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Chapter 1

Introduction and Objectives

Enzymes are highly specific and extremely efficient catalysts of chemical reactions
in biological systems. These biocatalysts enhance reaction rates 105-1010-fold in
relatively dilute aqueous solutions around neutral pH and at ambient temperatures.!
The outstanding characteristic of enzymes is that they are highly specific, both in the
reaction catalysed and in the choice of the substrates. This specificity makes it possible
that in biological systems one single substrate molecule or a set of closely related
subsirate molecules out of a complex mixture are efficiently transformed into the
desired products.

The catalysis takes place in a specific region of the enzyme referred to as the active
site. This is a three-dimensional cavity which can accommodate the substrate and is
furnished with all the amino acid residues which participate in the binding of the
substrate and in the catalytic process. The mechanisms by which enzymes operate are
very complicated processes. Many techniques have been employed to elucidate enzyme
mechanisms including kinetic, spectroscopic, and mutagenetic methods. Detailed
structural information about several enzymes, their active sites, and substrate
interactions have been obtained by X-ray crystallographic studies. From this knowledge
and with the tools of synthetic chemistry, it has become possible to design active site
models which contain reactive chemical groups oriented in the geometry dictated by
the enzyme but lacking the macromolecular peptide backbone.2

The main purpose of model studies of an enzyme is to reproduce the major
characteristics of the enzyme, such as the ability to recognise substrate structures and to
accelerate the conversion of substrates into products.3 Model studies which mimic a key
parameter of an enzyme function on a much simpler level can provide valuable
information for a better understanding of the chemistry involved in the action of the
target enzyme.24 Another goal of biomimetic chemistry is the development of artificial
enzymes based on the catalytic principles employed by native enzymes.3”

Besides catalysis, molecular recognition is the most important aspect of enzyme
action. Enzymes (hosts) recognise substrates (guests) primarily by means of non-
covalent interactions.b In model studies, synthetic host-guest systems mimic the
organisational ability of enzymes by bringing reactants together in highly structured
and specific environments. This is accomplished by the non-covalent binding of the
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guests to the sites provided by the hosts. The chemical challenge is to construct host
molecules that are easy to synthesise and stable, but at the same time bind appropriate
guests selectively and reversibly, and provide the catalytic groups at the proper site.

Studies of the role of functionalised metal-ion complexes in hydrolytic reactions, for
example, can give us information about features of the catalytic activity of hydrolytic
metallo-enzymes. Moreover, catalysis by micelles is considered as a, although primitive,
mimic for enzyme reactions exhibiting Michaelis-Menten kinetics. The objectives of this
study were the design and synthesis of functionalised amphiphilic ligands which
contain the strongly chelating 1,10-phenanthroline group as metal-ion binding site and
the investigation of the catalytic activity of metal-ion complexes of these ligands in
hydrolytic reactions in micellar and vesicular assemblies. In the designed systems
catalytically active groups in hydrolysis and binding sites for non-covalent substrate
binding are combined.

In chapter 2 the catalytic role that metal ions play in hydrolytic reactions is
discussed and an overview is given of the function of micellar aggregates as models for
hydrolytic (metallo)-enzymes.

In chapter 3 the synthesis of two amphiphilic 1,10-phenanthroline ligands and one
pyridine ligand, substituted at the 2 position is described. The catalytic activity of these
ligands in micellar aggregates in the presence of Znll and Cull was investigated in the
hydrolysis of the carboxylic ester p-nitrophenyl picolinate (PNPP) and the phosphate
triester diphenyl p-nitrophenyl phosphate (DPPNFP).

In chapter 4 the synthesis of asymmetrically disubstituted 1,10-phenanthroline
derivatives is reported. The catalytic role of a hydroxyl group, covalently attached to
the ligand in close proximity to the metal ion is discussed and a comparison is made
between the catalytic activities of a metallo-amphiphile in the micellar phase and a
water-soluble analogue.

Chapter 5 deals with the enantioselective hydrolysis of p-nitrophenyl esters of N-
protected amino acids catalysed by chiral 1,10-phenanthroline ligands. The effect of the
nature of the metal ions, the structure of the ligand, the micellar environment, and the
hydrophobicity of the substrate on the direction and magnitude of the enantioselectivity
is discussed.

Chapter 6 describes the catalytic activity and stereoselectivity of metal-ion
complexes of amphiphilic 1,10-phenanthroline derivatives in vesicular aggregates.

Chapter 7 describes the catalytic activity of metal-ion complexes of 1,10-
phenanthroline derivatives in water and in micelles toward phosphate triesters,
diesters, and monoesters. The effect of a metal-ion chelating moiety in the leaving group
of the substrate is discussed.
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Chapter 8 deals with the synthesis and enzymatic resolution of alanine and bis-
alanine derivatives of pyridine, benzene and 1,10-phenanthroline.

In Chapter 9 some concluding remarks on the study described in this thesis are
made.
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Chapter 2

Enzyme Models

2.1 Introduction

Enzymes are large flexible macromolecules composed of amino acids, whose
molecular weights are in the tens of thousands. The large size of enzymes is needed for
specific interactions in living cells and to create active sites with the required micro-
environment, rigidity, stereochemistry, and ability to undergo conformational changes
upon substrate binding.! The binding of substrates to enzymes stems from non-
covalent interactions, such as hydrophobic, electrostatic, hydrogen-bonding, metal-
coordination and charge-transfer phenomena. These interactions are studied in
supramolecular chemistry. Some insight into the importance of these interactions in the
catalytic process can be obtained by enzyme models. In order to bring the catalytic
groups and the substrate together in an enzyme model, the catalytic subunits have to be
bound to a matrix. The function of the matrix is to hold and to orientate the substrate
towards the catalytic groups and to provide a micro-environment at the catalytic site,
which is quite different from that in bulk water. According to Lehn,2 bio-organic
models can be divided into two categories of supramolecular systems, depending on
the kind of matrix applied: supermolecules and polymolecular assemblies. In
supermolecules the catalytic subunits are covalently bound to the matrix, which can be
e.g. cyclodextrins,? paracyclophanes,? or a polymeric network.> In polymolecular
assemblies the catalytic units are non-covalently bound into micelles or vesicles (see 2.3
and 2.4). These aggregated host systems provide hydrophobic binding sites for the
substrates in aqueous media.

2.2 Catalysis by Metal Ions
2.2.1 Catalytic Roles of Metal Ions
A catalyst increases the rate of a reaction by providing a new reaction pathway for

reducing the Gibbs free energy of activation. Metal-ion catalysts are no exception to this
general rule and catalysis originates from the ability of metal ions to coordinate to the
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reactants and thereby stabilising the transition state to a greater extent than the initial
state. Catalysis by metal ions can be divided into (i) redox catalysis in which the metal
ion serves as a carrier of electrons, and (ii) super acid catalysis in which the role of the
metal ion is that of an electrophile or general acid. In super acid catalysis, the function
of the metal ion is similar to that of a proton. However, a metal ion is superior to a
proton because multiple positive charge can be involved, exerting greater electrostatic
effects compared to protons. In addition, metal ions can coordinate to several donor
atoms, whereas a proton can coordinate to only one. Furthermore, the metal-ion
concentration may be high in neutral solutions.6

Super acid catalysis occurs in many nucleophilic reactions of organic compounds,
among them hydrolysis of phosphoric and carboxylic acid derivatives. Strong
complexation of the metal ion in close proximity to the reacting group in the substrate is
a requirement of metal-ion catalysis. This implies that the substrate must contain one or
more donor atoms near the reaction centre to which the metal ion can coordinate.” Since
metal ions are able to bind to several donor atoms, it is possible to form mixed ligand
complexes in which substrate and nucleophilic agent are coordinated simultaneously to
the metal ion. This directional or template effect of the metal ion converts inter-
molecular reactions into intracomplex processes, which makes the entropy of activation
less negative. Moreover, in the case of anionic substrates metal ions screen the negative
charge, rendering the substrates more susceptible to attack by nucleophiles.8 Other
catalytic roles of metal ions acting as Lewis acid in hydrolytic reactions will be
discussed by means of the examples presented in Figures 2.1-2.3.

In metal-ion catalysed hydrolysis of esters, amides, and phosphate esters the
catalytically active species may be a metal-bound hydroxide ion, a metal-bound water
molecule, the metal ion itself, or a combination of these.? In the hydrolysis of the amide
a in Figure 2.1, the metal-bound hydroxide ion acts as an intracomplex nucleophile, and
after formation of the tetrahedral intermediate, it serves as the proton source needed for
the expulsion of the amine moiety. The ionisation of water is facilitated by coordination
to a metal ion, and high concenirations of metal-bound hydroxide can be obtained at
neutral or acidic pH. For example, the pK, value of a Cull-bound water molecule in the
complex of Figure 2.1 is 7.2, which means that the acidity of the coordinated water
molecule is about 1085 times higher than the acidity of a free water molecule.10

When the metal ion itself acts as a catalytic group, it may enhance the
electrophilicity of the carbonyl group by binding to the carbonyl oxygen, as is
illustrated by the metal-ion promoted hydrolysis of the activated ester in Figure 2.2a.
Under acidic conditions a metal-bound water molecule js the nucleophilic agent. Since a
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Figure 2.1 Intracomplex attack by a metal-bound hydroxide ion on an amide
functionality, followed by proton shift of this metal-bound group to the amine leaving

group.

water molecule coordinated to a metal ion is a poor nucleophile, attack by the metal-
bound water molecule on the carbonyl group is enhanced by the template effect and by
assistance of general bases.11

Another catalytic feature of metal ions is the enhancement of the leaving group
ability by lowering the basicity of the leaving group. This is illustrated for 2-
(hydroxymethyl)pyridine esters in Figure 2.2b.12
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Figure 2.2 Metal-ion catalysed ester hydrolysis by carbonyl group activation (a) and by
leaving group activation (b).

Of special interest is the metal-ion catalysis observed for the hydrolysis of
phosphate diesters, due to the relevance of this chemistry to biological systems.
Phosphate diesters are very stable in aqueous solutions, since nucleophilic attack by
hydroxide ions is strongly hampered by the electrostatic repulsion of the negatively
charged hydroxide ion and the anionic ester. Complexation of both substrate and
nucleophile to a metal ion results in charge neutralisation of the anionic ligands and has
a rate-accelerating effect (Fig. 2.3). The half-live of bis(p-nitrophenyl) phosphate (BNFF)
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Figure 2.3 Colll-tris(3-aminopropyl)amine catalysed hydrolysis of BNPP.

is about 100 years at neutral pH and 25 °C, but bound to the Colll complex it is
hydrolysed within a couple of seconds. This means that the Colll complex induces a 10
billion-fold rate enhancement.13

Metal ions are superior to organic functional groups in terms of the variety of
catalytic roles. As was seen from foregoing examples, the main catalytic roles of metal
ions in hydrolytic reactions are activation of electrophiles, leaving group, and
nucleophiles. Moreover, metal ions can act as a template whereby they can neutralise
the negative charge of nucleophile and substrate. Unlike most of the organic catalytic
groups, metal ions often perform several catalytic roles simultaneously.?.14-16 For
example, the repertoires of the metal ions in the hydrolysis of 2-(hydroxymethyl)-
pyridine esters in Figure 2.2b include the template effect, the activation of the leaving
group, the stabilisation of the tetrahedral intermediate, the enhanced ionisation of the
coordinated water molecule, and the nucleophilic attack by the metal-bound hydroxide
ion.12

2.2.2 Carboxypeptidase A and the Role of Zinc

The various catalytic functions of metal ions revealed from model studies as
presented in the Figures 2.1-2.3, can be used as a guide to understanding the catalytic
behaviour of hydrolytic metallo-enzymes. In these enzymes, metal ions become more
effective by cooperation with organic catalytic groups. Since it is difficult to study the
catalytic roles of the active site metal ions in detail with currently available tools,
biomimetic models can provide valuable clues. Carboxypeptidase A (CPA), a Znll-
containing metallo-exopeptidase, has become a paradigm case of hydrolytic metallo-
enzymes. Both CPA and CPA models have been extensively studied in order to
elucidate the enzyme mechanism. The biclogical function of CPA is the hydrelysis of C-
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terminal amino acids from polypeptide substrates and it exhibits a preference toward
those substrates possessing large, hydrophobic C-terminal side chains such as
phenylalanine. Ester analogues of the amide substrates are also hydrolysed by CPA.
The most crudial catalytic groups of CPA are the active site Znll ion and the Glu-270
carboxylate group. The Zn!! jon is bound to two imidazole nitrogens of His-69 and His-
196 and to the carboxylate oxygen of Glu-72.17 Maximum activity of CPA is manifested
at pH = 7-8, which indicates that the carboxyl group of the catalytically active Glu-270
group is in the anionic form. The exact role of the carboxylate anion of Glu-270 has been
the most crucial issue in the mechanistic study of CPA. In one of the most often
proposed mechanisms, the Glu-270 carboxylate makes a nucleophilic attack on the
polarised carbonyl group of the substrate leading to the formation of an anhydride
intermediate (Fig. 2.4). However, only in the case of ester substrates accumulation of an
intermediate is reported, which is presumed to be the acylated enzyme.18 Cleavage of
amide bonds requires a proton donor for the leaving amine group. Historically, the role
of proton donor has been attributed to the phenol group of Tyr-248, but replacement of
Tyr-248 by phenylalanine by site-directed mutagenesis gave no loss of activity toward
peptides.1® This means that if this mechanism is valid some other active site functional
group must act as a proton donor. Model studies suggest that ZnIl-bound water may
perform this function (Figs. 2.1 and 2.5).

Figure 2.4 Proposed anhydride mechanism of CPA catalysis.

Recent results obtained from model compound a of Figure 2.5 support the
anhydride mechanism.20 In this model compound, efficient cooperation between metal
ion and carboxylate group in the hydrolysis of the intramolecular amide linkage has
been achieved. The MIl-bound water molecule acts as a general acid to protonate the
leaving amine moiety. In the hydrolysis of amide a, the anhydride intermediate b
accumulates, which indicates that the carboxylate group behaves as a nucleophile.
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Figure 2.5 Cooperative catalysis by carboxyl group and metal ion, and general acid
catalysis by metal-bound water in a CPA model.

In another widely proposed mechanism of CPA, the Glu-270 carboxylate group acts
as a general base to assist the attack by water on the metal-ion coordinated carbonyl
group of the substrate and forming a tetrahedral intermediate (Fig. 2.6). This converts
Glu-270 into a carboxylic acid, which can subsequently act as a proton source for the
leaving nitrogen atom, permitting a catalysed decomposition of the tetrahedral
intermediate in the forward direction.1

lc" ”
Glu-270

Giu-270-C
4}
o)

a b
Figure 2,6 Proposed general base mechanism of CPA catalysis.

The results of recent X-ray crystallographic studies on unproductive and static
complexes of CPA formed with pseudo-substrates and inhibitors, suggest that the Zn!!
ion is probably not involved in the polarisation of the substrate carbonyl group prior to
catalysis.1? The mechanistic role of Znll may rather be to promote a water molecule,
with general base assistance of Glu-270, to attack the carbonyl carbon atom, which is
polarised by hydrogen bonding from Arg-127 (Fig. 2.7). The protonated Glu-270 residue

10
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a b

Figure 2,7 Proposed zinc-hydroxide mechanism of CPA catalysis.

acts as the proton donor for the leaving amine in the tetrahedral intermediate.

Although several lines of evidence have been found in support of the mechanisms
presented in Figures 2.4, 2.6, and 2.7, none of the mechanisms have been conclusively
established as the mechanism of CPA action.

2.3 Micellar and Vesicular Aggregates as Enzyme Models

Surfactants are amphiphilic molecules. That is, they possess a hydrophilic
headgroup (ionic or neutral) and an apolar hydrocarbon chain. Amphiphiles associate
in aqueous solutions and at interfaces of air/water or water/organic solvent to form a
variety of structures.?2 Aggregation behaviour of amphiphiles depends on the chemical
structure of the monomers, on the nature of the media, and on the method of
preparation. Micelles in aqueous solutions are mostly spherical entities, having average
diameters of 30-60 A and contain 20-100 monomers.23 The hydrophobic parts of the
surfactants are directed toward the interior of the micelle whereas the polar headgroups
are located at the micelle-water interface (Fig. 2.8a). Counterions of ionic surfactants
which surround the micelles are subjected to two opposing forces: coulombic attraction
and thermal agitation. The surfactant headgroups and associated counterions are found
in the Stern layer, which is a compact region located at the rugged surface of the
micelle.24 Part of the counterions are bound within the shear surface, which is the outer
edge of the Stern layer, and other ions are located in the Gouy-Chapman electrical
double layer, where they can dissociate from the micelle and are free to exchange with
ions in the bulk phase (Fig. 2.8b).23

11
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Figure 2,8 Two-dimensional representation of a spherical ionic micelle (a) and of a
micellar section, giving the different regions of the micelle (b).

Micellisation of monomeric surfactants is observed when the surfactant
concentration exceeds the critical micelle concentration (¢cmc). The tendency of
surfactants towards self-association in water stems primarily from a favourable entropy
change because of the liberation of water molecules from the aqueous-apolar interfaces.
Micelles are dynamic entities; the time scale for the exchange of a single surfactant
molecule between micelle and bulk solvent is in the order of microseconds and the
stepwise dissolution of micelles to monomers and the subsequent reassociation occurs
on the millisecond time scale. The amount of water in the micellar interior varies from
surfactant to surfactant, but water is thought to penetrate the micellar pseudo-phase up
to distances of at least seven carbon atoms.24 The interior of the micelle is hydrocarbon-
like and it is this difference in polarity between the interior and the surface that
provides a micro-environment that resembles that of the binding sites of enzymes. Also,
the non-covalent binding of substrates to micelles and the kinetics of micellar catalysis
bear resemblance to enzymatic processes. Organic compounds, particularly apolar
ones, can absorb onto or into micelles, thereby increasing their solubility reiative to that
in pure water and often altering their chemical reactivity.25 In the case of ionic micelles,
the comicellised substrate is exposed to high concentrations of counterions located in
the water-micelle interface. For hydroxide catalysed reactions, for example, it is relevant
that in the Stern layer of cationic micelles the concentration of hydroxide ions is higher
than in the bulk solvent due to electrostatic effects, whereas in the case of anionic
micelles the hydroxide ion concentration in the Stern layer is lower compared to the
bulk solvent. For example, cationic CTABr micelles [CH3(CH2)sN+(CH3)3 Br-] enhance
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the rate of hydrolysis of the phosphate triester diphenyl p-nitrophenyl phosphate
(DPPNFP, 1) by maximally a factor of 10, whereas anionic micelles composed of SDS
[CH3(CH32)11503- Na+] inhibit this reaction (80 times).26

e

i
C5H50_

7
CeHsO

The term vesicle is used to describe spherical or ellipsoidal single- or
multicompartimental closed bilayer structures composed of surfactants, and with water
interspaced between them. Amphiphiles that form curved bilayer structures must have
a truncated conic molecular shape. The double leaflet is formed by alignment of the
bulky hydrocarben chains in the apolar interior, whereas the relatively small
headgroups protrude into the aqueous phase (Fig. 2.9). Vesicles are considerably larger
than micelles, their diameters mainly ranging from 300-5000 A.27 The vesicular
structure can be visualised by electron microscopy.28 Various techniques have been
developed for the preparation of vesicles, such as sonication of an aqueous solution in a
bath or with a tip, and injection of an alcoholic surfactant solution into a rapidly stirred
aqueous solution. The size and the structure of vesicles, ¢.g. unilamellar or
multilamellar, depend on the method of preparation.27.29

The hydrophobic core of vesicles is considerably more rigid than that of micelles.
Thermotropic phase transition of vesicles from the ordered gel phase to the liquid-
crystalline phase involves an abrupt and large decrease in the packing density of the
alkyl chains.27.30 Vesicular aggregates are much more stable than micelles; a surfactant
molecule may reside in the double layer for minutes or even hours, although molecular

Sl
it

Figure 2.9 Cross section of a vesicular lamella showing the double leaflet.
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motions within the bilayer structure do occur. Surfactants may undergo lateral
diffusion, segmental and rotational motions, and transverse migration from one leaflet
to the other (flip-flop). The intervesicular exchange rate and the molecular motions of
surfactant monomers in the bilayer increase dramatically at temperatures above the
phase transition temperature (T). At temperatures below T, vesicles are so stable that
they can be concentrated by centrifugation and their size can be established by gel
chromatography.3!

The effect on the rate of a particular reaction caused by incorporation of the
substrate into micelles or vesicles composed of commercially available surfactants is
usually not very high, as was exemplified by the 10 times higher rate of hydrolysis of 1
in the presence of CTABr. Especially as models for the catalytic activity of enzymes,
these surfactant aggregaies are inadequate. A refinement towards biological models is
the design and synthesis of functionalised amphiphiles.32 These amphiphiles are tailor-
made compounds containing reactive functional groups covalently bound to the
molecular structure. Most of the functionalised surfactant aggregates have been tested
in the hydrolysis of carboxylic esters and amides and phosphoric esters as model
systems for hydrolytic enzymes. The functional groups of the surfactants are those
present in the active sites of hydrolytic enzymes: sulphydryl 3! hydroxyl,33 and amino
(imidazole, in particular) groups.34 For example, mixed micelles composed of No-
myristoyl-L-histidine (Fig. 2.10a) and CTABr have a much larger rate-enhancing effect
on the hydrolysis of p-nitrophenyl esters than CTABr alone. The mechanism involves a
rapid preliminary association of catalyst and substrate followed by nucleophilic attack
by the imidazole group on the ester function and expulsion of the p-nitrophenolate ion.
This results in acylation of the imidazole group, which is regenerated by hydrolysis of
the acylated catalyst (Fig. 2.10b).35 The role of the micelle is to bring substrate and
catalyst together in a small volume, realising high concentrations out of dilute aqueous
solutions. Moreover, the pK; value of the nucleophile is lowered when solubilised in
cationic micelles like CTABr, providing a high concentration of the more reactive
nucleophile.

o]
o COOH & o —@-NOQ O COOH
CHs(Cthz‘C'H'CH CH3(CH2)12-C—H—CH

Ay
CH,

a b

Figure 2.10 Mechanism of the imidazole catalysed hydrolysis of p-nitrophenyl esters.
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Functionalised micelles and vesicles, containing chiral surfactants or di- and
tripeptide catalysts, have attracted considerable attention because of their catalytic
potential in enantioselective hydrolysis and as mimics for proteolytic enzymes.
Remarkably high stereoselectivity was established in the hydrolysis of N-protected
amino acid esters (2) catalysed by hydrophobic peptide-type histidine catalysts such as
3 in micellar,36 vesicular,37 and co-aggregate systems.38 It was found that the
composition of the surfactant aggregate system has a large effect on the stereo-
selectivity.

0 0
@-CHz-CH -C- o-@- @CH;_, 0- c NH-CH-C-NH-CH-E-NH-CH-COOH
CH, CH, CH,
HNTYy w,e®Pen
H \=N 3 3
2: R=(CH,),,CH, 3

2.4 Metallo-Micelles and Metallo-Vesicles

As was pointed out in the previous section, functionalised micelles and vesicles
have been studied as model systems for enzymes, because these systems possess the
hydrophobic environment for substrate binding and provide the catalytically active
groups. Moving along these lines, metallo-aggregates have been constructed to mimic
hydrolytic metallo-enzymes.3? As illustrated schematically in Figure 2.11, mixed
metallo-micelles are composed of metal-ion complexes of amphiphilic ligands
embedded in a micellar matrix. In addition to a long apolar chain the amphiphilic
ligand contains a chelating headgroup. As chelating subunit aromatic nitrogen-
containing heterocycles such as {(bis)imidazole,40 pyridine,3%41 benzimidazole,42 and
1,10-phenanthroline,43 as well as non-aromatic ethylenediamino,44 and triethylene-
tetraamino 45 groups have been used. The nucleophilic group for catalysis is a hydroxyl
group covalently bound to the ligand or a metal-bound hydroxide ion. For example, the
imidazole moiety of 4 is the chelating subunit, the hydroxyl group is the nucleophilic
function, and the alkyl chain acts as a hydrophobic anchor by which the catalyst is
bound to the micelle.40.46
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OH
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Figure 2.11 Schematic illustration of a mixed metallo-micelle composed of a lipophilic
ligand-metal-ion complex and a cationic co-surfactant.

In homo-micelles, the metallo-amphiphilic monomers contain an ionic group
covalently bound to the chelating subunit (5} or to the tail end of the alkyl chain (6,
bolaform), so that it is not necessary to use a co-surfactant to solubilise the catalyst.4”
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The catalytic behaviour of metallo-micelles has been studied in the hydrolysis of
activated carboxylic and phosphoric esters. Four examples of metallo-micellar and
metallo-vesicular reactions will now be discussed.

The lipophilic Zn!l complex a (Fig. 2.12) solubilised in CTABr micelles catalyses the
hydrolysis of the metallophilic substrate p-nitrophenyl picolinate (PNPP, Fig. 2.2b). In
the presence of 0.2 mM of a (Fig. 2.12), a 20 x 103-fold rate enhancement was
observed.4048 The central feature in the metallo-amphiphile catalysed hydrolysis is the
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formation of a reactive ternary complex composed of metal ion, ligand, and
substrate.4047e43 In addition to the template effect of the metal ion, Znll lowers the pK,
value of the ligand hydroxyl group and polarises the ester carbonyl group, which
makes it more susceptible to nucleophilic attack. The acylated intermediate (b, Fig. 2.12)
is subsequently hydrolysed to regenerate the free hydroxyl group and thus enabling
turn-over. The metal-ion catalysed hydrolysis of the acylated intermediate is a
relatively slow step compared to the transacylation step.49.50

CHy(CHY—N ) S CHy(CH—N, )
«.' ‘_..N = - pNP =
Hure OH':; —_— Hise
CHa(CH»5);— N

a N02 b

Figure 2.12 Mechanism of hydrolysis of PNPP catalysed by metallo-surfactants
containing a covalently bound hydroxyl group.

In order to mimic the stereoselectivity of proteolytic metallo-enzymes, aggregates
made of chiral metallo-amphiphiles have been investigated as catalyst for the
enantioselective hydrolysis of chiral substrates.51 In the highly ordered ternary
complexes, the motional freedom of the ligand and substrate is restricted by the
template effect of the metal ion. Chiral discrimination between substrate enantiomers
was observed in micellar systems composed of the chiral metallo-surfactant R-7. In the
presence of R-7 the 5-enantiomer of substrate 8 is hydrolysed 14 times faster than the R-
enantiomer.512 The origin of stereoselectivity must be either a higher affinity of R-7 for
5-8 than for R-8, or a faster reaction of the ternary complex R-7-5-8 than that of the
diastereomeric complex R-7-R-8.
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Phosphate esters with good leaving groups have been applied as chemical warfare
agents and as acetyl-cholinesterase inhibiting insecticides. Detoxification of these
neurotoxins has been effected by the use of metallo-micelles.44-52 The hydrolysis of
DPPNFP (1) proceeds more than 10% times faster in the presence of micelles composed
of the Cull containing amphiphile 9.44 The mode of action involves binding of the
lipophilic substrate to the micelle by hydrophobic interactions, electrophilic activation
of the P=0 group by the Cull ion, and nucleophilic attack by the metal-bound
hydroxide ion. Two aspects of metallo-micelles composed of 9 were remarkable: firstly
the very low pKj, value of the copper-bound water molecule (pK; < 6) and secondly the
enhanced electrophilic activation of Cull toward substrates in the cationic Stern layer
compared to non-micellar Cull-tetramethylethylenediamine complex.44

CH3{CHa)ia~.,/ } CHj

e &
CHy™ s i ~CHy

Recently functionalised vesicular systems have also been investigated as metallo-
enzyme models.33 Metallo-vesicles are better organised systems than metallo-micelles
and may display several different features which can affect the catalytic activity, such as
surface differentiation, limited neutral and ionic permeation, and phase-transition
temperature. For example, when Cull jons are added to mixed metallo-vesicles
composed of 10 and 11 below T, only the exovesicular side is active toward the
substrate PNPP, because the ligand molecules (10) at the endovesicular side are devoid
of metal ions.53a

j—_\
CH3{CHzh5-0~CH, 10:R= -0-CHzCH-CHy-N_ N
CHa(CHz)15-0-CH 0S0; ?:H LOH
CHz—R Na"

11:R= -0-(CHy)3-0S0; Na’
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Chapter 3

Carboxylic and Phosphate Ester Hydrolysis Catalysed by Bivalent Zinc
and Copper Metallo-Surfactants*

3.1 Introduction

Micelles of functionalised amphiphiles exhibit similar structure and kinetic
properties to enzymes. Therefore they have been extensively studied as models for
hydrolytic enzymes.1.22 However, for micellar models of hydrolytic metallo-enzymes,
only a few examples have been reported. These artificial enzymes are effective in
promoting the cleavage of phosphate3-5 and carboxylic esters.2b-d.6

Metallo-surfactants must contain a chelating headgroup for metal-ion fixation. We
have chosen 2-substituted 1,10-phenanthroline or pyridine derivatives to meet this
requirement. 1,10-Phenanthrolines can act as ligands with a variety of metal ions.” Non-
micellar metal complexes of 2-substituted 1,10-phenanthrolines have been used in
biomimetic studies of metallo-enzyme reactions for carboxypeptidase A, NADH-
alcohol dehydrogenase, and metallo-enzymes that catalyse phosphoryl group transfer
or phosphate ester hydrolysis. Fife and his co-workers have studied the effect of metal
ions on the hydrolysis of 1,10-phenanthroline ester,83 amide 80 phosphate ester, 8¢ and
acyl phosphate.8d Breslow et al have reported the metal-ion catalysed hydration of 2-
cyano-1,10-phenanthroline to the corresponding amide.? In these enzyme models the
phenanthroline-bound metal ion is in close proximity to the reaction centre. The Znl!
promoted reaction of ATP and p-nitrophenyl acetate with 2-hydroxymethyl-1,10-
phenanthroline,10 and the reduction of 2-pyridinecarboxaldehyde by 1,4-
dihydronicotinamide which is covalently bound to 1,10-phenanthroline,1! are examples
of biomimetic model reactions that operate viz the formation of a reactive ternary
complex composed of metal ion, functionalised 1,10-phenanthroline, and substrate. No
studies of metal-ion catalysis of functionalised phenanthroline surfactant molecules
have been published so far. In this chapter we report on the syntheses of the strongly
chelating 1,10-phenanthroline ligands 1 and 2, and the related but moderately chelating
pyridine ligand 3, and present a study of their esterolytic reactivity towards p-

" Adopted from: J. G. J. Weijnen, A. Koudijs and J. F. J. Engbersen, Carboxylic and Phosphate Ester
Hydrolysis Catalysed by Bivalent Zinc and Copper Metallo-Surfactants, . Chem. Soc., Perkin Trans. 2,
1991, 1121-1126.
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nitrophenyl picolinate (PNPP) and diphenyl p-nitrophenyl phosphate (DPPNFP) in
mixed micelles in the presence of Znll and Cull. Ligands 1 and 3 possess, in addition to
the metal-ion binding site, an imidazole group in order to test the possibility of
bifunctional catalysis, i.e. electrophilic activation of the substrate by the metal ion and
nucleophilic or general base catalysis by the imidazole group. Ligand 2 does not contain
the imidazole group so that the catalytic activity of this compound can be used for
comparison. Similarly, the specific function of the phenanthroline nucleus can be
identified by comparison of the catalytic activities of 1 and 3.

3.2 Results and Discussion

The lipophilic ligands 1, 2, and 3 were prepared following the synthetic pathways
shown in Scheme 3.1. The regiospecific alkylation of histamine (5) at the N position
was accomplished by temporarily protecting the other two nitrogen atoms by reaction
with 1,1'-carbonyldiimidazole which yields 6.12 Reaction of 6 with 1-bromododecane to
give 7, followed by hydrolysis yiélds NT-dodecylhistamine (4). 1,10-Phenanthroline-2-
carboxaldehyde was obtained by a modified literature procedure from 1,10-
phenanthroline. After cyanation of phenanthroline viz oxidation with H2O2 and the
Reissert reaction,!0.13,14 methyl 1,10-phenanthroline-2-carboxylate could be obtained
directly in excellent yield by methanolysis. Subsequently this compound was reduced
to the hydroxymethyl derivative with NaBHy, followed by SeQO; oxidation to the
aldehyde 8. Attempts to convert 2-cyano-1,10-phenanthroline into 8 in a one-step
reaction with diisobutyl aluminium hydride,15 were not successful. Reductive coupling
of the aldehydes 8 and 10 with the appropriate amine (4 and 9) afforded the lipophilic
ligands 1,2, and 3.

Addition of Znl! to the 1,10-phenanthroline derivatives 1 and 2 results in a
characteristic absorbance change in the 270-300 nm region, as has been previously
found for the binding of bivalent metal ions to 1,10-phenanthroline.16 For 1 and 2 the
absorbance maximum shifts from 267 to 273.5 nm and a shoulder at 295 nm appears.
From these changes in the UV spectra it can be concluded that complexation of 1 and 2
is complete in the presence of one equivalent of Znll. Addition of Znl! to 3 does not
induce significant changes in the absorbance spectrum. Therefore the binding of Zn!l to
3 could not be quantitatively determined from the spectrum.

The esterolytic activity of the Zn!l complexes of the lipophilic ligands 1, 2, and 3
was tested with PNPP (Scheme 3.2) as substrate in the absence of co-surfactant, as well
as in micellar systems admixed with the chemically inert cationic CTABr
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o
@ o-@—No @—o P"o
rd ~
o)

PNPP DPPNPP

Scheme 3.2 The substrates PNPP and DPPNPP

[CH3(CH32)15N(CHa)3Br] or neutral Brij 35 [CH3(CH>)11{OCH2CH2)230H] surfactants.
The hydrolysis of the ester was followed by observing the release of p-nitrophenolate
spectrophotometrically (400 nm) at pH = 7.00 and 25 °C. Pseudo-first-order rate
constants, determined under conditions of excess ligand over substrate at constant pH,
are shown in Table 3.1.

The rate data in Table 3.1 show that a low concentration (0.4 mM} of the metallo-
surfactants induces a rate enhancement of ca. 50 times, Clear and stable sclutions were
obtained at the concentrations used, so it is likely that the Znll-ligand complexes form
micellar aggregates. Remarkably, addifion of 10 molar equivalents of co-surfactant
significantly increases the catalytic activity of the metallo-surfactants. It should be noted
that solutions containing only the co-surfactants exhibit almost no rate-enhancing effect.
A possible explanation for the lower catalytic activity of the metallo-surfactants in the
absence of co-surfactant might be the formation of less active cylindrical micelles with a

Table 3.t Pseudo-first-order rate constants {(kobg / 1073 s-1) for the hydrolysis of PNPP,
catalysed by Znll complexes of 1, 2, and 3 in the presence of various co-surfactants.?

co-surfactant
catalyst none CTABr Brij 35
none 0.010 0.029 0.012
1-Znll b 0.54 2.37 1.24
2-Znll b 0.58 2.13 143
3-Znlle 0.49 3.65 2.28

& Conditions: 25 °C, pH = 7.00 (0.01 M N-ethylmorpholine-HBr buffer), [PNPP] = 4 x
10-5 M, [ligand] = 4 x 104 M, [CTABr] = 4 x 10-3 M, and [Brij 35] =4 x 103 M.
b[Zall) =4 x 104 M.

¢[Znl=1.2x 103 M.
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larger aggregation number in these solutions, whereas in the presence of a co-surfactant
globular micelles with a smaller aggregation number are formed. A similar decrease in
micellar reactivity, ascribed to a change from globular to cylindrical micelles, was
previously found by Melhado and Gutsche.5a However, the formation of ligand-metal-
ion complexes with a stoichiometry different from 1 : 1 might also occur in micelles
without co-surfactant, thereby affecting the reactivity.1?

In the cationic mixed micelles (CTABr as the co-surfactant) the rate of cleavage of
PNPP is somewhat higher than in neutral mixed micelles (Brij 35 as the co-surfactant).
This is in accordance with the observation that the hydroxide-ion concentration in the
solvent-micelle interface of cationic micelles is larger than in the case of neutral
micelles. 18 Since almost no differences are observed in esterolytic activity between 1-
Znll and 2-Znll, it may be concluded that the role of the imidazole group in the catalytic
activity of 1-Znll is not very large, if any.

In order to establish the affinity of PNFPP for the metallo-surfactants, we measured
the rate of hydrolysis as a function of the 2-Zn!! and 3-Znl concentration (Fig. 3.1). For
2-Zn!l rapid saturation kinetics are observed indicating strong affinity of PNPP for this
metal-ion-ligand complex, whereas the shape of the curve for 3-Znl! indicates a much
weaker binding affinity. However, the larger kgps values for 3-Znll point to a faster
turn-over of the ternary complex 3-Znll-PNPP,
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Figure 3.1 Plots of pseudo-first-order rate constants for the hydrolysis of PNPP as a

function of ligand-Zn!l concentration at pH = 7.00 and 25 °C; [PNPP] = 4 x 1075 M,
[CTABr]=4x 10-3 M, [21: [Znn] =1:1(),and [3]: [Zl'l"] =1:3(A).
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k
Zn'L + PNPP =—>= Zn"LPNPP — zn''L + PNP
+ picolinate 1)
ko

PNFP ——= PNP + picolinate 2

k K(zn'-1]
kobs = k(] + -LK_'—_ 3

1+ K[Zn'-1)
1 - L 1 , L @

Koos = X kK (znlp) k.

The rate-concentration profiles can be analysed quantitatively by assuming the
rapid and reversible formation of a reactive ternary complex composed of ligand, Znll,
and PNPP,!? followed by a rate-determining hydrolysis step [egns. (1) and (2)]. Kinetic
parameters for this reaction scheme are given in eqn. (3), where K is the association
constant between ligand-Zn!l complex and substrate and k. is the catalytic rate constant.
From the double reciprocal plot described by eqn. (4) the association constant, K, and
the catalytic rate constant, ke, are obtained. These values for 2-Znl! and 3-Znl! are given
in Table 3.2.

Table 3.2 Association constants (K) and catalytic rate constants (k¢) for the hydrolysis
of PNPP in the presence of 2-Zn!l and 3-Znll4

catalyst K/M ko/103 1
2-Znllb 2060+ 20 4.36 £ 0.05
3-Znlic 224+10 347 1.1

4 Conditions: 25 °C, pH = 7.00 (0.01 M N-ethylmorpholine-HBr buffer), [CTABr] =4 x
103 M.

b[2):[ZnM=1:1.

c[3]:[(Znl=1:3.

The stability constant of PNPP to 2-Znll is 9 times larger than that to 3-Znll.
However, the catalytic rate constant for 3-Zn!l is 8 times higher, which results in a more
efficient overall catalytic activity of 3-ZnlL.

As PNPP is a substrate with the potential to bind metal ions, we also investigated
the effect of free Znll jons in solution on the rate of hydrolysis. Figure 3.2 shows that
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addition of Znll in the absence of ligand has only a weak enhancing effect on the rate of
hydrolysis. No saturation kinetics are observed up to 6 mM of Znll, which suggests
only a weak binding affinity of Znll to PNPP. Thus the presence of ligand is essential
for catalysis. The effect of variation of the Znll concentration in the presence of a fixed
concentration (0.4 mM) of 2 and 3 is also depicted in Figure 3.2. At [Zn!l] = 0, addition
of EDTA does not change the rate of hydrolysis, indicating that the kops values at this
concentration represent the catalysis by 2 and 3 essentially free of metal ions. Addition
of Znll to 2 causes a rapid increase in the reaction rate until the ratio of 2 and Znll
reaches unity. Further increase of the Znll concentration has no effect. This is further
evidence of the strong binding of Znl! to 2. Moreover, the absence of any catalytic effect
due to excess of free Znll in solution indicates that PNPP has a large binding affinity for
2-Zn! and is hydrolysed relatively fast within the 2-Znl-PNPP complex.

For ligand 3 the rate increases more gradually upon addition of Zn!! until a
maximum is reached at ca. three equivalents of Zn!l. This is in accordance with the
previously observed lower binding affinity of Znl! for 3 as compared to 2.

In order to test the turn-over behaviour of the catalysts, we investigated the
catalytic activity of the metallo-surfactants under conditions of [PNPP] > [ligand-ZnlI).
For all three ligand-Znll complexes, p-nitrophenolate was produced in quantitative
yield (Fig. 3.3). The release of p-nitrophenolate shows no biphasic behaviour, indicating

ko, / 10%sT

0.0 0.5 1.0 1.5 2.0

(Zzn'"1 7 10°M

Figure 3.2 Plots of pseudo-first-order rate constants for the hydrolysis of PNPP as a
function of [Zall] under a fixed concentration of ligand at pH = 7.00 and 25 °C;
[CTABr] = 4 x 103 M, [PNPP] = 4 x 10-3 M, no ligand (W), [2] = 4 x 104 M (0), and
[3]1 =4 x 104 M (A).
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Figure 3.3 Time-courses for p-nitrophenolate release from PNPP [(a): 2 x 104 M, (b):
4x 104 M, and (c): 6 x 104 M) as catalysed by 2 ([2] =2 x 104 M) in the presence of 6
x 104 M ZnBr3 (0.05 M N-ethylmorpholine-HBr buffer, pH = 7.00, and 25 °C). Ligands
1 and 3 show similar behaviour.

that the catalyst is rapidly regenerated during the hydrolysis of PNPP. Thus, the ligand-
Znll complexes exhibit good turn-over behaviour, a requisite for a true catalyst.

At large excess of PNPP over ligand-Zn!}, the rate of hydrolysis is gradually
retarded due to the formation of picolinate (product inhibition). Picolinate is a strong
chelating agent,2? which competitively binds to the catalyst and is able to remove Zn!l
from the metallo-cleft of the ligand. However, for 2-Zn!! product inhibition by
picolinate could be completely suppressed by addition of two equivalents of Znll in
excess. For ligand 3, having a lower binding affinity for Zn!!, picolinate inhibition is
only partly suppressed in the presence of excess of two equivalents of Znll.

The rate of hydrolysis of PNPP catalysed by Znll complexes of 1,2, and 3 shows a
pH-dependent behaviour. Qver the pH range 6 - 8.5, kops in buffered solutions is
proportional to the hydroxide-ion concentration. The bimolecular rate constants kown,
obtained by fitting the straight lines, are 5.76 x 103, 1.77 x 103, and 6.12 x 103 M1 s} for
the catalysts 1-Znll, 2-Znll, and 3-Znl, respectively. In the absence of ligand, koy is
much lower: 4.53 x 102 M-1 s°1, This points to the involvement of a hydroxide ion in the
mechanism, whose action is catalysed by the presence of a ligated metal ion.

The absence of burst kinetics,2! or any other form of biphasic behaviour in the rate
profile, points to a hydrolysis mechanism without the intermediacy of an acylated
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