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CHAPTER 1
General Introduction
The work presented in this thesis is part of a larger project aimed at the development of
molecular systems capable of performing tasks such as recognition and binding of molecules,
regulation of binding processes, and catalytic conversion of bound molecules. These functions are
normally considered to be exclusive to biological systems. In nature, receptors, carriers, and enzymes
selectively bind one chemical species in the presence of thousands of others. Enzymes, nature's
catalysts, are extremely efficient and selective, and they perform their task under mild conditions.
Mimicking in synthetic systems the level of sophistication nature has reached would offer
opportunities in various applications. It could also help in the determination of factors contributing to
the high performance of enzymes. The construction of synthetic counterparts of enzymes and natural
receptors requires precise control over the geometrical features of the synthetic host This can be
realized by using versatile rigid building blocks which allow the introduction of binding sites with
directional binding interactions and catalytically active groups at well-defined positions. To this end
we have incorporated the rigid and concave molecule diphenylglycoluril 1, used previously in our
group in the construction of hosts for alkali metal ions and diammonium salts.1 In the present work
this building block is modified to obtain hosts which are able to complex neutral organic compounds.
In Chapter 2 the literature on synthetic hosts is surveyed, with a focus on research concerning
the complexation of neutral organic compounds in organic solvents. The role of the major forces that
govern complexation in these solvents, viz. hydrogen bonding and π-π interactions are discussed.
Some examples of host compounds that mimic biological functions such as enzyme-like catalysis and
complexation regulated by outside stimulants are given.
In Chapter 3 the methodology of determining association constants using ÍH-NMR and UV-Vis
spectroscopic techniques is dicussed.
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Chapter 1
In Chapter 4 improved synthetic methods for assembling receptors of type 2 from 1 are
presented. These methods give high yields and allow for extensive variations on the structure.
In Chapter 5 the structure and binding properties of various receptors of type 2 are described.
The complexation of dihydroxybenzenes is investigated by means of Ή-ΝΜΚ titrations and IR
spectroscopy. The importance of hydrogen bonding and π-π interactions in the complexes is
established by comparison of the association constants in hosts with different cavity walls.
Aza-crown ether functionalized derivatives of thereceptorare described in Chapter 6. These
compounds also complex dihydroxybenzenes. The binding pattern, however is different
A receptor with naphthalene walls is described in Chapter 7. Three different conformers of this
host exist, one of which is capable of binding an aromatic guest. The pathways by which these
conformers interconvert is investigated by 2D NMR.
In Chapter 8 the binding properties of a bis-aza crown ether derivative of the host in Chapter 7
are described. This molecule binds two alkali metal ions in a cooperative fashion. It also binds an
aromatic guest molecule. Alkali metal ions exert an allosteric effect on the binding of this guest
In Chapter 9 we present a synthetic approach to receptors with catalytically active metal centers
at well-defined positions near the binding site. To this end the walls of the building block are
functionalized with groups that are able to coordinate to a metal ion.

References
1) a) Niele, F.N. Ph. D. Thesis, Utrecht 1987. b) Smeets, J.W.H. Ph. D. Thesis, Utrecht
1988.

CHAPTER 2
Literature Survey

2.1 Introduction
With the discovery by Pedersen in 1967, that macrocyclic polyethers, or crown ethers
(Figure lat), are able to selectively complex alkali and alkaline earth metal ions1, a whole new field
of organic chemistry was initiated. The innovative work of Lehn2, who prepared bi- and tricyclic
cryptands (Figure lb) with very strong complexation properties toward alkali metal ions, and of
Cram3, who prepared rigid spherands (Figure 1c) and chiral crown ethers showed the enormous
potential of this new field for innovative basic as well as applied research. It has set the stage for a
vast research effort by numerous groups in what is now commonly known as host-guest chemistry.

^О

cr

a

ЗУ
b

Figure 1.18-Crown-6 (a) 13] cryptand (b), and a spherand (c).

The importance of the work of Pedersen, Lehn, and Cram was acknowledged by the award of the
1987 Nobel prize for chemistry. Starting with complexation of positively charged molecules (alkali
and ammonium cations) only, research in host-guest chemistry soon embarked upon the development
of selective hosts for anions and neutral molecules as well. The development of hosts for
+The Figures in this Chapter have been reproduced with the permission of the copyright owners.
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complexation of neutral molecules is an especially difficult task, as the forces involved in binding of
these guests, e.g. hydrogen bonding and van der Waals interactions, are much weaker than those
involved in the complexation of charged molecules.
This literature survey will focus on the molecular recognition of neutral organic molecules in
organic solvents, and on two dominant forces stabilizing complexes with these guests, viz. hydrogen
bonding and π-π interactions.
Over the last decade, host-guest chemistry has evolved into a much broaderfieldincluding not
only the binding of one molecule by another, but also the design and synthesis of all kinds of
organized molecular assemblies that derive their organization from non-covalent intermolecular
interactions. Lehn, who is one of the prominent founders of this field, has introduced the term
supramolecular chemistry to cover the diverse aspects of this growing area of research.2 This term
stresses the contradistinction of supramolecular chemistry, in which non-covalent interactions are
used to assemble "supramolecules" from molecules, with traditional molecular chemistry, in which
molecules are assembled from atoms and functional groups with the use of covalent bonds. The
organized assemblies of molecular building blocks in supramolecules should lead to new properties
and functions unattainable with traditional molecules. The goals that have been established in
supramolecular chemistry are often inspired by natural systems. Limiting ourselves to host-guest
chemistry, the abundant examples in living nature include enzymes, antibody-antigen interactions,
receptors for neurotransmitters,receptorsfor transport of ions across bilayer membranes and proteinDNA interactions, to name but a few. Mimicking these complexes with synthetic model systems
serves a dual role: First, the study of the simpler model systems may lead to a better understanding of
the forces and factors involved in the natural cases. Second, creating hosts which display the same
selectivity and binding strength as their natural counterparts, will be of great practical use. Creating
hosts which equal the catalytic properties of enzymes, e.g. is one of the more challenging goals in
host-guest chemistry today. Another important practical application of synthetic hosts will be in the
development of systems that combine the functions ofrecognitionwith the generation of a physical or
chemical signal. These systems will have value as diagnostic and analytical tools in a range of
applications.
Apart from giving insight into biological mechanisms and offering opportunities in applied
research, host-guest chemistry, and a fortiori supramolecular chemistry in general, have supplied
chemists with a novel view at molecules, affording a guiding principle for new ideas and goals in
areas as diverse as organic chemistry, inorganic chemistry, medicinal chemistry, surface chemistry,
and liquid crystalline materials research.

2.2 Synthetic strategies in host-guest chemistry
As was pointed out by Cram4, most guests typically are relatively small convex molecules with
diverging binding sites. Hosts that can bind these compounds should therefore be concave molecules
4
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Figure 2. A cyclotriveratrilene (a), a resorcinol-aldehyde cyclotetramer (b), and a calixarene (c).

Figure 3. Cryptophane (a) and carcerand (b).
with converging binding sites. The synthesis of molecules that fulfill these stringent requirements, is
a demanding task, and often it is by far the most time consuming step in the sequence: design of a
host - synthesis - characterization of binding properties. Due to the high demands they make upon
synthetic ingenuity, host molecules are now partlyreplacingnatural products as major challenge for
synthetic chemists.5 Unlike in natural product synthesis, in which only the bonding arrangement and
stereochemistry of the product are important, in the synthesis and design of building blocks for
supramolecular chemistry it is also essential to control the geometry of the products, as this
determines the selectivity and strength of the intermolecular interactions.
In the synthesis of hosts, a well defined geometry and orientation of binding sites can be
achieved using rigid building blocks. Most of the commonly used building blocks are cyclophanes,
macrocyclic compounds consisting of aromatic units. The use of cyclophanes in the synthesis of
5
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hosts is actually so widespread, that Diederich's recent book "Cyclophanes" is almost completely
devoted to molecular recognition.6 Because developing new scaffoldings for hosts is such a heavy
synthetic effort, most groups that are developing new host compounds use the same few building
blocks over again. A number of examples of building blocks or "armatures"7 for molecular
recognition, including cyclophanes and other classes of compounds, will be discussed in this section.
There are three related types of cyclophanes, the cycloveratrilenes,8 the calixarenes,9 and the
resorcinol-aldehyde cyclooligomers.10 These molecules are cyclooligomers that consist of benzene
rings, bridged by methylene-groups (Figure 2). Synthesis of these compounds is often relatively
straightforward. They can be tailored for use as hosts for a specific guest by introducing appropriate
binding sites.

Figure 4. Synthesis of a molecular cleft (a)fromKemp's triacid and complexation of a
diketopiperazine in such a cleft (b).

Figure 5. Synthesis and structure of Wilcox' building block.
The synthetic and host-guest chemistry of calixarenes has been explored by a number of
groups, in particular by those of Gutsche,9 Reinhoudt11 and Shinkai.12 The cycloveratrilenes have
been used by the group of Collet8 to develop hosts (Figure 3a) for tetrahedral guests such as
tetramethylammonium ions. The resorcinol-aldehyde cyclooligomeric building blocks have been
studied asreceptorsfor sugars by Aoyama,13 and have been extended by Cram into carcerands hosts that lock up guests in their cavities14 (Figure 3b). The synthetic strategy of using building
blocks with a similar structure for the design of different hosts is not restricted to macrocyclic
6
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compounds. Examples of non-macrocyclic building blocks include the host compounds of Rebek15,
which are based on Kemp's triacid (Figure 4), the hosts of Wilcox,7 who uses the chiral Tröger's
base as a building block (Figure 5), and the molecular tweezers of Zimmerman16, Harmata17, and of
Nolte18 (Figure 6).
One of the earliest, and also one of the most extensively studied building blocks, is the
naturally occurring cyclodextrin molecule.19 This cyclic oligomer of glucose has a cavity of a size and
shape suitable to complex various small organic molecules. The exact size of the cavity depends on
whether the molecule is a cyclic hexamer (a-cyclodextrin), heptamer (ß-cyclodextrin), or octamer (γcyclodextrin) (Figure 7). This building block has been used by Breslow,20 Bender18, Tabushi,21 and
others. One particular disadvantage of the cyclodextrin molecule is that it is not easy to selectively
funcüonalize. FunctionaHzation of the inside of a cyclodextrin has proved to be especially elusive.
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Figure 6. Examples of molecular tweezers used by the groups of Zimmerman (a), Harmata (b), and
Nolte (с).
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2.3 Hydrogen bonding in molecular recognition
Hydrogen-bonding interactions are among the most important interactions in molecular
recognition, in nature as well as in synthetic systems. In nature, hydrogen bonds play an important
role in determining the tertiary structure of proteins,22 and in the formation of the double helix
structure of DNA. 23 They are also involved in recognition of substrates by enzymes24 and of
agonists and antagonists by their receptors.25 Hydrogen bonds are able to bring about high selectivity
in the recognition of guests, because (i) they are highly localized, (ii) they are more or less
26
directional, and (iii) they have specificity in the sense that the binding sites are either hydrogen
bond donors or hydrogen bond acceptors.
The strength of hydrogen bonds is more or less predictable on the basis of the acidities and the
basicities of the donor and acceptor sites involved. It should be noted that the acidity scales of
hydrogen bond acidities differ from the values for proton dissociation in aqueous environment. In
recent years relative scales of hydrogen bonding acidities have been established in organic solvents
for numerous hydrogen bond donors and acceptors.27
Synthetic receptors able to selectivelyrecognizeguests by hydrogen bonding in water have an
obvious significance as diagnostic tools for biologically important substrates. However,
8

Figure 8. A phenolic crown ether and the X-ray structure of its complex with urea.

complexation of guests in synthetic receptors by hydrogen bonding in this strongly competing solvent
has not yet been achieved. To establish hydrogen bonds in water, hydrogen bonding sites, which are
solvated by water molecules, first have to be desolvated. Thermodynamically this is a highly
unfavorable process, therefore hydrogen bonds in water have only marginal strength. One way to
overcome this limitation, and in fact the way nature has solved this problem, is to locate the hydrogen
bonding sites in the water-soluble host in an apolar or hydrophobic microenvironment This facilitates
desolvation of the binding site and consequently leads to enhanced binding. Today, most hydrogen
bonding studies are performed in CHCI3, a solvent with a polarity that is proposed to match that of
the hydrophobic environment in natural hydrogen bonding receptors.

Figure 9. An uranyl crown ether and the X-ray structure of its complex with urea.

Chapter 2
Thefirstexamples of hydrogen bonding in host-guest complexes complexes involved those of
crown ethers with small organic molecules28 such as acetonitrile29 and malonitrile. Subsequently,
Reinhoudt's group has developed this concept into crown ether hosts modified with intra-annular
acidic groups specifically designed to complex urea.30 (Figure 8) The acidic group stabilizes the
complex by forming a hydrogen bond with the oxygen atom of urea. Over the years there has been
continuous interest in the development of hosts for this important guest. The most successful hosts
for urea or urea derivatives either use an electrophilic metal center that coordinates to the urea
carbonyl oxygen atom31 as in Figure 9, or utilize a well organized two dimensional array of hydrogen
bonding centers arranged to interact with the NH groups32 or with both NH groups and the carbonyl
group33 (Figure 10) for maximum binding strength. An association constant >108 M'1 for the
complex between urea and areceptorsimilar to the one in Figure 9 has been reported.34

Figure 10. Two examples of the complexation of urea by a two dimensional array of hydrogen
bonds taken from ref32. (a) and ref33 (b).
Vögtle has investigated complexes of phenols with aza crown ethers. In these complexes, the
phenol molecules are bound via hydrogen bonds with the crown ether nitrogen molecules35.
The same concept used to attain strong binding of urea, viz. an array of hydrogen bonds, was
applied to achieve strong binding of other organic molecules such as barbiturates36, uric acid37
(Figure 11) and nucleobases38. In order to obtain strong binding, as in the rigid systems shown in
Figure 10 and 11, an almost perfect complementarity between host and guest is required. Somewhat
moreflexiblehosts still allow for strong binding, even if the sizes of host and guest do not match
perfectly. This has been illustrated by Hamilton, who has developed receptors that bind barbiturate
drugs by means of up to six hydrogen bonds34 (Figure 12) with a highest association constant of 1.4
χ 106 M -1 . The X-ray structure of this complex shows that the guest is not in the plane of the host,
because it is somewhat too large. Flexibility in the host compensates for this. Binding of barbiturate
analogs lacking one or more of the hydrogen bonding groups leads to successively weaker binding.

10
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Figure 11. Receptor for uric acid developed by Kelly.

Figure 12. Complex of a receptor with a barbiturate drug and two views of the X-ray structure of
this complex.
Rebek has used Kemp's triacid to develop receptors for a range of biological substrates, e.g.
amino acids,39 heterocyclic amines40 and diketopiperazines41 (Figure 13). The three axial carboxylgroups in the acid point in the same direction and therefore allow the assembly of molecules with
concave functionality. Moreover these functional groups can be derivatized to a range of other
functional groups with distinct hydrogen bonding properties. In combination with ease of synthesis,
these properties make the triacid an almost ideal building block for host compounds.42
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Figure 13. Receptors for amino acids (a), heterocyclic amines (b), and diketopiperazines (c), based
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Figure 15 Schematic picture of secondary interactions between the hydrogen bonds in triply
hydrogen bonded complexes.
Research on complexes with multiple hydrogen bonding centers has led to the interesting
43
concept that so-called secondary interactions influence binding strength. Complexes of type 1 (Fig.
14) in which the poles of adjacent hydrogen bonding sites are of opposite sign, display lower
association constants than complexes of type 2, in which two adjacent hydrogen bonding sites have
the same polarity. A third type of triply hydrogen bonded complexes (type 3) has the highest
strength. According to calculations by Jorgensen, these differences are due to repulsive electrostatic
interactions between adjacent hydrogen bonding sites with opposite polarity (Figure 15). In
complexes of type 1, there are four unfavorable secondary interactions, in type 2 complexes there are
12
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two favorable and two unfavorable secondary interactions, and in complexes of type 3 all four
secondary interactions are favorable. A similar effect has been observed experimentally in the relative
hydrogen bonding affinities of imides and lactams.44 In accord with Jorgensen's analysis,45 the
additional "spectator" oxygens in imides destabilize the nearby hydrogen bonds.
Carbohydrates are another class of molecules for which there is great interest, due to their
biological abundance and importance. The presence of OH-groups in these molecules immediately
points to hydrogen bonding as the interaction of choice. Aoyama46 used resorcinol-aldehyde
cyclooligomers to extract sugars from an aqueous into an organic phase. These hosts bind
carbohydrates by a two point hydrogen bonding interaction (Figure 16). They show a marked
selectivity for guests with OH groups in а см -1,4 arrangement.

Figure 16 Complex ofD-ribose and a resorcinol-aldehyde cyclic tetramer. Two water molecules are
also included in the complex.

2.4 π-π- Interactions
Surfaces of aromatic molecules often interact favorably with each other. The strength as well as
the causes of these interactions, however, vary strongly. Until recently, much work has been focused
on face-to-face stacking interactions due to the prototypical biological example of stacking of nucleic
acid residues,47 and because of the preponderance of face-to-face stacking in crystal structures of
charge-transfer complexes.48 In recent years, it has become known that other geometries of aryl
49
complexes are probably equally important Petsko has shown that in proteins edge-to-face
interactions are very common. Likewise in host-guest chemistry the role of this geometry is also
beginning to be recognized.50
In water, the stacking interaction between aromatic molecules is for a large part caused by the
cohesive nature of the solvent: water molecules solvating the aromatic surface have a higher energy
than bulk water molecules.51 Consequently, stacking between aromatic surfaces, which reduces the
total surface exposed to the solvent is a favorable interaction.
13

In solvents other than water, the interactions between solvent molecules are weaker and
solvophobic forces play a smaller role in the stacking of aromatic surfaces. In these solvents, the
main forces between aromatic compounds are van der Waals interactions, which are comprised of
52

dipole-dipole, dipole-induced dipole and induced dipole-induced dipole terms. Complexes between
molecules with electron rich π-systems and molecules with electron poor π-systems, have been
known for a long time and have been studied extensively.

53

In these electron donor-acceptor

complexes (EDA complexes) charge transfer occurs from the π-donor molecule to the π-acceptor
molecule. Only the excited state, however, is stabilized by the charge transfer.54 In the ground state
the complex is stabilized by the same forces as are operative in complexes of aromatic molecules
which show no charge-transfer character. EDA complexes, therefore, are a special case of van der
Waals complexes between aromatic compounds in general, but do not represent a class of complexes
on their own, with respect to the forces that stabilize the complex.
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Figure 17 Most stable arrangementfor the benzene dimer (a) andfor the anthracene-benzene
complex (b), as calculated by Jorgensen et aL
The structure and strength of the interactions between benzene molecules have been investigated
in solid benzene, 55 in liquid benzene, 56 and in the gasphase benzene dimer. 57 In the solid state, the
benzene molecules are arranged in a herringbone-like arrangement. The structure of liquid benzene
was found to show much similarity to that of solid benzene. In the gasphase, the stability of the dimer
is lower then 2.8 kcal/mole. The geometry of this dimer is not yet known with certainty. There is
experimental evidence for a T-shaped arrangement,57a>57b as well as for a stacked arrangement of the
benzene molecules. 570 In an ab-initio study it was concluded that a T-shaped arrangement is more
stable than a parallel stacked arrangement.58 Jorgensen and Severance59 have performed Monte Carlo
simulations on the benzene-benzene dimer, the benzene-naphthalene dimer, and the benzeneanthracene dimer, and found that face-to-face stacked structures are net repulsive. They proposed that
the benzene dimer has a T-shaped structure (Figure 17a). Shifted, stacked structures become more
favorable when the arene size increases (Figure 17b). The computational effort involved in ab-initio
and semi-empirical calculations causes these methods to be less useful in the study of π-π interactions
14
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in host-guest complexes. For these systems, molecular mechanics calculations are more appropriate.
Standard force fields for molecular mechanics calculations, however, are known to overestimate the
stability of a parallel stacked arrangement of benzene rings strongly. Pettersson60 has introduced an
electrostatic potential to the MMP2 forcefield,with partial charges on the С and H atoms of benzene
of +0.15 and -0.15 respectively. With this modification the calculated false preference for stacking of
phenyl rings in some molecules is taken away, and the experimental conformations are better
reproduced. A similar approach was taken by Castonguay et α/.,61 who modified the Dreiding force
field with electrostatic potentials for phenyl groups in a study on the conformation of platinaphenylphosphine complexes.
Hunter and Sanders62 have recently developed a practical model for π-π interactions, which
accounts surprisingly well for the experimental geometry of a number of complexes containing πsystems. In their model, which is entirely electrostatic, three point charges are assigned to the atoms
in an aromatic molecule, one at the site of the atom, and one each above and below the plane of the πsystem (Figure 18). In the simplest case, that of benzene, the carbon atoms have a charge of +1
assigned to them and the π-pointcharges get a charge of -1/2 each. The distance δ is chosen such that
the experimental quadrupole moment of benzene is reproduced correctly. In polarized systems, with
substituents on the aromaticring,or hetero-atoms in thering,the σ and π charges are calculated with
MO calculations. In its simplest form, this model neglects van der Waals interactions. The authors
note that van der Waals interactions in a complex of aromatic molecules will always favor a situation
with maximum overlap of π-surfaces. For a large variety of complexes this is clearly not in agreement
with the actual situation. The structures that are experimentally found, often have an offset or Tshaped geometry. These geometries are faithfully reproduced by the electrostatic model. For stacked
geometries with maximum π-overlap, the model calculates higher energies, due to repulsive
interactions between the π-pointcharges (Figure 19). In the alternative geometries, these repulsive
interactions are overtaken by attractive π-σ interactions. In complexes in which one of the
components contains π-electron poor atoms, a geometry with maximum π-overlap, however, can be
the most stable one.

i

.©J
Figure 18 Hunter and Sanders' model for an atom which contributes one electron to the molecular
n-system; projection parallel to the plane of the it-system.
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One of the most important conclusions of the study of Hunter and Sanders is that the general
concept of EDA-complexation of π-systems is too vague, because it is the properties at the point of
intermolecular contact rather than the overall redox properties, that determine how the molecules
interact The importance of π-π interactions in geometries different from face-to-face has hardly been
recognized in the design of host compounds for molecular recognition.
A number of hosts have specifically been designed to bind aromatic guests by π-π stacking in
combination with hydrogen bonding, or by π-π stacking interactions alone. Examples of π-stacking
complexes in aqueous environment will not be discussed here, because these complexes are outside
the scope of this thesis. In organic solvents, there are still few examples of aromatic guests that are
bound by π-π interactions exclusively. Diederich has shown that complexes of 2,6-disubstituted
naphthalene derivatives with the π-electron rich host of Figure 20 are stabilized by EDA
63

interactions. In the complex the guest has a tilted and offset geometry with respect to the host
Zimmermann et. al have developed a class of host compounds, called "molecular tweezers",
64

which bind aromatic compounds by face-to-face stacking interactions. Guests are sandwiched
between the anthracenyl moieties of the host. The complex between the compound in Figure 6a and
-1

trinitrofluorenone, which is stabilized by π-π interactions alone, has a K a of 3400 M in CHCI3.
Zimmermann's hosts have been modified with a carboxyl group which is buried in the cavity of the
tweezer,

65

in order to effect strong binding of 9-propyl-adenine by a combination of hydrogen

bonding and π-stacking interactions.66
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Figure 20 Cyclophane host for the complexation of substituted naphthalene derivatives.
Until now, no complexes in organic solution of synthetic neutral hosts with monocyclic
aromatic guests, bound by π-π interactions alone, have been described in the literature. Such guests
have much smaller and less polarizable surfaces, consequently their complexes are less stabilized by
van der Waals interactions than complexes with polycyclic aromatic guests. A host for trimtrobenzene
has been developed,67 which can bind the guest by both face to face and T-shaped interactions with
aromatic moieties in the host. The crystal structure of this complex has been solved (Figure 21), but
inclusion of trinitrobenzene in solution was notreported.EDA-type interactions stabilize the complex
between the tetracationic host in Figure 22 andp- dimethoxybenzene in acetonitrile.68 In this host the
electron deficient paraquat units interact with the electron rich π-system of the guest. (Figure 22)

Figure 21 Crystal structure of the complex of
Harmata's tweezer with trinitrobenzene

Figure 22 Paraquat cyclophane and the X-ray structure of its complex with p-dimethoxybenzene.
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Figure 23 Host for phenols and the X-ray crystal structure of its complex with ρ -nitrophenol.
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Figure 24 Stacking interactions providing additional stabilization in the complexes of 9-ethyladenine
with hosts based on Kemp's triacid.
Whitlock has used a combination of hydrogen bonding and π-stacking interactions to effect
69

strong binding of 4-mtrophenol and 4-cyanophenol in the host in Figure 23. For unknown reasons,
this host completely failed to bind benzoic acid. The combination of hydrogen bonding and πstacking interactions has also been used by a number of research groups to complex the nucleic acid
bases. In one of his numerous studies concerning recognition of nucleic acid derivatives in CHCI3,
Rebek has used derivatives of Kemp's triacid functionalized with residues varying in size from
methyl to anthryl. He was able to show that upon increasing the size of the stacking surface (Figure
24), the association constant for binding of 9-ethyladenine increased by approximately 0.4 kcal /mole
for each successively larger residue. 70 The interactions of the aromatic residues in the host with the
guest were shown to be of the face-to-face type, and not of the edge-to-face type. That the preference
for either type of aryl-aryl interaction is a subtle one, was shown by Hamilton, in a study on two
related receptors for 1-butylthymine.71 Depending on the electronic properties of the naphthyl moiety
involved , the complex is stabilized by either face-to-face π-π stacking interactions or edge to face
interactions, as is visible in the crystal structures of these complexes with 1-butylthymine (Figure
25).
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Figure 25 X-ray structures of the complexes between 1-butylthymine and two related hosts for this
compound, showing face-to-face or T-shaped interactions.
In the previous sections we have shown that molecular recognition has undergone rapid
developments, and a great deal of insight has been obtained concerning the potentialities of various
types of interactions for selective binding. In future years the most exciting challenges in molecular
recognition will be (i) the development of receptors which bind guests selectively and strongly in an
aqueous environment with the aid of hydrogen bonding. This will allow the detection or sequestering
of biologically and medically important substrates, (ii) The use of hosts as functional units in
supramolecular devices, that combine the functions of recognition with e.g. catalysis in "synthetic
enzymes" or with signalling in sensors. Some examples of these applications which have already
been realized, will be discussed in the next two sections.

2.5 Supramolecular devices
One of the interesting current developments in molecular recognition research is the construction
of "responsive hosts", 72 i.e. hosts whose binding properties can be influenced by physical means.
The stimulus can be e.g. an electrochemical or photochemical signal. Related to these systems are
hosts with multiple binding sites, which change their affinity to one guest if another guest is bound at
a second site. The principle can also be reversed, in the sense that one can think of developing hosts
which transduce binding information into a measurable signal. The latter option opens up
opportunities to apply receptors as analytical and diagnostic tools in chemistry and medicine. The
problem of transducing binding information into an electronic signal is a field of research in its own
right, in which knowledge of chemistry and material science must be integrated. The binding
information can be transduced into a change in potential at the surface of a ISFET as shown by the
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group of Reinhoudt,73 or in a change of mass of a quartz crystal,74 which in turn results in a change
in crystal vibration frequency. For a discussion of this field the reader is refened to specialized
review articles.75 An alternative way of communicating the binding information to the macroscopic
world is by using the optical properties of the host The change in absorption or fluorescence which
occurs on binding of a guest can then be detected spectrometrically. In particular methods that use
changes in fluorescence are important due to the high intrinsic sensitivity of this technique.

Figure 26 Schematic picture of the release of Ca2+from a photoresponsive host
Interaction of hosts with light has been used in a number of studies to influence the binding
strength or selectivity of a host 7 2 ' 7 6 - 7 8 Examples are the photoresponsive crown ethers that were
prepared by Shinkai76 and other research groups.77 A recent and potentially useful photoresponsive
device was described by Adams et al., who prepared a host which rapidly releases calcium ions upon
illumination at 365 nm, as the result of a photochemically induced conformational change78 (Figure
26). This compound is of potential interest in the study of calcium dependent biological processes.
Beer has developed redox responsive hosts, that change their affinity towards alkali-ions or to
molecules when being reduced or oxidized.70
A biomimetic kind of binding regulation is also possible in hosts with multiple binding sites. In
these compounds the binding of one guest may influence the affinity of the host for a second guest
The latter guest can be either of the same species, or a different compound. The mutual influence of
binding strength between different sites is a very important regulatory mechanism in enzymes,79
receptors,80 and in ribosomes.81 The paradigmatic example is hemoglobin.82 This blood protein is
able to bind four molecules of dioxygen, binding of the fourth dioxygen being stronger than of the
previous three. This mechanism allows the release of a large proportion of the bound oxygen upon a
relatively small drop in partial oxygen pressure. This effect is known as cooperative binding. The
general phenomenon that binding strength at one site is influenced by the occupancy at another
binding site is known as the allosteric effect.83 Few synthetic hosts have been described in literature
that show allosteric effects. One of the first successful examples was reported by Rebek,84 who
synthesized bis-crown ethers that bind two alkali ions or mercury complexes like Hg(CN)2. For
binding of the latter guest the second intrinsic binding constant was shown to be about ten times
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larger than the first binding constant, whereas for ionic guests, mutual electrostatic repulsion
prevented cooperative binding of the second ion.

Figure 27 Cooperative binding ofdiazabicyclooctane.

Figure 28 Host compound with allosteric binding properties (a). Schematic picture of cooperative
binding process in this host m = metal ion; h = hydrophobic binding site; ρ = polar binding site; L =
lipophilic guest (b).
Only very recently have organic chemists succeeded in developing synthetic receptors that show
allosteric effects or cooperative binding for organic guests. A tetracarboxylic acid has been reported
that binds two diamines in a cooperative fashion85 (Figure 27). Schneider has developed a watersoluble host for arenes, that binds guests 10-100 times more strongly in the presence of copper (Π)
ions 8 6 (Figure 28). For a modifîed cyclodextrin host, cooperative binding of 4-nitrophenol was
described, presumably as a result of an induced change of aggregation of the cyclodextrin
molecules.87

2.6 Synthetic hosts as enzyme mimics
Enzymes catalyze reactions with high efficiency and selectivity. The construction of artificial
enzymes using synthetic molecules as building blocks is one of the most chaUenging and exciting
21

Figure 29 Cucurbituril (a); dipolar cycloaddition catalyzed by this host (b), and drawing of the
ternary complex of the host and substrates (c).

research areas in supramolecular chemistry. Artificial enzymes may help clarify how natural enzymes
work. They may even catalyze reactions for which no natural enzyme exists. The field of artificial
enzymes started in the seventies with the work of Tabushi,88 Breslow89 and Bender19 on catalytically
active cyclodextrins. Later fully synthetic catalysts based on crown ethers were developed by
Cram, 90 Lehn 91 and Kellog.92 Most aitificial enzymes developed in the past catalyze reactions in
which bonds are broken. Among these reactions, ester hydrolysis takes a prominent place. Examples
of esterase mimics include those developed by Cram,93 Breslow,94 Lehn,95 and Hamilton.96 Only a
very limited number of bond-forming reactions catalyzed by host compounds has been reported.
Diels-Alder reactions can be catalyzed in cyclodextrins97 and in cyclophanes.98 Mock has described a
bond-forming reaction in the very interesting host cucurbituril. This compound had already been
prepared in 1907,99 but its structure was unknown. In 1981 the X-ray structure was determined100
(Figure 29a). Cucurbituril was found to have the shape of a bracelet and a cavity measuring
approximately 5 Â, with portals 4 Â wide. The entries of the cavity are lined by six carbonyl
moieties. These moieties are able to bind to the ammonium group of protonated amines. Cucurbituril
accelerates the 1,3-dipolar cycloaddition of propargylamine and azidoethylamine in formic acid/water
mixtures, by forming a ternary complex with these molecules101 (Figure 29b and 29c).
Kelly has synthesized a host, shown in Figure 30, with two adjacent binding sites, which
catalyzes the coupling of two simultaneously bound guests. 102 The three hydrogen bonds between
the host and each of the guests ensure that a highly structured complex is formed, in which the
reactive groups of the guests are brought closely together. In the presence of the host, the rate of the
coupling reaction increases 6- to 12- fold.
The ambitious goal of attaining autocatalysis and self-replication - quintessential in explaining
the origin of life - has been achieved by Rebek.103 The self complementary host in Figure 31
contains an adenine moiety, covalently attached to a receptor for adenine. This compound is able to
gather both components from which it is made. In the ternary complex, reaction between the
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components is promoted. Adding the product to a mixture of the two components results in an
increase of the rate of coupling of these species.
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Figure 30 Coupling of two molecules catalyzed by a synthetic host developed by Kelly.

Figure 31 Autocatalysis in a self-replicating system.
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Figure 32 Cyclophane host which catalyzes benzoin condensations.
In the above examples the mechanism of rate acceleration lies in the bringing together of two
substrates in a ternary complex with the host compound, rendering the reaction pseudointramolecular. In natural enzymes, however, rate acceleration is usually the result of a proper
positioning of the substrate toward catalytically active groups present in the active site of the enzyme.
This facet of enzymatic catalysis has been mimicked by several research groups, in particular by that
of Breslow.104 Two veryrecentexamples from the group of Diederich are worth mentioning here.
The thiazolium group is known to play an important role in the catalysis of the benzoin
condensation.105 Diederich has synthesized a thiazolium-functionalized cyclophane (Figure 32),
which binds two molecules of benzaldehyde, as was shown by a NMR titration experiment.106 This
cyclophane was found to be 11 times more active in the benzoin condensation of benzaldehyde as a
non-macrocyclic thiazolium salt The reaction was truly catalytic, with a catalytic turnover rate of
approximately 1· min-1 in DMSO. The second example concerns a synthetic model for cytochrome
P-450. This enzyme catalyzes a variety of reactions, among them the oxidation of aromatic
substrates. The catalytically active center of the enzyme contains an iron porphyrin. Diederich has
constructed a host, shown in Figure 33, which binds aromatic guests in close proximity to such an

Figure 33 Synthetic model of the enzyme cytochrome P-450.
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iron porphyrin.107 In the presence of iodosylbenzene as oxidant, acenaphtene was converted into
acenaphtenone, with small catalytic turnovers. It was suggested that the substrate was oxidized in the
cavity of the host, and not on the open poiphyrin face.
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CHAPTER 3
Determination of the Stoichiometry and Stability
Constants of Host-Guest Complexes

3.1 Introduction
In this Chapter the methods used to determine stoichiometry and association constants (Ka's) of
host-guest complexes are discussed.
When a host and a guest form a 1:1 complex, the following equilibrium is involved:

H+G^HG

K

, . [HG]

[HUG]

(l)

[H], [G], and [HG] denote the equilibrium concentrations of host, guest, and 1:1 host-guest
complex, respectively, assuming all activity coefficients to be equal to unity. When the host and guest
also form 1:2 host-guest complexes the following equilibrium should be considered as well:

HG + G*HG2

K l

l\2

_

[HG2]

[HG][G]

(7)
w

In the following discussion eq. (2) is neglected and only eq. (1) is considered. In Section 3.3
we will discuss when it is justified to make this simplification, and describe the cases where eq. (2) is
important.
According to equation (1) the association constant can be calculated from the equilibrium
concentrations [H], [G], and [HG]. In general only the initial concentrations of host and guest [Щ^л
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and [G]tot are known. The equilibrium concentrations of the species present in solution are related to
these initial concentrations in the following way:

[G]= [GLt-IHG]
[H]= [H]l0,-[HG]

(3)

Determination of the equilibrium concentration of HG will therefore suffice to determine Ka.
Often this concentration cannot be measured directly, because the property that is determined by the
measurement, for instance the absorption in a UV titration, or the chemical shift in a NMR titration, is
a function of both the concentration of the probe species, and some intrinsic property of the probe,
such as its extinction coefficient or chemical shift These properties are not known in advance. In the
cases where it is possible to determine [HG] directly, for instance in extraction experiments, one
measurement in principle is sufficient to determine Ka. In this thesis extraction experiments have been
used a number of times. The calculation of association constants from this kind of experiments will
be treated in Section 3.2.1
If a direct method to determine the concentration of HG is not available, the association constant
must be derived from an experiment in which a property X

is measured at various initial

concentrations of host and guest, [Η]| 0 ( and [G]tot· The Ka that gives the best agreement between the
measured and calculated values of X is then determined by graphical methods or by computation
using a fitting procedure.
Before personal computers were generally available, the association constant was usually
determined by graphical methods. 1 · 2 · 3 Experimental data was plotted in such a way that a linear
relationship was obtained between variables. A straight line was then drawn that to the eye fitted best
through the data points. The relevant parameters were extracted from the slope and intercepts of this
line. These methods have the disadvantage that the approximations in the linearization method used,
necessitate stringent boundary conditions for experimental set-up in order to give significant
association constants. 4 · 5 · 6 Moreover, the use of reciprocal plots, which are frequently required, gives
undue weight to data points with low accuracy. This may cause serious errors in the results. 7
Nowadays the computational efforts of least squares curve-fitting methods are no longer an
impediment to their use. Consequently, they arc preferable to graphical methods. The application of
curve fitting methods in the evaluation of association constants from UV or NMR titration data will be
treated in Section 3.2.2 and 3.2.3
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3.2 Procedures.
3.2.1 Extraction method
Liquid-liquid8·9 and solid-liquid10 extractions are established methods for the determination of
association constants, which are particularly useful when the solubility of one of the species in the
equilibrium is too low to perform a titration in homogeneous solution. The presence of two phases,
however, complicates the measurement Especially in the well-investigated picrate extraction, it has
been shown that experimental parameters such as solvent, ionic strengths, solvent volumes, etc., all
have to be kept identical in a series of experiments in order for results to be directly comparable.9 Kavalues which have been determined by liquid-liquid extractions are both more accurate and
reproducible than values determined by solid-liquid extraction experiments.10
In the liquid-liquid extractions that are used in Chapter 5, the guest is extracted from an aqueous
layer into a solution of the host in an organic solvent. The concentration of free guest in the organic
layer is related to its concentration in the aqueous layer by the equation:
[G]org = K<)[G]aq

(4)

The partition constant Kd must be determined in a separate experiment The total concentration of the
guest in the organic layer, [Gtotlorg may be determined by a direct measurement in the organic phase,
or may be derived from the decrease in guest concentration in the aqueous phase. Ka is then obtained
by substituting equations (4) and (5) in equation (1).
[HG]orç = [Gtotlorg " [GJorg
[H]org = [Htotlorg - [HGJorg

In a solid liquid extraction the same equations are used, but [G]org is fixed by the solubility Ks of
the guest
In extraction experiments, a single measurement at one concentration for all components would
suffice in principle to determine Ka, if Kj or Ks are known. Measurements at different host and guest
concentrations can be used to ascertain the validity of the model and to establish the stoichiometry of
the host-guest complex. For maximum accuracy it is important to choose the conditions in such a way
that the right hand sides of equations (5) are not close to zero, to prevent introduction of large errors
by subtraction of almost equal concentration terms. If К«) is too low or too high, the method cannot be
used.
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3.2.2 UV titrations
In the introduction of this Chapter it was noticed that in many cases it is not possible to
determine Ka from a single measurement at one concentration of host and guest, since the observable
parameter is not only dependent on the equilibrium concentration of the host-guest complex, but also
on an initially unknown property of this species. In UV titrations this property is the extinction
coefficient ε. The observable parameter, absorption A, is the product of concentration and ε. For a
given Ka and ε of the complex, the absorption may be calculated from the concentrations Ндо and
11

Gtot :

[HG] = 1/2.(([H,o,]+ [G,ot] + К"1) - (([H,o,] + [G,ot] + К"1)2 - 4[H,od[G,o,]) )

(6)

Acaic = e[HG]

(7)

For a single measurement, an infinite number of combinations of ε and Ka can be found that
give a calculated absorption which is exactly equal to the observed absorption. If multiple
measurements at different concentrations are made, however, it is in general not possible to find a
combination of Ka and ε for which calculated and observed absorptions are exactly equal for each
measurement. If the errors in A are normally distributed, it can be shown that the "best " values of
Ka and ε (that is, the values that have the highest probability of being the true values) are obtained if
χ 2 is minimized:12
γ2 _ у

(Apbs - Acalc)

¡

(8)

of

In eq. 8 the summation is over all η measurements and σι is the standard deviation of the i-th
measurement. This is the least squares criterion.
There are two computational methods tofindthis minimum: First, curve-fitting by a non-linear
least-squares method13 which is implemented in most commercial programs for analysis of binding
data of host-guest complexes on microcomputers.14 The minimum value of χ 2 is found analytically
or by iteration. The calculation gives an estimate of the best fit values together with estimates of their
standard errors in the form of a variance/covariance matrix. In the present work we have used a
second, computationally simpler approach.15 The minimum value of χ 2 and the Ka and ε values are
found by analytically evaluating the derivative of χ 2 to ε while keeping Kafixed.At the minimum of
χ 2 this derivative is zero. Byrepeatingthis procedure for a range of values of Ka the global minimum
of χ 2 is found. An estimate in the error of Ka and ε is obtained by determining the increase in χ 2 by
changing these parameters. In order to determine confidence limits on Ka, the range of Ka for which
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χ2 < (х^лцп + η) is determined. The value of η is dependent of the number of datapoints and the level
of confidence that is desired.12
This relation only applies if the errors are random and have a normal distribution. Systematic
errors in a titration, such as errors in the concentration of stock solutions are not reflected in the χ 2
value. Systematic errors can only be detected by repeating titrations a number of times. The accuracy
that can bereachedis strongly dependent on conditions of the titration. Derenleau5 has shown that at
a constant host concentration, the saturation of the host with guest should span the range from 2080% in order for the Ka values to be significant The problem of experimental design, in particular
with respect to the optimal concentration range, has been addressed in detail by Carta and
associates.16 One important guideline that can be extracted from their work is that the most reliable
values of Ka are obtained if the concentration of one of the components of the host-guest-complex is
approximately 0.1 x Кц-1 and the concentration of the other component is varied between 0.1 and 10
times Кд-1.
3.2.3 NMR titrations.
The NMR signal of a probe nucleus Ρ in a host-guest complex often has a chemical shift that is
different from its shift in the free host or guest. When the species in an equilibrium mixture of host,
guest and host-guest complex are in fast exchange, a single signal for Ρ is observed. The shift of this
signal is the concentration-weighted average of the shifts of Ρ in the complex and the free species.
The change in shiñ of the signal (Δδ) in a titration can be used to calculate the association constant of
the host-guest complex. The shift difference between the signal of free Ρ and Ρ in the host-guest
complex is known as the complexation induced shift, Дбщп.
The calculational procedure for the evaluation of Ka and the complexation induced shift, Δδΐύη
is analogous to the procedure for UV titrations, except that the difference between calculated and
observed shift now have to be minimized. The change in shift of the signal of the probe Ρ is
calculated by substitution of [HG] from equation (6) in the equation below.
A5p(calc) = A5p(i¡m)·——±
Inotl
Granot12 has performed Monte Carlo simulations of NMR titration experiments to derive
guidelines for the experimental set-up of these experiments. Using the restriction that the
concentration of the probe compound is constant, he found that the most accurate Ka values are
obtained if the concentration of thefixedcomponent is approximately 0.5 x Ka"1 and the concentration
of the other component varies from 0.5 to 11 x Ka"1. The accuracy of Ka increases with increasing
number of measurements, but the gain in accuracy in experiments with more than 20 datapoints is
only marginal. The simulations show that more accurate Ka values are obtained if the concentration
of the titrant is increased by a constant factor rather than by a constant increment
34

We found that if the titrations are carried out according to the protocol of Granot, the random
error in the determination of the shift (typically 0.1-0.5% of Δδΐύη) had a smaller contribution to the
overall error in K a than the systematic errors in the concentration of the stock solutions (typically 13% for each of the host and guest stock solutions that were used for a titration). The errors derived
from confidence limits in one titration, therefore, gave a rather optimistic estimate of the error in K a .
More realistic estimates could be obtained by repeating the same titration a few times. Depending on
the spectrometer sensitivity the lowest probe concentration that can be conveniently measured is 0.5-1
mM. The simulation experiments of Granot indicate that with these concentrations the results become
increasingly inaccurate if K a is larger than 4 χ IO3. It has been noted by Whitlock17 that if complexes
have very high K a 's, more accurate values are obtained when competition experiments are used.
Alpem et cd.

18

have developed a computer program for NMR competition experiments which makes

use of the following relationship:

к^к^ЩСШІ
KR

do)

[RG][H]

in which Ka is the association constant for the complex between Η and G, and KR is a known
association constant for the complex between G and the reference host R. Using equation (10) and
the relation between chemical shift and relative concentration of the free and complexed species, given
in eq. (9), the following expression can be derived:
К«, = Γ
^И
1 ΓΑδΗΟΗ-Αδη
L
J
A5H(iim)-A5H JL
Δδ η

( 1 1 )

This expression shows that from titration data obtained at various concentrations of H, G and
R, the relative association constant K re i and the complexation induced shift value А5н(іші) may be
determined if Абщііт) is known. For the present work a modification of the program described by
Alper et al was used. The difference between observed and calculated shifts was minimized by a grid
search in the (K re i, Абщііт)) plane, as described for normal NMR shift titrations. In equation (11),
neither the equilibrium nor the initial concentrations of H, G, or R appear. Consequently, it is not
necessary to determine these concentrations when preparing the solutions. This competition method,
therefore, is very fast. Furthermore, the K re i obtained is not affected by the presence of impurities,
even if they partially complex with G. Most accurate values are obtained if K^i lies between 0.1 and
10.
The least-squares methods which we have used, in UV titrations, NMR-shift titrations and
NMR-competition titrations, can be made more accurate when the absorption is monitored at multiple
wavelengths, 19 · 20 or when the shifts of independent NMR signals are monitored simultaneously18.
These options, however, have not yet been implemented in our computer programs.
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In some cases it was not possible to perform a normal NMR-shift titration, or a normal
competition experiment, because the complexation induced shift values were very small or zero. In
these cases also a competition method was used in which the host H was competing for a guest G
with a reference host R, of which the association constant Ka(R) and complexation induced shift
AÔRQim) in the complex RC are known. The change in shift of thereferencesignal is proportional to
the fraction of R that is present as complex:
A5R

JRG]

ΔδΗ(ϋηι)

R

(12)

[ ]to«

As [Rtotl and Ka(R) are known, [RG] and [G] can be calculated:
[RG]=-^B-[R,od
AoR(i¡ m )

[G]=

PQJ

(13)

[R]Ka(R)
Guest molecules that are neither free nor in a RG complex are present as a complex with H, the
concentration of which allows us to calculate the concentration of free host Η
[HG] = [Glot]-[RG]-[G]
[Н] = [Ни*]-[НС]

(14)

We now know all concentrations necessary to calculate Κα(Η) by substitution of these values in
equation (1).
This method is not very accurate, since the errors in the determination of Ka(R) and 5iim(R)
propagate in the calculation, and because the subtraction of concentrations in equations (14) can
increase relative errors strongly. In the cases this method has been used it was performed at a number
of concentrations of H, R, and G to determine thereliabilityof the method. It was found that errors in
Ka are as high as 50%.

3.3 Complexes with 1: 2 host-guest stoichiometry
When there is no theoretical ground or independent experimental evidence to exclude the
formation of 1:2 complexes, one has to consider equation (2) in addition to equation (1). The
combination of Ki and K2 that gives the minimum χ 2 value can still be found in a grid search,
although it is somewhat less convenient in this case, because four variables (Κι, ει. Кг, and гг) now
have to be fitted. To do this, the global minimum of χ 2 must be determined. The observable
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parameter is now composed of a contribution of both [HG] and [HG2]. For the UV-titrations in
discussed in Section 3.2.2 one gets:
Acaic = ei[HG] + e 2 [HG2]

(15)

In the procedure we have used to find the best fît values, Ki and K2 were kept constant, and the
values of ei and ег that give the lowest χ 2 were then calculated analytically.21 This procedure was
repeated for a number of Ki and K2 values, until the global minimum of χ 2 was found.
The conditions under which the most reliable parameters can be obtained when 1:2 complexes
are present, have been worked out by several workers for NMR22 and UV titrations. ^* 2 3

3.4 Experimental procedures

Computer programs.
The computer programs were written in FORTRAN and were run on a Vax computer or on an
IBM-compatible microcomputer. For evaluation of the NMR shift titrations the program by De Boer
et al.15 was used. The other programs were essentially modifications of this program. Standard
minimization sub-routines were taken fromreference12.

Liquid-liquid extractions
In a typical extraction experiment, 1 mL of a stock solution in CHCI3 containing host (10 mM)
was mixed vigorously with 1 mL of a stock solution of guest (4 mM) in water for 1 min in a
centrifuge tube using a vortex mixer. The mixture was centrifuged in the same tube and subsequently
a 200 pL aliquot of the aqueous phase was transferred to a cuvette containing 2 mL of water. The
concentration of guest in this solution was determined by measuring the UV absorption. The
extinction coefficient of the guest in water was determined separately. The distribution constant (Kd)
of the guest between the organic and aqueous phases was determined in a similar way, using pure
CHCI3 and an aqueous stock solution containing guest.
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UV titrations
In a typical procedure for UV titrations, a stock solution of the host (5 mM) in analytical grade
CHCI3 was prepared (stock solution A). From this solution a second stock solution was prepared
which also contained 90 mM guest (stock solution B). A precisely weighed amount of stock solution
A (approximately 2 mL) was transferred to a quartz cuvette (pathlength 1.000 cm) in a thermostatted
compartment of a Perkin-Elmer λ-5 UV-vis photospectrometer in the double beam mode.
Subsequently, 100 μΐ aliquote of stock solution В were added using a micropipette. The absorbance
at several wavelengths was measured and stored on a computer disk. Theresolutionamounted to
0.0001 absorbance units (A.U.). Excellent fits were obtained if a random error with standard
deviation of 0.0003 A.U. was assumed in all measurements. Ka values generally were determined
from 10 datapoints.
NMR titrations
Each titration was carried out with ten different samples. These samples were prepared from
stock solutions of the host and the guest in CDCI3. The concentration of the component of which the
^-NMR signal was monitored (host or guest) was roughly kept constant at approximately 1 mM.
The amount of the other component was varied from 0 to 8 equiv. CDCI3 was added to adjust the
total volume of each sample to approximately 0.6 mL. 90 MHz tH-NMR spectra were recorded on a
Bruker WH-90 spectrometer. The samples were maintained at 298±3 K. Before and after each
titration the temperature was checked by measuring the shift difference between the two proton
signals in a methanol sample.24 The random error in the shift determination was considered to be
caused completely by limited digital resolution of the spectra (0.3 Hz/point), and was assumed to
have a standard deviation of 0.2 Hz.
NMR competition titrations: A stock solution of the guest in CDCI3 was prepared. From
this solution separate stock solutions containing guest and host (A) and guest andreferencehost (B)
were prepared. Concentrations of hosts and guest in the stock solutions were approximately equal to
Ka-1 but were not determined precisely. NMR samples were prepared by mixing aliquots of the two
solutions A and В in various ratios keeping the total volume constant at 0.6 mL.
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CHAPTER 4
Synthesis of Concave Receptors Derived from
Diphenylglycoluril

4.1 Introduction
Naturalreceptorsand enzymes are macromolecules that consist of linear chains of amino acids
folded in such a way that a cavity or cleft is formed. In order to achieve this well-defined structure a
specific folding pattern is followed by the macromolecule, directed by hydrogen bonding,
hydrophobic forces and other non-covalent interactions. When mimicking natural receptors it has
become common practice to use rigid building blocks to ensure a well-defined geometry. This
approach is more convenient thanrelyingon non-covalent interactions inflexiblemolecules which are
much harder to control. For several reasons, the benzene ring and other aromatic molecules are
frequently used as building blocks to construct synthetic receptors. Aromatic groups are rigid and
therefore are useful as structural units. They are easy to functionalize, allowing for modification and
extension of the receptor molecule. Aromatic moieties offer a versatile way of introducing binding
interactions, viz. with aromatic guests via π-π interactions1 and with guests containing charged
groups such as the ammonium group via ion-induced dipole interactions.2 In the last few years a new
class of synthetic receptors for aromatic guests has emerged,3 for which the name "molecular
tweezer"3c or "molecular clip"4 has been coined. In thesereceptorsthe guest is sandwiched between
two π-stacking aromatic surfaces, which play a dominant role in the binding of the guest.
In previous papers we reported on molecular clips derived from diphenylglycoluril, e.g. 2. 4 b
Molecules 2 contain a cleft which is formed by the glycoluril framework and two xylylene walls
(Figure 1). We have shown that this cleft binds guests and that the xylylene walls assist in the
binding process. Crown-ether derivatives of 2b also bind dihydroxybenzenes4« and in addition to
this alkali salts415'0, and diammonium salts.4b'c The synthetic method we used to prepare 2 is shown
in Scheme 1. Reaction of the cyclic ether la to give the required product demanded long reaction
times and afforded only moderate yields with substituted benzenes other than hydroquinone.
Consequently, the possibilities to vary the aromatic walls of the cleft were quite limited. Therefore we
decided to investigate the procedure to assemble molecular clefts from la and aromatic molecules in
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more detail. The results are presented here. They have been used to prepare the new receptors 2-7.
The binding properties of thesereceptorswill be described in Chapter 5 and 7 of this thesis.5·6

Figure IModeled structure of receptor 2a.

4.2 Results and Discussion
The coupling of la and other tetramethylenederivatives of diphenylglycoluril (vide infra) with
aromatic compounds belongs to a type of reaction called amidoalkylation, or in this particular case
ureidoalkylation. This type of reaction has been reviewed by Zaugg.7 The reactive species is a
carbonium-imonium ion which is generated in an acid catalyzed reaction. It acts as an electrophile
towards the aromatic nucleus of the reactant.8 Our original method of synthesizing 2b involved
refluxing la with an excess of hydroquinone in 1,2-dichloroethane in the presence of ptoluenesulfonic acid as a catalyst. In the following we will discuss some alternative procedures for
increasing the reactivity of the system. Because of its synthetic convenience, wefirsttried to perform
the synthesis of compounds 2 in concentrated sulfuric acid. This method, which is referred to as the
Tschemiac-Einhom reaction, could not be used to prepare 2b, due to the excessive degradation of
hydroquinone, as was indicated by a blackening and tarring of thereactionmixture. Compound 2c
however, could be obtained by this procedure in 94% yield, simply by stirring la in concentrated
sulfuric acid with afive-foldexcess of p-dimethoxybenzene at room temperature for 16 h. When/»xylene and la were stirred under the same conditionsreactiontook place, but no single product could
be isolated. The reaction mixtures gave NMR spectra with very broad peaks, suggesting that a
polymerizationreactionhad taken place.
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Another acidic catalyst for amidoalkylation that has been described in the literature is
trifluoroacetic acid (TFA) in СНСІз·9 With this catalyst no reaction could be induced between la and
/7-dimethoxybenzene. In order to increase thereactivityof the starting compound we replaced the
relatively stable cyclic ether group in la by the better leaving group -ОСОСНз. Derivative lb, was
prepared by heating la in acetic anhydride with trifluoroacetic acid orp-toluenesulfonic acid at 70 0C.
Compound lb is a stable solid which crystallizes from thereactionmixture upon cooling. It could be
isolated in 95% yield. When compound lb was synthesized and, without isolation heated with an
excess of dimethoxybenzene at 95° C, a 94 % yield of 2c was obtained after 1 h. This result confirms
the increased reactivity of lb as compared to la. The same procedure was applied to obtain
multigram quantities of 2f and 2g from la and 8a or 8b, respectively. Compounds 2f and 2g had
previously been synthesized by an alkylation reaction of 2b and subsequent chromatographic
separation of the product from the complex reaction mixture. With the new procedure 2f and 2g are
obtained in a pure state without chromatographic separation in 88% and 65% yield,respectively.The
side products remain in solution after precipitation of the product with MeOH. Compounds 2f and
2g are used as intermediates in the synthesis of 9a and 9b. These receptors can now be obtained in
64% and 58% overall yield starting from la (see Chapter 6).
The procedure using lb and TFA/acetic acid (or la and TFA/acetic acid without isolation of
lb) was moderately efficient for the coupling with /7-methoxyphenol. A mixture of O-acylated
derivatives 2d was isolated in 61% yield. With several other aromatic compounds this procedure did
not work. With benzene noreactiontook place at all. With dibenzo-18-crown-6 the only product that
could be isolated was 4,4'-diacetyl-benzo-18-crown-6.
An alternative route to receptor molecules 2-7 is via the tetrachloroderivative 1c, which we
expected to be even more reactive towards aromatic compounds than the tetraacetoxy derivative lb,
especially in combination with Lewis acid catalysts. The synthesis of bis-chloromethylderivatives of
10
compounds similar to glycoluril has been described in the literature.
If compound la was refluxed in neat SOCI2, it was partially converted into le, but a small
amount of la always remained present. After trying many variations on this reaction, we finally
resorted to the use of lb as the starting compound. Compound 1c could be prepared by stirring lb
overnight at room temperature with SOCI2 in CH2CI2 solution (isolated yield 90%). The
tetrachloroderivative turned out to be very moisture-sensitive.
Reaction of 1c in 1,2-dichloroethane in the presence of a Lewis acid catalyst (ТІСІ4, SnCLj or
AICI3) proceeded smoothly with alkoxybenzenes such as p-dimethoxybenzene, o-dimethoxybenzene
and benzo- 15-crown-5. In the latter two cases only the isomer with the the methylene bridges at the
4,5-positions was formed (4a and 4b, respectively). Reaction of 1c with benzene ran very well in
pure refluxing benzene with AICI3 as a catalyst After one hour 2a could be isolated in quantitative
yield.
Refluxing 1c with neat o- and p- xylene in the presence of SnCLt as a catalyst yielded 3 and 2e
in 71% and 78% yield respectively . In the former case a mixture of isomers was obtained. About
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30% of the xylylene moieties were connected with the glycoluril framework at the 3,4 positions and
the other 70% at the 4,5 positions, resulting in a mixture of isomers that could not be separated by
chromatography or recrystallization. With naphthalene a mixture of isomers was formed (combined
yield 56%) from which three components could be isolated. Two diastereomers, 5a and 5b, were
obtained with the methylene groups at the 1,2-positions of the naphthalene moieties, and one isomer,
5c,

10

in which one naphthalene moiety was coupled at the 1,2 position and the other naphthalene

moiety at the 1,8-positions. With 2,7-dihydroxynaphthalene the only product is the 1,8 methylene
isomer 6a. With 1,4-dimethoxynaphthalene the reaction product was compound 7 (93% yield). 6
In order to further enlarge the aromatic surfaces of our receptors we tried to perform a Lewis
acid catalyzed reaction of 1c with coronene and pyrene. Unfortunately we were not able to isolate
any coupled product, presumably because coronene and pyrene form very insoluble complexes with
the Lewis acid catalyst

Table 1 Synthesis of receptor molecules.
Starting compounds

Method3

Product

%Yield

1c, Benzene

Cb

2а

100

с

2Ь

75

la, 1,4-dimethoxybenzene

A

2с

94

la, 1,4-dimethoxybenzene

В

2с

96

la, 4-methoxyphenol

В

2d

61

1c, p-xylene

О»

2е

78

la, 8a

В

2f

88

la, 8b

В

2g

65

le, о -xylene

С

3

71*

1c, 1,2-dimethoxybenzene

с

4а

40

1c, benzo-15-crown-5

с

4b

92

1c, naphthalene

с»

5а-с

56*

1c, 2,7-dihydroxynaphthalene

с

6а

64

1c, 1,4-dimethoxynaphthalene

с

7

93

la, hydroquinone

a) See experimental section, b) AICI3 was used as catalyst c) see ref. 4b. d)TiCU was used as i
catalyst e) Yield of all isomers.
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4.3 Conclusions
Of the methods we have studied to attach aromatic molecules to the framework of
diphenylglycoluril, the method that makes use of the tetrachloromethyl compound 1c in combination
with Lewis acids is the most versatile one. The moderate to high yields and short reaction times allow
us to prepare a wide variety of molecularreceptorsbased on diphenylglycoluril.
For the synthesis of 2f and 2g, the reaction in acetic anhydride is especially useful because it is
compatible with the presence of halo-alkyl groups and the work-up is extremely simple.

4.4 Experimental Section

General methods.
For column chromatography Merck silica gel (60H) was used. 1,2-dichloroethane was dried
over 4Â molecular sieves prior to use. Other chemicals were of reagent grade and were used without
further purification unless stated otherwise.
1,4 Dimethoxynaphthalene. This compound was synthesized from 1,4-naphthoquinone
and dimethylsulphate according to a literature procedure.11
Dihydro-8b,8c-dipheny]-lH,3tf,4tf,5tf,7tf,8tf-2,6-dioxa-3a,4a,7a,8atetraazacyclopenta[<fe/lfluorene-4,8-dione (la). This compound was synthesized according
to a procedure developed previously in our laboratory.411 It was recrystallized from acetic acid before
use. iH NMR (CDCI3) δ 7.05 (s, 10 H, ArH), 5.42 and 4.35 (2d, 8 H, NŒHO, J=12 Hz); FABMS (m-nitrobenzylalcohol) m/z 379 (M+H)+.
l,3,4,6-Tetrakis(acetoxymethyI)tetrahydro-3a,6a-diphenyl-iniidazo[4,5tf]iinidazole-2,5(ltf, ЗЯ )-dione (lb). Compound la (5.01 g, 13.25 mmol) and po
toluenesulfonic acid (0.5 g, 2.63 mmol) in 20 mL of acetic anhydride were heated at 110 C for 3h.
After cooling 20 mL of diethylether was added and the product wasfilteredoff, washed with ether
and dried under vacuum. Yield: 7.32 g (95 %) of lb. Ш NMR (CDCI3) δ 7.18-6.75 (m, 10 H,
ArH), 5.71 and 5.24 (2d, 8 H, NOTHOAc, J=12 Hz), 2.02 (s, 12 H, COCH3); FAB-MS (mnitrobenzylalcohol) m/z 583 (M+H)+. Anal. Caled for C28H30N4O10O.5 H2O: C, 56.80; H, 5.36;
N, 9.46. Found: С, 56.91; H, 5.22; Ν, 9.31.
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l,3,4,6-Tetrakis(chloromethyl)tetrahydro-3a,6a-diphenyl-imidazo[4,5</]imidazole-2,5(ltf, ЗЯ )-dione (1c). A mixture of 10 mL of CH2CL2, 10 mL (137 mmol)
of SOCI2, and 7.32 g (12.6 mmol) of lb was stirred for 16 h. Diethylether (10 mL) was added and
the product was filtered off, washed with ether and dried under vacuum. Yield: 5.52 g (90 %) of 8.
ІН NMR (CDCI3) δ 7.31-6.87 (m, 10 H, АгН), 5.42 and 5.27 (2d, 8 H, NCHHCl, J=11.2 Hz);
FAB-MS (m-nitrobenzylalcohol) m/z 489 (M+H)+, 453 (M-C1)+. Due to the instability of the
compound no satisfactory analysis could be obtained.
General procedures for the synthesis of compounds 2-7
Method Α: η mmol of la and 5η mmol of the appropriate benzene derivative were dissolved
in 8n mL of cone. H2SO4 and stirred for 16 h at room temperature. Thereactionmixture was poured
on ice and made basic with NaOH. The product was extracted with CH2CI2. The organic layer was
dried and concentrated in vacuo.
Method Β: η mmol la was dissolved in a mixture of η mL of acetic anhydride and η mL of
trifluoroacetic acid. After heating for 30 min at 95 0 C, 2.2n mmol of the appropriate benzene
derivative was added and the reaction mixture was heated for another 30 min. After cooling 4n mL of
methanol was cautiously added and theresultingprecipitate was filtered, washed with diethylether
and dried under vacuum.
Method C: η mmol le, 2.2n mmol of the appropriate benzene or naphthalene compound, and
8n mmol of SnCU were refluxed under nitrogen in 1,2-dichloroethane. After the reaction had been
completed 5n mL of 6N aqueous HCl was added and the mixture was refluxed again for 30 min.
CH2CI2 was added and the organic layer was washed with aqueous HCl, water and dried with
MgS04. After filtering the solution, the solvent was removed by evaporation atreducedpressure.
5,7,12,13b,13c,14-hexahydro-13b,13c-dipheny]-6tf,13W-5a,6a,12a,13atetraazabenz[5,6]azuleno[2,l,8-i/a]benz[f]azulene-6,13-dione (2a). Method C:
Compound 1c (0.930 g, 1.9 mmol) and AICI3 (1.6 g, 12 mmol) were refluxed in 8 mL of dry
benzene for 4 h under nitrogen. After this period 20 mL of 6N aqueous HCl was added and the
mixture was refluxed for another 30 minutes. After cooling, the product was extracted with CH2CI2,
the organic layer was washed with water, dried over MgS04, and concentrated. Yield: 0.949 g
(100%) of 2a. Spectral data were in agreement with previously reported values.4b ^H NMR (CDCI3)
δ 7.16 (m, 18 H, АгН), 4.77 and 4.15 (2d, 8 H, NŒHAr, J=15.8 Hz); FAB-MS (mnitrobenzylalcohol) m/z 499 (M+H)+.Anal. Caled for C32H26N4O2: C, 77.09; H, 5.26; N, 11.24.
Found: С. 77.07; H, 5.16; Ν, 11.12.
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5,7,12,13b,13c,14-Hexahydro-l,4,8,ll-tetrahydroxy-13b,13c-diphenyl6tf,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuIeno[2,l,8-i/a]benz[f]azulene-6,13dione (2b). This compound was synthesized as described in ref. 4b.
5,7,12,13b,13c,14 - Hexahydro - 1,4,8,11 - tetramethoxy - ІЗЬДЗс · diphenyl
- 6Я,13Я-5а,ба,12а,13а - tetraazabenz[S,6]azuleno[2,l,8 -i/a]benz[f]azulene 6,13 - dione (2c). Method A: Compound la (0.21 g, 0.55 mmol) and p-dimethoxybenzene
(0.38 g, 2.75 mmol) yielded 0.32 g (94%) of pure 2c. Method B: Compound la (0.378 g, 1 mmol)
and p-dimethoxybenzene (0.303 g, 2.2 mmol) yielded 0.592 g (96%) of 2c. Spectral data were in
agreement with previouslyreportedvalues.4·5 Ή NMR (CDCI3) δ 7.06 (s, 10 H, АгН), 6.45 (s, 4
H, ArH), 5.57 and 3.72 (2d, 8 H, МСЯНАг, J=15.8 Hz), 3.68 (s, 12 H, OCH3); FAB-MS (mnitrobenzylalcohol) m/z 619 (M+H)+. Anal. Caled for C36H34N4O6: C, 69.89; H, 5.54; N, 9.06.
Found: С, 69.95; H, 5.52; N. 9.05.
5,7,12,13b, 13c,14-Hexahydro-l,8,-diacetoxy-4,ll-dimethoxy-13b, 13cdiphenyl-6tf,13tf-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8-i/a]benz[f]azulene·
6,13-dione and
5,7,12,13b,13c,14-hexahydro-l,ll,-diacetoxy-4,8-dimethoxy13b,13c-dipheiiyl-6£r,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8(/a]benz[f]azulene-6,13-dione (2d). Method В: Compound la (3 g, 7.9 mmol) and 4methoxyphenol (2.17g, 17.5 mmol) yielded 3.3 g (61%) of 2d as a mixture of diastereomers. •H
NMR (CDCI3) δ 7.07-7.01 (m, 10 H. ArH), 6.84 and 6.73 (2d, 4 H, ArH, J= 8.8 Hz), 5.64, 5.02,
3.86 and 3.79 (4d, 8 H, NŒHAr, J=16 Hz) 3.80 (s, 6 H, OCH3), 2.36 (s, 6 H, ОСОСНз);РАВMS (m-nitrobenzylalcohol) m/z 675 (M+H)+. Anal. Caled for C38H34N4O8O.5 H2O: C, 66.76; H,
5.16; N, 8.19. Found: С, 66.78; H, 5.01; Ν, 8.15.
5, 7, 12, 13b, 13c, 14- Hexahydro- 1, 4, 8, 11- tetramethyl- 13b, 13cdiphenyl- 6tf, 13Я- 5a, 6a, 12a, 13a- tetraazabenz [5, 6] azuleno [2, 1, 8-ι/α] benz
[f] azulene- 6, 13- dione (2e). Method С: Compound le (4.45 g, 9.1 mmol), 50 mL (0.4 mol)
of dry ^-xylene and 5 mL (45.5 mmol) of ТІСІ4 in 50 mL of 1,2- dichloroethane. Reaction time was
1.5 h. Yield: 3.94 g (78%) of 2e. »H NMR (CDCI3) δ 7.11 (s, 10 H, АгН), 6.85 (s, 4 H, ArH), 5.
07 and 3.87 (2d, 8 H, NŒHAr, J=15.8 Hz), 2.47 (s, 12 H, CH3); FAB-MS (mnitrobenzylalcohol) m/z 555 (M+H)+. Anal. Caled for C36H34N4O2: C, 77.95; H, 6.18; N, 10.10.
Found: С. 77.87; H, 6.07; N, 10.00.
5,7,12,13b, 13c,14-Hexahydro-l,4,8,ll-tetrakis(2-chloroethoxy)-13b,13cdiphenyl-6ff,13ff-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8-(/a]benz[nazulene6,13-dione (2f). Method В: From compounds la (1.6 g, 4.51 mmol) and 8a (3.16 g, 13.5
mmol). Yield: 3.2 g (88%). Spectral data were in agreement with previouslyreportedvalues.4« Ή
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NMR (CDCI3) δ 7.05 (s, 10 H, ArH), 6.45 (s, 4 H, ArH), 5.55 (d, 4 H, NCtfHAr, J=15.8 Hz)
4.2-3.45 (m, 20 H, OCH2CH2CI, NCtfHAr); FAB-MS (w-nitrobenzylalcohol) m/z 811 (M+H)-··.
5,7,12,13b,13c,14-Hexahydro-l,4,8,ll-tetrakis[2-(2-chloroethoxy)ethoxy]13b,13c-diphenyl-6#,13tf-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8ya]benz[f]azulene-6,13-dione (2g). Method В: From compounds la (1.5 g, 3.97 mmol) and
8b (3.9 g, 7.3 mmol). Yield: 2.55 g (65%). Spectral data were in agreement with previously
reported values.4^ »H NMR (CDCI3) δ 6.95 (s, 10 H, ArH), 6.55 (s, 4 H, ArH), 5.45 (d, 4 H,
NCtfHAr, J=15.8 Hz) 4.1-3.6 (m, 36 H, OCH2CH2OCH2CH2CI, NŒHAr); FAB-MS (mnitrobenzylalcohol) m/z 987 (M+H)+. Anal. Caled for СзбНз^ОюСІг: С, 61.77; H, 5.37; Ν,
5.15. Found: С, 61.58; Η, 5.45; Ν, 5.30.
5,7,12,13b,13c,14-Hexahydro-2,3,9,10-tetramethyl-13b,13c-diphenyl6fl,13tf-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8-ya]benz[f]azulene-6,13dione and its isomers. (3). Method C: From compound 1c (0.212 g, ), 20 mL of freshly
distilled о-xylene and 0.4 mL of SnCLj. The mixture was refluxed for 16 h. After column
chromotography (CHCI3) 0.170 g (71 %) of a mixture of isomers was obtained, which could not be
separated further. »H NMR (CDCI3) δ 7.10 (s, 10 H, ArH), 7.02 and 6.95 (s, 4 H, ArH), 5.23 and
3.90 (d, 0.3 x 4 H. NŒHAr, J=15.8 Hz) 4.75 and 4.11 (d, 0.7 x 4 H, NŒHAr, J=15.8 Hz)
2.42 and 2.22 (s, 0.15 x 12 H, CH3) 2.14 (s, 0.7 x 12 H, CH3); FAB-MS (m-nitrobenzylalcohol)
m/z 555 (М+Н)··-. Anal. Caled for C36H34N4O2: C, 77.95; H, 6.18; N, 10.10. Found: С, 77.65; H,
6.03; Ν, 9.88.
5,7,12,13b,13c,14-Hexahydro-2,3,9,10-tetramethoxy-13b,13c-diphenyl6íf,13#-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8-i/'a]benz[f]azulene-6,13dione (4a). Method С: From compound le (0.50 g, 1.02 mmol), 1,2-dimethoxybenzene (0.30 g,
2.17 mmol), and SnCLt (1 mL, 8 mmol) in 10 mL of 1,2-dichloroethane. Reaction time was 1 h.
Yield: 0.246 g (40%) of 4a. Ή NMR (CDCI3) δ 7.10 (s, 10 H, ArH), 6.80 (s, 4 H, ArH), 4.73 and
4.13(d, 8 H, NŒHAr, J=15.8 Hz), 3.49 (s, 12 H, OCH3); FAB-MS (m-nitrobenzylalcohol) m/z
619 (M+H)+. Anal. Caled for Сэ б Нз4^0б H2O: С, 67.91; H, 5.70; Ν, 8.80. Found: С, 67.84; Η,
5.36; Ν, 8.75.
2, 3, 5, б, 8, 9, 11, 12, 15, 17, 20, 21, 23, 24,26, 27, 29, 30, 33, 34b, 34c,
35- Docosahydro- 34b, 34c- diphenyl-16H, 34H- 1, 4, 7, 10, 13, 19, 22, 25, 28,
31- decaoxa- 15a, 16a, 33a, 34a-tetraazacyclopentadeca [4', 5'] benz [1', 2' : 5, 6]
azuleno [2, 1, 8-i/e] cyclopentadeca [4, 5] benz [1, 2- f] azulene- 16· 34- dione
(4b). Method C: From compound 1c (0.25 g, 0.51 mmol), benzo-15-crown-5 (0.29 g, 1.08 mmol)
and 0.5 mL (4 mmol) of SnCLj in 10 mL of 1,2-dichloroethane. Reaction time was 30 min. The
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product was purified by column chromatography (CHCI3/ MeOH/ triethylamine, 94:5:1 v/v). Yield
0.413 g (92%).IH NMR (CDCI3) δ 7.06 (s, 10 H, АгН), 6.80 (s, 4 H, АгН), 4.69 (d, 4 H,
NCWHAr, J=15.8 Hz), 4.27-3.58 (m, 36 H, ОСЯНСН2. NCtfHAr); FAB-MS (mnitrobenzylalcohol) m/z 879 (M+H)+, 901 (M+Na)+. Anal. Caled for C48H54N4O12.CH2CI2: C,
61.06; H. 5.86; N, 5.81. Found: С, 61.11; H, 5.73; Ν, 6.02.
Reaction of le with naphthalene (5a-c). Method C: From compound 1c (0.365 g, 0.75
mmol), naphthalene (0.256 g, 2.0 mmol) and 0.4 mL ( 3.65 mmol) of ТІСІ4. The mixture was
refluxed for 16 h. After column chromatography (СНСІз/МеОН, 97:3 v/v) 251 mg (56%) of a
mixture of at least four isomers was obtained. From this mixture three isomers could be obtained pure
by column chromatography (СНСІз/hexane 9:1 v/v), in order of elution:
7, 9, 16, 17b, 17c, 18· hexahydro- 17b, 17c- diphenyl- 8Я, 17Я- 7a, 8a, 16a,
17a-tetraazanaphth [1', 2': 5, 6] azuleno [2, 1, 8- i/'fl] naphth [1, 2· f] azulene- 8,
17- dione (5a): ІН NMR (CDCI3) δ 8.38 (d, 2 H, Napht H-4, J=8.7 Hz), 7.63-7.1 (m, 20 H,
NaphtH, АгН), 5.79, 4.86. 4.33 and 4.15 (4d, 8 H, NŒ/HAr, J = 16.2 Hz), " c NMR (CDCI3): δ
158.0 (C=0), 135.4, 134.3, 133.2, 133.0, 131.6, 138.8, 128.72, 128.66, 128.4, 128.3, 128.2,
128.0, 127.8, 126.5, 125.3, 123.8 (C-Napht and C-Ph); 85.5 (PhC N); 46.1, 38.8 (NaphtO^N).
FAB-MS (m-nitrobenzylalcohol) m/z 599 (M+H)+. Anal. Caled for C40H30N4O2: C, 80.25; H,
5.05; N, 9.36. Found: С, 79.67; H, 4.91; N, 9.12.
7, 9, 16, 17b, 17c, 18- hexahydro· 17b, 17c- diphenyl- 8Я, 17Я- 7a, 8a, 16a,
17a-tetraazanaphth [5, 6: 7', 8'] azuleno [2, 1, 8- i/'α] naphth [1, 2- f] azulene- 8,
17- dione (5b) ІН NMR (CDCI3) δ 8.36 (d, 2 H, Napht H-4, J=8.7 Hz), 7.63-7.1 (m, 20 H.
NaphtH, PhH), 5.75, 4.93, 4.35 and 4.18 (4d, 8 H, NC//HAr, J=16.2 Hz). FAB-MS (mnitrobenzylalcohol) m/z 599 (M+H)+ (not enough material could be obtained for elemental analysis).
Compound 5c: Ή NMR (CDCI3) δ 8.30 (d, 1 H, Napht H-4, J=8.7 Hz), 7.65-7.1 (m, 20 H.
NaphtH, ArH), 5.74, 4.93. 4.90, 4.86, 4.58, 4.53, 4.27 and 4.09 (8d, 8 H, NCtfHAr, J=16.2
Hz), " c NMR (CDCI3): δ 157.65 and 157.25 (C=0), 135.86. 135.38. 134.78, 133.68, 133.54,
133.37, 132.91, 131.56, 131.03, 130.86, 130.74, 130.53, 130.10, 128.88, 128.71, 128.60,
128.39. 128.25. 128.17. 127.88, 127.69, 126.49, 125.27, 124.70, 123.82 (C-Napht and С-Аг);
85.32 and 84.01 (PhC Ν); 48.09, 47.57, 45.76, 38.53 (NaphtCH2N). FAB-MS (mnitrobenzylalcohol) m/z 599 (M+H)+. Anal. Caled for C40H30N4O2: C, 80.25; H, 5.05; N, 9.36.
Found: C, 79.96; H, 5.18; N, 9.26.
17b, 17c- Dihydro- 1, 6, 10, 15- tetrahydroxy- 17b, 17c- diphenyl- 7H, 8H,
9H, 16H, 17H, 18H-7a, 8a, 16a, 17a-tetraazapentaleno [l", 6" : 5, 6, 7 ; 3", 4"
: 5', 6', 7'] dicycloocta [1, 2, 3- de : 1', 2', 3' d'e'] dinaphthalene- 8, 17- dione
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(6a). Method C: From compound 1c (2.48 g, 5.08 mmol), 2,7-dihydroxynaphthalene (3.2 g, 20
mmol) and 5.5 mL (44 mmol) of SnCLj. The mixture was refluxed for 30 min. After refluxing with
aqueous HCl the product was isolated from the reaction mixture byfiltrationand was washed with
MeOH. The product was purified by recrystallization from DMSO. Yield: 2.1 g (64%) of colorless
needles. FAB-MS (m-nitrobenzylalcohol) m/z 663 (M+H)+. Anal. Caled for C40H30N4O6 O.5H2O:
C. 71.53; H, 4.65; N, 8.34. Found: C, 71.53; H, 4.63; N, 8.37. For further characterization
compound 6a was converted into compound 6b (see below).
17b, 17c- Dihydro- 1, 6, 10, 15· tetraacetoxy- 17b, 17c- diphenyl- 7H, 8H,
9H, 16H, 17H, 18H-7a, 8a, 16a, 17a-tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4"
: 5', 6', 7'] dicycloocta [1, 2, 3- de : 1', 2', 3' d'e'] dinaphthalene- 8, 17- dione
(6b): Compound 6a (0.781 g, 1.18 mmol) was heated at 100 0 C in 15 mL of acetic anhydride with
ImL of pyridine. After Ih, the solvent was evaporated, and the residue was purified by column
chromatography (СНСІз/МеОН, 97:3 v/v). Yield: 0.431 g (44%) of 6b. Ш NMR (CDCI3): the
compound exists as a mixture of three conformers in solution.11 The signals of the most abundant
conformer, that with two non-equivalent naphthyl groups, are given here, δ 7.84, 7.30, 7.34 and
6.94 (4 d, 8 H, Napht-H, J=8.7 Hz), 7.05-6.30 (m, 10 H, ArH), 5.65, 5.49, 4.87 and 4.19 (4d, 8
H, NC/fflAr, J=15.8 Hz) 2.55 and 2.51 (2s, 12 H, OAc); ^C NMR (CDCI3): δ 169.72 (Acetyl
C=0), 158.16 (urea C=0), 149.92, 148.82 (Napht C-2,7) 134.55, 134.03, 132.05. 131.92,
131.36, 130.30, 130.08, 128.83, 128.65, 128.18, 126.70, 126.61, 125.53, 122.29, 122.05.
121.71, 121.12 (Napht-C and Ph-C), 84.52, 83.61 (PhCN), 39.89. 37.08 (Napht CH2N ), 21.56,
21.28 (acetyl CH3); FAB-MS (m-nitrobenzylalcohol) m/z 831 (M+H)+. Anal. Caled for
C48H38N4O10O.5 H2O: C, 68.65; H, 4.68; N. 6.67. Found: C, 68.56; H, 4.61; N. 6.57.
6,8,15,16b,16c,17.Hexahydro-5,9,14,18-tetramethoxy-16b,16c-diphenyl7tf,16tf-6a,7a,15a,16a-tetraazanaphtho[5,6]azuleno[2,l,8-ija]i]aphtho[f]azulene·
7,16-dione (7). Method C: From compound 1c (0.480 g, 0.98 mmol), 1,4dimethoxynaphthalene (0.340 g, 2.15 mmol) and 1.0 mL (8 mmol) of SnCL}. The mixture was
refluxed for 1 h. After column chromotography (СНСІз/МеОН, 99:1 v/v) 0.602 g (93%) of pure 7
was obtained. Ш NMR (CDCI3) δ 7.92 (m, 4 H, Napht H-5,8), 7.42 (m, 4 H, Napht H-6,7), 7.15
(s. 10 H, ArH), 5.76 (d. 4 H, NOfflAr, J=15.8 Hz) 3.96 (d, 4 H, NC//HAr, J=15.8 Hz) 4.04 (s,
12 H, ОСНз);РАВ-М8 (m-nitrobenzylalcohol) m/z 719 (M+H)+. Anal. Caled for С44Нз8^0б: С,
73.52; H, 5.33; N, 7.79. Found: С, 72.34; H, 5.31; N, 7.92.
l,4-Bls(2-chloroethoxy)-benzene (8a) A degassed suspension of 1.1 g (10 mmol) of
hydroquinone and 1.2 g (21.4 mmol) of powdered КОН in 20 mL of 1,2-dichloroethane were
refluxed for 16 h with 4 g of Aliquat as a phase-transfer catalyst Thereactionmixture was washed
twice with water and concentrated in vacuo. After column chromatography (СНСІз/hexane, 3:2 v/v)
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1.04 g (44%) of 9b was obtained. Ή NMR (CDCI3) δ 6.79 (s, 4 H, АгН), 4.16 (t. 4 H,
ОСЯ2СН2), 3.74 (t, 4 H, СНгСЯгСІ)
l,4-Bis[2-(2-chloroethoxy)ethoxy)]-benzene (8b) То a suspension of 1.07 g (44.4
mmol) of NaH in 50 mL of dry degassed DMF, 2.0 g (18.2 mmol) of hydroquinone and 9.86 g
(35.4 mmol) of l-[ [2-(2-chloroethoxy)ethyl]sulfonyl]-4-methylbenzene4c were added. The
suspension was stirred at room temperature for 20 h and poured into 250 mL of IN aqueous HCl.
The aqueous suspension was extracted twice with 100 mL of CHCI3. The combined organic layers
were washed twice with a saturated solution of NaHCOj and concentrated in vacuo. After column
chromatography (ethylacetate/hexane, 1:3 v/v) of the residue, 4.79 g (84%) of 8b was obtained.^H
NMR (CDCI3) δ 6.83 (s, 4 H, АгН), 4.17-3.60 (m, 16 H, CH2).
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CHAPTER 5
Binding of Dihydroxybenzenes in Molecular Clips
Derived from Diphenylglycoluril

5.1. Introduction
Hydrogen bonding and π-π interactions are dominant forces in the aggregation of neutral
molecules in non-aqueous solvents. In this regard they are valuable tools in the engineering of
supramolecular assemblies. Exploring the potentialities of these interactions in order to attain strong
and selective binding is currently an area of intense interest in host-guest chemistry. Rebek1 and
Hamilton2 have shown that a single aromatic surface can significantly improve the complexaüon of a
guest in a hydrogen bonding receptor. Whitlock,3 Zimmerman,4^15 and others5a>b have synthesized
host molecules that are capable of binding neutral aromatic guests between two aromatic surfaces with
or without the aid of hydrogen bonding.

Rs

Y

R4

1
In our research group we are designing hosts with the specific purpose of using them in the
development of synzymes. These are supramolecular devices that combine the functions of
recognition and catalysis. As part of this program we have developed molecular clip 1, based on the
concave molecule diphenylglycoluril.6 Compound 1 has a well defined geometry due to the rigidity
the fused rings confer on the molecule. It contains a cleft of the proper dimensions to accommodate
an aromatic molecule. The aromatic walls of the cleft and the two urea carbonyl groups at its base are
expected to endow the clip with a high degree of specificity for guests that bind by π-π stacking and
which are able to form two simultaneous hydrogen bonds.
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We report here in detail on the binding properties of 1 and present an analysis of factors that
determine the specificity of hosts of type 1 for dihydroxy- sustituted aromatic guests

5.2. Results

5.2.1.Synthesis
In order to evaluate the binding properties of 1, we synthesized a number of derivatives,
starting from 2a or 3 and the appropriate aromatic compound. Most of these syntheses have already
been described in Chapter 4. In this section the syntheses of 4,5,7 and 8 are presented.
Compound 4, which has two methoxy-groups on one cavity wall and none on the other, was
synthesized by partialreactionof the tetrachloro-compound 3 with benzene, using AICI3 as a catalyst
Theremainingchloromethylgroups of 3 were converted into cyclic ether groups by refluxing with
6N aqueous HCl. Theresultingmixture was then treated with dimethoxybenzene in AC2O /TFA to
yield 4, and the side products 6a and 6c, from which 4 could be isolated in 17 % yield by column
chromatography.
Having four electron donating substituents on each cavity wall, 6c is very susceptible to attack
by electrophiles, which makes this compound a very convenient starting compound for the synthesis
of further derivatives of 1.
Compounds 7 were synthesized by reaction of 6c with two equiv. of Вгг in CH2CI2 with
AICI3 as a catalyst. After purification by column chromatography the product was obtained as a
mixture of the diastereomers 7a and 7b, which could be separated into the racemate and the meso
compound by column chromatography using ethylacetate/ hexane as the eluent Assignment of the
diastereomers was possible with the help of 13C-NMR. The meso diastereomer showed two peaks in
the carbonyl region, at 157.49 and 157.25 ppm and the racemate only one at 157.38 ppm. For the
complexation studies the racemate was used.
The dinitro-compound 8 was synthesized by reaction of 6c with two equivalents of
concentrated nitric acid in acetic anhydride. In this case we were not able to separate the diastereomers
and consequently the mixture was used in the complexation studies.
The bright red compound 5 was prepared from 6b by aerial oxidation in DMSO solution using
7
CU2CI2 as a catalyst.
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5.2.2. X-ray structures
The presence of the basic structural features in hosts 1 that allow these molecules to function as
molecular receptors for dihydroxybenzenes (viz. two carbonyl groups at the base of a cleft which is
flanked by two o-xylylene moieties) had previously been established by the X-ray structure of 6b.8
The X-ray structures of 6c and 9 were determined to obtain more detailed information on the
geometries of these compounds, in particular with regard to their remarkable difference in
complexation behavior (vide infra ).
Single crystals of 6c were obtained by slow precipitation from hexane/chloroform. The crystal
structure is monoclinic. The unit cell contains four molecules, each molecule lying on a twofold
rotation axis. Just as in the X-ray structure of 6b, there is a noticeable twist in the diphenylglycoluril
part of the molecule (Figure 1). The dihedral angle С21-С9-С9,-С2Г is 22°, the same value as in 6b.
The dihedral angle МЬСЭ-СЭ'-Ш' is 18° (17° in 6b). The twist is most strikingly visible in the
dimethoxybenzene walls of the cavity. It is most convenient to express the distortion in the molecule
as the relative displacement of the centers of the benzeneringsalong the axis through the carbonyl
oxygen atoms (Figure 2). In 6c this displacement is 1.11 Â, as compared to 1.09 À in 6b. The two
dimethoxybenzene moieties define a tapering cavity, the best planes through the cavity walls being at
arelativeangle of 39.5°, with the centers of the benzenerings6.67 Â apart.

Figure 1. X-ray structure of 6c. Hydrogen atoms have been omitted for clarity.
The carbonyl groups of the glycoluril moiety, which are the hydrogen-bonding acceptor sites,
are at an angle of 39° with the axis through the carbonyl oxygen atoms. The latter atoms are 5.52 Â
apart, which is almost the same value as in 6b. In the complexation experiments with aromatic
guests, which are described in this Chapter, 2a is used as a reference receptor. Compound 2 has
hydrogen bonding acceptor sites, but no cavity. In 2b, the dimethyl analog of 2a of which the crystal
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structure has been published recently,9 the distance between the carbonyl oxygen atoms is shorter
(4.98 Λ) then in 6c, and the carbonyl groups are at a larger angle with the axis through the carbonyl
oxygen atoms (57.2°). The origin of the differences between these rigid structures lies in the size of
theringsflanking the glycoluril units. Whereas in 6c a C4 fragment is linking the two ureido nitrogen
atoms, in 2b these atoms are spanned by a shorter C-O-C bridge. The effect is a folding of the
glycoluril moiety in 2b to bring the nitrogen atoms closer together.

Figure 2. Twist in structure of 6c

The methoxy-groups in 6c significantly deviate from the least-squares planes of the benzene
carbon atoms of the cavity walls . They are rotated 29.3° and 9.5° out of these planes and point
inward.

Fig. 3 X-ray structure of 9. Hydrogen atoms have been omitted for clarity.
Single crystals of 9 were obtained by crystallization from chloroform/ethylacetate. X-ray
revealed four molecules per monoclinic unit cell. There are striking similarities as well as differences
between the structures of 6c and 9 (Figure 3). The relative positions of the carbonyl groups in 9 are
nearly identical to those in 6c. The oxygen atoms are at a distance of 5.52 Â and the C=0 angle with
the axis through the carbonyl oxygen atoms is 37.5°. In 9 however, much less twist in the molecule
is observed. The dihedral angles C31-C12-C17-C37 and N13-C12-C17-N18 are 6.6° and 4.8°
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respectively, and the relative displacement of the centers of the benzene rings in the naphthalene
moieties that are connected to the glycoluril part of the molecule is just 0.2 A. The naphthalene walls
in this molecule are at a much largerrelativeangle (53°) and are farther apart (6.95 A) than the walls
in 6c. The methoxy groups of 9 are almost at perpendicular angles (83.5° and 85°) to the naphthalene
rings, and there are intramolecular contacts between the methyl groups and the carbonyl oxygen
atoms, (shortest methyl carbon to carbonyl oxygen distance is 3.21 A) indicative of C-H--0
bonding.10

Table 1. Complexation induced shift (CIS) values of host and guest in the complexes of hosts with
catechol, resorcinol, and 2,7-dihydroxynaphthalene.
Host:

Guest:
Catechol

Resorcinol

2a

Cat: 1.63 (OH)

Res: 1.59 (OH)

4

Host: 0.22 (ArH)*; 0.22 (Me

Host: 0.48 (ArH)

5

Host 0.49 (ArH)

6a

Cat:0.1(ArH)b;2.15(OH)

Res: 1.6 (OH); 2.27 (H-2); 0.3 (H-4,6)

6c

Host: 0.31 (ArH); 0.28 (Me)

Host: 0.47 (ArH)
Res: 2.71 (H-2); 0.30 (H-5); 0.42 (H-4,6)

6d

Host: 0.22 (ArH); 0.07 (Me)
Cat: 0.25 (ArH)»; 1.61 (OH)

Host: 0.43 (ArH)

7a

Host: 0.45 (ArH); 0.17 (OMe)

8a,b

Host: 0.32 (ArH)
Res: 1.6 (OH)

9

Res: 0 (ArH); >0.7 (OH)

Host:
_6ç

Guest: 2,7-dihydroxynaphthalene
1.59 (H-1,8); 0.16 (H-3,6); 0.24 (H-4,5)

a

The proton signals of the dimethoxybenzene wall were monitored. bSignals of catechol protons
coincide.
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5.2.3. Complexatlon studies

Addition of a dihydroxy-substituted aromatic guest, such as resorcinol, to a solution of one of
the hosts 1, caused the NMR signals of the aromatic protons of the guest and the signals of the cavity
wall protons of the host to shift upfield, whereas the proton-signals of the OH-groups moved
downfield. These shifts indicate that complexes are formed, involving hydrogen bonds between the
OH-groups of the guest and the carbonyl-groups of the host. Furthermore, they suggest that the
aromatic moiety of the guest is wedged in between the walls of the cavity. Only one signal was
observed for the free and bound forms of host and guest, implying that the exchange process is fast
on the NMR-timescale.
A titration in which the shift is monitored as a function of the concentrations of host and guest,
allowed the calculation of association constants and complexation induced shift (CIS) values. In some
cases a competitive method was used to evaluate relative association constants, or a liquid-liquid
extraction was used. The theory and methodology for the determination of association constants by
^ - N M R have been dealt with in Chapter 3. Titrations were performed with a variety of hosts and
guests to study the factors influencing binding strength. The experimental CIS values can be used to
obtain detailed information about the precise geometry of the host-guest complexes. To this end these
values were compared with the values calculated with a theoretical model for the shifts induced by the
aromatic moieties in host and guest (vide infra). The results of the NMR titrations are summarized in
Tables 1-3.

Table 2. Association constants of host 6c with aromatic
compounds in CDCI3. Τ = 298 ± 2 K.
Guest:

Κ 8 (M-1)

catechol

60

resorcinol

2600; 3000 a

4,6-dibromoresorcinol

5600; 4250 a ;
5600b

2,7-dihydroxynaphthalene
a

7100 b
b

Determmed in a liquid-liquid extraction experiment Determmed in

a competition experiment with resorcinol
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Table 3. Association constants (M~l, error in parentheses) of hosts with catechol and resorcinol
іпСРСІЗ. Τ =298 ±2 К.
Guest:

Host:
Catechol

Resorcinol

2a

14(5)

25 (10)

4

40 (12)

580 (80)

5

(not determined)

30(15)

6a

80(6)

200 (20)

6c

60 (10)

2600 (400)

6d

60 (10)

450 (50)

7a

(not determined)

280 (25)

8a, b

(not determined)

230 (25)

9

<5

<5

Infrared spectroscopy was used to investigate hydrogen bonding between hosts 1 and hydroxysubstituted guests. The host carbonyl stretching vibration as well as the OH stretching vibration band
of the guest are influenced by hydrogen bonding. The shape and position of these bands give detailed
information on the strength and geometry of the hydrogen bonds in the complexes. By using
difference spectroscopy, problems caused by low solubility and interfering bands could for the most
part be solved. Nevertheless, the solubility of some of the host compounds was too low in the noncompeting solvent CCI4. In these cases CHCI3 or CDCI3 was used. IR spectra of the pure hosts and
some glycoluril derivatives were recorded in solid KBr and, if possible, in solution. The results are
shown in Table 4. In Table 5 and Figure 4 and 5 the effects of complexation on the OH-bands of the
guest are shown
O

O

Ä
ΗΝ
R )
ΗΝ

YО

O

A
NH
( R
NH

10aR = Me
10bR = Ph

MeN NMe
Me-)—(Me
ΜθΝ ΝΜθ

Y

о
11

о
12

61

Chapter 5
Table 4: Values of carbonyl stretching frequencies (cm'1)
in host compounds
ν C=0/cm-1

Host
KBr

Solution

2a

1758, 1746, 1741,
1728

1765, 1743a

2b

1727

6c

1732,1712

1720, 1703b

6d

1722.1706

1725, 1708a;
1715. 1701b

10a

1686

10b

1715, 1690, 1677
1704, 1688b;
1735, 1723C

11
a

In CCI4.b In CHCI3.c In hexane.

Table 5. Differences in OH stretching frequencies (cm-1) between complexes and free guests."
guest:

host;

solvent:

Av OH ( c m 1 ^

phenol

2a

CHC13

148, 192

od

210, 260

12

ecu
ecu

6c

CHC13

233

6d

CDC13

204

12

ecu

132, 228

catechol

6d

ÇÇI4

23c. 280^

2,7-dihydroxynaphthalene

2a

CCI4

128,228

6d

CCI4

200

resorcinol

a

146, 222

The C=0 stretching frequencies of the carbonyl group in the hosts move 18 - 25 cnr 1 to lower
wavenumbers upon complex formation.b Bands move to lower wavenumbers upon hydrogen
bonding.c Intramolecular hydrogen bond.d Intermolecular hydrogen bond.
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5.3. Discussion

5.3.1. Structure of Host-Guest complexes
Infrared spectroscopy
First we will discuss the effect of complexation on the position of the carbonyl stretching
vibration of the host. One difficulty is that in some free hosts ν C=0 proves to be split into at least

a

3600

3500

3400

3300

3200

3100

Figure 4 Difference IR spectrum of a mixture ofphenol and 6d in CCI4 (a)
and of a mixture ofresorcinol and 6d in CCI4 (b)
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two bands (Table 4). This splitting is probably caused by coupling of the C=0 vibration via the C-N
stretching vibration. Support for this explanation is found in the Raman spectra of our compounds,
which displayedreversedrelative intensities as compared to the IR spectra.
IR spectra of compounds 2a, 6c and 6d mixed with phenol, catechol orresorcinolin CCI4 or
CHCI3 all show a ν C=0 at 18-25 cnr 1 lower wavenumber than the most intense ν C=0 in the free
host. This indicates that the carbonyl groups in the complexes are involved in hydrogen bonding. The
Δν values are in good agreement with values reported in the literature for hydrogen bonded
complexes of other urea derivatives with phenols.11

1

1

1

1

1

3600

3500

3400

3300

3200

1

3100

Figure 5 Difference spectrum of a mixture of catechol and 6d in CCI4.
Additional information on the structure of the complexes can be gained from the change in the
OH stretching vibration of complexed guests. The difference IR spectrum of a mixture of phenol and
1
6d shows two overlapping hydrogen bonded OH bands at 3401 and 3351 cm- (Figure 4a). None of
these bands is due to self-associated phenol12, since the concentration of phenol was only 5.6 mM.
Moreover, this band would have been compensated for by the technique of difference spectroscopy.
Bothresorcinoland phenol show the same effect in the complex with diketone 12. Very remarkably,
the complex of 6d with resorcinol shows a single symmetric band in the hydrogen bonded OH region
(Figure 4b). It is known that phenols form two types of 1:1 complexes with the carbonyl groups of
ketones and related compounds.13·14 In one type of complex the OH groups are in the direction of the
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n-electrons of the ketone, whereas in the other type they are directed toward the π-electrons (Figure
6). The band with the smaller Δν OH is assigned to the OH groups hydrogen bonded with the πelectrons. Phenol, which interacts with only one of the carbonyl groups of 6d or 12, has the
possibility to form both kinds of complexes because its position in the complex is not confined to the
cleft. Resorcinol on the other hand, forms hydrogen bonds with both carbonyl groups. In the
complex with 6d it is confined to the cleft of the host. Therefore its OH groups can only interact with
the π-electrons of the carbonyl groups. The value of Δν OH in this complex (204 cm-1) is similar to
the smaller value of Δν OH in the complex of phenol with 6d (210 cm"1). The infrared spectrum of
the complex of 2,7-dihydroxynaphthalene with 6d also shows only one band in the hydrogen bonded
OH region, with a Δν OH of 200 cm*1, almost the same value as in the complex of resorcinol with
this host This value suggests that in the complex of 6d with 2,7-dihydroxynaphthalene also
hydrogen bonds are formed with the π-electrons of the carbonyl groups, although the distance
between the OH groups in this guest makes the geometry of the hydrogen bonds less favourable than
in the complex with resorcinol (see below). In the complexes of phenol and 2,7dihydroxynaphthalene with 2a, more than one band is present in the OH-stretching region, but in
these complexes additional hydrogen bonds with the ether oxygen atoms complicate assignment of
the bands.

m Ά

Figure 6 The two modes of hydrogen bonding with a carbonyl group: with the π- electrons of the
carbonyl group (a), with the η-electrons of the carbonyl group (b).
Free catechol in CCI4 solution, has one of the OH groups intramolecularly hydrogen bonded to
the other OH-group. This givesriseto two OH stretching vibrations in the IR spectrum. We observed
1
1
1 15
these vibrations at 3615 cnr and at 3570 cm- (Literature values are 3611 and 3558 cm- . ). Upon
addition of 6d to a solution of catechol, both bands decreased in intensity to almost the same degree
(Figure 5), and new bands arise at 3547 and 3332 cm-1. The band at 3547 cnr 1 is probably due to the
intramolecularly hydrogen bonded OH-group in the complex of catechol with the carbonyl group of
1
6d, and the band at 3332 cnr is due to the intermolecular hydrogen bond in this complex. Table 5
shows that Δν OH of the intermolecular hydrogen bond is larger in the complex with catechol than in
the complexes with resorcinol and phenol. A similar observation has been made in the literature for
1:1 hydrogen bonded complexes of catechol with BU2S, THF and DMSO.16 It was argued that the
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intramolecular hydrogen bond makes the free OH group more acidic and therefore strengthens the
intermolecular hydrogen bond. It is, however, not possible to exclude the occurrence of a second
mode of complexation of catechol with 6d, viz a complex in which the intramolecular hydrogen
bond in catechol has been disrupted, and both OH-groups have formed a hydrogen bond with a
carbonyl group of the host, analogously to the geometry of the complexes between 6d and
resorcinol.
NMR
Chemically induced shift values
The observation that the protons of benzene resonate 1.5 ppm downfield from normal ethylenic
protons, has been known since the introduction of high-resolution NMR. As early as 1956 this
phenomenon had been rationalized by Pople17, using Pauling's ring current theory.18
Pople's qualitative model has been elaborated for quantitative use by Waugh and Fessenden19,
and by Johnson and Bovey.20 They calculated the shielding effect of the benzene ring by considering
the ring current due to two loops, at a distance ρ above and below the plane of the benzene ring. This
distance ρ was considered to be an empirical parameter which was adjusted so as to reproduce the
ring current contribution to the downfield shift of the benzene protons. With the aid of a complicated
mathematical expression, the induced shifts were calculated for any position relative to the benzene
ring. These shift values have been tabulated by Johnson and Bovey, and have since then been used
extensively, especially to calculate the induced shifts of protons situated above the plane of aromatic
rings.
The shielding and deshielding effects of aromaticringsystems can also be calculated quantum
mechanically. The values obtained in this way have also been tabulated and are known as the HaighMallion tables.21 It has been pointed out that the Johnson-Bovey and Haigh-Mallion tables are in a
sense complementary, since the former tables tend to overestimate the shifts in the deshielding zone,
22
whereas the latter seriously underestimate the shifts in the shielding zone. Since in the present work
we are mainly concerned with induced shifts in the shielding zone, it seemed appropriate to use the
Johnson-Bovey tables. Taking into consideration the ad hoc character of the model, one should allow
for a certain discrepancy between calculated and experimental shifts. An evaluation of the accuracy of
the Johnson-Bovey tables can been made by comparing calculated shift values with measured shift
values for compounds of known geometry. We are aware of only two examples of this approach in
which serious evaluation has been carried out for protons in the shielding zones of aromatic
compounds. Rose23 found good agreement between calculated and measured shift values of protons
in a phenanthrene derivative. Keller et al. 2 4 used cyclophanes of well known geometries for a
comparison between the Johnson-Bovey and Haigh-Mallion tables. They found that the measured
shift values agreed reasonably well with the values calculated with the Johnson-Bovey tables, the
error being approximately 10-20%.
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For the calculations in the present work, a computer program was developed that uses the
positions of the protons and the centers of the aromaticringsin a host-guest complex to calculate the
shielding effect of the aromatic rings on the protons. The procedure is to move the guest in the
direction of the host in small steps. A set of shift values for host and guest is then calculated for each
step.
Resorcinol
The CIS values of the aromatic protons of resorcinol and of the cavity wall protons of the
receptors were calculated for several geometries of the host and several structures of the complex in
order to reproduce the experimental values as accurately as possible. The main parameter, that was
varied in all of the calculations, was the depth of insertion of theresorcinolmolecule into the cleft of
thereceptor.This depth is more or less fixed in the complex as the distance between the phenolic
oxygen atoms of the guest, and the carbonyl oxygen atoms of the host must be such that hydrogen
bonding can take place. The average oxygen to oxygen distance of O-H О hydrogen bonds in a
number of crystal structures is 2.72 Â.25 This distance might, however, be slightly different in the
present case because of the special constraints imposed upon the geometry of the complexes, in
particular because the hydrogen atoms are interacting with the π-electrons of the carbonyl groups
instead of with the free electron pairs of these groups.

Figure 7 Mode of insertion of resorcinol in the
cavity of 6c as used for the ^Я NMR shift
calculations.

Initially the effect of varying the distance of the cavity walls on the CIS values was calculated.
To this end the minimum energy structure of 6c derived from a molecular mechanics calculation was
subjected to a second minimization in which the centers of the cavity walls were fixed to distances of
5.8, 6.2, 6.3,6.5 and 7.0 À, respectively. These calculated structures were rather symmetric and did
not deviate much from C2v symmetry. The resorcinol molecule was subsequently lowered into the
cavity of these structures with the OH groups pointing towards the carbonyl groups (Figure 7), and
moved in a plane defined by the C2 axis and the carbonyl oxygen atoms of the host The CIS values
are plotted as a function of the depth of insertion of theresorcinolmolecule in Figure 8a and as a
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function of the distance between the walls in Figure 8b. It can be concluded from Figure 8a and 8b
that in particular the shift of the resorcinol H-2 proton is strongly dependent on the depth of insertion
and on the cavity wall distance. This is due to the fact that in the complex this proton is situated above
the centers of the o-xylylene cavity walls. If the optimal insertion depth is considered to be the one
with the O-O distance being 2.72 Â, the measured CIS value of H-2 (2.71 ppm) is best reproduced
with a wall to wall distance of 6.3 Ä. (Figure 8b and Table 1). With this complex geometry, the
calculated shifts of the other protons of resorcinol are slightly smaller than the experimentally
observed values, whereas the calculated shift of the cavity wall protons is somewhat too high. To
harmonize this further we investigated the effect of other variations in complex geometry.

3
·

5

\

-»

p
in

Induced

5

ν

'7

1 S

,.4,6

'7

^ Ή * *ι *ι * t-·"*
ι ι
ol"ΠΓ'ι
-

4Γ

г****

- y

I.
2

- Ч

~

2

-

1

0

- ^

ι ι Ι ! Ι Ι | ι ι ι ι ι

1

2

Deviation from Optimal Depth (Â)

I" 'I'''I'" I

5.6 5.6 6 6.2 6.4 6.6 6.8 7 7.2

Distance between Walls (A)

Figure 8 Calculated CIS values of the protons of resorcinol as a function of the depth of insertion in
the cleft of 6c with a cavity wall distance of 6.3 λ. (a)
Calculated CIS values ofproton H-2 of resorcinol in the complex with 6c as a function of of the
distance between the cavity walL·. (b)
In the modeled structures used for the shift calculations, very little twist is present in the host
molecule. In the structures derived from the crystal structure of 6b and 6c, however, the centers of
the cavity walls are offset from the positions they would have in a molecule with C2v-symmetry.
Calculations which we carried out on twisted host geometries, indicated that good agreement between
calculated and observed shift values for all protons of resorcinol can be obtained, if the displacement
of of the centers of the cavity walls is approximately 0.5 Â and the cavity wall distance is made
somewhat smaller than 6.3 Λ.
The carbon atoms at the rim of the cavity of 6c, which are the carbon atoms in closest contact
with the resorcinol molecule (Figure 9), are 6.8 À apart if the cavity wall centers are separated by 6.3
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À. In a complex with this host geometry, the distance between the resorcinol C-2 atom and each of
the cavity walls is 3.4 Â. This approximately is the expected distance for a stacking interaction
between two π systems. 26
The effect of tilting the guest molecule with respect to the plane through the carbonyl groups and
the C2-axis of the host was also examined, but only minor effects on the calculated CIS values were
observed.
Summarizing, the following conclusions can be drawn from the shift calculations and the
experimentally determined shift values of the бс-resorcinol complexes: (iV Resorcinol is bound inside
the cavity of the hosts, with its -OH groups pointing towards the bottom, the strong shifts on
resorcinol H-2 being indicative of this mode of complexation. (ii) In structures with some twist in
the host molecule, more accurate CIS values for the resorcinol protons are obtained than in structures
without any twist. (Hi) Because of the inaccuracies in the shift determinations and in the Johnson
Bovey shift tables, and because both wall distance and twist in 6c influence the CIS values, it is not
possible to determine the cavity wall distance in the complex exactly. Considering that the twisted
structure gives a better agreement between calculated and observed shift values for resorcinol protons
H-4,6 and H-5, we believe that the actual distance between the cavity wall centers is 6.3 Â or even
somewhat lower. This implies that van der Waals contact exists between the cavity walls and the
resorcinol molecule.

Figure 9 Side view of the complex between resorcinol and 6c based on NMR data. Hydrogen
atoms of the host have been omitted for clarity (a). Front view of the same complex. Methoxy-groups
and hydrogen atoms of the host have been omitted for clarity, (b)
Catechol
For the host-guest complexes with catechol, less information is available than for the complexes
with resorcinol because there are no proton signals in the host or the guest that shift strongly. Another
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complication is that all aromatic protons of free catechol have approximately the same shift. In a
titration the NMR peaks start to diverge, giving rise to strongly coupled signals as a result of the
small difference in shift. In the complexes the difference in shift between H-3,6 and H-4,5 is of the
same order of magnitude as the coupling constant between these protons. Consequently, during a
titration only one signal is observed for the aromatic protons of catechol. Calculations were
performed in which the catechol molecule was lowered vertically into the host, with its -OH groups
pointing towards the carbonyl groups. The optimal insertion depth was considered to be the one with
the OH groups at hydrogen bonding distance of the carbonyl groups of the host The experimental
values are reproduced somewhat better with a twisted host structure than with an untwisted one. For
instance, the calculated shift on the cavity wall protons is lower for the twisted host (0.49 ppm) than
for the symmetric host (0.67 ppm), whereas the experimentally observed value is 0.31 ppm in the
complex with 6c, and 0.22 pm in the complex with 6d (Table 1). The calculated induced shift of the
aromatic protons of catechol complexed in the twisted host is 0.36 for H-3,6 and 0.15 for H-4,5 as
compared to an experimental CIS value of 0.25 ppm in the complex with 6d. Consequently the
calculations indicate that catechol is bound inside the cavities of hosts 1, but because of the small CIS
values no conclusions can be drawn as to the precise mode of complexation of this guest.
2,7-dihydroxynaphthalene
The CIS values of 2,7-dihydroxynaphthalene have been calculated in the twisted host structure
mentioned above (cavity wall distance 6.3 Â, displacement of cavity wall centers 0.5 À). Excellent
agreement between calculated and experimental CIS values is obtained, when it is assumed that the
guest is complexed symmetrically and simultaneously forms two hydrogen bonds with the carbonylgroups of the host. The calculated values are: 1.53 ppm for H-1,8; 0.18 ppm for H-3,6 and 0.22
ppm for H-4,5. The experimental values are 1.59,0.16 and 0.24 ppmrespectively.(Table 1)
5.Э.2. Factors determining complex stability
Electronic and geometric features of the guest
Table 2 shows that the binding strength of the host-guest complex is strongly influenced by the
type of substituent on the guest Electron-withdrawing substituents increase the acidity of the -OH
groups of the guest, causing the association constants to be higher. When bromo-substituents are
introduced in the aromatic nucleus the Ka increases from 2600 M - 1 for the complex of 6c with
resorcinol, to 5600 M"1 for the complex with dibromoresorcinol.
The three dihydroxy- substituted aromatic compounds catechol, resorcinol and 2,7dihydroxynaphtalene, show a remarkable difference in Ka, іг. 60 M-1 for catechol, 2600 M'1 for
resorcinol, and 7100 M' 1 for 2,7-dihydroxynaphtalene. Apart from differences in π-π stacking
interactions, which are difficult to quantify, the major cause for these different Ka valuesresidesin
the relative geometry of the phenolic OH groups of these guests. In catechol, the OH groups are 2.72
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Â apart. One of these groups forms an intramolecular hydrogen bond with the ortho oxygen atom.
This hydrogen bond has to be disrupted before two simultaneous hydrogen bonds with the carbonyl
groups of the host can be formed. The evidence from IR experiments on the complex between 6d and
catechol is in favour of the preservation of the intramolecular hydrogen bond in this complex. If this
is the case, the complex is stabilized by only one hydrogen bond, and consequently the association
constant is low. If there are two intermolecular hydrogen bonds in the complexes with catechol, the
short distance between the two OH groups in this guest forces the hydrogen bonds to have an
unfavorable geometry. If it is assumed that the hydrogen bonds are linear27, and have a hydrogen
bonding distance of 2.7 Â, then the СОН angle of the catechol OH groups must be 179°, instead of
the normal 109° in a symmetric complex (Figure 10 a). The disruption of the intramolecular hydrogen
bond and the non-ideal geometry of the hydrogen bonds in the complexes cause the Ka's to be lower
than for the other guests. For complexation of resorcinol, no intramolecular hydrogen bond must be
disrupted, and the distance between the OH groups is more favorable. The СОН angle in
symmetrically complexed resorcinol is 127°. This is closer to the optimal angle of 109° than in the
complex of catechol.

83·,'

a

59°,

b

с

Figure 10 Geometry of hydrogen bonds in symmetric complexes of catechol, resorcinol and 2,7dihydroxynaphthalene in 6c. Only the glycoluril framework of6d has been drawn.
Symmetric mode of complexation of catechol (a), resorcinol (b), and
2,7-dihydroxynaphthalene (c).
In a symmetric complex with 2,7-dihydroxynaphthalene, the СОН angle is 102°. In this
complex the hydrogen bond is 34° out of the plane of the urea segments. The geometric requirements
for hydrogen bonding with the π-electrons of a carbonyl group are not known, so it is not possible to
analyze whether this angle with the plane of the urea segments is less favorable than in the symmetric
complexes with resorcinol or catechol, in which these values are 59° and 83°respectively.The
similarity of the value of Δν OH in the complexes of 6d with 2,7-dihydroxynaphthalene and
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resorcinol indicate that the strength of the hydrogen bonds is about the same. The higher Ka of the
former complex must therefore be caused by more favorable π-π stacking interactions.
Effects of variations in the host
One of the objects of our study was to investigate the contribution of π-π interactions to binding
in our host-guest complexes. Table 3 shows some remarkable differences in Ka values of of the
complexes of resorcinol with different receptor molecules. The complex ofresorcinolwith 2a can
only be stabilized by hydrogen bonds. It has a relatively low association constant of 25 M"1.
Providing thereceptorwith two ρ - quinone walls as in 5 has little effect on the Ka. Apparently there
are no strong attractive interactions of these /»-quinone moieties with a resorcinol molecule, nor does
the shielding of resorcinol from interactions with solvent molecules contribute to complex stability.
The complexes of resorcinol with receptors containing benzene rings as cavity walls, however,
display much higher Ka values. Changing the cavity walls from quinone moieties in 5 to benzene
rings in 6a leads to an eightfold increase in Ka. This higher Ka value is not only due to a more
favorable desolvation of the resorcinol, but also theresultof attractive π-π interactions, which are not
available in the complex with 5. A similar feature is observed for catechol (Table 3). The increased
binding of resorcinol and catechol in the hosts with aromatic cavity walls is contrary to the simplistic
notion that π-π interactions are the result of charge-transfer interactions between electron poor and
electron rich π-surfaces. If this were true, the electron rich π-surfaces of resorcinol and catechol
would have an unfavorable interaction with 6a. Recently, Hunter and Sanders28 have introduced a
practical model for π-π interactions which shows that these interactions are not determined
exclusively by the overall π-electron charges of the molecules involved. The electron density at the
points of intermolecular contact is also of great importance. For weakly polarized π-systems a tilted
and offset geometry, as is found in our complexes withresorcinol(Figure 9) is strongly favored over
a geometry with a maximum π-overlap. In this offset geometry the dominating interaction is that of
the π-system of the cavity walls with the σ-framework of resorcinol at the point of contact, i.e. the 2position of resorcinol. The dipole of the C-Η bond in this position will further stabilize this geometry
of the complex. Calculations of therelativestrengths of the stabilizing forces in the complexes of 6c
and 6d with resorcinol using the model of Hunter and Sanders are in progress.29
Going from 6a to 6d and 6c, the Ka for resorcinol increases from 200 to 450 and 2600 M_1,
respectively. This trend is not repeated in the complexes of 6c and 6d with catechol, for which guest
binding is somewhat weaker than in 6a. The stronger binding of resorcinol by the hosts that have πelectron donating substituents on the cavity walls is hard to explain with the model of Hunter and
Sanders. In fact this model predicts a less favorable binding interaction with these hosts.
We believe that in both 6c and 6d the methoxy- and methyl-substituents strengthen the
hydrogen bonds of resorcinol with the carbonyl groups by reducing the interaction of these groups
with solvent molecules. Another possibility is that the oxygen atoms of the methoxy groups in 6c are
involved in hydrogen bonding. Methoxy-groups in aromatic molecules have a preference for being in
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the plane of the aromatic ring.30 In 6c this conformation of the methoxy groups would direct one of
the electron pairs on each of the the oxygen atoms toward the cavity. In the complexes of 6c and 6d
with catechol the methoxy-groups are not likely to play an important role, since the OH-groups of
this guest are not in the correct position to form hydrogen bonds with the methoxy-groups. The Ka
value of the complex between 4 and resorcinol is intermediate between the Ka values for 6a and 6c
and this guest (Table 3). This is in line with the fact that 4 has only two methoxy groups on its cavity
walls. Substitution of the cavity walls of 6c with two bromo- or two nitro-groups, as in 7 and 8,
also leads to a decrease in binding strength. These substituents force two of the methoxy-groups to
rotate out of the plane of the cavity walls, causing them either to point inward, blocking the
carbonyl-groups completely, or to point outward, in which case the electron pairs of the oxygen
atoms are less favorably oriented for hydrogen bonding with resorcinol.
Compound 9 is a host with dimethoxynaphthalene cavity walls. It shows quite different
complexation behavior when compared to the other hosts. Although the OH-proton signals of
resorcinol shift upon titration with 9, its aromatic proton signals are not influenced at all. These
results indicate that hydrogen bonds are formed between host and guest, but the guest is not bound
inside the cavity of 9. It is interesting to see in the X-ray structure of 9, that all four methoxy-groups
are pointing into the cleft From an examination of CPK models, it is clear that if one of the methoxygroups is pointing into the cleft, the carbonyl group on that side of the molecule will be blocked for
hydrogen bonding with a dihydroxybenzene. Molecular mechanics calculations31 on 1methoxynaphthalene indicate that the conformation with the methoxy group in the plane of the ring
and oriented towards H-8, has a 9.15 kcal higher energy than the conformation with the methoxy
group perpendicular to the ring. The other coplanar orientation, which is the most stable one in 1methoxynaphthalene, is inaccessible to the methoxy groups in compound 9, because of steric
interference by the diphenylglycoluril part of the molecule. On these grounds, it is expected that the
methoxy groups in 9 either point into the cleft or are bent away from it, but are not in the plane of the
walls. With this conformational preference there is a plausible cause for the low Ka of 9 with
resorcinol and catechol (Table 3): If the inward conformation of the methoxy groups in the X-ray
structure is not solely due to packing effects, but corresponds to an energy minimum in solution,
binding will be weak because the carbonyl groups are then shielded for hydrogen bonding and a
guest cannot enter the cavity of this low energy conformer. Even if the energies of conformations
with one ore more methoxy groups oriented inward or outward are the same, for statistical reasons
only 1/16 of the molecules will be in a conformation that is able to bind a guest Another factor that
might be responsible for the absence of binding of hosts in 9 is the different π electron density at the
point of contact with the guest molecules.
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5.4. Conclusions
The expectation that hosts of type 1 are good receptors for dihydroxybenzene derivatives has
turned out to be correct. The guests are bound in the cavity of all hosts except 9, as could be shown
by comparison of calculated and experimental CIS values.
Although the carbonyl groups of the glycoluril moieties do not point into the cavity of the hosts,
they nevertheless are quite efficient binding sites, as they allow the formation of hydrogen bonds via
their π-electron system.
The stabilizing effect of π-π interactions was established by comparing the binding properties of
the different host compounds, and was confirmed by the results of the CIS calculations on the
complexes with resorcinol. These calculations show that upon binding the cavity walls move closer
together to within van der Waals distance of the guest. Our initial assumption that binding strength
can be increased simply by enlarging the surface of the cavity walls has proven to be too simplistic.
We have learned that the conformational features of methoxy-groups on the cavity walls have a
quintessential influence on the complexation properties of the host In compounds in which they can
be coplanar with the cavity walls, they strengthen the hydrogen bonds. In compounds in which these
groups cannot be coplanar, they completely inhibit binding inside the cavity by blocking the πelectrons of the carbonylgroups for hydrogen bonding. This feature is especially important since
many synthetic routes to derivatives of hosts based on diphenylglycoluril start from 6c, and
consequently contain methoxy or alkoxy-groups as substituents (see also Chapter 9).

5.5. Experimental

Compounds
The synthesis and properties of compounds 2a, 3, 6a, 6b, 6c, 6d, 9, and 10b were
described in Chapter 4. Compound 12 was a commercial sample.
5, 7, 12, 13b, 13c, 14 · Hexahydro - 1, 4, - dimethoxy - 13b, 13c · diphenyl 6H, 13Я - 5a, 6a, 12a, 13a - tetraazabenz [5, 6] azuleno [2, 1, 8 - ija ] benz [f]
azulene - 6, 13 - dione (4). Compound 3 (1.03 g, 2.11 mmol) was refluxed under N2 in 10
mL of freshly distilled benzene with 1.23 g (9.25 mmol) of AICI3 as catalyst. After 1.5 h, 10 mL of
6N aqueous HCl was added and the mixture was refluxed for another 0.5 h. CHCI3 (50 mL) was
added, the organic layer was washed with 6N aqueous HCl, with water, and dried over MgS04.
Afterfiltrationthe solvent was removed in vacuo. 'H-NMR showed that 3 had partly reacted with
benzene. The unreacted chloromethyl groups had formed cyclic oxapropyl groups, giving a mixture
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of compounds, which could not be separated by column chromatography. A sample (0.44 g) of this
mixture was dissolved in 1ml of acetic anhydride and 1.5 mL of trifluoroacetic acid, pDimethoxybenzene (0.33 g, 2.39 mmol) was added and the mixture was heated at 90oC for 20 min.
Hereafter 4 mL of methanol was added to decompose the acetic anhydride, followed by 25 mL of
CHCI3. The solution was washed twice with IN aqueous NaOH and the solvent was removed in
vacuo. By careful chromatography (СНСІз/methanol 199:1 v/v), 0.200 g (15% based on pdimethoxybenzene) of 4 could be separated from the other two products, 6a and 6с.1Н NMR
(CDCI3) δ 7.1 (m, 12 H, ArH), 6.66 (s, 2 H, ArH), 5.60, 4.85, 4.22 and 3.73 (4d, 8 H, NŒHAr,
J=15.8 Hz), 3.75 (s, 6 H, OCH3); FAB-MS (m-nitrobenzyl alcohol) m/z 559 (M+H)+. Anal. Caled
for C34H30N4O4O.5 CH2CI2: C, 68.94; H, 5.20; N, 9.32 Found: С, 68.49; H, 5.05; Ν, 9.1.
5, 7, 12, 13b, 13c, 14 - Hexahydro • 13b, 13c • diphenyl - 6H, 13H · 5a, 6a,
12a, 13a · tetraazabenz [5, 6] azuleno [2, 1, 8 - ija ] benz [f] azulene. (5).
Compound 6b (0.37 g, 0.66 mmol) was dissolved in 10 mL of DMSO. CU2CI2 (50 mg) and 0.5
mL of pyridine were added and air was bubbled through the mixture for 2 h. The red solution was
poured into 100 mL of IN aqueous HCl and the resulting suspension was extracted with 50 mL of
CHCI3. The CHCI3 layer was washed twice with 5% aqueous NH3, dried and concentrated in vacuo.
Yield: 0.275 g (75%) of 5. A sample was recrystallized from acetic acid for апаІузів^Н NMR
(CDCI3) δ 7.15 (m, 10 H, ArH), 6.80 (s, 4 H, CH), 5.53 and 3.71 (2d, 8 H, NŒHC, J=15.8
Hz), ; FAB-MS (m-nitrobenzyl alcohol) m/z 559 (M+H)+. Anal. Caled for Сз2Н22^Об-0.65
CH3CO2H: С, 66.93; H, 4.15; Ν, 9.38. Found: С, 67.0; Η, 3.92; Ν, 9.44.
2, 9 - Dibromo - 5, 7, 12, 13b, 13c, 14 · Hexahydro · 1, 4, 8, 11 tetramethoxy - 13b, 13c - diphenyl - 6H, Í3H · 5a, 6a, 12a, 13a - tetraazabenz [5,
6] azuleno [2, 1, 8 - ija] benz [f] azulene - 6, 13 - dione (7a) and 2, 10 - Dibromo ·
5, 7, 12, 13b, 13c, 14 · Hexahydro · 1, 4, 8, 11 - tetramethoxy - 13b, 13c diphenyl - 6Я, 13Я - 5a, 6a, 12a, 13a - tetraazabenz [5, 6] azuleno [2, 1, 8 - ija]
benz [f] azulene - 6, 13 - dione (7b). Compound 6c (0.31 g, 0.2 mmol), AICI3 (35 mg) and
Вг2 (0.32 g) were stirred for 24 h in 10 mL of CH2CI2. The reaction mixture wasfiltered,the filtrate
was washed twice with aqueous NaHS03, and evaporated to dryness. Column chromatography
(ethylacetate/hexane 1:2 v/v) yielded 0.073 g (20%) of 7b and 0.10 g (28%) of 7a. Spectral data for
7b: ІН NMR (CDCI3) δ 7.1 (s, 10 H, ArH), 6.95 (s, 2 H, ArH), 5.93 and 3.68 (2d, 8 H,
NC/fflAr, J=15.8 Hz), 3.95 and 3.80 (2s, 12 H, OCH3); IR (KBr) 3062-2828 (CH) 1718 (C=0);
FAB-MS (m-nitrobenzyl alcohol) m/z 777 (M+H)+. Anal. Caled for СзбНзгВгг^Об-ЕЮАс: С,
55.57; H, 4.66 ; Ν, 6.48. Found: С, 55.24; Η, 4.54; Ν, 6.51.
5, 7, 12, 13b, 13c, 14 · Hexahydro - 1, 4, 8, 11 - tetramethoxy - 2, 10 dinitro - 13b, 13c - diphenyl - 6H, 13Я - 5a, 6a, 12a, 13a - tetraazabenz [5, 6]
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azuleno [2, 1, 8 - ya ] benz [f] azulene - 6, 13 - dione (8a). and 5, 7, 12, 13b, 13c,
14 - hexahydro - 1, 4, 8, 11 - tetramethoxy - 2, 9 - dinitro · 13b, 13c - diphenyl 6H, \ЪН - 5a, 6a, 12a, 13a · tetraazabenz [5, 6] azuleno [2, 1, 8 - i/a] benz [f]
azulene - 6, 13 - dione (8b). Compound 6c (0.65 g, 1.05 mmol) was stirred in a solution of
0.5 mL 65% of ΗΝθ3 in 3 mL of acetic anhydride. After 16 hours, 15 mL of methanol was added to
destroy the acetic anhydride. Thereafter 25 mL of CHCI3 was added and the solution was washed
twice with IN aqueous NaOH. The solvent was removed in vacuo. After purification by column
chromatography (CHCI3/CH3OH 99:1 v/v), 0.446 g (60% ) of 8 (mixture of diastereomers) was
obtained. »H NMR (CDCI3) δ 7.15 (m, 12 H, АгН), 5.64, 5.54,3.82 and 3.73 (4d, 8 H,
NCflHAr, J=15.8 Hz), 3.99 and 3.86 (s, 12 H, OMe); FAB-MS (m-nitrobenzyl alcohol) m/z 709
(M+H)+. Anal. Caled for C36H32N6O10O.5 CH2CI2: C, 58.36; H, 4.43; N, 11.19. Found: C,
58.17; H, 4.30; N, 10.91.
tetrahydro - За, 6a - dimethyl - imidazo [4, 5 - d ] imidazole - 2, 5 (Ш, 3ff ) dione. (10 a) This compound was prepared from urea and butanedione according to a literature
procedure.32
1, 3, 4, 6 - tetramethyl - tetrahydro - За, 6a - dimethyl · imidazo [4, 5 - d ]
imidazole - 2, 5 (Ш, ЪН ) - dione. (11) This compound was prepared by methylation of
10a with dimethylsulfate in DMSO. IR (hexane) 1735, 1723 (C=0) (lit«: 1735. 1715); ^-NMR
(CDCI3) δ 2,90 (s, 12 H, NCH3), 1,48 (s, 6 H, CH3).
Bromination of resorcinol. Resorcinol (1.1 g, 10 mmol) was suspended in 30 mL of
CHCI3 and 3.2 g (20 mmol) of Brç in 10 mL of CHCI3 was added over 1 h. The solvent was
evaporated and the mixture was purified by column chromatography (CHCI3/CH3OH 97:3 v/v). Two
products were isolated: 0.25 g (9%) of 2, 4 - dibromo - 1, 3 - benzenediol (a) and 1.93 g
(72%) of 4, 6 - dibromo - 1, 3 - benzenediol (b).
(a): ІН NMR (CDCI3) δ 7.32 (d, 1 H, H-5), 6.57 (d, 1 H, H-6), 5.69 (br, s, 2 H, OH).
(b): ІН NMR (CDCI3) δ 7.53 (s, 1 H, H-5), 6.74 (s, 1 H, H-2), 5.48 (br, s, 2 H, OH). A
sample of (b) was purified further by sublimation for use in the titration experiments.
Binding experiments
The ^-NMR shift titrations, the ^-NMR competition experiments, and the liquid-liquid
extractions were performed as was described in Chapter 3.
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Infrared experiments
FT-IR spectra were recorded on a Perkin Elmer 1800 FT-IR spectrophotometer with a DTGS
detector; resolution was 2.0 or 4.0 cm"l; the apodization was weak. For each spectrum 50-400 scans
were taken. The interferometer was flushed with nitrogen and the sample compartment was dried
with molecular sieves. The CCI4 and CHCI3 solutions were measured in 2 mm CaF2 and/or 10 mm
Infrasil cells. KBr pellets (1 mg sample per 300 mg KBr) were pressed at 60 Bar/mm2. The accuracy
of the wavenumbers is 1 cm"1 for sharp peaks and 3 cnr 1 for broader bands.
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CHAPTER 6
Binding Properties of Molecular Clips Functionalized
with Crown Ether Rings

6.1 Introduction
In the growing field of host-guest chemistry, much work is currently being directed toward the
development of receptors that recognize neutral molecules in aqueous as well as in organic solvents.1
Recognition is an important step in enzymatic catalysis, in selective transport, and in various other
biological processes in living systems. Research on host-guest systems has mainly been focused on
two aspects: (i) to gain a better understanding of the intermolecular interactions involved, and (ii) to
attain the same high selectivity as found in natural systems.
We are interested in selective synthetic receptors for dihydroxybenzenes (DHB's) as part of our
program aimed at the development of a dopamine ß-hydroxylase mimic.2
In this paper we report on the strong complexation of DHB's in the new synthetic receptors latí. These compounds contain a cleft which is formed by a diphenylglycoluril unit and two о xylylene rings. These rings have an almost parallel orientation and a fìxed mutual distance (= б À
between the centers of the xylylene rings).4 They are connected by two aza-crown ether bridges. The
nitrogen atoms in these bridges are capable of forming hydrogen bonds with the OH-groups of the
DHB's.
3
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Scheme 1
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a) PhCHjNH;,, Ма2СОз, Nal, acetonitrile, reflux
b) H2, PàlC, acetic acid
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6.2 Results and discussion

6.2.1 Synthesis and purification of receptor compounds.
The synthetic route to obtain receptor compounds la-d is shown in Scheme 1. The synthesis of
intermediates 2a and 2b was described in Chapter 4. Compound la had been synthesized
previously by us in 52% yield in DMSO4, but separation of la from by-products proved to be
tedious. We therefore used a modification of Dale's method5 for the synthesis of our aza-crown
ethers, viz. in acetonitrile in the presence of sodium iodide as a catalyst, and sodium carbonate as a
base. By working under high-dilution conditions, and by slowly adding benzylamine over a period of
48 h, la could be isolated in 89% yield. In the same way 1c was obtained in 73% yield.
Debenzylation of la and 1c to lb and Id respectively, was effected by hydrogénation on Pd/C in
acetic acid.
Purification of the receptors was effected by column chromatography. It proved to be
advantageous to use a CHClj/MeOH mixture with a few percent triethylamine as the eluenL If the
latter base was not added, excessive tailing occurred and only part of the product could be recovered
from the column, probably because acidic groups on the silica surface interacted strongly with the
amino groups of the receptor compounds.
Excessive tailing was also observed when thin-layer chromatography (TLC) was used.
Compounds 1 gave several spots on silica TLC plates (solvent system: CHClj/MeOH), even when
they were shown to be very pure by 'H-NMR and elemental analysis. A report on the purification of
isomeric di-epoxides on silica TLC plates that were impregnated with LiBr,6 prompted us to
investigate whether the same procedure could be used to separate compounds 1. It was found that la
gave single spots on TLC plates that were impregnated with NaBr, KBr or KI. This observation can
be understood if it is assumed that la forms complexes with impurities in the silica (presumably
alkali metal salts). These complexes have different mobilities. On the impregnated plates only one
type of complex is present and hence only one spot is observed. This explanation is supported by
liquid-liquid extraction experiments. We could show by 'H-NMR that la is able to extract KI or
KBr from an aqueous solution of these salts into CDCI3.
6.2.2 Complexation experiments
Complexation of various DHB's by receptors la and lb was investigated with 'H-NMR
spectroscopy in CDCI3. Upon titrating the receptor with a DHB, the signals of the cavity wall
protons shifted upfield. Titrating a DHB with one of thereceptorsled to an upfield shift of the DHB
aromatic proton signals, whereas the signals of the -OH protons shifted downfield. These shifts
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indicate that the guest molecules are bound inside the cavities of la and lb, with the -OH groups
forming hydrogen bonds with the receptor. Downfield shifts and a broadening of the signals of the
C#2N-protons in the bridges of the receptor suggest that the nitrogen atoms are involved in
hydrogen bonding, although hydrogen bonding with the carbonyl groups cannot be excluded, in
particular in the case of complexation of resorcinol (see Chapter 5). Association constants (Ka's) and
complexation induced shift (CIS) values of the receptor signals were calculated with the aid of a
computer program.7 Excellentfitswere obtained assuming that only 1:1 complexation takes place.
2

XX,

HO

^ ^

OH

Resorcinol (RES)

/=з

6^—5
Hydroquinone (HQ)

Binding constants for la with the three isomeric DHB's (Table 1, entries 1,3,4) decrease in the
order resorcinob hydroquinono catechol. The low Кл of catechol is probably due to the presence of
an intramolecular hydrogen bond in this molecule.8 In order to form two hydrogen bonds with the
receptor, this intramolecular hydrogen bond has to be broken. Consequently, the gain in free energy
upon complexation of catechol in la is much lower than upon complexation of the other two DHB's.
AH0 and AS0 values for the formation of the complex of la with catechol were determined by
evaluating the binding constants at four different temperatures. These values are AH0 = -22.0 ± 0.1
U · mol-1 and AS0 = -36 ± 3 J · mol·1 · К"1, suggesting that the complexation is enthalpy driven.
Electron-withdrawing substituents in the guest have a positive effect on the binding. This is
apparent when the binding constants of 4,5-dibromocatechol and of 2,3-dicyanohydroquinone are
compared with the binding constants of the parent DHB's (Table 1, entries 1,2,4 and 11). The OHgroups of the DHB's with electron withdrawing substituents can form stronger hydrogen bonds than
those of the unsubstituted DHB's. In case of the complex of la and 2,3-dicyanohydroquinone this
leads to an association constant of З-Ю^ M"l. This is one of the highest binding constants reported
for a complex between a syntheticreceptorand a neutral guest in an organic solvent.9
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Table 1 Association constants, calculated saturation shifts of the probe signals in the
receptoriASiim) and free energies ofcomplexationfor complexes of la with DHB's in CDCI3 at
298 ± 2 K.
Ka-10-2,

a

0

Абнт,

-AG ,

entry

DHB

м-'

ppm

kJ-mol"

1

CAT

0.70

0.50

10.5 ± 0.1

2

4,5-Br2-CAT

12b

0.34

17.6 ± 0.2

3

RES

29

0.51

19.7 ± 0 . 1

4

HQ

6.5

0.64

16.0 ± 0.2

5

2-C1-HQ

15b

0.48

18.0 ± 0.2

6

2-Br-HQ

18

0.48

18.5 ± 0.1

7

2,3-Cl2-HQ

7.2b

0.56

16.3 ± 0.2

8

2,5-Cl2-HQ

-C

-

-

9

2,3-Br2-HQ

14

0.51

17.9 ± 0.1

10

2,5-Br2-HQ

-C

-

-

11

2,3-CN2-HQ

ЗООО«1

0.47

31.2 ± 1 . 0

1

a

Estimated error in Ka 4%, unless otherwise indicated. bEstimated error 10%.
Induced shifts are too low to determine Ka. ^This value was determined by a solid-liquid (CDCI3)
extraction experiment (see Experimental Section), estimated error in Ka 50%.
c

It is more difficult to explain the differences in Ka values of the halogen-substituted
hydroquinones because several factors influence the binding of these guests. Introduction of a
halogen-substituent increases the hydrogen-bond acidity of the OH-groups, but at the same time OHgroups ortho to a halogen-substituent become partly intiamolecularly hydrogen bonded.10 If only one
halogen substituent is present, the OH-group meta to this halogen forms a stronger hydrogen bond
with the receptor than the OH-group of hydroquinone itself. The hydrogen bond of the ortho OHgroup with the receptor will be about as strong as in hydroquinone, due to the opposing effects of
electron withdrawal and intramolecular hydrogen bonding. The net effect of the introduction of one
halogen substituent, therefore, is an increase of the association constant. Upon introducing a second
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halogen atom, both OH-groups become intramolecularly hydrogen bonded. For the 2,3 dihalogeno
substituted hydroquinones, the association constants fall between those of the corresponding
monosubstituted hydroquinones and of hydroquinone itself. If there are substituents on each side of
the hydroquinone ring (as in 2,5-dichlorohydroquinone and in 2,5-dibromohydroquinone), binding
is sterically inhibited; the substituents are too large to allow the guest to enter the cavity deeply
enough to form two hydrogen bonds with the receptor. With these guests complexation induced
shifts fall below the limit of detection, and the binding constants for complexation in the cavity are
very small. Compound la thus is able to discriminate strongly between isomeric DHB's (Table 1,
entries 7-10).
Table 2 Association constants (Ka, M'1) between hosts la-d and dihydroxybenzenes."
host

CAT

RES

HQ

la

70b

2.9103 b

6.5-102

lb

40

2.0-103

5.4-103

1c

<50

50

<50

Id

5.0-102

3.2-103

5.5-102

a

Estimated error 50%, unless otherwise indicated. bEstimated error 5-10%, see Table 1.

In Table 2 the complexation properties of the four receptors la-d for catechol, resorcinol and
hydroquinone are compared. Receptor lb binds hydroquinone much more strongly than does la,
while binding of resorcinol and catechol is weaker. This altered preference is probably caused by the
presence of intramolecular hydrogen bonds between the NH-groups and the urea carbonyl groups in
receptor lb. 1 1 CPK models suggest that these hydrogen bonds keep the nitrogen atoms at a fixed
position, with their free electron pairs pointing into the cavity (Figure l).The distance between these
electron pairs is ideally suited for making two hydrogen bonds with hydroquinone. The stronger
binding of hydroquinone by lb than by la is an example of Cram's "principle of preorganization",12
which states that hosts having low conformational freedom loose less entropy upon complexation of a
guest, and hence bind stronger and more selectively.
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Figure 1 Side view of receptor lb.
Receptors 1c and Id were designed to achieve selective binding of catechol and catechol
derivatives such as dopamine. In 1c and Id the nitrogen atoms in the bridges are at the appropriate
distance to form two hydrogen bonds with the catechol OH-groups. Because the DHB's cannot enter
the cavities of 1c and Id sufficiently deeply, the complexation induced shifts are rather low.
Therefore, the binding constants of these receptors were determined by means of competition
experiments with receptor la. For reasons that are not yet clear to us, receptor 1c binds all
investigated DHB's very weakly. Receptor Id, however, is a much better binder of catechol than
hosts la and lb. When going from lb to Id the association constant increases by a factor of 12.5.
For resorcinol this increase is only by a factor of 1.6, whereas for hydroquinone even a tenfold
decrease in binding constant is observed. With 4,5-dibromocatechol, Id forms a 1:1 complex that
precipitates from solution.
In summary, our experiments indicate that receptor molecules 1 display strong binding
properties for dihydroxybenzenes. Furthermore, we have shown that it is possible to tune the binding
preference of thesereceptorsby altering the geometry of the binding sites.

6,3 Experimental
Compound la 1 3 A solution of 1.292 g of 2a in 400 mL of acetonitrile, to which was added
28 g of Nal and 12 g of NaaCOa, wasrefluxedunder nitrogen for 88 h. During the first 50 h, 0.280
g of benzylamine in 50 mL of acetonitrile was added at a rate of 1 mL/h. The solvent was evaporated,
250 mL of water was added, and the resulting suspension was extracted twice with CHCI3. The
CHCI3 solution was washed with aq. K2CO3 (4 x) and with distilled water (4 x). The organic layer
was dried and the solvent was evaporated. After column chromatography
(СНСІз/МеОН/triethylamine 96:3:1) 1.226 g (89%) of pure la was obtained. IR (KBr) 3080-2980
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(АгН), 2960-2840 (СНг). 1705 (С=0), 1640-1590 (aromatic С=С), 1480-1420 (СНі), 1150-1050
(COC) cm"1; Ή NMR (CDCI3) δ 7.20 (s, ЮН, АгН), 7.02 (s, ЮН, АгН), 6.72 (s, 4Н, АгН),
5.67 (d, 4Н, ІЧСЯгАг, J = 15.8 Hz). 4.45-3.33 (m, 32H, CH2O, PhCHaN, КСЯгАг), 2.94 (t,
8Н, OCH2C//2N); FAB MS (m-nitrobenzyl alcohol) m/z 1057 (M+H)+; Anal. Caled, for
C62H68N6O10H2O: C, 69.26; H, 6.45; N, 7.81; Found: C, 69.14; H, 6.45; N, 7.70.
Compound l b 1 4 This compound was prepared from la as described previously.4
Compound 1c. A solution of 0.723 g (0.89 mmol)of 2b in 250 mL of acetonitrile, to which
was added 0.095 g (0.88 mmol) of benzylamine, 16 g of Nal and 8 g of Na2C03, was refluxed
under nitrogen for 50 h. Benzylamine (0.190 g, 1.76 mmol) in 50 mL of acetonitrile was added at a
rate of 1 mL/h. The solvent was evaporated, 150 mL of water was added, and the resulting
suspension was extracted twice with CHCI3. The CHCI3 solution was washed with aq. K2CO3 (4
x) and with distilled water (4 x). The organic layer was dried and the solvent was evaporated. The
product was purified by column chromatography (silica gel, СНОз/МеОН). Yield 73%: mp >200oC
dec;IR (KBr) 3080-2980 АгН, 1705 C=0, 1150-1050 COC^H-NMR (CDCI3) δ 7.40 (m, 10 H,
АгН), 7.11 (m, 10 H, АгН), 6,84 (s, 4 H, АгН), 5.45 and 3.65 (2d, 8 H, NC^Ar, J=15.4 Hz),
3.70 (m, 12 H, OCH2CH2, NCH2Ar), 3,45 and 3.02 (m, 8 H, NCH2CH2); FAB-MS (mnitrobenzylalcohol) m/z 881 (M + H) + . Anal Caled for C54H52N 6 0 6 .H20: C, 72.14; H, 6.05; N,
9.35. Found: С, 72.62; H, 5.95; N, 9.34.
Compound ld. This compound was synthesized from 1c in the same way as was described
for l b 4 and purified by column chromatography (silica gel, eluent CHCiyMeOH/EtßN). Yield 95%:
mp >200oC dec;IR (KBr) 3310 NH, 1705 C=0, 1150-1050 COC^H-NMR (CDCI3) δ 7.10-7.17
(m, ЮН, АгН), 6.62 (s, 4Н, АгН), 5.50 and 3.65 (2d, 8Н, NO^Ar, J= 15.4 Hz), 4.31 and 4.23
(2m, 8H, OCH2CH2), 3.05 and 2.93 (2m, 8H, NCH2CH2), 2.40 (s, 2H, NH); FAB-MS (mnitrobenzylalcohol) m/z 701 (M + H)+.
Dihydroxybenzenes Hydroquinone, catechol, resorcinol, and 2,3-dicyanohydroquinone
were commercial products. Brominated hydroquinones were obtained by reaction of hydroquinone
with bromine in CCI4 and separation of the products by careful column chromatography with
EtOAc/n-hexane as eluent. Chlorinated hydroquinones were obtained by reaction of hydroquinone
with SO2CI2 in diethylether.15 The products were separated by column chromatography
(СНСІз/МеОН). 4,5-Dibromocatechol was prepared by bromination of catechol with Вгг in CHCI3.
All dihydroxybenzenes were further purifed byrepeatedreciystallization or sublimation at reduced
pressure. Purity was checked by comparison of the melting points with literature values.15·16
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Preparation of the TLC plates: Silica plates F-254 (Merck), were impregnated by soaking
these plates for a short time in a 10 % aqueous solution of the appropriate salt.6 The plates were then
air dried and activated overnight at 130oC.
Binding Experiments: The association constants of hosts l a and l b with
dihydroxybenzenes were determined from 'H-NMR titration experiments as was described in
Chapter 3. Association constants of 1c and Id were determined from competition experiments with
la. To a solution of la and a DHB one of these hosts was added and the shifts of the signals of la
were monitored.
Due to the insolubility of 2,3-dicyanohydroquinone in CDCI3, the association constant for the
complex between this guest and la was determined by a solid-liquid (CDCI3) extraction experiment
conform the literature.17 In order to estimate the reliability of this procedure, a similar solid-liquid
extraction was also carried out with hydroquinone. This experiment gave a Ka of 1.2 · 103 M"1 which
is in the same range as the value found with the titration method (6.5 · 102 M*1, see Table 1). As a
further check the Ka values of hydroquinone and 2,3-dicyanohydroquinone were also determined by
iH-NMR titrations in a solvent mixture in which both guests are soluble, viz. CDCls/acetonitrile 4:1
v/v. These values are 12 M_1 and 4.2 · 103 M_1 respectively. Assuming the ratio of association
constants to be independent of solvent, one calculates a value of 2.3 · 105 M-1 for the Ka of la with
dicyanohydroquinone. This value is very similar to the one obtained by the solid liquid extraction
method (Ka= 3 · IO*, Table 1).

References
1) Diederich.F Angew. Chem. 1988, 700, 372
2) Martens, CF.; Nolte, R.J.M. to be published.
3) Other examples ofreceptorsfor hydroxybenzenes have been published: (a) Sheridan, R.E.;
Whitlock, H.W. Jr. J. Am. Chem. Soc. 1988,110, 4071.(b) Watson, W.H.; Vögtle, F.;
Müller, W.M. 7. Inclusion Phenom. 1988, б, 491. (с) Ebmeyer, F.; Vögtle, F. Angew.
Chem. 1989, /00, 95. (d) Hayakawa, K.; Kido, K; Kanematsu, K. J. Chem. Soc. Perkin
Trans. I 1988,511.
4) Smeets, J.W.H.; Sijbesma, R.P.; van Dalen, L.; Spek, A.L.; Smeets, W.J.J.; Nolte,
R.J.M. /. Org. Chem 1989, 54, 3710.
5) Calverlcy, M.J.; Dale. J. Acta Chem Scand. 1982, B36, 241-247.
6) Wyss, D.; Esser, T.; Sequin, U. Tetrahedron, 1988,44, 1393.
7) de Boer, J.A.A.; Reinhoudt, D.N.; Harkema, S.; van Hummel, G.J.; de Jong, F. J. Am
Chem. Soc. 1982,104, 4073.
8) Spencer, J.N.; Heckmann, R.A.; Hamer, R.S.; Shoop.S.L.; Robertson.K.S. J. Phys.
Chem. 1973, 77, 3103.
87

Chapter 6
9) A Ka of ΙΟ6 M'1 has been reported for a complex.between a synthetic receptor and uric acid:
Kelly, T.R.; Maguire, MP. J. Am. Chem. Soc. 1987,109, 6549. Α Κ3 > ΙΟ8 M 1 has
beenreportedfor a complex of a metalloreceptor and urea: van Doom, A.R.; Schaafstra, R.;
Bos, M.; Harkema, S.; van Eerden, J.; Verboom, W.; Reinhoudt, D.N. J. Org. Chem.
1991.56, 6083.
10) A.W. Baker, J. Am. Chem. Soc. 1958, 80, 3598.
11) The NH-proton in lb has a sharp resonance at 4.70 ppm. NH-protons of other secondary
amines display broad resonances at ±2 ppm.
12) Cram, DJ. Angew. Chem. 1986, 98, 1041.
13) The systematic name of compound la is: 2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30,
31, 32, 34, 35, 38b - octadecahydro - 2a, 38b - diphenyl - 13, 30 - bis (phenylmethyl) - 1Я,
4 H - 6, 37:20, 23 - dietheno - 2, 22:3, 21 - dimethano - 5Я , 11Я, 28Я, 38Я, - 7, 10,
16, 19, 24, 27, 33, 36 - octaoxa - 2, 3, 4a, 13, 30, 38a - hexaazacyclopenta[cíí ]
cyclotetratriacont [g ] azulene -1,4 - dione.
14) The systematic name of compound lb is: 2a, 8, 9, 12, 13, 14, 15, 17, 18, 25, 26, 29, 30,
31, 32, 34, 35, 38b - octadecahydro - 2a, 38b - diphenyl - IH, 4 H - 6, 37:20, 23 dietheno - 2, 22:3, 21 - dimethano - 5H , 11H , 28H, 38H, - 7, 10, 16, 19, 24, 27, 33,
36 - octaoxa - 2,3,4a, 13,30,38a - hexaazacyclopenta[cd ] cyclotetratriacont [g ] azulene 1,4 - dione.
15) Ter Borg, A.P. Ree. Trav. Chim. Pays Bas 1954, 73, 5.
16) a) Norris, R.K.; Sternhell, S. Aust. J. Chem. 1973, 26, 333. b) Biilmann, E.; Jensen,
A.L.; Pedersen, K.O. J. Chem. Soc. 1925,127, 205. c) Kohn, M. J. Am. Chem Soc.
1950,75, 480.
17) Diederich, F.; Dick, K. /. Am Chem Soc. 1984,106, 8024.
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CHAPTER 7
A Molecular Clip which Binds Aromatic Guests by an
Induced Fit Mechanism

7.1 Introduction
One of the major themes in host guest chemistry is to explore the potentialities of different kinds
of intermolecular interactions in the rational design of new host compounds. Most hosts developed in
the last decades are crown-ether compounds, which bind the guest by strong ion-dipole interactions.
The use of weak forces between neutral molecules, such as hydrogen-bonding and π-π stacking has
attracted attention only much more recently.
Several research groups, including those of Rebek,1 Whitlock2 and Hamilton3 have shown that
it is feasible to bind guests by a combination of π-π interactions and hydrogen bonding. Diederich4
has synthesized cyclophanes which bind aromatic guests not only in water, where the hydrophobic
effect has a stabilizing influence, but also in organic solvents. The interactions between the guest and
the aromatic moieties of the host are of the edge-to-face type. Recently, Zimmerman5 has synthesized
so-called "molecular tweezers", which bind tetranitrofluorenone between two parallel acridine
surfaces. Harmata6 has published a crystal structure of a compound which sandwiches a molecule of
trinitrobenzene between two dibenzofuran surfaces, but the complexing behavior in solution was not
discussed. Lehn7 has developed a host with two naphthalene units that sandwich a nitrobenzene guest
in the solid state
We have used glycoluril as a building block to develop receptors of type 1 which bind
dihydroxy- substituted aromatic guests by means of hydrogen bonding as well as π-π interactions.8
We were, however, also interested in binding neutral molecules in 1 by π-π interactions alone. To
achieve this we enlarged the benzene cavity walls of our original receptor to naphthalene walls, see 2.

2aR = H
2b R = OH
2c R = OAc
2dR = 0Me

1a R=OAc
1b R=OMe
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7.2 Results and Discussion
7.2.1 Synthesis
Starting compound 3 (see Chapter 4) was refluxed in 1,2-dichloroethane with 2,7dihydroxynaphthalene and SnCU as a catalyst to give 2b (64% yield). Compound 2b was acetylated
in acetic anhydride to yield 2c in 44%. Compound 2d was prepared in 76% yield by alkylation of
2b with dimethylsulfate in DMSO, using powdered KOH as a base.
7.2.2 NMR spectra and conformations
The lH NMR spectrum of the reaction mixture from which 2b is isolated is much more
complicated than would be expected for a single product. This complexity could arise if the product is
a mixture of isomers, having different substitution patterns at the naphthalene moieties, or if 2b exists
as a mixture of conformational isomers that interconvert slowly on the NMR-timescale. As 2b is only
soluble in DMSO, it could not be subjected to column chromatography. The tetraacetyl-derivative 2c,
however, is soluble in CHCI3, and eluted as a single product, suggesting that only one diastereomer
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was present. Upon heating a sample of 2c above room temperature, the peaks in the 90 MHz
spectrum broadened and above 3530K several resonances coalesced, resulting in a much simpler
spectrum. Our tentative conclusion was that 2 is present as a mixture of conformers that interconvert
slowly on the NMR time scale at room temperature. This hypothesis could be confirmed by extensive
400 MHz NMR studies on 2c and 2d, as will be described in the following.
The naphthalene moieties in 2 can have two orientations, allowing for the existence of three
conformers of 2: anti.anti (aa ), syn,anti (sa), and syn.syn (ss ) (see calculated structures of 2a,
Figure 1).

ss

sa

aa

Figure 1. Calculated structures of the three conformers of 2a.
The •H-NMR signals of these conformers can be found in three regions: the aromatic region,
with the signals of the phenyl and naphthyl groups; the CH2-region, with an AB pattern for each
distinct CH2-group; and the region with the signals of the methoxy- or acetoxy-groups.
The CH2-region of the 400 MHz lU NMR spectrum of 2c in CDCI3 at 298 К (4 to 6 ppm,
Figure 2) has 4 doublets with J = 15.3 Hz and 4 doublets with J = 16.4 Hz. This is the number of
signals that can be expected if all conformers are present in solution, viz. one AB quartet for each of
the ss and aa conformers, and two AB quartets for the less symmetrical sa conformer. Figure 2a
shows four doublets of high and equal intensity and four of low intensity. In DMSOJÓ, two of the
lower intensity doublets are significantly smaller than the other two. The four high intensity doublets
must therefore be assigned to the sa conformer, since for this conformer these signals are necessarily
of equal mtensity.
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Figure 2. 400 MHz Ή-ΝΜϋ spectrum of 2c.
The assignment of the low intensity doublets to the aa and ss conformers of 2c was perfoimed
with the aid of calculations of the ring current contributions to the shifts of the CH2 signals in these
conformers. Theringcurrent contributions were calculated with the aid of the Johnson-Bovey tables9
and the atomic coordinates of the modeled structures of the three conformers of 2. To obtain suitable
reference shifts for the in and out protons of 2c (Figure 3) the calculated ring current contributions
to the shift of the in and out CH2 protons of la were subtracted from the measured shifts in la. The
shifts in the aa conformer of 2c were obtained by adding the calculated ring current shifts to these
reference shifts. The same was done for the ss conformer of 2c The calculated shifts in the aa
confonner are 5.25 and 3.95 ppm (Δδ = 1.30 ppm) and 5.40 and 4.59 ppm (Δδ = 0.81 ppm) in the
ss conformer. These results coincide reasonably well with the experimental values: 5.33 and 4.05
(Δδ = 1.28 ppm) and 5.76 and 5.16 ppm (Δδ = 0.60 ppm). On these grounds the former AB quartet
was assigned to the aa conformer. In the same manner the AB quartets of 2d were assigned from the
spectrum of lb in combination with ring current calculations.

Figure 3 In- and out - protons in 2.

The aromatic region of the spectrum of 2c (6 to 8 ppm) is also complicated (Figure 2). It is to
be expected that in the syn orientation, the signals of the naphthyl and phenyl groups undergo
considerable upfield shifts, due to theringcunent effect of these moieties. For the naphthyl groups of
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the sa conformer of 2c, two AB quartets are found at 7.84 and 7.34, and at 7.30 and 6.94 ppm,
respectively The fact that the signals of the naphthyl groups are present as AB quartets is strong
evidence that these moieties are indeed attached to the diphenylglycoluril framework at the 1- and 8
positions.
Table 1 Assignments of resonances to the conformations of 2c, 2d. Shifts are in
ppm.a
24

2£
sa

aa

ss

sa

5.76

5.65 (s )
5.49 (β )

5.88

6.23

6.05 (s )
5.97 (а )

4.05

5.16

4.87 (s )
4.19 (β )

3.97

5.13

4.81 (s )
4.14(β )

ОМеЮАс

с

с

2.55
2.51

4.13

3.97

4.15
3.92

Napht-НЗ

с

с

7.34 (β )
6.94 (s )

с

с

7.20 (β )
6.84 (ί )

Napht-H4

с

с

7.84 (β )
7.30 (s )

с

с

7.75 (β )
7.23 (s )

Ph-H 2 ^

с

с

6.49 (s )
7.0 (β )

с

6.33

6.51 (5 )

Ph-H3.5

с

с

6.26 (s )
7.05 (a )

с

6.00

6.13 (s )

Ph-H4

с

с

6.30 (s )
7.05 (a )

с

-6.15

6.24 (s )

aa

SS

NCH2Ph
σκί*

5.33

NCH2Ph
inb

^The designations (s) and (a) are used for the CH2-protons on the side of the molecule
where the naphthyl groups have a syn or anti orientationrelativeto the phenyl groups,
respectively (see Figure 1). bThe designations in and out are used as indicated in
Figure 3. cDue to the low abundance of the conformer, no assignment could be made.
The signals of the phenyl group on the syn -side of the SÖ conformer of 2c have shifted 0.5 0.8 ppm upfield relative to the signals on the anti- side. In 2d, some of the aromatic signals and the
methoxy signals of the less abundant conformers could be assigned with the help of COSY spectra,
andfromthe spectra of the complexes of this compound (see section 7.2.5).
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After having assigned the resonances (see Table 1), the relative abundances of the different
conformers could be determined by integration of the spectra. In CDCI3 solution at 298 K, 91% of
the molecules of 2c are in the sa conformer, 4.7% in the ss conformer and 4.3% in the aa
conformer. For 2d these values are 89.6%, 7.7% and 2.7% respectively.
It is of interest to ask why the asymmetric sa conformer is present in such high concentrations.
The naphthyl moieties in 2 are separated by arigidglycoluril unit, which has more or less the same
conformation in all three conformers. One would therefore expect that the lowest energy orientation
of the naphthyl group is either syn or αηή. A distortion in the glycoluril unit preserving a twofold
rotational symmetry in the glycoluril unit will not change this. We believe that the stability of the
conformers of 2 is governed by solvation. The distance between the naphthyl groups in the aa
conformer of 2 is only -6 Â. This distance is too small for solvent molecules to solvate the inner
surfaces of the cavity in this molecule. A higher energy of the syn orientation in the 5a conformer of
the unsolvated molecule could be compensated for in solution by a better solvation of the naphthyl
surfaces. When the sa conformer converts into the ss conformer, no such compensation will be
available. In other words, the sa conformer is preferred because it has the highest number of
naphthyl surfaces exposed to the solvent
7.2.3 Molecular Mechanics calculations
Therelativeenergies of the three conformers of 2a were determined with the help of Molecular
Mechanics Calculations. In these calculations three different force fields were used: MM2P(85),10
MMX,11 and the force field developed by Warshel.12 MMX offers the possibilities to calculate
electrostatic energies either with atomic point charges or with bond dipoles. Both options were used.
Three local energy minima, corresponding to the aa, sa, and ss conformations were found with all
forcefields.The conformations found with the different force fields had very similar geometries. In
Figure 1 the geometries that were found with the MM2P(85) force field are shown. The relative
energies of the conformers as calculated with the different forcefieldsare shown in Table 2.
Table 2 Relative energies (kcalmot1) of the three conformers of2a calculated using different
force fields.
Conformer:

MM2P(85)

MMX(charge)

MMX(dipole)

Warshel

aa

0.0

0.0

0.0

0.0

sa

0.86

6.86

12.85

4.31

ss

1.35

14.29

14.34

8.68

94

With all forcefieldsthe energies of the different conformers increase monotonously when going
from the aa via the sa to the ss conformer. The size of the energy differences is strongly dependent.
however, upon the force field used. The two MMX forcefieldsyield much larger energy differences
than the other force fields.
The MM2P(85) calculations allowed an analysis of the origin of the energy differences between
the conformers of 2a to be made (Table 3).
Table 3 Results of Molecular Mechanics Calculations on different conformers of 2a with the
MM2P(85) force field.0
Conformation
ш

sa

ss

-19.54

-18.68

-18.19

E stretch

3.45

3.68

3.93

£ bending

16.79

16.79

16.96

0.03

0.00

-0.05

¿VDW0

14.73

15.90

16.56

^ torsional

-34.19

-33.69

-33.23

E dioole

-20.35

-21.34

-22.35

Etotal

^ stretch-bend

a

All energies are in kcalmol·1. ЪЕ VDW »S the van der Waals energy.

The favorable energy of the aa conformer is caused by several factors. In the sa and ss
conformers the bond stretching energy (E stretch) is higher than in the aa conformer, mainly due to
the stretching of the bond between the quaternary carbon atoms in the glycoluril framework of 2a.
The differences in torsional energy originate mainly from different torsion around the glycolurilnitrogen to methylene-carbon bonds. The most important reason for the relative stability for the aa
conformer is the lower van der Waals energy term. In particular the unfavorable interactions between
the phenyl- and naphthyl-groups in the sa and ss conformers raises their energy. The dipole energy
on the other hand favours the ss conformer, but the differences in this term do not counterbalance the
differences in the other energy terms that favour the aa conformer.
7.2.4 Kinetics of conformational equilibria
Our variable temperature lH NMR experiments showed that the three conformers of 2
interconvert in solution. In simple systems with few exchanging sites it is possible to extract rate
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constants by bandshape analysis of the spectra.13 However, with the complexity encountered here,
2D-exchange spectroscopy (EXSY) is a superior method to elucidate exchange pathways and to
determine rate constants. In the EXSY experiment a pulse sequence is used which was originally
proposed by Jeener.14 Sites that exchange population during the mixing time (Тщ) give rise to
crosspeaks. Direct processes can be distinguished from indirect ones byrecordingspectra at different
mixing times, monitoring the crosspeak intensity as a function of mixing time. Crosspeaks arising
from indirect processes have a zero time derivative at very short mixing times, whereas crosspeaks
from direct processes have a non-zero time derivative. The initial slope of the crosspeak intensity is a
direct measure of the rate constant In principle one 2D EXSY spectrum at an appropriate value of Tm
would suffice to determine all rate constants, but in practice, without previous knowledge of rate
constants,15 spectra at a number of different mixing times should be recorded.
In the present case it is not possible to distinguish direct from indirect processes by taking
spectra at very short mixing times. Because of the large difference in population of the three
conformers, the crosspeaks between the signals of the most abundant sa conformer will be the
strongest for all but the shortest mixing times, even if the corresponding direct process has a zero rate
constant Even if qualitative information is to be extracted, spectra with very short mixing times will
have to berecorded.This, however, is precluded again by the large population differences in 2, since
at these short mixing times very small crosspeaks would have to be detected in the presence (and in
some cases near to) very large peaks on the diagonal.
The inability to obtain the necessary information from first order crosspeaks at small mixing
times forced us to determine rate constants from an analysis of crosspeak intensities at longer mixing
times. Perrin 15a and Abel et al. 1 5 b have developed a method, based on a matrix formalism, to
evaluate rate constantsfromnon-first order cross-peaks. With this method it is in principle possible to
determine rate constants from a single EXSY spectrum. As the accuracy of the method is dependent
on the choice of the appropriate mixing time, and as we had no previous knowledge of the exchange
rates in our system, we chose to take spectra at a number of mixing times. This has the additional
advantage that thereproducibilityof theresultsof the individual experiments gives a good estimate of
the accuracy of the rate constants.
For the successful elucidation of exchange pathways, a number of conditions must be fulfilled.
The compound should have non-overlapping resonances for each of the conformers, and each
conformer should have a population that is large enough to give peaks with sufficient signal to noise
ratio. For these reasons we used solutions of 2c in CDCI3 in our EXSY experiments. The CH2region in the spectrum of this compound has free-lying peaks of sufficient intensity for all
conformers. On the contrary, in the spectrum of 2d, the peaks of the aa conformer have a marginal
signal to noise ratio due to the low abundance (2.7%) of this conformer.
Two different types of exchange processes between the three conformers of 2 can be
envisioned. By changing the orientation of one naphthyl group from syn to anti от vice versa,
population exchange between the aa and sa conformers, as well as between the ss and sa
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conformers occurs. These processes are represented by the vertical and horizontal arrows in Figure
4. When two naphthyl groups flip simultaneously, the ss and aa conformers are interconverted
directly, and by such a simultaneous flip the sa conformer is converted into itself. This degenerate
process can be monitored by virtue of the magnetic inequivalence of the sites on the syn and anti part
of the molecule. The double flip processes are represented by the diagonal arrows in Figure 4.
The CH2-region (4-6 ppm) of the EXSY spectrum of 2c, recorded at a mixing time of 100 ms
is presented in Figure 5.

.0.41 β"*

Figure 4. Scheme of conformational exchange
processes and their rate constants in 2c
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Figure 5. Contourpiot of the Cfy-region of the EXSY spectrum of 2c (Xm = 100 ms,T= 308 K).
The crosspeaks with dispersive line-shape are due to zero-quantum coherence between coupled
signak. The assignments correspond to the numbering of the sites in Table 4.
For each of the single flip processes, there are four crosspeaks, two from the CH2-protons on
the side that changes conformation, and two from the CH2-protons on the side that retains its
conformation. For each of the double-flip processes, the EXSY spectrum has two crosspeaks. This
redundancy offers an additional opportunity to check the accuracy of the experimental results.
The eight doublets in the CH2 region consist of two separate sets of four resonances,
corresponding to two sets of magnetic sites. Sites in one set do not exchange with sites in the other
set. Of these two sets (Table 4) only the resonances belonging to the sites in set A have been used,
since in set В some of the crosspeaks were very close to the diagonal,resultingin severe interference
of these small peaks by intense peaks on the diagonal.
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Table 4 The two separate sets ofCH2 sites in 2c. The phenyl groups and the substituents on the
naphthyl groups have been omitted for clarity.
Set A

Set В

EXSY spectra were recorded at mixing times of 10, 20, 30, 50, 75 and 100 ms, respectively.
Volumes of the diagonal peaks and crosspeaks of the signals of subset A were determined and from
these intensity matrices and the population matrix the various apparent rate constants were calculated.
Their average values and standard deviations are given in Table 5
Table 5 Apparent rate constants (s ^) of the exchange processes in 2c. Numbering of sites
corresponds to that in Table 4.
siteS>^eS:

1

2

3
3.98 ± 0.28

4.14 ±0.47

0.402 ± 0.025
0.418 ± 0.045

4

0.678 ± 0.047
0.937 ±0.084

0

(0.71)*
7.16 ±0.50
a

After correction for peak overlap, (see text)

9.93 ±0.87
(7.48)»
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The reliability of the data in Table 5 can be checked in a number of ways. First, by considering
the standard deviations, which indicate that excellent agreement exists between the results obtained
from experiments at different mixing times. Standard deviations are in the range of 6-11%.
Moreover, the rate constants derived at individual mixing times varied randomly when the mixing
time was increased, suggesting that there are no Tm-dependent systematic errors in the data.
Secondly, as in the EXSY experiment the rate constants of the single flip processes are
determined twice, the values for identical processes should be equal. For the exchange process ss-sa
(between sites 1 and 2, and between 1 and 3) this is indeed the case. The values are the same within
experimental error. For the aa-sa process (between sites 4 and 2, and between 4 and 3) the rate
constants for exchange between site 4 and 3 are significantly higher than the other ones. Because the
crosspeaks from which the higher rate constants were determined suffered most from overlap with a
diagonal peak (they are only at 0.16 ppm distance from a diagonal peak with 117 times the intensity
of these crosspeaks) we felt it was necessary to apply the following correction to the intensity matrix:
for each crosspeak, a straight line was fitted through the first three points of the crosspeak intensity
vs. mixing time curve. The intercepts of these lines at zero mixing time were subtracted from the
crosspeak intensities at 50 and 100 ms mixing time. The average kinetic matrix calculated from these
corrected intensity matrices was identical to the uncorrected matrix within experimental error, except
for the two rate constants derived from the crosspeaks close to the diagonal. After correction these
rate constants became identical to the otherrateconstants calculated for the same processes.
Table 6. Rate constants (sml) of exchange processes in 2c and ratio of rate constants compared to
the ratio of populations ofconformers of 2c.
rate constant

inverse
process

rate constant

ratio of rate
constants

ratio of
populations8

k(sfl-*ia)

0.69

Цаа-на)

14.6

21.2

21.4

Ksa-tss)

0.41

k(ss->sa)

8.1

19.8

19.4

к(аа-*іа)

0

fyss-ïss)

0

process

^Determined from the intensity of the diagonal peaks in a spectrum with zero mixing time.
A third check on the reliability of the results is that the ratio of forward and backward rate
constants should be identical to the ratio of the populations of the sites. The ratio of rate constants
does show good agreement with the ratio of populations calculated from the diagonal peak intensities
at zero mixing time (Table 6). It should be noted that there are two ways to convert the ss and the aa
conformer into the sa conformer, but only one way to convert the sa conformer into an aa
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confonner or into an ss conformer. The rate constants for αα-» sa andíj-^ία processes therefore
have two be multiplied by two in order to obtain the correct rate constants. (Table 4)
As the results are internally consistent, we may feel confident that the rate constants are as
given in Table 6.
The most significant conclusion is that the double flip processes have zero rate constants. The
single flip processes have different rate constants, which does not, however, lead to different
populations of the aa and sa conformers.
7.2.5 Complexation studies
The aa conformer of 2 has a geometry that is quite well suited to host a guest In the modeled
structure of this conformer the naphthalene moieties are at arelativeangle of 22°. The aromatic carbon
atoms at the rim of the cavity are approximately 6.5 À apart. This is the optimal distance for
sandwiching an aromatic guest. Due to the electron donating properties of the dimethoxynaphthalene
moieties in 2d, guests with electron acceptor groups are the most suitable candidates for strong
binding.
We studied the complexation of 12 guests by 2d with the help of Ή NMR. We found that
when a guest is bound to 2d, the relative amount of the aa confonner increases. Integration of the
peaks of the separate conformers in the spectrum of a solution with known concentrations of 2d and
guest allowed the determination of the association constant (Ka) of the aa conformer with this guest
(see experimental part).
In the calculation of the Ka values from the NMR experiments it is assumed that the guest forms
only 1:1 complexes with the aa conformer and no complexes with the other conformers. It can easily
be shown that an interaction of the guest with the sa confonner reduces the apparent Ka with the aa
conformer. If the guest has also stacking interactions with individual naphthalene moieties, it is to be
expected that these interactions have about the same strength in all three conformers. In that case, the
calculated Ka is an apparent Karepresentingthe excess interaction of the aa confonner with the guest
due to the formation of a sandwich complex. Specific interactions of the guests with either the sa
conformation or the ss conformation, may be detected as a change in the sa to ss ratio in 2d. As
can be seen in Table 7, this ratio is not significantly influenced by any of the guests studied.
Apparently, such interactions do not occur.
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Table 7. Apparent Ka values of the aa conformation of 2d and of hexamethylbenzene with
aromatic guests in CDCI3 at 298 К
Guest

K a 2d

[sa]
[ss]

Ka hexamethyl
benzene

Toluene

0

11.6

1,2-Dinitrobenzene

95

12.1

Nitrobenzene

5.5a

10.2

1,3-Dimtrobenzene

115 (UV)

1,4-Dimtrobenzene

39

12.4

0.82 b

Trinitrotoluene

0

11.6

1.61b

1,2-Dicyanobenzene

45

12

1,4-Dicyanobenzene

185 (NMR);

13

1.09b
0.8

b

170 (UV)
1,8-Dinitronaphthalene

65

13

Trinitrofluorenone

65

13

Tetracyanoquinone

0

14.5

Tetracyanoethylene

0

263

a

In CDCiynitrobenzene 1:1 (v/v). b At 298 К in CCI4.15

c

c

c

At 298 К in CH2CI2 16

The association constants of 2d show some remarkable trends when they are compared with
those of the model compound hexamethylbenzene (Table 7). For the latter compound- as expectedthe Ka values become larger when the guest is a stronger acceptor. Host 2d displays a completely
different behavior. For instance, tetracyanoethylene, which is the best complexant for
hexamethylbenzene, is not bound at all by 2d. On the other hand, 1,3-dinitrobenzene, which forms
only a weak complex with hexamethylbenzene, is strongly bound by 2d. These data corroborate the
idea that the complexes between 2d and the guests of Table 7 are not common charge transfer
complexes, but are complexes with a special geometry. We propose that the guests are sandwiched
between the naphthalene walls of 2d in an offset geometry, as has been calculated for the stacked
complex between naphthalene and benzene. 16 (Figure 6)
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Figure 6. Most stable stacked arrangement of the naphthalene-benzene complex.

When dinitrobenzene is complexed by 2d, its H-5 proton shifts upfield. This suggests that this
guest is bound with its nitro-groups pointing away from the cavity of the host. In the complex with
trinitrotoluene, the guest cannot attain such a position, since in that case the third nitro-group would
severely interfere with the glycoluril unit at the base of the cavity. The alternative complex-geometry
with two nitro-groups pointing inward is also disfavored, because of electrostatic repulsion between
the nitro-groups and the carbonyl-groups of the host (Figure 7a) As a consequence trinitrotoluene is
not bound in the cavity of the aa conformer of 2d.
On the basis of its acceptor properties, trinitrofluorenone is expected to bind much stronger in
2d than the other guests. Indeed upon addition this guest to 2d a strong color developed. However,
this guest did not change the population ratio's to the extent expected. Apparently steric hindrance
with the host prevents this guests to take up a favorable position between the naphthalene moieties of
the aa conformer. Consequently the complex with the aa conformer is not much stronger than that
with the fa and ss conformers.

Figure 7. a) Schematic representation of the complex between 2d and 1,3,5-trinitrobenzene. The
relaüve positions have been taken from the known complex between naphthalene and this guest.1?
b) Idem for the complex between 2d and tetracyanoethylene.The relative positions have been taken
from the known tetracyanoethylene-naphthalene complex.18.
Surprisingly, addition of the equally strong but smaller acceptor tetracyanoethylene (TCNE) to a
solution of 2d caused a color change from colorless to deep blue but no change in the ratio of
conformers of 2d. In the crystal structure of TCNE with naphthalene, the acceptor is lying over the
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center of one of the benzeneringsof naphthalene.18 In this geometry there would be a strong steric
interference with the glycoluril part of 2d (Figure 7b), thus forcing the guest to take up a less
favorable position.
Binding of resorcinol.
If solutions of resorcinol and 2d in CHCI3 are mixed, a 1:1 host-guest complex precipitates.
The complex can be redissolved slightly in CDCI3. In this solution the aa conformer constitutes 14%
of the molecules of 2d. The aromatic signals of the guest have moved upfield, whereas its hydroxysignals have moved downfield. The direction and magnitude of the shifts suggest that resorcinol is
bound through hydrogen bonding with the carbonyl-groups of 2d, its H-2 proton being directed
towards the cavity of the host. The concentration of the complex in the saturated CDCI3 solution is
0.53 mM. From an integration of the relevant signals in the NMR spectrum and from the known
concentrations of the host and guest a Ka value of 280 can be calculated for the 2d - resorcinol
complex.
Binding of Ag *.
The binding of silver (I) ions to double bonds and aromatic compounds is a well documented
phenomenon. Several crystal structures of cyclophane silver(I) complexes are known.19 In the X-ray
structure of the silvertriflate-[23] (1,4) cyclophane complex the silver ion is at a distance of 2.5 Â
from the center of one of the double bonds of the benzene rings.198 Since this distance is close to
half the distance between two naphthalene moieties in the aa conformer of 2d, we expected 2d to be
a good host for silver (I) ions.
Although AgC104 is almost insoluble in CDCI3, saturating a solution of 2d in this solvent with
AgC104 led to an increase in the intensity of the aa conformer from 2.7% to 7.5%. This is a strong
indication that a complex with the aa conformer is formed. Further experiments are however needed
to determine the strength, stoichiometiy and geometry of this complex.

7.3 Conclusions and Prospects
The present work has shown that compound 2d is an efficient receptor for aromatic guests.
Binding occurs by an induced - fit mechanism. The host selects the guest on the basis of size rather
than on acceptor strength. According to the principle of preorganization, the low abundance of the
guest-binding conformer in 2d is a disadvantage if strong complexation is to be achieved. It would
therefore be of interest to synthesize an analog of 2 that is completely in the aa conformer. This can
probably be achieved by synthesizing a glycoluril host with more bulky substituents on its convex
side, e.g. see the hosts in Figure 8.
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On the other hand the occurrence of different conformers can be used to develop molecular
switches. In such a switch the binding of a guest may be controlled by an external factor, e.g. light,
or a physical variable, like solvent polarity or redox potential.
An example will be described in the next Chapter of this thesis.

Figure 8: Analogs of 2 with phenanthrene (a) and cyclohexadiene (b) on the concave side of the
glycoluril unit In both structures one of the naphthyl units has been omitted for clarity.

7.4 Experimental

Compounds
17b, 17c- Dihydro- 1, 6, 10, 15- tetrahydroxy- 17b, 17c- diphenyl- 7H, 8H,
9H, 16H, 17H, 18H-7a, 8a, 16a, 17a-tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4"
: 5', 6', 7'] dicycloocta [1, 2, 3- de : 1', 2', 3' d e ] dinaphthalene- 8, 17- dione
(2b). A mixture of 2.48 g (5.08 mmol) of 3 , 3.2 g (20 mmol) of 2,7-dihydroxynaphthalene and
5.5 mL (44 mmol) of SnCU was refluxed for 30 min in 100 mL of 1,2-dichloroethane. After
refluxing with aqueous HCl the product was isolated from the reaction mixture by filtration and was
washed with MeOH. The product was purified by recrystallization from DMSO. Yield: 2.1 g (64%)
of colorless needles. FAB-MS (m-nitrobenzyl alcohol) m/z 663 (M+H)+. Anal. Caled for
C40H30N4O6O.5H2O: C, 71.53; H, 4.65; N, 8.34. Found: C, 71.53; H, 4.63; N, 8.37.
17b, 17c- Dihydro- 1, 6, 10, 15- tetraacetoxy- 17b, 17c- diphenyl- 7H, 8H,
9H, 16H, 17H, 18H-7a, 8a, 16a, 17a-tetraazapentaleno [1", 6" : 5, 6, 7 ; Э", 4"
: 5', 6', 7'] dicycloocta [1, 2, 3- de : 1', 2', 3' d'e'] dinaphthalene- 8, 17- dione
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(2c): Compound 2b (0.781 g, 1.18 mmol) was heated at 100 0 C in 15 mL of acetic anhydride with
1 mL of pyridine. After Ih, the solvent was evaporated, and the residue was purified by column
chromatography (СНСІз/МеОН, 97:3 v/v). Yield: 0.431 g (44%) of 6b. Ή NMR (CDCI3): see
Table 3; 1 3 C NMR (CDCI3): The signals of the sa conformer are given here: δ 169.72 (Acetyl C=0),
158.16 (urea C=0), 149.92, 148.82 (Napht C-2,7) 134.55, 134.03, 132.05, 131.92, 131.36,
130.30, 130.08, 128.83, 128.65, 128.18, 126.70, 126.61, 125.53, 122.29, 122.05, 121.71,
121.12 (Napht-C and Ph-C), 84.52, 83.61 (PhCN), 39.89, 37.08 (NaphtCH2N ), 21.56, 21.28
(acetyl CH3); FAB-MS (m-nitrobenzyl alcohol) m/z 831 (M+H)+. Anal. Caled for C48H38N4O10O.5
H2O: C, 68.65; H, 4.68; N, 6.67. Found: C, 68.56; H, 4.61; N, 6.57.
17b, 17c- Dihydro- 1, 6, 10, 15- tetramethoxy - 17b, 17c- diphenyl- 7H, 8H,
9H, 16H, 17H, 18H-7a, 8a, 16a, 17a-tetraazapentaleno [1", 6" : 5, 6, 7 ; 3", 4"
: 5', 6', 7'] dicycloocta [1, 2, 3- de : 1', 2', 3' dV] dinaphthalene- 8, 17- dione
(2d): In 25 mL of DMSO, to which 2.5 g of powdered KOH had been added, 1.32 g (1.99 mmol)
of 2b was dissolved. Dimethylsulfate (1.4 mL, 8.3 mmol) was added, and the mixture was stirred
for one hour at room temperature. The reaction mixture was poured into 250 mL of water. The
product was extracted from the aqueous suspension with CH2CI2 and purified by column
chromatography (СНСІз/МеОН, 99.5:0.5 v/v). Yield: 1.09 g (76%) of 2b. lH NMR (CDCI3): see
Table 3; FAB-MS (m-nitrobenzyl alcohol) m/z 719 (M+H)+. Anal. Caled for C44H38N4O6 CH2CI2:
C, 67.25; H, 5.02; N, 6.97. Found: C, 66.93; H, 4.96; N, 6.94.
The acceptor compounds were commercial products. The dinitro- and dicyano- benzenes,
resorcinol and dinitronaphthalene were purified byrecrystallizationbefore use. AgC104 was dried by
azeotropic distillation in benzene and subsequently crystallized by addition of pentane.20

2-D Ή NMR experiments
The EXSY spectra were recorded at 308 К at 500 MHz with the NOESYPH pulse sequence
21
supplied with the Braker software. Time proportional phase incrementation (TPPI) was used to
obtain quadrature detection in ti; Each of the 512 ti increments was the accumulation of 16 scans.
The relaxation delay was 0.8 s. The mixing time was not randomly varied since the exchanging
signals were not J-coupled. Before Fourier-transformation, the FID's were multiplied by π/2.5
shifted sine-bell function in the F2 domain, and by π/2 shifted sine-bell function in the Fi domain.
The data file was zero-filled, resulting in a spectrum of IK χ IK real datapomts, with a resolution of
4.88 Hz/point. A base-plane correction was applied to the 2-D spectrum. Peak volumes were
determined by accumulating the integral inregionsof 32 χ 24 datapoints around peaks of interest. In
the calculation of rate constants, the average volumes of symmetry related crosspeaks was used.
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Double-quantum filtered COSY spectra were recorded at 400 MHz with the COSYPHDQ pulse
sequence supplied with the Bruker software; 512 ti increments were taken. Each FID of IK
datapoints was the accumulation of 48 scans. Α π/2 shifted squared sine-bell window function was
applied in both Fi and F2 domains. The datafilewas zero-filled, resulting in a spectrum of IK χ IK
real datapoints, with aresolutionof 3.88 Hz/poinL

Molecular Mechanics Calculations
The MMX forcefieldand the forcefielddeveloped by Warshel were used without modification.
For parameters that were lacking in the MM2P(85) force field, the values were takenfromthe MMX
force field. It was found that the relative energies of the different conformers of 2a were only
marginally influenced by the actual values of the additional parameters.
Determination of association constants by 'H-NMR.
The association constants of the complexes between the aa conformer of host 2d and the
various guests were determined by integrating the relevant signals of the guest and the different
conformers of the host A CDCI3 solution 30 ιηΜ in 2d and 55 -75 mM in guest was used. The Ka's
(see eq. 1) were calculated from these integrals assuming that the guest forms only 1:1 complexes
with the ад conformer and does not interact with the 5а and ss conformers:

[aa G]
[aa]x[G]

yi}

In eq. 1 [aa G] is the equilibrium concentration of the complex of the aa conformer with guest
G, [аа ] is the concentration of uncomplexed аа conformer, and [G] is the concentration of
uncomplexed guest. The concentration of uncomplexed aa conformer in the solution containing guest
can be determined with the aid of the equilibrium constant Ksa/aa ·

[aa] = -iHL

(2)

ftsa/aa

which is knownfromthe integration of the spectrum of a solution of 2d without guest (eq. 3).
K

, _[sa]
[aa]

(3)

The assumption is made that [sa ] = [sa ] tot. i-C- the ία conformer does not complex with G,
The other concentrations in equation (1) can be calculated with the help of equation (2) and the
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integration of the relevant host and guest signals in the spectrum, which gives the total concentration
of G, ([G]tot) and the total concentration of the aa conformer of 2c, ([αα ]tot) (eqs. 4 and 5):

[aa G] = [aa \oX - [aa ]
[G] = [ G b t - [ a a G ]

(4)

f5i
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CHAPTER 8
A Molecular Clip with Allosteric Binding Properties.

8.1 Introduction.
Many biological processes and functions in nature are regulated by molecular systems which
respond to changes in the environment or to outside stimulants. Very often these systems contain
receptors or enzymes whose binding properties are controlled by interaction with light, small
molecules or ions. Mimicking such systems is one of the most challenging goals in host-guest
chemistry. Moreover, understanding the underlying principles of these interactions will be an
important step towards the construction of novel molecular devices.
A number of examples of 'responsive hosts'1 have been described in literature. Crown ethers
that change binding strength of ions upon irradiation with light are probably the best studied examples
within this class of molecules.2 These crown ethers contain a photoreactive functionality, e.g. a diaza
group, which induces a change in conformation of the host by interaction with light and hence a
change in affinity of the binding site. Beer and others have prepared redox-responsive hosts, which
contain an electrochemically switchable functionality, like a quinone or a ferrocenyl group.1 Other
examples are pH-responsive3 hosts and temperature-responsive4 hosts. Some of these molecules
have been used to realize ion transport across liquid membranes, induced by e.g. light2 or a pH
gradient. ^ 5
A very important way of regulating binding in receptors and proteins in nature is the allosteric
effect6 In an allosteric protein more than one binding site is present Binding of a guest (substrate in
biochemical terminology) at one site influences the binding strength at a remote site. The paradigmatic
example of an allosteric protein is hemoglobin, a tetrameric protein, that can bind four molecules of
oxygen. Binding of the fourth molecule of O2 is stronger than binding of the first three.7 If the
binding sites in an allosteric protein are identical, the allosteric effect is described as cooperative
binding between homologous sites. Depending on whether binding of successive guests is
increasingly stronger or weaker, it is called positive or negative cooperativity.
Few syntheticreceptorsdisplaying allosteric effects have been described in literature. One of the
first successful ones in this respect was reported by Rebek.8 He synthesized bis-crown ethers capable
of binding two alkali metal ions or two mercury complexes like Hg(CN)2. For the latter guest the
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second binding constant was shown to be about ten times larger than the first binding constant,
whereas for the alkali metal ions, mutual electrostatic repulsion prevented cooperative binding of the
second guest
Only recently have organic chemists succeeded in developing synthetic receptors that show
allosteric effects or cooperative binding for organic guests. A tetracarboxylic acid has been reported
by Rebek which binds two diamines in a cooperative fashion.9 Schneider has developed a watersoluble host, which binds aromatic guests 10-100 times more strongly when Cu ions are present10

SS

sa

аа

Figure 1. Computer generated structures of the three conformers ofl.

In Chapter 7 wereportedon the conformational properties of host compounds of type 1. These
molecules are receptors for aromatic guests. In solution, compound 1 exists in three conformations:
ss, sa and aa (Figure 1). The most predominant ones, ss and sa, are non-binding. When an
aromatic guest is added the equilibrium shifts to aa, and the guest is bound in a sandwich-like
fashion between the naphthalene walls of the host As an extension of this work we describe here a
bis-aza crown ether derivative of 1 which displays allosteric binding properties (compound 2).
Space-filling models indicate that only the aa conformer of 2 is able to bind an alkali metal ion.
We anticipated that addition of alkali metal ions would promote binding of an aromatic guest, in the
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way it is schematically depicted in Figure 2. We also expected that the binding of the alkali metal ions
would be a cooperative process, because conversion of thereceptorto the aa conformer by the uptake
of one ion would facilitate the binding of the second ion. Experiments will be presented that confirm
these ideas.

Figure 2. Induced binding of
a guest in 2 by the addition of a metal
ion.

8.2 Results and discussion
8.2.1 Synthesis and characterization.
The bis-aza crown ether derivative 2 was synthesized via the route in Scheme 1. Starting
compound 4 was refluxed in 1,2-dichloroethane with 2,7-dihydroxynaphthalene using SnCU as a
catalyst to give l a (64% yield). Compound la was alkylated with the tosylester of
chloroethoxyethanol to yield 3 in 41 %. Intermediate 3 was converted into 2 by reaction with 2.2
equiv. of benzylamine in acetonitrile in the presence of sodium iodide using sodium carbonate as a
base. After column chromatography, pure 2 was isolated in 91 % yield.
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In CDCI3 solution, both 2 and 3 are present as a mixture of sa, ss and aa conformers. For 3,
the ratio of these conformers is 82:12:6. In the solution of 2 the ratio of sa and ss conformers is
88:12. The aa conformer is not detectable in the ^-NMR spectrum and hence constitutes less than
2% of the population. Because of the presence of the conformers the spectra of 2 and 3 are quite
complicated. Most peaks could, however, be assigned by comparison with the spectra of lb (Chapter
7), and with the aid of 2-D NOESY and COSY spectra. Apart from crosspeaks due to the nuclear
Overhauser effect, the NOESY spectra of 2 and 3 also contained crosspeaks due to conformational
exchange processes between the conformers. The positions of the most important peaks are given in
Table 1.
Table 1. Ή-ΝΜΚ signals (ppm) and coupling constants (Hz, in parentheses) in the ifi-NMR
spectrum of the ss, sa and aa conformers of 2 and 3 in CDCI3 .
NQfcAr
£22

NCifcAr
ana

Napht-H
і^л

Napht-Д Crown
anti
CH2N

Benzyl
CH2N

NaphtОСЩ

Benzyl-H

2sa

4.79 6.12 4.10 6.08 7.23 6.80 7.75 7.23 3.00
(14.8)
(16.8)
(8.9)
(8.9)

4.00

4.60

7.43
7.26
7.20 (7.2)

2SÍ

5.18 6.33
(14.8)

-a

4.35b

-a

3sa

4.79 6.03 4.116.01 7.23 6.86 7.73 7.27
(14.8)
(16.8)
(8.9)
(8.9)

3ss

5.13 6.20
(14.8)

3aa

а

6.83 7.26
(8Л?)

3.14

7.25 6.87
3.92 5.78

7.34 6.95

(16J)

(8,9)

No assignment could be made. b Tentative assignment.

8.2.2 Complexation.
Alkali metal ions
The effect of alkali metal ions on the conformational equilibrium of 2 was investigated by lliNMR in CDCl3/DMSOd6 (9:1 v/v) using 2 mM solutions of host and 8 mM of potassium thiocyanate
or sodium thiocyanate. Under these circumstances virtually all molecules of 2 were found to be in the
aa conformation (Figure 3). The spectrum of the sodium thiocyanate complex is quite different from
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Figure 3 tH-NMR spectra of 2 mM solutions of 2 in CDCIÌ/DMSOM ,9:1 (v/v)
In the absence of salt (a). In the presence of 8 mM KSCN(b). In the presence of 8 mM NaSCN (c).
the spectrum of the potassium thiocyanate complex. The differences can be seen in Figure 3 and in
Table 2.
In the complex with sodium ions the signals of the naphthyl groups as well as the signals of the
benzyl groups have moved upfield compared to their positions in the complex with potassium. The
signal of the CH2N-protons on the nitrogen atoms in the crown ether moieties of 2 is a triplet in the
potassium complex, but is split into two multiplets in the sodium complex. These differences suggest
that in the latter complex, the crown ether moieties are folded around the sodium ions in such a way
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that the benzylgroups are in the shielding zone of the naphthyl groups, or perhaps are complexed in
the cleft of the host
Table 2. Relevant signals (ppm) and coupling constants (Hz, in parentheses) in the Ή-ΝΜΚ
spectra of the potassium- and sodium thiocyanate complexes of 2 in CDClj/OMSOdó 9:1 (v/v).
Crown-

2 - 2 K+
2 · 2 Na +

МСЩАг

Napht-H

5.80; 4.14

7.66; 7.22

(16.5)

(8.9)

5.93; 4.14

7.45; 6.97

2.93 (m)

(16.8)

(8.9)

2.98 (m)

2.92 (t)

Benzyl-

Napht-

3.92

осщ

Benzyl-Ы

4.59

7.26 (br)
7.08 (br)

4.29

7.0-7.3 (br)

4.68

6.92 (t)
6.68 (t)

As host 2 has two binding sites for alkali metal ions it was expected that these ions are bound in
a 1:2 host-guest stoichiometry. In order to ascertain this and to fînd out if 2 showed cooperative
binding towards these ions, а Ш-ММК titration with potassium picrate in CDCiyDMSOdô 3:1 (v/v)
was peifonned. During this titration the fraction of molecules in the aa confonner was monitored as a
function of the number of equivalents of salt added. (Figure 4)
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Figure 4 Best fit curves to data points of titration of 2 with potassium picrate, a) Two independent
binding sites, K¡ ' = K2 '[ = 140. b) Strongly cooperative binding,
Кj » = 43, Кг ЧКі '= 128.
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The titration data were evaluated with the help of a computer program that determines the
goodness of fit1 ! (expressed as χ^/ν) of a theoretical binding curve to the experimental data for any
combination of Ki and K2. The latter constants Ki and K2 are defined as:
K| =

E-M*]
[M+][2]

2

[2-2 M*]
[2M + ][M + ]

In order to obtain intrinsic binding constantsfromthese thermodynamic constants, a statistical
correction must be applied which takes into account the number of binding sites in the receptor.12 For
a receptor with two binding sites, Ki must be divided by two, and K2 must be multiplied by two;
1^ = 1/2^; K^ = 2K2
In the calculations the assumption was made that only the aa conformer of 2 binds ions. The
fact that 2 is completely converted into the aa conformer by addition of alkali salts shows that this
assumption is valid.
For a number of values of Кг Кі' the value of Ki' that gives the best fit to the experimental
data has been calculated. The results of the calculations are shown in Figure 4. For independent
binding sites the best fit curve (Figure 4a) has a curvature which is too strong and at higher saturation
the calculated values of fraction aa are too low. A much better fit is obtained when a strongly
cooperative binding process is asssumed (Figure 4b). The lowest value of χ^/ν is obtained for
K2i/Kii = 128 (Ki' = 43; K^ = 5440).
A number of models have been proposed to explain cooperative binding by allosteric
interactions, one of the first being the model of Monod, Wyman, and Changeux (MWC).13 In this
model, the following properties are posited to berequiredto obtain positive cooperativity:
-the receptor system should contain identical binding sites at identical, symmetry related
positions;
-the receptor should have more than one conformation. These conformations are in equilibrium
and differ in their affinity to the substrate;
-the symmetry of the receptor should be preserved when going from one conformation to
another.
The present system is an excellent example of cooperative binding according to the MWC
model. It displays all the properties which are required for the cooperative binding of potassium ions.
9
It is of interest to compare ourreceptor2 with Rebek's bis-crown ether receptor, (see 5). In
compound 5 cooperative binding is also theresultof binding-induced conformational changes. Rebek
found that the cooperativity is completely based on an entropy effect: binding of one guest in the first
binding site freezes the conformational freedom of the second binding site resulting in increased
affinity for the second guest. A similar entropy effect may be operative in ourreceptor2, but enthalpy
effects probably also play an important role. The ion-binding conformer constitutes less than 2% of
the total mixture of of conformers in a solution of the free host 2. The free energy needed to convert
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2 into the binding conformer has to be paid for completely in thefirstbinding step. This fact alone
already could explain a difference in binding strength of a factor of 50 between the two binding sites.
Another important difference is that in Rebek'sreceptorthe distance between the two binding sites is
smaller than in our receptor. As a result the electrostatic repulsion between the two bound ions in 5 is
much larger than in 2. Consequently compound 5 does not show cooperativity in the binding of
alkali metal ions, but only in the binding of neutral mercury compounds like Hg(CN)2.

Ternary complexes
The allosteric effect of potassium ions on the binding of 1,3-dinitrobenzene (DNB) in 2 was
qualitatively assessed by determining the complexation induced shifts of the protons of DNB upon
the addition of 2, both in the presence and absence of KPFG. If 27.5 mM 2 was added to a 19.8 mM
solution of DNB in CDCiyDMSOae 3:1 (v/v) the DNB proton signals shifted upfield by 0.03,0.06,
and 0.07 ppm for the H-2, H-4,6 and the H-5 protons respectively. In the presence of an excess of
КРРб these induced shifts increased to 0.06, 0.14 and 0.19 ppm. In a separate experiment it was
ascertained that the signals of DNB do not shift in the presence of КРРб alone.
For a quantitative evaluation of the allosteric effect a series of UVtitrationswas performed in
two solvent mixtures, viz. CHCI3/DMSO 3:1 (v/v) and CHCI3/DMSO 9:1 (v/v). In these titrations
the increase in absorption of the charge-transfer band around 400 nm was monitored as a function of
the concentration of DNB while the concentration of 2 was kept constant As both DNB and 2 absorb
at the wavelength of the CT band of the complex, the absorption due to free DNB and 2 had to be
determined separately in each experiment. The extinction coefficient of DNB appeared to be strongly
dependent on the concentration of salt present. Titrations were performed with both sodium and
potassium thiocyanate salts. The methodology of these titrations and the calculation of the association
constants from the data, has been described in Chapter 3. The results of the titration experiments are
tabulated in Table 3.
The association constants are considerably lower in CHCI3/DMSO 3:1 (v/v) than in
CHCI3/DMSO 9:1 (v/v). The numbers in Table 3 show that K+ ions exert an allosteric effect on the
binding of DNB. The strength of the effect varies from a factor of less than two in CHCI3/DMSO 3:1
(v/v) to a factor of six in CHCI3/DMSO 9:1 (v/v). Although sodium ions are bound by 2 (see Figure
3c), they are completely ineffective in increasing the binding strength of 2 towards DNB. One
possible reason is that in the sodium complex the benzyl groups are occupying the cleft of the host,
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thus disfavouring the complexation of DNB. Another explanation may be that in this complex the
naphthyl walls are at too close a distance to allow sandwiching of a DNB molecule.
Table 3. Effect of alkali metal ions on the association constants of the complexes between 2 and
1,3-dinitrobenzene in CHClj/DMSO solvent mixtures, Τ = 298 К.
Ka ƒ M'1
Host
2
2·2Κ

+

+

2 . 2Na

СНС1зЛЖ80 9:1( / )

CHCiyDMS0 3:l (ν/ν)

1.2 ±0.3

0.3 ±0.15

7.2 ± 1

0.5 ±0.12

1.1 ± 0.3

8.3 Experimental

Syntheses
Compound la 1 4 . A mixture of 2.48 g (5.08 mmol) of 4, 3.2 g (20 mmol) of 2,7dihydroxynaphthalene and 5.5 mL (44 mmol) of SnCLt was refluxed for 30 min in 100 mL of 1,2dichloroethane. After refluxing with aqueous HCl the product was isolated from thereactionmixture
byfiltrationand was washed with MeOH. The product was purified byreciystallizationfrom DMSO.
Yield: 2.1 g (64%) of colorless needles. FAB-MS (m- nitrobenzyl alcohol) m/z 663 (M+H)+. Anal.
Caled for C40H30N4O6 O.5H2O: C, 71.53; H, 4.65; N, 8.34. Found: C, 71.53; H, 4.63; N, 8.37.
Compound l b 1 5 : Compound la (1.32 g, 1.99 mmol) was dissolved in 25 mL of DMSO.
The solution was degassed and placed under a nitrogen atmosphere. Dimethylsulfate (1.4 mL, 8.3
mmol) and powdered KOH (2.5 g) were added, and the mixture was stirred at room temperature for
one hour. Thereactionmixture was poured into 250 mL of water. The product was extracted from
the aqueous suspension with CH2CI2 and purified by column chromatography (CHClj/MeOH,
99.5:0.5 v/v). Yield: 1.09 g (76%) of lb. Ή NMR (CDCI3): only the signals of the sa conformer
are given here. Э 7.75, 7.23, 7.20 and 6.84 (4 d, 8 H, Napht-H, J=8.7 Hz), 7.05-6.30 (m, 10 H,
ArH), 6.05, 5.97, 4.81 and 4.14 (4d, 8 H, NCtfHAr, J=15.8 Hz) 4.15 and 3.92 (2s, 12 H, OCH3);
FAB-MS (m- nitrobenzyl alcohol) m/z 719 (M+H)+. Anal. Caled for C44H38N4O6CH2CI2: C,
67.25; H, 5.02; N, 6.97. Found: C, 66.93; H, 4.96; N, 6.94.
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Compound 3 1 6 Compound l a (1.04 g, 1.57 mmol) and 1 - [ [2 - (2chloroethoxy)ethyl]sulfonyl] - 4 -methylbenzene (2.0 g, 7.18 mmol) were dissolved in 50 mL of
DMSO. The solution was degassed and placed under a nitrogen atmosphere. Powdered KOH, (1.7
g, 30 mmol) was added, and the mixture was stirred at room temperature for 16 h. The reaction
mixture was poured into water, the resulting suspension was acidified, and extracted with CHCI3.
After column chromatography (CHClj/MeOH 99:1 v/v), 0.7 g (41%) of 3 was obtained. lU NMR
(CDCI3) see Table 1; FAB-MS (m- nitrobenzyl alcohol) m/z 1087 (M+H)+; Anal. Caled for
C56H58N4O10CI4: C, 61.77; H, 5.37; N, 5.15. Found: C, 61.58; H, 5.45; N, 5.30.
Bis-Crown ether compound 2: Compound 3 (1.45 g, 1.33 mmol), benzylamine (0.143 g,
1.35 mmol), 28 g of Nal and 12 g of Na2C03 wererefluxedin 400 mL of acetonitrile. Over a period
of 50 h, another 0.29 g (2.7 mmol) of benzylamine in 50 mL of acetonitrile was added. The solvent
was removed in vacuo and water was added to the residue. The crude product was extracted with
CHCI3, and purified by column chromatography (СНСІз/МеОН 93:7 v/v). Yield: 1.42 g (92%) of
2. ІН NMR (CDCI3) see Table 1; FAB-MS (m- nitrobenzyl alcohol) m/z 1157 (M+H)+; Anal. Caled
for C70H72N6O10: C, 72.46; H, 6.27; N, 7.26. Found: C, 72.16; H, 6.34; N, 7.21.
2-D ïH-NMR experiments. EXSY spectra were recorded at 298 К and 400 MHz with the
NOESYPH pulse sequence supplied with the Bruker software. Time proportional phase
incrementation (TPPI)17 was used to obtain phase sensitive line shapes. A total of 512 ti increments
was taken with 16 scans at every ti value. The mixing time was 0.8 s. The FID's were multiplied by
a π/2.5 shifted sine-bell function in both the F2 and Fj domains. The datafile was zero-filled to IK χ
IK real datapoints.
Titration of 2 with potassium picrate. A 3.71 mM stock solution of 2 in
СООз/ОМБОдб 3:1 (v/v) was prepared (stock solution A). From this solution, a solution 3.71 mM
in 2 and 7.74 mM in potassium picrate was prepared (stock solution B). For each datapoint in the
titration, a precisely weighed amount of solution В was made up to approximately 0.8 g with solution
A. The last data point in the titration was obtained from solution A which had been saturated with
solid potassium picrate. For the determination of the fractions of each conformer, the integral of as
many non-overlapping peaks as possible was used.
Computer program for the evaluation of the association constants from the lU
NMR titration data. A computer program was written in FORTRAN, which calculates for a range
of values of Ki and K2/K1 the fractions of molecules of 2 that are present as 1:1 and 1:2 complex at
each data point in the titration . The program subsequently evaluates the goodness of fit (χ^/ν ) for
each combination of Κχ and K2/K1, with the help of the expression:
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X - V (-^aa o b s - ^ a a cale)
^

σ^η - 2)

in this equation, X aa 0 b S is the experimentally observed fraction of molecules in the aa
conformation, X aa caie is the calculated fraction of molecules in the aa conformation, σ is the
standard deviation of the measurement, which was taken to be ± 0.03, and η is the number of
datapoints. By systematic variation of Ki and K2/K.1, the lowest value οίχ^/ν is then found.
In the calculations on the titration of 2 with potassium picrate, it was found that the best fit
{χ /ν = 0.9) was obtained for Кг Кі» = 128 (Ki> = 43; К2>= 5440). For K^/Ki» > 128. the fit
was only slightly worse (e.g. χ2/ν = 1.35 for Кг Кі* = 8.2·IO3). Consequently the best value of
Кг'/К!' is 128 and a lower limit on Κ2'/Κι' is 16, but no upper limit on this ratio can be given.
2

UV titrations of 2 with 1,3-dinitrobenzene. For the titrations in CHCI3/DMSO 9:1
(v/v), stock solutions were prepared which contained approximately 2 mM of 2 and 8 mM of either
sodium thiocyanate or potassium thiocyanate (stock solution A). From these stock solutions, new
solutions containing also approximately IM of DNB were prepared (stock solution B). Stock solution
A (1.7 mL) was placed in a 1 cm cuvette. For each successive datapoint a 25 μL· aliquot of stock
solution В was added. For the titrations in the CHCI3/DMSO 3:1 (v/v) solvent mixture, stock
solution A was 0.1 M in 2 and 0.25 M in potassium thiocyanate. From this solution, stock solution В
was prepared, containing 0.45 M of DNB. Stock solution A (165 μ ι ) was titrated with 20 μ ι
aliquots of stock solution В in a 1 mm cuvette. Ka's were evaluated with the help of the computer
program that was described in Chapter 3. Excellent fits were obtained assuming an error of 0.0003
absorption units. The extinction coefficients of of free DNB and 2 were determined separately for
each solvent mixture and concentration of salt
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CHAPTER 9
Molecular Clips with Modified Cavity Walls

9.1 Introduction
In the previous Chapters hosts of type 1 were described. We were interested to see whether
these hosts could be functionalized at well-defined positions, in particular with ligands that can bind
to a metal center. These metal centers could in tum act as Lewis-acid binding sites, or as catalytically
active functions. In this Chapter we report on the synthesis of a number of derivatives of 1 with
modified cavity walls. The binding properties of some of these compounds are discussed.
MeO

il

ОМ

MeO

N
О

ОМ

9.2 Results and Discussion

9.2.1 Syntheses
Compound 1 has 4 electron donating groups on each cavity wall and is very susceptible to
attack by electrophiles. Treatment of 1 with an excess of fuming nitric acid in acetic anhydride yielded
the tetranitro-compound 2 in 85%. This compound could be reduced to the tetraamine 3 in
methanol/THF with triethylammoniumformate1 and Pd on carbon as a catalyst Compound 3 is very
sensitive to oxidation and it was found disadvantageous to separate the product from the excess
triethylammoniumformate and the triethylamine liberated during the reduction. The reaction mixture
was merely filtered over celile to remove the catalyst and thefíltratewas used for further synthesis,
directly or afterremovalof the solvent in vacuo. A number of condensation reactions with aldehydes
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and diketones were carried out with intermediate 3. Refluxing 3 with benzil in methanol/THF gave 4,
a host with two diphenylquinoxaline cavity walls (yield 32%). Under the same conditions, reaction
with 2,2l-pyridil yielded 5 in 24%. When phenylglyoxal was used in the condensation reaction with
3, a mixture of the diastereomers 6a and 6b was obtained (combined yield 26%), which could be
separated by column chromatography.
An alternative route to the synthesis of host compounds with modified cavity walls 3 was
followed in the preparation of 7. This metallo-host was prepared in a template synthesis by stirring a
mixture of 3, 2-hydroxybenzaldehyde and Ni(OAc)2. The product, a red solid, could be obtained in
26% yield after purification by column chromatography. A space-filling model of this compound is
shown in Figure 1.

N^Ph
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Figure 1 Computer generated drawing of 7.

9.2.2 Binding properties
Compound 1 strongly binds resorcinol and catechol in CDCI3 solution. On the other hand
compound 8, a host with larger cavity walls, does not bind these guests. As we explained in Chapter
5 the methoxy-groups in 8 are hindered by the protons at the peri- positions of the naphthalene rings
and prefer to occupy the cavity of the host. This prevents the binding of a guest We expected that in
compound 4, which has no peri -protons, the methoxy-groups would lie in the plane of the
quinoxaline cavity walls. This compound therefore should be able to bind dihydroxybenzenes. In
order to determine what the lowest energy conformation of the methoxy-group in 4 is, we performed
molecular mechanics calculations on the model compound S-methoxyquinoxaline. The charges on all
atoms were determined by an AMI optimization procedure of the molecule in its global minimum
energy conformation. Subsequently Molecular Mechanics calculations were performed using the
CHARMm forcefield.The dihedral angle С-С-0-Ме was varied in steps of 10°, while the rest of the
molecule was allowed to relax to its lowest energy conformation. A plot of the relative energies
against the dihedral angle is shown in Figure 2. The conformation of lowest energy is at a dihedral
angle of 0°. This conformation is not accessible to the methoxy-groups in 4, due to interference with
the diphenylglycoluril framework. The other conformation with the methoxy-groups in the plane of
the quinoxaline moiety (dihedral angle 180°) has an energy that is only =0.4 kcal/mol higher than the
local energy minimum with a dihedral angle of 100°. Consequently, this conformation should be
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accessible to the methoxy-groups of 4. We therefore expected that 4 would be able to bind
dihydroxybenzenes in its cavity.
When 4 was added to a solution of resorcinol in CDCI3, the 'H-NMR signal of the OH group
of resorcinol shifted downfield, indicative of hydrogen bonding. The aromatic signals, however
shifted only slightly upfield (δΔ < 0.1 ppm). We therefore conclude that a complex is formed but
resorcinol is not bound in the cavity of 4. A possible explanation is that the quinoxaline nitrogen
atoms instead of the carbonyl groups are acting as hydrogen bond acceptors in the complex with
resorcinol.
5-methoxyquinoxafine
Τ

-180.0

С-С-О-М [degrees]

180.0

Figure 2 Plot of CHARMm potential energy versus dihedral angle С-С-0-Ме in 5methoxyquinoxaline.
We also investigated the binding properties of metallo-host 7. Due to the square planar
coordination of the Ni(II)-ions, this compound is diamagnetic, and consequently the iH-NMR
titration procedure could be used. When a solution of 7 in CDCI3 was titrated with resorcinol or
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dibromoresorcinol, the proton signals of 7 shifted and broadened significantly. In particular the
signal of the imine protons became very broad. Very remarkably, not only the signals of the host, but
also the signals of the guest and of water present in the solvent broadened. The OH-proton signal of
resorcinol shifted downfield relative to its position in freeresorcinol,whereas the aromatic proton
signals did not shift These observations suggest that resorcinol forms a complex with 7. However,
in this case the guest is not bound in the cavity. Upon complexation the square planar coordination of
nickel is distorted, giving rise to paramagnetic line broadening.
CPK models of 7 suggest that the two Ni(II)-ions in this host are at an appropriate distance to
coordinate to the nitrogen atoms of a 4,4'-bypiridine guest. In a titration of 7 with this guest, no
broadening or shifts of the 'H-NMR signals in host or guest was observed, neither did any color
change take place. This suggests that no host-guest complex is formed.

9.3 Conclusions
Tetraamine 3 can easily be obtained by nitration and subsequentreductionof 1. Compound 3 is
a convenient starting material for the synthesis of host molecules with functionalized cavities.
Contrary to expectation, binding of dihydroxybenzenes in the cavities of compounds 4 and 7 does
not occur. Neither was binding of 4,4'-bypiridine in 7 observed. Without further experiments no
explanation for these phenomena can be given.

9.4 Experimental

Synthesis.
S, 7, 12, 13b, 13c, 14 · Hexahydro - 1, 4, 8, 11 · tetramethoxy - 13b, 13c diphenyl • 6H, 13Я - 5a, 6a, 12a, 13a - tetraazabenz[5, 6]azuleno[2, 1, 8 i/a]benz[f]azu]ene - 6, 13 - dione (1) This compound was described in Chapter 4. Ш NMR
(CDCI3) δ 7.06 (s, 10 H, ArH), 6.45 (s, 4 H, ArH), 5.57 and 3.72 (2d, 8 H, NCtfHAr, J=15.8
Hz), 3.68 (s, 12 H, C>CH3);FAB-MS (m-nitrobenzylalcohol) m/z 619 (M+H)+. Anal. Caled for
СзбНз4М40б: С, 69.89; H, 5.54; Ν, 9.06. Found: С, 69.95; Η, 5.52; Ν, 9.05.
5, 7, 12, 13b, 13c, 14 - Hexahydro - 1, 4, 8, 11 - tetramethoxy - 2, 3, 9, 10 tetranitro - 13b, 13c - diphenyl · 6H, Í3H - 5a, 6a, 12a, 13a - tetraazabenz [5, 6]
azuleno [2, 1, 8 - ija] benz [f] azulene - 6, 13 - dione (2). To a stirred, ice-cooled
suspension of 1 (4g, 6.47 mmol) in 15 mL of acetic anhydride, 7 mL of 65% HNO3 was slowly
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added. The solution was allowed to warm to room temperature, and acetic anhydride was added until
a clear solution was obtained. After 72 h the crystalline precipitate was filtered, washed with acetic
acid and ethanol, and dried. Yield: 4.39 g (85%) of 2. A sample was recrystallized from acetic acid
for analysis. lH NMR (CDCI3): δ 7.15 (m, 10 H, АгН), 5.56 and 3.90 (2d, 8 H, NCtfHAr,
J=15.8 Hz), 4.10 (s, 12 H, OMe); IR (KBr): 1715, 1565, 1540, 1355 cm-1; FAB-MS (mnitrobenzylalcohol) m/z 799 (M+H)+. Anal. Caled for C36H30N8O14 СНзСООН: С, 53.15; H,
3.99; Ν, 13.05. Found: С, 53.13; Η, 3.83; Ν, 12.99.
5,7,12,13b,13c,14-Hexahydro-l,4,8,l l-tetramethoxy-2,3,9,lO-tetramino13b,13c-diphenyl-6tf,13tf-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8{/a]benz[f]azulene-6,13-dione (3). Compound 2 (0.814 g, 1.02 mmol) was suspended in a
mixture of 30 mL of methanol and 30 mL of THF. Pd on carbon (0.1 g) and 4 mL (27.2 mmol) of
triethylammoniumformate were added. The mixture was refluxed under N2 for 16 h,filteredunder
N2 and the filtrate was washed with degassed CH2CI2. The resulting solution of 3 was used without
further purification for further syntheses. 1Н NMR (CDCI3) Э 7.08 (m, 10 H, АгН), 5.38 and
3.80 (2d, 8 H, NC/fflAr, J=15.8 Hz), 4.74 (br. s, 8H, NH2), 3.80 (s, 12 H, OMe); FAB-MS (mnitrobenzylalcohol) m/z 679 (M+H)+.
6, 8, 15, 16b, 16c, 17 · Hexahydro - 5, 9, 14, 18 - tetramethoxy • 2, 3, 11,
12, 16b, 16c - hexaphenyl • 7H, 16H · 1, 4, 6a, 7a, 10, 13, 15a, 16a octaazanaphth [2', 3': 5, 6] azuleno [2, 1, 8 - ija ] naphth [2, 3 - f] azulene - 7, 16
• dione (4). A solution of approximately 0.25 g (0.37 mmol) of 3 in 10 mL of ΜβΟΗΠΉΡ 1:1
(v/v) was refluxed for 16 h with 0.25 g (1 mmol) of benzil. CH2CI2 was added and the solution was
washed with IN aqueous HCl and with water. The product was purified by column chromatography
(СНСІз/МеОН, 99:1 v/v). Yield: 0.12 g (32%). »H NMR (CDCI3) δ 7.11-7.55 (m, 30 Η, АгН),
5.90 and 3.95 (2d, 8 H, NŒHAr, J=15.8 Hz), 4.32 (s, 12 H, OMe); FAB-MS (mnitrobenzylalcohol) m/z 1027 (M+H)+. Anal. Caled for C^HsoNgOe: С, 74.84; H, 4.91; N. 10.91
Found: С, 74.32; H, 5.20; Ν, 10.50.
6, 8, 15, 16b, 16c, 17 • Hexahydro - 5, 9, 14, 18 - tetramethoxy · 16b, 16c diphenyl - 2, 3, 11, 12 - tetra -2 - pyridinyl - 7H, 16H · 1, 4, 6a, 7a, 10, 13, 15a,
16a - octaazanaphth [2', 3': 5, 6] azuleno [2, 1, 8 - ya ] naphth [2, 3 - f] azulene 7,16 - dione (5) This compound was prepared from 3 (0.486 g, 0.72 mmol) in the same way as
described for 4, using 2,2' - pyridil instead of benzil. Yield 0.183 g (24%) of 5 after purification by
column chromatography (СНСІз/МеОН, 99:1 v/v). Ή NMR (CDCI3) δ 8.22 -8.04 (m, 8H, РуН),
7.78 (t, 4Н, РуН, J=8 Hz),7.25 - 7.03 (m, 14H, АгН and РуН), 5.84 (2d, 8 H, NŒHAr,
J=15.8 Hz), 4.32 (s, 12 H, OMe); FAB-MS (m-nitrobenzylalcohol) m/z 1031 (M+H)+. Anal. Caled
for C60H46N12O6I.8 CH2CI2: C, 62.69; H, 4.22; N, 14.2 Found: С, 62.87; H, 4.16; N. 14.22.
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б, 8, 15, 16b, 16c, 17 - Hexahydro - 5, 9, 14, 18 - tetramethoxy - 2, 11, 16b,
16c - tetraphenyl - 7H, 16H - 1, 4, 6a, 7a, 10, 13, 15a, 16a - octaazanaphth [2',
3': 5, 6] azuleno [2, 1, 8 - ija ] naphth [2, 3 - f] azulene - 7, 16 - dione (6a) and 6,
8, 15, 16b, 16c, 17 - hexahydro - 5, 9, 14, 18 - tetramethoxy - 2, 12, 16b, 16c tetraphenyl - 7H, 16H • 1, 4, 6a, 7a, 10, 13, 15a, 16a - octaazanaphth [2', 3': 5, 6]
azuleno [2, 1, 8 - ija ] naphth [2, 3 - f] azulene - 7, 16 - dione (6b) To a solution of
approximately 0.85 g (1.25 mmol) of 3 in 10 mL of acetic acid, 0.61 g (4 mmol) of phenylglyoxal
monohydrate was added. The mixture was refluxed under N2 for 16 h. After evaporation of the
solvent in vacuo, the products were separated by column chromatography (СНОз/МеОН 99:1 v/v).
The yield of the combined diastereomers was 0.284 g (26%).
Diastereomer Α: Ή NMR (CDCI3) Э 9.23 (s, 2H, QuinoxH), 8.02 (m, 4H, QuinoxPh),
7.48 (m, 6H, QuinoxPh), 7.18 (s, 10H, ArH), 5.92, 5.90, and 3.93 (4d, 8 H, NCifflAr, J=15.8
Hz), 4.36 and 4.25 (2s, 12 H, OMe); FAB-MS (m-nitrobenzylalcohol) m/z 875 (M+H)+. Anal.
Caled for C52H42N8O6O.7 hexane: C, 72.17; H, 5.58; N, 11.98 Found: С, 72.12; H, 5.55; Ν,
11.61.
Diastereomer Β: Ή NMR (CDCI3) Э 9.22 (s, 2H, QuinoxH), 8.02 (m, 4H, QuinoxPh),
7.46 (m, 6H, QuinoxPh), 7.18 (s, 10H, ArH), 5.93, 5.88, and 3.94 (4d, 8 H, NŒHAr, J=15.8
Hz), 4.35 and 4.26 (2s, 12 H, OMe); FAB-MS (m-nitrobenzylalcohol) m/z 875 (M+H)+.
[μ • [5, 7, 12, 13b, 13c, 14 - Hexahydro - 2, 3, 9, 10 - tetrakis [ [ (2 hydroxyphenyl) methylene] amino] - 1, 4, 8, 11 - tetramethoxy - 13b, 13c diphenyl - 6H, 13H - 5a, 6a, 12a, 13a - tetraazabenz [5, 6] azuleno [2, 1, 8 - ija]
benz [f] azulene - 6, 13 - dionato (4-) - N 2 , N 3 , O 2 , O 3 : N 9 , N 1 0 , О 9 , O 1 0 ] ]
dinickel (7) To a solution of 0.207 g (0.305 mmol) of 3 in 20 mL of МеОНУТНР (1:1 ν/ν), 0.186
g (0.75 mmol) of Ni(OAc)2 and 0.183 g (1.5 mmol) of 2-hydroxybenzaldehyde were added. The
mixture was stirred for 64 h at room temperature under a nitrogen atmosphere. The solvent was
evaporated in vacuo, 50 mL of MeOH was added, and the mixture was filtered. The residue was
dissolved in 50 mL of CHCI3. This solution was washed with 50 mL of water (3x) and dried over
MgS04. After evaporation of the solvent in vacuo 0.095 g (26%) of 7 was obtained. 1В. NMR
(CDCI3) Э 8.98 (s, 4H, imine CH), 7.2 (s, ЮН, АгН),7.14 - 6.98 (m, 12Н, Saloph. ArH), 6.53 (t,
4H, Saloph. ArH, J=8 Hz) 5.60 and 3.89 (2d, 8 H, NCtfHAr, Ы5.8 Hz), 3.67 (s, 12 H, OMe);
FAB-MS
(m-nitrobenzylalcohol) m/z
1207
(M+H) + . Anal. Caled for
C64H5oN80ioNi2-CHCl3-MeOH: С, 58.29; H, 4.08; N, 8.24 Found: С, 58.89; H, 4.21; N, 8.22.

References.
1) Cortese, N.A.; Heck, R.F. J. Org. Chem. 1977,42, 3491, and references cited therein
130

Summary
In this thesis the synthesis and properties of synthetic receptor molecules, capable of the
selective complexation of neutral organic molecules, is described.
Natural receptors and enzymes contain a cleft or cavity with a precisely defined shape and
dimension, enabling them to choose one specific substrate from a range of possibilities. In order to
achieve this selectivity in synthetic systems, it is important to design receptors which also contain
such a cleft. Previous investigations in our group demonstrated that diphenylglycoluril is a suitable
building block in the synthesis of this type of receptor. The synthetic methods described in this thesis
allow the construction of a number of variations of receptor 1 each with distinct binding properties.
The glycoluril moiety in the synthesized receptor molecules is flanked by the two aromatic rings that
form the walls of the cleft. These receptors bind dihydroxy-substituted aromatic compounds by
means of hydrogen bonds and π-π interactions. The hydrogen bonds are formed between the OH
groups of the guest molecule and the π-electrons from the carbonyl group of the receptor. The
structure of the complexes was further investigated by comparing the complexation-induced shifts of
1

Н NMR signals found in measured spectra of the receptor and bound substrate with the calculated

shifts for a number of geometries of the complex. These data demonstrate that the compounds are
clamped within the cavity of the receptor.
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Derivatives of these receptors in which the walls of the cleft are bridged by means of two azacrown-ether rings, are also able to bind dihydroxybenzenes. In these receptors, however, hydrogen
bonds are formed with the nitrogen atoms in the crown-ether bridge. The binding selectivity of these
derivatives for dihydroxybenzenes is therefore different
A derivative of receptor 1, having two 2,7-dihydroxynapthalene rings as the walls, occurs in
three conformations. These conformations differ in the way the walls are oriented with respect to the
two phenyl groups on the concave side of the glycoluril moiety, viz. anti-anti, syn-anti and syn-syn.
This compound is able to change from one conformation to another by flipping the naphthalene walls.
The use of 2-D EXSY NMR techniques made it possible to determine the mechanism and the rate for
this process. Only one of the three conformations contains a cavity within which a guest molecule can
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Summary
be bound. In the cavity-containing conformation, this receptor binds aromatic compounds; it is
selective for guests with an electron poor π-system. This receptor has also been functionalized with
aza-crown-ether bridges between the walls and likewise occurs in three conformations. Two alkali
metal ions are bound in the the crown-ether rings of the receptor, causing the syn-anti form to
convert to the anti-anti form. The binding of the second ion is approximately 128 times as strong as
the binding of the first ion. This cooperative effect is caused by the fixation of the molecule in the
binding conformation by the complexation of the first ion. 1,3-Dinitrobenzene is bound between the
napthalene walls in the same conformer that binds the alkaline metal ions, and it is this conformation
that is predominant in the presence of potassium ions. Consequently, when potassium ions are
present in the solution containing the receptor, dinitrobenzene is bound 2 to 6 times more strongly
than it would be in their absence. The influence of potassium ions on the binding strength of
dinitrobenzene is termed an allosteric effect In natural systems, this effect is one of the important
mechanisms involved in regulating binding propertes of receptors and the activity of enzymes. The
receptor described here is one of the few examples of a synthetic system in which this principle has
been mimicked.
The conclusion of this thesis describes the initial studies on systems which imitate the working
principles of enzymes. In order to realize this goal, the walls of receptor 1 are modified with
functional groups that can bind to a metal ion. In this way a substrate-binding region and an active
catalytic site are brought together, a fundamental property of naturally occurring catalytic molecules.

Samenvatting
In dit proefschrift worden de synthese en eigenschapen beschreven van synthetische
receptormolekulen die in staat zijn om selectief neutrale organische molekulen te complexeren.
Natuurlijke receptoren en enzymen bevatten een holte waarvan de vorm en afmetingen
nauwkeurig bepaald zijn. Hierdoor kunnen ze uit een groot aantal substraten er één specifiek
uitkiezen. Om deze selectiviteit ook in synthetische systemen te kunnen bereiken is het van belang
overreceptorente beschikken die eveneens een holte bevatten. Eerder onderzoek in onze groep heeft
aangetoond dat difenylglycoluril een geschikte bouwsteen is om dergelijke receptoren te
synthetiseren. Met de in dit proefschrift beschreven synthesemethoden is het mogelijk uitgaande van
difenylglycoluril een groot aantal verschillendereceptorente maken, met verschillende bindingseigenschappen. In dezereceptorenwordt het glycolurilgedeelte geflankeerd door twee aromatische ringen
die als wanden van de holte fungeren. Een voorbeeld is receptor 1. Deze receptoren zijn in staat
dihydroxy-gesubstitueerde aromatische gastmolekulen te binden door middel van waterstofbruggen
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en π-π interacties. De waterstofbruggen worden gevormd tussen de OH-groepen van de gast en de πelektronen van de carbonylgroepen van de receptor. De precieze geometrie van de complexen is
onderzocht met behulp van Ш NMR. Hiertoe zijn de bij complexering optredende verschuivingen
van de protonsignalen in het ІН NMR spectrum van dereceptoren het gastmolekuul vergeleken met
de verschuivingen zoals die berekend worden voor verschillende complex-geometriefin. Uit deze
vergelijking blijkt dat de gastmolekulen halverwege in de holte van de receptoren vastgeklemd
worden.
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Derivaten van receptor 1 waarvan de wanden van de holte verbonden zijn door middel van azakroonetherringen zijn ook in staat dihydroxybenzenen te binden. Het selectiviteitsprofiel van deze
receptoren is echter anders omdat de waterstofbruggen nu worden gevormd met de stikstofatomen in
de kroonetherbruggen.
Een variant op 1, namelijk een verbinding met twee 2,7-dihydroxynaftaleenringen als zijwanden
blijkt in drie conformaties voor te komen. Deze conformaties verschillen in de wijze waarop de
wanden georiënteerd staan ten opzichte van de twee fenylringen op de achterkant van de receptor,
namelijk anti-anti, syn-anti en syn-syn. De verbinding kan van één conformatie in een andere
overgaan door het omklappen van een naftaleenring. Met behulp van 2-D EXSY-NMR is het
mechanisme en de snelheid van dit proces bepaald. Slechts één van de conformaties van het
receptormolekuul bevat een holte waarin een gastmolekuul gebonden kan worden. Deze holte is
selektief voor aromatische molekulen met een elektronenarm π-systeem.
Ook van deze receptor is een derivaat gemaakt met aza-kroonetherbruggen tussen de wanden.
Deze verbinding komt eveneens in drie conformaties voor, met de syn-anti vorm als dominante
struktuur. De receptor kan twee alkalimetaalionen in de kroonethergedeelten opnemen, waarbij de
syn-anti vorm overgaat in de anti-anti vorm. Binding van het tweede ion is ongeveer 128 maal zo
sterk als die van het eerste ion. Dit coöperatieve effect is een gevolg van het feit dat door
complexering van het eerste ion de bindende conformatie van de tweede kroonetherring wordt
vastgelegd. 1,3-Dinitrobenzeen kan ook een conformatieverandering van syn-anti naar anti-anti
induceren. In aanwezigheid van kaliumionen bezitten de receptormolekulen reeds de dinitrobenzeenbindende conformatie. Dientengevolge wordt dit gastmolekuul in aanwezigheid van kaliumionen
twee- tot zesmaal zo sterk gebonden als wanneer deze ionen afwezig zijn. De invloed van
kaliumionen op de bindingssterkte van dinitrobenzeen wordt een allosteer effect genoemd. Dit effect
vormt in de natuur een belangrijk mechanisme om bindingseigenschappen van receptoren en de
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Samenvatting
Een aanzet tot synthetische systemen die het werkingsprincipe van enzymen kunnen nabootsen
wordt gegeven in het slot van dit proefschrift De wanden van receptor 1 zijn hiertoe gemodificeerd
met functionele groepen die een metaalion kunnen binden. Op deze manier kunnen net zoals in
enzymen, een substraat-bindend gedeelte en een katalytisch actieve groep in eikaars nabijheid worden
gebracht
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