinities towards guest molecules
can be formed from amphiphilic bowl shaped molecules derived from diphenylglycolunl These
aggregates can have different structures, ι e vesicles or tubules In the case of the vesicle-type
structures, binding studies with Magneson revealed that below the CAC of the amphiphile 1 1 hostguest complexes are formed Above the CAC only half of the binding sites are accessible for these
guest molecules, suggesting that only the cavities on the outer side of the vesicles can be occupied
One of the amphiphiles formed vesicles which responded to guest molecules by changing its
supramolecular structure, viz into tubules
Application of the described supramolecular structures can be foreseen in e # the field of
chromatographic separation of organic molecules

6.4 Experimental

General. CH2CI2 and CHCI3 were distilled from CaH 2 and THF was distilled from L1AIH4
Melting points were measured with a Jeneval polarizing microscope connected to a Linkam THMS
600 hot stage 'H-NMR spectra were recorded on a Bruker WH-90, a Bruker WM 200, and a
Bruker AM-400 instrument Chemical shifts (δ) are reported in ppm downfield from the internal
standard (CH3)4Si Abbreviations used are s = singlet, d = doublet, t = triplet, m = multiplet, and br
= broad FAB mass spectra were recorded on a VG 7070E instrument with m-nitrobenzyl alcohol as
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the matrix Elemental analysis were determined with a Carlo Erba Ea 1108 instrument IR spectra
were recorded on a Perkin Elmer FTIR spectrometer 1720-X For column and thin layer
chromatography Merck Silica Gel 60H and Merck Silica Gel 60 F254 plates were used The
syntheses of the receptors 1-3 have been previously reported by our group 9 · 1 0 ·· '
Receptor compound 4. A mixture of 2 g of lb, 20 g of Nal, 6 5 g of Na 2 C03, and 0 4 g of 1hexadecylamine in 500 mL of acetonitnle was refluxed under nitrogen for one week After one night
an additional 0 8 g of 1 hexadecylamine in 100 mL acetonitnle was added over a period of 8 h The
solvent was evaporated, 200 mL of aqueous 0 5 M NaOH was added, and the resulting suspension
was extracted three times with CHCI3 The organic layer was washed with 0 5 M aqueous NaOH,
dried (MgSC>4) and concentrated in vacuo After column chromatography (СНСІз/МеОН/triethylamine, 94/5/5, v/v/v) 1 93 g (73%) of 4 was obtained as a white powder Mp 187 °C 'H-NMR (90
MHz, CDCI3, 25 °C) 5 = 0 80 (t, 6H, CH 2 C// 3 ), 1 19 (s, 52H, CH 2 ), I 80 (m, 4H Ctf 2 CH 2 N),
2 52 (t, 4H, CH 2 CH 2 C// 2 N), 2 80 (t, 8H, OCH 2 Ctf 2 N), 4 3-3 4 (m 28H, CH 2 0, NCHWAr),
5 57 (AX, 4H, NC/ZHAr), 6 72 (s, 4H, ArH), 7 10 (s, 10H, ArH) IR (KBr) v[cm '] 3080-2980
(ArH), 2960 2820 (CH 2 and CH3), 1707 (C=0), 1640-1590 (C=C), 1480-1420 (CH2), 1350 (C-N)
1150-1050 (C-O-C) FAB MS m/z = 1326 (M+H) Anal Caled for C 8 oHi 2 oN 6 Oio H 2 0 С 71 50,
H 9 15, N 6 25, Found С 71 86, H 9 13, N 6 24
Receptor compound 5. A mixture of 1 17 g of Id, 12 g of Nal, 3 8 g of Na2CC>3, and 0 26 g of
1-hexadecylamine in 400 mL of acetonitnle was refluxed under nitrogen for one week After one
night an additional 0 55 g of 1-hexadecylamine in 100 mL of acetonitnle was added over a period of
8 h The solvent was evaporated, 200 mL of aqueous 0 5 M NaOH was added, and the resulting
suspension was extracted three times with CHCI3 The organic layer was washed with aqueous 0 5
M NaOH, dried with MgSÛ4 and concentrated m vacuo

After column

chromatography

(СНСІз/МеОН/triethylamine, 98/1/1, v/v/v) 0 94 g (60%) of 5 was obtained as a white powder Mp
128°C 'H-NMR (see also Table 6 1, 90 MHz, CDCl3/DMSO-d6, 9/1, v/v) with an excess of
KSCN, 25 °C) 8 = 0 80 (t, 6H, CH2Ctf 3). 1 23 (s, 56H, CH 2 ), 1 33 (m, 4H C//2CH2N), 2 82 (t,
12H, Ctf2N), 4 35-3 5 (m 20H, CH 2 0, NCHWNaft, NaftOCH2), 4 61 (m, 4H, NaftOCH2), 5 67
(AX, J = 16 Hz, 4H, NC/iHNaft), 7 20-6 83 (m, 18H, ArH) IR (KBr) v[cm '] 3080-2320 (ArH),
2980-2800 (CH 2 and CH3), 1700 (C=0), 1630-1590 (C=C), 1480-1420 (CH 2 and CH3), 1350 (CN) 1150-1050 (C-O-C) FAB MS m/z = 1426 (M+H+) Anal Caled for C 8 8 Hi24N6Oi 0 H 2 O С
73 20, Η 8 80, N 5 82 Found С 73 23, Η 8 80, Ν 5 71
Receptor compound 6. A mixture of 0 3 g of 4 and 0 5 g of methyl tosylate in 50 mL of toluene
was refluxed under nitrogen for one week The solvent was evaporated and the solid was washed
with diethyl ether to remove the excess of methyl tosylate Yield 0 35 g (90%) of 6 obtained as a
yellow/white powder Mp 2I0°C 'H-NMR (90 MHz, CDCI3, 25 °C) <5= 0 86 (t, 6H, СН 2 СЯ 3 ),
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Receptor compound 7. A mixture of 0 38 g of 5, and 1 g of methyl tosylate in 50 mL of toluene
was refluxed under nitrogen for one week The solvent was evaporated and the solid was washed
with diethyl ether to remove the excess of methyl tosylate Yield 0 35 g (90%) of 7 obtained as a
yellow/white powder Mp 113°C 'H-NMR see Table 6 1 IR (KBr) vfcnr 1 ] 3080-2980 (ArH),
2960-2820 (CH 2 and CH 3 ), 1700 (C=0), 1640-1590 (C=C), 1480-1420 (CH2 and СНч), 1350 (С
Ν) 1150-1050 (C-O-C) FAB MS m/z = 1627 (M-Tos), 1456 (M-2Tos) Anal Caled for
C104H144N6O16S2 С 69 46, Η 8 07, N 4 67, S 3 57 Found С 66 67, H 7 90, Ν 4 60, S 3 64
Guest compound 8 (Magneson). The guest molecule was purchased from Sigma (90% pure)
and purified by column chromatography (СНСІз/МеОН/trielhylamine, 89/10/1, v/v/v)
Recrystallization from methanol yielded 60% of 8 as a red powder Mp 199°C 'H-NMR (400
MHz, CD3OD, 25 °C) S= 6 30 (d, IH, ArH, J=2 5 Hz), 6 55 (q, IH, ArH, J=9 0 Hz, J=2 5 Hz),
7 83 (d, IH ArH, J=9 0 Hz), 7 95 (AX, 2H, ArH), 8 36 (AX, 2H, ArH), IR (KBr) v[cm '] 32002800 (OH, ArH), 1595 (C=C), 1510 (N0 2 ), 1345 (N0 2 ), 750 (CH), UV-vis (CHCI3) λ/nm 392,
UV-vis(H2O(pH=10)Xynm 556
Aggregate preparation. The desired amount of amphiphile was dissolved in 100 \iL of
ethanol/THF (1/2, v/v) An amount of 50 \iL of this solution was injected into 5 mL of deionized
water of 25 °C, while vortexing
Electron microscopy. Negative Staining A droplet of a sample was placed on a Formvar copper
grid The grids were first made hydrophilic by exposure to an argon plasma for 2 min After allowing
adsorption on the grids for 2 min, the solution was drained with filter paper and the samples were
stained with an aqueous uranyl acetate solution (1 wt %) which was removed after 1 mm
Freeze-fracturing Samples were prepared by bringing a drop of the dispersion onto a golden grid,
placed between two copper plates and fixated in supercooled liquid nitrogen The sample was placed
in a Balzer Freeze Etching System BAF 400 D at 10 7 Torr and heated to -105°C After fracturing, the
sample was etched for 1 min (ΔΤ=20 °C), shadowed with Pt (layer thickness 2 nm) and covered with
carbon (layer thickness 20 nm) Replicas were allowed to heat up to room temperature and left on
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20% aqueous chromic acid for 16 h After rinsing with water they were allowed to dry and studied
using a Philips TEM microscope
Conductivity measurements. Conductivity measurements were performed with a Schott Gerate
CG 852 Konduktometer with a platinum electrode at room temperature A stock solution of 30 mL
was diluted 10 times with 1 ml water and the conductivity was continuously monitored Then 10 mL
of the diluted solution was removed and the same procedure was repeated until very dilute
concentrations were achieved
Encapsulation experiments. The encapsulation of ethydium bromide was measured by gel
permeation chromatography (GPC) in combination with fluorescence and UV-vis spectroscopy
Vesicle solutions were prepared in water containing 1 * 10 4 M ethydium bromide as described above
The dispersion were passed over a Sephadex G50 column with water as the eluent The fractions
were collected and the fluorescence intensity of ethydium bromide (λεχ = 480 nm, Xem = 620 nm), as
well as the absorbance of the amphiphile at λ - 300 nm were measured to calculate the dye and
amphiphile concentrations
X-ray powder diffraction. Samples were prepared by placing a drop of a vesicle suspension on
a silicon single crystal sample holder and subsequent evacuation to 0 1 Torr Powder diffraction
measurements were carried out on a commercial Philips X-ray Powder Diffractometer or on a homebuilt (NIOZ, Texel) Bragg-Brentano diffractometer, optimized for low-angle measurements 2 5 The
X-ray tube was ceramic with a long fine focus and gave Cu-Ka radiation (generator 40 kV, 40 mA)
The goniometer had a variable divergence and variable anti-scatter slits The detector, with the
receiver slit at 0 1 mm, was of the Peltier-cooled Si/Li type The instrument was mounted in a
chamber of which the relative humidity could be controlled by a humidifying instrument flushed with
He gas
Particle size distributions. Particle size distributions of our vesicle dispersions were determined
at 25°C by dynamic light scattering using a Malvern Autosizer He apparatus at an angle of 90°
Vesicle samples were prepared as described above
Monolayer experiments. Surface-pressure surface area diagrams (Π/Α isotherms) were recorded
on a home-built thermostated trough (195 cm 2 ) equipped with a Wilhelmy balance In a typical
experiment, 25 μg of amphiphile in 50 μ ι of CHCI3 was spread on the subphase (Τ = 20°C) and
after 15 min the monolayer was compressed at a rate of 7 0 cm2/min
Binding studies. Binding constants in chloroform were determined by 'H-NMR following the
shift of appropriate host and guest protons and by UV-vis following the absorption of 8 at 438 nm as
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a function of the guest concentration (0 - 2* 10 4 M) For both types of experiments the same constant
host concentration was used (5* 10 4 M) In water under the С AC of 6 and 7 the absorbance of 8
was monitored at 450 nm as a function of the guest concentration (0 - 1 8* 10 5 M) with a constant
host concentration of 9 0* 10"6 M Above the CAC of 6 and 7, the absorbance of 8 was monitored at
534 nm as a function of the guest concentration (0 - 5 0* 10 4 M), with a constant host concentration
of 2 0*10

4

M In the case of host 5, the absorbance of 8 was monitored at 450 nm The titration

curves were obtained by subtracting the absorption of the free guest from the measured absorption
The errors in the binding constants are approximately 10 % and 50 % for the experiments in
chloroform and water, respectively

References
1)

Goldstein, J L , Anderson, R G W , Brown, M S Nature 1979, 279, 679

2)

Nogales, E , Grayer Wolf, S , Khan, I A , Ludueña, R F , Downing, Κ Η Nature 1995,
375, 424

3)

(a) Blankeberg, R , Meiler, Ρ , Ringsdorf, Η , Salesse, Biochemistry 1989, 28, 8214 (b)
Kunhara, K, Ohto, К , Tanaka, Y , Aoyama, Y, Kunitake, Τ J Am Chem Soc 1991,
113, 444 (c) Kunhara, K, Ohto, К , Honda, Y , Kunitake, Τ J Am Chem Soc 1991,
113, 5077 (d) Ikeura, Y , Kunhara, K, Kunitake, Τ J Am Chem Soc 1991, 113 7342
(e) Pathiranan, S , Neely, W С , Myers, L J , Vodyanoy, V J Am Chem Soc 1992,114
1404 (f) Qian, Ρ , Matsuda, M , Miyashita, Τ J Am Chem Soc 1993, 115 5624

4)

Shinkai, S , Mon, S , Koreishi, Η , Tsubaki, Τ , Manabe, Ο У Am Chem Soc 1986,

5)

Murakami, Y , Kikuchi, J , Ohno, Τ , Hayashida, О , Kojima, M J Am Chem Soc 1990,

108, 2409
112, 7672
6)

Zhang, Ρ , Parrot-Lopez, Η , Tchoreloff, Ρ , Baskin, A , Ling, С С , De Rango, С ,
Coleman, AW У Phys Org Chem 1992,5, 518

7)

(a) Sijbesma, R Ρ , Kentgens, А Р М , Lutz, Ε Τ G , van der Maas, J Η , Nolte, R J M У
Am Chem Soc 1993, 115, 8899 (b) van Nunen, J L M , Stevens, R S A , Picken, S J ,
Nolte, R J M У Am Chem Soc 1994, 116, 8825

8)

Part of this work has been published as a preliminary communication Schenning, Α Ρ H J ,
de Bruin, В, Feiters, M С , Nolte, R J M Angew Chem, Int Ed Engl 1994, 33, 1662

9)

Sijbesma, R Ρ , Nolte, R J M Reel Trav Chim Pays-Bas 1993, /12, 643

10)

Sijbesma, R Ρ , Nolte, RJM

11)

Smeets, J W H , Sijbesma, R Ρ , van Dalen, L , Spek, A L , Smeets, W J J , Nolte, R J M
У Org Chem 1989,54, 3710

114

J Org Chem 1991, 56, 3122

Golfballs Substrate Recognition by Artificial Membranes

12)

Houben-Weyl, Methoden der Organische Chemie Vol V/4, Georg Thieme, Stuttgart, 1952, ρ
595

13)

Sijbesma, R Ρ , Nolte, R J M J Am Chem Soc 1991, 113, 6695

14)

Johnson, С S , Jr, Bovey, F A J Chem Phys 1958, 29, 1012

15)

Warner, M Colloid and Polymer Sa

1983,267,508

16)

Fendler, J H Membrane Mimetic Chemistry Wiley, New York, 1982

17)

Hessel, V , Ringsdorf, H , Laversanne, R , Naliet, F Reel

18)

In water NMR measurements could not be used for this purpose because of the occurrence of

Trav Chim

Pays-Bas 1993,

112, 339
broad signals due to aggregation of the amphophilic receptor molecules Only the tosylate
counter ions gave sharp signals which indicates that the anions are only partly associated with
the aggregates in the water phase
19)

Rose, M С , Stuehr, J J Am Chem Soc 1971, 93, 4350

20)

Nishio, M , Hirota, M Tetrahedron 1989, 45, 7201

21)

Menger, F M , Yamasaki, Y J Am Chem Soc 1993, 115, 3840

22)

Israelachvih, J N , Mitchell, D J , Ninham, В W J Chem Soc , Faraday Trans

II1976,

72, 1525
23)

Kunitake, Τ Angew

24)

The appropriate conditions for the titration experiments could not be obtained If a lower host

Chem , Int Ed Engl

1992, 31, 709

concentration was used the absorbance of the guest became too low to be measured For a
discussion of the determination of binding constants see Weber, G , In Molecular

Biophysta

Pullman, В , Weisbluth, M , Eds, New York, Academic Press, 1965, ρ 369
25)

Kuhnel, R A , van der Gaast, S J Advances in X-ray analysis Vol 36, Grilfnch et al , Eds ,
Plenum Press, New York, 1993

115

CHAPTER 7
Towards Substrate Selective Membrane-bound
Cytochrome P450 Mimics

7.1 Introduction

The design and synthesis of substrate selective catalysts have received a great deal of attention
in connection with studies aimed at gaining fundamental insight in the working mechanism of
enzymes ' Enzymes are the most efficient and selective catalysts known They contain a cavity or
cleft in which a substrate can be bound selectively This substrate is subsequently converted at a
catalytic center located in the proximity of the substrate binding site With nature as a source of
inspiration many synthetic catalysts have been developed which contain a binding site that recognizes
substrates 2 Most of these synthetic systems catalyze reactions in organic solvents while reactions in
nature are carried out in a water environment A membrane matrix can be an useful substitute for an
organic solvent and can "solubilize" an apolar catalyst in water In this chapter we describe an
approach towards such a membrane-bound catalytic system which is designed to be substrate
selective
As described in Chapter 6, we are interested in synthetic mimics of Cytochrome P450
enzymes because these enzymes can easily oxidize substrates In the oxidation process the first step is
the reductive activation of molecular oxygen which is subsequently transferred to a substrate Under
anaerobic conditions, however, reduction reactions are carried out by these enzymes A well-known
example is the reduction of the azo function of the dye Prontosil to produce the antibacterial drug
Sulphanil amide 3
H2IS
H2N

H2N

~^~^-N=N-^~^~S°2NH:!

Prontosil

~~*~ ~~*~

H

2N-^~^-NH2

+ H2N-^~^-S02NH2

Sulphanil amide

Receptors based on diphenylglycolunl can bind the azo dye Magneson (Scheme 7 4, vide
infra) which opens the possibility to use this dye as a substrate in the Cytochrome P450 mimic
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described in Chapter 5 and to achieve substrate selective reduction of this azo compound Two
strategies has been developed for this purpose, which are schematically depicted in Figure 7 1
Rh(III)-bpy

HCO,

CCV

Rh(III)-bpy

Mn(II)-P

R-N=N-R

HRh(III)-bpy

Mn(III)-P

H2N-R

Figure 7.1. Two strategies towards the substrate selective reduction of Magneson For a
discussion see text
The first strategy (A) aims at the preparation of a cavity containing porphyrin, which can be
incorporated in a vesicle bilayer Several examples of cavity-functionahzed metal porphyrins, e g
cyclophane-, cyclodextnn-, cahxarene-, and cyclocholate-linked porphyrins, have been described in
the literature 4 The strategy is that Magneson will bind selectively in the cavity in the proximity of the
catalyst which is expected to result in an acceleration of the reduction of this substrate The second
strategy (B) is based on the binding of Magneson by the molecular golfballs, described in Chapter 6
A high catalyst concentration can be established at the water-bilayer interface if a negatively charged
manganese porphyrin is used in combination with a positively charged bilayer The substrate
concentration will be increased at the interface because the Magneson molecules are bound in the
cavities of the receptor molecules Since both the concentration of the catalyst and the concentration of
the substrate at the water-bilayer interface are increased an acceleration of the reduction of the
substrate can be expected 5 Rate acceleration can also be expected when the activation energy is
decreased due to desolvation of the guest molecules by complexation (see Chapter I ) In order to
stabilize the catalytic system the molecular golfballs can be polymerized 6
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In both approaches a rhodium bipyndine complex is used as a co-catalyst The redox couples
are indicated in Figure 7 1 the manganese(III) porphyrin is first reduced by the rhodium/formate
couple and can subsequently reduce the substrate under anaerobic conditions

7.2 Results and discussion

7.2.1 Cavity containing porphyrin catalyst
In a preparatory study, we first studied the binding properties of diphenylglycolunl receptor
molecules in DODAC bilayers towards Magneson The incorporation efficiency of host molecule 1
into DODAC vesicles was checked by gel permeation chromatography (GPC) The GPC elution
profiles showed that the elution volume of DODAC vesicles containing receptor 1 was the same as
that of vesicles without this receptor Separate experiments revealed that non-incorporated receptor
molecules eluted much slower These results indicate that receptor molecule 1 can be successfully
incorporated in DODAC vesicles

0 25Π
H35C17 С 1 7 Нз5
02-

DODAC

&015'

<

(° Й °]

0 1'

R-N 0 < Τ

V,

0 05'

T-

Τ 
Ι 5

05

> 0 N-R

]

1 R = CH2Ph

[G]/[H]
Figure 7.2. Titration of receptor molecule 1 ([H] = 2*10 5M) in DODAC vesicles (4*10 3M) with
the dye Magneson (G) Solvent water, T=25°C
Binding experiments showed a clear 1 1 complexation stoichiometry between Magneson and
receptor 1 The shape of the titration curve (Figure 7 2) indicated that the binding constant of the
complex was high (K a >10 5 M '), however, no accurate binding constant could be determined
because the experiments could not be carried out in the appropriate concentration range of the host
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and the guest 7 This result indicates that Magneson molecules can be bound in receptor molecules 1
when the latter molecules are incorporated in a synthetic bilayer membrane
Synthesis
For the construction of a cavity containing catalyst we decided to make use of clip molecule 2
which had been synthesized previously in our group 8
Scheme 7.1.

Molecule 2 can be functionahzed with a porphyrin unit via the route illustrated in Scheme 7 1 The
building block 2 was reacted with m-hydroxybenzaldehyde under Finkelstein conditions

9

The

obtained product was treated with pyrrole to form to the desired porphyrin clip This strapped
porphyrin molecule was fully characterized by UV-vis spectroscopy, mass spectrometry and COSY
and NOES Y 'H-NMR spectroscopy (see Experimental Section) The followed synthetic route gave
the desired product only in a very low yield ( 1 % based on compound 3) which made us decide to
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follow a different synthetic strategy towards a cavity-functionalized porphyrin In this strategy the
porphyrin is synthesized first, because this is a low yield reaction (commonly yield < 20 %), and
subsequently connected covalently to a receptor molecule based on diphenylglycolunl (Scheme
7 2)10
Scheme 7.2.

Mono-functionahzed porphyrin 6 was synthesized by reacting compound 5 with an excess of
α,α'-dibromo-p-xylene in the presence of K.2CO3 Compound 6 was isolated after purification by
column chromatography and treated with basket-shaped compound 7 to yield the porphyrin
funtionalized host compound 8 The purification of the latter compound appeared to be very
troublesome TLC and NMR spectroscopy showed that during the purification this compound
decomposed into free porphyrin and a benzyl substituted basket compound, via a benzyloxyphenyl
ether fission. Since the target molecule could not be obtained in a pure form, we decided to focus on
the strategy based on the molecular golfballs (Strategy B, Figure 7 1)
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7.2.2 Catalytically active molecular golfballs
Synthesis
In order to develop a stable catalytic system we decided to use polymerized vesicles derived
from a suitable amphiphilic diphenylglycolunl derivative. Polymerizable receptor molecules from this
compound can be synthesized following the route illustrated in Scheme 7.3.
Scheme 7.3.
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The synthesis started with the estenfication and reduction of commercially available 11-aminoundecanoic acid (9) according to a literature procedure " The resulting 11-amino-undecanol (11)
was reacted with compound 2 under Finkelstein conditions The resulting compound 12 was purified
by column chromatography and treated with methacryloyl chloride in the presence of pyridine as a
base to give compound 13 Polymerization of an aqueous dispersion of 13 was initiated with
azobisisobulyronitnle (ΑΓΒΝ) in water at 70 °C under an argon atmosphere according to a procedure
6

previously developed in our group Electron microscopy showed that after polymerization and gel
permeation chromatography (GPC) vesicles with a diameter of 3000 À were present

These

aggregates were stable for at least two weeks, whereas the non-polymerized aggregates precipitated
from the aqueous solution within one hour Further characterization of the "polymerized golfballs"
was not possible, neither by UV-vis spectroscopy, because of overlap of the absorption bands of the
methacroyl and other functional groups in 13, nor by ÏH-NMR spectroscopy because of extreme
broadening of the methacryloyl resonances
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Figure 7.3. GPC chromatogram of polymerized vesicles of amphiphile 13 containing Rh-2
monitored at 300 nm (absorption is the sum of the amphiphile and Rh-2)
Copolymenzation of aqueous dispersions of receptor 13 and catalyst Rh-2 (Scheme 7 4) proved to
be possible and also led to vesicles as was established by electron microscopy The incorporation
efficiency of Rh-2 into the molecular golfballs formed by receptor 13 was examined by gel
permeation chromatography (GPC) The GPC elution profiles (Figure 7 3) showed that the elution
volume of the polymerized vesicles containing Rh-2 was the same as that of vesicles without
receptor Rh-2 Separate experiments revealed that non-incorporated Rh-2 eluted much slower This
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Scheme 7.4.
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Catalytic reduction of Magneson
Preliminary reduction experiments with manganese(III) porphyrin (Mn-1) and Magneson
were carried out in order to evaluate the catalytic activity of the assembled supramolecular systems
To this end four types of catalytic systems were tested, viz Rh-1 incorporated in positively charged
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DODAC as well as zwittenonic DPPC vesicles, Rh-1 incorporated in vesicles based on the
amphiphilic receptor molecule 14, and Rh-2 polymerized in vesicles based on receptor molecule 13
The course of the reduction reaction was followed under an argon atmosphere by measuring the
change of the absorbance of Magneson at 450 nm in the case of surfactants 13 and 14 and at 440 nm
in the case of DODAC and DPPC amphiphiles The results are presented in Table 7 1 The reduction
rate of Magneson was found to be zero order in substrate and several products were formed One of
these was 4-nitroanihne as was shown by UV-vis spectroscopy (X m a x (H2O) = 381 nm) and GC
analysis (compound had the same retention time as commercially available 4-nitroaniline)
Table 7.1. Reduction rates for the conversion of two type of substrates by various catalytic systems
based on strategy В described in Figure 7 I a
Entry

Surfactant

Catalyst

Substrate

1

Receptor 14

Rh-1

Mn-1

kn(nmols _1 )
20
b

2

DPPC

Rh-1

Magneson

6

3

DODAC

Rh-1

Magnesonb

11

4

Receptor 14

Rh-1

Magnesonb

2

Rh-2

b

1

5

Receptor 13

Magneson

a

Conditions (surfactant] = I mM, [catalyst] = 5 μΜ, [substrate] = 5 μΜ, Τ = 50°C For further details see
Experimental Section ^ In the absence of Mn-1

As can be seen in Table 7 1, the rhodium-anchored molecular golfballs are capable of
reducing the negatively charged manganese(III) porphyrin catalyst (entry 1 ) This result indicates that
the rhodium complex incorporated in the golfballs is catalytically active Surprisingly, it was found
that Magneson is completely reduced by Rh-1 anchored to DPPC and DODAC vesicles even in the
absence of the negatively charged manganese porphyrin Mn-1 This means that rhodium containing
vesicles can reduce Magneson directly When the complete system was used (Strategy B, Figure
7 1), the rate of reduction could not be determined because the strong absorption band of the reduced
porphyrin Mn-1 masked the absorption band of Magneson in the UV-vis spectrum We therefore
focused on the reduction of Magneson by the rhodium complex in the absence of the manganese(III)
porphyrin catalyst The reduction of Magneson showed zero order kinetics which suggests that the
rate determining step in the reaction is the formation of the Rh(III)-hydnde species which is formed
faster in a positively charged membrane environment as was already described in Chapter 5 1 2 This
behavior explains why the reduction of Magneson is faster in DODAC bilayers than in DPPC bilayers
(entries 2 and 3) The reduction of Magneson was ten times slower in the vesicle system based on
receptor 14 than in the systems derived from the positively charged DODAC vesicles (entries 3 and
4) A similar result was observed for the polymer anchored rhodium complex Rh-2 (entry 5) One
possible explanation for this behavior is that the substrate is shielded or deactivated from further
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reaction after binding into the cavities of receptors 13 and 14 Another possibility is that the reduced
Rh catalyst is preferentially bound in the cavities of the receptor molecules, which results in a
deactivation of this catalyst (Figure 7 4) It is known that metal bipyndine complexes can be bound
into den vati ves of receptors 13 and 14 15 The fact that the rhodium anchored golfballs are capable of
reducing the manganese(III) porphyrin, however, contradicts this hypothesis

Figure 7.4. Binding of the rhodium catalyst in the cavities of receptor 14
A further possibility is that the bilayers of 13 and 14 have a more rigid character under the conditions
of the experiments, whereas those of DODAC and DPPC are more fluid The more rigid character of
the receptor bilayers might result in a deactivation of the Rh catalyst and thereby in a lower reduction
rate The temperature during the experiments was 50°C which is above the phase transition
temperature of DODAC and DPPC bilayers DSC measurements carried out on receptor 14 revealed
no phase transition from 20°C to 100°C, which made that this hypothesis could not be verified

7.3 Conclusion

We have shown that it is possible to synthesize cavity containing porphyrins, however, in one
case the yields were low and in the other case the compound could not be obtained in a pure form It
is possible to polymerize the molecular golfballs described in Chapter 6 and to turn them into more
stable polymerized golfballs Copolymenzation with a rhodium complex leads to the formation of a
new class of polymerized catalytic vesicles These systems are able to perform reduction reactions,
e g the reduction of Magneson The reduction rate measured with this polymerized system,
however, is much lower than the rates measured with similar rhodium catalysts anchored to positively
charged or zwittenonic vesicles This behavior may be explained from the fact that cavities of the
receptor amphiphiles inhibits the reduction by deactivation of bound substrate
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7.4 Experimental

General. Unless otherwise indicated, commercial available materials were used as received
Acetonitnle and chloroform were distilled from calcium hydride Melting points were measured with
a Jeneval polarizing microscope connected to a Linkam THNS 600 hot stage Mass spectra were
obtained with a double focusing VG 7070E spectrometer Elemental analysis were determined with a
Carlo Erba Ea 1108 instrument 'H-NMR spectra were recorded on a Bruker WH-90, a Bruker WM200 or a Bruker AM-400 instrument Chemical shifts (δ) are reported m ppm downfield from the
internal standard tetramethylsilane Abbreviations used are s = singlet, d = doublet, t = triplet, m =
multiplet, and br = broad GC analyses were carried out with a Vanan 3700GC instrument containing
a Chrompack column (WCOT/CP-SIL5CB, diameter = 0 25 μτη) The injection and FID detector
temperatures were 250 °C and 260 °C, respectively
Materials. For the preparation of the vesicles absolute ethanol, distilled tetrahydrofuran, and
deionized water were used /V,A/-dioctadecyl-MN-dimethylammonium chloride (DODAC) was
prepared from N./V-dioctadecyl-N./V-dimethylammonium bromide (DODAB) by ion exchange
chromatography DPPC (L-oc-dipalmitoylphosphatidylcholine) was purchased from Sigma For
column and thin layer chromatography, Merck Silica 60H and Merck Silica Gel 60 F254 plates were
used The amphiphilic rhodium Rh-1 and Rh-2 complexes were gifts of Dr J Η van Esch

6

Manganese porphyrin (Mn-1) and receptor molecules 1, 2 and 7 were prepared according to
literature procedures 8

14

The synthesis of receptor molecule 14 has been described in Chapter 6

Clip molecule 3. A mixture of 0 5 g (0 5 mmol) of 2, 5 g of Nal, I 6 g of ЫагСОз and 0 5 g
(4 0 mmol) of m-hydroxybenzaldehyde in 100 mL of acetonitnle was refluxed for one week The
solvent was evaporated, 100 mL of water was added, and the resulting suspension was extracted
three times with 50 ml of CHCI3 The organic layer was washed with aqueous 0 5 M NaOH and
dried with MgSC>4 and the solvent was evaporated The solid was absorbed on silica and eluted with
diethyl ether to remove the excess of w-hydroxybenzaldehyde

After column chromatography

(СНСІ3/ЕЮН, 97/3, v/v) 320 mg (48 %) of 3 was obtained as a white powder Mp 212 °C 'HNMR (90 MHz, CDCI3) δ = 9 94 (s, 4H, СН=0), 7 43-7 12 (m, I6H, ArH) 7 09 (s, ЮН, ArH),
6 58 (s, 4Н, ArH), 5 60 (АХ, 4Н, NCWHAr), 4 0-3 8 (m 32H, СН 2 0) 3 65 (ΑΧ, 4Η, ІЧСНЯАг)
FAB MS m/z =1331 (M) Anal Caled for C76H74O18N4 СН 3 СН 2 ОН С, 68 01, H, 5 85, Ν,
4 07, Found С, 68 19, Η, 6 06, Ν, 4 08
Porphyrin clip 4. To a mixture of 0 30 g (0 23 mmol) of 3 and 61 mg (0 90 mol) of freshly
distilled pyrrole in 250 mL of dichloromethane was added under nitrogen 35 mg of BF3-etherate
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21H,23H-5(4-Hydroxyphenyl)-10,15,20-tris(4-methylphenyl)porphyriii (5). A
mixture of 1 35 g (114 mmol) of 4-methylbenzaldehyde, 0 46 g (3 8 mmol) of 4hydroxybenzaldehyde and 1 0 g (15 1 mmol) of freshly distilled pyrrole in 500 mL of propionic acid
was refluxed for 2 h After cooling, the precipitate was washed with ethanol Subsequently, the
product was purified by column chromatography (CHCI3) to yield 170 mg (7%) of 5 as a purple
powder 'H-NMR (90 MHz, CDCI3) δ = 9 0 (s, 8H, ß-pyrrole), 8 2 (d, 6H, ArH) 8 1 (d, 2H,
ArH), 7 6 (d, 6H, ArH), 7 1 (d, 2H, ArH), 2 7, (s, 9H, CH3), -2 7 (s, b, 2H, NH) UV-vis
(CHCI3) λ/nm 418, 516, 553, 590, 645
5(4-(4-Bromomethyl)benzyloxy phenyl)-10,15,20-tris(4-methylphenyl (porphyrin
(6). To a mixture of 150 mg (0 2 mmol) of porphyrin 5 in 25 mL of DMF was added 292 mg (1 1
mmol) of α,α -dibromo-p-xylene and 20 mg of K2CO3 After stirring for 24 h the solvent was
evaporated under reduced pressure The resulting solid was dissolved in chloroform and washed (3x)
with water Subsequently the product was purified by column chromatography (СНСІз/МеОН, 97/3,
v/v) Yield 137 mg (73%) of 6 as a purple powder 'H-NMR (90 MHz, CDCI3) δ = 8 9 (s, 8H, βpyrrole), 8 0 (m, 8Н, ArH) 7 5 (m, ЮН, ArH), 7 2 (m, 2H, ArH), 5 1 (CH 2 0), 4 4 (CH2Br), 2 7
(s, 9H, CH3), -2 7 (s, b, 2H, NH) FAB MS m/z = 856 (M) UV-vis (CHCI3) λ/nm 418, 516,
553, 590, 645
Porphyrin receptor 8. To a mixture of 102 mg (0 1 mmol) of 7 in 15 ml of DMF was added 100
mg (0 1 mmol) of porphyrin 6 and 20 mg of K2CO3 After stirring for 24 h the solvent was
evaporated under reduced pressure The solid was dissolved in chloroform and extracted (3x) with
water Subsequently, the product was purified by column chromatography (CHCl3/MeOH/Et3N,
98/1/1, v/v/v) to yield 21 mg (90 % pure) of 8 as a purple powder 'H-NMR (90 MHz, CDCI3) δ =
8 9 (s, 8H, ß-pyrrole), 8 0 (m, ЮН, ArH), 7 5 (m, ЮН, ArH), 7 2 (m, 6H, ArH), 7 0 (d, 10H,
ArH), 6 8 (d, 4H, ArH), 5 6 (ΑΧ, 4H, NCWHAr), 5 1 (CH 2 0), 4 4 - 3 0 (m, 38H, CH 2 0, CH2N,
NCHtfAr), 2 7 (s, 9H, CH3), -2 7 (s, b, 2H, pyrrole NH) FAB MS m/z = 1652 (M+H) UV-vis
(CHCI3) λ/nm 418, 516, 553, 590, 645
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Methyl-11-aminoundecanoate hydrochloride (10). This compound was synthesized
according to a literature procedure using 23 g (0.11 mol) of 11-aminoundecanoic acid (9) in
methanohc (3.5 N) hydrogen chloride solution.' ' Yield: 25 g (86%) of 10 as a white powder. Ή NMR (CDCI3, 90 MHz) δ 3.80 (2d, 3H, CH 3 0), 2.65 (t, 2H, CH2N), 2.25 (t, 2H, CH 2 C(0)), 1.Τ
Ι.2 (m, 16H, CH2). El-MS: m/z = 116 (M+H+).
11-Aminoundecan-l-ol (11). This compound was synthesized according to a modified literature
procedure. " T o a solution of 11.1 g (0.044 mol) of 10 and five drops of tnethylamine in 500 mL
absolute ethanol were added pellets of metallic sodium (14 g, 0.6 mol) at such a rate as to maintain
the alcoholic solution at a gentle reflux. After the solution had cooled to room temperature it was
diluted with 250 mL of water to decompose the excess of sodium ethoxide. The alcohol was removed
in vacuo and the residual aqueous solution was extracted with dichloromethane (3x). The
dichloromethane extract was dried over Na 2 S04 and evaporated. The crude product was purified by
recrystalhzation from methanol (14 mL/g). Yield: 4.5 g (30%) of 11 as a white powder. 'H-NMR
(CDCI3, 90 MHz) δ 3.65 (t, 2H, CH2, J = 7 Hz), 2.68 (t, 2H, CH3, J = 7 Hz), 1.7-1.2 (m, 18H,
CH 2 ). ΕΙ-MS: m/z = 188 (M+H+). IR (KBr) cnr': 3326 (OH), 2924 (CH2), 2850 (CH2), 1653
(H2N), 1066 (OH).
Amphiphilic receptor 12. A mixture of 2 g of 2, 20 g of Nal, 6.5 g of Na2CÛ3 and 0.4 g 11 in
500 mL of acetonitnle was refluxed under nitrogen for one week. After one night another 0.8 g of 11
in 100 mL of acetonitnle was added during a period of 8 h. The solvent was evaporated, 200 mL of
aqueous 0.5 M NaOH was added, and the resulting suspension was extracted three times with
CHCI3. The organic layer was washed with aqueous 0.5 M NaOH, dried with MgSÛ4 and
concentrated. After column chromatography (СНСІз/МеОН/tnethylamine, 94/5/1, v/v/v) 1.93 g
(73%) of 12 was obtained as a white powder. Mp: 207 °C. 'H-NMR (90 MHz, CDCI3): δ = 7.10
(s, ЮН, ArH), 6.72 (s, 4Н, ArH), 5 57 (АХ, 4Н, NCtfHAr), 4.3-3.4 (m 28Н, СН 2 0, NCHtfAr),
2.80 (t, 8Н, OCH 2 Ctf 2 N), 2.50 (m, 8Н, CH 2 CH 2 C# 2 N, СН2ОН), 1.6-1.2 (s, 36Н, СН 2 ), IR
(KBr): v[cm'] 3080-2980 (ArH), 2960-2820 (CH 2 and CH3), 1707 (C=0), 1640-1590 (C=C),
1480-1420 (CH2), 1350 (C-N) 1150-1050 (C-O-C). FAB MS (m-nitrobenzyl alcohol): m/z = 1217
(M). Anal. Caled for C 70 HiooN60i 2 . С 69.05; H 8.28; Ν 6.90; Found: С 69.03; Η 8.33; Ν 6.90.
Amphiphilic receptor 13. A solution of 0.1 g (0.08 mmol) of 12, 0.25 ml (0.020 mol) of
freshly distilled methacroyl acid chloride and 1 mL of pyridine in 100 mL of CH2C12 was stirred
overnight at room temperature. The reaction mixture was washed with aqueous HCl (0.5 M), water
and brine and dried with MgSÛ4. The solvent was evaporated and after column chromatography
(CHCl3/MeOH/Et3N, 93/6/1, v/v/v) pure 13 was obtained as a white powder. Yield: 34 mg (31 %).
Mp: 165 °C (decomposition). IR (KBr) cm"': 2960-2820 (CH2), 1707 (C=0), 1620-1580 (C=C),
1480-1420 (CH2), 1350 (C-N), 1150-1050 (COC); 'H-NMR (CDCI3, 90 MHz) δ 7.10 (s, ЮН,

129

Chapter 7
ArH), 6 70 (s, 4H, ArH), 6 05 (s, 2Н, СНЯ=ССН 3 ) 5 55 (d, 4Н, NCtfHAr, J = 16 Hz), 5 50
(s,2H, C//H=CCH3), 4 25-3 60 (m, 36H, CH 2 0, CH 2 0C(O)), 3 60 (d, 4H, NCHWAr, J = 16
Hz), 2,90 (t, 8H, OCH 2 C# 2 N), 2 50 (m, 4H, CH 2 CH 2 CH 2 N), 1 95 (s, 2H, CH 2 =CC// 3 ), 14-12
(s, 36H, CH2) FAB-MS (m-nitrobenzyl alcohol) m/z = 1375 (M+Na), 1353 (M)
Magneson (8). This guest molecule was purchased from Sigma (90% pure) and purified by
column chromatography (CHCl3/MeOH/Et3N, 89/10/1, v/v/v) Recrystallization from methanol
yielded 60% of 8 as a red powder Mp 199°C 'H-NMR (400 MHz, CD3OD, 25 °C) 5 = 6 30 (d,
IH, ArH, J=2 5 Hz), 6 55 (q, IH, ArH, J=9 0 Hz, J=2 5 Hz), 7 83 (d, IH ArH, J=9 0 Hz), 7 95
(AX, 2H, ArH), 8 36 (AX, 2H, ArH) IR (KBr) vfcnr 1 ] 3200-2800 (OH, ArH), 1595 (C=C),
1510 (N0 2 ), 1345 (N0 2 ), 750 (CH) UV-vis (CHCI3) λ/nm 392, UV-vis (H 2 0 (pH=10)) λ/nm
556
Vesicle preparation. Aliquots of stock solutions of Rh-1 or Rh-2, and surfactant, calculated to
give the desired concentrations, were mixed in a test tube The solvent was evaporated under a stream
of nitrogen to give a homogeneous thin film This film was dissolved in 100 μ ι of ethanol/THF (1/2,
v/v) 50 μ ι of the solution was injected into 5 mL of ethylmorphohne (50 mM) - sodium formate
(250 mM) buffer solution (pH = 7) at a temperature of Τ = 50°C
Incorporation experiments. The incorporation efficiency of the rhodium complexes was
measured by gel permeation chromatography (GPC) in combination with UV vis spectroscopy
Vesicle solutions were prepared as described above and were passed over a Sephadex G50 column
with ethylmorphohne (50 mM) buffer (pH = 7) as the eluent The fractions were collected and the
UV-vis absorption spectra were measured to calculate the Rh-1 or Rh-2 and amphiphile
concentrations
Polymerization of receptor amphiphile 13. Vesicles of amphiphile 13 (1 mM) with or
without Rh-2 (5 μΜ) were prepared as described above and 7 mol% of AIBN in 10 μ ι of THF was
added to the solution The solution was carefully degassed and placed under an argon atmosphere
After stirring the reaction mixture for 24 h at 70°C, it was purified by gel permeation
chromatography The amounts of Rh-2 and amphiphile were determined by UV-vis spectroscopy
and the presence of vesicles was checked by electron microscopy
Electron microscopy. A droplet of a sample was placed on a Formvar coated copper grid The
grids were first made hydrophilic by exposure to an argon plasma for 2 min After allowing to adsorb
on the grids for 2 min, the solution was drained with filter paper and the samples were stained with
an aqueous uranyl acetate solution (1 wt %) which was removed after 1 min The samples were
studied with a Philips 201 TEM microscope
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Reduction experiments. The desired amounts of stock solutions of catalyst and surfactant in
chloroform were mixed in a test tube The solvent was evaporated under a stream of nitrogen to leave
a homogeneous film This film was solubilized in 100 μ ι of ethanol/tetrahydrofuran (1/1, v/v) and
injected in 1 25 mL of water at 50°C The suspension was purged with argon for 30 min and injected
in a cuvette containing 1 25 mL of an ethylmorpholine (50 mM) - sodium formate (250 mM) buffer
solution (pH = 7) at 50 °C The course of the reaction was followed by measuring the change of the
absorbance (λ/nm) Mn-1 (442), Magneson (450 in the case of surfactant 13 and 14 and 440 in the
case of DODAC and DPPC amphiphiles)
Binding studies. Aliquots of stock solutions of DODAC and receptor molecule 1, calculated to
give the desired concentrations, were mixed in a test tube The solvent was evaporated under a stream
of nitrogen to give a homogeneous thin film This film was dissolved in 100 μ ι of ethanol/THF (1/2,
v/v) 50 \iL of the solution was injected into 2 5 mL of water (T = 50°C) The absorbance of the
guest Magneson was monitored at 444 nm as a function of the guest concentration (0 - 4*10
with a constant host concentration of 2* 10

5

5

M)

3

M The concentration of DODAC was 4* 10 M In a

separate experiment the extinction coefficient of Magneson in DODAC vesicles was determined (ε =
38280 M ' cm ') The obtained titration curve was corrected for the absorption of the free Magneson
(A = A-(38280*[Magneson]) The titration experiments were carried out in triplo
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CHAPTER 8
Strong Binding of Paraquat and Polymeric Paraquats by
Basket-Shaped Hosts

8.1 Introduction

We have previously shown that clip shaped host molecules of type 1 are able to bind
uncharged aromatic guest molecules, e g resorcinol, by π-π stacking and hydrogen bonding
interactions ' Basket shaped derivatives of 1 containing crown ether moieties (2) in addition are
capable of binding alkali metals ions and protonated amines 2 We became interested in the binding
affinities of these crown ether host compounds towards molecules which possess a charged aromatic
surface, viz paraquat 6 and polymeric paraquats 7-9 Stoddart s group has designed and synthesized
elegant molecular structures, e g rotaxanes and catenanes, based upon the interaction of paraquat and
bis-paraphenylenecrown ether macrocycles (compound 2 without the diphenylglycolunl
framework)

MeO-f

3

VoMe

CpTS

Г СR 7 Л
ρ °< X >° °)
V

о SV\ -J
J

R

^°"0"°^

2а,Я = СбН5
b,R = CH 3 C 6 H4

Paraquats, also known as viologens, are l,l'-disubslituted-4,4'-bipyndinium salts which can
undergo two separate one-electron-transfer steps 4 This property makes them attractive as electron
transfer catalysts in the chemical transformation of organic compounds5 and as electron carriers in
Cytochrome P450 mimics 6 Paraquats have been applied in electrochromic displays7 and in
photoelectrochromic memory systems,8 and have been used as monomers to prepare conducting^ and
redox active10 polymers Interesting thermotropic and lyotropic liquid crystalline properties have been
reported for paraquat polymers with tosylate counter ions ' ' We considered the possibility that our
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host molecules b2 could bind monomenc and polymeric paraquat guest molecules, offering a simple
and interesting way of modifying and controlling the physical properties of these guest molecules In
this chapter the binding properties of host molecules 1-5 with paraquat and paraquat derivatives 6-9
will be described including the structure elucidation, by X-ray crystallography, of the complex
between 2b and 6 Also the influence of host-guest complexation on the redox properties of
compounds 6 and 7 will be presented
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8.2 Results and discussion

Synthesis
Compounds 1, 2a and 3 were synthesized according to procedures previously described by
our group '-2 The synthesis of the amphiphilic host molecules 4 and 5 is given in Chapter 6 The
polymeric paraquats 7, 8 and 9 were prepared using literature procedures '

2 13

The basket shaped compound 2b was prepared starting from 4,4 -dimethylbenzil and urea
according to a known procedure (Scheme 8 1)

,4

This compound was synthesized in order to make

amphiphilic host molecules with aliphatic tails at the back of the binding site by monobromination of
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the methyl groups of the methylphenyl units of 2b and subsequent alkylation

It was reported

recently that selective bromination of aryl attached methyl groups can be achieved with Nbromosuccinimide (NBS) while avoiding the introduction of substituents at secondary carbons,
which are expected to be more reactive

l5

Bromination with this reagent, however, gave also

bromination of the NCb^Ar units of 2b which resulted in a negligible yield of the desired product It
was possible to brominate the methylphenyl groups in compound 11, however, also tnbrominated
and monobrominated products were obtained (see Experimental Section) Purification of the reaction
mixture by column chromatography was unsuccessful so this route to the synthesis of amphiphihc
receptor molecules was stopped
Scheme
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Binding studies
The binding of guest 6 to host 2a and 2b as studied by several physical techniques will be
described first In the second part of this section the association constants of different types of hostguest complexes will be presented
X-ray analysis It was possible to grow crystals, which were suitable for X-ray analysis, of the 1 1
complex between 2b and 6-(PF6)2 from a mixture of methanol and chloroform (for further details,
see Experimental Section) The X-ray structure of the complex revealed a perfect complementarity
between the host and the guest (Figure 8 1) The paraquat guest sits between the walls of the basket,
with its methyl substituents partially encapsulated by the crown ether rings
The atom to atom distances between the carbonyl oxygen atoms of the host and the ahydrogen atoms of paraquat is 2 3 A which is indicative of the presence of C-Η О hydrogen bonds
(Figure 8 2) This type of interaction (interaction b, Figure 8 2) also exists in solution as was
concluded from IR spectroscopy (vide infra) The two pyridinium rings of paraquat in the complex
have a dihedral angle of 22° This angle has also been reported for other crystalline paraquat
complexes

l7

The twist in the paraquat is reflected in the conformation of the crown ether ring in the

complex of 2b The atom to atom distances between the α-hydrogen atoms of paraquat and the two
ß-CH2Ü oxygen atoms of the crown ether rings amount to 2 9 Á (interaction a, Figure 8 2) One
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electron-pair oí these oxygen atoms is directed toward the α-hydrogen atoms. The distances between
the α-hydrogen atoms of paraquat and the other oxygen atoms in the ring are longer than 3.2 Â

(b)
Figure 8.1. (a) X-ra\ structure of the complex between 2b and 6-(PF(,)2- (h)
ana\s in the unit cell of the complex between 2b and 6 (PFf,)2
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The hydrogen atoms of the methyl groups of paraquat have distances to the crown ether oxygen
atoms varying from 2 4 to 3 3 À which indicates that weak C-Η О interactions exist (interactions c,
Figure 8 2) The hydrogen atoms of the СН2-О-АГ groups lie almost in a plane (dihedral angle 4 0°)
with the aromatic walls which points to intramolecular interactions of the lone pairs of the oxygen
atoms of the СН2-О-АГ groups with the ArCH2N units In the receptor molecule a noticeable twist is
present in the di(4-4'-dimethyl)phenyl part of the molecule The dihedral angle is 16° which is smaller
than found in other host molecules based on diphenylglycolunl

2

Figure 8.2. interactions between poly ether ring and carbonyl group of host 2b with guest 6
The unit cell of the complex between 2b and 6-(PFÖ)2 shows one-dimensional arrays of
paraquat and host molecules The direction of the arrays alternates (Figure 8 lb) A whole network, of
electrostatic and van der Waals interactions exists not only within these supramolecular arrays but also
between two antiparallel arrays Some illustrative interactions will be mentioned here (Figure 8 3)

Figure 8.3. Interactions marked as A and В between host 2b and guest 6 in the unit cell
The paraquat units are not only sandwiched between the walls of the receptor molecules 2b
but aie also wedged in between the protons of the tolyl substituents of neighboring host molecules
The atom to atom distances between the hydrogen atoms of the methyl groups of the tolyl units and
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the nearest hydrogen atoms of the paraquat rings are 2 7 À (interaction В in Figure 8 3) It is
interesting to note that the twist in the di(4-4'-dimethyl)phenyI part of the molecule matches the twist
in the paraquat guest match, resulting in this short distance The protons of the methyl groups of the
tolyl substituents of one host are in van der Waals contact (2 4 À) with the wall protons of a
neighboring host ' 8 The antiparallel arrays of paraquat and host molecules interact with each other, as
can be concluded from the atom to plane distances between the CH2 protons of the ArCH2N groups
of the host molecules in one array and the cavity walls of the host molecules in an adjacent array
These distances appear to be 2 8 À (interactions A in Figure 8 3) These interactions point to CH π
hydrogen bonds 1 8 · 1 9 AlsoTi-π interactions between sidewalls of oppositely directed host molecules
exist This type of interaction has also been found in X-ray structures of derivatives of 2b 2
UV vis spectroscopy Addition of 6 Ό 2 to a solution of host 2a m e g methanol/chloroform led to
an immediate color change from colorless to yellow-orange, indicative of the formation of a charge
transfer complex between the π-electron-rich dialkoxybenzene rings of the host and the π-electrondeficient bipyndinium residues of the guest 3 The UV-vis spectrum of the complex between 6 CI2
and host 2a showed a charge transfer band at λΠ12Χ = 425 nm This result indicates that also in
solution a complex between host and guest is formed
Ή NMR spectroscopy The 'H-NMR spectrum of the host-guest complex between 2a and 6 (PFè)2
showed upfield shifts for the sidewall protons and СНгОАг protons of the host and for the ß-protons
of paraquat, when compared to the free host and guest (Table 8 1) These shifts indicate that the
paraquat molecule is sandwiched between the walls of host 2a in such a way that the central regions
of the guest are located within the shielding zones of the dialkoxybenzene rings The doublets of the
α protons and the singlet of the methyl protons of the guest were found to shift downfield upon
complexation, probably because these protons are in close contact with the ring ether oxygen atoms
Similar NMR and UV-vis data were obtained for the host-guest complex between 2b and 6
Table 8.1. 'H-NMR chemical shift data in for the complex between 2a and 6 {PFbh at 25 °C a
b
c
Compound Probe protons 5f Value (ppm) 5C Value (ppm) Δδ Value (ppm) Д5 с а і с Value (ppm)

2a

Ar-H

6 77

5 96

-0 81

-0 85

2a

Аг-СЯН-N

5 55

5 62

+0 07

d

2a

CX-OCH2

4 14

3 27

-0 87

d

6 (PF6)2

ß-H Ar

8 38

7 30

-1 08

-1 16

6 (PF6)2

α H-Ar

8 84

8 96

+0 12

-0 17

6-(PF 6 ) 2

N+-CH 3

441

4 63

+0 22

d

a

In CDCI3/CD3CN (7 3 v/v) 1 I equivalents of 6-(PF6>2 was added to 2a b This value (Δδ) is ihe difference
measured by probe protons in the host guest complex (5C) and in the free host and guest (6f) Almost the same values
are found when 3 equivalents of guest were added to 2a c Calculated values based on the X ray structure of the complex
between host and guest (vide infra) using Johnson Bovey tables ' 6 d Not calculated
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Averaged signals for the protons of the free and bound forms of the host and guest were observed at
25°C which is indicative of a fast exchange process on the 'H-NMR time scale

6

Using the

coordinates from the X-ray structure of the complex between 2b and 6-(PFÖ)2 the complexation
induced shift values were calculated with the help of the Johnson Bovey tables 1(> The calculated
values were in agreement with the measured values, except for the a-H-Ar protons of paraquat (Table
8 1 ) For the calculations only the ring currents of the dialkoxybenzene rings were taken into account
This explains why in the case of the a-H-Ar protons upfield shifts were calculated because the effect
of the phenolic oxygens was not considered The NMR data confirm the data from the X-ray analysis
and show that also in solution paraquat is bound in the cleft of host molecule 2a in such a way that
the N N axis of the guest molecule is more or less parallel to the О О axes of the dialkoxybenzene
units
Mass spectrometry

When a solution of 2b and 6-СІ2 in methanol/chloroform (1/1, v/v) was

evaporated, a red-yellow solid was obtained Fast atom bombardment mass spectrometry on this solid
host-guest complex showed peaks at m/z = 1128 (10%), 1094 (30%) and 546 (100%) (matrix
nitrobenzyl alcohol), which corresponds to the masses of the (2b + 6 + CI), (2b + 6 + H) and (2b +
6) host-guest complexes, respectively The mass spectra indicate that a stable complex with a 1 1
stoichiometry is formed between the host and the guest
Table 8.2. IR data of the complex between 2a and 6 (PF(,)2 and of free host and guest in
acetomtrde (cm ¡)

a

a

Vibration

vt (cm ')

v c (cm ')

C=0, host

1738

1722

16

C=0, host

1717

1702

15

С С, guest

1649

b

b

С Ν, guest

1572

1565

-7

С Ν, guest

1516

1510

-6

N-СНз, guest

1195

1205

+ 10

Δν (cm ' )

Vf is the vibration of the free host and guest, Vc is the vibration in the host guest complex and Δ ν is the difference

between VL and Vf ^ This absorption band could not be resolved

Infrared spectroscopy Infrared difference spectroscopy on the complex formation between paraquat
and 2a in acetonitnle solution revealed that the carbonyl stretching vibration of the host and the N + -C
stretching vibration of the guest were affected when the guest was bound to the host (Table 8 2)
These vibrations were shifted to lower wavenumbers when compared to the free species which can be
the result of hydrogen-bonding interactions between the carbonyl groups of the host and the α-H
atoms of paraquat CNDO/2 calculations on paraquat have shown that the positive charge density is
concentrated on the carbon atoms ortho and para to the nitrogen atoms which reduces the electron
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density on these carbon atoms making the hydrogens attached to the them suitable for hydrogen
bonding 3

17

In the complex between bis-paraphenylene-34-crown-lO (the same macrocycle as

compound 2a, but without the diphenylglucolunl unit) and paraquat, the bipyndinium ring is tilted
with an angle of ca 28° with respect to the O-O axis of the paraphenylene unit, as reported by
Stoddart et al 3 X-ray analysis of this complex has shown that hydrogen bonds are present between
the α-H atoms of paraquat and the oxygen atoms in the macrocycle In our case, inlermolecular
hydrogen bonds exist between the carbonyl oxygen atoms of the host and the cc-H's of the guest
This results in a parallel arrangement of the paraquat guest with respect to the O-O axis of the
dialkoxybenzene walls of the host in solution
Binding studies on different host-guest systems UV-vis spectroscopy was used in order to determine
the binding constants of complexes between different host molecules and paraquat The binding
constants, listed in Table 8 3, were evaluated by recording the change in intensity of the charge
transfer absorption (CT) band at different host-guest ratios Methanol-chloroform (1/1, v/v) was used
as the solvent mixture in the case of the paraquat chloride salt while acetomtnle was used in the case
of the paraquat hexafluorophosphate salt The obtained titration curves could be fitted by assuming a
I 1 host-guest stoichiometry

20

Table 8.3. Binding constants of the complexes between hosts 1-5 and guests 6-9 a

Host

Guest

Xmax (nm)

etM-'cnr 1 )

Ka/M 1

-AG0 (kcal mol" ')

1

6-СІ2

421

277

80 b

2 60

2a

6(PF6)2

413

380

57,000 c

6 49

401

d

5 87

b

5 92

b

5 15

2a
2b

6(PF6)2
6-Cl 2

418
425

400

20,000

22,000

3

6СІ2

415

444

6,000

4

6-Cl 2

418

402

5,500 b

5 10

5

6-СІ2

398

401

160b

301

2a

7

397

421

l,800 '

c e

4 44

2a

8

397

400

4,500 c c

4 98

e

9
417
2a
391
19,000*5 84
Estimated error in Ka is 10% For the Ka measured in acetone, the error is 50 % due to the poor solubility ol the host
b
c
d
e
in this solvent Methanol chloroform (1/1, v/v) Acetomtnle Acetone Per polymer repeal unit

a
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As can been seen in Table 8 3 the basket shaped compounds 2 bind paraquat with the highest
association constants, e g in acetonitrile this constant is Ka = 57,000 M ' for the complex between
2a and 6 (PF6)2 In acetone the binding constant is approximately 25 times stronger than that found
for the complex between paraquat and bis-paraphenylene-34-crown-lO in this solvent 3 This result
can be explained from the fact that both 2a and 2b are more preorganized for binding than the bispardphenylene-34-crown-10 macrocycle 2 I The Ka of 80 M ' found for the complex of 6 CI2 with
clip molecule 1 is much lower than that for the complex of this guest with host 2 This clearly
demonstrates the importance of the interactions between the polyether moieties of 2 and the methyl
groups of 6 (AG difference between the two complexes is 3 3 kcal mol ' ) Replacement of one of the
oxygen atoms in the crown ether rings of the host by a nitrogen atom (compound 3 and 4) results in
an approximately four fold decrease in binding strength (Table 8 3 entries 5-6) The electrostatic
interactions between the protons of the paraquat N+СНз groups and the oxygen atoms of the ether
rings are stronger than those between the paraquat N+СНз groups and the -N atoms since the former
atoms have more negative charge character due to the greater electronegativity of oxygen Host
molecule 5 showed a rather low affinity for paraquat which may be due to the fact that the
naphthalene walls of the host do not have the optimal geometry for interaction with the guest or to the
fact that host 5 exists as a mixture of various conformers Earlier studies in our group have shown
that host molecules like 5 can adopt three conformations anti-anti (aa), syn-anti (sa), and syn syn
(ss) (see also Chapter 6) The conformers differ in the way the naphthalene walls are oriented with
respect to the phenyl groups on the convex side of the diphenylglycolunl part Host molecule 5 has
been demonstrated by 'H-NMR to exist in the sa conformer (90%) and in the и conformer (10%) in
methanol-chloroform solution By flipping one of its naphthalene walls (which costs energy)
compound 5 can change from one conformation to another The aa conformer is the only one which
has the correct geometry for the binding of guest molecules The association constants were calculated
from UV-vis data which means that if the sa-aa equilibrium plays a role, this is included in the
association constant When three equivalents of 6 were added to a solution of 5, no change in the
conformation of the host could be observed in the NMR spectrum while the protons of the
naphthalene side walls were shifted This indicates that all conformers of 5 are able to bind paraquat
An additional indication for such a behavior was found when 6 CI2 was added to a methanolchloroform solution of 2,7-dimethoxyndphthalene A color change from colorless to yellow was
immediately observed indicative of the formation of a charge transfer complex between these two
compounds These results suggest that in the case of 5 and 6 the binding constant of the complex
between the dialkoxynaphthalene walls of 5 and paraquat was measured The extinction coefficients
of the charge transfer absorption bands in the UV-vis spectra of the complexes between paraquat and
host molecules 2-5 were in all cases roughly the same (e = 400 mol ' cm '), indicating that the
distances between the sidewalls of the host and the pyndinium rings of the guest are almost constant
in the host-guest complexes

3
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Binding studies were also carried out with paraquat polymers which showed that 2a can be
clipped to polymeric paraquats 7, 8, and 9 with association constants of 1,800 M ', 4,500 Μ ', and
19,000 M ' respectively (per polymer repeat unit, see Table 8 3) A picture of the complex between
molecules of 2b and polymer 9 is shown in Figure 8 4 The binding constants of the complexes
with 7 and 8 are lower than those of the complexes with monomenc paraquat 6 Molecular modeling
studies which were carried out, suggested that in the case of 7 and 8, complexation of 2a to a
paraquat unit in the polymer is stencally hindered by molecules of 2a complexed to adjacent paraquat
units in the polymer chain The overall lower binding constants reflect this stenc hindrance which is
less for the polymer with a longer spacer (9) than for the ones with smaller spacers (7 and 8) The
association constant of 19,000 M ' measured for polymer 9 is relatively high but three times lower
than that observed for monomenc paraquat 6 This behavior is presumably caused by the fact that in
polymer 9 the alkyl spacers can not be fully solvated by the polyether rings of compound 2a.
Viscosity measurements performed with polymers 7 and 8 showed that the specific viscosity
of the polymers solubili/ed in acetonitnle increases upon the addition of 0 03 equivalent of host
molecule 2a per repeat unit eg

7 η 5 ρ = 0 006, 7 + 2a T| s p = 0 008, 8 T| s p = 0 068, 8 + 2a η 5 ρ =

0 070 These results indicate that the average molecular mass of the polymers increases due to
complexation with 2a

Figure 8.4. Computer generated picture of the complex between molecules of 2b and polymer 9
Our binding studies suggest that four interactions play a role in the complexation of paraquat to our
3

hosts namely (() charge transfer interactions between the dialkoxyben/cne rings of the host and
paraquat, (и) electrostatic interactions between the oxygen atoms of the dialkoxybenzene rings and the
positively charged paraquat guest, (in) hydrogen bonding between the carbonyl oxygen atoms of the
host and the α-С-Н atoms of the guest, and (iv) electrostatic interactions between the oxygen atoms in
the crown ether rings of the host and the methyl groups of paraquat The last interaction is the most
important one as can be concluded from the fact that a large difference in association constant is found
(K a = 80 M ' and 22,000 M ', respectively, corresponding to an energy difference of 3 3 kcal mol ' )
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when host 1 is compared with host 2 in the complexation of 6 The first three interactions can occur
in both complexes with guest 6 but the last interaction only in the case of 2
Electrochemical measurements
Polymeric paraquats have been previously investigated as redox active films 10 We considered
the possibility that the use of host-guest complexation might be an interesting way of modifying and
controlling the physical properties of this interesting class of polymers The influence of
complexation with host 2a, on the electrochemistry of monomenc paraquat 6-(PFÖ)2 and polymeric
paraquat 7-(PF6)2 was studied in acetonitnle (Figure 8 5) Paraquat 6-(PF6)2 showed two reversible
one electron transfers E\a (2+/1+) = -0 423 V, E|/ 2 (I+/0) = -0 840 V (vs SCE, for both transitions
ΔΕρ = 60 mV) In these subsequent reductions, the deep blue radical cation and the neutral compound
10
are formed, respectively In all cases the ratio іь/if was 1 indicating that the redox processes were
chemically reversible Upon the addition of 1 equivalent of 2a the potential of the first electron
transfer shifted 100 mV to a more negative value (Figure 8 5), whereas the second electron transfer
potential remained unaffected These data indicate that 2a only binds and stabilizes the doubly
charged paraquat species, which results in a more negative redox potential for the first redox
transition

0,4 -

>
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0.5

°H

1
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1
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1
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[Host]/[Guest]

Figure 8.5. Reduction potential (vs SCE) of the first one electron reduction of paraquat (diamonds
solid line) and of polymeric paraquat 7 (dots, dashed line) as a function of the concentration of host
molecule 2a
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0,8

E (V)

-0,4

Figure 8.6. Cyclic voltammograms of polymer 7 in acetonitrile

Potentials are vs SCE

E (V)
Figure 8.7. Cyclic ν oliammo gram of polymer 7 in acetonitrile m the presence of 3 equivalents of
guest 2a Potentials are vs SCE
The one electron reduced guest dissociates form the host and this explains why the second redox
potential is not affected 3 After the addition of 3 equivalents of 2a the reduction potential had shifted
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140 mV to a more negative potential. The cyclic voltammograms gave a single peak for the first one
electron reduction of paraquat; this peak moved continuously depending on the host concentration.
This behavior indicates that a fast exchange between bound and unbound paraquat exists on the cyclic
voltammetry time scale. The same result was obtained by NMR titration experiments where also one
average signal was detected for certain proton resonances of the bound and unbound guest. The
irreversible oxidation of the dialkoxybenzene unit of the host (E1/2 - 1.35 V) was also influenced by
the complexation of 6-(PF6)2- After the addition of one equivalent of paraquat the oxidation potential
corresponding to this process became more positive (60 mV) illustrating the electron donation of the
host to the paraquat guest.
The paraquat polymer 7-(PF6)2 also showed two reversible one electron transfers (Figure
8.6): E1/2 (2+/1+) = -0.384 V, E1/2 (1+/0) = -0.840 V (vs SCE, for both transitions Δ Ε ρ = 60 mV).
The first reduction potential is almost 0.040 V less negative than the reduction potential of the
monomer 6-(PF6)2 which may be the result of the accumulation of charged paraquat species in the
polymer. These positively charge units are expected to destabilize the adjacent charged units resulting
in a less negative reduction potential. In line with this explanation, this effect is less dominant in the
second reduction potential. Addition of 3 equivalents of 2a resulted in a 35 mV shift of the first
reduction potential in negative direction (Figure 8.7). This shift value is smaller than the 100 mV shift
measured for paraquat monomer 6 in the presence of one equivalent of 2a. This behavior is a result
of the lower binding affinity of 2a for the polymeric paraquat. For the polymer a ratio it/if = 1 was
found, indicating that the redox processes were reversible in all cases.
The results obtained so far can be described by the square equilibrium scheme shown in
Figure 8.8.

Figure 8.8. The square equilibrium scheme for the complexation of paraquat (black square) to host
2a and electrochemical reduction of f ree paraquat and bound paraquat
The association constants of the complexes between 2a and monomeric paraquat 6 and polymeric
paraquat 7 amount to K a 2 + = 57,000 M"1 and 1,800 M 1 , respectively (vide supra). Assuming the set
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of equilibria as illustrated in Figure 8 8, the titration curves of the half-wave potential shift versus the
host concentration (Figure 8 5) can be fitted with the following equation 22
Ei/2 = Ei/2free - 0 059 In (1+Ka2+[H])

(1)

where E1/2 is the half-wave potential measured, and Ei/2free is half-wave potential of paraquat in the
absence of host Ka2+ is the association constant for the complex between the 2+ charged paraquat
and host 2a The association constant K a , + for the 1-electron reduced paraquat complex is assumed
to be zero With the help of equation (1) the titration curves can be fitted resulting in an association
constant for the complex between 2a and 6 of Ka2+ = 47,200 M"1 and an association constant of
Ka2+ = 5,500 M ' for the complex between 2a and 7 These association constants are of the same
order of magnitude as those measured by UV vis spectroscopy The slightly different results obtained
with the two techniques may be due to the difference in complexation behavior of the host and guest
in homogenous acetonitnle solution and in the Stem-Volmer layer at the electrode, especially for the
polymer The square equilibrium scheme is a simplification because the paraquat radical cation can
disproportionate to the doubly charged and neutral species The disproportionation constant, based on
the differences between the two reduction potentials, for both paraquat compounds in acetonitnle can
be calculated to be Kd,sp = 10'8 M ' It is known that the radical cation can rapidly dimenze which
may also influence the electrochemistry and, therefore, the calculated association constants
The results described above indicate that the electrochemical behavior of paraquat polymers
can be easily tuned by the addition of basket molecules of type 2a This may be of interest for further
application of these polymers as molecular switches or as optical data storage systems, etc

8.3 Conclusions

We have shown that host molecules based on glycolunl can strongly bind paraquat The
complexes have been characterized by UV-vis spectroscopy, IR spectroscopy, mass spectrometry,
X-ray analysis and, 'H-NMR spectroscopic techniques The binding studies indicate that four
interactions play a role in the complexation of paraquat to our hosts namely (/) charge transfer
interactions between the dialkoxybenzene rings of the host and paraquat, (u) electrostatic interactions
between the oxygen atoms of the dialkoxybenzene rings and the positively charged paraquat guest,
(in) hydrogen bonding between the carbonyl oxygen atoms of the host and the cc-C-H of the guest,
and (iv) electrostatic interactions between the oxygen atoms in the crown ether rings of the host and
the methyl groups of paraquat The last interaction is the most important one Electrochemical
measurements have shown that the reduction potential of the doubly charged paraquat can be tuned by

146

Strong binding of paraquat and polymeric paraquat by basket-shaped hosts

host molecules 2 It is possible to clip these host molecules to polymeric paraquat chains This opens
an interesting way to modify and control the physical properties of this class of polymers

8.4 Experimental

General. Unless otherwise indicated, commercial materials were used as received Acetonitnle and
CHCh were distilled from calcium hydride Melting points were measured with a Jeneval polarizing
microscope connected to Linkam THNS 600 hot stage Mass spectra were obtained with a double
focusing VG 7070E spectrometer FT-IR spectra were recorded on a Perkin Elmer 1720 X infrared
Fourier transform spectrometer Elemental analyses were carried out with a Carlo Erba Ea 1108
instrument 'H-NMR spectra were recorded on a Bruker WH-90, a Bruker WM-200 and a Bruker
AM-400 instrument Chemical shifts (δ) are reported in ppm downfield from the internal standard
tetramethylsilane Abbreviations used are s = singlet, d = doublet, t = triplet, m = multiplet, and br =
broad For column and thin layer chromatography, Merck Silica 60H and Merck Silica Gel 60 F254
plates were used respectively Adipoyl chloride was first distilled before use Compounds 1, 2a and
3 were synthesized according to procedures previously described by us ' 2 The synthesis of
amphiphilic host molecules 4 and 5 has been presented in Chapter 6
Di(4,4'-dimethyl)phenylglucolunl (10). This compound was synthesized according to a
literature procedure using 1 9 g (0 032 mol) of urea, 3 8 g (0 016 mol) of 4 4 dimethylbenzil and 2
mL of tnfluoroacetic acid in 40 mL of toluene ' 4 Yield 4 25 g (80%) of 10 as a white powder EI
MS m/z = 322(M+)
Dihydro-8b,8c-di(4,4'-dimethyl)phenyl-lW,3tf,4tf,5//,7tf,8//,-2,6-dioxa3a,4a,7a,8a-tetraazacyclopenta[</e/]fluorene-4,8-dione (11). This compound was
synthesized according to a procedure developed previously in our laboratory1 using 4 g (0 012 mol)
of 10, 4 g of paraformaldehyde in 40 mL of DMSO The product was recryslallized from acetic acid
Yield 3 2 g (65%) of 11 as a white powder 'H-NMR (CDCI3, 90 MHz) δ 7 02 (2d, 8H, ArH, J =
3Hz), 5 65 (d, 4H, NC//HO, J = 11Hz), 4 56 (d, 4H, NCH//0, J = 11Hz), 2 20 (s, 6H, ArCH3)
EI MS m/z = 406(M+)
Dihydro-8b,8c-di(4,4'-dibromomethyl)phenyl-lW,3f/,4ff,5^,7H,8W,-2,6-dioxa3a,4a,7a,8a-tetraazacyclopenta[</c/]fluorene-4,8-dione. Under a nitrogen atmosphere,
NBS (jV-bromosuccinimide, 1 15 g) and a catalytic amount of benzoyl peroxide were added to a
solution of 11 (1 35 g, mmol) in 100 mL of CCI4 The solution was refluxed for 4 h The mixture
was cooled to room temperature, filtered, and the filtrate was evaporated to yield a yellow solid
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Purification of this solid was attempted by column chromatography with several eluent mixtures,
however, no pure compound could be obtained !H-NMR (CDCI3, 90 MHz) 6 7 10 (2d, 8H, ArH, J
= 10 Hz), 6 2 (s, xH, CHBr2), 5 65 (d, 4H, NCtfHAr, J = 11 Hz), 4 56 (d, 4H, NCHtfAr, J = 11
Hz), 4 30 (s, yH, ArCH2Br) 2 20 (s, zH, ArCH3) CI MS m/z = 564 (M-H)+, 485 (M-Br), 405
(M 2Br)
5,7,12,13b,13c,14-Hexahydro-l,4,8,ll-tetrahydroxy-13b,13c-di(4,4'-dimethyl)phenyl-6//,13#,-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8-yfl]ben[f]azulene6,13-dione (12). This compound was synthesized according to a procedure developed previously
in our laboratory using 1 9 g (0 003 mol) of 11, 3 0 g of p-toluenesulfonic acid monohydrate and
1 5 g (0 014 mol) of hydroquinone in 45 mL of 1,2-dichloroethane Yield 2 3 g (80%) of 12 The
compound was not characterized but immediately used for the synthesis of compound 2b
1,3:4,6-Bis{ [3,3': 6,6'-bis(l,4,7*10,13-pentaoxatridecamethylene)]-l,2-xyly lene}tetrahydro-3a,6a-di(4,4'-dimethyl)phenyl-6//,13/7,-5a,6a,12a,13a-tetraazabenz(5,6]azuleno[2,l,8-i/û]ben[f]azulene-6,13-dione (2b). A solution of 2 3 g (0 004 mol) of
3 and 1 8 g (0 008 mol) of tetraethyleneglycol dichlonde in 100 mL of DMSO was heated to 70°C
under a nitrogen atmosphere until the solution became clear Then 7 g of К2СОз was added and the
mixture was stirred for 48 h Water (150 mL) was added to the cooled solution and the solution was
filtered over Hyflo Chloroform was used to elute the product and the suspension was extracted twice
with water The organic layer was dried and the solvent was evaporated After column
chromatography (СНСІз/МеОН, 9 l,v/v) pure 2b was obtained as a white powder Yield 2 85 g
(83%) lR(KBr)cm ' 2960-2820 (CH2), 1707 (C=0), 1620 1580 (C=C), 1480-1420 (CH2), 1350
(C-N), 1150-1050 (COC) 'H-NMR (CDCI3, 90 MHz) δ 6 82 (2d, 8H, ArH, J = 2 Hz), 6 58 (s
4H, ArH), 5 54 (d, 4H, NC/iHAr, J = 16 Hz), 4 25 3 58 (m, 32H, CH 2 0), 3 45 (d, 4H,
NCHi/Ar, J = 16 Hz), 2,09 (s, 6H, АгСНз) FAB MS (m nitrobenzyl alcohol) mlг = 907 (M+H)+
Anal Caled for C50H58N4O12 0 8 CHCI3 C, 60 62, H, 5 89, N, 5 56, Found C, 60 74, H, 5 81,
N, 5 56
Polypentylviologen dihexafluorophosphate (7). This compound was synthesized according
to a literature procedure ' 2 The hexafluorophosphate salt of the polymer was prepared by adding a
saturated ammonium hexafluorophoshate solution to the obtained polymer dibromide salt solubihzed
in a minimum amount of water The precipitate was filtered and washed with water, ice-cold
methanol, and with diethyl ether Yield 90% Mp 262-266°C dec 'H-NMR (CD3CN, 90 MHz) δ
9 0 (d, 4H, ArH, J = 5 Hz), 8 5 (d, 4H, ArH, J = 5 Hz), 4 7 (t, 4H, NCH2), 2 3-15 (m, b, 6H,
CH2) Intrinsic viscosity of polymer [η] = 0 006 dl g ' (acetonitrile, 25°C)
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Polyoctylviologen dihexafluorophosphate (8). This compound was synthesized according to
a literature procedure The hexafluorophosphate salts of the polymer was prepared as described for
polymer 7 Yield 90% 'H-NMR (CD3CN, 90 MHz) δ 9 0 (d, 4H, ArH, J = 5 Hz), 8 5 (d, 4H,
ArH, J = 5 Hz), 4 8 (t, 4H, NCH2), 2 3 (m, b, 4H, CH 2 ), 1 5 (m, b, 8H, CH 2 ) Intrinsic viscosity
of polymer [η] = 0 293 dl g ' (acetonitrile, 25°C)
Polyviologen 9. Diethanolbipyndinium-dihexafluorophosphate (0 3 g), adipoyl chloride (0 3 g)
and one drop of tnethylamine were dissolved in 25 mL of acetonitrile and the solution was refluxed
for 3 h After cooling to room temperature and filtration, the reaction mixture was concentrated and
the residue was washed with ethyl acetate and dissolved in a minimum amount of water The
hexafluorophosphate salt of the polyviologen was prepared by adding a saturated ammonium
hexafluorophoshate solution to the water mixture The precipitate was filtered and washed with water,
ice-cold methanol and diethyl ether Yield 0 45 g (80%) 'H-NMR (CD3CN, 90 MHz) δ 9 5 (d, 4H,
ArH, J = 5 Hz), 9 0 (d, 4H, ArH, J = 5 Hz), 5 4 (b, 4H, NCH2), 5 0 (b, 4H, OCH2), 2 8 (m, 4H,
СЯ 2 СН 2 С(0)), 2 1 (CH 2 C# 2 C(0)) Average degree of polymerization, DP = 10 (NMR, endgroup
analysis)
UV-vis titration experiments. A stock solution of the host (5mM) in methanol-chloroform (1/1,
v/v), acetonitrile, or acetone was prepared (stock solution A) From this solution a second stock
solution was prepared which contained also an excess of guest (paraquat or polyparaquat, solution
B) Precisely 2 ml of solution A was transferred to a quartz cuvette (path length 1 000 cm) in a
thermostatted compartment of a Perkin Elmer λ 5 UV vis spectrophotometer Subsequently, 25 \iL
aliquots of stock solution В were added The absorbance was measured at the wavelength maximum
of the charge transfer band (this band varied between 400 and 425 nm depending on the solvent, host
and guest) Association constants were calculated using the Benesi-Hildebrand equation 2 0 Good
correlations (R > 0 99) were obtained for all titration curves assuming a 1 1 host-guest complexation
NMR titration experiments. 'H-NMR spectra of a 4mM solution of 2a in CDCI3-CD3CN (3/7,
v/v) containing different concentrations of 6-(PF6)2 were recorded using a Bruker WM-200
spectrometer The chemical shifts of host and guest were monitored as a function of the concentration
of guest at a constant concentration of the host
Infrared experiments. A solution of 2a (2 5 mM) in acetonitrile was prepared (solution A) From
this solution a second stock solution was prepared which also contained 2 6 mM paraquat (solution
B) A third solution of 6-(PF6)2 (10 1 mM) in acetonitrile was prepared (solution C) From the latter
solution a fourth stock solution was prepared which also contained 10 I mM 2a (solution D) Spectra
(10 scans) of each solution were recorded and two difference spectra were obtained by subtracting the
spectra of solution A from those of solution В and the spectra of solution С from those of solution D
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These difference spectra represent the effects on the infrared spectrum of 6-(PFé)2 and 2a,
respectively
Electrochemical measurements. Cyclic voltammetry experiments were performed with a PAR
model 173 potentiostat equipped with a PAR model 176 I/E converter coupled to a PAR model 175
universal programmer The measurements were carried out with 1 mM solutions of 6 or 7 in
acetonitnle with 0 1 M tetrabutylammomum hexafluorophosphate as the supporting electrolyte at
20°C Aliquots of host compounds were added to this solution A three-electrode configuration was
used with a platinum auxiliary as well as working electrode and Ag/Ag+ (0 1 M AgN03) as reference
electrode Potentials were calibrated against the ferrocene/ferrocenium couple (Ej/2 = 0 050 V vs
Ag/Ag+) and are given vs SCE
X-ray structure determination. Red single crystals suitable for X-ray structural analysis were
grown from a mixture of 2b and tetrabutylammomum hexafluorophosphate dissolved in chloroform,
which was layered with 6 CI2 dissolved in methanol 7352 Intensity data were collected at 150 K,
with 6778 unique intensities Lp correction was applied but no absorption correction The structure
was solved by direct methods (SHELXS-86) and refined on F2 (SHELXL-93) No observance
criterion was applied during refinement Final w R2 = 0 226, Rl = 0 099 (for 3162 / > 2s (I)), S =
1 00 Residual density was in the range -0 34, 0 50 (near PFÓ)
Crystal data for [(2b).(6) 2PF6.2CHCI3]
Formula
Molecular weight

C 6 4H 7 4N 6 0 1 2 P2Fi2Cl 6
1621 97

Crystal system
Space group

monoclinic
C2/C(No 15)

a, b, с (À)
α,β,γ(°)

32 968(5), 13 6135(14), 17 875(2)
90, 118 375(2), 90
7058 6(17)

V(À3)
Ζ
Dx_ (g/сщЗ)
ц ( М о К а ) ( с т l)

4
1 5263(4)
39

Viscosity measurements. Measurements were performed with a Scott Gerate Ubbelohde
viscometer with a capillary column number lc Two stock solutions were used to measure the
intrinsic viscosity in acetonitnle at 25°C In the case of polypentylviologen dihexafluorophoshate
0 156 g of polymer was dissolved in 25 mL of acetonitnle and in the case of polyoctylviologen
dihexafluorophoshate 0 77 g of polymer was dissolved in 25 mL of acetonitnle For both polymers
the flow time was measured as a function of the concentration
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Summary

This thesis describes the construction, characterization and application of several kinds of
molecular assemblies formed by two types of building blocks, viz porphyrins (1) and receptor
molecules derived from diphenylglycoluril (2)

Stable monolayers are formed at the air-water interface by amphiphilic porphyrins based on 1,
containing pyndyl substituents and long aliphatic chains These monolayers are readily transferable to
glass substrates The orientation of the porphyrins in the monolayers is tilted with respect to the water
surface The amphiphilic porphyrins have been used to form complexes with palladium(II) dichlonde
and ruthenium(II) dichlonde The resulting porphyrin multimers also yield stable monolayers One of
the amphiphilic porphyrins gives vesicles upon dispersion in water
A simple method has been discovered to arrange several types of porphyrin derivatives,
including Protoporphyrin IX and Chlorophyll-α, in the form of ring shaped aggregates The initial
step in the mechanism of the formation of these types of assemblies is proposed to be the generation
of two dimensional gas bubbles" which induces aggregation of the porphyrin molecules
The aggregation and location of two series of tetraarylporphynns in positively and negatively
charged bilayers have been examined as a preparatory study for the development of a supramolecular
model system for Cytochrome P450 The aggregation of the porphyrins is reduced when positively
charged pyridmium groups are present on the porphyrin ring In the positively charged bilayers, the
degree of aggregation of the porphyrins increases with the number of positive charges on these
molecules The opposite behavior is observed in the negatively charged bilayers

A charged

porphyrins forms face to face type of aggregates whereas an uncharged one forms edge to edge type
of aggregates Reduction of aggregation can be achieved by using "picket-fence" type of porphyrins
The studies show that charged porphyrins are located near the aqueous interface and the uncharged
ones in the hydrophobic part of the bilayer

Summary
The membrane-bound enzyme Cytochrome P450 catalyzes a variety of oxidation reactions in
nature. A synthetic model of this enzyme system has been developed which incorporates the
following features: a metalloporphyrin, a synthetic bilayer membrane to which the porphyrin is
anchored and an artificial cofactor, viz- an amphiphilic rhodium(III) complex which generates
electrons in the presence of formate ions. The activity of the rhodium complex appears to be highly
dependent upon the vesicle charge and increases when going from negatively to positively charged
vesicles. The rhodium complex, in combination with formate ions, efficiently catalyzes the reduction
of riboflavin, paraquat, and various types of manganese(III) porphyrins. Under aerobic conditions
and at a certain [Rh]/[Mn] ratio the reduction of Mn(III) porphyrin shows oscillatory behavior. The
artificial Cytochrome P450 model has been tested as an epoxidation catalyst. A variety of substrates
can be epoxidized with turnover numbers in the same order of magnitude as the natural system. The
charge of the bilayer membrane appears to have a dramatic effect on the catalytic epoxidation activity
of the mimic.
Amphiphilic derivatives of receptor 2 containing long alkyl tails, e.g. X = N-C16H33 have
been synthesized. On dispersal in water these molecules form vesicles. Binding studies indicate that
guest molecules can be bound in the cavities of the receptor aggregates. Below the critical aggregation
concentration, 1:1 host-guest complexes are present in solution. Above the critical aggregation only
half of the binding sites of the hosts appear to be accessible, suggesting that only the dimples on the
outer surfaces of the vesicles bind guest molecules. The vesicle type assemblies of receptor
amphiphiles 2 can be envisaged as being "molecular golfballs". In one case the shape of the
aggregates of the receptor amphiphiles could be modified by guest molecules, viz. from vesicles to
tubules. It is possible to stabilize the molecular golfballs by polymerization. Copolymerization of a
polymerizable derivative of 2 with a rhodium catalyst also containing a polymerizable function leads
to a new class of polymerized catalytic vesicles capable of reducing guest molecules. The catalytic
activity of these rhodium containing vesicles, however, is much lower than that of comparable
rhodium catalysts anchored to positively charged or zwitterionic vesicles.
In the last part of the thesis, the binding of paraquat to host molecules of type 2 is described.
The complexes between 2 and this guest have been characterized by several techniques including Xray crystallography. Binding studies indicate that different types of interactions play a role in the hostguest complexation. It is possible to clip host molecules 2 to polymeric paraquat chains and change
the electrochemical properties of the polymers.

154

Samenvatting

Dil proefschrift beschrijft de constructie, karakterisering en toepassingen van verschillende
soorten moleculaire aggregaten gevormd door twee types bouwstenen, namelijk porfynnes (1) en
receptormoleculen gebaseerd op difenylglycolunl (2)

Stabiele monolagen worden gevormd op het grensvlak van water en lucht door amfifiele
porfynnes gebaseerd op 1 welke pyridyl-substituenten en lange alifatische ketens bevatten Deze
monolagen kunnen worden overgedragen op glasplaatjes De oriëntatie van de porfynnes in de
monolagen is gekanteld ten opzichte van het wateroppervlakte De amfifiele porfynnes kunnen
complexen vormen met palladium(II)chlonde en ruthenium(II)chlonde waarbij porfyrine multimeren
ontstaan Deze porfyrine multimeren blijken ook stabiele monolagen te geven Eén van de amfifiele
porlynnes vorml vesicles in water
Een eenvoudige methode is ontdekt om verschillende soorten porfynnedenvaten, waaronder
protoporfynne IX en chlorofyl-a, te rangschikken in ringvormige aggregaten De eerste stap in het
mechanisme voor de vorming van dit soort aggregaten is waarschijnlijk de vorming van
tweedimensionale gasbellen die vervolgens de aggregatie van de porfynnemoleculen induceren
Het aggregatie gedrag en locatie van twee soorten porfynnes in negatief en positief geladen
bilagen is onderzocht als een voorbereidende studie op de ontwikkeling van een supramoleculair
modelsysteem voor Cytochroom P450 De aggregatie van de porfynnes kan worden verminderd
wanneer positief geladen pyndiniumgroepen op de porfynne-eenheden aanwezig zijn De mate van
aggregatie van de porfynnes in positief geladen bilagen neem toe met de hoeveelheid positieve lading
op de porfynnes Het tegenovergestelde wordt gevonden in het geval van de negatief geladen bilagen
Geldden porfynnes vormen "face to face" type aggregaten terwijl de. ongeladen porfynnes "edge to
edge type aggregaten vormen Vermindering van de aggregatie kan ook worden bewerkstelligd door
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gebruik te maken van "picket-fence" porfynnes. De geladen porfyrines blijken zich aan het
wateroppervlak te bevinden en de ongeladen porfyrines in het hydrofobe gedeelte van de bilagen.
Het membraangebonden enzym Cytochroom P450 katalyseert diverse oxydatiereacties in de
natuur. Een kunstmatige model van dit enzym is ontworpen, dat de volgende kenmerken heeft: een
metaalporfyrine, een synthetisch bilaagmembraan waarin het porfynne is ingebouwd en een cofactor, te weten een amfifiel rhodiumcomplex dat in aanwezigheid van formiaat elektronen genereert.
De activiteit van het rhodiumcomplex blijkt sterk afhankelijk te zijn van de lading van de vesicle en
neem toe van negatief naar positief geladen vesicles. Het rhodiumcomplex in combinatie met formiaat
katalyseert op efficiente wijze de reductie van riboflavine, paraquat en verschillende soorten
mangaan(III)porfynnes. Onder aerobe condities en bij een bepaalde [Rh]/[Mn] verhouding, laat de
reductie van Mn(III) oscillerend gedrag zien. Dit kunstmatige Cytochroom P450 model is getest als
epoxidatiekatalysator. Verschillende substraten kunnen worden geepoxideerd met dit model systeem
met omzettingssnelheden vergelijkbaar met die van het natuurlijke systeem. De studies laten zien dat
de lading van het bilaag membraan een dramatisch effect heeft op de katalytische epoxidatieactiviteit
van het Cytochroom P450-model.
Amfifiele derivaten van receptor 2 met lange alkyl staarten, te weten X = СібНзз,гпп
gesynthetiseerd. In water vormen deze moleculen vesicles. Bindingsstudies laten zien dat
gastmolekulen kunnen worden gebonden in de holtes van de receptoraggregaten. Onder de kritische
aggregatieconcentratie zijn in oplossing, 1 : 1 gast-gastheercomplexen aanwezig. Boven de kritische
aggregatieconcentratie zijn maar de helft van de binding plaatsen beschikbaar, hetgeen aangeeft dat
alleen de holtes aan de buitenkant van de vesicle toegankelijk zijn voor binding van gastmoleculen. De
vesicle-aggregaten afgeleid van 2 kunnen worden gezien als "moleculaire golfballen". In één geval
blijkt de vorm van het aggregaat door toevoeging van gast moleculen veranderd te kunnen worden, te
weten van vesicles naar buizen. Het is mogelijk om de moleculaire golfballen te stabiliseren door deze
te polemerizeren. Copolymensatie van een polymeriseerbaar derivaat van 2 met een rhodium
katalysator dat ook een polymenseerbare eenheid bevat, leidt tot een nieuwe klasse van
gepolymeriseerde katalytische vesicles die in staat zijn om gistmoleculen te reduceren. De katalytische
activiteit van het nieuwe systeem is echter lager dan die van positief geladen en zwitterionische
vesicles waar rhodium is ingebouwd.
In het laatste gedeelte van dit proefschrift wordt de binding van paraquat in gastheermoleculen
gebaseerd op 2 beschreven. De complexen tussen 2 en de gast zijn gekarakteriseerd met
verschillende technieken waaronder rontgen-analyse. De bindingsstudies geven aan dat verschillende
interacties een rol spelen in de gast-gastheer complexering. Het is mogelijk om gastheermolekulen
van het type 2 aan paraquat-polymeerketens te complexeren. Dit heeft tot gevolg dat de
elektrochemische eigenschappen van deze polymeren veranderen.
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