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Literature Survey and Scope of the Thesis

1.1 Introduction
From the onset ot the formation ot our planet some five billion years ago lo approximately three
billion years later, the evolutionary development on earth showed a relatively slant increase (see
Figure 1) The atmosphere in those very early stages consisted of H2O, H2S, NH3 and CH4 and was
reducing, in contrast to the present day oxidizing atmosphere
Multicellular organisms

Significant quantities of oxygen forbidden
C>2<0 001 present aunosphenc level

Time

Figure 1 The use of cell evolution as a function of time
The development of ihc biosphere started with an organic evolution in which the simplest ot all
compounds were formed consisting mainly of C, H, N, and О This period was followed by one in
which the newly formed organic molecules began to react with inorganic compounds to give
monomenc biochemicals During the later stages of this evolution these biochcmicals reacted further
to form biopolymers Metal ions have most likely played a crucial role in both determining the
composition of the biopolymers as well as their configuration and conformation
Several theories as lo how hie evolved on earth have been proposed Recently, an interesting
theory his been developed by Wachtershauser in which he puts forward the idea that the earliest of all
forms of life drastically differ from anything known today 2 He suggested that this early hie form
was an acellular organism consisting of a two dimensional layer ot organic molecules, which
displays an autocatalylic metabolism The energy source is based on formation ol pyrite (FeS2) 3 It

Chapter I
was supposed that these organisms were amomcally bound to a positively charged surface (e g also
pyrite) al the interface of hot water The selection of chemicals was probably determined by the
process of surface adsorption In this way, large polyanionic molecules which display strong surface
binding were selected, initially tor polyanionic coenzymes and eventually for nucleic acids and
polypeptides In the second stage of this evolutionary process semicellular organisms developed that
were still supported by a mineral surface These organisms might have grown a lipid membrane and
an internal broth of detached constituents Subsequently, the membrane- and cytosol metabolisms
appeared, which at first merely acted as a supplement to the aboriginal surface metabolism, and later
replaced it At this stage membrane-bound electron transport chains were developed, allowing for the
use of new redox energy sources and, eventually, the harvesting of light energy The organisms
began to generate a primitive form of genetic coding and to build up enzymes The third stage in the
evolutionary development was the detachment ot the organism trom the pynte surface as simple cells
4

This formation occurred some 3 5 billion years ago These cells had about 100 different proteins
and contained a variety of metal ions, the latter (ulfilling tasks ranging from structural functions to
catalysis
Perhaps the most important event that followed was the process of photosynthesis in simple
algae The release of dioxygen into the atmosphere by these simple species set the stage for a
revolutionary development of organisms with higher degrees ol complexity, compartmentalization,
and organization s Part ol this was brought about by the tact that the atmosphere slowly changed
from a reducing one to an oxiduing one Dioxygen was very toxic for most of the primitive
organisms since this molecule tended to change the low-valent redox states of the metal ions on which
the organisms depended Furthermore, metal ions that were not accessible since they were deposited
as insoluble sulfides, e g copper ions, now became available With this increased complexity and
change of the environment, more and more regulatory devices were needed to control and maintain
the physico-chemical functions and processes of the organisms
A central role in all this is played by proteins that function by the virtue ot metal ions, so-called
metallo-proteins They regulate processes such as electron transport (e g ferredoxins, depending on
Fe6), dioxygen transport (e g hemoglobin containing Fc 7 and hemocyanin (Cu)8), nitrogen fixation
(Mo, Fe) 9 · 1 0 · 1 1

l2

· 1 3 , photosynthesis (Mg, Μη) 4 · 1 4 -'\ and DNA expression (Zn) 4

1.2 Iron-sulfur proteins
Probably the oldest and still most widely occurring metallo-proteins are the iron-sulfur proteins They
are present in a range of species including simple archaebactena and mammals The tasks they fulfill
are mainly that of electron transport,16 although they are involved in catalytic processes as well 1 7
Unül now, three different classes are known and they have been classified according to the number of
iron (and sulfide) atoms present at their active site
The simplest ot all is rubredoxin

2

18 1 )

· '- In this protein an iron atom is tetrahedrally coordinated
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Figure 3 X-iay stiucture of active site of
platensis ferredoxin 2 0
Figure 2 X-iay
Rubiedoxm 1 9

stiuctuie

Spiruhna

of

by four cysteinyl sulfur atoms from the polypeptide backbone (see Figure 2) The more complex
iron-sulfur proteins possess a higher number of iron atoms, bridged by sulfide, in their active site
These clusters may be built up from 2, 2 0 3 2 1 or 4 2 2 iron atoms with 2 to 4 sulfide bridges (see
Figures 3, 4, and 5) These proteins are called ferredoxines As with rubredoxin, the metal cores are
held in the protein through coordination to cysteinyl residues The proteins with a 4 non - 4 sulfur
core ([4Fe4S]) are subdivided into two different classes the above-mentioned ferredoxins whose
cores shuttle between 2 + and 1 + at potentials ranging from -250 to -650 mV in water vs the normal
hydrogen electrode (NHE), and the high-potential iron sulfur proteins (HP) The cores of the latter
cycle between 3 + and 2 + states at potentials ranging from +50 to +450 mV. Factors such as
hydrophobicity of the core environment and hydrogen bonds 2 3 · 2 4 to the cluster's sulfide bridges
regulate the potentials at which the electrons are transferred in and out of the clusters Recently,
evidence has emerged that still another class of iron sulfur proteins exists They are thought to
possess a core built up from six iron atoms, budged by six sulfide atoms 25>26,27
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Figure 4 X-iay stiuctuie of the active site of
Desulfovibi ю gigasfenedoxin II21

Figure 5 X ¡ay structure of the active sue of
Ρ aei ogenes fen edoxin 2 8
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1.3 Hemocyanin, tyrosine hydroxylase, and dopamine-ß-hydroxylase
Other interesting metallo proteins are those containing topper According to the spectroscopic
properties ot the Cu(II) ions in the active sue, three dillerent classes of copper proteins can be
distinguished It must be stated, however, that proteins with more than one type ol copper site are
known
Type I copper proteins are called blue copper proteins They are characterized by an intense
absorption around 600 nm which is ascribed to a cyslein S to copper charge transfer In addition to
this feature, the type I copper proteins display a very small hyperfine splitting in the EPR spectra (A//
50 - 100 G) Examples include the electron transfer proteins azurin29 and plaslocyamn 30
Type II copper proteins display no special spectroscopic features The properties are
comparable with those of normal copper coordination compounds An example is the enzyme
superoxide dismutase,11 which catalyzes the disproportionation of the superoxide anion
Type III copper proteins contain a dinuclear pair ol copper ions that are anli-lerromagnelically
coupled These proteins are usually EPR silent, depending on the magnitude of the coupling
interaction between the copper centers Examples are hemocyanin and tyrosinase Hemocyanin is the
copper protein responsible tor the transport ot dioxygen in arthropods and mulloscs i 2 The X ray
structure of the deoxy form of this protein, found in the lobster Panulirus mtenuptiis was solved by
the group of Hoi in 1989 (see Figure 6) 7 More recently, the same group also succeeded in
determining

Figure 6 X-ia\ stmt tuie oj Perniila us mteuuptui, hemocyanin
the structure ol the deoxy lorm of Limulus pohheimu (horseshoe crab) hemocyanin Although the
X-ray structures revealed differences, the active sites ot the two proteins are very similar and are
formed by two copper(I) atoms, which have an approximately trigonal planar coordination (see
4
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Figure 7).33 For the hemocyanin of Limulus polyhemus a structural mechanism for the allosteric
regulation of oxygen binding by chloride ions has been proposed.33
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Figure 7. X-ray structure of Limulus polyphemus hemocyanin.
As mentioned above, differences exist between the hemocyanins of molluscs and arthropods.
Molluscan hemocyanin is assembled under the influence of e.g. M g 2 + ions 3 4 to form huge
cylindrical molecules, which are visible under an electron microscope (see Figure 8). The
arthropodan hemocyanins form hexameric or multi-hexameric complexes. Each subunit reversibly
binds one molecule of dioxygen.
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Figure 8. Electron microscope photographs of hemocyanin
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The X-ray structure of the oxy form of hemocyamn has been elucidated by the group of Magnus
2

35

2

Dioxygen was found to bridge between both copper ions in a μ-η η fashion (sec Figure 9) This
surprising binding mode was proposed earlier by Kitajima et al on the basis of a low molecular
weight model of hemocyamn
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Figure 9 X ray structuie of the active site of oxy hemocyamn
Sequence homologies between hemocyamn and tyrosine hydroxylase suggest that both proteins are
closely related Although no X-ray structure ol the latter protein is yet known, its active site is
probably similar to that of hemocyamn The main difference could be the accessibility of the active
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site to substrate molecules The lunction of tyrosine hydroxylase is to hydroxylate the aromatic ring
of tyrosine, transforming this molecule to L-DOPA In a subsequent reaction the carboxylic group of
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DOPA is removed by another enzyme viz DOPA decarboxylase, resulting in the formation of
dopamine The latter molecule is converted to noradrenaline by dopamine-ß-hydroxylase (DBH, see
Scheme 1 ) 1 7 Not much is known about the active site of DBH, only that it contains two copper
ions The coordination geometry of this active site was studied with EXAFS revealing that the copper
ions are non-equivalent 3 8 Both copper ions are surrounded by 2 to 3 histidine nitrogens at distances
of 1 93 A In addition one sulfur atom coordinates to one of the copper ions at a distance of 2 25 Â
The copper ions are in the 2+ state One of these ions, namely Сид, binds ascorbate, the other (Сив)
is responsible for the binding of the substrate (dopamine) and the dioxygen A nearby tyrosine
residue plays an important role in the catalyüc process which eventually results in the introduction of
a hydroxyl group on the benzylic position of dopamine
1.4 Model systems of [4Fe-4S] proteins
The understanding of the properties of iron-sulfur proteins has benefitted tremendously from the
study of synthetic model systems Long before crystallographic
jt^i'^\
>-*^

/ \ /
V^"\

*·***

data on these metallo proteins became available, the group of

À A*

Holm40 had succeeded in unravelling details of the mechanism of

щ—^

ί

action of fenedoxins with the help of well characterized model
compounds 4 1 4 - They developed the inorganic chemistry of a

Figure 10 Rubi edoxin mode!
system

wide variety of cluster compounds that allowed for the isolation

19

of a number of different cluster compounds (see Figures 10 - 12) such as those containing one
(rubredoxin models), two to four iron atoms (ferredoxin mimics), and hetero nuclear cluster systems

1

<-

ν
ι
Figure 11 ¡2Fe2S] feiredoxm model system

41

(nitrogenase/hydrogenase mimics) In addition to the inorganic syntheses, a methodology was
developed in which ligands could be inteichanged 4 4 This methodology has become the most widely
used procedine to incoiporate clustei coies into separately synthesized ligands An example is the
ligand system shown in Figure 13 which is capable of binding a [4Fe4S]-c)uster4,i The ligand was

7
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first synthesized and subsequently reacted with a pre-fab [4Fe4S]core. Since the ligand of Figure 13 possesses only three sulfur
atoms, one of the iron atoms (the so called unique iron) of the
cluster core is not coordinated to the ligand system and is as such
different from the others. This situation is more often encountered in
natural systems 47.48 The unique iron is thought to play an
important role in catalytic processes, such as the transformation of
citrate to iso-citrate 49^° The development of these type of model
systems is currently at a focal point in the field of bio-inorganic
Figure 12.[4Fe4S]-model

46

спетіь(г

У

,1,52 In o r d e r t0 stud

y

Ine

influence of the poly-peptide

backbone on the redox properties of |4Fe4S]ferredoxins,

Nakamura 5 - 5 and

Reedijk"54

synthesized a number of different peptides as
ligands for the [4Fe4S] core. Their studies
clearly indicate that hydrogen bonds between the
amide protons from the peptides to the sulfide
bridges in the core regulate the redox potential
The

hydrophobicity.

present

in

some

ferredoxins, was mimicked by the incorporation
of a [4Fe4S]-cluster into a large crown ether
molecule.55·56
Tol = tolyl · = Fe
Figure 13 A subsite differentiated ¡4Fe4S¡-

an e x c h a n g e r e a c t i o n l h e d u s t e r w a s

complex.44
incorporated between two cyclodextnnes (see Figure 14).57

Figure 14. ß-Cyclode\tnn-l4Fe4S]

complex 5f>

In order to prepare water

soluble complexes with a [4Fe4S]-core, Tabushi
modified a cyclodextrme with thiol ligands. Via
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1.5 Model systems of hemocyanin
As with the iron-sulfur-containing proteins, model systems of topper proteins have played an
important role in elucidating the factors that give rise to certain characteristic (e g spectroscopic)
properties of the metallo protein bel ore X ray
structures became available An example is the
structure proposed tor the active site of type 1
copper based on model systems containing two
imidazole groups and at least one sulfur atom in
a tetrahcdral geometry around a copper
center 5 8
• =Cu

S9

ft0

Over the years, many studies

have appeared dealing with the design and

Figure 15 Example of a model system fi от

synthesis ol model systems lor hemocyanin,

the gioup of Reedijk 6°

including

the models

Reedijk, 6 '·6 2

of

Karlin," 64 Sorrcll,65 M Kitajima,67 and
Fertnga (see Figures 15 - 17) The aim ot these studies is to design hgand systems that are able to
accommodate two copper(I) ions in close proximity Π 4 A) This close distance was thought to be
necessary to bind dioxygen However, mononuclear complexes were recently shown to display this

Py = 2-pyndyl
Figure 16 Model systems fi от the group of Και hn (left) and Sonell (right)
property

"¡и,

as

well,

e g

the

tns(pyrazolyl)borate complexes of

вJ

Kitajima,

and

a

series

of

mononuclear Cu(I) complexes
Me

M e

/

Q ι

QUI

\ published by Karl ι η 6ít The ligands
these model systems are mostly

Figure 17 Hemocyanin model ^stems' developed by Kitapmu ™ π ώ η ε a n d P v r a z o l c . dually in
(left) and Fennga (right)
combination with an amine- or
9
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ïmine nitrogen donor tunction Karlin was the first to develop a broad scope of copper-dioxygen
chemistry, based on the bis[2-(2 pyndyl)ethyllamine (PY2) ligand system

69

The copper protein

models synthesized by his group show a tyrosinase-like activity Dioxygen is activated leading to
hydroxylation of the arene ring in the ligand (see Figure 18) 7 0 The synthesis oí a mononuclear

ГГ)

Γ -/'\ /
-*- Py/·
ii Cu"

»2

Py.-Cu'-py

Ру

\
О

"\
1
р
Cu" """'Y У
Ру

H
Figure 18 Diowgen activation in a complex piepaied b) the group ofKarlm
analagon allowed lor the isolation and X-ray characten/aiion of the lirst copper dioxygen complex
(see Figure 19) 7 1
The spectroscopic properties of this complex, however, did
not resemble those ot oxy hemocyamn A newly synthesized
ligand (sec Figure 20) did mimic the spectroscopic behavior of
oxy-hemocyanin

more closely

Based on EXAFS

measurements on this complex, Blackburn and Karlin
proposed a novel μ - η 2 η 2 binding mode lor dioxygen
between

the

copper

ions

The afore-mentioned

tns(pyra/olyl)boraie complexes of Kitapma, however,
provided the best spectroscopic match 7 2 His crystal structure
:Cu
Figure 19 Coppei
complex synthesized
gioup 70

dioxygen
b\ Και lm s

ol an μ η 2 η 2 dioxygen bridged copper complex (see Figure
revealed the correct mode of dioxygen binding in the
2\)
protein as was later confirmed by the group of Magnus

j4

(CH2)n-
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•(сн2

h

"NX

РУ
Figure 20 Model complex mimicking some of the spedi oscopic featuies of hemoc\anin

>y
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1.6 Supramolecular bio-inorganic chemistry
The term supramolecular chemistry was introduced by Lehn 7 3 ю distinguish two dillerent types ol
chemistry a) classic molecular chemistry which uses atoms and lunctional groups to synthesize new
molecules held together by covalent bonds, and b) the chemistry of organized molecular assemblies,
in which non covalent interactions are used to construct supermolecules

This new area ot

chemistry should lead to structures with properties that are unattainable with traditional molecules
Nature provides a source of inspiration for the design of supramolecular systems Many
examples of supramolecular interactions can be tound in natural systems, e g the interactions
between enzymes and substrates, between receptors and neurotransmitters, and the process of ion
transport through channels in membranes Trying to mimic these systems serves two important goals
First, a simple model might provide insight into the factors that are responsible for the action ot the
natural systems Secondly by understanding how the natural systems work artihcial sysiems can be
designed that may have applications as eg synthetic catalysts or (in combination with molecular
recognition and signal generation) as diagnostic or analytical tools

Figure 22 Collet s enprophane (left) and Ciam s caiceiand (light)
1 1
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Mimicking substrate-receptor interactions is a part of supramolecular chemistry that is usually
referred to as host-guest chemistry. The design of a synthetic receptor which can bind a neutral
molecule is not a simple task since only weak interactions are involved in the process of binding (e g
hydrogen bonding and π-π interactions). Cram 7 4 has pointed out that guests are typically small,
convex molecules with diverging binding sites. In order to bind such guests, the host molecule must
therefore possess a concave structure with converging binding sites. Much work has been devoted to
the synthesis of host molecules which fulfill these criteria Examples include the work of Collet
76 77

(Figure 22, left). Cram (Figure 22, right), ·

Zimmerman (Figure 23, left),

78

75

and Nolte (Figure

23, right) ™

OH
ΝψΝ

o=< Τ >=o
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OH

Figure 23 Molécula/ meezei f ι от Zimmei man's gioup und a clip from Nolte's group.
The second part of the title of this section relers to a
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merging ot two different fields

biochemistry and norganic

chemistry The aim is, among others, to gain more insight into
the role played by metals in proteins and the design and synthesis
of dctivc-site analoga ol metallo-proieins as discussed in the
previous scellons. Il also includes the synthesis of metalcontaining drugs and the interactions ot these molecules with the
human body An example ol the latter are the elegant studies
carried out by the group of Reedi|k, on the interaction ol cisplatin with DNA «0.81,82
The combination of supramolecular chemistry and bioìnorganic chemistry as described in this thesis is new and opens
up interesting areas ot research at the borderline ol organic

chemistry, inorganic chemistry, and biochemistry Within this
Figure 24. Synthetic catalytic
catagory fall the studies on syn¿ymcs, as carried out by the group
leceptoi by the group of Nolte

12

Literature Survey and Scope of the Thesis

of Nolle Synzymes are synthetic molecules which display properties of (metallo) enzymes, e g high
reactivity or selectivity An example is the metallo receptor depicted in Figure 24 In this receptor a
substrate can be bound selectively and convened at the rhodium center

83

Cyclodextnns have also been used as host molecules to
construct synzymes Breslow anchored a catalytically active
nickel(II) complex to an a-cyclodextnn and used this system
for the hydrolysis of ρ mtrophcnyl acetate (see Figure 25)

84

The increase in reaction rale was 1000-fold with respect to the
uncataly7ed reaction 11 the nickel catalyst only was present,
the rate enhancement was 450-fold
Other examples ot research in this area are the studies on
subsite differentiated [4Fc4S] clusters (the creation of a
specific metal site on a [4Fe4S]-core through the incorporation
of such a core in a predesigned ligand) and the work on

NO,

[4Fe4S| clusters sandwiched between two cyclodextrin

Figure 25 Synzvme developed by

molecules, mentioned in section 1.4

Breslow

1.7 Scope of the thesis
Supramolccular chemistry is one of the central themes in the Department of Organic Chemistry of the
NSR Center at the University of Niimegen Three ma|or areas can be distinguished
ι) synthetic models for biological membranes
n) ion and electron conducting materials
in) catalysts
The work described in this thesis is part of the third area It deals with the design and synthesis ol
molecules with enzyme like properties (synzymes) To this end host molecules containing a cleft or
cavity with binding sites lor a substrate and a nearby catalytic center are being constructed Building
blocks for these host molecules have been synthesized in our group some years ago They are based
on the molecule diphenylglycolunl (see Figure 2Λ right) 8<ì In this thesis efforts are described to
modify the hosts so that two metals can be complexed near the binding site in addition to the binding
of neutral molecules The aim is to prelorm an oxidation or hydioxylation reaction on the bound
substrate using the metal centers as catalysts
These supramolccular systems are rather complex and studying their properties is not always an easy
task Therefore we felt it was necessary to synthesize more simple compounds as references, \iz
compounds based on mono-a/a and diaza crown ethers which would allow for a more systematic
study of the different properties of the molecules e χ the binding properties ol the host molecules
the interaction (or lack of interaction) between the metal centers ere
13
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The chapters in ihis thesis have been written in the form ol publications which deal with the
various aspects ol the research outlined above In chapter 2 the crystal structure ol a cage molecule
based on the building block diphenylglycolunl is presented In combination with NMR measurements
in solution this crystal structure oilers an explanation why this particular cage molecule shows very
low affinities for dihydroxybenzenes in comparison to other cage molecules
In chapter 3 the synthesis ol a lerrcdoxin mimic is described Its electrochemical properties were
studied ала found to resemble those displayed by metallo proteins
In chapters 4 and 5 the synthesis and characterization of two closely related mono- and
dinuclear Cu(II) complexes based on crown ether bipyndine hgands arc described
Chapters 6, 7, and 8 deal with Cu(II) complexes based on pyra/ole hgands Some ot these
complexes are found to undergo reduction, coupled with the concomittant oxidation of a solvent
molecule (methanol) As is outlined in chapter 6, this reduction depends on the number ot copper
ions present in the complex Chapter 7 examines the physico chemical features of these complexes
The cause ot the reduction ot the copper centers is studied with electrochemistry Chapter 8 deals
with the selective oxidation ol substrate molecules bound in the clelt of a Cu(ll) metallohost
Chapter 9 deals with the synthesis and characterization of novel hgand systems, composed ot
pyridine and mono- and diaza crown ethers The isolation and structural characterization ol a mono
and dinuclear Cu(II) complex is described
In the last chapter of this thesis (chapter 10) a new route to bis pyridine hgands, attached to
mono- and dia/acrown ethers as well as to a substrate-binding host is outlined Both the Cu(I) and
Cu(II) complexes of the hgand systems have been synthesi/ed and examined with a variety ol
spectroscopic techniques

14
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X-ray Structure of a Molecular Basket.
Origin of its Poor Binding Properties

2.1 Introduction
As part of our program aimed at ihe development of a dopamine-ß-hydroxylase mimic, we recently
reported on the synthesis of a number of molecular receptors (la-d, Chart 1) which are capable of
binding dihydroxybenzenes (DHB's) with relatively high association constants ' The receptors
contain a cavity with a base formed by a diphenylglycolunl unit and two walls of o-xylylene rings
These rings are connected by two aza-crown ether bridges of variable lengths Previous work has
shown that the nitrogen atoms in these bridges as well as the carbonyl oxygen atoms oí the
diphenylglycolunl unit can be involved in the binding of the DHB s 2 However, although CPK
model studies showed that receptor lc is well suited for the binding ol the various DHB's, low
association constants were found for this compound which could not easily be explained In order to
clarity this feature, we undertook an X-ray characterization of receptor lc and determined its solution
structure
2.2 Results and Discussion
The association constants lor the binding ot various DHB s in receptors la-d have been published
previously1 and are tabulated in Table I As is clear from this Table, the binding properties ot lc are
Table I Association constants (Ka, M ') between receptors l a - d and dihydroxybenzenes a
receptor
la
lb
lc
_ld
a

catechol
b

70
40
<50
5 0 102

resorcinol
3b

2 9 10
2 0 103
50
3 2 1Q3

hydroquinone
6 5 If)2
5 4 103
<50
5 5 102

See ref 1, estimated error 507c, unless otherwise stated bEstimated error 5 10%

very poor when compared with the other receptors In particular, the difference between compounds
lc and Id is remarkable as both compounds have cavities ot similar size H was therefore suspected
that the benzyl functions on the crown ether rings interfere with the binding of the substrate
molecules To investigate this in more detail single crystals of lc were grown and the structure ot this
compound in the solid slate was determined by X-ray analysis A drawing of lc is shown in Figure
1 As is clear from Figure 1, the overall shape of lc is concave the molecule has the form of a
basket As was found in a similar structure,3 the convex side of lc is shielded by two phenyl

X-ray Structure of a Molecular Basket

groups The o-xylylene walls aie directed upwaid and line the cavity The benzyl groups that are
attached to the nitiogen atoms of the crown ethei lings point upward and shield the portal of the

Ч
f

Figure 1 Χ-ιαν structuie ofieceptoi Ic The molecule contains a civstidlogiaphic twofold axis
Left side мен light f ι ont мен
cavity This is better visible in the space-filling îepiesentations of 1c shown in Figuie 2

*V

*

*
Figure 2 Space filling lepi dentations of 1 с Left side мен nt>ht top мен
The benzyl substituents effectively block the entrance of the cavity CPK models built on the basis ot
the X lay stiuctuie indicate that the basket has a very rigid confoimation with no freedom for the
crown ethei lings Outwaid rotation of the benzyl groups is probably severely hindered Since the
solid state structuie might be preserved in solution IH NMR measurements were earned out on lc in
19
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CDCI3 solution When the H 1 protons of the xylylene walls (see Chart 1) were irradiated a positive
NOE-effect (2 7%) was noted tor the aromatic protons ot the benzyl groups A similar positive NOE
effect was observed for H1 (1 6%) when the aromatic protons of the latter groups were irradiated In
both cases a positive NOE was also visible tor the methylene protons H 2 and H3 These results
suggest that in solution the "closed' conformation ol the receptor is at least partly preserved
In summary, we may conclude that the poor binding properties of compound lc are due to the
fact that the cavity of this compound is shielded by ben/yl groups We believe that strain in the azacrown ether rings of lc is the origin of this leature Such a strain is not likely to be present in
receptors la and lb as the a¿a crown ether rings in these molecules are much larger

Chart 1

1a R = benzyl
1b R = H

1c R = benzyl
1d R = H

2.3 Experimental
IH NMR measurements.
The measurements were carried out on a Bruker WM-4Ü0 instrument using protocols reported
previously ' · 2
Compound lc. The synthesis ol compound lc was carried out according to a procedure described
previously by us i Single crystals ot lc were grown by slow evaporation of a saturated CDCI3
solution ot this compound 'H NMR (CDCI3) δ 3 02 and 3 45 (m, 8H, NCH2CH2), 3 70 (m, 12H,
ОСЩСЩ, NCH¿Ar), 3 65 and 5 45 (2d, 8H, NCI^Ar, j
(m, 10H, ArH), 7 40 (m, 10H, ArH)
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= 1<5 4 H z ) ,

6 84 (s, 4H, ArH), 7 11

•ray

Crystal Structure Determination of lc. Crystals of the title complex are colorless A suitable
specimen was taken out ol the moiherliquor, cut to the correct si7e and put into the cold nitrogen
stream of an Enraf Nonius CAD 4T / rotating anode diffractometer (MoKot, graphite
monobromated, λ = 0 71(173 Á, 150 К, 9 kW) Unit cell dimensions were derived from the setting
angles ol 25 reflections in the range 11< θ < 14° A total ol 12144 reflections were scanned Data
were corrected for L p and absorption (DIFABS)4 The structure was solved by direct methods
(SIR92) 5 and refined by full matrix least squares on F with SHELX76

6

Hydrogen atoms were

located from a difference map and their positions and isotropic thermal motion parameters refined A
final difference map showed no significant residual leatures Weights are based on counting statistics
Scattering factors used were those ol Cromer and Mann 7 Numerical details of the structure
determination have been collected in Table II All calculations were done on a DEC 5000 / ULTRIX
system Complete structural data have been deposited with the Cambridge Crystallographic Data
center
Table 11 Crystal data and details ol the structure determination of lc
Crystal Data
Empirical Formula

Cs4Hs2Nn()64CDCl3

Formula Weight

1362 58

Space group

Р2/С

a, b, t [Â]

11 329(1), 15 109(1), 17 905 (2)

βΠ

97 87 (1)

ν [λ 3 ]

3035 8 (5)

ζ

2

Dcalc [g/cm3]
д ( М о К а ) [ с т ']

60

1 491

crystal size [mm]

0 20 χ 0 25 χ 0 50
Data Collection

Temperature (K)

150

Radiation [À]

MoKa (mon) 0 71073
27 5"

Theta-max
Total nr of refi

12144

Unique nr of refi

6984

Observed I > 2 5 σ (1)
DIFABS correction range

4544
0 84, 1 19
Refinement
0 0486, 0 0392, 1 33

Rp, Rw. S
weighting scheme

w ! = σ 2 (F)
3

residual density range [Δρ/Λ ]

-0 51 <Δρ < 0 43
21
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Synthesis of a [4Fe-4S]-Ferredoxin Mimic Based on a
Novel Concave Tetradentate Thiol Ligand System.

3.1 Introduction
Iron is one of nature's most widely distributed transition metals ' It is found in of all kinds ot living
organisms ranging from bacteria to mammals The biological function of iron varies considerably It
is e g found as a mineral in magnetotactic bacteria to orientate and navigate the microorganism along
geomagnetic field lines 2 · 3 Iron also plays an important role in numerous catalytic transformations 4
However, the main task it fullfills is that of electron transfer5 and dioxygen transport,6 the latter as
heme iron in myoglobin7 or hemoglobin,8 and as non-heme iron in hemerythnn 9 The most
ubiquitous metallo-proteins responsible for electron transport are the so called 4-iron 4-sulfur
proteins 10 These proteins are involved in redox processes ranging from photosynthesis, 11 · 12
nitrogen fixation11 to the process of respiration 14 Two different classes of 4Fe-4S proteins are
known the ferredoxins (Fd), whose core oxidation state shuttles between 2 + and 1 + at potentials
ranging from -250 to -650 mV in water vs NHE, and the so-called high potentials iron-sulfur
proteins (HP) whose cores cycle between 3 + and 2 + oxidation states at potentials ranging trom +50 to
+450 mV
Since no maior differences arc noted between the cores ol Fd's and HP's, other factors must
be responsible for the ' tine-tuning' of the redox behaviour Most likely these tactors are H
bonding, 1 5 1 6 accessibility ot the core tor solvent molecules,15 type of solvent molecule, 17
hydrophobicity of the protein shell17 and (in model systems) the nature ot the thiolate ligand
coordinating to the core
In model systems it is possible to vary conditions in a relatively simple way and thus to
influence the redox behavior of the [4Fc4S] cluster These models may mimic certain aspects of
metallo-proteins, thereby helping to understand the complex reaction behaviour of these
biomolecules Eventually, the model approach is expected to lead to new insights and also to assist in
the rational design of catalysts
Current efforts in the design ol iron-sulfur protein analogues focus on the use of cavitands
and other macrocyclic ligand systems to coordinate the [4Fe4S] core Recent examples include
modified cyclodextnnes,18 macrocycles,19·20 and cavitands based on hexa-substituied benzenes 2 1 · 2 2
A variety of goals are being persued, inter alia the improvement of the aqueous solubility of the
formed cluster, the creation of a specific iron-subsite, and the mimicking of the hydrophobic HP
protein pocket In this paper we describe a novel concave tetra-ihiol ligand system (3), capable of
coordinating a [4Fe-4S]-cluster21 The [4Fe-4S] core in the cluster complex is semi-encapsulated and
exhibites an electrochemical behaviour similar to that of metallo proteins described before in the
literature
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3.2 Results and

Discussion

Ligand Synthesis The tetra thiol ligand 3 was synthesized as shown in Scheme 1 The starting
Scheme 1
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compound 1 was prepared by a previously published live step synthetic route 2 4 Treatment ol 1
with cesium thioacetate25 gave the fully protected tetra-thiol 2 An X ray structure ot 2 is presented in
Figure 1 As can been seen Irom this figure the overall shape of the ligand is concave Central part is
a cavity whose bottom is lined by two fused 2-imidazohdone rings The walls of the cavity are
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Figure 1. X-ray structure oj 2
formed by two diverging o-xylene rings At the base of the cavity, where these rings are attached to
the imidazolidone framework, their spacing is approximately 5 7 A. The centers of the rings are 6.62
Â apart At the top their separation is 7.5 Â The oxygen atoms of the carbonyl groups are at a
distance of 5.55 Â. The angle of the C=0 group with the axis through the carbonyl carbon atoms is
38.7°. Previous NMR studies have proven that the cavity is rigid and stays intact in the temperature
range from -95 to 150 °C 26 The cavity is large enough (> 100 A-1) to accommodate an [Fe4S4]2+
cluster (volume = 88 A^).27
The protecting groups in 2 were cleaved off quantitatively using sodium methoxide followed
by acidic work-up, or by reaction with L1AIH4 Both piocedures yielded a tully deprotected hgand
(90% after work-up). In the l.r spectra of 3 the presence of the thiol groups was confirmed by an
absorption band at Ξ 2542 cm - 1 . 2 8 The Ή nmr spectrum of 3 in CDCI3 showed a triplet signal for
the SH groups at δ 1 62 ppm with the correct integration.
Incorporation of the Fe4$4 cluster into the ligand. Usually exchange reactions or
incorporation of iron-sulfur clusters into thiol ligand sets are accomplished with [Fe4Q4(SR)4]2" (Q=
S or Se, R= Et or t-Bu) as the starting clusters.29 The more acidic thiol of the new hgand displaces
the thiolate from the cluster core. 10 In our case the difference in pKa between the thiol in the ligand
and the thiol in the starting cluster is not large. Even though the liberated thiols aie usually volatile
and aie lemoved from the reaction mixture by applying a dynamic vacuum, this feature may
complicate the exchange reaction and cause the formation of mixed cluster species. In order to prevent
these reactions we chose to use Fe4S4Cl42" as the starting cluster.11 The labile chlorine atoms in the
latter cluster were readily displaced from the core by the thiolate groups,12 generated »1 situ from 3
with (n-Bu)4NOH in DMF. In a second procedure we dnectly added the tetra sodium salt of 3 to the
25
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cluster During the reactions, a color change from purple black to brownish-black was observed
Both procedures worked well and yielded the cluster complex 4 in good yields The products
obtained from both reactions were identical and pure according to Ή NMR and electrochemistry
Complex 4 is only soluble in polar solvents like DMF or DMSO It was purified by precipitation with
diethyl ether and subsequent washing of the precipitate with acelonilrile Redissolving 4 in DMF and
slow diffusion of diethylether into this solution yielded the complex as long, black needles
Unfortunately, these needles were not suitable lor X ray diffraction
The u ν -vis spectrum of 4 in DMF is very similar to that of the related Fe4S4(S-Et)42 cluster The
latter shows absorption bands at 297 nm (ε = 21,100) and 418 nm (ε = 17,200) The spectrum of 4
is slightly blue shifted and has comparable extinction coefficients X m a x = 295, ε = 25,500 and 412, ε
= 13,100
*H Nmr A solution of 4 in DMSO do showed two different sets of signals for the methylene
protons next to the coordinating sulfur atoms These signals displayed the expected paramagnetic
broadening for protons ad|acent to a |4Fe-4S] core The occurrence of two sets suggest that the core
is tilted and pointing towards the cavity as indicated schematically in Figure 2(a) CPK-models

(a)

(b)

(c)

Figure 2. Schematic di awing of complex 4 (a) Space filling models of 4 ыие view (b) and top
view (c)
way the cluster core and ligand match very well (see Figure 2(b) and (c)) The incorporation yields an
asymmetric compound since unlike the free ligand 3, the cluster complex has no longer C2
symmetry One of the arms of the ligand has 10 approach the cluster from the bottom of the cavity in
order to be able to coordinate to the core Another arm has to coordinate from the top This yields a
complex in which the protons ot the xylene walls flanking the cavity, become inequivaleni In line
with this the singlet signal originally observed for these protons was found to be sphtted up The
26
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cavity in the cluster complex probably is quiet distorted as the doublets for the NCH2Ar protons in 4
were broadened and formed one singlet at 5 5 ppm This signal showed a small temperature
dependence and sharpened upon increasing the temperature Evidence of incorporation of the [4Fe4S]
cluster into ligand 3 also comes from the 13C-spectrum The CH2S carbon atoms were considerably
broadened and had shifted ca 70 ppm downfield from their original position to 102 ppm The
position and the magnitude of the isotropic shift are in line with values, previously reported for
[Fe 4 S 4 (SEt) 4 ] 2 + и · 3 "
The proposed asymmetry of the complex is confirmed by the appearance ol double signals for the
carbon atoms that line the cavity and those in the spacer arms

300

320

Τ (К)

Figure 3 Tempeiatuie dependence of the isotropic shift of euch of the CH2S piotons in 4 (solvent
DMSO do)
Evidence tor the presence ot an intact cluster core comes from the following experiments
First, as already mentioned isotropic shill experiments show that the two sets of CH2S protons shift
C

1 7 ppm downfield if the temperature is increased by 70 C (see Figure 3) This shift value
corresponds with other values reported in the literature 3<i Secondly, the addition ot an excess of
PhSH to 4 results in the extrusion of the [4Fe4S] core from 4 and the formation of the known cluster
complex [Fe4S4(S Ph) 4 ] 2 The chemical shift values tound for the latter derivative in DMSO de were
5 50 (p-PhH), 5 80 (o PhH) and 8 20 (m-PhH ppm), reported values (CH3CN d^) are 5 28, 5 88
and 8 18 p p m 3 5
Mossbauer measurements The presence of an intact [4Fe4SJ core in 4 was also checked with
,7

Mossbauer spectroscopy The Fe Mossbauer spectra ot model compounds as well as ferredoxins
exhibit a simple quadrupole doublet with an isomer shift (1 s ) of approximately 0 40 mm s ' The
room temperature spectrum ot 4 is shown in Figure 4a It shows a doublet typical for a [4Fe4SJ
core When the temperature is lowered to 77 К (Figure 4b) the spectrum shows the normal
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broadening but no extra additional infoi mation is obtained The values obtained for both the isomer
shift and the

Velocity

V clncit}

lmm/s>

(b)

(a)

<mm/s>

Vel cil}

(mm ·.•>

(0

Figure 4 Mossbauei spetti urn of t lustei complex 4 теачш ed at worn tempei atui e (al and at 77К
(b) Mossbauei spetti urn of /Fe^C/^/f/i BujNìi incauti ed at loom tempei atui e (t)
quadrupole splitting in the low tempeiatuie measuiement (is = 0 48 mm s ', q s = 1 42 mm s ')
aie slightly diffeient from the values measured at room tempeiature (is = 0 55 mm s ', q s = 1 30
mm s -1 ) As compared to the spectrum of the starting cluster [РедЗдСЦ]2 (Figure 4c) the line
broadening in 4 is evident Wheieas the spectium of [Fe4S4Cl4]2 can be fitted with the natuial line
width foi

,7

F e , this is not possible foi 4 A possible explanation might be that the relaxation

processes opeiative in 4 aie slightly diffeient from those in [Fe4S4Cl4]2 However, if this was the
case lowering of the temperature should have ìesulted in a more distinct effect A more plausible
explanation might be that the sample used foi the Mossbauer experiments is amorf This lesults in
slightly different elecuonic environments aiound each molecule 4 This will contribute significantly to
the broadening of the spectrum The fact that different electronic envnonments influence position of
the lines in the spectium is also indicated by the fact that the quadrupole splitting is found to depend
on the counter ion used 1(i
Electrochemical measurements The formation of 4 fiom 3 and [Fe4S4Cl4]2 was followed by
monitoring the disappeaiance of the 2 β leduuion wave of the latter cluster Although the 'H NMR
spectrum indicated that the correct pioduct had been formed, hardly any electrochemical response was
seen for the newly formed complex Howevei, when Ba 2 + ions were added, the peak current
impioved This phenomenon has also been noted' 7 for a variety of metalloproteins in water,'8 e ι>
the negatively charged feiredoxins and plastocyamn For positively charged proteins (e ¡>
cytochrome c) no effect is observed The general trend is that the greater the charge on the cation, the
greater is the effect Thoiough investigations have been made by Hill and Armstrong
investigate the effect of Ba
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In order to

ions in moie detail we used foui different electiodes platinum, gold and
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Table 1 Cyclic volummelry data obtained tor complex 4 under various conditions a
electrode

| modulatori

<тх

'ru

W'r«

El/2(V)

AE D (mV)

Pi
Au
PGB

1 70

-

1 00

PGE
Pt

0 35

0 35

1 15

110

-1 69

5X

1 70

75
95

5 m M Ba2+

3 9

11

0 2X

1 67

2+

S9

2 5

0 2X

1 68

116

1 X

11

0 61

1 67

42

An

5 mM В а

PGB

5 mM В а 2 +

PGE

5 mM В л 2 +

27

2 3

0X5

1 67

58

Pt

K)mMBa2+

4X

2 2

0 46

1 66

75

Au

10 mM B a 2 +

X 4

4 1

0 49

1 67

95

PGB

10 mM B a 2 +

24

16

0 67

1 66

42

PGE

10 mM B a 2 +

4 2

3 2

0 76

1 66

65

Pi

25 mM B a

2+

4 5

19

0 42

1 65

72

Au

25 mM B a 2 +

91

4 6

0 51

1 65

85

PGB

25 mM Ba 2 +

3 3

2 3

0 70

1 65

41

PGE

25 mM Bd 2 +

52

41

0 79

1 64

68

Pt

50 mM B a 2 +

47

15

0 32

1 64

85

Au

50 mM Ba +

73

27

0 37

1 63

93

PGB

50 mM B a 2 +

32

2 2

0 69

1 64

43

PGE

50 m M B a 2 +

47

2 9

0 62

1 63

60

2

+

Pt

100 mM Na

Au

100mMNa+

90

+

PGB

100 mM Na

PGE

100mMNa+

12

0 2

0 17

1 69

73

29

11

0 3X

-1 69

60

Pt

500 m M N a

49

2 0

0 41

1 66

75

Au

500 mM Na +

97

3 5

0 36

1 66

72

PGB

500 mM Na +

3 0

10

0 33

1 66

50

PGE

500 m M Na+

4 X

21

0 44

1 65

48

а

+

2 /3 Reduction ol 4 in DMF solution a Pt auxiliary electrode and an Ag/AgCI reference electrode

were used, 0 1 M ' leirabutylammonium hexafluorophosphate (TBAH) was added as the supporting
electrolyte, potentials are given vs Fc+/Fc in DMF
two ditterent types ol carbon electrodes w; pyrolytic graphite edge (PGE) and pyrolytic graphite
basal (PGB) We also investigated the influence of sodium ions Betöre addition ol (he modulator
29
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Ζ υ 0

E(V)w F c + /F c

-1 16

Figure 5 Left Cyclic voltammograms of 4 recoided as a function of the scan rate ν 25 mV s ' (J),
50 mV s ' (2) 100 mV s ' (3), 200 mV s ' (4), 400 mV s ' (5) Right plot of the peak cunentfoi
the 2V3 reduction of 4 \>s the squat e ι oot of the scan rate v^2, veiifymg the predominance of lineai
diffusion
only the carbon electrodes showed some small respons When Ba 2 + was added in low concentration
(5 mM), the peak currents tor all four electrodes increased A further increase in the concentration ol
the modulator improved the (electro)chemical reversibility of the system for all electrodes as judged
from the it>/ir-value and the peak separation The best results were obtained with the graphite
electrodes for which l^/if approached values of 0 80 The optimum modulator concentration for both
the current response and the reversibility was approximately 25 mmol dm 3 The addition of Ba 2 +
had a larger effect than the addition ol Na + 3 9 For the latter ion the concentrations, required to
observe an
improvement in the electrochemistry were at least 25-50 times higher than tor Ba 2 + This high
concentration ot Na + lesulted in the precipitation of 4 The results Oí the electrochemical
measurements are presented in Table I As can be seen from Table 1, the 273" reduction potential is
shifted in the presence ot Ba2+ by +70 mV For the PGE- and Pt-electrodes a cathodic-anodic peak
separation close to the theoretical value for an one-electron process is observed (=65 mV) The peak
30
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separation for the PGB electrode is 42 mV This low value suggests that 4 becomes absorbed on the
surface of this electrode Interaction between the large aromatic surfaces present on the basal plane oí
the PGB electrode and the aromatic groups in 4 might be the reason of this adsorption The type of
processes controlling the diffusion of 4 to the electrode surface was investigated by recording the
cyclic voltammograms as a function of the scan rate In the presence of Ba2+, a plot of the peak
current (/pc) vs the square root of the scan rate (v) showed a linear response (see Figure 5) This
indicates that a linear diffusion controlled process is responsible for mass transport to the electrode *>
Comparison of the cyclic voltammograms before (Figure 6a) and after (Figure 6b) the addition of the
modulator leads to the conclusion that the number of electro active sites on the electrode increases
when the latter is added The sigmoidal curve in Figure 6a is typical that of a radially controlled

Figure 6 Cyclic voltammogiams of chtstet compound 4 in DMF solution (scan tale 100 mV s l)
before (A) and aftei the addition ofBa2+ (B)
diffusion process, resulting trom a low density of electro active sites 41 Increasing the concentration
of Ba 2+ leads to an increase in the number ot sites and hence to a change in dittusion profile, clearly
demonstrated by the /pc vs v 1/2 plot
Scanning Tunneling Microscopy (STM) and Scanning Electron Microscopy (SEM)
As the nature of the electrode and the modulator apparently plays an important role in the reduction
process ot 4, we carried out a STM/SEM study on the PGE and the PGB electrodes Both electrodes
were given the same surface treatment as the electrodes used in the actual electrochemical
measurements viz a polishing procedure with 0 3 μπι aluminum oxide, followed by sonication
This procedure is expected to increase the number of oxiducd carbon surface groups, a leature
desirable for obtaining belter electrochemistry The presence ol such groups (e g phenolate,
carboxylate, etc ) has been established before n It was difficult to obtain a stable tunneling current at
high resolutions tor the PGE electrode used in this study, and u proved to be impossible to achieve
atomic resolution The tunneling current was less noisy for the PGB electrode and some places
showed atomic resolution Ditliculties in obtaining atomic resolution at reactive carbon sites (e g at
the edge of etch pib on highly oriented pyrolitic graphite HOPG) have been reported belore in the
41
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Figure 7. Top: intensity STM image of a PGB-electrode before (left) and after (right) using the
electrode in a Ba2+ containing solution. Shown is a 200 χ 200 À area. Middle: Line STM image of
the same suifaces. Bottom: cross section depth profile. The arrow in the line plot denotes the
orientation of the profile.
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Figure 8. Intensity (left) and line (right) STM image of a PGE-electrode. Surface area 200 χ 200 A.
Shown on the bottom is a cross section depth profile of the STM-image. The arrow in the line plot
denotes the orientation along which the profile was taken.
literature.43 Comparison of the STM-images revealed that the total surface area of the PGE electrode
was larger than the surface area of the PGB electrode. Moreover, these images showed for the former
a highly corrugated surface and a larger variation in height. A typical PGB surface displayed over a
200 χ 200 À area a variation in height of 0 - 30 Â (see Figure 7, left). For the PGE electrode the
variations over the same surface area were 0 - 70 Â (Figure 8).
The possible deposition of Ba2+ on the electrode surface was investigated with an electrode
made of highly oriented pyrolytic graphite (HOPG) and with the PGE- and PGB-electrodes. Cyclic
voltammograms with these electrodes were run under identical conditions with solutions containing
Ba 2+ but no cluster complex 4. After the electrodes had been removed from the solutions STM
pictures were taken. These revealed that no major changes in the overall topography of the electrode
surface (Figure 7, right) had ocurred. SEM images of the HOPG-electrode showed that the surface
was covered with non-carbonic material, which according to the X-ray backscattering spectrum (see
Figure 9) was Ba 2+ together with CI. Our conclusion therefore is that during the electrochemical
measurements Ba2+ is deposited on the negatively charged electrode.
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»•

10.4

ENERGY (KeV)
Figure 9. X-ray backscatter spectrum of a HOPG-electrode used in a cyclic voltammetric
experiment with Ва(СЮ4)2Type of interaction of 4 with the electrode surface. Apart from facilitating electron transfer
by creating electro-active sites, Ba 2 + ions may also assist in orienting molecules of 4 in the correct
position with respect to the electrode surface. Complex 4 has a dipole moment with a negative charge
on top. Without the addition of Ba 2 + ions the electrode surface will be negatively charged and 4 will
tend to approach this surface with its negative site away from the surface. In this manner the
electrostatic repulsion between 4 and the surface is minimized. In addition, π-π interaction between
the aromatic groups on the convex side of 4 and the aromatic arrays on the surface of the graphite
electrodes could stabilize a "tail-first" docking (T-shaped π-π interactions) or a "side-way" docking
44

(stacked π-π interaction, Figure 10a and b). In the former case, 4 docks on the electrode with its
Fe4S4 core away from the surface. In the latter case the molecule lies flat on the electrode. In both
situations the interaction between the redox-center and the electrode surface is not favourable for
electron transfer. Upon addition of Ba 2 + , the polarity on the electrode surface will change and a
"head-first" docking is more likely (Figure 10c). If this explanation is correct more symmetric
clusters like [Fe4S4](X)42_ (X= S-alkyl, S-aryl or halogen) should experience no effect of Ba 2 + ions.
To test this we investigated the electrochemical behaviour of a small series of simple cluster
compounds [Fe4S4](X)42" (X= CI, S-Ph and S-CH2CH2-OH) in the presence of Ba 2 + . Three
different types of electrodes were used. The general trend of the experiments was that the addition of
Ba 2 + had no effect, except when X = S-CH2CH2-OH in which case Ba 2 + had a negative effect.
Likely, this cluster complex is able to form a relatively tight ion-pair with Ba 2 + ions due to of the
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(b)

ELECTRODE
(c)
Figure 10. Possible interactions of 4 with the electrode surface: "face to face" docking (a), "tail
first" docking (b), and "head-first" docking (c).
In summary, these above presented electrochemical results can be explained by assuming a
preferred mode of docking of 4 on the electrode surface (visualized in Figure 10). Before the addition
of barium, a random orientational distribution of the complexes is likely. Upon addition of the
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modulator, this distribution changes and a "head-first" docking mode becomes predominant. In this
way, the cluster core is more able to accept or donate electrons and an increase in ipe is observed.
3.3 Conclusions. In this chapter we have presented a novel hgand system, containing a rigid
cavity and four spacer arms, terminating with thiol groups. The hgand is capable of semiencapsulating an |Fe4S4]2"-cluster in an asymmetric way As a result of this a dipole is introduced in
the cluster complex giving rise to electrochemical behaviour previously only encountered in metalloproteins. Upon addition of a modulator (Ba 2+ ), the dipole is supposed to orient itself in such a way
that the complex docks in a favourable, "head-first" mode, enabling electron transfer This
orientational eflect of a modulatoi has also been observed-'7 with proteins like rubredoxin,45
a/urin,46 and flavodoxin.47 These proteins possess a quite pronounced asymmetry both in terms of
the location of the redox centers and (to varying degree) in tcims ul the distribution of charged and
hydrophobic surlace residues.37 A similar feature is presented in mimic 4. Finally, the addition ol
Ba 2 + also changes the type of dillusion to the electrode viz. Iroin radial to linear, supporting the
microscopic model previously proposed by Hill and Armstrong * '

3.4 Experimental
General Methods All manipulations involving compounds with a |4Fe4S|-core were carried out
under anaerobic conditions. All solvents were dried prior to distillation under dinitrogen. Diethylether
was distilled Irom sodium Dichloromethane and acetonitnle weie distilled lrom calciumhydnde.
DMF was stored over 4A molsieves and distilled at reduced pressure. UV-VIS spectia were recorded
on a Perkin-Elmer Lamba 5 spectrophotometer Ή and n C NMR spectra were recorded on a Bruker
WH90 or a Bruker WM-400 instrument FAB-MS spectra were recorded on a VG 707OE instrument
using 3-nitroben7yl alcohol as a matrix IR-spectra were measured on a Perkin-Elmer 1720X
instrument. Melting points were measured on a Rcichert-Jung hot stage mounted on a microscope and
are reported uncorrected. Pyrolytic graphite electrodes (Loríame le Carbon) were prepared according
it) the method described by Hill and Aimstrong.39 The electrodes were polished before use, using a
0.3 μ m aluminum oxide slurry (BDH), followed by somcation. All electrochemical measurements
were carried out in a glovebox under a dinitrogen atmosphere containing less than 10 ppm ot
dioxygen. STM images were obtained on a home built device, operated in the height image (constant
current) mode under ambient conditions Pt-Ir was used as the tip material Typical operating
conditions are: bias voltage = -50 mV, set point current = 80 pA.
Preparation of the compounds.
5,7,12,13b,13c,14-Hexahydro-l,4,8,ll-tetrakis[2-(2-chloroethoxy)ethoxy]13b,13c-diphenyl-6//,13W-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8-
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ija]benz[f]azulene-6,13-dione (1) This compound was prepared according to a procedure24
described by us previously
5,7,12,13b,13c,14-Hexahydro-1,4,8,ll-tetrakis[2-(2-(thioacetyl)ethoxy)ethoxy]13b,13c-diphenyl-6//,13//-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8-ija]bcnz
[f]azulene-6,13-dione (2) In a Schlcnk vessel and under a dinitrogen atmosphere, 995 nig
(3 05 mmol) ot CS2CO3 was dispersed in 5 mL ot degassed DMF To this suspension was added
480 mg (6 32 mmol) ot freshly distilled thioacetic acid After the CO2 evolution had ceased, 1 g
(1 01 mmol) of 1 was added, together wuh a catalytic amount of Nal The Schlenk vessel was
wrapped with aluminum toil to block out light and heated at 60 °C tor 18 hrs In most cases a dark
yellow to red color developed Alter cooling to room temperature 70 mL ot dichloromethane was
added and the reaction mixture was washed with brine (6x) The organic layer was sepaiated, dried
(Na2SÜ4), filtered and concentrated under reduced pressure The resulting solid material was punlied
by column chromatography on silica 60H (cluent 1% MeOH in CHCI3) yielding 2 as a while solid
(730 mg, 63%, pure according to TLC and Ή NMR) The compound was recrystalli7ed Mom
acetone Mp 190 °C R| (TLC, eluenl \V, MeOH in CHCI3) = 0 15 Ή NMR (400 MH7, CDCI3) δ
2 13 (s,12H, SC(0)CH3), 3 12 (t, 8H, OCH 2 CH 2 S), 3 70

(m, 8H, OCH 2 CH 2 S) 3 80 (m, 8H

OCH 2 CHHO and NCHH), 3 89 (m, 4H, ОСН2СНН_0), 3 99 (m, 4Н, О Щ Н С Н 2 0 ) , 4 08 (m
4Н, ОСННСН 2 0), 5 53 (d from AB 4M, NCHH). 6 67 (s, 4H, ХуН), 7 09 (m, ЮН, PhH)

n

C

NMR (CDCI3) δ 29 02 (OCH 2 £H 2 S) 30 52 (C_H,C(0)S), 37 06 (N£H 2 Ar), 69 82 (OCH2C_H20
and OC_H2CH2S), 70 04 ( OC_H2CH20), 85 18 (N£(N)Ar), 114 57 (XyD. 128 17 (AiCJ 128 32
(ArCJ, 128 42 (ArCJ, 134 08 (ArC), 150X5 (Ar£), 157 75 (NC(O)N), 195 50 (SC_(0)CH-() IR
(KBr) 3035

2929 (Ar-Η, CH 2 ), 1706 (C=0),1686 (R CO SR), 1123 (C-O-C) FAB-MS (m/e)

1148 (M+) Anal Caled tor CsftHnfiNaOiaSa С, 58 62 H, 5 80, Ν, 4 88, S, 11 18 Found С,
58 42, H, 5 68, Ν, 4 85, S, 11 43
5,7,12,13b,13c,14-He\ahydro-l,4,8,ll-tetrakis[2-(2-mercaptoethoxy)ethoxy]13b,
13c-diphenyl-6tf,13//-5a,6a,i2a,13a

tetraazabenz[5,6]azuleno[2,l,8ija]benz[f]

azulene-6,13-dione (3) Under a dinitrogen atmosphere 100 mg (0 087 mmol) ol 2 was
dissolved in 2 mL ot dichloromethane To this solution was added 4 1 mL ot a 0 1 M solution ot
sodium methoxide in methanol The homogeneous solution was stirred tor 25 nun at ambient
temperature and subsequently the solvent was removed under reduced pressure The solid material
was redissolved in degassed water and ihe solution was acidihed using a 2N aqueous HCl solution
The mixture was extracted with chlorolorm (3x) and the combined organic layers were dried
(MgS04), tillered, and concentrated under reduced pressure to yield 3 as a white solid (78 mg
9270 Mp 224 °C R| (TLC, eluenl 2 c/< MeOH in CHCI3) 0 1 Ή NMR (CDCI3) δ I 62 (ι, 4H,
SH), 2 67 (q, 8H, СЩБ), 3 5-4 1 (28H, ОСН 2 СН 2 ОСШ. Ar CHH Ν), 5 50 (d, 4Η, Ar-CHHN), 6 58 (s. 4H, ХуН). 7 01 (s. ЮН, PhH) ' V NMR 3 (CDCl^) δ 24 38 (ÇH 2 S), 37 02
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(NC_H2Ar), 69 72(£H 2 OCH 2 ), 69 92 (OCH2£H2S), 72 97 (Ar-0-CH 2 ), 85 19 (NC(N)Ar), 114 25
(Xy£), 128 14, 128 46 (Xy£ and Аг£), 133 86 (Ar£), 150 72 (Ar£), 157 72 (NQ(O)N) IR (KBr)
2924 (Ar H), 2857 (CH 2 ), 2542 (SH), 1708 (C=0), 1050 (C-O-C) cm · FAB-Ms m/z 979
(M+H)+ Anal Caled for C4gH58N4OioS4 MeOH C, 58 87, H. 5 97, N, 5 72, S, 13 10 Found C,
59 34, H, 5 86, N, 5 64, S, 12 77
Complex 4 Method A Under a dmilrogen atmosphere 100 mg (0 087 mmol) of 2 was dissolved
in 2 itiL of dichloromethane To this solution was added 4 1 mL of a 0 1 M solution of
sodiummeihoxide in methanol The homogeneous solution was stirred for 25 min at ambient
temperature and subsequently the solvent was removed under reduced pressure The solid material
was suspended in DMF and to this suspension was added 85 mg (0 087 mmol) of
[Fe4S4Cl4] (Bun4N)2 The mixture was stirred for 12 hrs At regular time intervals a sample was
taken which was analyzed with cyclic voltammeiry and differential pulse polarography to monitor the
progress of the reaction When the starling material had disappeared diethylelher was added to
precipitate the product The black precipitate was washed with acetonitrile to remove unreacted
[Fe4S4Cl4]2 and byproducts and was recrystalhzed from DMF/diethylether
Method В To a homogeneous solution of 100 mg (0 1 mmol) of 3 and 100 mg (0 1 mmol) of
[Fc4S4Cl4] (Bu n 4N) 2 in 100 mL of DMF was added while stirring 4 mL of a 0 1 M solution of
Bun4NOH in methanol From this point on, the same procedure as described for method A was
followed
'H-NMR 4

(DMSO-d 6 , Τ = 372 Κ) δ 0 96 (m, 24H, N C H 2 C H 2 C H 2 C H 3 ) , 1 37 (m, 16H,

ЫСН 2 СН 2 СШСНз), 1 63 (m 16H, NCH2CH2CH2CH3), 3 18 (m 16H, NCH2CH 2 CH 2 CH 3 ),
3 69-4 50 (m, 28H, ОСШСЩОСН2 a nd NCHH), 5 50 (s, 4H, NCHH), 6 87 (s, 4H, XyH),
7 10,718 (m, 10H, PhH), 14 08, 15 11 (br, 8H, OCH2CH2S) ^ C NMR (DMSO-d6, Τ = 315 К)
δ 13 73 (NCH 2 CH 2 CH 2 C.H 3 ), 19 69 (NCH2CH2CH2CH3), 23 42 (NCH2C_H2CH2CH3), 36 33
(NÇ_H2Ar), 58 22 (NC_H2CH2CH2CH3), 68 47, 68 67, 69 49, 70 31, 71 21 (C_H2OC_H2, Ar OC_H2). 84 37 (NÇ_(N)Ar), 102 3 (Ç_H2S and/or Ç_H2CH2S), 114 30, 115 95 (XyCJ, 127 73
128 23, 128 50, 128 60 (ArCJ, 133 46, 133 88 (XyÇJ, 150 40, 150 83 (XyCJ, 156 40(NÇ_(O)N)
UV-vis (DMF) λ max/nm (ε) for Fe 4 S 4 (4) ( B u n 4 N } 2
(negative mode) m/z 1270 (M-Fe)
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4.1

A Novel Copper(ll) Crown Ether-Bipyridine Complex.

Introduction

Mono- and dinuclear copper complexes continue to receive a great deal of attention in the recent
literature These complexes impose a synthetic challenge by itself, but may also serve as models to
gain insight in the spectroscopic and catalytic properties of metallo-proteins1 As part ot our program
aimed at the design and synthesis ol so-called meiallo-hosts2, we describe here the synthesis and
characterization ot a copper(II) complex derived from a novel crown ether-bipyndine ligand system
13
2,2 -Bipyndines are well-known ligands which usually form complexes with copper(II) in a 1
2 or Ι λ metal to ligand ratio 4 · 5 Complexes of sioichiometry 1 1 are known as well but usually
possess additional chelating ligands6 7 8 The complex 2 reported in this paper is also of the 1 1 type
but does not contain such additional ligands Instead the presence of a crown ether ring in 2 increases
the stenc bulk such that the formation of 1 1 complexes is favoured The crown ether ring in 2 opens
the possibility to host a guest molecule Supramolecular complexes have previously been reported by
us 2 They may be considered as a first step towards the rational design of supramolecular catalytic
systems which function according to the principles of metallo enzymes
4.2 Results and

Discussion

. Synthesis of ligand 1
The synthesis of the ligand 1 is straightlorward and outlined in Scheme 1 The starting compound 59

methyl-2,2'-bipyndine was prepared following a Krohnke synthesis and was subsequently oxidised
10

with potassium permanganate to 5-carboxy-2,2'-bipyndine

Reaction of the latter compound with

thionyl chloride yielded 5-chlorocarbonyl-2,2 -bipyndine This molecule was coupled to П-ага
1,4,7,10-letraoxacyclopentadecane to yield 1
Synthesis and characterization of complex 2
Reaction of 1 equivalent ot Си(С104)г 6H2O with 1 in ethanol gave a clear blue solution
Evaporation of the solvent and recrystallization from ethanol yielded a bright blue crystalline complex
of sioichiometry [Cu(II) 1 2H2O 2CIO4 ЗС2Н5ОН] (95% yield) An X-ray analysis was earned out
to determine the structure of 2 Interatomic distances are given in Table I, and data regarding
hydrogen bonds in Table II Figure 1 shows a drawing and the atomic numbering scheme for 2 As
can be seen complex 2 has a 1 1 metal to ligand stoichiometry

Chapter 4
Scheme 1 Ligand synthesis and complex formation Axial ligands in 2 have been omitted for
clarity

КМпОи

CH,

SOCU

COOH

C(0)CI

Η—N

Cu(C10^)2 6H 2 0

1
In the solid state 2 actually is a dimer around a cryslallographic center of symmetry, the copper atom
of one complex is linked to the carbonyl oxygen of the related complex (see Figure 2). The intra
dimer copper-copper distance Cu(l) Cu(l') is 6 592(2) À Each of the copper centers is six
coordinated and surrounded by one bipyndyl unit, two water molecules, one Perchlorate oxygen, and
a carbonyl oxygen atom ot the related complex The coordination geometry around copper is best
described as an elongated octahedron The basal plane ot the copper coordination octahedron is
formed by N(2), N(8) of the 2,2'-bipyndine ligand and 0(30) and 0(31) of the two water molecules
(see Table I) The apical positions are occupied by a monodentate coordinating ClOa-anion (0(32))
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and a carbonyl oxygen (0(29')) The bond lengths that are found for 2 are well within the range of
what is normally found for Cu(II) bipyndine complexes' ' As much as seven hydrogen bonds to

Figure 1 X ray structure of complex 2 showing the cr ystallogr aphic numbeiing scheme
The
axial coordinating caibonyl atom 0(29'), the ethanol molecules O(40) C(4l)-C(42), 0(43)-C(44)C(45), 0(46) C(47)-C(48), and the pet chlorate atoms Cl(2) with 0(36) through 0(39) have been
omitted for clarity From the coot dinatmg pet chloi ate group the atoms 0(33) through 0(35) have
also been omitted
water and ethanol are present in the structuie (see Table II) As a result of the stabilizing effect of the
hydrogen bonds the crown ether ling is partly unfolded It has an elongated shape and lies more or
less in the same plane as the bipyndine unit When the copper to nitrogen and copper to oxygen

Figure 2. Drawing showing the copper (11) coordination sphere mithin the dimenc complex 2 and
the connectivity between the dimenc units The crown ether moieties, the non-coordinating
Perchlorate ions and the solvent ethanol molecules have been omittedJor clarity
distances in 2 are compared to those determined for [Cu(bipy)(H20)4]2+ by EXAFS4d, a good match
is observed (Table III) The deviation in the axial bond lengths in the two complexes is probably the
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Table I. Interatomic distances (Â) and angles (°) relevant to the coordination of the copper atom.3
Atoms

Distance

Cu(l)-N(2)

1.997(9)

Cu(l)-N(8)

1.992(7)

Cu(l)-O(30)

1.952(6)

Angle

Atoms

N(8)-Cu(l)-N(2)

81.0(3)

0(31)-Cu(l)-0(29')

85.6(3)

0(29')-Cu(l)-N(2)

99.8(3)

O(31)-Cu(l)-O(30)

91.4(3)

0(29')-Cu(l)-N(8)

86.2(3)

0(32)-Cu(l)-N(2)

90.7(3)

Atoms

Angle

Cu(l)-0(31)

1.981(9)

O(30)-Cu(l)-N(2)

93.6(3)

0(32)-Cu(l)-N(8)

90.7(3)

Cu(l)-0(29')

2.335(7)

O(30)-Cu(l)-()(29')

96.8(3)

O(32)-Cu(l)-O(30)

87.3(3)

Cu(l)-0(32)

2.533(9)

0(31)-Cu(l)-N(8)

93.7(3)

0(32)-Cu(l)-0(31)

83.5(3)

a

Primed atom. -x,-y+l,-z

Table II. Hydrogen Bonds in the X-ray Structure of 2.a
D -

D-H

H A

D A

D-Η A

0(46)

1 06

1.76

2.65(1)

140.2

0(40)

0.97

1.87

2.64(1)

134.8

H(312)

0(17)

0.90

1 88

2.72(1)

154.5

H(43)

0(20)

0.99

1.78

2.75(1)

165.9

H

A

0(30)

H(30)

0(31)

H(311)

0(31)
0(43')
0(30)

0(43')

2 56(1)

0(23)

0(40)

2.70(2)

0(36")

0(46)

2.83(1)

a

D = donor atom, A = acceptor atom, primed atom: -x, -y+l,-z; double primed atom: -x,-y+l,-z+l;

Lengths in Â and angles in degrees
Table III. Comparison ol the bond lengths in 2 with those in [Cu(Bipy)H20]42+.a

a

2

Distance (Ä)

[Cu(bipy)(H20)4]2+

Distance (À)

Cu(l)-N(2)

1.997(9)

Cu-N

1 99

Cu-0

1.97

Cu-0

2.33

Cu(l)-N(8)

1.992(7)

Cu(l)-O(30)

1.952(6)

Cu(l)-()(31)

1.981(9)

Cu(l)-0(29')

2 335(7)

Cu(l)-0(32)

2 533(9)

From rel' 4d

result of the fact that the O-donors in complex 2 (CIO4- and C=0) and in [Cu(bipy)(H20)4]2+ (water
molecules) arc ditterent.
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Magnetic properties. The crystals which we used for the X-ray analysis were extremely
hygroscopic and therefore not well suited for carrying out magnetic measurements. In order to
remove the ethanol molecules from the crystal lattice the crystals were dried at reduced pressure for a
prolonged period of time. This yielded a product (2') in which four water molecules are present per
copper as indicated by elemental analysis (vide infra ). These water molecules could not be removed
from the complex. They are thought to have occupied the labile coordination sites at the copper
centers and to have displaced the carbonyl-oxygen atoms yielding monomenc species. Comparison
of the lR-spectra of the free ligand

1

(emu.mol' )"

1

Τ (К)

Figure 3. 771? inveise molai susceptibility as a function of the tempei ature.
and the dried complex 2' showed no shift in frequency of the C=() vibration, which supports this
explanation. A plot of (Хм с о г г )"' ΐ'τ. Τ for 2' is given in Figure 1. The data very well obey the
Curie-Weiss law, least-square retinemenl to the expression Хм с о г г = C/T gave С = 0.4596 (solid line
in Figure 3). From these values g can be calculated through the expression С = Ng2ß2/4k, yielding g
= 2.21, which is a typical value lorCu(II). The g-value and the observation of Cunc-Wciss behavior
by 2' indicate that exchange interactions between the copper centers are absent. This is in line with
the expectation that neither a short Си-Си distance nor a superexchange pathway are present in 2',
terms necessary to mediate spin-spin coupling11
In solution, 2' behaves as a 2:1 electrolyte in acetonitnle. The complex was examined with cyclic
voltammetry but displayed no (electro(chemically reversible behaviour. This problem is more olten
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encountered with (bi)pyndine-Cu(II) complexes14 ' 5

16

Possibly, the reduced form of this type of

complexes is unstable, resulting in the decomposition of the compounds
Complexation properties Since the basal plane of 2 is formed by two strong N-hgands from the
bipyndine-unit and two labile O-ligands from water it was expected that the latter hgands could be
exchanged for other N-type hgands like imidazole In addition, the crown-ether function could
provide secondary stabilization if the imidazole ligand would possess a quaternary ammonium group
For these reasons we chose histamine HX (Hs HX, X = CI or CIO4 ) as the guest for our
complexation studies
To see whethei copper(II) bipyndine complexes are able to coordinate additional hgands, we first
titrated Cu(bipy)2(C104)2 with Hs HCl A plot of the absorbance versus the ratio Hs HCl/Cu(II)
revealed that 1 equivalent of Hs HCl ïeacted pei copper After one night clear blue crystals could be
isolated from the solution in the cuvette An X ray analysis proved that the copper in these crystals is
five coordinated However, instead of the imidazole moiety, a chloride atom (from Hs HCl) had
occupied the fifth coordination position at the copper center (see Figure 4) This complex is identical
to the complex prepared in a different way by Hathaway et a!]1 From these results it must be

r
®

•

*0

о

Г 1

Figure 4. Di awing of the ¡Си(Ьіру)2СІ]СЮ4 complex This ώ awing was ^eneiated using the
Pluton Piogiam (seeiej 24)
concluded that, at least for bis(2,2 -bipyndyl)Cu(II) complexes, chloride is a better ligand than Hs
Stenc hindiance and electrostatic repulsion may be the explanation for this
A UV vis titration of 2 with imidazole (Im) indicated that 2 equiv of this ligand are bound,
probably by substituting two coordinated water molecules The spectra revealed an isosbestic point at
812 nm between 0-1 equivalent of added Im, but not above the ratio Cu Im = 1 This leads us to the
conclusion that preferably a 1 I complex is formed which at higher ratios of Im to 2 is slowly
converted into a 2 1 complex The association constants were too high to be estimated by the UV-vis
method
For histamine HCl one may expect that electrostatic repulsion between the protonated amine
and the Cu(Il) center will result in a lowering of Ä"a,s as compared to Im Furthermore, the chloride
ion may compete with the imidazole moiety for the binding to the copper ion since it has a high
46

-Btpyridin
affinity for Cu(II) As could bc determined from a plot of the absorbance at 710 nm venia the
histamine / 2 ratio, one equivalent ot histamine HCl is bound An Κ#,± of 70 M ' was found That
the Im moiety of Hs is coordinated to Cu(II) was indicated by the development of a dark green color,
typical for Cu(ll) complexes with three N donor ligands The tact that Im and not CI is responsible
for this color change was further confirmed by adding a saturated solution ot NaCl to a solution ol 2
in ethanol In this case no color change was observed We also earned out a titration with Hs HCIO4
The change of countenon had a remarkable eftect upon the association constant, which increased to
1000 M

l

Still, only one Hs molecule was bound In order lo evaluate the binding properties of the
+

crown ether moiety, a similar titration was earned out in the presence of Na ions The latter tons are
known to have a high affinity for 15-crown-5 and may occupy the crown ether ring, thereby blocking
the second binding site for the protonated amine function of histamine With 3 equivalents of NaClÜ4
the Kass was lowered to 750 M ' It should be noted that this lower value of K^ may not exclusively
be the result ot a competition between the Na+ ions and the protonated amine function ot histamine
Foremost, the ionic strenght of the solution is also drastically altered Secondly, the electrostatic
repulsion in the complex is increased when the cation is complexed in the crown ether nng
The possible formation of polymeric species during the titrations cannot be ruled out completely
However, in order for this to happen the Im-moiely must be deprolonated This is not very likely
under the present conditions We tned to form a polymenc species deliberately by titrating 2 with the
free base histamine During this experiment, an insoluble blue precipitate was lormed rapidly
Because ol us insoluble nature, it is presumed to be a coordination polymer of histamine and 2
(Figure 5) This material was not lurther characterized This result supports the idea that in the
titrations with Hs HX (X is CI" or CIO4 ) monomenc species are predominant

I/
Bipy- Cu—Im

'\

NH3+

Figure 5 Proposed binding of protonated histamine to 2' (left drawing) Coordination polymer
of 2' and histamine (tight drawing)

4.3 Conclusions
We have shown that it is possible to synthesize a well defined Cu(II) complex which contains a
bipyndine ligand in a 1 1 metal to hgand ratio without the need for an additional strong, chelating
anion or ligand The structure ot the complex has been determined by single-crystal X ray diffraction
The copper complex is able to bind imidazole and also mono-protonated histamine18 The latter
47
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molecule is bound with the help of a crown ether function tethered to the bipyridine ligand. The
crown ether probably plays a role in stabilizing the protonated anune-function and thereby
contributing to Kass.

4.4 Experimental.
Instrumentation
UV-VIS spectra were recorded on a Perkin-EImer Lamba 5 spectrophotometer. Melting points were
13

determined on a Reichert hot stage mounted to a microscope and are uncorrected. Ή and C NMR
spectra were recorded on a Bruker WH90 or a Bruker WM-400. FAB-MS spectra were recorded on a
VG 7070E using 3-nitroben7yl alcohol as a matrix. ]R-speclra were measured on a Perkin-EImer
1720X Conductivity measurements were carried out with a Schott Gerate CG 852 Konduktomeicr
using 10"3 M solutions of the complex in acetonitrile. Variable-temperature magnetic susceptibility
data were collected in the temperature range 4 2 - 270 К by using an Oxford Instruments Foner-type
magnetometer, calibrated with a Ni-sample. A main solenoid field of 12000 G was employed.
Temperatures were recorded with calibrated resistance thermocouples.
Materials
Cu(ClÜ4)2.6H20 was purchased from Janssen Chimica All solvents were dried and distilled prior to
use. Purification ol the synthesized compounds was performed by flash chromatography on silica
(Merck kieselgel 60H). TLC analyses were performed on Merck Kieselgel 60 F254 silica gel plates
Warning! Although the Perchlorate salts described here were not found to be shock
sensitive, care should be taken in handling these compounds. ' y
Synthesis and characterization.
5-Me thy 1-2,2'-bipyridine
This compound was synthesized as described in the literature'1.
2,2'-Bipyridine-5-carboxylic

acid

This compound was synthesi/ed as described by Case7 tor the preparation of 5,5'-diearboxyl-2,2'bipyndine.
5-Chlorocar bony 1-2,2'-bipyridine
A suspension ot 300 mg (1.5 mmol) ol 5-caiboxyl-2,2'-bipyndine in 15 ml of SOCI2 was refluxcd
under a dinitrogen atmosphere The solid material dissolved completely after 30 min. of refluxing and
stayed homogeneous. After 15 hrs the excess of SOCI2 was evaporated. The product was
characterized by the disappearance ol the OH-vibration at 3500 c m 1
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l-[5-(2,2'-bipyridyl)carbonyl]-l-aza-4,7,10,13-

Complex

tetraoxacydopentadecane

1.

To a solution of CH2CI2 (50 ml) containing 516 mg of tnethylaminc (5.1 mmol) and 56Ü mg (2.55
mmol) of monoaza-15-crown-5 was added 573 mg (2.6 mmol) of 5-chlorocarbonyl-2,2'-bipyndine.
This solution was stirred for 15 hrs. after which it was concentrated. The resulting oil was subjected
to column chromatography (eluent 2% MeOH in CHCI3) to yield 1 in 52% yield. Since 2,2'bipyridine gives an intense red color with Fe(II), an aqueous solution of FeSO«4 was used to identify
the product on a TLC-piate. IR (KBr) 2864 (br, CH2), 1632 (C=0), 1126 (C-O-C) cm-1 Ή NMR
7.4 (m, IH, руН), 7.9 (m, 2H,

(CDCh): δ 3.6 and 3.8 (2 χ s, 20H, NCihdhOCihCkhOC^),

руШ, 8.4 (m, 2Н, руН), 8.7 (m, 2Н, руН); " С NMR (CDCI3): δ 48.3 (N-Ç_H2), 69.0 (£Н 2 ),
69 5 (£Н 2 ), 70.3 (QH 2 ), 70.8 (£Н 2 ), 120.5 (py-Q, 121.4 (py-Q, 124.1 (py-Q, 132.4 (py-Q,
135.7 (py-Q, 137.0 (py-Q), 147.3 (py-Q, 149.3 (py-Q, 155.4 (py-Ç), 156.7 (py-Q, 169.8
(£=0).
Complex 2
Ligand 1 (200 mg, 0.5 mmol) was dissolved in 20 ml of ethanol. To this solution was added 182 mg
(0.5 mmol) of Cu(C104)2 6H 2 0, dissolved in 5 ml ot ethanol. The solution was refluxed for 30 min.
and subsequently concentrated in vacuo Recryslallization trom ethanol yielded 2 as light blue
crystals, which are very hygroscopic Analysis was performed after prolonged drying at reduced
pressure. IR (Csl) 2934 (CH2), 1632 (C=0), 1471, 1446 (C=C, C=N), 1107, 625 (CIO4-) cm-'
UV-vis (λ η ι α χ nm; ε l.moRcnr 1 )· 705; 29. Л м = 292 S.cm^M"1 (10^ M in acetomtnle). FABMSm/z 563 (56%, 1 Cu(C104)+); 464 (100%, l.Cu+). Anal. Caled, for C 2 iH 2 7 N 3 Oi3Cl 2 Cu 4 H 2 0 .
C, 34.27, H, 4.79; N, 5.71 Found С 34.18; H, 4 70; Ν, 5.53.
Bis-bipyridylcopper(II) bisperchlorate
This compound was synthesized Irom 1 g (2.71 mmol) of Cu(ClÜ4)2-6H20 and 846 mg (5.42
mmol) nt 2,2'-bipyridine

and recryslalhzed

from

ethanol/water.

Anal, caled,

tor

C20H16N4O8CI2CU : С 41.79, H 2.81, Ν 9 75; found С 41 76, Η 2.78, Ν 9 62
UV-vis titration experiments
In a typical procedure 2.5 ml ot a stock solution containing 2 84 χ Ю-2 mmol ol complex 2 in 5 ml ol
ethanol was transferred to a quartz cuvette (pathlcngth 1 000 cm) in a thermostatted compartment ol a
Perkin Elmer λ-5 UV-vis photospectromeler operated in the double beam mode. Subsequentely, 10
μΐ aliquots of a stock solution containing 4 62 χ 10_1 mmol Hs.HX in 5 ml ol ethanol were added
using a micropipette. The increase in the absorbance at 710 nm was measured and stored on a
computer disk Best lits through at least 20 data points were obtained using the computer program
UV-fit In order to check the validity ol the method, the reverse experiment (titration of Hs HX with
complex 2) was carried out as well This procedure led Lo identical results.
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Susceptibility measurements
For the magnetic measurements, а 30 mg sample ol 2' was placed in a teflon cup with known
magnetic susceptibility The assembly was transferred to the magnetometer and cooled to
approximately 4 К In small steps, the temperature was increased and allowed to stabilize for several
minutes betöre the magnetization was recorded
X-ray structure determination
Crystal ¿ata C27H49N3O1XCI2CU, Mr = 838 14, Τ = 298 К, triclinic, Space group Pi, a =
10 1605(11), b= 13 0142(12), с = 15 9344(21) Â α = 74 18(1)°, β = 84 83(1)°, γ = 71 54(1)°, V
= 1923 0(4) A3, Ζ = 2, D x = 1 448 g cm 3, Mo Κα radiation μ = 7 80 cm '
Standard experimental details axe given elsewhere

20

A crystal of 0 50 χ 0 29 χ 0 18 mm was

used tor the measurements Unit cell dimensions were determined from 25 reflections with 9° < Θ <
12° Intensity data were collected tor 13567 reflections (sphere up to Θ = 25°) The instrumental drift
correction tactors were between 0 97 and 1 02 The empirical absorption correction factors were in
the range ot 0 98

1 03 Laue-symmetry equivalent reflections were averaged Of the 6793 unique

reflections 2833 were observed (Rmerge = 0 085 on F0values)
The structure was solved by automated vector search methods, program DIRDIF/ORIENT21
using Cu bipyndine as a model Least squares refinement with the program SHELX 2 2 was
performed on the bipyndine moiety with isotropic temperature parameters for the non-hydrogen
atoms and hydrogen atoms riding on the parent carbon atoms, and on the remaining non-hydrogen
atoms of the complex with anisotropic temperature parameters and hydrogen atoms riding on the
parent carbon atoms (C-H 1 00 Â) with free isotropic temperature tactors Three of the four
hydrogen atoms of the water molecules attached to the Cu atom were located in the Fourier map, their
positions were fixed and the temperature factors refined Three ethanol solvent molecules were
located in the Fourier map In the refinement one ot the carbon atoms of one solvent molecule was
split up due to disorder into two half atoms whose distances to the oxygen atom were fixed The
distances of the oxygen atom to the neighboring carbon atom in each of the three solvent molecules
were fixed as well The weight tactor in the final least squares refinement was w = 0 0002, final
shift/esds were less than 0 14 for the atoms of the complex, R = 0 064, Rw = 0 065 tor 2586
observed reflections and 433 variables Final difference Fourier peaks were less than 0 5 e λ

3

The

crystallographic numbering scheme is shown in Figure 1 Interatomic distances and angles were
calculated by PARST 2 1

50

A Novel Copper(ll) Crown Ether-Bipyridine Complex
References
la

Ρ Ρ Paul, Ζ lyeklár, Λ Farooq, К D Karlin, S Liu and J Zubiela, J Am Chcm Soc,112,
2430 ( 1990),

b

MS Nasir, К D Karlin, D McGowiy. and J 7ubiela, J Am Them Soc , 113, 698 (1991),

с

T N Sorrcll, V A Vankai and M L G.irnty, lnorg Them , 30, 207 (1991),

d

T N Son-ell and V A

e

N Kitajima, К Fujisawa, and Y Moro oka. J Am Chcm Soc , 112, 3210 (1990),

f

апкаі, lnorg Chem, 29, 1687(1990),

Y Nakao, Y Takagi, M Ока/aki, Τ IUio, W Monno, and S Suzuki, Inorg Cium Acia, 175, 17
(1990)

2
3

F G M Niele, С F Martens, R J M Nolle, J Am Chem Soc, 111, 2078 (1989)
Part of Uns work has been described in a prclmunary form, с f С Ь Martens, Α Ρ 11 J Schenning,
M С Feitcrs, G Beurskens, Ρ Τ Beurskens and R J M Nolte, Inorg ('him Acta, 190, 163
(1991)

4a

В J Hathaway, IM Procter, R С S lade and A A G Tomlinson, J Chem Soc (A), 2219 (1969),

b

R J Fereday. Ρ Hodgson, S lyagiandB J HaUiaway.J Chem Soc , Dalton Trans , 2070 (1981),

с

D Onggo. D С Craig, А Г) Rae and II A Goodwin, Aus J Chcm, 44, 219 (1991),

d

К Ozulsumi and Τ Kawashima, Inorg Chun Acta, 180, 231 (1991)

5

G Andrcgg, Hclv Climi Acta, 315, 2813 (1963)

6

H Nakai, Bull Chem Soc Jpn .50. 531 (1977)

7

R Goddard. Асы Crysi, C46, 33 (1990)

8

Bushnell, Can J Chcm , 52. 3125 (1974)

9

H Krohnke, Synthesis, 1 (1976)

10

F II Case, J Am Chem Soc , 68, 2574 (1948)

11

H Nakai, Bull Chem Soc Jpn, 44, 2412 (1971)

12

W Π S Moüierwcll, PLUTO, A program for Plotting Molecular and Crystal Structures, University
Chemical Laboratory, Cambridge, England, 1976

24

A I Spck. Acuì Crysi, A46, C34 (1990)

13

F L Mabbs and D J Machin, 'Magnetism and I ransition Metal Complexes ', Wiley & Sons, Ine ,

14

Cl

New York
Marlens, R J M Klein Gcbbink, J G M van der Linden, H Kooijinan, W J J S meets, A

L Spek, R J M Nolte, to be published
15

G Chrisiou, S Ρ Perlenes, С Libby, К Foiling, J С lluflman. R J Webb. D N Hendrickson,

16

Y Yao, M W Perkovic, D Ρ Rillema, С Woods, Inorg Chem, 31. 3956 (1992)

17

W D Harrison. D M Kennedy. M Power, R Sheahan and В J Hathaway. J Chem Soc Dalton,

Inorg Chem . 29, 3657 (1990)

1556(1981)

51

Chapter 4

18

Protonalion occurs predominantly at (lie amino nitrogen Some prolonalion also occurs at the
imidazole nitrogen, however, the amount is too small to be detected by standard methods See В
Noszál and D Rabcnslcin, J Phys Chem, 95, 4761 (1991)

19
20

W С Wolscy, J Chem Edut, SO, Л335 (1971)
J M M Smits, H Behrn, W I' Bosman and Ρ Τ Bcurskens, J Crystallogr Spectrosc Res, 18,
447(1988)

21

Ρ Τ Bcurskens, G Admiraal, (i Beurskens, W Ρ Bosman, S Garcia-Granda, R О Gould, J M
M Smits and С Smykalla, The DIRDII program system. Technical Report of the Crystallography
Laboratory, University of Nijmegen, Tlie Netherlands, 1992

22

G M Sheldnck, SHbLX-76, Л Program for Crystal Structure Determination, University Chemical
Laboratory, Cambridge, Fngland, 1976

23

52

M Nardelh, Compi Chem , 7, 94 (1983)

/f^

Synthesis, Structure Determination, and Spectroscopic

^^

Characterization of Novel Dinuclear Copper(ll) Crown Ether
Bipyridine Complexes.

5.1 Introduction
During ihe past iwo decades, mierest in ine coordination chemistry of dinuclear copper complexes
has grown steadily ' Part of this stems trom the tact that dinuclear copper centers are found in the
active sites of melallo-proteins 2 Current research is aimed at gaining insight in the laclors governing
the redox chemistry3 and magnetic properties4 of such complexes, and at the binding and/or
activation ol molecular oxygen ' 2
As part of our programme aimed at the development ol metallo hosts,5 we describe here a novel
ligand system (1) containing a di azacrown ether ring and two bipyridine groups Ligand 1 may form
dinuclear complexes with Cu(ll) ions In principle, this can be accomplished via two routes The
complex is prepared indirectly from a dinuclear Cu(I) species which is oxidized to the Cu(II) state, or
it is synthesized directly through the addition of Cu(II) ions to the ligand The first method has the
advantage that it may prevent the lormalion ot species with a metal to bipyridine ratio ol 1 2 Unless
bulky substituents are present on the bipyridine rings, usually two such ligands coordinate to
Cu(II) 6 Since in general the coordination number of Cu(I) is lower than that of Cu(II), the formation
of a dinuclear complex is more likely Rapid oxidation to Cu(Il) in conjunction with bridge tormaiion
between the metal centers, might then give the wanted complex The second procedure is more
attractive trom a synthetic point of view It does not require the strict dioxygen tree conditions that
are mandatory tor the manipulation and handling of Cu(l) coordination complexes Both procedures
have been tested and are tound to yield dinuclear Cu(II) complexes

5.2. Results and discussion
5.2.1. Ligand synthesis
Ligand 1 was synthesized according to Scheme 1 Via a Krohnke synthesis,7 the starting compound
Scheme 1

1
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5'-methyl-2,2'-bipyridine was prepared The methyl group was first oxidi/ed to (he carboxylic acid
8

using ΚΜΓ1Ο4, and subsequently the latter was transformed into the acid chloride with
thionylchlonde. Two of these tunctionahzed bipyndine groups were then attached to the
commercially available di-azacrown ether 2,2'-kryptofix to give hgand 1
5.2.2

Indirect route to dinuclear Cu(II) complex 2.

As already mentioned in the introduction, Cu(II) ions usually form 1 2 metal to hgand complexes
with bipyndine ligands Ligand system 1 possesses two bipyndine groups linked through a relatively
flexible dia7acrown ether. Because of this arrangement ïnira-molccular coordination of two bipyndine
units to one Cu(II) ion is very well possible

In order to avoid this unwanted formation of

mononuclear Cu(ll) species, we first prepared the dinuclear Cu(I) complex of 1 (see Scheme 2) To
this end two equivalents of [Cu(CH^CH)4]BF49 were added to a solution of 1 in acetomtnle The
intermediate complex was subsequently oxidized to the bis μ-hydroxo-bridged dicopper(Il) complex
by addition of H2O and exposure to dioxygen Atter evaporation of the solvent and recrystalluation
trom acetonitrile-ether complex 2 was obtained as green cube-like crystals, suitable tor X-ray
analysis
Scheme 2

S = dtetonitnlc
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X-ray structure of 2.
The X-ray structure of complex 2 shows two molecules around a crystallographic center of
symmetry. Each molecule 2 (Figure 1) contains two copper atoms which are bridged by two hydroxo
groups (OH(19) and OH(20)). Each of the copper atoms has a square-planar coordination and is

Figure 1. Опер II11 drawing of 2 with 50% probability anisotropic displacement ellipsoids for the
non-hydrogen atoms.
surrounded by two nitrogen atoms of a bipyridyl group and two oxygen atoms of the bridging
hydroxo groups. The dihedral angle between the two basal planes is 17.6(1)°. The geometry in the
axial direction is different for the two copper atoms, in contrast to related complexes.10 Cu(l) has an
elongated octahedral environment with apical positions occupied by a hydroxo oxygen of the
neighboring molecule (Cu(l) 0(19') 2.559 Â) and a fluorine atom (Cu(l)-F(l) 2.857 Â) (see
Figure 2). Cu(l) is displaced from its basal plane by 0.10 Â towards the oxygen atom. Cu(2) has a

Figure 2. Pluto10 drawing showing the coordination sphere of the copper centers and the
connectivities between the dinuclear units.
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square-pyramidal environment with an apical fluor atom (Cu(2) F(3) 2.384 Â) to which the copper
atom is displaced from its basal plane by 0 14 Ä Some other distances within the dimeric structure ol
Figure 2 are Cu(l)
3.232(5) À and Cu(2)

Cu(l') 3.542, Cu(l)

Cu(2') 3.778, Cu(2)

Cu(2') 5 731, Cu(2)

N(8A')

C(9A') 3.09(1 ) Λ (see also Table I).

The two hydroxo groups that link the two Cu" centers are different (Figure 2). One of them
(0(19)) is hydrogen bonded to a fluor atom (F(8), not shown in Figure 2) of the BF4-amon (O-H =
1.08, О F = 2.89(1), H F = 1 96 À, O-Η F = 142°) The other hydroxo group (0(20)) weakly
interacts with an oxygen atom (0(7)) ot the crown ether moiety (O-H = 0 95, О О = 3.11(1), Η О
= 2.22 Ä, O-H О = 155°, indicating a distance which is presumed to be the geometrical limit ol
'linear' hydrogen bonds 1 1 · 1 2 ).
Table I. Interatomic distances and angles relevant to the copper coordination spheres within the
tetranuclear complex 2.
atoms

dist, A

atoms

angle, deg

Cu(l)-Cu(2)

2.902 (2)

Cu(l)-0(19)-Cu(2)

94.8

Cu(l)-N(2A)

2 023 (6)

Cu(l)-()(20)-Cu(2)

98.4

(3)

Cu(l)-N(8A)

1 995 (7)

N(2A)-Cu(l)-N(8A)

80.7

(3)

Cu(l)-0(19)

1 975 (5)

N(2B)-Cu(2)-N(8B)

81.2

(3)

Cu(l)-O(20)

1 918 (6)

()(19)-Cu(l)-()(20)

81.3 (2)

Cu(2)-N(2B)

2.000 (7)

O(19)-Cu(2)-O(20)

81 7 (2)

Cu(2)-N(8B)

1.982 (6)

0(19)-Cu(l)-N(8A)

100.4 (2)

Cu(2)-0(19)

1.966 (6)

O(20)-Cu(l)-N(2A)

97.0

Cu(2)-()(20)

1.915 (6)

()(19)-Cu(2)-N(8B)

98 1 (2)

Cu(l)-F(l)

2.857 (5)
2.384 (5)

O(20)-Cu(2)-N(2B)
Cu(l)-0(19)-Cu(l')

98 2 (2)

Cu(2)-F(3)
Cu(l)-Cud')

3.542 (3)

Cu(l)-0(19')-Cu(2')

112.6(3)

Cu(l)-Cu(2')

3.778 (2)

Cu(l)-()(19')

2 559 (5)

Cu(l)-O(20')

4.051 (6)

Cu(2)-Cu(2')

5 731 (3)

Cu(2)-()(19')

4.092 (6)

Cu(2)-O(20')

5.155 (6)

(2)

(2)

101 9(3)

IR-spectroscopy
In order to get more insight into the bonding pattern ol the hydroxo groups as well as in the type ot
solvent molecules included in the crystal of compound 2, we undertook a FT-IR variable temperature
investigation on crystals of the same baLch as used tor the X-ray diffraction measurements
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The nujol mull IR spectrum at ambient temperatuie (Figure 3, upper trace) exhibited an
intense broad band (3650 - 3100 cm ') centeied at about 3430 cm ' On the high frequency side of
this absorption band we observed two nariow and intense bands at 3593 and 3531 cm ' and,
furthei more, two shoulders at 3658 and 3634 cm ' Lutz et al n have shown that free or weakly
bonded OH gioups aie chaiacteiized by ìathei intense bands with small halfband width Secco14 has

•700

aooo

moe

0400 saoo и м и
Wa,cnumbcrs

«too

aooo

Figure 3. IR spectia of 2 ¡n the 3000 3700 cm ' tegion at WO К (top) and 150 К (bottom)
assigned sharp peaks at 3596 and 3572 cm ' in ihe IR spectrum ot Cu4(OH)6S04 to fiee, non
hydrogen bonded OH" groups which are characteuzed by О О distances of 3 14 and 2 96 À,
respectively We assign the two above mentioned absorptions at 3593 and 3531 cm ', therefore to
the two diffeient OH" groups m 2 The underlying bioad band is piobably due to watet molecules
included in the crystal lattice These molecules have different OH stretching vibrations because they
have diffeient association patterns with oxygen and fluor atoms This assumption is supported by the
fact that the region between 1580 and 1650 cm ' exibits several othei absorption bands which aie the
result of H2O deformations Acetomtnle, anothei molecule possibly included in the crystal, could not
be detected in the IR-spectra On the basis of these observations we may therefore conclude that the
region of electron density observed in the χ ray diffeience election density map is due to watei
molecules
IR spectra were measured in 50 К steps from 300 К to 150 К Band maxima were located
using the second derivative technique As can be seen in Figuie 3, the overlapping absoiption bands
become moie ìesolved at low lempeiatme The 2nd derivative speco a revealed that at all temperatuies
the same numbei of bands are present only the band maxima had shifted on cooling As mentioned
above the absorptions at 3593 and 3531 cm ' aie due to the two OH gioups bridging the Cu11 atoms
One of these gioups, most likely OH(20) is not hydrogen bonded as was indicated by the large О О
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distance This group is speciroscopically characterized by a small negative temperature coefficient
(dv/dT = 0 036 cm '/K) and tan therelore be called a 'free OH group The other hydroxo group,
OH(19), exhibits a weak Ο H F hydrogen bond and is characterized by a positive temperature
coefficient (dv/dT +0 064 cm >/K)
It is of interest to compare the OH stretching frequency of the lree OH group in 2 (3593
cm ') and that of the OH group in the structurally related compound Cu4(OH)6S04 16 (3596 cm ·)
with the frequency of gaseous OH ions (3555 cm ·)

15

In the former two compounds these

frequencies have shifted by about 40 cm ' to higher wavenumbers Lutz et al16 have assigned this
hardening of the intra-ionic OH" bond to a strengthening eflect caused by the interaction with the
adjacent metal ions In general this effect is very pronounced with small, highly charged metal ions,
like Li+ or Mg 2 + In compound 2 the frequency shift is comparable to that found in Ba- or Sr
hydroxides "

17

The V3 vibrational band ot the BF4 ions is rather broad and structured Because of lowering of the
symmetry this band is split into three modes at approximately 1020, 1060, and 1095 cm ' These
frequency

numbers

[Cu(bipy)2(F 2 BF2)][BF 4 ]

are

consistent

with

numbers

previously

reported

for

18

Magnetic susceptibility
Variable temperature magnetic susceptibility measurements were performed on a powdered sample of
2 The experimental values were corrected lor both the diamagnetic contribution (estimated from
Pascal's constants) and the temperature independent paramagnetism (60 χ 10 6 e m u per Cu") The
data were fitted by the van Vleck equation19 for exchange coupled pairs of coppcr(Il) ions (eq 1)
The symbols in eq 1 have their usual meaning, ρ accounts for the contribution of monomenc
impurities present in the sample

X m =

^r

[ 1 +

3

c x p (

kT"

, ] 1 + N a + p

(i)

The g value was maintained constant dunng the fitting procedure at a value of 2 16 (determined from
the EPR spectrum) The magnetic parameter that gave the best fit was J = + 16 cm ' (see Figure 4)
This fit was obtained if it is assumed that approximately 1% of monomenc impurities is present The
positive J value can be rationalized in terms of a triplet ground state and a higher lying singlet excited
state, which arc separated by 16 cm ' These findings arc in agreement with the EPR spectrum of 2
(vide infra) which shows both triplet and doublet signals
EPR
A fro/en solution ot 2 (1 mM) in acctonitrile gave a broad signal at g = 2 with an anisotropy and
hypertine splitting typical of Cu 2 + in a ligand field ot axial symmetry (not shown) The values g± g\\
and A ( u | | were 2 05 2 26 and 165 G respectively

No other signals were detected in the

temperature range 8 50 К and the power range 0 1 10 mW The signal showed Curie Weiss
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Figure 4. Coriected magnetic sustepubtìit\ veisus tempelatme for 2 The solid Une represents the
best fit thi ough the data points
behaviour in the temperature range indicated The EPR spectrum was clearly not that of a triplet stale
It represented monomenc copper which is magnetically undiluted as judged trom the poor resolution
ot the Cu hyperfine splitting As the EPR and susceptibility experiments gave different results, which
might be ascribed to the solvent, we also investigated the EPR spectrum of a solid sample ot 2 in the
temperature range 5 - 50 К
This EPR spectrum is again dominated by a broad g = 2 signal typical of monomenc copper
(Figure 5, inset), with the following values g± = 2 06, g \\ = 2 41, and A( иц = 145 G In addition to
the g = 2 signal, weak signals at g = 0 91 (7200 G), g = 1 31 (5000 G), g = 1 66 (3960 G), and g =
5 9-8 3 (1100-800 G) are observed (Figure 5) All signals show the same temperature dependence in
the range 10 - 50 К at 0 2 pW and 0 2 mW, ι e nearly Cune Weiss behaviour A slight decrease in
the product of amplitude and temperature is visible at the high-temperature end ol the range Upon
examining the power saturation behaviour in the range 0 2 μ\ν 200 mW at 10 К, a slight levelling
off of the log (IxT) vs log Ρ plot was observed This shows that the weak signals are not saturated
under the conditions as given in Figure 5 The spectrum can be interpreted as that of a triplet of a
coupled dinuclear copper site with a doublet due to contamination with monomenc copper The outer
lines at 7200 and 930 G may be assigned to the HZ2 and H ? i transitions, respectively 2 0 The
difference in resonance positions between HZ2 and H¿\ was taken to correspond to twice the value of
the zero field splitting constant D, yielding 3135 G, or D = 0 293 cm '
depends on the distance between the copper ions

22

21

The dipolar part of D

In the point dipole approximation D can be

considered to be built up from a dipolar conmbution Djip and a pseudo dipolar contnbulion D ex
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2

2

2

D c x = -l/8 J Г1/4. C*ll - 2) - ( Si - 2)2)
In view of the small value of J (see section on Magnetic Susceptibility) we may neglect the latter
contribution to D. From the expression for Dd,p a value of 2 25 Â can then be derived for the coppercopper distance. This value is much lower than the crystallographically obtained value of 2 90 Â (cf.
Table 1) It should be noted, however, that difficulties may arise when this approach is applied to
distances < 3 Â.21
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Figure 5. EPR specti urn of 2 in the solid stale Experimental pat ameters ¡Figure 5, insetj power
ImW, 0 2 μ\ν, frequency 9.2062 GHz, 9 1973 GHz. modulator amplitude 5 Gauss, 4 Gauss,
temperature 6 8 K, 6.4 К
Relationship between structure and magnetism
Both the magnetic susceptibility and the EPR techniques confinn that the exchange coupling in 2 is
ferromagnetic. Crawford el al have worked out a correlation between the Cu-O-Cu bridge angle (Θ)
and the nature of the exchange interaction 4 Tins correlation predicts that compounds with a bridge
angle > 97.5° will be anti-fenomagnetic, and compounds with Θ < 97.5°, will be ferromagnetic
Since 2 possesses two asymmetric Cu-O-Cu units, one (Θ = 98.4°) giving use to anti-ferromagnetic
interaction and the other (Θ = 94.8°) to ferromagnetic interaction, it is difficult to predict the magnetic
behaviour on the basis of the above-mentioned relationship. The average value of Θ in 2 is 96.6°
According to Crawfoid et al. this should lead to feiTomagnetism with an exchange parameter J of
35 21 cm - 1 . This value differs fiom the value calculated from the magnetic susceptibility
measuiements (J= 16 cm - 1 ). However, as noted before.2"1 the value of J is very sensitive to small
changes in the Cu-O-Cu budge distance, deviations fiom plananty in the Cu(OH)2Cu network, and
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variations in spin density Since 2 has a root structure (the dihedral angle between the two basal
planes is 17 6°) it is not unlikely that deviations in J occur
Concluding remarks
The complex described in this section is the second example of a bis^-hydroxo bridged coppcr(ll)
complex with bipyndine hgands that are linked through long out of plane Cu-O(H) bonds ^ It does
not have the cubane-like structure lound by Sletten lor a related bipyndine Cu(II) complex without
crown ethers , 7 Furthermore, our complex is the first example ol a bis^-hydroxo bridged copper(II)
compound with bipyndine hgands that possesses a dimcric structure with asymmetric Cu-O-Cu
angles Although one ol the angles is expected to give rise to anti-ferromagnetic behaviour, the
overall susceptibility of 2 is ferromagnetic Exchange interactions only take place within one dimcr
For the explanation of the magnetic properties ot 2 it was not necessary to take into account any
interaction between two dimers linked as in Figure 2 These Undings parallel those reported by
Haase26 and Sletten2" on tetrameric alkoxo/hydroxo bridged Cu(II) clusters These authors concluded
that the exchange interaction between two dinuclear units is very small

5.2.3. Direct route to dinuclear Cu(II) complexes 3 and 5.
In the preceding section, we described the synthesis and characterization ol the dinuclear copper(II)
complex 2 from 1 using the indirect route In this section we report on the synthesis of the dinuclear
copper(II) complexes 3 and 4 by the direct route A possible problem with this route may be the
lormation ot complexes with a metal to ligand 1 ratio ot 1 1 (see Figure 6)

Figure 6 11 Complex of 1 vi uh Cu(Il)
The formation ot bis(2,2'-bipyndine)Cu(II) complexes is a entropy driven proces
in water Cu

2+

+ Bipy -> |CuBipy]

[СиВіру2І 2 + AS

2+

1

27

For the reaction

1

AS is -17 J K" mol , for the reaction |CuBipy] 2 + + Bipy -^

is 30 J К ' mol"' However, the introduction ot bulky groups in the 2,2'-

bipyndine molecule is expected to prevent the lormation ot complexes with more than 1 bipyndine
unit percopper(II) ion (see Chapter 4) We tried two procedures lor the preparation ot the complexes
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In the first one, two equivalents of Cu(II)nitrate are added to a solution of ligand 1. In the second
procedure the Cu(II) is added as the acetate-salt This sail is already pre-organized in dimers, which
may be advantageous.
Complex 3
To test whether 1 is able to bind 1 or 2 equivalents of Cu(N03)2-H20, a UV-vis titration in DMF
was carried out. A plot of the increase of the absorbance at 705 nm vs. the amount of Cu(II) added to
1 clearly showed an inflection point at a Cu(II) to 1 ratio of 2. The product 3 was isolated from the
reaction mixture as a blue solid, which was only soluble in polar organic solvents like DMF.
Elemental analysis confirmed the presence of two copper ions in 3. Conductivity measurements in

Ν

N
I N
,'°
I -Cu

\

^NЛ
Cu'
Τ

»°\

ІЗШз

NJ) |3NO,
Cu

Ν О

Ο Ν

О

I

(X X \
I

"Cu

'cu'

.0"3NO(
Τ

O
Τ

A N'°\^ c u ' О Ь NO,

;Cu
)Cu

N

,Cu

Τ

S = DMF
Figure 6. Different binding modes of the nitrate gioup in complex 3.
DMF indicated that 3 behaves as a 3:1 electrolyte. This suggests that one of the NO3" anions is a
coordinating anion. The exact coordination mode remains uncertain: the nitrate group may be
bridging between the two copper centers, or may coordinate to only one copper atom (see Figure 6)
In the former case different ways of interaction are feasible: the nitrate bridges with one oxygen atom,
with two, or with three oxygen atoms. Attempts to grow crystals from DMF solutions of 3 failed.
Addition of a small amount of pyridine to an acelonilnle suspension of 3 resulted in a clear blue
solution. Diffusion of hexanc into this solution yielded crystals which turned out to be a tetrakispyridine complex of Cu(N03)2 (4, see Appendix)
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Complex 5
In coppcr(II)acctdtc (Cu2(Ac)4 2H2O) tour acelate groups bridge between two coppers in a familiar
1

1

η η \¡2 mode The apical positions are occupied by water molecules The question was whether this
dinuclear Cu(II) core could be accomodated into ligand I When a solution of 1 was reacted with 1
equivalent of Cu2(Ac>4 2H2O, a clear green-blue color developed Addition of NaClC>4 resulted in
the formation of a blue precipitate Elemental analysis indicated for this precipitate a product
stoichiometry of [(1) Сиг Ac2 (004)2 2H2O], suggesting a dinuclear structure with a double acetate
bridge (5, see Figure 7) Apparently, tour bridging acetates can not be accomodated into 1 without
strain This is not surprising when free bipyndine is added to Сиг(Ас)4 2H2O a complex is
formed with three bridging acetate groups Since 1 is likely to impose more geometrical constrains,
the number of acetates will be smaller Bridging of the acetate groups can be concluded Irom the IR
spectrum of 5, which shows antisymmetric (v a s ) and symmetric (v s ) acetate vibrations at 1581 and
1443 cm ', respectively The observed splitting of v a s -

ь

= 138 cm · is in agreement with the

structure shown in Figure 7 Complex 5 behaves as a 2 1 electrolyte in acelonitnle This indicates
that the acetate bridges stay intact in solution The Perchlorate ions are thought to be the counter ions
of the complex This seems lustilied in view of the poor coordinating properties of the Perchlorate
ion, and the fact that in the known structure ot [Си2(02СМе)з(Ьіру)2]СЮ4 no coordinating
Me

Figure 7 Proposed structui e of complex 5
Perchlorate is present In line with this the IR-spectrum of 5 showed no lowering or splitting of the
Perchlorate vibration at 1100 cm '
The magnetic properties of complex 5 were also examined A plot oí (Хм с о г г ) ν« Τ is given
in Figure 8 Cune-Weiss behaviour is observed in the low temperature region with values for С and
Θ in Х м с о п = C/(T Θ) of 1 15 and 1 82 \ respectively From the value of С the g-value ol Cu(II)
can be estimated since С = Ng2ß2/4k This value amounts to 2 47, which is in the upper range ol
what might be expected for Cu(II) The data indicate that there is hardly any interaction between the
Cu(II) centers in 5 Although usually antilerromagnetic behaviour is observed in acetate bridged
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Figure 8. Inverse collected magnetic susceptibilité of complex S as a function of the tempei ature
The full aides ai e the experimental points, the solid line is the best fit to the data.
Cu(II) complexes,28 this is noi case wiih S. A possible explanation might be that geometric features
lead to a copper-copper distance that is too large for a direct interaction, or that the acelate group is
bound in such a way that superexchange is not possible
Azide complex
The Cu(II)-ions in complex 3 have the possibility to bind additional ligands since they are
coordinatively unsaturated (only one bipy unit per Cu(Il) ion). Because the azide (Nv) ion is often
used as a probe to study the properties ol dinucleai copper proteins, we examined the binding of this
anion to 3. A UV-vis titration in DMF clearly revealed the binding of 2 equivalents of N v to 3
(Figure 9). The IR-spectrum ol the resulting compound (6) showed a single N^-vibration at 2058
cm"1 This frequency has shitted compared to a/ide in NaNi (2092 cm -1 ), by 34 wavenumbers
suggesting coordination ol N3" to the copper centers.29 Furthermore, since only one vibration is
observed, the binding mode ol the two a/ide-ions must be the same. Although the magnitude of the
frequency has been used to indicate the type of azide coordination to copper (end on, μ-1,1 or μ1,3),30 this method is unreliable and gives contradictory results.11
In order to clearify the binding mode ol the azide ions, the magnetic susceptibility ol 6 was
measured Azide is known to mediate magnetic coupling between copper centers if it bridges in the μ1,1 or μ-1,3 mode (superexchange pathway). The magnetic susceptibilities and the magnetic moment
(μ) in the low temperature region for both 3 and 6 were found to be the same within the experimental
error (μ = 2.7 and 2 6, respectively) Furthermore the magnetic moment of both complexes in this
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region was independerá of ihe temperature. Ploi.s of ihe reciprocal molcsusccpiibilily ( Х м
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Figure 9 Titicition of 3 with NaNj m DMF.
temperature revealed Сипе-Weiss behaviour in the legion of 4-60 К Curvature was observed at
higher temperatures. All these data indicate that there is no interaction between the copper centers
The tentative conclusion therefore is that N3" is bound to the copper ions in the end-on fashion, as
show in Figure 10.
N

6
S = solvent, DMF
Figure 10. Proposed sfinenti e for complex 6

5.3. EXPERIMENTAL

SECTION
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Physical Measurements. The FT-IR spectra were recorded on a Mattson 5020 instrument
-1

connected to a personal computer with a resolution of 2 cm over the range 4000 to 500 cm ' An
RIIC-VLT-2 variable temperature unit equipped with KBr windows was connected to a West M2071
microprocessor-based controller Liquid nitrogen was used as the coolant This made it possible to
obtain nujol mull spectra over a temperature range ot 300-150 К Second derivative spectra were
calculated using the standard Mattson First software Variable-temperature magnetic susceptibility
data were collected in the temperature range 4 2 270 К by using an Oxford Instruments Foner-type
magnetometer, calibrated with a Ni-sample A mam solenoid field of 12000 G was employed
Temperatures were recorded with calibrated resistance thermocouples EPR spectra were recorded at
X-band frequency in the temperature range ot 10 40 К using a Bruker ESP 300 instrument, equipped
with a helium continuous flow cryostat IH NMR spectra were recorded on a Bruker WH-90
instrument
Materials Analytical grade reagents were used CH2CI2, Et20, and inethylamine were distilled
trom CaH Acetonilrile was stored over 3Â molsieves
5-Methyl-2,2'-bipyridine This compound was synthesized following Krohnkes procedure 6
2,2'-Bipyridine-5-carboxylic

acid This compound was synthesized according to the

procedure described by Case for the preparation of 5,5 -dicarboxy-2,2 -bipyndine
5-Chlorocarbonyl-2,2'-bipyridine

7

A suspension ol 0 3 g (1 5 mmol) of 5-carboxy-2,2-

bipyndine in 15 raL of SOCI2 was refluxed under a dinitrogen atmosphere The solid material
dissolved completely after 30 min ot refluxing and stayed homogeneous throughout After 15 hrs
the SOCI2 was evaporated The product was characterized by the lact that the OH-vibration at 3500
cm-1 had disappeared
l,10-Bis[5-(2,2'-bipyridyl)carbonyl]-l,10-diaza-4,7>13,16

tetraoxacyclooctadecane

(1) To a solution of 0 162 g (0 62 mmol) ol 1,10 dia/a-4,7,13,16-tetraoxacyclooctadecane (2,2Kryptofix) in 10 mL of dichloromcihane was added 0 270 g ot (1 24 mmol) 5-chlorocarbonyl-2,2
bipyndine and 0 25 g (2 47 mmol) ot tnethylamine This solution was stirred for 12 hrs after which
the solvent was removed in vacuo The residue was purified by column chromatography over silica
using chloroform/methanol (98/2, v/v) as eluent, to aftord 0 217 g (0 35 mmol, 56 %) of 1 as an oil
IH NMR (CDCI3, 298 Κ) δ 3 6 and 3 8 (2 χ s, 24H, ^ Щ С Ш О С Щ С Ш О С Ш С Н ^ ) ,

7

4

(m, 2H, pyH), 7 9 (m, 4H, pyH), 8 4 (m, 4H, pyH), 8 7 (m, 4H, pyH)
Complex 2 To a solution of 0 1 g (0 16 mmol) of 1 in 10 mL of thoroughly degassed acetonilrile
was added 0 1 g (0 32 mmol) of solid [ Cu(MeCN)4]BF4 After the solution had been stirred tor 2
hrs , a small mount ot water was introduced and subsequent aireal oxidation yielded 2 After the
evaporation of the solvent, the product was recrystallized from acetonitnle/ether to give 2 as green
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cubic crystals, suitable for X-ray analysis M p >180°C Further physical characterization is given in
the text
Complex 3 To a methanolic solution containing 85 mg (0 45 mmol) of Cu(N03)2 ЗН2О was
slowly added 110 mg (0 175 mmol) ot 1 The solution was refluxcd for 30 min and a blue
precipitate was formed This precipitate was filtered olf, yield 130 mg (74%) Mp= 265 °C (dec )
Anal Cald for C34H38N10O18CU2 С 40 76, H, 3 82, N, 13 97 Found C, 40 60, H, 3 82, N,
13 57 A m = 199 S cm 2 M (solvent DMF) UV-vis (DMF, X m a x , nm, e , L mol"1 cm ') 705,
104 5 IR (Csl) 2921 (CH2),1634 (C=0), 1613, 1501, 1475 (C=C, C=N), 1357 (NO3-), 1093
(coord NO3 ), 1126 (C-O-C), 834 (1,4 substiluted-py) cm '
Complex 5 To a solution of 166 mg (0 26 mmol) of 1 in 50 ml ethanol was added 105 5 mg (0 26
mmol) of CU2AC4 2H2O The solution turned deep blue-green After the addition of NaCICU the
solution became blue and a precipitate was formed This was filtered off M p 110 °C (dec ) Anal
Cald for C 3 8 H4 4 N 6 Oi g Cl2Cu2 H 2 0 C, 41 92, H, 4 26, N, 7 72 Found C, 42 47, H, 4 49, N,
766

FAB-MS m/z 811 (6-Ac-2CIOd) A m = 220 S cm 2 M (solvent acetonitnle) UV-vis

(acclonitnle, X m a x , nm, ε , L m o H cm ') 690, 178 IR (Csl) 2923 (CH 2 ), 1638 (C=0), 1610
(C=C, C=N), 1581(COOas), 1443, (COOs), 1100, 624 (C104 ) cm-1
Complex 6 To 10 mg (1 χ IO"6 mol) of 3 in DMF was added 1 3 mg (2 χ 10 6 mol) of №N3 in
ethanol The color immediately changed from blue to green The reaction mixture was stirred tor 10
min and subsequently the product was precipitated with diethyl ether This was filtered off and dried
m vacuo M p = 225 °C (dec ) No reproducable elemental analysis could be obtained for complex 6
FAM MS m/z 856 (S-NO3-N3), 751 (5-Cu NO3 2N 3 ), 689 (1+Cu) IR (Csl) 2921 (CH2). 2058
(N3), 1634 (C=0), 1613, 1501, 1473 (C=C, C=N), 1359 (NO3), 1132 (C-O-C), 834

(1,4

substituted-py) cm '
X-ray Structure Determination of [l.Cu2(OH)2BF4]BF4

2H2O. Collection

and

Reduction of Cristallographie Data
A crystal (0 17 χ 0 27 χ 0 38 mm) was mounted in a capillary
Nonius CAD4 diffractometer
elsewhere

32

X ray data were measured on a

Standard experimental and computational details are given

The crystal data arc listed in Table II

Solution and Refinement of the Structure
The positions ol the copper atoms were found by Patterson interpretation and the remaining nonhydrogen atoms by direct method Iragmenl expansion (DIRDIP1) The structure was refined by fullmatrix least-squares techniques using SHELX

l0

Anisotropic temperature parameters were used tor

the non hydrogen atoms except lor those ol the bipyndyl groups The temperature factors of the Hatoms of the bipyndyl groups were kept 0 01Â2 larger than the temperature factors of their C-atoms
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The H atoms on ()( 19) and O(20) were laken from a dillerencc Fourier map and their temperature
factors were refined The Η-atoms of the crown ether were placed on the calculated positions and
refined in riding mode (C-H 1 00A) using one overall temperature tactor To compensate for local
disorder in the crown ether the atoms 0(1) and C( 18) were split up to a ratio which refined to 0 8,
whereas the neighboring atoms could not be split up but led to large anisotropic temperature factors
In the diflerence electron density map a region ot election density was observed in the neighborhood
ot the BF4 anions near a center of symmetry This region could easily host a (disordered) solvent
molecule (CH^CN) and/or other small molecules ol the reaction mixture, but no such molecule could
be indcntified To match tor this electron density two oxygen atoms were put in, one ol which after
rehnement had a very large anisotropic temperature laclor The coordination geometry of these two
positions (distance 2 55(5) A, the other contacts being larger than 3 16(1) A) suggests that they are
occupied by two hydrogen bonded water molecules Final convergence was reached at R = О 054
The function minimized was Iw(F 0 -IF c l)2 with w = 1/ [o2(F 0 ) + 0 0004F o 2], maximum residual
electron density 0 4 e/Á3 The molecular structure with the crystallographic numbering is given in
Figure 1 5J

Table II Crystal data for [Ì Cu2(OH)2BF4]BF4 2H2O
Chemical formula
System
Space group
tw
Cell dimensions

C34H40N6O8B2F8CU2 2 H 2 0
Tnclimc
Pi (No2)
997 4
lrom 25 reflections 19 < 2Θ < 28°

a Ä

10 060(1)

b, Â

12 747 (2)

СA

16787 (1)

α

92 01 (l)°

ß

103 01 (2)°

У
V, A3

2026 0(4)

ζ

2

ΜοΚα, Â

0 71073

F(000)

1020

Τ

298 К

Peale g/cm 3
μ(ΜοΚα), cm 1

1 64

10401 (2)°

R

11 48
0 053

R = ΣΙ Fo-IFcll/IF

Rw

0 056

R w = [ Σ w (F„ -1
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Redox Behavior of Copper(II) Crown Ether-Pyrazole
Complexes

6.1 Introduction
One of the most challenging themes in contemporary bio-inorganic chemistry is the mimicking of the
dinuclear copper sites in copper-proteins such as hemocyanin and dopamine-ß-hydroxylase ' The
former protein is responsible for dioxygen transport in arthropods and mollucs,2 the latter enzyme is
vital for the biosynthesis of noradrenaline ^ The binding of dioxygen to hemocyanin occurs through
the cooperative action of two copper ions present in the active centers 4 of the subunits of the protein
and can be influenced by external factors s · 6 · 7 For example, protons and chloride ions affect the
cooperativity of the oxygen binding by Panuhrus inteirupius (spiny lobster)5 hemocyanin and
Limulus polyphemus (horseshoe crab) hemocyanin,6 respectively, whereas the aggregation ol Helix
pomatta (vineyard snail) hemocyanin subunits to form a tunclional unit is controlled by magnesium
ions.8 Recent crystal structures0 and spectroscopic10 studies ot oxy- and deoxy-hemocyanin carried
out under a variety of conditions have given indications that these effects may operate at the level ol
control of the Cu-Cu distance Simulation of these phenomena in simplified model systems therefore
is of great interest
In this chapter we present two copper(II) complexes (Chart 1, 1 and 2) based on a novel set ol
crown ether-dimethylpyrazole ligands It will be shown that these complexes can be easily reduced to
the copper(I) state in alcoholic solutions, even when oxygen is present " Furthermore, the reduction
process can be controlled by the addition of alkali metal ions. In the literature only a few examples are
known of copper(II) complexes that reduce to the copper(I) state Examples include the furan based
ligands reported by Nelson,12 the pyrazole based systems from Reedijk's group,'^ and the cagetype complexes studied by Konno

l4

The system presented here may have some relevance in

elucidating the factors that control the complex events ot dioxygen binding and activation by metalloproteins in nature

6.2 Results and Discussion
Synthesis of the ligands. The synthetic routes to the ligands Irom which the complexes and the
model compounds were prepared are presented in Scheme 1 Central compound is [his-2-(3,5dimethyl-l-pyrazolyl)ethyl]amine (7) This ligand was obtained by treating bis-2-chloroethylaniine
with 2 equivalents ol the sodium salt ol 3,5-dimethylpyrazole (P/H) in DMF (63% yield) Ligand 7
was ben7ylated to give the model ligand 8 in 98% yield Compounds 9 and 13 were obtained by
treating 7 with an excess ot α,α'-dibromo-m-xylenc (78% yield) Reaction ot 9 with mono-aza-15crown-5 or l,10-did/a-18-crown-6 yielded ligands 10 and 11, respectively Furthermore, the novel
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ligand system 14 was prepared by treating 2,6-bis(hromomcthyl)pyridine 12 with two equivalents
ot 7
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number of copper ions in complexes 1 and 2 was determined by a tnraiion of ligands 11 and 10 with
СиСІг The increase in the intensity of the pyrazole to copper charge transfer band at 360 nm was
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monitored as a function ol the copper to ligand ratio. These experiments revealed the uptake ot one
copper ion in 10 and two copper ions in 11.
A distinct difference was noted in the stability of the respective complexes in alcoholicsolutions. When ligand 11 was added to an alcoholic solution of Cu(II) Perchlorate, the typical green
color of a copper(II) complex appeared However, the solution decolorized within minutes at elevated
temperatures. Elemental analysis of the product isolated from the reaction mixture indicated that it
contained 2 copper ions. When this product was redissolved in acetomtnle the d-d transition band,
present in the initial stages at 700 nm, had almost completely disappeared indicating a reduction to the
Cu(I) stale. This was confirmed by cylclic voliammeiry and indirectely by an x-ray analysis (vide
wfia). Similar observations were made for complex 2, although the reduction of this complex was
slower. The mono-nuclear complexes 5 and 6 as well as the dinuclear copper(II) complexes 3 and 4
could all be isolated as green crystalline solids and were stable in methanol solution.
Electrochemistry. The redox properties ot the complexes were examined with cyclic voltammetry
in acetonitnle. The results are summerized in Table I. Model complexes S and 6 displayed different
Table I. Electrochemical properties of metal complexes.3
Complex

Ei/2(V)

ΔΕΡ (mV)

Eeu(V)

it/if

1

Ei/2(1)=0.29

180

0 15

1

Е|/2(2) = 0Л2
2

0.29

120

0.50

1

3

0.29

108

0 50

0.85

4

E|/2(D= 0.01

b

0 57

b

E,/2(2) = -O.I3

b

5

0.10

62

0.20

1

6

0.28

59

0.68

1

"Measured at <a. 25 °C in acetonitrile using a Pt-working electrode, a Pt auxiliary electrode, an
Ag/AgNÜ3 reference electrode, and 0 1 mol dm -1 letrabutylamonium hexafluorophosphale (TBAH)
as the supporting electrolyte. Potentials arc reported vi. Fc/Fc+ in acetonitrile.

b

Irreversible

reduction.
properties, which can be directly attributed to the introduction of a benzyl substituent on the central
amino nitrogen atom. Measurements on 5 revealed a chemically reversible reduction at E1/2 = +0.10
V. When under identical conditions cyclic voliammogranis ot 6 were recorded, E1/2 was tound 10
have shifted by 180 mV in positive direction This indicates that the Cu(I)-state of complex 6 is
stabilized as compared to the Cu(I) stale ol 5 Apparently, benzylation of the cental amine nitrogen
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has a large effect on the electronic properties of the pyrazole ligand set Complex 2 has a similar Ej/2
as complex 6 (Figure 1, Table I) This indicates that the introduction ot a xylylene substituent on the

+0 1

+0 5

Ш)
Figure 1 Cyclic voltammogi am of complex 2 m atetonttnle Potentials are given vs Fc/Fc+ The
anow in the voltammogram denotes the scan direction, the vellicai bar is the equilibnum potentat of
the solution
central amine position has the same electronic elfect as the introduction of a benzyl substituent For
complex 2 a peak separation of 120 mV was noted Complex 1 (Figure 2) also showed a reversible
wave at approximately the same potential (E1/2 = 0 31 V, ΔΕ ρ = 0 18 V, n,/if = 1) as 2 The
equilibrium potential of this solution however was 0 15 V, clearly indicating thai 1 was present in the
form of a reduced complex Complex 1 was also scanned in reductive direction (Figure 2, inset)
Starting trom the equilibrium potential in solution (0 15 V), first the Cu(I)-»Cu(0) wave was
observed This was followed by the typical, large anodic peak feature characteristic of Cu(0)
adsorbed on the electrode At the same potential as determined for 2 the oxidation of Cu(I) to Cu(Il)
was found, in the reversed scan followed by the reduction reaction Cu(II)—>Cu(I) In view of the
broad forward oxidation peak (also observed in similar dinuclear Cu(I) systems16) and the presence
ot two copper atoms, it is likely that 1 is oxidized in two consecutive one electron steps following a
ЕЕ reaction path The hall wave potentials of these steps were determined by the method of
Richardson and Taube 1 7 The calculated values amounted to Еі/г(1)=0 29 V and E\a (2)=0 32 V
For the reaction Cu(I,I) + Cu(II,lI) ^> 2 Cu(I.II) we can calculate Irom the ΔΕ1/2 value (30 m V) a
comproportionation constant ol Kc = 4 (see experimental part) 1 7 This value suggests that there is
hardly any interaction between the two copper centers in the electrochemical reduction of 1 This is
not unexpected in view of the large metal metal distance (-18 À from CPK models) in the complex
The chemical reduction ot 1 probably follows a pathway different trom the electrochemical
oxidation/reduction of 1 (see below)
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+0 5

+1 0

Ε (Y)
Figure 2 Cyclic voltammo gì amò of complex I in acetonitrile Potentials are given vs Fc/Fc +
Inset cyclic voltammogiam of complex 1 scanned in reductive direction The vertical bai'; denote the
equilibrium potential of the solution, the ariows m the plots denote the scan duection
Chemical Reduction In order to follow the process of the afore mentioned reduction of 1 in the
presence of alcohols in more detail, the Cu(II) complex was prepared in acetonitrile solution, in
which it is stable Methanol (50% by volume) was added and the reaction was lollowcd by
monitoring the decrease of the d-d transition band at 700 nm as a function of time and temperature
Rate constants and equilibrium constants were obtained by assuming first order kinetics of the

tollowins type Ox 2^
%

Red The results are presented in Table II

For the forward reaction the following parameters were calculated АС і чззк= 88 kJ mol ', Δ Η ^ 48
kJ mol ', AS*= 120 J mol ' К ' E a = 50 6 kJ mol ', A G ° 3 3 3 K = -4 kJ mol ·, ΔΗ°= 17 kJ mol ',
AS°= 61 J mol ' К ' The negative entropy ol activation (AS*= -120 J mol ' К ') suggests that the
reduction reaction proceeds through a highly ordered transition state The overall reaction is entropy
driven as can be seen from the positive value of AS 0 These data, together with the lad that
lormaldehyde is produced (fuchsine spot test), 18 suggests that methanol is the reductant in the
reaction Reduction ol this molecule presumably takes place by a cooperative action of the two Cu(II)
centers, each ol which lunctions as an electron acceptor tor the two electrons produced during the
reaction The intermediate species is likely to be a μ-alkoxo (or μ hydroxo) bridged complex ol the
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4

1

Τ (К)

к«,

ΙΟ χ ki (s- )

AG" (kJ/mol)

AG° (kJ/mol)

303

1.9

12

84

-2 1

313

2.4

24

86

-2 7

323

2.9

2 9

87

-3 3

333

3.6

36

88

-4 0

ΔΗ" = 48 kJ mol"
!

1
1

AS' = -120J.mol- .K-

ΔΗ° = 17kJmol-!
1

0

E a == 50 6 (kJ/mol)

AS = 63Jmol-' K·

type described by Nelson and Drew

l2

1

Such a complex would display an oxygen to Cu(II) CT band

in the 300 - 400 nm region. Since no such band could be detected, this intermediate species is thought
lo be short-lived. In order to bring the two Cu(II) centers together, the electrostatic repulsion as well
as the strain in the crown ether part of the hgand must be overcome This feature is reflected in the
positive enthalpy of activation ot the reaction (ΔΗ*= 48 kJ mol ') The mechanism which we
propose for the chemical reduction ot complex 1 is presented in Figure 3 The first step is the
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Figure 3 Pioposed mechanism fai the ι eduction of the dicoppei(II) complex 1
coordination ol an alcohol molecule to the copper(II) centers This reaction is lollowed by proton
abstraction and subsequent electron iransler Formaldehyde is produced as well as the reduced
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complex The prolons lhat are generated during the reaction are most likely accepted by the amine
nitrogens of the a7a crown ether ring This is in accord with the chemical composition of the
complex, which was analyzed as a 2 HCIO4 sail
In order to check whether the ligand or a solvent molecule had been the source of elections, the
former was recovered alter the reduction reaction To this end the copper ions were extracted from the
complex with an aqueous ammonia solution, and a 'H NMR spectrum of the ligand was recorded
This revealed that no changes had occurred, suggesting that the ligand does not play a role in the
reduction of Cu(II) to Cu(I)
Potassium induced reduction of 2 The tendency oí crown ethers to coordinate alkali metal ions
is well known 20 Because the type of complex (1 1 2 1, or sandwich) depends on the size ol the
cation compared to the size ot the crown ether ring, a judicious choise ol cations might result in the
aggregation of complex 2 This opens up the possibility to increase the reduction of complex 2 as an
active complex from an relatively inactive one may be formed 15 Crown 5 is able to form sandwich
complexes with K+

l9

In order to investigate whether this ion was able to induce aggregation of 2,

the corresponding ZnCl2 complex was prepared, which can be studied by NMR This complex was
titrated with potassium picrate in CD^CN/CDiOD ( 1 1 , v/v) as a solvent The upfield shift ot the
crown ether carbon signals was monitored as a function oi the amount ol potassium picrate added
The results are presented in Figure 4 As can be concluded trom this Figure, the deviation ot the

[K+]/[10 ZnCl2]
Figure 4 C NMR upfield shift displacement (Δδ/foi a nng CHj cai hon atom m complex
10 2пСІ2 as a function of the contenti ation of К* ions Dashed line is the theoi etica! curve foi I 1
complexes
li

titration curve from the theoretical line for 1 1 complexation at K+ to complex ratios < 1 indicates that
higher aggregates are present in solution 2 0 At K+ to complex ratios > 1, complexes of the type 1 1
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are predominarli. In a subsequent scries of experiments K+ ions were added lo a methanolic solution
of 2. An increase in the reduction rate of 2 was observed as well as a shift in the Ox ^± Red
equilibrium in the direction of the Cu(l) species. The reduction reaction had an optimum at a K+ to 2
ratio of approximately 1 (see Figure 5),

[K+]/[2]
Figure 5. Reduction of complex 2 as a function of the concentration ofK+ ions.
and decreased to its original level at higher K + ratios. The increase in KC4= kj/k.j was 5 fold.
Addition of potassium to the dinuclear complex 1 did not result in any significant change in the rate of
reduction of this complex (see Tabic III).
Table III. Rate constants for the reduction of complexes 1 and 2 with and without K+ ions
presents
complex
10 4 xki(s-')
1
2.9
1 + K+
2.3
2
0.26
2 + K+
1.2
a
Measured at 50 "C in acetonitrile/melhanol 1/1 (v/v).
That besides the choice of the cation, also the anion plays an important role, was shown by the
addition of KSCN to complex 2. Immediately after the addition of this salt, a color change from dark
green to olive green was noted, indicating the coordination of the thiocyanide ion to the copper
centers. The coordination of this anion to Cu(II) is well known and amply documented.21 Compared
to the rate of reduction induced by the addition of 1 equivalent of potassium picrate, the rate of
reduction was now much lower. Apparently, the thiocyanide ion coordinates tightly to the copper
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center, preventing the binding of an alcohol molecule and thus the reduction process. This result
indicates that for the reaction coordination of a reducing species to the Си(П) centers is a prerequisite.
To further check whether a base is required for the reduction reaction we also studied the
properties of complexes 3, 4, and 6. Complex 3 is the Cu(II) version of a dinuclear Cu(l) complex,
originally prepared by Sorrell.16 It has no basic position which can function as a proton acceptor.
Complex 4, however, does have such a group. When 3 was placed in a cuvent with ethanol for 18
hrs, no decrease in the absorption of the d-d transition at 700 nm was observed. Similar negative
results were obtained when complex 6, the mononuclear analogon of 3, was examined. Under the
same conditions complex 4 showed no reduction either. This result could indicate that the pyridine
nitrogen plays a role in the coordination of the copper ions, and is unable to act as proton acceptor.
An X-ray characterization of complex 4 was therefore undertaken. A drawing of the structure of 4 is
shown in Figure 6. As can be seen from this Figure, the pyridine nitrogen is indeed coordinated to
one of the copper ions in 4. The unit cell contains two molecules of 4. In each molecule the
coordination geometry around the copper center is different. Full details of this structure will be

«...
ι.m'

Л"

• "*

~

Figure 6. The X-ray structure of complex 4.
published in due course. 2 - These experiments suggest that free positions in the ligand system,
capable of accepting protons are necessary for the reduction reaction to take place. Because of severe
steric hindrance it is unlikely that the crown ether nitrogen atoms in 1 and 2 are able to coordinate to
the copper centers as the pyridine nitrogen in 4 does. They therefore are able to accept protons and
likely to facilitate the reduction of Cu(II) to Cu(I).
Reduction of other alcohols.The reduction of I is not limited to use of methanol as the solvent.
In other primairy alcohols like ethanol, 1-butanol and benzylalcohol 1 and 2 were reduced as well.
Secondary alcohols, however, were not as effective as primairy alcohols.
Another indication that reduction of the copper centers occurs during the reaction with an alcohol
comes from an X-ray analysis. From a solution used to study the reduction reaction, which contained
1 dissolved in approximately 95% of acetonitrile and 5 % of ethanol, colorless crystals separated. An
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X-ray analysis of these crystals was undertaken, identifying them as the known compound tetrakis
acetonitrile Cu(I) Perchlorate (Figure 7). 2 3 Likely, the high concentration of acetonitrile causes the
formation of these crystals after thereductionof the Cu(II) ions in complex 1 has occured.

.'. J .

Figure 7. X-ray structure of

[Cu(CHjCN)4]CI04.

Concluding remarks.
The results presented here show the ability of dinucleai Cu(II)-pyrazole complexes to undergo facile
reduction in alcoholic solutions Although the redox potential of the monnuclear Cu(II) complex is
comparable to that of the dinuclear one, the former complex is a less reactive species. However, upon
addition of alkali metal ions aggregation occurs and the relatively inactive complex is transformed into
an active one. This process mimics to some extent the formation of the active hemocyamn from its
inactive subumts. Further work will focus on the synthesis of receptor molecules functionalized with
pyrazole ligand systems, that can selectively bind and oxidize alcohol molecules

6.3 Experimental section
Warning1 Although we have experienced no difficulties with the Perchlorate salts described here,
these compounds should be ι egai ded as potentially explosive and handled accordingly 2 4
General Methods.-All manipulations weie carried out under aerobic conditions. All solvents were
dried puoi to distillation Diethylethei was distilled from sodium, dichloromethane and acetonitrile
were distilled fiom calciumhydride DMF was stored over 4Â molsieves and distilled at reduced
pressure. UV-VIS spectra were recoided on a Perkin-Elmer Lamba 5 spectrophotometer Ή and ^ C
NMR specUd were recorded on a Biukei WH90 or a Bruker WM-4Ü0 instrument Chemical shifts arc
denoted in δ units (ppm) relative to the internal standard tetramethylsilane. FAB-MS spectia were
recorded on a VG 7070E instrument using 3-nitrobenzyl alcohol as the matrix [R-spectra were
measured on a Peikin-Elmei 1720X instiument Melting points were measured on a Reichert-Jung
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hol stage mounted on a microscope and are reported uncorrected Conductivity measurements were
carried out with a Schott Gerate CG 852 Kondukiometer using IO"3 M solutions of the respective
complexes in acetonitnle Cyclic voltammetry experiments were performed with a Par 173
potentioslal equipped with a PAR Model 176 I/E converter coupled to a PAR Model 175 universal
programmer using a platinum auxiliary as well as working electrode and Ag+/Ag (0 1 M AgNO^) as
the reference electrode All measurements were earned out in acetonitnle with tetrahutylammomum
hexafluorophosphate (TBAH) as supporting electrolyte and solutions containing approximately
lxlO 2 M in metal complex The half-wave potential of a 10-3 M solution ot ferrocene was measured
under the same experimental conditions E1/2 = 0 050 V Silica plates F-254 (Merck) were
impregnated by soaking the plates for a short lime in a 10% aqueous solution of NaBr, and
subsequentely air dried and activated overnight at 140 °C This procedure reduces excessive tailing oí
compounds containing crown ethers
Titration of the ligands In a typical experiment a stock solution of e g ligand 10 was prepared,
-6

containing 1 7 mg (6.46 χ Ю M) ot this compound in 5 itiL of methanol From this solution, 2 5
mL was transferred to a 1.000 cm quart7 cuvette, placed in a thermostatted compartment of a Perkin
Elmer λ-5 UV-vis spectrophotometer, operated in the double beam mode To this solution were
added 10 \LL aliquots ot a stock solution containing 55 3 mg (3 26 χ Ю -4 M) ot СиСІ2 2H2O in 10
mL of methanol After each addition a UV-vis spectrum was recorded and the increase in the CTband at 360 nm was subsequently plotted as a function ot the ratio Cu(II) - ligand 10 An identical
procedure was followed for ligand 11 The inflection point in the titration curves corresponded with
the uptake of 1 equiv. of СиСІ2 in 10 and two equiv ot СиСІг in 11
The comproporuonation constant KL was calculated from the equation Kc = cxp[nin2F(AEi/2)/RT] =
exp[AE1/2/25 69]at298 К with П[ = n 2 =1

17

Kinetic Study In a typical experiment, 13 7 mg ot ligand 11 was dissolved in 1 mL of methanol
and translerred to a quartz cuvette. A separate solution containing 10 2 mg (2 75 χ IO-5 mol) ot
Cu(ClÜ4)2 6H2O in 1 mL of acetonitnle was prepared dica

15 min. was allowed for temperature

equilibration for both solutions Subsequently, the acetonitnle solution containing the copper(II) salt
was added to the cuvette containing complex H A dark green color developed immediately. The
cuvette was placed in a thermostatted compartment of a Perkin Elmer λ-5 UV-vis spectrophotometer,
operated in the double beam mode The decrease in the d-d transition at 695 nm was monitored as a
function ot time The rate constants ki and k_i follow from the equilibrium constant К = ki/k_i and
from к = kj +k 1 The latter к was obtained by tilting absorbance (A) - time (t) dala points to the
equation A( = (At=o/(K+l)) χ (1+(K χ cxp(-k χ t))) The activation parameters ΔΗ*, and AS* were
calculated from plots of In (ki/T) І 1/T The enthalpy (ΔΗ0) and entropy (AS0) parameters were
calculated from plots of In (K/T) vs 1/T The Gibbs tree energy of activation (AG*) was calculated
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from the equation AG**' = AH(*> -TAS'*'. Experiments were carried out in duplo at temperatures ol
303, 313, 323 and 333 K.
Synthesis of the ligands.
Bis[2-(3,5-dimethyl-l-pyrazolyl)ethyl]amine (7).
This compound was synthesized as dcscnbed previously by us

13

Benzyl-bis[2-(3,5-dimethyl-l-pyrazolyl)ethyl]amine (8)
This compound was synthesized as described previously by us. 1 1
a-Bromo-α'{bis[2-(3,5-dimethyl-l-pyrazolyl)ethyl]amino}-m-xylene (9)
To a solution of 5.02 g (19 mmol) ol m-ct,a'-dibromoxylene in 70 mL of THF/CfiH^ (1/1, v/v) was
added a solution ol 2 g (3.94 mmol) of bis[2-(3,5-dimelhylpyrazole)elhyl]amine (7) and 1 g (9.9
mmol)ot tnethylamine in 50 mL of THF/CftHf, (1/1, v/v). The mixture was allowed lo react at 45 °C
for 18 hrs After evaporation ol the solvent in vacuo, the resulting oil was purified by column
chromatography over silica gel 60H using 27c methanol in chloroform as the eluent Yield· 2 66 g
(78%) ol 9 as a colorless oil. Rf (TLC, У, methanol in chloroform) = 0.22. MS (EI): M/Z = 364
(M-Br), 347 (M-Pyra.). Ή NMR (90 MHz, CDCI3) δ 2.1 (s, 6Η, СН 3 ), 2.2 (s, 6Н, СН 3 ), 2.9 (ι,
4Н, NCH2CH2), 3.6 (s, 2Н, ArCH 2 N), 3.9 (I, 4Н, NCH 2 CH 2 ). 4.5 (s, 2Н, АгСЩВг), 5.8 (s,
2Н, Руга.Н), 7.1-7.4 (m, 4Н, ArH)· The di-substituted xylene product oc,a'-bis[bis[2-(3,5dimethyl-l'-pyrazolyl)ethyl]amino-m-xylene

13 was obtained as a minor fraction during the

chromatographic procedure. Ή NMR (90 MHz, CDCI3) δ 2 1 (s, 12Η, СЩ), 2.2 (s, 12Н, СЩ),
2 9 (t, 8Н, NCH2CH2), 3.6 (s, 4Н, ArCH2N), 3.9 (t, 8H, NCH 2 CH 2 ), 5.8 (s, 4H, Руга H), 7 17 4 (m, 4H, ArH.)
a-[13-(13-Aza-l,4,7,10-tetraoxacyclopentadecy])]-a'{bis[2-(3,5-dimethyl-lpyrazolyl)ethyl]amino}-/n-xylene (10).
To a solution of 0.5 g (2.28 mmol) of 4-a/a-l,7,10,13-tetraoxacyclopentadecane in 10 mL of dry
DMF was added at 40 °C LOI g (2.28 mmol) of 9 and 0.23 g (2.28 mmol) of tnethylamine After
stirring for 12 hrs. the solvent was evaporated in vacuo. The resulting oil was purified by column
chromatography over silica 60H using 2'/< methanol, 0 5% tnethylamine in chloroform (v/v) as the
eluent Yield: 0.72 g (54%) of 10 as a yellow oil. Rf (TLC, 10% methanol in chloroform) = 0 28
MS (EI): m/z 583 (MH+), 486 (M-Pyra.). 'H NMR (90 MHz, CDC13) 2.1 (s, 6H, СЩ), 2 2 (s,
6H, СНз_), 2.8 (m, 8Н, CH 2 NCH.2.), 3 6-3.8 (s, 20H, CH.2O, ArCH_2N), 3 9 (t, 4H,
CH 2 CH 2 Pyra), 5 7 (s, 2H, Руга.И), 7.2-7.3 (m, 4H, ArH)·
(Pyra£H3),

13

C NMR (400 MHz, CDCI3) 11.0

13.5 (Pyra.Ç_H3), 47.2 (NC_H 2 CH 2 0), 54.1 (NCH2Ç_H2), 54.5 (ÇH 2 N), 59.6

(ArC_H2), 60.6 (ArC_H2), 69 8 (C_H2G), 70.2 (C_H20), 70.6 (C_H20), 104.8 (Pyra.Cj, 127.4
(ArCJ, 127 9 (ArÇJ, 128 2 (ArCJ, 129.3 (Ar.ÇJ, 139.0 (Ar.Q, 147.3 (£CH 3 )
83

Chapter б

4,13-Bis-(a(bis(a'{bis[2-(3,5-dimethyl-l-pyrazolyl)ethyl]amino}-m-xylylyl-4,13diaza-l,7,10,16-tetraoxacyclooctadecane (11)
То a solution of 0 16 g ( 1 35 mmol) ot 4,13 diaza 1,7,10,16-tctrdoxacyclooctadecane in 5 mL of dry
DMF was added 1 2 g (2 7 mmol) ol a-bromo-oc'-[bis-2-(3,5-dimethy] 1 pyra7olyl)ethyl]dmino-m
xylene (9) and 0 27 g (2 7 mmol) of tnethylamine Alter stirring tor 12 hrs the solution was
concentrated and the resulting oil was purified by column chromatography over silica 60H using 3%
methanol and 1% tnethylamine in chloroform (v/v) as the eluenl Yield 0 62 g (46%) ol 11 as a
+

yellow oil Rf (TLC,107c methanol in chloroform) = 0 25 FAB-MS m/z =989 (MH ) Ή NMR
(90 MHz, CDCI3) δ 2 1 (s, 6Η, CH_2_), 2 2 (s, 6H, CHj). 2 8 (m, 8H, CH 2 NCH2), 3 6 3 8 (s,
20H, СЩО, ArCH^N), 3 9 (t, 4H, С Н 2 С Щ Руга), 5 7 (s, 2H, Руга H), 7 2 7 3 (m, 4H, ArH)
П

С NMR (400 MHz, CDCI3, 298 К) δ 11 0 (Руга £Н 3 ), 13 4 (Руга £Н 3 ), 47 1 (N£H 2 CH 2 0)

54 0 (£H 2 CH 2 N), 54 4 (£H 2 N), 59 5 (Ar£H 2 ), 59 7 (Ar£H 2 ), 69 8 (£H 2 0), 70 6 (£H 2 0), 104 7
(Pyra£), 127 2(Ar£), 128 1 (Ar£) 129 1 (Ar£) 139 0(Ar£), 147 3(£CH 3 )
2,6-Bis(bromomethyl)pyridine (12)
This compound was synthesized according to a literature procedure

n

Bis[2-(3,5-dimethyl-l-pyrazolyl)ethyl]amino-2,6-dimethylenepyridine
To a solution of 418 mg (1 58 mmol) ot 12 and 436 mg (3 16 mmol) of К 2 СОз

(14)
ιη

20 mLot acetone

was added while stirring 824 mg (3 16 mmol) ol 7 The mixture was refluxed overnight utter which
lime the solution was filtered and the organic layer concentrated m vacuo The resulting material was
redissolved in 50 mL of CH 2 C1 2 and washed 2x with 25 mL ol an IM aqueous NaOH solution The
organic layer was separated, dried (Na 2 S04), filtered and concentrated in vacuo The resulting oil
was subjected to column chromatography (silica 60H, eluent 5% MeOH in CHCI3) to yield 790 mg
(80%) of oil 13 Rf (TLC, 10% MeOH in CHCI3) = 0 3 MS (CI) m/z = 626 M + Ή NMR (400
MHz, CDCI3) δ 2 14 (s, 12Η, CH 2 ), 2 17 (s, 12 H, СЩ), 2 94 (t, 8H, NCH.2CH2Pyra, J = 6 8
Hz), 3 76 (s, 4H, CH 2 ), 3 94 (t, 8H, NCH2CH_2Pyra, J = 6 8 Hz), 5 73 (s, 4H, Pyra-H), 6 99 (d
2H, Py И, J = 7 6 Hz), 7 46 (t, IH, Py H, J = 7 6 H?)

n

C NMR (400 MHz, CDCI3) δ 11 0

(Руга£Нз), 13 4 (Pyra£H 3 ), 46 9 (N£H 2 CH 2 Pyra), 54 6 (NCH 2 £H 2 Pyra), 60 8 (Py£H 2 ),
104 8 (Pyra-£), 136 8 (Py-£), 139 0 (Py £), 147 3 (Pyra-£), 158 6 (Pyra £ )
Synthesis of the complexes
[Cu(I)2 11 2HC10 4 ](C10 4 ) 2 (1)
To a solution of 200 mg (0 2 mmol) of 11 in 50 mL of methanol was added 149 mg (0 4 mmol) of
Cu(C104)2 6 H 2 0 Directly after the addition of the copper salt, the UV vis spectrum was recorded
UV-vis (CH3CN/CH3OH, 1 1, ν/ν) λα d/nm (e, L mol"1 cnr 1 ) 695 (140) The complex was further
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characterized after reduction to Cu(I) To this end the solution was refluxed lor 1 hr and the solvent
was evaporated Recrystalhzation Irom acetonitnle/ether yielded 236 mg (77%) of 1 as a light green
powder Anal Cald for C56H82N12O12CI2C112 2HCIO4 ЗН2О C, 42 89, H, 5 78, N, 10 72
Found

C, 42 84, H, 5 70, N, 10 16 FAB-MS m/z 1414 (M+ CIO4), 1314 (M+-2 CIO4), IR

(Csl, cm >) 1552 (pyrazole), 1097,624 (CIO4 ) Л м = 253 S cm 2 mol · (solvent acetonitnle)
[Cu(II)10](CIO 4 )2(2)
To of 58 mg (0 1 mmol) ot 10 in 20 mL of methanol was added 37 mg (0 1 mmol) ot
Cu(ClÜ4)2 6H2O The solution turned dark green immediately After evaporation of ihc solvent m
vacuo the product was obtained as an oil No reproducable elemental analysis could be obtained lor
oil 2 FAB-MS m/z = 645 (M+ 2 CIÜ4-), IR (Csl) 1553 (pyrazole), 1097, 624 (CIO4-) UV-VIS
(CH3CN/CH-ÍOH, 1 1, v/v) Xd-d/nm (ε, L mol ' cm <) 691 (80) Л м = 210 S cm 2 mol ' (solvent
acetonitnle)
[Cu(II) 2 13](C10 4 )4(3)
To 290 mg (0 51 mmol) of 13 in 25 mL ol acetone was added 377 mg (1 02 mmol) ot
Cu(CI0 4 )2 6H2O The solution turned green immediately The solvent was removed in vacuo
resulting in a green solid M p = 145 "C Anal Caled for C3 6 H 5 2N 1 0 O 6 Cu2 4 H 2 0 С 35 39 H
4 95, Ν, 1146 Found С, 36 29, Η, 5 15, Ν, 10 36 IR (KBr, c m 1 ) 1553 (pyrazole), 1106, 624
(C10 4 ) UV VIS (MeOH) λ/nm (ε, L mol ' cm ') 220 6 (19700), 249 2 (7150), 276 9 (3700),
342 1 (1700), 688 (100) Λ = 357 S cm 2 mol > (solvent acetonitnle)
[Си(ІІ)2І4 0НН 2 0](С10 4 )з(4)
To 75 mg (0 12 mmol) ot 14 in 20 mL ol acetone was added 88 9 mg (0 24 mmol) ol
Cu(C10 4 )2 6H2O The solution turned green immediately The solvent was removed in vacuo
resulting in a green solid, which was recrystallized trom ethanol to yield 4 as green crystals M p =
170 °C Anal Caled tor C3<sH51Ni |Cu 2 (C10 4 h(OH)(H 2 0) C, 39 24 H, 5 34, N, 1361 Found
C, 39 67, H, 5 08, N 13 44 FAB-MS 951 (13+2Cu+2C104) IR (KBr, cm ') 3444 (H 2 0), 2925
(CH 2 ), 1553, 1467, 1426 (C=C, C=N), 1100, 624 (C10 4 ) UV vis (CH3CN) λ nm (e, L mol
1

cm 1) 220 6 (28500), 264 1 (7500), 356, (2000), 677 (275) Λ = 360 S e m 2 mol ' (solvent

acetonitnle)
lCu(II)7](C10a)2(5)
This complex was synthesized according to a procedure previously desenbed by us '^
[Cu(II)8](C104)2(6)
This complex was synthesized according to a procedure described previously by us

13
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7

X-ray Structures and Redox Properties of Copper(ll) Pyrazole Complexes.

7.1 Introduction
The elucidation of the mechanisms'·2·3 by which the dicopper mctalloprotein hemocyanin4 binds
dioxygen continues to be a topic ol great interest.1*·6·7 Model compounds mimicking the action of
hemocyanin and related metalloprotcins have been designed and synthesized by several
groups 8,9,10 Karlin and co-workers have shown that Cu(I)-bis-pyndine complexes are eflective
dioxygen binders ! 1 · 1 2 Sorrell and co-woikers on the other hand have presented evidence that the
related copper(I)-bis-pyra7ole complexes do not have these properties 13 More detailed insight in the
factors regulating the properties ot these type of complexes is therefore lequired
Recently, we reported on the reduction ol Cu(ll)-bis-pyrazole crown ether complexes in
alcoholic solutions 14 The observed rapid reduction ol the Cu(II>complexes, and the remarkable
stability ol the Cu(l) species, even in the presence of dioxygen, prompted us to further investigate
this system In particular we were interested to elucidate the factors that control the geometry,
electrochemical behavior and reactivity ol our Cu(ll)-bispyrazole complexes
Central in this study are the hgands bis-[2-(3,5-dimethyl-l-pyra7olyl)ethyl]amine 1 and the
bcnzylated derivative 2 (Chart 1) These two hgands are treated with Cu(NÜ3)2 3H2() and
Cu(C104)2 6H2O to yield 4 metal complexes (4 - 6 see Chart 1 ) that display ditterent geometries
around the copper ion and different redox behaviour The factors that regulate these effects are
discussed

7.2 Results
X-ray Structures.
Bisnitrato{[bis-2-(3,5-dimethyl-l-pyrazolyl)ethyl]amine} copper(II) (3) Complex 3
(see Figure 1) contains a copper(II) ion surrounded by three nitrogen atoms and three oxygen atoms
in a geometry intermediate between thai of a distorted trigonal bipyramide and an octahedron
Experimental data are given in the Experimental Section. Selected bond lengths and angles are
presented in Table I The basal plane is formed by the nitrogen atoms of the two pyrazole units and
the amine nitrogen. These atoms make a T-shaped arrangement around the metal ion, a situation more
often encountered with pyrazole15 and the lelated pyridine1"·17 hgands when the metal is in the 1 +
oxidation state The copper to pyrazole (N) distances are 1 977(3) and 1.955(3) À, respectively, the
copper to amine N(3) distance is 2 042(3)

Chapter 7
Chart 1

\

—V.CIO4

À The N(l)-Cu-N(5) angle slightly deviates trom linearity (166 18(13)°). The copper center is
displaced out of the plane tormed by N(l), N(3), and N(5) by 0 1561(10) À in the direction of a
coordinating nitrate group (N(6)0(1)0(2)0(3)). This nitrate group coordinates anisobidentately with
one short (Cu-O(l), 2 093(3)A) and one long distance (Cu-0(2), 2 601(3) λ). The nitrate in the
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Figure 1. X-ray structure of complex 3.
trans position (N(7) with 0(4) - 0(6)) is disordered and divided with half occupancy over two
positions. In one of these positions the nitrate is monodentately coordinated with an oxygen (0(4)) to
copper distance of 2.56(2) Â. In the other position this nitrate group is not coordinating at all. In the
latter case the oxygen atom (01W, not shown in Figure 1 for clarity) of a water molecule which is at
hydrogen bonding distances from this nitrate, coordinates with a distance of 2.28(2) Â to the copper
center.
Table I. Selected bond lengths and angles for complex 3.
atoms

dist. (À)

atoms

angle О

atoms

angle О

Cu-N(l)

1.977(3)

N(l)-Cu-N(5)

166.18(13)

0(2)-Cu-0(4)

168.3(4)

Cu-N(5)

1.955(3)

N(l)-Cu-N(3)

94.67(13)

0(l)-Cu-0(4)

132.8(4)

Cu-N(3)

2.032(3)

N(5)-Cu-N(3)

94.98(13)

0(l)-Cu-0(2)

53.33(10)

Cu-O(l)

2.093(3)

N(l)-Cu-0(2)

91.22(11)

N(3)-Cu-0(4)

90.2(4)

Cu-0(2)

2.601(3)

N(5)-Cu-0(2)

99.72(11)

N(5)-Cu-0(4)

90.5(4)

Cu-0(4)

2.56(2)

N(3)-Cu-0(2)

83.35(12)

N(l)-Cu-0(4)

79.6(4)

Bis-[2-(3,5-dimelh.yl-l-pyrazolyl)ethyl]aminecopper(II)

bisperchlorate

(4). The

structure of complex 4 is given in Figure 2. Crystal data and details of the structure determination are
given in the Experimental Section. Selected bond lenghts and angles are presented in Table II. As can
be seen from Figure 2 the copper ion in complex 4 is four coordinated by three nitrogen atoms (N(l),
N(3), and N(5)) from ligand 1 and an ethanol oxygen atom (O(l)). The pyrazole N to copper
distances are 1.964(12) and 1.922(14) Â for N(l) and N(5), respectively. The amine nitrogen N(3)
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to copper distance is 2.006(9) À. In addition to these short contacts, an additional long range
interaction between the Perchlorate oxygen 0(14) and copper is observed (distance 2.607(12) Â, not
shown in Figure 2). An interesting feature is the piesence of a hydrogen bond between the hydroxyl
group of the coordinating ethanol molecule and the Perchlorate oxygen 0(22') (related through the
symmetry operation 1/2-x, y-1/2, z-1/2) at a distance of 2.715(16) Â and an angle of 179.2(13)°.
Futhermore a borderline hydrogen bond exists between the secondary amine nitrogen N(3) - H(3)
and the Perchlorate oxygen 0(11") (related through symmetry operation x, y-1, z) at a distance of
3 180(20) Â and an angle of 154 9(12)°. The hydrogen bonds are not represented in the drawing in
Figure 2 for clarity.
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Figure 2. X-ray stiuctuie of complex 4.
Table II. Selected bond lengths and angles for complex 4.
atoms

dist. (Â)

atoms

angle (*)

atoms

angle (°)

Cu-N(l)

1.964(12)

N(l)-Cu-N(3)

96.8(6)

N(l)-Cu-0(1)

93.6(4)

Cu-N(3)

2.006(9)

N(l)-Cu-N(5)

160.5(5)

N(3)-Cu-0(1)

126.5(4)

Cu-N(5)

1.922(14)

N(3)-Cu-N(5)

97.0(6)

N(5)-Cu-0(1)

89.2(5)

Cu-O(l)

2.044(10)

Bisnitrato{Benzyl-bis-[2-(3,5-dimethyl-l-pyra/.olyl)ethyl]amine}copper(II)

(5). The

structure of this complex is shown in Figure 3. The experimental details are given in the Experimental

90

X-ray Structures

and Redox Properties of Copper(II)

- Pyrazole

Complexes

Section, the selected bond lengths and angles in Table III. In complex 5 the copper ion is five
coordinated by three nitrogen donors from the ligand and two oxygen atoms
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Figure 3. X-ray structure oj complex 5.
from the nitrate counter ions. The geometry is best described as a square pyramid with a trigonal
bipyramidal distortion. The basal plane is formed by the pyrazole nitrogen atoms N(l) and N(5), and
the oxygen atoms 0(1) and 0(4). The distances of these atoms to the copper center are 2.007(3).
1.984(3), 1.999(2), and 1.991(2) Â, respectively. The apical position is occupied by the amine
nitrogen N(3); its distance to the copper center is 2.330(3) Â. The copper ion is displaced 0.194(10)
Λ out of the plane defined by 0 ( 1 ), 0(4), N( I ), and N(5) in the direction of N(3). Oxygen atom 0(5)
shows a long range interaction with the copper atom, the distance being 2.6213(18) Λ.
Table III. Selected bond lengths and angles for complex 5.
atoms

dist. (Â)

Cu-O(l)
Cu-0(4)

1.999(2)
1.991(2)

Cu-N(l)

2.007(3)

Cu-N(3)
Cu-N(5)
Cu-0(5)

angle C)

atoms

angle f)

0(l)-Cu-0(4)

93.95(9)
174.62(11)

0(4)-Cu-N(5)
N(l)-Cu-N(3)

162.42(10)

O(l)-Cu-NO)
0(I)-Cu-N(3)

94.69(8)

N(l)-Cu-N(5)

2.330(3)

0(1)-Cu-N(5)

84.44(10)

N(3)-Cu-N(5)

93.96(11)

1.984(3)

0(4)-Cu-N(l)

87.67(11)

N(5)-Cu-0(5)

108.26(10)

2.6213(18) 0(4)-Cu-N(3)

103.62(10)

0(4)-Cu-0(5)

54.22(9)

atoms

89.91(10)
92.47(12)
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{Benzyl-bis-[2-(3,5-dimethyl-l-pyra¿olyl)ethyl]ainine}copper(II)

bisperchlorate

(6) The X-iay analysis revealed two diffeient structures (6a and 6b), which aie present in the unit
cell in a 1 to 1 ratio The experimental data aie given in the Experimental Section The selected bond
lengths and angles for complex 6a are presented in Table IV The selected bond lengths and angles
for complex 6b are given in Table V The two structures are very similar and are best described as
five coordinated Cu(II) complexes with a trigonal bipyrarrudal distortion around copper

Figure 4 X ¡ay structwe of complex 6a (left) and 6b (nt>ht)
In both 6a and 6b a molecule of ethanol coordinates to the copper center The most important
difference between the two compounds is the cooidination of a Perchlorate molecule in 6a, whereas a
water molecule occupies this position in 6b In complex 6a the pyrazole nitiogen atoms coordinate to
the copper center at distances of 1 96(2) Â (N(l)) and 1 95(2) Â (N(5)) The central amine N(3) to
copper distance is 2 09(2) Â The ethanol oxygen atom 0(1) to coppei bond is 2 09(2) Â The
interaction of the Perchlorate molecule with the copper center is rather weak as can be concluded from
the relative long bond length of 2 35(3) λ The angles found for 6a are slightly different from those
found for 6b (see below) The N(l)-Cu(l)-N(5) angle is 162 3(10)°, and the N(l) Cu(l)-N(5) and
N(5)-Cu(l) N(3) angles are 96 1(9) and 98 3(10)° íespectively The angles made by the axial
oxygen atoms 0(1) and 0(2) with the the cential amine N(3) (with Cu(l) as the vertex) aie 119 0(8)
and 110 3(10), respectively
In structure 6b the pyrazole N to coppei distances are 1 93(2) and 1 93(2) Â for N(l) and
N(5), respectively The central amine nitiogen atom is positioned at 2 12 Â from the copper center
The two oxygen atoms reside at the apical positions The ethanol oxygen atom O(l) is found at
2 10(2) À from the copper center and the water oxygen atom 0(2) at 2 14(2) Â The Τ shaped
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structure found in 6a is also preserved in 6b The N(l)-Cu(l)-N(5) angle is 169 1(10)°, the N(l)Cu(l)-N(3) and N(5)-Cu(l) N(3) angles are 95 3(9) and 95 1(9)°, respectively The difference in the
angles made by the axial oxygen atoms with the nitrogen atom N(3) (copper is the vertex) is less than
in 6a the 0(1)-Cu(l)-N(3) angle is 109 1(9)° and the 0(2)-Cu(l)-N(3) angle is 103 0(9)°
Table IV Selected bond lengths and angles for complex 6a
dist (Λ)

atoms

Cu-N(l)

1 96(2)

Cu N(3)

2 09(2)

Cu N(5)
Cu-O(l)
Cu 0(2)

2 35(3)

atoms

angle О

angle (°)

atoms

N(l)Cu-N(3)

96 1(9)

N(3)-Cu-0(1)

119 0(8)

N(l)-Cu-N(5)

162 3(10)

N(3)-Cu 0(2)

1103(10)

1 95(2)

N(3)-Cu N(5)

98 3(10)

N(5)-Cu 0(1)

96 6(9)

2 09(2)

N(l)-CuO(l)

85 4(9)

N(5)-Cu 0(2)

79 9(11)

N(l)-Cu-0(2)

85 4(10)

0(1)-Cu 0(2)

130 5(9)

Table V Selected bond lengths and angles tor complex 6b
atoms

dist (A)

atoms

angle (°)

atoms

angle (°)

Cu-N(l)

1 93(2)

N(l)-Cu-N(3)

95 3(9)

N(3)-Cu-0(1)

109 1(9)

Cu N(3)

2 12(2)

N(l)Cu N(5)

169 1(10)

N(3)-Cu 0(2)

103 0(9)

Cu-N(5)

1 93(2)

N(3)-Cu N(5)

95 1(9)

N(5)Cu-0(l)

87 2(9)

Cu 0(1)
Cu-0(2)

2 10(2)

Nd)-Cu-O(l)

92 3(9)

N(5)-Cu-0(2)

88 3(9)

2 14(2)

N(l)Cu-0(2)

86 3(10)

0(l)-Cu-0(2)

147 9(9)

Comparison of the structures When complexes 3 and 5 are compared, the most striking
difference is the change in arrangement of the ligands around the metal center that has occurred upon
benzylalion In 3 the basal plane is composed of three N-donors, whereas in 5 this plane is formed
by two N-donors and two oxygen atoms The amino nitrogen N(3) in 5 has moved out of the basal
plane to occupy an apical position ILS place is taken over by a nitrato group that occupied one of the
apical sites before benzylation
Also the relative positions of the pyrazole units with respect to the metal center have changed In 3
they are almost in a trans configuration, whereas in 5 they are cis positioned Apart from the different
spacial arrangement of the ligands and anions around the copper center, changes have also taken
place in the coordination distances When the amine nitrogen N(3) moves out of the basal plane to
occupy an apical position the N(3) to Cu distance changes from 2 032 À in 3 to 2 330(3) Ä in 5
Each of the two pyrazole to copper distances lengthen by approximately 0 03 À upon benzylation
The changes that occur within the Perchlorate series upon benzylation are less dramatic than
within the nitrate series When the overall geometries arc compared an increase in coordination
number from 4 in 4 to 5 in both 6a and b is observed It should be noted, however, that in 4 the
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Perchlorate oxygen atom 0(14) interacts weakly with the copper center. An interesting observation is
also the ta. 0.1 À lengthening ol the central amine NO) lo copper Cu(l) bond when a ben/yl group
is present on N(3) Although slight dillerences are noted for the pyrazole nitrogen to copper bond
lengths and angles, the overall geometry ot complexes 4, 6a and 6b is rather similar.
Conductivity measurements. Important differences in geometry in the series complexes 3-6 arc
clearly reflected by ihe X-ray measurements. Since the suueture of the complexes in solution is likely
to be different from that in the solid state, conductivity measurements were carried out at various
concentrations in accumulile solution The molar conductivity ol all complexes varied lineary with the
square root of the concentration. These measurements revealed that the nitrate complexes behave as
2

-1

1:1 electrolytes in acetonitnle solution (Лм = 137 and 178 S cm .mol for 3 and 5, respectively).
This indicates that one ol the nitrato groups which is coordinated to the copper center in the solid
state, dissociates in solution. For the Perchlorate complexes 4 and 6 the conductivity values lie in the
2

1

range of 2:1 electrolytes (Лм = 418 and 384 S.cm mol· for 4 and 6, respectively), indicating that
these complexes are completely dissociated in acetonitrile solution. Likely, the free coordination sites
are occupied by solvent molecules.'

s

Solution IR measurements. IR-spectra of complexes 3 - 6 were recorded in acetonitnle solution.
These spectra showed two nitrate vibrations for complexes 3 and 5 corresponding with a free- and a
coordinated nitrate group (at 1323 and 1288 enr 1 for 3 and at 1341 and 1291 enr 1 tor 5 ). For
complexes 4 and 6 one single CIO4- vibration was observed at 1102 e n r ' , indicating that the
Perchlorate ion is non-coordinating in solution These results are in line with the conductivity
measurements above.
Electrochemistry. The redox properties of the complexes were examined by cyclic voliammetry
The results are summarized in Table VI All complexes, except 5, are reduced in a reversible (l^/if =
1, ΔΕρ = 60 - 65 mV) charge transfer process to produce the Cu(I) species. The complexes with the
benzylaled ligand display the highest redox potentials for the Cu(lI)/Cu(I) couple. A half wave
potential ot +0.15 V is observed tor 5 and a value of+0.28 V for 6. For complexes 3 and 4 the half
wave potentials are -0.01 and +0.10 V, respectively Thus, the introduction of a benzyl group shifts
the reduction potential lor the Cu(II)/Cu(I) couple by approximately 0.17 V in positive direction
(0.16 V lor the nitiate series and 0.18 V for the Perchlorate series). These numbers reflect the
different electron donating abilities ol the ligand systems. Ligand system 1 is expected to be the most
electron donating and its copper complexes are consequently the most difficult to reduce. The halfwave potentials also clearly reveal the influence ol the coordinating nitrato group: the E1/2 shifts 0.11
V when nitrate is substituted by Perchlorate in the "unben/.ylated" series and 0.13 V when this anion
is substituted in the "benzylated" series Complexes 3, 4, and 6 behave as chemically and
electrochemically reversible systems A slight deviation of the electrochemical reversibility is noted
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tor complex 5 where a peak separation value of 72 mV is observed A possible explanation tor this
behavior may be that the reduction ol Cu(ll) to Cu(I) in this complex is accompanied by a relatively
slow structural rearrangement of the hgands around the metal center. As was shown by Sorrell,23
Cu(I) prefers a planar arrangement of the nitrogen donor atoms. In 5 this planar arrangement is
absent. The larger peak separation observed for 5 (72 mV) is in line with this structural
rearrangement. Our observation that the peak separation depends on the scan rate further supports
this idea. Such a scan rate dependency was not observed lor 3, 4, and 6 In the latter complexes, the
pyrazole ligands are occupying the basal positions, a situation preferred by the Cu(I) state A
rearrangement is thus not expected to lake place
Table VI. Cyclic voltammetry data for the metal complexes 3 - 6 a
complex

Ei/ 2 (V) b

AE„ (mV)<-'

¡j/jr_

3

-0.01

64

1.0

4

+0.10

62

1.0

S

+0.15

72

1 0

6

+0.28

59

1.0

"Measured at ta. 25 "С in acetomtrile using a Pt-working electrode, a Pt auxiliary electrode, an
Ag/Ag+relerence electrode, and 0.1 mol.drrr3 tetrabutylammonium hexafluorophosphate (TBAH) as
the supporting electrolyte. Scan rate: 100 mV.s'1. Potentials are reported v.s. Fc/Fc+ in acetomtrile
b

Determined with differential pulse polarogiaphy. cCathodic to anodic peak-potential separation.

EPR. The powder EPR spectra of complexes 3 - 6 were recorded at 7 К Compounds 3 and 6
displayed rhombic spectra Irom which three distinct g values could be derived (Table VII), as
Table VII. Apparent g values derived trom powder EPR spectra at 7 К
complex

spectrum

g values

3

rhombic compressed

2 03,2 13,2 28

4

isotropic

2.14

5

near isotropic

2.06,2.19

6

rhombic compressed

2.02,2 17,2.28

expected on the basis oí the low symmetry observed in the crystal structures. The fact that the lowest
g-value for 3 and 6 is < 2.03 indicates that these complexes have a compressed rhombic site (cf. Cu
- ligand distances, Tables I, IV, and V) with a d72 ground state

iy

From the EPR spectrum of 4 no

distinct g values could be calculated. The spectrum is isotropic due to exchange broadening probably
caused by misalignment ot the molecules in the crystal packing

20 20

·

The spectrum ot 6 is nearly
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isotropic. The long range order in the crystals of this compounds is such that the axes of the
molecules arc aligned in an antiparrallcl fashion.

7.3 Discussion
The data presented in the Results Section indicate that the introduction of a substituent on the amino
nitrogen of the pyrazolc hgand system and a change in the counter ion can influence the geometry and
half-wave potential ot the copper complexes The most pronounced transformation lakes place in the
nitrate series, where the amino nitrogen moves to an apical position when a benzyl group is
introduced. In the latter case, various bond lengths increase, the most important one being the 0 3 A
lengthening of the Cu(II)-amine bond which indicaties a "softening" of the lone pair on the amine
nitrogen atom This softening is reflected in the higher reduction potential measured for complex 5 as
compared to complex 3. A similar increase in bond lengths on the introduction of a substituent is
observed in the Perchlorate series albeit to a lesser extent. It also leads to a change in reduction
potential (compare 4 and 6, Table VI)
Conductivity measurements and IR data indicate that in acetoniinle solution one of the nitrato
groups of 3 and 5 dissociates, rendering I 1 electrolytes. The Perchlorate complexes 4 and 6 on the
other hand lorm 2 1 electrolytes in this solvent The nitrate group that remains coordinated to the
copper center in complexes 3 and 5 modifies the redox potential resulting in a 0 12 V less positive
half-wave potential for the Cu(II)/Cu(I) couple in the nitrate series as compared to the Perchlorate
scries
In a previous publication we reported that certain crown ether-pyrazole copper(II) complexes
(f g. 7) undergo reduction in alcoholic solvents even in the presence of oxygen ' 4 These complexes
have a xylene group attached to the amino nitrogen atom ot the hgand set instead of the here reported

benzyl group The electronic elfect ot the two groups is expected to be the same This is confirmed
by cyclic voltammetry measurements which indicate that the hall wave potential ol complex 6 is
similar to that of complex 7 (E1/2 = 0 λ V, see chapter 6) A mechanism for the chemical reduction
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reaction was proposed, involving the coordination of a solvent molecule, viz methanol, to one of
the Cu(II) centers In a subsequent fast reaction this solvent molecule bridges between the two
coppers Finally, transter of electrons to the Cu(II) centers is supposed
to occur and the methanol molecule is oxidized to formaldehyde The afore mentioned mechanism is
supported by conclusions that can be drawn lrom the results presented here First of all, coordination
of an alcohol molecule to the Cu(Il) centers is very likely in view of the χ ray structures of complexes
4,6a and b Secondly, our results show that the introduction of a substituent on the amino nitrogen
of the hgand changes the redox properties ot the complex Thirdly, Sorrell has reported the x-ray
structure of a dinuclear Cu(I) complex of a hgand system related to 2 (see Table VIII)

23

This hgand

system adopts a configuration around the Cu(I) centers
Table VIII

Me

Me

atoms
disi, À
atoms
angle, (°)
Cu(l)-N(l) 1895(4) N(l)-Cu(l) N(3) 100 0(2)
Cu(l)-N(3) 2 195(3) N(l)-Cu(l) N(5) 156 0(2)
Cu(l)-N(5) 1916(4) N(3) Cu(l) N(5) 99 2(2)

data for complex 6a
atoms
dist, À
atoms
angle, (°)
Cu N(l) 196(2) N(l)-Cu-N(3)
96 1(9)
Cu-N(3) 2 09(2) N(l)-Cu-N(5) 162 2(10)
Cu-N(5) 195(2) N(3) Cu-N(5) 98 3(10)

data for complex 6b
atoms
dist, Â
atoms
angle, (')
Cu-N(l) 1 93(2) N(l) Cu-N(3) 95 3(9)
Cu-N(3) 2 12(2) N(l) Cu N(5) 169 1(10)
Cu N(5) 193(2) N(3)-Cu N(5) 95 1(9)

that is similar to the one present in Cu(II) complex 6 Comparison ot the bond lengths and angles in
6a and 6b with those in Sorrell s dinuclear Cu(I) complex23 (see Table VIII) reveals that the
pyrazole nitrogen to copper distances in the former complexes are only slightly longer than the
corresponding distances in the latter complexes The central amine to copper distance is comparable
for all three complexes Furthermore, 6a, 6b and Sorrell's complex have the same planar
configuration of the coordinating nitrogen atoms around copper We may therefore conclude that our
Cu(II) complexes have the correct geometry required for the stabilization of a Cu(I) center This
feature in combination with the highly positive E1/2 tor 6 may be the origin of the observed easy
reduction of the copper(II) centers in 7
Complexes of type 6 and 7 tan be regarded as models for the enlatic state21 of metalloproteins In this stale, the metal ion is poised for catalytic action in the absence of a substrate For 7
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this is the acceptation of electrons coupled with the concomittant oxidation of a methanol molecule
It has heen reported in the literature that certain Cu(I) complexes of unsubstituted pyra/ole
based ligand systems show a relatively high stability towards dioxygen in aprotic solvents towards
dioxygen ' ^ Our study might provide an explanation lor this In view ol the type ot anion tor copper
(PF6 , BF4 ) and the substituent on the central amine nitrogen (xylene) used in these studies

n

the

situation is comparable with that lor complex 6 (CIO4 counter ion, benzyl substituent) The reaction
ot a dinuclear Cu(I) complex with dioxygen can be seen as an one electron oxidation ol each ot the
copper ions The positive redox potential of the Cu(II)/Cu(I) couple found for complex 6 indicates
that a reaction of the Cu(I) complex with dioxygen is will be dillicult or even prohibited In other
reported pyrazolc ligand systems an extra phenolic oxygen atom is present 22 Copper (I) complexes
of these ligands do have a high altinity tor dioxygen This behavior can also be explained with the
results presented here Oxygen atoms cooidinating to the copper center lower the E\/j ot the
Cu(II)/Cu(I) couple (see Table VI complexes with coordinating NOv groups) In this way the Cu(I)
state will be destabilized and electron transfer to dioxygen be lavoured
Acknowledgement The technical assistance ol Mrs A M Roelolsen during the electrochemical
measurements is giatefully acknowledged CAOS/CAMM computer facilities were used during the
crystal structure determination ol complex 3 lf>

7.4 Experimental Section
Materials All chemicals were obtained commercially Solvents were dried and distilled prior to
their use Dielhylelher was distilled from sodium, dichloromethane and acelonitnle were distilled
Irom calciumhydride DMF was stored over 4A molsieves and distilled at reduced pressure
Acetomtnle used in the electrochemical measurements was deoxygenated by three repetitive lrec¿e
pump-thaw cycles Си(С10а)2 6H2O was purchased from Janssen Chimica and Си(Шз)г ІНгО
was obtained Irom Merck TLC analysis were prelormed on Merck pre coated silica gel 60 F 254
plates
Preparation of the Ligands
Bis-[2-(3,5-dimethyl-l-pyrazolyl)ethyl]amine (1) Under a dtnitrogen atmosphere 7 46 g
(74 6 mmol) oí 4,5 dimcthylpyrazole was slowly added to a suspension ot 4 6 g (115 mmol) of
609t sodiumhydnde in 70 raL of dry DMF at room temperature Allei hydrogen evolution had
ceased the mixture was warmed to 70 °C and stirred lor 2 hrs Subsequently, 6 84 g (48 2 mmol)
ol [bis 2 chloroelhyl]amine hydrochloride was added to the solution and the mixture was stirred
overnight producing a cream white dispersion After filtration ol the precipitated NaCl the solvent
was evaporated in \acuo The resulting oil was dissolved in 50 mL of CHCI3, washed with saturated
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aqueous sodium chloride (3 χ 50 mL) and dried over MgSC>4 Flash chromatography (silica 60H
eluent 5c/( methanol in chloroform (v/v)) yielded 6 1 g (63% ) ot a yellow oil, which crystallized upon
standing Mp = 32 °C I*! (TLC, eluent 10'7c MeOH in CHCI3) = Ü 33 (note this compound is not
visible undei a legulai UV-lamp TLC plates weie theiefoie tieated with lodme-vapoui 01 spiayed
with TDAfiì after expositie to Cl2 gas) IR (KBr, cm ·) 3301 (NH), 2925 (CH2) Ή NMR (90
MHz, CDCI3, 298 Κ) δ 2 2 (s, 6H, CHj). 2 3 (s, 6H, CH3), 3 0 (t, 4H, NCH 2 CH 2 ), 4 0 (t, 4H,
NCH2CH2Pyrazole), 5 8 (s, 2H, Pyra H.) MS (С I ) m/z = 262 (M++1, 65 <7г), 165 (55<7r), 152
(100%) Anal Caled for C14H23N5 0 5 CHCI3 С, 54 33, H, 7 23, Ν 21 85 Found С, 55 79, Η,
7 62, Ν, 21 89
Benzyl bis-[2-(3,5-dimethyl-l-pyrazolyl)ethyl]amine (2) To a solution containing 1 46 g
(5 6 mmol) of 1 in 15 mL ol acetone was added 958 mg (5 6 mmol) ol ben/yl bromide and 700 mg
(5 15 mmol) of inelhylamine The reaction mixture was refluxed lor 3 hrs The solvent was
evaporated in \utuo and the resulting oil was dissolved in 40 mL of dichloromclhane, washed 2
limes with 30 mL of bnne and dried (Na2SC>4) After filtration, the dichloromethane was evaporated
and the resulting oil was punlicd by column chromatography (silica 60H, eluent 5% MeOH in
CHCI3 (v/v)) Yield 1 93 g (98 7r) ol 2 as an oil Rf (TLC, eluent 5% MeOH in CH 2 CI 2 (v/v)) =
0 22 Ή NMR (90 MHz, CDCh, 298 Κ) δ 2 2 (s, 6Η, СНз), 2 3 (s, 6Н, СЩ), 3 0 (ι, 4Н,
NCH 2 CH 2 ), 3 45 (s, 2Н, СН2Аг), 4 0 (t, 4Н, NCH 2 CH 2 pyra/ole), 5 8 (s, 2Н, pyrazole-H), 7 2
(s, 5H, ArH) 'Зс NMR (400 MHz, CDCI3, 298 К) δ 10 90 (£Нз), 13 38 (£Η,), 47 12 (pyrazole
СНгСНг), 54 39 (pyra/ole-Ç_H2CH2), 59 54 (C_H2-Ar), 104 77 (pyrazoleÇJ, 127 07 (ArÇJ, 128 25
(ArÇJ, 128 60 (ArÇJ, 138 91 (ArÇJ, 147 24 (ÇCH3) MS (El) m/z = 351 (M+) Anal Caled lor
C21H29N5 0 5 CH2C12 С, 62 80, H, 7 23, Ν 17 03 Found С, 62 70, Η, 7 30, Ν, 16 90
Warning' Although we have expeiienced no difficulties with the peichloiate salts descubed these
compounds should be legaided as potent/alls explosive and handled accoidmgh

24

Preparation of the complexes
[Cu 1 2NO3] (3) To a solution of 0 75 g (2 8 mmol) of 1 in 50 mL ot ethanol was added 0 52 g
(2 8 mmol) of Си(Ж)з) 2 3(H 2 0) The solution turned green immediately Atter refluxing for 1 hr
the solvent was evaporated in vacuo Complex 3 was recryslallized from ethanol/ether Yield 1 1 g
(86%) ot dark green crystals Mp=160°C Anal Caled tor Ci 4 H 2 3CuN 7 O n С 37 46. H 5 16, Ν,
21 84 Found С, 37 50, Η, 5 15, Ν, 20 26 FAB-MS m/z = 386 (I+C11+NO3) IR (aceionilrile,
enr 1 ) 1323 (free NO3 ), 1288 (coord NO3 ), UV VIS (acetonitrile) Х т а х nm (е/М-'спг 1 ) 225 5
(15,100), 264 1 (2200), 708 (180)
ICu 1 CIO4 C 2 HsOH]C10 4 (4) To a solution ot 80 mg (0 306 mmol) of 1 in 2 mL of ethanol was
added 11 4 mg (0 306 mmol) ot Cu(ClÜ4)2 6H 2 0 The solution turned green immediately and was
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refluxed for 1 hr The solvent was evaporated in vacuo and the product wai recrysialhzed Irom
ethanol/ether to yield 70 mg (40%) of 4 as dark green crystals Mp = 220'C Anal Caled for
C14H23CUN5CI2O8 C2H5OH C, 33 72, H, 5 13, N, 12 29 Found C, 32 99, H, 5 16, N, 12 98
FAB-MS m/z = 423 (l+Cu+ClOa) IR (acetomtnle, cm 1 ) 1102 (free CIO4 ), UV-VIS (acetonitnle)
Xmax/nm (e / M W

1

) 226 5 (15,800), 272 0 (1960), 324 3 (shoulder, 620), 685 7 (60)

[Cu 2 2NO3] (5) To a solution oí 253 mg (0 72 mmol) of 2 dissolved in 2 mL of ethanol was added
while stirring a solution of 2 mL of ethanol containing 174 mg (0 72 mmol) ol Си(ЫОз)г ЗН2О The
reaction mixture immediately developed a dark blue-green color After 1 5 hrs the solvent was
evaporated in vacuo The resulting blue green powder was recrystallized from hot ethanol Mp = 160
°C Anal Caled for C2iH 2 9N 7 0 6 Cu C, 46 79, H, 5 42, N, 18 19 Found C, 46 27, H, 5 64, N,
17 09 FAB-MS m/z = 476 (2+Cu+N0 3 ) IR (acetonitnle, cm ·) 1341 (free NO3 ), 1291 (coord
1

NO3 ), UV-VIS (acetonitnle) Х т а х / п т (ε / M - W ) 225 5 (13,700), 297 6 (2100), 688 7 (30)
[Cu 2 C2H<¡OH Y]nC10 4 (6) (Y = H 2 0, η = 2 or CIO4 , η = 1 ) Ligand 2, (241 5 mg, 0 69 mmol)
oí 2 was dissolved in 2 mL of ethanol To this solution was added dropwise while stirnng a solution
of 254 9 mg (0 69 mmol) of Cu(C104)2 6H2O in 2 mL of ethanol The reaction mixture turned dark
green immediately After stirring lor 1 5 hrs the solvent was evaporated m vacuo Complex 6 was
recrystallized from hol ethanol

Mp = 109 °C

Anal

Caled

for dried complex 6

C21H29NSCI2O8CU 2 H 2 0 С 38 75, H, 5 26, Ν, 10 76 Found С, 38 87, Η, 5 21, Ν, 10 69
FAB-MS m/z = 513 (2+Cu+C104) IR (acetonitnle, cm 1) 1102 (free CIO4 ), UV-VIS (acetonitnle)
Xmax/nm (ε/ M lem" 1 ) 217 6 (13,400), 224 6 (13,250), 293 7 (1800), 400 (shoulder, 520), 690
(80)
Physical measurements
UV VIS spectra were recorded on a Perkin-Elmer Lamba 5 spectrophotometer 'H and 1 3 C NMR
spectra were recorded on a Bruker WH90 or a Bruker WM-400 instrument Chemical shifts are
denoted in ppm relative to the internal standard lelramethylsilane FAB-MS spectra were recorded on
a VG 7070E instrument using 3 nitrobenzyl alcohol as the matrix IR-spectra were measured on a
Perkin Elmer 1720X instrument Melting points were measured on a Reichert Jung hot stage
mounted on a microscope and are reported uncorrected Conductivity measurements were earned out
in acetonitnle with a Schott Gerate CG 852 Konduktomeier at various concentrations of the
complexes (1 χ 10 ^ to 1 χ 10 4 M) Cyclic Vollammetry expenments were performed with a Par 173
potentiostat equipped with a PAR Model 176 I/E converter coupled to a PAR Model 175 universal
programmer using a platinum auxilary as well as working electrode and a Ag+/Ag (0 1 M AgNC>3)
electrode as the reference electrode All measurements were carried out in acetonitnle with 0 1 M
letrabulylammonium hexafluorophosphate (TBAH) as the supporting electrolyte, the concentrations
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of metal complexes amounted to 5x ΙΟ M The half-wave potential of a 10

3

Complexes

M solution of ferrocene

was measured under the same experimental conditions E1/2 = 0 045 V
Crystals
Crystals were grown by slow diffusion of diethylether into an ethanolic solution of the respective
complexes This procedure yielded dark green crystals ot 3 and 5, blue-green crystals of 4 and light
green crystals ol 6
Collection and reduction of the X-ray data for complex 3
Standard experimental and computational details for complex 3 are given elsewhere

2S

Unit cell

dimensions were determined from 25 reflections with 16" < Θ < 20° The empirical absorption
2ft

correction factors (EMPABS) were in the range ol 0 961

I 070 After preliminary refinement (to
27

R = 0 093) an additional semi empirical absorption correction (DIFABS) was applied with lactors
ranging Irom 0 884 to 1 610 Laue symmetry equivalent reflections were averaged Ot the 5740
unique reflections, 3211 were observed (Rm<.rnc = 0 046 on F 0 values)
The structure of 3 was solved using automated vector search methods a Iragment of one
pyra¿ole ring plus a Cu atom bound lo it was onenlcd by ORIENT28 and positioned by TRACOR29
and automatically expanded by DIRDIF 3 0 Least squares retinement was done by SHELX

3I

The

hydrogen atoms were fixed at calculated positions (C-H 1 00 Â) except for the methyl hydrogen
atoms The hydrogen atoms ot the four methyl groups were obtained trom a difference Fourier map
The hydrogen atoms were refined nding on the parent carbon atoms with free isotropic temperature
factors One ol the nitrates is disordered To account for the electron density of a difference Fourier
this nitrate was divided over two positions and an extra oxygen atom (supposed to belong to a water
molecule), also devided over two positions, was added For more details concerning the structure
determination of 3 see Table IX
Crystal structure determination of complexes 4, 5, and 6
Crystals, suitable tor X-ray structure determination were mounted on a Lindcmann-glass capillary
and translerred into the cold nitrogen stream on an Enral-Nonius CAD4-Turbo diftractomeier on
rotating anode (5 and 6) or to an Enrat-Nomus CAD4-F sealed tube diftractometer (4) Accurate
unit-cell parameters and an orientation matrix were determined by least-squares refinement ol 25, 25,
and 18 well-centered reflections (set4) in the ranges 6 0° < Θ < 14 Γ, 10 5° < Θ < И 9" and 9 9° <
Θ < 13 5" (for 4, 5, and 6, respectively) Reduced-cell calculations did not indicate higher lattice
symmetry 1 2 Crystal data and details on data collection are given in Table IX Data were collected at
150 К for 5 and 6, and at ambiant temperature tor 4, in ω/2Θ scan mode Scan angle was Δω = a
+ 0 45lan0" with a = 0 75 0 54 and 0 50 for 4 5 and 6, respectively Intensity data were collected
upto Θ = 27 50° Total data ot 6146, 11692, and 16850 reflections were collected ot which 2883,
5472 and 14032 were independent lor 4 5 and 6, respectively Data were corrected tor Lp ettects
and tor the linear decay ot the three periodically measured reference reflections during X ray
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Table IX Crystallographic dala lor complexes 3,4, 5, and 6
complex

3

4

5

6

formula

Ci4H23CuN7()6

C18H29CI2C1JN5

C2iH2yCuN7Ofi

C48H78CL4CU2

mol weight

448 9

O9
569 89

539 05

N10O2Ü
1384 10

space group

Fl\k

Pna2\ (N0 33)

c2/c(No 15)

P2i/c(No 14)

cryst system

monoclinic

orthorhombic

monoclimc

monoclimc

Ζ

4

4

8

4

а, к

8 1596(9)

13 3643(7)

28 719(2)

10 9488(9)

b,k

31 164(2)

10 3925(9)

8 6043(6;

17 030(2)

С λ

7 7966(9)

17511(1)

23 034(2)

32 893(3)

Adeg

94 75(2)

124 767(7)

92 185(7)

1976

2432 1(3)

4675 7(7)

6129(1)

1 509

1 556

1 531

1 500

11 5

11 7

99

95

0 71073

0 71073

0 71073

0 71073

(Zr tillered)

(graphite mon )

(graphite mon )
150
0 104
0 119

3

v. к

Dcalcd, g i-m

3

Pwfcd. cm !
radn (MoKa), À
Г, К

293

298

RF

0 051

0 063

150
0 042

R4 F

0 050

0 052

0 034

exposure time Standard deviations of the intensités as obtained by counting statistics were increased
according to an analysis ot the excess variance of the reterence reflections σ2(1) = σ2α(Ι) + (pi)2Ρ*
with ρ - 0 01, 0 01, and 0 03 lor 4, 5, and 6, respectively An empencal absorption/extinction
correction was applied (DIFABS,1* correction ranges 0 66 1 32, 0 86 1 10, and 0 73-1 18 lor 4, 5,
and 6, respectively) The structure of 4 was solved by automated direct methods (SIR-92 34 ), the
structures of 5 and 6 were solved by automated Patterson methods and subsequent diilerence
Fourier techniques (DIRDIF 92 1 S ) Refinement on F was carried out by lull-matrix least squares
techniques (SHELX7622) Hydrogen atoms were included in the refinement on calculated positions
(C-H = 0 98 Â) riding on their earner atoms The data set of 6 did not allow anisotropic refinement
of all non-hydrogen atoms, therelore only Cu and CI were refined amsotropically For the other
structures all non-hydrogen atoms were relined with anisotropic thermal parameters The hydrogen
atoms were refined with anisotropic thermal parameters Weights were introduced in the final
refinement cycles For 4 convergence was reached at R = 0 063, RH = 0 052, w = 1/[σ2(/Γ) +
0 000271/2]. 5 = 2 11, for 315 parameters and 1281 reflections with / > 2 5σ(7) A final difference
Fourier map showed no residual density outside -0 54 and 0 75 e À 3 Refinement of the alternative
chirality did not yield significantly different resulls For 5 convergence was reached at R = 0 042,
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Rw = 0.034, w = 1/[σ (Γ) + 0 000053Í 2 ], 5 = 2 90, for 329 parameters and 3731 reflections with /
> 2 5σ(/) No residual density outside -0.48 and 0.40 e À -3 . For 6 convergence was reached at R =
0.104, /?w = 0 119, w= l/[a2(F) + 0 00181/^], S= 10 1, tor 382 parameters and 3052 reflections
with / > 2 Sail). A final difference Fourier map showed no residual density outside -0 82 and 1.81 e
À-3. The high residual density was located near u CIO4- ion, and is indicative ol a slight disorder in
this counter ion Neutral atom scattering factors were taken lrom Cromer and Mann,36 anomalous
dispersion corrections lrom Cromer and Liberman 37 Geometrical calculations and illustrations were
preformed with PLATON 3 8 All calculations were preformed on a DECstation 5000/125
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Shape Selective Oxidation of Benzylic Alcohols by a
Receptor Functionalized with a Dicopper(ll) Pyrazole
Complex.
8.1 Introduction
An important goal currently being pursued in homogeneous catalysis is the achievement of shape
selectivity of the catalyst for the substrate In natural systems this selectivity is displayed by enzymes
and achieved through the correct orientation of a substrate with respect to a catalytic center The latter
is realized by a multi point recognition interaction between the substrate, bound in a pocket , and the
enzym, leaving only one site ot the substrate open for attack
Mimicking the highly selective properties of natural systems is a great challenge which imposes
numerous problems to the chemist Cram has pointed out that a substrate usually possesses diverging
binding sites ' The enzyme mimic must therefore be a concave molecule with converging binding
sites A molecule that has these properties is the receptor molecule 1 (see Scheme 1) which was
recently developed in our group 2 It is based on the building block diphenylglycolunl and has the
capability of binding neutral molecules Extensive work has shown that a wide variety ot
dihydroxybenzenes and other guest molecules can be complexcd in the cavity of 1 through hydrogen
bonding with the carbonyl units of the receptor and π π stacking interactions with the receptor
walls ^ 4 In this paper we describe the synthesis and properties of a derivative of 1 which is
functionalized with two bis-pyrazole type ot ligands (compound 2) As will be shown, the cavity of
2 can bind hydroxyben/enes including dopamine derivatives and the ligand arms of 2 can coordinate
to two copper centers yielding a dinuclear meidllo-host (3) This metallo-host displays shape
selectivity in the oxidation of benzylic alcohols

8.2 Results and

Discussion

Synthesis and Complex Formation The synthesis of receptor 2 is outlined in Scheme 1 It
s

6

involves the reaction ot 1 with ligand 5, which is easily accessible trom 4 After purification 2 was
obtained in 55% yield Following an identical procedure using a di aza receptor with a smaller crown
ether moiety (6), an identical but smaller host 7 was prepared (see Scheme 2)
The preparation ol the dinuclear copper (I) and copper (II) complexes of 2 and 7 was achieved by
reacting the ligands with two equivalents ol the appreciate copper salt For the copper (I) complexes
this salt was [Cu(I)CH3CN)4|PF 6 7 and tor the Cu(Il) complexes Cu(CK)4)2 6H2O Complex
tormalion was rapid in all cases and the products were isolated as yellow (Cu(I)) or green (Cu(ID)
powders The dinuclear Cu(I) complexes showed sharp Ή NMR spectra as expected for d 1 0 species
The Ή NMR signals ol the hgating parts of the molecules were slightly shifted compared to their
positions in the free ligand
Substrate binding The affinities ot the Iree ligand receptor 2 for dopamine derivatives 9 and 10,
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Scheme 2.
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8

for 3,5-dihydroxyben7yl alcohol ( l l ) and for floroglucinol (12) were examined by 'H NMR
titration experiments The dopamine derivatives were studied because of our interest in the
development of a dopamine β hydroxylase mimic This mimic will be described in a separate paper
3

The titration data were analyzed with the aid ot a computer program Good fits were

CCI,

CCI,

МеО
9

ОМе
10

но

11

он

но

12

он

obtained when it was assumed that 1 1 complexaiion takes place In the case of floroglucinol it was
necessary to add a small amount of acetonitnle in order to ensure the complete dissolution of the
substrate The association constants lor 10 and 12 were determined to be 60 and 3500 M '
repectively In order to determine the binding constant ol 10 with the dinuclear Cu(l) complex 3, the
former was added to the complex and the upfield shifts of the various receptor protons were
compared with those in the titration experiments with the free ligand 2 From this comparison it
followed that 10 had the same binding affinities for 3 as for 2 (K a = 60 M ') Since 11 appeared to
be rather insoluble in the solvents used tor the Ή NMR experiments, the affinity of 3 for 11 was
estimated by from a titration experiment with resorcinol The induced shift of the various receptor
protons matched well with those determined previously for related systems

3

The Ka tor resorcinol

was estimated to be LU 2000 M ' To investigate whether H bonding is important in the binding
interaction,4 the free ligand 2 was titrated with the dimethoxydopamine analog 9 In this molecule,
the hydroxyl groups that are responsible for H bonding are no longer available No upheld shilts
were noted in this titration experiment indicating that 9 is not bound by 2
When 10 was added to 8 no upfield shifts were noted tor the various receptor proton signals
indicating that 10 is not bound in the cavity of 8 This result is in line with Ή NMR and X ray
studies which were recently earned out on a related host molecule with dimensions comparable to 8
These studies suggest that the binding sites of host molecules like 8 are not accessable to guest
9

molecules For these reasons 8 was not examined further
The association constants measured for host 3 and guesti 10 and 12 compare well with those
4

reported previously by us for 1 and catechol and resorcinol The dopamine analog 10 is expected to
have the lowest binding constant since in 10 the OH groups are linked by an intramolecular
hydrogen bond which has to be broken before complexation can take place Consequently, a lower
K a will be observed Floroglucinol has its hydroxyl groups orientated in such a way that they more
readily torm hydrogen bonds with the receptor This is reflected in the higher Ka The results clearly
show that the cavities ot receptors 2 and 3 are capable of accommodating guest molecules
109
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Oxidation of alcohols. In a separate paper we have shown thai dinuclear Cu(II) complexes with
pyrazole hgands can undergo reduction to their dinuclear Cu(l) complexes in the presence of a
5

suitable reductant such as methanol which is oxidized lo formaldehyde. Since receptor 3 is designed
to bind hydroxybenzenes, we tested benzyl alcohol, 3-hydroxybenzyl alcohol and 3,5Table I. Rate constants foi the oxidation of various benzyltc alcohols by [Си(11)22]{СЮ4)4.й
Alcohol

ki (s- 1 χ IO4)

Benzyl alcohol

2.62

4-Methylbenzyl alcohol

1 03

4-Fluorobenzyl alcohol

1 93

4-Chlorobenzyl alcohol

1.98

4-Bromobenzyl alcohol

1.48

4-NitrobenzyI alcohol

2 50

4-Mclhoxybenzyl alcohol

0 785

3,5-Dimethoxybenzyl alcohol

0.772

3-Methoxybenzyl alcohol

0.252

3-HydroxybenzyI alcohol

47,800b

3,5-Dihydroxybenzyl alcohol

>47,800c

a

Solvent acetomtnle, Τ = 30 "С; estimated error 109c.

b

T = -30 "C.

c

Estimaied value at -30 °C.

dihydroxybenzyl alcohol as substrates in the oxidation - reduction reaction. All three compounds
were found to induce the reduction ot the Cu(II) analogue ot 3 as was evident by the decolonzation
of the reaction mixture The toimation of ben/.aldehyde, 3-hydroxybenzaldehyde

and 3,5-

dihydroxybenzaldehyde as the oxidation products was confirmed by HPLC and comparison with
authentic samples. Besides the aldehydes, also small amounts of the carboxylic acids were detected
The formation of these acids might be the result ol a rapid auto-oxidation ot the aldehyde. To test
this, the reaction was carried out under strictly anaerobic conditions and under the exclusion of light.
Carboxylic acids were detected in minute amounts, indicating that the formation of these species
indeed may be the result ol an auto-oxidation process
It is interesting to note that in the case of 3,5-dihydroxybenzyl alcohol the reaction product is
only observed if an additional equivalent ol substrate is added. Apparently, the product is tightly
bound in the cavity ot 3 Only when an excess substrate is present, the reaction product is expelled
and can be detected This observation has been noted in a related system as well.10

1 10
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We observed thai the rates of reduction of 3-hydroxybenzyl alcohol and 3,5-dihydroxyben7yl
alcohol were much laster than the rate ol reduction of benzyl alcohol itself. In order to examine

5 -ι
• i m-(OH)2 (estm

4 -

ni-OH (estm

3
χ

%

2
1 0 -

Mc
m-(OMe)

-1

H

•

NO,

F c i
· \
Br

0 M e

m-OMe

-2
-1

-0.5

ι
0.5

Figure 1 Hammett plot for the oxidation ofbenzvlic alcohols with [Cu(II)2 2J(CI04)4 (T = 30 °C)
whether this difference is due to a substituent elfect or not, a large number of benzylic alcohols were
tested as substrates To this end the alcohol was added to a solution of the dinuclear Cu(II) complex
of 2 and the decrease in the d-d transition of the Cu(II) complex at 700 nm was measured as a
function of time at 30 °C The results are presented in Table I The oxidation ot 3-hydroxybenzyl
alcohol could only be accurately measured at -30 °C At this temperature the oxidation of 3,5dihydroxybcnzyl alcohol was still too fast be to measured Consequently, no exact value can be
given, but the assumption that the rate constant is higher than that ot 3-hydroxybenzyl alcohol seems
fair. The kinetic data are represented as a Hammelt plot in Figure 1 As is clear I rom this plot, the
higher rates ot reduction ot the substrates with OH substituents can not be explained on the basis of a
substituent elfect They suggest that the cavity of receptor 2 is able to select its own substrate with as
a result that the latter is oxidized more rapidly then the one that is not bound CPK-models suggest
that the dihydroxy substituted benzyl alcohol molecule is oriented by the receptor in such a way that
its alcohol function is positioned exactly between the copper centers This results in a very fast
reaction.
In principle, our mono- and dihydroxy substituted ben/yl alcohol guests can form phenolatc
complexes with the Cu(ll) complex ol 2 In the literature a number ol such complexes have been
described with both pyrazole- 11 · 12 and pyridine 1 1 · 1 4 · 1 5 type of hgands They are characterized by a
rather intense phenolatc to copper charge-transler band around 380 nm In order to check this
possibility we treated the dinuclear Cu(II) complex of 2 with phenol, 3-hydroxybenzyl alcohol and
1 1 1

Chapter 8

3,5 dihydroxybenzyl alcohol, and examined the reaction products with UV vis spectroscopy When
one equivalent ol the former compound was added a color change from dark green to brownish
yellow was observed This change was accompanied by the development of an intense UV-vis
absorption band at 387 nm The position ol this band corresponds well with thai reported in the
literature n ' 5 When 3-hydroxybenzyl alcohol or 3,5 dihydroxybenzyl alcohol was added a color
change was also noted In these cases however no absorption band in the 380 nm region was
present Based on this result we may conclude that the hydroxyben/yl alcohols are bound with the
phenol- or resorcinol moiety in the cavity of the receptor and the alcohol function pointing upwards in
the direction of the Cu(II) centers (see Figure 2)

^ ^ • _ - >

U

" O H

. -

C u

' " ^ <

Figure 2 Tentative onentalion of3 5 dih\diox\benzvl alcohol m the cavits of[Cu(II)2 2/(CI04¡4
Conclusion We have synthesized a novel receptor functionalued with pyrazole hgands which is
capable ol forming dinuclear copper complexes The copper(II) receptor can selectively bind
hydroxy substituted benzyl alcohols and convert these alcohols into the corresponding aldehydes in a
stoichiometric reaction Current research is aimed at the development of a catalytic system which uses
molecular oxygen as the oxidant

8.3 Experimental Section
Materials and methods All reagents and chemicals were obtained from commercial sources
Solvents were dried and distilled prior to their use Diethylether was distilled from sodium,
dichloromethane and acetonttnle were distilled from calciumhydnde DMF was stored over 4À
molsieves and distilled at reduced pressure Solvents used during the synthesis or handling of the
Cu(I) complexes were deoxygenated by three repetative Ireeze-pump thaw cycles Cu(C104)2 6H2O
was purchased from Janssen Chimica TLC analyses were preformed on Merck pre-coated silica gel
60 F 254 plates Rr values tor the receptor molecules were determined on silica F 254 plates that
were impregnated by soaking them lor a short time in a 10% aqueous solution ol NaBr
Subsequently the plates were air dried and activated overnight at 130 °C Flash chromatography was
carried out using Merck silica 60H UV-VIS spectra were recorded on a Perkin-Elmer Lamba 5
I 12
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spectrophotometer. ·Η and C NMR spectra were recorded on a Bruker WH90 or a Braker WM400 instrument. Chemical shifts are denoted in ppm relative to the internal standard tetramethylsilane.
FAB mass spectra were recorded on a VG 7070E instrument using 3-nitroben7yl alcohol as a matrix
IR-spcclra were measured on a Perkin-Elmer 1720X instrument. Melting points were measured on a
Reichert-Jung hot stage mounted on a microscope and are reported uncorrected. Elemental analyses
were carried out on a EA 1108 Carlo Erha instrument. HPLC analysis were preformed on a LKB
HPLC-apparalus, equipped with a Waters RCN 8 χ 10 column using H2O/CH3CN (1/1, v/v) as the
eluent and a pressure of 28 bar.
3

Oxidation of alcohols. In a quart/ cuvette 4.5 mg (2.81.IO" mmol) of 2 was dissolved in 1.5
3

mL of acetonitnle. To this solution was added 2 1 mg (5.86. IO" mmol) of Cu(Cl(>4)2 6H2O
-2

dissolved in 0 5 mL of CH3CN and 5 equiv. (1.41.10 mmol) of a benzyl alcohol. The decrease in
the intensity of the d-d transition at 700 nm was subsequently lollowed as a function of time at a
temperature of 30 °C. The rate constants ki and k.i for the reaction Cu(II)
the equilibrium constant К = ki/k.i and from к = ki +k.i. 1 6

ki

*· Cu(I) follow from
ki
The latter к is obtained by fitting

absorbance (A) - time (t) data points to the equation At = (A[=o/(K+D) χ (1+(K χ exp(-k χ t))) The
rate constants presented in Table I are forward rate constants (ki)
Product determination. To a solution containing 25 mg (1.56.IO"2 mmol) of 2 in 10 mL ol
CH3CN/CH2CI2 (1/1 v/v) was added under a dinitrogen atmosphere 2 equiv. (3.11.10"2 mmol) ot
Cu(ClÜ4)2 6H2O Subsequently, 5 equiv. of a benzyl alcohol was added. Product formation was
followed by HPLC and identification was carried out with the aid of authentic samples. In the case ol
3,5-dihydroxybenzyl alcohol and 3,5-dihydroxyben¿aldehyde a small amount of acetone was added
to the reaction mixture to ensure the complete dissolution of the substrate and the producL.
a-Bromo-a'{bis[2-(3,5-dimethyl-l-pyrazolyl)ethyl]amino}-m-xylene

(5). This

compound was synthesized according to a procedure, described previously by us.4
Compound 1. This compound was prepared using a procedure published previously by us.6
Compound 2. To a suspension ot 888 mg (1.02 mmol) of 1 in 20 mL of DMF was added 900 mg
(2.03 mmol) of S. An excess of K2CÜ3 was used as a base for the reaction. Upon addition of 5 the
originally cloudy DMF solution turned clear within 1 min. A sample taken from the crude reaction
mixture showed the complete disappearance of 1 after 30 min. (TLC, silica 60H, impregnated with
NaBr, 10% methanol in chloroform as the eluent). The reaction was stirred at ambient temperature for
18 hrs. Then 50 mL ot dichloromethane was added and the organic layer was washed (2 x) with
1 13
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brine, separated, dried (MgSíXi) and concentrated. The residue was subjected to column
chromatography (silica 60H, cluent 5"/¡ methanol, 17c triethylamine, 94% chloroform) to yield 2 as a
white solid. Ή NMR (90 MHz, CDCI3, 298 Κ) δ 2.1 (s, 12H, СЩ), 2.2 (s, 12H, СЩ), 2.9 (m,
16H, ArCH 2 NCH 2 , OCH2CH2N), 3.6-4.3 (m, 44H, ОСЕгСЕгОСЩ'

Al

"CíÍ2· NCHH,

NCH 2 CH 2 N), 5.6 (d + s, 8H, NCHH + PyrazH). 6.7 (s, 4H, XyH), 7.1-7.4 (m, 18H, ArH,
XyH). FAB-ms (m/7): 1627 (M + Na+) Anal. Caled for C92H114N16O10 2CHCI3· С 61 27; H,
6.34; N, 12.16. Found: С, 61.27; H, 6.26; Ν, 11.33.
-

2

[Cu(II)2 2](CI04)4· This compound was prepared by adding 18 4 mg (5 χ IO" mmol) of
2

Cu(ClÜ4)2 6H2O to a solution containing 40 mg (2 5 χ IO" mmol) of 2 in 20 mL of acetonitrile. The
solution was stirred for 30 min and the solvent was subsequently removed in vacuo M p = 235 °C.
1

UV-vis (CH3CN): λ (nm), ε (mol.L· ) 223.6 (50500), 293.7 (11000), 700 (50). IR (KBr): 2924
(CH 2 ); 1685 (C=0); 1552 (pyrazole); 1471 (C=C), 1352, 1309, 1261 (CH 2 0); 1090, 624 (CIO4-).
Anal. Caled for С92Нц 4 ^ 6 022СІ2Си 2 4Н20: С, 50.21; Η, 5.59; Ν, 10.18. Found: С, 50.47; Η,
5.39; Ν, 10 12.
[Cu(I)2-2](PF6)2 (3). This compound was prepared by adding under a dinitrogen atmosphere
14.2 mg (3.81 χ IO"5 mol) of solid [Cu(CH3CN)4]PFfi to a dichloromethane solution containing 30 5
mg (1.9 χ 10_<i mol) ot 2. The solution was stirred for 30 min. at ambient temperatures, whereafter
the solvent was removed to leave the dinuclear Cu(I) complex as a yellow-orange solid. Ή NMR (90
MHz, CDCI3, 298 Κ) δ 2.27 (s, 12H, СЩ), 2.31 (s, 12H, СЩ), 2.81 (m, 8H, ArCH2NCH_2).
3.21 (m, 8H, OCH2CH.2N), 3.43 - 4.40 (m, 44H, О С Щ С Щ О С Щ , АгСЩ, NCHH,
NCH 2 CH 2 N), 5.73 (d, 4H, NCHH), 5.92 (s, 4H, Pyraz.H), 6 78 (s, 4H, XyH), 7.07 - 7.29 (m,
I8H, ArH, XyH) FAB-MS (m/7); 1874 (2+2Cu+PF 6 ), 865 ([2+2Cu]/2). Anal Caled for
C92H114N16O12P2F12CU2: С 53.82; H, 5.60; N, 10.92. Found: С, 54.07, H, 5.60; Ν, 10.63.
Compound 6. This compound was synthesi7ed as described previously

4

Compound 7. This compound was synthesized trom 5 and 6 in the same way as described for 2
and purified by column chromatography (silica 60H, eluent СНСІз/МеОН/triethylamine, 89/10/1).
Yield: 34 %. R f = 0 15 (silica 60H, impregnated with NaBr, СНСІз/МеОН, 9/1) ·Η NMR (90
MHz, CDCI3, 298 Κ) δ 2.1 (s, 12Η, СЩ), 2.2 (s, 12Н, СЩ), 2.97-3.27 (m, 8Н, N-СЩ), 3.274 10 (m, 20Н, О-СЩ, СЩ-Pyra, NCHH), 5.6 (d, 2H, NCHH), 5.76 (s, 4H, Pyra-H), 6.83 (s,
4H, ArH), 7.15 (s, 10H, ArH), 7 17-7 40 (m, XylH) FAB-ms (m/z): 1428 (M+) Anal. Caled, for
C 8 4 H 9 8 N i 6 0 6 : C, 70 66; H, 6.92; N, 15 7. Found: С, 70.99, H, 6.90; N, 15.37
[Cu(II) 2 -7](C104)4. This compound was synthesized as described for [Cu(II)2-2](C10 4 )4.
Amounts used· 40 mg (2 8 χ IO"2 mmol) of 7 and 20.7 mg ol Си(СЮ 4 ) 2 6H 2 0. М р = 200 "С UV1 14
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vis (CH3CN): λ (nm). ε (mol L·1) 222.6 (50ÜOO), 294.7 (10650), 700 (50). IR (KBr)· 3000 (CH2);
1691 (C=0), 1553 (pyrazole); 1485 (C=C); 1348, 1270, 1246 (CH 2 0); 1096, 624 (CIO4-) Anal
Caled, for C84H98N14O22CI4CU24H2O: C, 49 83; H, 5.28; N, 11.07. Found: C, 49.99, H, 5.17,
N, 11 12.
[Cu(I)2-7](PF6>2 (8). This compound was synthesized as described for 3. Amounts used: 7.5
mg (5.25 χ 10-4 mmol) ol 7 and 3.9 mg (1.05 χ IO"2 mmol) of [Cu(CH 3 CN) 4 ]PF 6 . ІН NMR (90
MHz, CDCI3/CD3CN, 298 Κ) δ 1 94 (s, 12H, CH 2 ), 2.17 (s, 12H, СЩ), 2.74 - 2 97 (m, 8H, NCH 2 ), 3.15 - 4.10 (m, 20H, О-СЩ, CH2-Pyra, NCHH), 5 36 (d, 2H, NCHH), 5 84 (s, 4H, PyraH), 6.75 (s, 4H, ArH), 7 07 (s, ЮН, АгИ). 7 14 - 7 49 (m, XylH)·
l,2-Dimethoxy-4-((2-trichloroacetylamide)ethyl)benzene

(9). To a solution ot 2.34 g

(12.9 mmol) ot homoveratrylamine in 50 mL of dichloromethane was added 131g (12.9 mmol) ol
dry tnethylamine and subsequently dropwise 4 1 g (25 8 mmol) of trichloroacetyl chloride. The
mixture was stirred for 3 hrs. at room temperature. The organic layer was washed (2x) with 6N HCl,
separated, dried (MgS()4), filtered, and concentrated m vacuo The resulting oil was further purified
by column chromatography (silica 60H, eluent CHCI3) to yield 2 7 g (63 %) ol 9 as a white solid.
Mp = 107 "C. IR (KBr, cm- 1 ): 3362 (N-H), 2944 (C-H), 1709 (amide I), 1515 (amide II), 1459
(OMc), 858 + 825 (1,2,4 subst. Ar). Ή NMR (90 MH7, CDCI3, 298 Κ) δ 2 85 (t, 2H,
АгСЩСНг), 3.62 (q, 2Н, АгСН 2 СЩ), 3.87 (s, 6Н, OCHj), 6.62-6.91 (m, ЗН, ArH). MS (EI)·
m/z 326 (M+).
l,2-Dihydroxy-4-((2-trichIoroacetylamide)ethyl)benzene

(10). Under a dinitrogen

atmosphere, a solution ol 25 mL of dichloromethane containing 2.7 g (8.16 mmol) of 9 was cooled
to -78 'C with an isopropanol/СОг bath. To this solution was added 32.64 mL (4 eq.) of a IM ВВгз
solution in dichloromethane ш a syringe. The solution turned deep red and was maintained at - 78
°C for 30 min., after which it was allowed to warm up to room temperature. After stirring at ambient
temperature for an additional 10 hrs. a yellowish brown solution was obtained to which 100 mL ot
bnne was added. After the gas evolution had ceased, the mixture was concentrated and the resulting
solid material was extracted with ethyl acetate. The organic layer was washed with bnne, separated,
dried over MgSCXj, filtered and concentrated m vacuo. The solid material was further purified by
column chromatography (silica 60H, eluent 5% MeOH in CHCI3). Yield: 1 79 g (74%) of 10 as an
off-white solid. M p = 115 °C. Rf (silica 60H, eluent 10% MeOH in CHCI3) = 0.36. The product is
easily identified by dipping the TLC plate in a FeCl3 solution showing the product as a purple spot.
IR (KBr, cm- 1 ): 3314 (N-H), 1717 (amide I), 1523 (amide II), 1191 (Ar-OH), 879 + 823 (1,2,4
subst. Ar). Ή NMR (90 MHz, CDCI3, 298 Κ) δ 2 80 (t, 2Η, АгСН^СНг), 3.60 (q, 2Н,
АгСН2СН_2)> 5 39 (br, 2Н, ОН), 6.50-6.88 (m, ЗН, ArH). Anal Caled, for C10H10NO3CI3· С,
40.23; H, 3.38; Ν, 4.69 Found: С, 40 03; Η, 3.37; Ν, 4.63. MS-EI m/z 297 (Μ)+.
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Preparation of benzylic alcohols. General procedure All alcohols except 4 methylbenzyl
alcohol were prepared from the corresponding carboxyhc acids by a method described by Loe we
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Yields exceeded 90% A typical procedure is as follows to 100 mL of freshly distilled diethyl ether
was added 2 08 g (54 8 mmol) ot L1AIH4 To this suspension was then added dropwise a solution or
suspension of 54 8 mmol of the carboxyhc acid in 100 mL of dicthylether After the addition was
complete, the mixture was stirred for 30 min and subsequently refluxed for 1 hr The reaction
mixture was then cooled to 0 °C and 40 mL of water was added dropwise, lollowed by 50 mL of 0 5
N H2SO4 The organic layer was separated and subsequently washed with 0 2 N H2SO4, saturated
Na2Ct>3 solution, and with water The organic layer was separated, dried (MgS04), filtered and
concentrated in vacuo This yielded the respective alcohols which were all pure, except tor 3,5dimethylbenzyl alcohol which was further purified by column chromatography over silica gel (60H,
eluent СНСіуМеОН, 95/5) 4-Methylbenzyl alcohol was prepared by a similar procedure starting
from 4-methylbcnzaldchyde
4-Methylbenzyl alcohol Mp = 57 'C Rf = 0 44 (silica 60H, eluent CHCl3/MeOH 95/5) Ή
NMR (100 MHz, CDCI3) 5 3 14 (br, IH, OH). 3 72 (s, ЗН, СЩ), 4 47 (s, 2Н, АгСЩ), 6 777 23 (AB, 4Н, АгН) Anal Caled ІогСцНюО С 78 65, H, 8 25 Found С, 78 42, H, 8 01
4-Fluorobenzyl alcohol Oil Rf = 0 41 (silica 60H, eluent СНОУМеОН 95/5) Ή NMR (100
MHz, CDCI3) δ 2 55 (br, IH, OH). 4 56 (s, 2H, ArCH^), 6 91-7 35 (m, 4H, ArH) Anal Caled
tor C7H7OF С, 66 66, H, 5 59 Found С, 66 72, H, 5 52
4-Bromobenzyl alcohol M p = 75 °C Rf = 0 40 (silica 60H, eluent СНСІз/МеОН 95/5)

]

H

NMR (100 MHz, CDCI3) δ 1 65-2 00 (br, IH, OH). 4 63 (s 2H, ArCH^), 7 16-7 53 (m, 4H,
ArH) Anal Caled lor C 7 H 7 OBr С, 44 95, H, 3 77 Found С, 45 03, H, 3 69
4-Chlorobenzyl alcohol M p = 71 С Rj = 0 40 (silica 60H, eluent СНСЦ/МеОН 95/5) Ή
NMR (100 MHz, CDCI3) 5 2 10 (br, IH, OH), 4 56 (s, 2H, ARCH2). 7 11-7 30 (m, 4Н, ArH)
Anal Caled for C7H7OBCI С, 58 97 H 4 95 Found С, 59 17, H, 4 85
3,5-Dimethoxybenzyl alcohol M p = 46 °C Rf = 0 34 (silica 60H, eluent СНСІ3/МеОН 95/5)
Ή NMR (100 MHz, CDCI3) δ 1 85 (t, IH, OH), 3 70 (s, 6H, ОСНзЛ 4

6 0

(d·

2Н

- А ^ Щ ) · 6 45-

6 58 (m, ЗН, ArH) Anal Caled ЮгСуН^Оз С, 64 27 Н, 7 19 Found С, 64 15, H, 7 49
3,5-Dihydroxybenzyl alcohol (11) This compound was synthesized according to a literature
procedure
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Complexes of Novel Pyridine-Crown Ether Ligands

Cu(ll)

9.1 Introduction.
As a part of our program aimed at the design and synthesis of bimetallic oxidation catalysts, we
1

recently reported on the reactivity of Cu(II)-crown ether pyra/ole complexes. In alcoholic solvents
these complexes are reduced to the corresponding Cu(l) complexes. This reduction is accompanied
by oxidation of the solvent, e.g. trom an alcohol an aldehyde is produced.
In order to broaden the scope of this reaction, we decided to synthesize also the corresponding crown
ether pyndine-ligands (Chart 1, ligands 1 and 2). These ligands differ in the number of nitrogen
atoms present in the hgand set and are expected to give rise lo difterent complexes with metal ions,
e g. copper ions We report here on the details of the synthesis, crystal structures, and properties ot
copper(II) complexes of the crown ethcr-pyridine ligands.
Chart 1.

9.2 Results and Discussion.
Synthesis. Ligands 1 and 2 were prepared by an acid-catalyzed addition of 2-vinyl pyridine to
monoaza-I5-crown-5 and dia/a-18-crown-6, respectively. The reaction was carried out under high
pressure (15 kBar) Normally these reactions take place at elevated (reflux) temperatures and at normal
atmospheric pressure. 2 · 3

However, under these conditions we observed hardly any produci

tormation. Most likely, this negative result is due to the oxygen atoms in the crown-ether rings.
Control reactions using dibutylamine instead of the crown-ether as the starting material did lead to
significant amounts of product under standard conditions. Exposure of the free ligands 1 and 2 to
temperatures exceeding 40 С gave rise to a retro reaction and the elimination of 2-vinyl pyridine.
Mono- and dicopper(II) complexes ol 1 and 2 were prepared by adding Cu(CI04>2 6H2O to a
solution of the ligands in methanol. The complexes (3 and 4) were isolated as blue solids. It was
US

X-ray Structures

of Novel Mono- and Dinuclear Cu(Il) Complexes

observed that during the synthesis of complex 4 also the di-HC104 salt of the free ligand 2 was
formed. Crystals suitable for X-ray analysis were grown by allowing hexane to diffuse into
methanolic solutions of the isolated solids. We have no indications that complexes 3 and 4 are
thermally unstable.
Solid State Structures.
X-ray

Stucture

of

methanolato[l-[2-(2-pyridyl)ethyl]-l-aza-4,7,10,13-telraoxa-l

azacyclopentadecane]copper(II)

diperchlorate (3). The structure of the dication of 3 is

shown in Figure 1. Crystallographic data are presented in the Experimental Section, selected bond
distances and angles are given in Table I. Complex 3 contains a C11N2O3 core which has a distorted
trigonal bipyramidal geometry. The distortion from the idealized trigonal bipyramid (TBP) towards a
I:

tri
in

Figure 1. PLUTON10
clarity.

.*

1

Mij J

•ч?

ι >_ I

drawing of complex 3. The CÌO4 counter ions have been omitted for

square pyramid (SP) was calculated to be 49.4%.4 The ligand provides four donor atoms to the
metal. The fifth coordination position is occupied by a methanol molecule. Interestingly, this
methanol molecule forms a bifurcated hydrogen bond with the oxygen atoms 0(3) and 0(4) of the
crown ether ring, which do not participate in the coordination of the copper ion. The basal plane in 3
is formed by the pyridine nitrogen N(l) and the oxygen atoms O(l) and 0(4) of the crown ether ring.
The apical position is occupied by amine nitrogen N(2) and oxygen atom 0(5) from the methanol
molecule. The distances in the equatorial plane are 1.999(3) Â for the pyridine N(l) to Cu bond,
2.049(2) Â for the Cu-O(l) bond and 2.268(3) Â for the Cu-0(4) bond. The apical distances are
1.962(2) Λ for Cu-0(5) and 1.992(2) Â forCu-N(2).
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Table I. Selected bond distances and angles for complex 3.
atoms
Cu-0(5)
Cu-N(l)

distance (Â)

atoms

angle (deg)

atoms

angle (deg)

1.962(2)

0(l)-Cu-0(4)

106.52(10)

0(4)-Cu-N(l)

97 85(10)

91.03(9)

0(4)-Cu-N(2)

80.11(9)

1.999(3)

0(l)-Cu-0(5)

Cu-N(2)

1.992(2)

0(1)-Cu-N(l)

155.13(11)

0(5)-Cu-N(l)

93.88(10)

Cu-O(l)
Cu-0(4)

2.049(2)

0(1)-Cu-N(2)

82.31(9)

0(5)-Cu-N(2)

166.00(11)

2.268(3)

0(4)-Cu-0(5)

90.09(10)

N(l)-Cu-N(2)

97.32(10)

X-ray

Structure

of

l,10-Bis-[[2-(2-pyridyl)ethyl]-l,10-diaza-4,7,13,16-tetraoxa-

cyclooctadecane]-2HCI04 [(2)-(НСЮ4)2І The diprotonated ligand 2 was found to crystallize
in a 1 : 1 ratio with its dinuclear Cu(II) complex 4 Crystallographic data are given in the
Experimental Section. Selected bond distances for this compound are presented in Table II. The
structure is shown in Figure 2. The molecule is situated at an inversion center. Each of the amine

Figure 2. PLUTON10 drawing of the protonated ligand 2 The molecule is situated at an invasion
center. The CIO4' counter ions aie omitted for clarity.
nitrogens in the crown ether nng is protonated with a nitrogen to proton distance of 0.981 (18) Â. The
amine proton is involved in an intramolecular trifurcated-1' hydrogen bond eg. to N(3), 0(4), and
0(5) [1/2 - x, 1/2 - y, z], with H· acceptor distances of 1 903(14), 2.382(18) and 2.497(16) A,
respectively. The N-H acceptor angles amount to 138.8(1.2), 101.6(1 1) and 99.8(1.2)° for N(3),
0(4) and 0(5), respectively. The proton resides in a position that is very similar to the coordination
sphere around the copper atoms in the dinuclear complex 4 (vide infra).
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Table II. Bona lengths for diprotonated ligand 2.
atoms

distance (Â)

atoms

diistance (Â)

N(3)-C(14)

1.319(15)
1.37(2)
1.34(2)
1.35(2)
1.353(19)
1.330(16)
1.50(2)
1.23(2)
1.50(2)

N(4)-C(21)

1.50(3)
1.48(2)

C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
N(3)-C(18)
C(18)-C(19)
C(19)-C(20)
C(20)-N(4)

N(4)-C(26)
C(21)-C(22)
C(22)-0(4)
0(4)-C(23)
C(23)-C(24)
C(24)-0(5)
0(5)-C(25)
C(25)-C(26)b

1.48(3)
1.39(2)
1.40(2)
1.46(3)
1.41(2)
1.43(2)
1.47(2)

X-ray Structure of ^-hydroxo-l,10-Bis-[2-(2-pyridyl)ethyI]-l,10-diaza-4,7,13,16tetraoxacyclooctadecane}dicopper(II) triperchlorate (4). The structure is of 4 is depicted
in Figure 3. Crystallographic data are presented in the Experimental Section. Selected bond distances
and angles for the dinuclear cation are given in Table III. The coordination sphere around each
copper(II)-ion is similar to the one found in 3. Complex 4 contains two symmetry-related CUN2O3

l.

Ç !»

,;

"> 9

i

"'"tí. >V'""'

Figure 3. PLUTON10 drawing of complex 4 Non-bonded CIO4' counter ions have been omitted
for clarity.
cores in a distorted trigonal bipyramidal geometry. The percentage distortion from TBP to SP is 37.7,
which is considerably less than the distortion calculated for 3. The two cores in 4 share a hydroxooxygen atom. The molecule has a two fold symmetry; the two-fold rotation axis passes through the
hydroxo group. The bond distances are all close to those found for 3. The equatorial plane is formed
by a pyridine N and two crown-ether oxygen atoms, 0(1) and 0(2). These atoms have distances to
Cu of 1.988(6) Á, 2.287(6) Â, and 2.069(6) Â, respectively. The apical positions are occupied by a
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crown-elher nitrogen N(2) and the bridging hydroxo-oxygen 0(3) atom, the distances to Cu being
2.021(8) λ and 1.887(3) Â, respectively. The Cu-Cu separation in complex 4 is 3.4592(15) Â This
distance is 0.56 À larger than the Cu-Cu distance in a bis-p-hydroxo bridged dinuclcar Cu(II)
complex which we characterized recently 6 In addition a Perchlorate anion is hydrogen bonded to the
hydroxo proton H(36) (see Figure 3) The Perchlorate oxygen atoms O105 and O105b interact with
H36 at a distance of 2.540(19) A. The angle O3-H36-OI05(b) is 155.6(4)" and the O105-H36O105b angle is 48.9(5)°.
Table HI Selected bond distances and angles tor complex 4
distance (A) atoms
angle (deg)
atoms
Cu(l)-Cu(l)b 3.4592(15) Cu(l)-0(3)-Cu(l) 132 8(4)

atoms

angle (deg)

0(l)-Cu(l)-0(2)b

114.8(2)

Cu(l)-0(3)

1.887(3)

N(2)-Cu(l)-0(3)

169.8(3)

()(1)-Cu(l)-N(l)

102.6(2)

Cu(l)-N(l)

1.988(6)

N(2)-Cu(l)-()(1)

78 1(3)

()(2)b-Cu(l)-()(3) 89 0(2)

Cu(l)-N(2)

2 021(8)

N(2)-Cu(l)-0(2)b 81.8(3)

0(2)b-Cu(l)-N(l) 139.2(3)

Cu(l)-0(2)b

2.069(6)

N(2)-Cu(l)-N(l)

90.8(3)

N(l)-Cu(l)-0(3)

Cu(l)-0(1)

2.287(6)

0(l)-Cu(l)-()(3)

102.02(18)

99.1(3)

Structures in Solution. The formation of complex 3 in acctonitnle was followed by monitoring
the increase in the absorption ot the d-d transition at 747 nm as a function ot the Cu(ll)/1 ratio. At
low ratios (0 - 0.5) the increase in intensity was constant At Cu(II)/l > 0.5 the slope ot the curve
changed and an isobestic point appeared at 580 nm (see Figure 4) Likely, first a complex is formed
0.8
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Figure 4. UV-vn tmation ofligand I \uth Cu(CI04)2 f>HjO\ ratio 1 /Cu(ll) (specmun) = 0 5 (1
0.7(2), 0.9 (M and 1.1 (4)
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in which two ligiinds 1 coordinate to one Cu(II) center. At Cu(II) Lo 1 ratios exceeding 0.5 this
species is probably transformed into two complexes 3 (see Figure 5, top) Since no methanol is
present during the titration, a water molecule is thought to occupy the titth coordination place at
copper.

Figure 5. Pi oposedfo//nation of complexes in solution. Top: complex 3 Bottom complex 4.
The lormaiion of complex 4 was also studied by UV-vis in acetonitrile. Titration ot ligand 2

λ (nm)
Figure 6 UV-vis titration of ligand 2 with CuiCIO^jdHjO,
0 8(2), 1.0 (I), /5(4), 1.9 (5) and 2.1 (6)

/alio 2 /Culli) (speet/um)= 0.5 (1),
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with Cu(C104)2.6H20 revealed isobestic points al 410 and 562 nm in the region between 1 and 2
equivalents of added Cu(II) (see Figuie 6). A plot of the increase of absorption of the d-d transition at
734 nm versus the Cu(II)/2 ratio showed an inflection point at the value 1 These results suggest that
a mononuclear Cu(II) complex is formed in the early stages of the reaction. This species probably
reacts further to yield the dinuclear Cu(ll) complex 4 (see Figure 5, bottom). It is likely that the
mononuclear complex in solution has a structure that is similar to the structure of complex 3. Instead
of methanol now a water molecule is probably residing at one of the basal positions. Insertion of a
second Cu(II)-ion into this complex will then yield a dinuclear, aquo-bridged dimer. In this dinier it is
favourable for the water molecule to be deprotonated thus lowering the electrostatic repulsion between
the Cu(II) centers. Oxygen atoms of the ci own-ether ring may assist in the deprotonation reaction.
The X-ray structure of complex 3 shows that such a neighbouring group effect is feasible. Complex
4 displays in the UV-vis spectrum an absorption band at 343 nm which is tentatively assigned to an
0(H) to Cu charge-transfei 7 - 8
Electrochemistry. Complexes 3 and 4 weie examined by cyclic voliammetry in acetonitrile
solution to get insight in their redox behavior. The former complex showed an irreversible wave with
an E|/2 (venus

Fc/Fc+) for the Cu(II/I) couple of 0 04 V (see Figure 7, left). At fast scan rates (up

to 5 V/s) no improvement was obtained of the cyclic voltammogram confirming the irreversible nature
of the reduction reaction. This pioblem is encountered more often in the electrochemistry of
(bi)pyridine-Cu(II) complexes.9Ό As can be seen from Figure 7, complex 3 is not stabile under
reducing conditions The peak current decreases with every scan and is accompanied by a wave that
grows in at Ei/2 = +0.65 V. Clearly, this unidentified product results from the chemical reaction
following the reduction of 3. At more negative potentials the Cu(I/0) wave was observed (E1/2 = 0.72 V, not shown in Figure 7).

-6 000
-4 000 -2 000 0 000 2 000 4 000
EX ΙΟ"1

6 000 8 000 10 000

-8 0 0 0 - 6 0 0 0 - 4 000

-2 000

0 000

2 000

4 000

Ε ΧΙΟ" 1

Figure 7 Cyclic voltammograms of complexes 3 (left) and 4 (right) in acetonitrile at a scan rate of
100 mVls. Suppen ting elect/ olyte 0 1 M Bu4NPFb
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Complex 4 is also reduced irreversibly bul at a considerable more negative potential than
complex 3, viz at Em = 0 16 V (Cu(ll) -» Cu(D) and -0 81 V (Cu(I) -> Cu(0)) Again, increasing
the scan rate did not improve the reversibility of the system Like with complex 3, the reduction is
accompanied by a chemical reaction (see Figure 7, right) The newly formed product oxidizes at a
halt-wave potential ol ca -0 02 V and is thcrclore different from the product formed during the
reduction ot 3 Possibly, hgands 1 and 2 are not well-suited tor stabilizing the soft Cu(l) centers
due to the presence of the relatively hard crown ether oxygen-atoms ' '
Concluding Remarks We have presented a new high-pressure route for the synthesis ol pyridine
hgand systems that were not accessible belore A possible reaction path to the interesting dinuclear
hydroxo bridged Cu(II) complex 4 is proposed, based on UV-vis titration studies and the X-ray
structure ot complex 3 Future work will include the synthesis and characterization of the Cu(I)
analoqucs of 3 and 4, and the dioxygen binding and activation properties of these compounds ' 2

9.3 Experimental Section
Materials All chemicals were obtained commercially Solvents were dried and distilled prior to use,
except methanol which was of HPLC grade and used as received Diethylether was distilled tiom
sodium, dichloromethane and acetoniirile were distilled I rom calciumhydride DMF was stored over
4A molsicvcs and distilled at reduced pressure Acetoniirile used in the electrochemical measurements
was deoxygenaled by three repetitive treeze-pump thaw cycles 1,10 diaza-4,7,11,16teiraoxacyclooctadecane (2 2'-kryptofix) and l-aza-4,7,10,ll-tetraoxacyclopentadecane (mono aza
15-crown-5) were purchased trom Merck CufClOah 6H2O was obtained from Janssen Chimica
Physical Measurements UV-VIS spectra were recorded on a Perkin Elmer Lamba 5
spectrophotometer 'H and ]1 C NMR spectra were recorded on a Bruker WH90 a Bruker AC-100
or a Bruker WM-400 instrument Chemical shifts are denoted in ppm relative to the internal standard
tetramelhylsilane FAB-MS spectra were recorded on a VG 7070E instrument using 1-nitrobenzyl
alcohol as the matrix IR-speclra were recorded on a Perkin-Elmer 1720X instrument Melting points
were measured on a Reichert-Jung hot stage mounted on a microscope and are reported uncorrected
Conductivity measurements were earned out with a Scholl Gerate CG 852 Kondukiomeler using 10 3
M solutions of the respective complexes in acelonitnle Cyclic Voltammetry experiments were
performed with a Par 173 poteniiostat equipped with a PAR Model 176 I/E converter coupled to a
PAR Model 175 universal programmer using a platinum auxilary as well as working electrode and
Ag+/Ag (0 1 M A0NO3) as the reference electrode All measurements were earned out in a glove box
under a dinitrogen atmosphere in aceloniinle solution with telrabuiylammonium hexafluorophosphale
(TBAH) as the background cleclrolyle (0 1 M) The solutions were approximately 10 2 M in
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complex The hall wave potential ot a 10 ^ M solution of ferrocene was measured under the same
experimental conditions E1/2 = 0 050 V
Crystal Structure Determination of 3 A light-blue tablet shaped crystal ( 0 9 x 0 9 x 0 4
mm), was glued to the tip of a glass liber and transferred into the cold nitrogen sneam on an EnralNonius CAD4 Turbo diffractometer on rotating anode Accurate unit-cell parameters and an
orientation matrix were determined by least squares refinement ol 25 well-centered reflections (set4)
in the range 11 6" < Θ < 14 Γ The unit cell parameters were checked tor the presence of higher
lattice symmetry '^ Crystal data and details on data collection and refinement are given m Table IV
Table IV Crystallography data lor 3 and the crystal ol 2 2НС10 4 4
parameter

3

2 2HC10 4 4

formula

[Ci8H32N2()sCul(C104)2

|C 2 nH 4 iN 4 0sCu2] [C 2 6 H 4 2 N 4 0 4 1 5

mol weight

61891

ІСЮ4І
1588 62

space group

P2i/c (No 14)

Clic (No 15)

cryst system

monochnic

monochnic

Ζ

4

4

a Â

8 4646(10)

26 4295(12)

b A

15 912(5)

9 8275(4)

c,À

19 373(4)

26 8414(15)

β, dcg

110341(16)

104 272(4)

V.À 1

2446 3(10)

6756 5(6)

Diale· g/ern^

1 680

1 562

fJcalcd, cm '
radiation, A

11 8

92

0 71073 (MoKa graphite mon )

0 71073 (MoKa Zr-hltered)

T, К

150

295

RF

0 040

0 078

R*F

0 050

0 071

Data were collected at 150 К in ω/2Θ scan mode with scan angle Δω = 1 16 + 0 35іап ° Intensity
data of 6229 reflections were collected in the range 112 < Θ < 27 50°, ol which 5603 are
independent 4506 reflections with intensities above 2 5σ(Ι) level were used in the structure analysis
Data were coirected tor Lp effects and lor a linear decay ol 2% of the three periodically measured
reterence reflections (2 2 2, 3 2 1,3 4 5) during 14 hrs ol X ray exposure time Standard deviations
ot the intensities as obtained by counting statistics were increased according to an analysis ot the
excess variance ol the reterence reflections
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absorption/extinction correlation was applied (DIFABS,1'' correction range 0 880 - 1.143). The
structure was solved by automated Patterson methods and subsequent diflerence Fourier techniques
(DIRDIF-92) lft . Refinement on F was carried out by lull-matrix least-squares

techniques

(SHELX76)17. Hydrogen atoms were included in the rchneinenl on calculated positions (C-H = 0.98
Â) nding on their earner atoms, except tor the hydroxyl hydrogen of methanol, which was located on
a difference Fourier map and subsequently included in the refinement. The methyl group of methanol
was refined as a rigid group. C(12) and C(13) are disordered over two positions. Weak bond
constraints had to be introduced in order to derive a reasonable geometry. The minor components
[sue occupancy factor = 0.180(9)1 or the disordeied model were included in the retinement with an
isotropic temperature factor, all non-hydrogen atoms were relined with anisotropic thermal
parameters. The hydrogen atoms were relined with one overall isotropic thermal parameter of
0.033( 18) A2. Weights were introduced in the hnal retinement cycles Convergence was reached at R
= 0 040, Rw = 0.050, w = V[a2{F)], 5 = 1 5 8 , for 341 parameters A linai difference Fourier map
showed no residual density outside -0.53 and 0.95 e АЛ Positional parameters of the Cu complex
are listed in Table I.
Crystal Structure Determination of 4 2 2HC104. A light-blue, rod-shaped crystal (0.15 χ 0.23
χ 0.73 mm), was sealed in a Lindcmann-glass capillary and transferred to an Enraf-Nomus CAD4-F
dittractometer. Final lattice parameters were determined by least-squares treatment of the setting
angles (set4) of 25 well-centered reflections in the range 9 0" < Θ< 14 2" Reduced-cell calculations
did not indicate higher lattice symmetry я Crystal data and details on data collection and refinement
are presented in Table IV. Data were collected at ambient temperature in dV20scan mode with scan
angle Δω = 0 72 + O.35tan0". From a total of 14921 reflections in the range 0 78" < Θ < 27 5
(7757 unique, RtM = 0.066), 3370 satisfied the / > 2.5σ(Ι) criterion of observability. Data were
corrected for Lp effects and for a linear decay of 119< ol the three day periodically measured reference
reflections (2 2 4, 4 2 2, 4 2 2) during 180 hrs. ot X-ray exposure time Standard deviations of the
intensities as obtained by counting statistics were increased according to an analysis of the excess
variance of the reference reflections: σ2(/) = σ 2 „(/) + (0 ОЗЛ2.4 An emperical absorption/extinction
correction was applied (DIFABS,s correction range 0 670 - 1.138). The structure was solved by
automated Patterson methods and subsequent difference Fourier techniques (DIRDIF-92)n
Refinement on F was carried out by full-matrix least-squares techniques (SHELX76) 7 Hydrogen
atoms (including the amine hydrogen H(44)) were included in the refinement on calculated positions
(C, N - H = 0.98 À) riding on their carrier atoms, except for the hydroxyl hydrogen H(36), which
was located on a difference Fourier map and subsequently included in the refinement A bond length
constrain (0.90(1) À) was applied in order to prevent the atoms ot the hydroxyl group from fusing
AH non-hydrogen atoms were refined with anisotropic thermal parameters; the hydrogen atoms were
relined with two overall isotropic thermal parameters with values ol 0 166(14) and 0.052(5) Â 2 tor
the hydrogen atoms in the protonated hgand and the Cu(II) complex, respectively. The high thermal
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motion and the unusual anisotropy of the oxygen atoms of the Perchlorate anion containing Cl(3) as
well as of the carbon atoms C(20) and C(21 ) of the protonated ligand is indicative of some disorder
No satisfactory disorder models could be refined Weights were introduced in the final refinement
cycles Convergence was reached at R = 0 078, flw = 0 071, w = 1/[CT 2 (F)], S = 5 85, tor 437
parameters A final dilfercnce Fourier map showed no residual density outside -0 78 and 0 71 e Â 1
Positional parameters are listed in Tables II and III tor the protonated ligand 2 and the Cu(ll) complex
4, respectively Coordinates ol the CIO4 counter ions are given in the supplementary material
Neutral atom scattering factors were taken Irom Cromer and Mann,18 anomalous dispersion
corrections from Cromer and Liberman
with PLATON
Preparation

20

19

Geometrical calculations and illustrations were perlormed

All calculations were performed on a DECsUlion 5000/125
οΓ

the

ligands

1 - [ 2 - ( 2 - p y r i d y l ) e t h y l ] - 1 - a z a - 4 , 7 , 1 0,1 3-

tetraoxacyclopentadecane (1) A solution of 1 057 g (4 8 mmol) mono aza 15-crown-5, 2 52 g
(23 9 mmol) of 2 vinylpyndinc, and 0 98 g (16 3 mmol) of acetic acid m 10 mL of methanol was
transferred to a high-pressure teflon capsule and kept at ambient temperature under a constant
pressure of 15 Kbar tor 19 hrs The color of the reaction mixture changed during this period trom
straw yellow to light red The solvent was removed under reduced pressure and the resulting purple
brown oil was dissolved in CH2CI2 and washed (3 x) with a 15% NaOH-solution During this
procedure, both layers turned brown The organic layer was separated, dried (MgSC)4) and removed
m vacuo to yield a brown oil This oil was subiected to column chromatography on silica gel, eluent
СНСІз/МеОН/lnethylamine 89/10/1 v/v/v Yield 1 07 g (70°/ ) ol 1 as an oil R( (silica 60H, eluent
CHCl 3 /MeOH9/l) = 0 15 Anal Caled for C i 6 H 2 i i N 2 0 4 C, 61 51, H, 9 03, N 8 97 Found C,
61 99, H, 8 77, N, 8 76 Ή NMR (CDCI3, 90 ΜΗ/) δ 2 70-2 86 (m, 8 H, N-CH¿, С Щ Py).
3 56 (m, 16 H, ОСЫ2). 6 94-7 24 (m, 2 H, Py-H) 7 49 (1 of d, 1 H, Py-H), 8 41 (d, 1 H, Py И)
'3C NMR (400 ΜΗ?, CDCI3) δ 35 8 (Ç_H2-Py), 54 4 (Ν-£Η 2 ), 56 6 (C_H2CH2-Py), 69 8, 70 0
70 3, 70 8 (Ç_H2 O), 120 9, 123 3, 136 1, 149 0, 160 4 ( £ ol Py) IR (acetonitnle) 2960 2862,
(CH2-stretch), 1634, 1592, 1570 (C=C, C=N), 1130 (C-O-C) cm

l

l,10-Bis-[2-(2-pyridyl)ethy]]-l,10-diaza-4,7,13,16-tetraoxacyclooctadecane

(2) A

solution of 1 014 g (3 86 mmol) ot 2,2 kryptofix, 2 59 g (24 6 mmol) of 2-vinylpyridine and 0 581
g (9 68mmol) of acetic acid in 15 mL of methanol was transferred to a high-pressure teflon capsule
and kept at ambient temperatures under a constant pressure of 15 Kbar for 60 hrs The reaction
mixture was worked up as described lor compound 1 Yield 663 mg (36 3%) of 2 as a yellow
brown, semi solid material R| (silica 60H, eluent CHCI3/MCOH 9/1) = 0 14 Anal Caled lor
C26H4oN404

С 66 07, H 8 53, Ν 11 85 Found С, 66 29, Η, 8 67, Ν, 11 69 Ή NMR

(CDCI3, 100 ΜΗ/) δ 2 84 (πι, 16 Η, Ν СЩ, СЩ-Ру), 3 50 (m, 16 Η, OCH 2 ), 6 92-7 11 (m, 4
H, Ру-Ш, 7 48 (t of d, 2 H, Py H), 8 40 (d, 2 H, Py-H) n C NMR (400 MH¿, CDCh) δ 35 9
(C.H2-Py), 53 8 (0-CH2-C_H2-N), 55 7 (C_H2CH2-Py), 69 8 (0-£Η 2 -£Η 2 -0), 70 6 (0-£Н 2 СН 2
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N), 120.9, 123.2, 136.1, 149.1, 160.5 (£ of Py). MS-FAB (m/z): 495 (2 + Na + ), 473 (2), 368 (2CH 2 CH 2 Py).
Preparation of the complexes.
Warning' Although we have experienced no difficulties with the Perchlorate salts described, these
should be regai ded as potentially explosive and handled accordingly.2 '
[CulMeOH](CI0 4 ) 2 (3). To a solution of 196 mg (0.61 mmol) of 1, dissolved in 25 mL of
methanol was added while stirring a solution of 224 mg (0.60 mmol) of Cu(C104)2.6H20 in 2 mL of
methanol. The solution was stirred overnight and the formed yellow-brown precipitate was filtered
off. The resulting light green filtrate was concentrated in vacuo. Yield 321 mg (90%) of a green solid.
X-ray quality crystals were grown by slow ditlusion of hexane into a methanolic solution of 3. Anal.
Caled for Ci 6 H28N 2 Oi2CuCl 2 .MeOH: C, 33 64; H, 5.31; N, 4.62. Found: C, 34.09; H, 4.54, N,
4 95. UV-vis (acetonilnle): 220, 259, 750. MS-FAB (m/z): 486 (1.CuC104), 387 (Ì.Cu). IR
(acetomtrile). 3240 (MeOH), 2872 (CH2), 1610 (C=C, C=N), 1109, 625 (CIO4-) cm"1.
[Cu 2 -2-OH](C10 4 ) 3 (4). A solution of 70 mg (0.19 mmol) of Cu(C104)2.6H 2 0 in 2 mL of
methanol was added dropwise to a stirred solution of 90 mg (0.19 mmol) of 2 in 20 mL of methanol.
A turqoise precipitate was formed which was filtered off, yield: 104 mg (74%) of 4. Crystals,
suitable for X-ray analysis were obtained by slow diffusion of hexane into a methanol solution of 4.
Anal. Caled for C26H40N4O17CU2CI3 4 2HCIO4: C, 39.34; H, 5.21 ; N, 7.06. Found: C, 39.34; H,
5.20, N, 7.07. UV-vis (acetonitnle): 220, 257, 292, 343, 700. MS-FAB (m/z): 815 (4-C104), 716
(4 -2 CIO4), 699 (4 -2 CIO4 -OH). IR (acetomtrile): 2886, 2834 (CH2), 1611 (C=C, C=N), 1114,
625 (CIO4-); (KBr): 3417 (OH) c m ' .
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Receptors Functionalized with Mono- and Dinuclear Copper
Bis-Pyridine Complexes.
Development of Hemocyanin and Dopamine-ß-Hydroxylase
Mimics.

10.1 Introduction
The binding and activation ol dioxygen is an important process in nature and occurs with the help ol
metallo proteins, eg

dicoppei proteins like hemocyanin (dioxygen transport) and tyiosinase

(dioxygen activation) ' On the basis of amino acid sequence homologies and spectroscopic studies, it
has been concluded that the latter proteins bear a close resemblance

2

The ditterence in chemical

reactivity between the two probably results trom the tact that the active site of tyrosinase is accessible
to substrate molecules larger than dioxygen, which is not the case with hemocyanin

2

As part ot a program aimed at the development of dicoppcr protein mimics we are interested in
the design ot synthetic host molecules which can recognize biologically relevant substrate molecules
(e g dopamine) and can convert these molecules in a stereoselective manner at the copper centers
The construction of a successful mimic imposes two requirements that must be met Firstly the
mimic must contain a ligand system capable of forming a dicopper complex which can activate
dioxygen to such an extent that hydroxylauon takes place Secondly, it must possess a receptor site
that binds and orients a substrate in such a way that it is in close proximity to the copper centeis It is
not always necessary to use the same type ot ligands as tound in nature to achieve a good mimic or a
spectroscopic match between protein and model This was shown in the recent literature by the
elegant studies ot the groups ot Karlin14 "> and Kitajima ft 7
We have chosen to use for our mimic the bis [2 (2 pyndyl)ethyl]amine (PY2) type ol ligand
developed by Karhn8 and the receptor molecule based on diphenylglycolunl

I
Η
PY2 ligand system
synthesized in our group some years ago 9 A combination of these two might yield an interesting
model for the action of hemocyanin or mono oxygenases such as tyrosinase or dopamine-ßhydroxylase

10

As our supramolecular model systems are quite complex they may give rise to unexpected
behavior, e g with respect to their electrochemistry,1 ' their solubility, and their reactivity towards

Chapter 10

substrates. In order to better understand the organic as well as the inorganic part of these models, we
have designed a number of compounds with increasing complexity, compounds 1 - 4 (see Chart I)
They may give insight in the changes that occur when the mimic is built up step by step. In this paper
Chart I

we describe the synthesis of 1 - 4 as well their copper complexes. A preliminary dioxygen
binding and activation study with some of the Cu(I) complexes has been carried out In addition, it
has been attempted to hydroxylate a dopamine derivative, which is bound in the cavity ot the
dinuclear coppcr(I) complex ol receptor molecule 4, to yield noradrenalm

10.2 Results and discussion
Synthesis of the ligand systems The obvious route for synthesizing 1 - 4 would be the
condensation of ligand 5 and the appropriate receptor or aza-crown ether, e g. 6,12 (see Scheme 1 )
It turned out that this was not possible because 5 could not be synthesized in pure form Although the
reaction of m-xylylene dibromide and PY2 proceeded correctly according to TLC, it proved
impossible to isolate 5 Most likely, this negative result is due to quaternanzalion of the pyridine or
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amino nitrogen under the conditions of the work-up procedure. A new route was therefore
developed, in which the pyridine functionalities were introduced at a later stage (Schemes 2 - 4). A
cyano group was used as a masked amine functionality. Reaction of 3-cyanoben7yl bromide with the
a¿a-crown ethers 7 and 10 gave the cyano compounds 8 and 11,
Scheme 1.

£
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4
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s
Scheme 2
A

C=N

11 (dia¿a-analog of 8)

12 (diaza-analog of 9)
respectively The cyano function was subsequently reduced with L1AIH4 in THF to
yield the amino-
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aza-crown ethers 9 and 12 The cyano derivatives (16 and 17) of the receptor molecules were
synthesized by a high dilution cychzation reaction of the tetrachloro- or tetrabromo compounds 13,
14, and I S 1 3 with 1-cyanobenzylamine (Scheme 1) Reduction ot the cyano groups in 16 and 17
Scheme 3
C3N

О

о
Д

•Ν Ν

(ί "TPh ··)—(ι Phi
"if
°

ο

13, n = 0, X =C1
14, n = 0, X = Br
15,n=l,X=Cl

^

acelonitnle,
Nal, Na 2 C0 3

N=c
16, η = 0
17, η = 1

with L1AIH4 or other reducing agents like AIH3 appeared to be unsuccessful We ascribe this failure
to the insolubility ol 16 and 17 in the solvents required lor the reduction reaction (diethylelher or
THF) We therefore developed another strategy which would introduce the amine in such d way that
the reduction step could be omitted (Scheme 4) w-Diannnoxylene was treated with tbutyloxycarboxy azide (BOC azide) to yield the mono and di-protected derivatives ot this
compound, which were separated by column chromatography Reaction of the mono protected amine
18 with 13 or 14, and 15 gave the BOC protected amine receptors 19 and 20 These could easily
be deprotected in CH2CI2/TFA to yield the diamino receptors 21 and 22 The amino groups ot
crown elhers 9 and 12 and the receptors 21 and 22 could now be reacted with 2 vinylpyndine to
give the PY2 tunctionalized hgands 1 - 4 (Schemes 2 and 4)
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Formation оГ the copper complexes
As shown by Karlin et al, the PY2 chelating group is very suitable tor the generation ol copper
complexes that mimic the behavior of hemocyamn and other dicopper proteins 8 The Cu(II)-
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Scheme 5.

2 + , 2X"

1 or 2 equiv.
[Cu(CH,CN)4]X

S = CH3CN
X = PF6 or C1Ü4
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complexes are most easily studied since ihcy arc not air sensitive On the contrary the Cu(I)
counterparts are extremely sensitive to dioxygen At low temperatures, however, the reaction with
dioxygen can be controlled and gives nse to the formation of interesting O2 adducls '

4

The Cu(I) complexes ot 1 - 4 were prepared by the addition of the correct amount ol
[Cu(CH3CN)4]C104 or [Cu(CHiCN) 4 ]PF 6 to the ligands in acetonilnle (Scheme 5) This gave the
Cu(l) complexes 23 26 as yellow orange solids Since Cu(I) is a d

1()

metal the complexes can be

examined with 'H NMR They were found to give well resolved spectra with sharp signals Cu(I) is
known to form tncoordinate complexes with the PY2 ligand

|s

When the complexation reaction is

earned out in acetonilnle, a tetrahedral complex is obtained with an acetonitrile molecule occupying
the lourth coordination site

lft

As our complexes are also prepared in acetonitrile it is resonable to

assume that a similar tetra-coordinatcd structure is present This assumption is supported by the
EXAFS studies which will be presented below
Ligands 1 4 were also used to prepare copper(ll) complexes To this end these compounds
were mixed with Cu(CK)4)2 6H20 in ethanol The lormalion ot the dinuclear Cu(II) complex ol
ligand 2 was followed by an UV vis titration experiment The increase in the adsorption at 644 nm
was plotted as a function ol the Cu(Il) to ligand ratio This plot clearly indicated that 2 binds two
Cu(II)-ions This complex can be isolated as a stable green solid
Electrochemistry The Cu(I) complexes 23 and 24 (with two ditferenl counter ions) as well as the
dinuclear Cu(II) complex ol 2 were examined by cyclic vollammelry (see Table I) All complexes
Table I Electrochemical properties ol the metal complexes a
Compound

Ε1/2 (V)

AEn(mV)

jb/jt

23 CIO4

0 10

170

1 25

24(CI0 4 )2
24 (PF6)2

0 10

190

0 67

0 14

240

0 77

0 08
150
0_63
[Cu 2 2](C10 4 )4
a
Measured at ca 25 °C in acetonitrile us'ng a Pt-working electrode, a Pt auxiliary electrode, an
Ag/Ag+reference electrode (0 IM AgNOi in acetonitrile) and 0 1 M tetrabutylammonium
hexafluorophosphaie (TBAH) as the supporting electrolyte Potentials as reported VÎ Fc/Fc+ in
acetonilnle
exhibited irreversible electrochemical behavior with peak separations ranging trom 150 to 240 mV
The halt wave potential was lound to depend on the counter ion as well as on the oxidation state of
the copper ion For the Cu(I) Perchlorate complexes a hall wave potential of 0 1 V was found
Complex 24 (PFöh showed a halt wave potential of 0 14 V The dinuclear Cu(II) Perchlorate
complex of [Cu2 2] (CI0 4 ) 4 displayed an E1/2 at 0 08V It is not unlikely that the observed
differences in half wave potential between the complexes reflect slightly difteient coordination
environments However, the results from these experiments must be interpreted with caution Due to
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the poor electrochemical responses of the complexes a relatively large error in the reported potentials
is likely.
EXAFS Study In order to obtain more structural information an EXAFS study was carried out on
frozen solutions of complexes 23 and 24 The oxidation state of the respective complexes was
determined by examining the K-edge of the X-ray fluorescence excitation spectra (see Figure 1, left)
Since Cu(I) complexes are known to show a relatively strong low energy shoulder at ca 8980 eV
(pre-edge feature), the presence of such a shoulder is considered to be diagnostic for Cu(I) I7,i8,i9
This pre-edge feature is more easy visible in the first derivative of the normalized fluorescence spectra
and was found for 23 and 24 at an energy of approximately 8983 eV (Figure 1, right) These results
clearly indicate that the copper ion in frozen acetomtrile solutions of these complexes is present as
Cu(I)

o
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Figure 1 Left noimahzed X-tay fluorescence excitation spectra of complexes 23, 24, and 27
Right fii st dei ivative of the noi malized fluoi escence spectra
The results from the tirsi single shell analysis ol the data are presented in Tabic II The topper
ion in complex 23 is surrounded by 5 ± 1 N or О donor atoms These are positioned at
approximately 2 00 A from the central atom No Cu-Cu shell could be identified, as expected because
Table II Data derived from single scattering EXAFS simulations of isolated shells
Compound"

Main shell

Distance (À)

Variance (Â)b

Cu-Cu shell (À)

23

5+IN/O

2 00

0 12

none

24

4+lN/O

197

0 12

43

27
4 5 ± 1 N/O
200
л
Counter ion is PFe"
b
The Debye Waller-type lactor σ, is quoted as the variance 2σ 2

0_07

33

23 is supposed to be a mono nuclear species Our results are in line with the reported X-ray
structures ol Cu(I)-complcxcs with the PY2 group 2 0 In these complexes the Cu(I)-ion is
tetrahedrally coordinated by tour nitrogen donors They are positioned at distances ot around 2 À
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from copper, except for the acetonitnle nitrogen which coordinates at the slightly shorter distance of
1.945 Â.
When dioxygen was bubbled through a dichloromethane solution of 23 at -80 "C and when this
solution was subsequently warmed to room temperature complex 27 was formed. This complex has
approximately the same number of donor atoms around the central copper ion (4.5 ± 1 N/O) as 23.
These atoms are also positioned at 2.00 À from the central atom. In this case a Cu-Cu shell could be
identified at 3 3 À From the absence of the K-edge absorption in 27 (see Figure 1) it follows that
the coppers in this complex are in the 2+ oxidation state. In combination with the IR spectrum which
indicated the presence of coordinated OH groups (v = 3686 cm-1) a dimeric structure with bridging
hydroxo groups is proposed for 27 (Scheme 6). The data obtained for 27 compare well with those
Scheme 6.

reported in the literature for a dimeric complex, containing benzylated PY2-units.21 This complex
was prepared by reacting the mononuclear Cu(I) complex wuh dioxygen at low temperature The
copper atoms in this complex are linked by hydroxo groups and are 3 27 À apart. The Cu - О and Cu
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- N dislances are approximately 2 À Karlin has provided evidence that the reaction with dioxygen
first yields a μ oxo bridged dinuclear Cu(II) complex which subsequently reacts with water to give
the bis μ hydroxo bridged Cu(II) complex

2I

Analysis ot the EXAFS data ol complex 24 indicate that the main shell consists ot 4 ± 1 N or О
atoms around copper which are located at a distance ol 1 97 Ä (Table II and Figure 2, left panels)
Remarkably tor this complex a Cu

Cu distance was found, viz of 4 3 Л This result was

confirmed by isolating the peak at 4 3 Â by back transformation and by luting the data with a copper
atom at 4 3 À It produced the typical copper EXAFS oscillation with a maximum at к = 7 5 Â '
(Figure 2, right panels) ' 6 The tentative conclusion trom this experiment is that a significant number
of the molecules of 24 are pre-organi7ed with a Cu Cu distance suitable lor dioxygen binding in a
trans μ-1 2 mode (see Scheme 7) From an X ray strucure ot a complex featuring this specific O2
binding mode it is known that this distance is 4 3 Â 22
Scheme 7
Py

—

I2

+

2CI0 4

/

•IM-v

24

R(A)
Figure 2 EXAFS (uppei panels) and phase collected Foni lei tiansfoims (Іонеі panels) of 24 Left
panels 1 aw data light paneh Foitnei filtei ed shell Dashed Ime simulation by the piogiam
EXCURVE3' with pai ameteis of Table]/
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Low-Temperature UV-vis Spectroscopy Study of the Dioxygen Adducts. The dinuclear
Cu(I) complex 24 exhibited in dichloromethane a strong UV-vis absorption band at 360 nm (e =
-1

2900 M cm-')· Furthermore, a weak band was visible at 625 nm (ε= 310 M

-1

-1

cm ). When this

solution was exposed to dioxygen at -80 °C, a color change to orange and then to green was
observed, indicating the irreversible oxidation to Cu(II). The orange color suggests that an dioxygen
adduct is formed which, however, is very unstable under the conditions of the experiment. The UVvis spectrum of 23 in dichloromethane showed an absorption band at 362 nm (ε = 3600). Upon
3 5

1 Cud) C[O d >Cfeal B0°C
360 nm (4800), 452nm (1600)

CIQ,at
(3600)

0°С

С Ю , * С^ aller warming
(2650)

300

400

500

600

ТОО

00

900

Wavelenglh

Figure 4. UV-vis spectra of 1 С11СЮ4 before (center spectrum), aurini· (top spectrum), and after
exposure (bottom spectrum) to dioxygen.
exposure to dioxygen this complex reacted slowly to form a dark orange solution with UV-vis
absorptions at 360 nm (ε = 4800 M"1 cm 1 ), 452 nm (ε = 1600 M -1 c m 1 ) and at 560 nm (shoulder, ε
= 330 M"1 cm - 1 ) (see Figure 4). At -80 °C it took approximately 45 minutes for the reaction to be
completed. At this temperature the dioxygen adduct was stable for hours. The UV-vis absorptions
found correspond well with those reported by Karlin et al. for dioxygen adducts of Cu(l)
complexes,

23

and show similarities with the spectrum of oxyhemocyanin. The latter displays

absorptions at 345 nm (ε = 20000 M"1 cm"1), 458 nm (ε = 4500 - 6300 M"1 cm"1) and 570 nm (ε =
1000 M -1 cm - 1 ). These absorptions have been ascribed to peroxo-to-Cu(Il) ligand-to-metal chargetransfer (LMCT) transitions. On the basis of extensive UV-vis and EXAFS studies Karlin and co
workers have suggested that the dioxygen in their complexes is present as a peroxide ligand, which is
held between the copper centers in a μ-η 2 :η 2 coordination mode. This binding mode was later found
in model systems synthesized by the group of Kitajima24 and recently also in oxy-hemocyanin.25
Our UV-vis data suggest that 23 forms a similar complex with dioxygen (see Scheme 6). Warming
the solution of 23 to room temperature causes decomposition of the complex, probably to the green
μ-hydroxo-bridged dinuclear Cu(II) complex which has an absorption band at 350 nm (ε = 2650 M

1

-1

cm ) (see Figure 4 and also our EXAFS study). Our observation that the dinuclear Cu(I) complex
24 reacts more rapidly with dioxygen than the mononuclear counterpart 23 parallels similar
observations described in the literature for other dinuclear and mononuclear Cu(I) complexes with
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PY2 hgands

20

The higher reacüviiy ol 24 is probably the result of the faci that the two Cu(I) centers

arc at the right distance lor O2 binding (see EXAFS study) Why the dioxygen adduci of complex 24
decomposes under the present conditions is unclear Possibly the peroxide coordination mode is not
stable because of the stenc requirements imposed by the aza-crown ether linkage
Karlin and co workers have reported that the in xylylene spacer of the dinuclear Cu(I) complex
28 becomes hydroxylated when this complex is exposed to dioxygen

2б

Since our complexes are

designed to oxidize an exogencous substrate viz a dopamine derivative the hydroxylation of the
hgand system would be an unwanted side reaction To test the stability ot the hgands complexes 25
and 26 were disolved in dichloromethane and exposed to dioxygen at low temperatures
Subsequently the solutions were warmed up to room temperature Under these conditions
hydroxylation is known to take place in the systems described by Karlin The Cu(II) ions in our
complexes were removed with an aqueous ammonia solution and the hgand systems were isolated
Ή NMR indicated that no oxidation had taken place It is therefore possible, at least in principle, to
hydroxylate substrate molecules with complexes 25 or 26
Preliminary binding and oxidation experiments Since our ultimate goal is to bind and
hydroxylate dopamine in the cavity of 25 or 26 the association constant of the complex between
dopamine derivative 29 and the metal free receptor 4 was estimated with an Ή NMR experiment
This constant was determined to be ca 70 Μ l and is in line with association constants previously
reported lor related receptor molecules (see Chapters 2 and 7) 2 7
Preliminary experiments were carried out to transform the dopamine derivative 29 into the
neurotransmitter noradrenaline To this end receptor 4 was first treated with two equivalents of
[Cu(CH3CN)4]PF6 in CH2CI2 and subsequently with one equivalent ot dopamine derivative 29 The
mixture was cooled to 78 °C and pre cooled dioxygen (T = 78 C) was bubbled through the
homogeneous solution A gradual color change Irom yellow to orange was noticed The reaction
mixture was allowed to warm up to room temperature and was subsequently audihed Both Ή NMR
and TLC analysis indicated that the substrate had not changed in this experiment
Conclusions The synthesis ol hgand systems 1 4 containing the PY2

group, has been

accomplished Both the Cu(I) and Cu(II) complexes of these compounds have been prepared Low
temperature UV vis studies indicate that complex 23 is capable ot forming a stable dioxygen adduci
whereas the related dinuclear complex 24 docs not torm such a stable adduct The latter is probably
the result ol an unlavorablc coordination mode ol dioxygen between the copper centers ot 24
Receptor molecule 26 is able to bind dopamine derivative 29 A first attempt to hydroxylate 29 did
not result in the formation ot the noradrenaline analogon Further experiments arc needed to test this
system

10.3 Experimental
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Materials and Methods. All chemicals were obtained commercially. Solvents were dried and
distilled prior to their use, except for methanol which was of HPLC-grade and used as received.
Diethyl ether was distilled from sodium, dichloromethane and acetonilrile were distilled from
calciumhydride. DMF was stored over 4À molsicves and distilled at reduced pressure. Acetonilrile
used in the electrochemical measurements was deoxygenaled by three repetitive freeze-pump-thaw
cycles. 2-Vinypyridine was purified before use by flash chromatography over silica 60 using diethyl
ether as eluent.
13

UV-VIS spectra were recorded on a Perkin-Elmer Lambda 5 spectrophotometer. Ή and C
NMR spectra were recorded on Bruker WH90, Bruker AC-100 or Bruker WM-400 instruments
Chemical shifts are denoted in ppm relative to TMS. FAB-MS spectra were recorded on a VG 7070E
instrument using 3-nitrobenzyl alcohol as a matrix. IR-spectra were measured on a Perkin-Elmer
1720X instrument. Elemental-analysis were performed on an EA 1108 Carlo Erba instrument
Melting points were measured on a Reichert-Jung hoi stage, mounted on a microscope and are
reported uncorrected. Cyclic Voltammetry experiments were performed with a PAR 173 potcntiostat
equipped with a PAR Model 176 I/E converter coupled to a PAR Model 175 universal programmer
using a platinum auxiliary as well as working electrode and Ag+/Ag (0.1 M AgNOO as a reference
electrode. All measurements were carried out in a glove box under a dinitrogen atmosphere in
acetonilrile solution with tetrabutylammonium hexalluorophosphatc (TBAH) as ihc supporting
electrolyte (0.1 M). The solutions contained approximately lxl0' 2 M of copper complex. The halfwave potential of a 10~3 M solution of lerroccnc was measured under the same experimental
conditions: E1/2 = 0.050 V.
EXAFS Measurements. A previously prepared Cu(I) complex was redissolvcd in dcoxygenated
dichloromethane in a glove box at room temperature. This solution was transferred to an EXAFS cell
with a syringe. The cell was sealed with epoxy resin and subsequently stored under liquid nitrogen.
The hydroxo complex 27 was prepared by bubbling dioxygen through a solution of 23 in
dichloromethane at -78 °C. This solution was allowed to warm up to room temperature and
subsequently transferred to an EXAFS cell. After sealing wiih epoxy resin the cell was stored under
liquid nitrogen.
X-ray absorption spectra at the Cu K-edge (approx. 8980 eV) ot Cu(I) complexes 23 and 24 as well
as Cu(II) complex 27 (with concentrations in copper of 4, 8 and 4 mmol, respectively) were recorded
in the fluorescence mode at the Eui opean Molecular Biology Laboratoy (EMBL) EXAFS-station al
HASYLAB (Hamburg Synchrotron Laboratory), DESY (Deutsches Elektronen-Synchrotron),
Hamburg, Germany 2 Я The maior components are an order soriing Si (111) monochromator,29 a
segmented, focussing Au-coaied mirror and an energy calibration device. 10 For harmonic reaction
the monochromator was detuned to approx 5()9i ot its peak intensity. The energy resolution of the
specirometer was 2.0 eV as established lrom the full width at half height of the calibration Bragg
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peaks. PVC cells with Kupton windows and rectangular apertures (10 χ 15 ram) and a sample
thickness (if 1 mm were used During the experiments the samples were kept in the He exchange gas
atmosphere (70 K) ol a closed-cycle cryostat. All measurements were carried out during main user
time with DORIS II working at an energy of 4.45 GeV and a current of 40 raA. Fluorescence
radiation was detected with an array ot Ge solid state detectors and a plastic scintillator coupled to tast
photomullipliers facing the front and rear end of the copper sample, respectively. Energy calibration
and interpolation were carried out using the EMBL Outstation data reduction package. Contributions
of each scan of individual solid state detectors were checked tor signal to noise ratio and experimental
artefacts and were compared to the result for the plastic detector after averaging. In the case of 23, the
results ol 2 scans with the solid state detector were used lor analysis. In the case of 24 three scans
with the plastic detector were taken and in the case ol 27 Lhree scans with the solid state detector
Background subtraction was carried out after averaging the scans by means of the programme
AREMPF1 (H -F.Nolting & С Hermes, EMBL Outstation). The EXAFS was further analyzed using
the simulation programme EXCURV88 based on EXCURVE 3 1 The phaseshift calculations were
checked on model compounds. 32 The ma|or shells of the EXAFS were Fourier-filtered and backtranslormed. The isolated shell was titled with varying atom types (N, O, C, S, Cu) and by
iteratively refining the occupancy, distance to copper, Debye-Waller-type factor, and the threshold
energy AErj. Multiple scattering simulations of the whole EXAFS including the minor shells can in
principle give information on the number ol coordinating pyridines.33 In the present analysis, the
minor shells weie isolated and identified by refined simulations using different atom types (N, O, C,
S, Cu). It should be noted that it is not possible to discriminate between atom types from the same
row of the Periodic Table, e.g. between N, O, or C, or between S and CI.

Low Temperature UV-vis Spectroscopy. The low-temperature UV-vis spectra were taken on a
Perkin-Elmer Lambda Array 3840/IBM PC data system (315-900 nm) with output to an Epson FX85 printer. The spectrophotometer was equipped with a Kontes KM-611772 variable temperature
UV-vis Dewar cell with quartz windows The low temperature inside the Dewar assembly was
achieved by putting a copper tubing coil inside the methanol-filled Dewar-cell. Through the coil cold
methanol was circulated by an external cooling unit (Neslab CC- 100II cryocool immersion cooler, in
Agilainer A with circulation pump). The cuvette assembly consisted of a quartz cuvette fused to one
end of a glass lube; the other end was attached to a high-vacuum-stopcock and a 14/20 ground glass
joint. The temperature inside the Dewar assembly was monitored by an Omega Model 651 resistance
thermometer probe. The spectrum of the solvent alone was also recorded for each set of runs, and the
sample spectra were base-line-corrected by digitizing all spectra by hand, taking points every 3-5 nm
and re graphing
Solid samples of 23 and 24 were quickly weighted in the air on an analytical balance,
translerred to the cuvette assembly, and placed under argon by vacuum-purge cycling Carefully
purified dichloromethanc was directly distilled from СаНг into the cuvette assembly, by chilling the
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cuvette while the entire apparatus was at room temperature and under a static vacuum. Alter placing
the cuvette into the Dewar assembly, 10 min was allowed tor temperature equilibration and the
spectrum was subsequently recorded. The cuvette assembly was previously calibrated for volume vs.
height in the tube, and the height of the solution in the cuvette assembly at low temperature was noted
lor the purposes ot concentration determination.
Oxygenation of the chilled solutions of 23 and 24 was effected by direct bubbling of dry
dioxygen using a syringe needle The spectra were recorded at set intervals. After warming to room
temperature, the spectra were recorded again
The UV-vis titration of ligand 2 was carried out in acetomtrile as a solvent. To thus end, 5 75
mg (6 25 χ IO"1 mmol) of 2 was dissolved in 2.5 mL ot acetomtrile and stepwise titrated with 10 μ ι
of a 1.125 χ 10"^ M solution of Cu(C104)2 6H2O in acetomtrile The increase in the absorption at 644
nm was monitored as a function of the ratio Cu(II) / 2
Synthesis of the ligands.
l,4-Bis-(2-bromoethoxy)benzene A soluLion of 200 mL of 1,2-dibromoethane, 60 mL of
water, 22 g (200 mmol) ot l,4-dihydroxyben¿cne, 22 4 g (400 mmol) ol КОН and 8.1 g ol Aliquat
were stirred for 9 days under a dinitrogen atmosphere at 40 "C. After this period, the reaction mixture
was extracted with dichloromethane (3x 70 mL), the combined organic layers were washed with
brine (100 mL), dried (Na2SO.i),filtered,and concentrated m vacuo. The resulting solid material was
subjected to column chromatography on basic alumina using toluene as the eluent. Yield: 12.2 g
(19%) of product. Mp = 107 "C [ H NMR (90 MHz, CDCI3) δ 3 60 (t, 4H, CH 2 Br), 4 25 (t, 4H,
ОСЫ2). 6-87 (s, 4H, ArH). ΕΙ-MS: m/z 324 (M+H)+ Anal. Caled, for CioHi 2 0 2 Br2 С 37.07; Η,
3.73. Found: С, 37.24; Η, 3.71
l,4-Bis-(2-chloroethoxy)benzene. A solution of 50 mL ol acetone, 5 g (45.45 mmol) ol 1,4dihydroxyben7ene, 20 g of l-bromo-2-chloroethane and 6.4 g (46 mmol) of K2CO1 were rcfluxcd
for 5 days under a dinitrogen atmosphere After acidification to pH = 2 with IN HCl, the solvent
was evaporated. The resulting water layer was extracted with dichloromethane. The organic layer
was separated, dried (NaSOa), filtered, and concentrated. The obtained solid material was sub|ected
to column chromatography (basic alumina, eluent toluene). A total of 3.3 g (3Ü9Í ) ol white crystalline
material was recovered Mp = 98 "C. ·Η NMR (90 MHz, CDCI3): δ 3.78 (t, 4Η, CH.2CI), 4.19 (t,
4Н, ОСЩ), 6 87 (s, 4Н, ArH) ΕΙ-MS: m/z 236 (М+Н+). Anal. Caled for СщН ^ОгСІг' С,
51.09; H, 5.14 Found: С, 51.14; H, 5.09.
a-Amino-a'-[(t-butyloxycarboxy)amido]-m-xylene (18). То a stirred solution ol 4 g (29 4
mmol) of α,α'-m-diaminoxylene in 40 mL ot water was added 3 g (21 mmol) of t-butyloxycarboxy
azide (BOC-N3) in 40 mL ol dioxane through a dropping tunnel The mixture was stirred overnight
at ambient temperature The volume of the solvent was reduced to one third in vacuo A whiLe
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precipitate (di-subsiituted product) tormed which was filtered ufi The filtrate was washed 3 times
with 50 mL of diethylether The combined organic layers were dried (MgSO<i), filtered and
concentrated in vacuo The resulting yellow oil was purified by flash chromatography on neutral
alumina using 100% diethylether as the first eluent The di-substituted product was collected The
eluent was subsequently changed to methanol and 18 was obtained as a yellow oil Yield 1 24 g
(26%)

Rf (silica 60H, eluent 10% MeOH in CHCI3) = 0 05 !H NMR (CDCI3, 90 MHz) δ 3 68 (2

χ s, 11 Η, Ν Ε 2 . С(СН 3 )з). 4 27 (d, 2Η, CH 2 -NH), 4 93 (s br, NH-C(O)), 7 18 (m, 4H, ArH)
'3C

NMR (CDC1 3 , 400 MHz) δ 28 3 (C_H3), 44 5 (C_H 2 NH 2 ), 46 2 (Ç_H2NHCO), 79 3

(£(CH 3 ) 3 ), 125 8, 126 0, 126 1, 128 7 (ArCJ, 139 2 (Ar£-CH 2 NHCO), 143 4 (Ar£-CH 2 NH 2 ),
155 9(£ONH) MS (CI) m/z 237 (M+H)+
l-(m-Cyanobenzyl)-l-aza-4,7,10,13-tetraoxacyclopentadecane

(8) To a solution ot 10

mL of acetone were added 517 mg (2 36 mmol) oí 7,463 mg (2 52 mmol) of α-bromo-m-tolunitrile
and 330 mg (2 39 mmol) of K 2 C 0 3 The mixture was refluxed lor 16 hrs Alter filtering ott the
formed KBr, the solution was concentrated m vacuo and the resulting material was further puniicd
using column chromatography (silica 60H, 4% MeOH in CHC13) Yield 709 mg (90%) of yellow oil
8 lH NMR (90 ΜΗ?, CDC13) δ 2 80 (t, 4H, CH 2 CH 2 N), 3 60 (S, 2H, NCH2Ar), 3 60-3 80 (m,
16H, CH 2 0), 7 3-7 8 (m, 4H, АгШ

13

C NMR (400 MHz, CDC13) δ 54 39 (N£H 2 CH 2 ), 59 81

(N£H 2 Ar), 69 81, 70 17, 70 48, 70 96 ( £ H 2 0 £ H 2 ) 112 17 (ArÇ_ CN), 119 04 (ΑΤ-£ΞΝ)128 86,
130 54, 132 14, 132 99 (Ar£-H) 141 68 (Ar£-CH2) IR (KBr, cm l) 3061 (ArH) 2862 (CH 2 ),
2228 (ON), 1601, 1583, 1479, 1471, 1450 (C=C)

1357, 1297, 1252 (CH 2 ), 1126(C-0-C) FAB

MS m/z = 335 (M+H)+ Anal Caled tor C i 8 H 2 f t N 2 0 4 C, 64 95 H, 7 95, N, 7 96 Found C,
64 65, H, 7 84, N, 8 38
l - ( a - A m i n o - / n - x y l y l y l ) - l - a z a - 4 , 7 . 1 ö , l 3-tetraoxacyclopentadecane

(9) To a

suspension of 100 nig (2 63 mmol) ot L1AIH4 in 30 mL ol dry THF was added dropwise a solution
of 619 mg (1 85 mmol) of 8 in 7 mL of dry THF The solution turned purple-red After the addition
was complete the reaction mixture was refluxed for 3 hrs and subsequentely stirred tor 16 hrs at
ambient temperature Therealter 20 mL of an IN aqueous NH4CI solution was added The mixture
was extracted with dichloromethane and brine The organic layer was separated, dried over Na2SÜ4,
filtered, and concentrated m vacuo Yield 610 mg (100%) of oil 9 Ή NMR (90 MHz, CDC13) δ
1 9 (br, 2H, NH 2 ), 2 80 (t, 4H, C ^ C H ^ N , J = 6 Hz), 3 60-3 80 (m, 18H, CH_20, NCH¿Ar),
3 86 (s, 2H. CH2NH2), 7 10 7 14 (m, 4H, XyH) IR (KBr, cm •) 3372 (NH2), 3065, 3026 (ArH),
2866 (CH2), 1607, 1589, 1451 (C=C), 1356, 1300, 1252 (CH2), 1121 (С О С)
l-{a-[Bis(2-(2-pyridyl)ethyl)amino)]-m-xylylyl}-l-aza-4,7,lü,13-tetrao\acyclopen
tadecane (1) A solution containing 610 mg (18 mmol) of 9, 1 32 g (12 5 mmol) of 2vinypyridine and 478 mg (8 mmol) ot acetic acid in 10 mL of methanol was transferred to a teflon
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high pressure capsule The solution was kepi at a pressure of 15 Kbar and a temperature of 50 °C lor
7 hrs The red reaction mixture was sunsequently extracted with dichloromelhane and 15% aqueous
NaOH The organic layer was separated, dried (Na2SÜ4), filtered and concentrated in vacuo The
obtained oil was further purified over Flonsil using pure diethylelher as the first eluent and then 10%
MeOH in CHCI3 to recover the product 1 Yield 250 mg (30%) of a straw yellow oil Ή NMR (90
MHz, CDCI3) δ 2 80 (t, 4Η, CH 2 CH 2 N, J = 6 Hz), 2 95 (s, 8H, М ^ С Щ Р у ) , 3 60-3 80 (m,
20Н, СН 2 0, R 2 NCH2Xy. XyCH 2 NR 2 ), 7 0 7 30 (m, 8Н, ХуН, РуН), 7 56 (m, 4Н, РуН), 8 41

8 6 (m, 2Н, РуН) IR (KBr, cm" ) 3059, 3007 (АгН), 2926, 2861 (СН 2 ), 1591, 1569, 1475, 1435
(С=С, C=N), 1356, 1298, 1250 (СН2), 1124 (С-0 С) FAB-MS т/г 549 (М+Н)+
l,10-Bis-(m-cyanobenzyl)-l,10-diaza-4,7,13,16-tetraoxacyclooctadecane

(11) An

identical procedure as described lor 8 was followed tor the preparation of this compound The
following amounts were used 40 mL of acetone, 960 mg (3 66 mmol) ot 2,2 Kryptolix (10), 1 44
g (3 66 mmol) ot a-bromo-/n-toluniinle and 1 06 g (7 68 mmol) of K2CO3 The obtained material
was further purified using column chromatography (silica 60H, eluent 3% MeOH in CHCI3) Yield
1 8 g (1007ο) of white crystalline 11 M p = 89 5 "C Ή NMR (90 ΜΗ?, CDC13) δ 2 82 (t, 8H,
CH.2N), 3 62 (t, 16H, СЩО), 3 74 (s, 4H, NCH^Ar), 7 4-7 8 (m, 8H, ArH) 13c NMR (400
MHz, CDCI3) δ 53 93 (N£H 2 CH 2 ), 59 05 (N£H 2 Ar), 69 92, 70 79 ( £ H 2 0 £ H 2 ) , 119 08 (£sN),
128 85, 130 51, 132 12, 132 96 (Ar£H), 141 79 (Ar£-CH 2 ) IR (KBr, cm ') 2999 (ArH), 28222944 (CH 2 ), 2224 (CN), 1603-1586 (C=C), 1482 1431 (CH2), 1174-1046 (C-O-C) FAB-MS m/7
= 439 (M+H)+ Anal Caled tor C 2 8H3 f t N 4 0 4 С, 68 27, H, 7 37, Ν, 11 09 Found С, 68 06, Η,
7 22, Ν, 11 09
l,10-Bis-(a-amino-i/í-xyIyIyl)-l,10-diaza-4,7,13,16-tetraoxacyclooctadecane

(12)

An identical procedure as described tor 7 was followed tor the preparation of this compound The
following amounts were used 400 mg (10 5 mmol) ot L1AIH4 in 70 mL of dry THF, 1 35 g (2 74
mmol) of 11 in 40 mL of THF Color ot the reaction mixture green-yellow Work-up as tor 7
Yield 861 mg (63%) of oil 12 Ή NMR (90 MHz, CDCI3) δ 1 87 (s, 4Η, NH 2 ), 2 80 (t, 8H,
CH2CH2.N), 3 73 (m, 4H+16H, CH4NH2 + СЩО), 7 25 (m, 8H, ArH) IR (KBr, cm" 1 ) 3364
(NH 2 ), 3025 (ArH), 2865 (CH 2 ), 1607 1589 (C=C), 1110 (C-0 C) FAB-MS m/7 = 501 (M+H) +
No reproducable elemental analysis of oil 12 could be obtained
l,10-Bis-(a-[bis(2-(2-pyridyl)ethyl)amino)]-m-xylylyl}-l,10-diaza-l,7,10,16tetraoxacyclooctadecane (2) An identical procedure as described for 1 was followed for the
preparation ot this compound The following amounts were used 10 mL of methanol, 861 mg (72
mmol) ol 12, 2 53 g (24 1 mmol) of 2-vinylpyridine and 720 mg (12 mmol) ot acetic acid Color ot
the reaction mixture purple Work up procedure dichloromelhane was added and the organic layer
was washed with a saturated solution of ЫаНСОз The organic layer was separated, dried (NaSC>4),
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filtered and concentrated in vacuo The resulting red-brown oil was further purified by column
chromatography on Sephadex with CHCI3 as the eluent Yield 1 4 g (92'7r) of oil 2 Ή NMR (90
MHz, CDCI3) δ 2 60 (l, 8Η, CH 2 CH 2 N), 2 94 (s, 16H, PyCH¿CHiN), 3 55-3 7 (m, 16H+8H,
CH_20 + NCH¿Xy), 7 00-7 15 (m, 8H+4H, ХуН + Py-H), 7 51 (d ot t, 8H, Py-H). 8 47 (m, 4H,
Py-H) !ЗС NMR (400 MHz, CDCI3) δ 52 6, 52 7 (N-C_H2CH2 and N-Ç_H2CH2Py). 57 4, 58 9
(NC_H2XyÇ_H2N), 69 0, 69 9 (C_H2OC_H2), 1261, 126 4, 127 0, 128 2 (XyQ-H), 120, 1221,
1

135 1, 148 O(PyC-H), П8 1, 138 6 (XyCj, 159 6 (PyCJ IR (KBr, cm" ) 3058, 3007 (ArH), 28192931 (CH 2 ), 1591 (C=C), 1065-1119 (С О С) FAB MS m/z = 921 (M+H)

+

Anal Caled for

C56H72Ngf ) 4 0 5CH 2 C1 2 C, 70 42, H, 7 63, N, 11 63 Found C, 69 99, H, 7 59, N. 11 02
5,7,12,13b,13c,14-Hexahydro-l,4,8,n-tetrakis(2-chloroethoxy)-13b,13cdiphenyl-6W,i3#-5a,6a,12a,13a-tetraazabenz[5,ó]azuleno[2,l,8-í/a]benz[f]azulene6,13-dione (13) This compound was synthesized as described previously ' 2
5,7,12,13b,l3c,14-Hexahydro-l,4,8,ll-tetrakis(2-bromoethoxy)-13b,13cdiphenyl-6//,13//-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8-i/ú]benz[f]azulene6,13-dione (14) This compound was synthesized as described previously

12

Mp= 272 "C Ή

NMR (90 ΜΗ/, CDCh) δ 3 6 - 3 9 (m, 8H + 4H, CH 2 Br and NCHHAr), 4 0-4 5 (m, 8H, OCH 2 ),
5 56 (d, 4Н, NCHHAr), 6 65 (s, 4H ArH), 7 11 (s, 4H, ArH)

n

C NMR (400 MHz, CDCI3) δ

29 79 (OC_H2), 37 13 (Ar Ç_H2-N), 71 02 (QH2Br). 85 42 (N-Ç N), 115 57, 128 26, 128 62,
128 73, 129 18, 134 04, 150 86 (Ar-CJ 157 73(C=0) FAB MS m/z 990 (M+H)+ Anal Caled
tor C 4 oH ì8 N 4 O ft Br4 С, 48 51, H, 3 87, Ν, 5 66 Found С, 48 10, Η, 3 75, Ν, 5 68
5,7,12,13b,13c,14-Hexahydro-I,4,8,ll-tetrakis[2-(2-chloroethoxy)ethoxy]13b,13c-diphenyl-6//,13//-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l,8-ija]benz
[f]azulene-6,13-dione (IS) This compound was prepared according Lo a procedure described
by us previously

12

Compound 19 Under a dinitrogen atmosphere 3 g (28 3 mmol) of Na2CÜ3, 3 g (20 mmol) of Nal
and 526 mg (0 53 mmol) ot 14 weie suspenscd in 60 mL ol acetonitnle While the mixture was
refluxed, a solution of 370 mg (1 58 mmol) ot 18 in 30 mL ot acetonitnle was added over a period
ot 2 days Alter the addition of 18 was complete, the mixture was refluxed for an additional 6 days
Subsequently, the mixture was tillered and concentrated m vacuo The resulting material was
redissolved in dichloromethane and washed with brine The organic layer was separated, dried
(MgS()4), filtered and evaporated The solid material was subjected to column chromatography (silica
60H, eluent СНСІз/МеОН/lriethylamine, 96/3/1 v/v/v) to yield 400 mg (64 %) oí white 19 M p =
218

220 °C Rr (NaBr-sihca 60H, eluenl 10% MeOH in CHCI3) = 0 19 FAB MS m/z = 1140

(M+Mg 2+ ) Ή NMR (90 MHz, CDCh) δ 1 48 (s, 18H, СЩ), 2 85 3 25 (m, 8H, N-CH¿-CH2)
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3 25 - 3 6 (m, 8H, О CH.2). 3 6 - 4 0 (m, 8H, NCHüAr, Xy-CH2-N-Boc), 4 36 (d, 4H, Xy СЦ2.NH), 4 96 (br, 2H, Xy-NH-Boc), 5 45 (d, 4H, NCHHAr), 6 34 (s, 4H, ArHJ, 7 14 (s, ЮН,
АгН), 7 32 (s, 8Н, Ху Ш

13

С NMR (400 MHz, CDCI3) δ 28 4 (£Η 3 ), 37 1 (N£H 2 Ar), 44 7

(N£H 2 -m-Xy), 56 5 (CH 2 £H 2 N), 61 2 (£H 2 NH), 71 0 (£H 2 0), 79 5 (£(CH 3 ) 3 ), 85 9 (Ph£N),
117 2, (Ar£), 126 3, 126 7, 128 8 (Ph£, Ar£, Xy£), 128 2(Ar£), 135 0 ( P h £ ) , 1391, 1400
(Ar£, Xy£), 151 0 (Ar£), 155 9 (NH£0), 158 0 (£0) Anal Caled for C64H74C40N8 C, 68 92,
H, 6 69, N, 10 05 Found С, 69 44, H, 6 64, Ν, 9 58
Compound 20 This compound was synthesized as described for 19 using 820 mg (0 83 mmol) of
15 and 558 mg (2 49 mmol) of 18 Purification of 20 was achieved by column chromatography on
silica 60H using CHCiyMeOH/lriethylamine (94/5/1, v/v/v) as eluent Yield 1 19 g (100%) ol white
solid 20 Rf (NaBr silica 60H, eluent 10% MeOH in CHCI3) 0 23 Ή NMR (90 MHz, CDC13) δ
148 (s, 18H, С Щ К 2 91 (l, 8H, CH2CÜ2_N), 3 6-4 2 (m, 32H, NCHH_Ar, OCH_2_,
NCÜ2Xy(Boc)), 4 23 (d, 4H, CH.2NH, J = 6Hz), 4 93 (br, 2H, NHCO), 5 70 (d, 4H, NCHHAr, J
= 16 Hz), 6 76 (s, 4H, ArH), 7 0-7 4 (m, 18H, m-XyH, PhH) IR (KBr, cm 1) 2869, 2926 (CH2),
1713 (C=0), 1506 (NH-CO), 1482, 1459, 1427 (C=C), 1354, 1307, 1258 (CH 2 0), 1365, 1390
(tBu), 1128, 1070 (COC) FAB MS mz = 1338 (M + Na + ), 1316 (M + H+) No reproducable
elemental analysis could be obtained for 20
Compound 21 A solution containing 5 mL of influoroacetic acid and 5 mL of CH2CI2 was cooled
to 0 °C To this solution was added a solution ol 155 mg (0 139 mmol) of 19 in 5 mL of CH2C12
Gas evolution started immediately After stirring tor 50 min at 0 °C 50 mL ot dichloromethane was
added The solution was washed (3x) with 50 mL of a 15% NaOH solution, the organic layer was
separated, dried (MgSOj), filtered, and concentrated m vacuo yielding a white solid Yield 104 mg
(67%) 'H NMR (90 MHz, CDCI3) δ 2 85 - 3 25 (m, 8H, N-CÜ2-CH 2 ), 3 25 - 3 6 (m, 12H,
NH 2 , О-СИ2). 3 6 - 4 0 (m, 8H, NCHHAr, Ху-СЩ N Вое), 4 36 (d, 4H, Xy CH_2-NH), 4 96
(br, 2H, Xy-NH Boc), 5 45 (d, 4H, NCHHAr), 6 34 (s, 4H, ArH), 7 14 (s, 10H, ArH), 7 32 (s,
8H, Xy-H)
Compound 22 This compound was synthesized as described for 21 using 20 as the starting
compound Yield 94 mg (8470 Ή NMR (400 MHz, CDCI3) δ 2 90 (t, 8H, CH 2 QÌ2N), 3 36 (s
(br), 4H, Nhli), 3 7-4 0 (m, 28H, CU2.O, NCH2Xy, NCHH), 4 17 (m, 4H, СН^ЧН 2 ), 5 67 (d,
4H, NCHHAr, J = 16 Hz), 6 56 (s, 4H, ArH.), 7 0-7 3 (m, 18H, PhH., ХуН) ^ C NMR (400
MHz, C D C I Î ) δ 37 01 (N£H 2 Ar), 45 05 (£H 2 NH 2 ), 54 09 (N£H 2 CH 2 ), 58 31 (N£H 2 Xy),
69 31, 69 45, 69 72 ( £ H 2 0 ) , 85 68 (N£N), 113 45 (Ar£), 125 86, 128 04, 128 32 (Ph£, Xy£),
128 40 (Ar£), 133 78 (Ar£), 139 24 (Xy£), 150 38 (ArH), 158 38 (£0) IR (KBr, cm-') 3433
(NH 2 ), 2921, 2870 (CH 2 ), 1710 (C=0), 1461, 1427 (C=C), 1353, 1307, 1258 (CH 2 0), 1126, 1069
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(COC) FAB MS m/7 = 1137 (M + Na ), 1115 (M + H ) Anal Caled lor C f r ^ N g O i o C H C h
C, 63 23, H, 6 12, N, 9 08 Found С, 63 81, H, 5 96, Ν, 8 65
Receptor 3 To a mixture ot 2-vinylpyridine (49 nig, 0 5 mmol), 104 mg (0 093 mmol) oí 21 and
28 mg (0 5 mmol) of dcciic acid was added a 1 1 mixture (v/v) ot methanol and dichloromethanc so
that the total volume amounted to 1 5 mL The light yellow solution was transferred to a high
pressure teflon capsule and kept lor 16 hrs under a constant pressure of 15 kBar at a temperature ot
50 °C Aller this lime the dark red reaction mixture was concentrated m vacuo and the resulting oil
was further punhed by column chromatography over scphadex G 15 using CHCh as the eluent This
yielded 90 mg (78%) of 3 as an yellow orange solid Mp dec at Τ > 40 "С Ή NMR (400MHz,
CDCh) 5 2 91 (s, 16H, NCi^CrJ^Py). 2 98 (m, 4H, OCH2CHHN), 3 33 (m, 4H OCH2CHHN)
3 58 (m, 12H, OCH2CH2N, NCHHAr), 3 70 (s, XH, NCH2Xy), 5 38 (d, 4, NCHHAr, J = 15 4
Hz), 6 75 (s, 4H, ArH), 7 0-7 08 (m, 18Н PhH, ХуН), 7 17 (m 8H, PyH), 7 44 (m, 4Н, РуН),
8 42 (m, 4Н, РуН) ІЗС NMR (400 ΜΗ?, CDCh) δ 35 82 (CH2Ç_H2Py), 53 67 (£H 2 CH 2 Py)
56 44 (OCH2C_H2N), 58 45 (XyC_H2N), 61 25 (N£H2Xy), 71 01 (OC_H2CH2N), 85 71 (N£N)
117 07 (ArCJ, 120 88 123 23,135 97 149 0(Py£-H) 127 07, 127 42, 128 19, 128 30 (Xy£
H), 139 10, 139 73 (XyC), 157 88 (£=()), 160 50 (PyÇj FAB-MS m/z = 1360 (M+H)+

Receptor 4 This compound was synlhesi/ed as described for 3 from 263 mg (2 5 mmol) ot 2
vinylpyndine, 346 mg (0 313 mmol) of 22 and 75 mg (1 25 mmol) of acetic acid dissolved in a 1 1
mixture (v/v) ot methanol and dichloromethanc (total volume 7 5 mL) Yield 450 mg (959í ) of 4 as
an yellow-orange solid Mp dec a l T > 4 0 " C Ή NMR (400 MHz, CDCI3) δ 2 8 5 - 2 89 (m 24
Η, NCH2CH2Py, OCH 2 CH 2 N). 3 63 4 15 (m, 36H, CH 2 0, NCHHAr, NCH2Xy), 5 59 (d, 4H,
NCHHAr, J = 16 Hz), 6 55 (s, 4H, ArH). 7 04

7 19 (m, 26H, PhH., XyH, PyH), 7 43 (m, 4H,

PyH), 8 40 (m, 4H, PyH) IR (KBr, cm ') 3058 3005 (ArH), 2924, 2866 (CH 2 ), 1710 (C=0)
1591, 1568, 1459, 1437 (C=C, C=N), 1125 ( C O C )
Synthesis of the copper(II)

complexes

|Cu 1](C104)2 To a solution containing 91 mg (1 66 χ К) ' mmol) ot 1 in 10 mL ol acetonitnle was
added while sürnng a solution containing 61 3 mg (1 66 χ 10 ' mmol) ol Cu(ClÜ4)2 6H 2 0 in 5 mL
of acetonitnle A color change 110m yellow to blue was noticed The solution was subsequently
heated to 50 "C lor 5 min and another color change Irom blue to green was observed The solvent
was evaporated in vacuo leaving a green solid Mp = 95 °C UV vis (CH^CN) λ (nm), ε (mol L ')
216 7, 51000, 252 2, 18200 (shoulder), 291 7, 12000, 644, 200 IR (KBr, cm ') 3088 (ArH),
2929, 2875 (CH 2 ), 1570, 1487, 1448 (C=C, C=N), 1095 (C-0 C, CIO4 ), 623 (CIO4-)
[Cu2 2CH3CN](C104)4 To a solution containing 100 7 mg (0 17 mmol) ot 2 in 10 mL ot absolute
ethanol was added a solution ot 80 9 mg (0 34 mmol) ot Cu(C104) 2 6H 2 0 in 10 mL ot absolute
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ethanol The solution turned blut and slightly turbid Atter the addition of 2 mL of H2O and slowly
healing the solution under the boiling point, the turbidity disappeared Further healing resulted in a
color change to green and the formation ol a green precipitate Alter cooling to room temperature this
green precipitate was liltered off and redissolved in acetonitnle The acetonitnle was removed in
vacuo

1

Mp = 145 "C (dec ) UV vis (CH3CN) λ (nm), ε (mol L· ) 212 7, 29170, 249 2, 1475Ü

644, 190 IR (KBr, cm ') 3087 (ArH), 2925, 2X73 (CH2), 1570, 1484, 1445 (C=C, C=N), 1095
(C-O-C, CIO4 ), 623 (CIO4-) Anal Caled lor Cs6H72N802oCl2Cu2CH-,CN C, 46 84, H, 5 08,
N, 8 48 Found C, 46 90, H, 5 10 N. 8 48
[Cu2 3 4H20](C104)4 To a solution containing 70 mg (0 05 mmol) ol 3 in 2 mL of CH2CI2 was
added a solution containing 38 mg (0 1 mmol) ot Cu(CK)4)2 6H2O in 1 mL of acetonitnle The
mixture turned green and was heated at 60 С for 5 min The organic layer was subsequently
concentrated to yield a green solid UV vis (CH3CN) λ (nm), ε (M ' L ') 233, 24000, 260 1,
1

21000, 291 7, 14200, 670, 210 IR (KBr, cm- ) 3000 (ArH), 2924 (CH 2 ), 1698 (C=0), 1589
1568, 1476 (C=C, C=N), 1091, 624 (CIO4) Anal Caled tor C 8 4H x f t N 1 2 022Cu2Cl2 4 H 2 0 С
51 56, Η, 4 84, Ν, 8 59 Found С, 52 17, Η, 4 93, Ν, 7 84
[CU2 4](CI0 4 )4 To a mixture ol 10 mL ol СНСЦ and 10 mL ol acetonitnle was added 58 nig (3 38
χ 10"2 mmol) ol 4 To this mixture was added while stirnng a solution containing 25 mg (6 77 χ К) 2
mmol) oí Cu(ClÜ4)2 6H2O in 5 mL ol acetonitnle The reaction mixture turned green and was stirred
for an additional 5 mm Subsequently the solvent was evaporated m vacuo to yield a green solid Mp
= 150 "C (dec) UV-vis (CH3CN) λ(ηηι) ε (mol L l) 216 7, 86650, 252 2 31000 2917 20300,
644, 200 IR (KBr, cm ') 3062 (ArH), 2928 (CH 2 ), 1572, 1468 1450 (C=C, C=N), 1095 (С О С,
C10 4 ), 623 (CIO4 )
Synthesis of the Cu(I) complexes
This following procedures were carried out under strictly anearobic conditions (e g under Schlcnk
conditions or in a glovebox)
[Cu 1PF6 (23) To 20 mL of acetonitnle were added 250 mg (0 456 mmol) ol 1 and 170 mg (0 456
mmol) ot solid [Cu(CH3CN)4]PF6 The color ol the reaction mixture turned golden yellow and was
stined for 30 min at ambient temperature Subsequently, the solvent was removed in vacuo leaving a
yellow solid »H NMR (90 MH7, CD3CN) δ 2 48 2 85 (m, 12H, CH2CH2N, N Q ^ C ^ P y ) ,
3 27-3 78 (m, 18H, C H 2 0 , R2NCH2Xy), 4 12 (s, 2H, XyCH 2 NR 2 ), 6 98 7 40 (m, 8H XyH,
РуЫ), 7 74 (m, 4H, РуН). 8 43 (m, 2Н, РуН) UV-vis (CIO4 complex, solvent CH 2 C1 2 ) λ (nm),
ε (Μ Ι cm ') 361, 3600 IR (CH 2 C1 2 , cm ') 3061 (ArH), 2987 (CH 2 ), 1570, 1552, 1482, 1443
(C=C, C=N), 1126 (C O-C), 847 (PF 6 )
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[Сиг 2](PF6>2 (24) An identical procedure as described for 23 was followed for the preparation of
this compound Amounts used 20 mL of aceionitrile, 318 mg (0 345 mmol) of 2 and 257 mg (0 69
mmol) of solid [CU(CH3CN)4]PFÖ The color of the reaction mixture turned golden yellow Ή
NMR (90 MHz, CDCI3) δ 2 88 3 15 (m, 24Η, CH2CH.2N, PyCH.2CH_2N), 3 58-3 95 (m, 20H,
С Н 2 0 + NCH2Xy), 4 31 (s, 4H XyCH 2 NR 2 ), 6 94 7 23 (m, 16H, XyH, Py-H), 7 63 (d of l, 8H
1

Py H), 8 26 (m, 4H, Py-HJ UV-vis (CIO4 complex, solvent CH2C12) λ (nm), ε (M" cm l) 360,
1

2900, 625, 310 IR (KBr, cm" ) 3080 (ArH), 2925, 2873 (CH 2 ), 1572, 1486, 1447 (C=C, C=N),
1111 (C-O-C), 840 (PF 6 )
[Cu2 3](PF6)2 (25) An identical procedure as described for 23 was followed except tor the solvent,
which was a mixture of acetomtnle and dichloromethane Amounts used 4 mL of CH 2 C1 2 , 1 mL of
aceionitrile, 20 mg (1 47 χ 10

2

mmol) of 3, and 10 95 mg (2 94 χ 10

2

mmol) of solid

[Cu(CH 3 CN) 4 ]PF 6 The color of the reaction mixture turned orange 'H NMR (400MHz, CDCI3) δ
2 82 - 2 88 (m, 16H, NCH 2 CH 2 Py), 2 97 (m, 4H, OCH2CHHN), 3 37 (m, 4H, OCH 2 CHHN),
3 69 (m, 12H, ОСЩСНгК NCHHAr), 4 18 (s, 8H, NCH.2Xy). 5 38 (d, 4, NCHHAr, J = 15 4
Hz), 6 80 (s, 4H, АгШ. 7 14 (m, ЮН. PhH), 7 29 (m, 8H, XyH), 7 49 (m, 8H, РуЫ). 7 75 (m,
4H, Py H). 8 42 (m, 4H, РуШ
[Cu 2 4](PFô) 2 (26) An identical procedure as desenbed lor 23 was followed Amounts used 2 mL
of CH 2 C1 2 , 0 5 mL of acetomtnle, 26 mg (0 017 mmol) of 4, 12 7 mg (0 034 mmol) ot solid
[Cu(CH3CN)4]PF6 The color ot the reaction mixture turned orange Ή NMR (400 MHz, CDCh) δ
2 72 - 3 08 (m, 24 H, NCi±2.CH2Py OCH 2 CH 2 N), 3 63

4 18 (m, 36H, C H 2 0 , NCHHAr,

NCH 2 Xy), 5 60 (d, 4H, NCHHAr, J = 16 Hz), 6 52 (s, 4H, ArH). 7 15 - 7 32 (m, 26H, PhH.,
XyH, PyH), 7 74 (m, 4H, PyH), 8 49 (m, 4H PyH) IR (KBr, cm l) 3061 (ArH), 2924, 2869
(CH 2 ), 1711 (C=0), 1571, 1481, 1461 (C=C, C=N), 1126 (C-O-C), 842 (PF 6 )
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Crystal

and

Molecular

Structure

of

Tetrapyridyl-

Copper(ll)-bis-nitrato-bis-pyridine

Introduction
As part of our pregiarti aimed at the design and synthesis of copper oxidation catalysts, we
synthesized the title complex This compound has been described before but no structure was
presented ' Based on thermogravimetnc analysis and IR measuiements, it was concluded that three
different types of stable pyiidine complexes of anhydious coppei(II) nitiate are possible (1 - 3, see
Table 1), one of which (3) is the tule compound We canned out an X ray analysis to deieimine the
structuie of 3
Table 1 Pioposed copper(II) pyridine complexes '
compound

color

[Cu(py)2(NO-()2] (1)

light blue

[Cu(py)4(NO-02] (2)

violet

[Cu(py)4(NCh)2](py)2(3)

purple

J

See ref I

Results and discussion. The structure and the atomic numbering are piesented in Figuie 1 The
complex lies on around a twofold axis paiallel to a, the pyridine molecules lie around a twofold axis
parallel to с The copper(II) atom is coordinated by four pyndyl groups and two monodentate nitrate
groups, bond distances and angles are given in Table 2 No unusual geometric features are present in
the stiuctuie The dihedral angles of the basal plane through the coppei atom and N(l), N(2), N(3)
with the NOV, N(2)- and N(3) pyndyl nngs aie 114 6 1217 and 127 0° respectively

Figure 1 X ia\ snudine of 3

Appendix

Table 2 Bond distantes and angles in complex 3
atoms

distance (A)

atoms

angle f)

Cu(l)-NO)

2 051(2)

NO)-Cu(l)- O(l)

84 1(1)

Cu(l)-N(2)

2 028(3)

N(2)-Cu(l) 0(1)

95 9(1)

Cu(l)-N(3)

2 034(3)

NU)-Cu(l)-• O ( l )

89 2(1)

Cu(l)-Od)

2 460(2)

N(l)-Cu(l)

91 8(1)

N(3)

88 2

N(l)-Cu(l) -N(2)
Experimental

Crystal data СзоНчоЫцОбСи, Mr = 662 2, Τ = 173 К, orthorombic, space group Pnna (52), a =
14 551(10), b = 12 365 (6), с = 16 879(9) λ, V = 3037 Â \ Ζ = 4, D x = I 448 g cm \ Mo Κα
radiation, μ = 7 74 cm '
Standard experimental and computational details are given elsewhere

2

The crystal (0 45 χ 0 45 χ

0 36 mm) was obtained by crystallization Irom methanol/pyridine Unit cell dimensions were
determined from 22 reflections with 20° < Θ < 25° Intensity data were collected for 9339 reflections
(quarter sphere up to Θ = 30°) The instrumental drill correction factors were between 1 00 and 1 05
After preliminary retiment (to R = 0 05) a semi-empencal absorption correction (DIFABS)3 was
appied with factors ranging trom 0 83 to 1 15 Ol the 4334 unique reflections, 2455 were observed
(Rmcrge = 0 042 on F 0 values)
The position of the copper atom was located from the Patterson map, and input to the direct
methods program DIRDIF 4 which gave the positions of all non-hydrogen atoms in one run The
hydrogen atoms were tound from subsequent difference Fourier maps Least-squares refinement by
program SHELX5 with anisotropic non-hydrogen atoms and isotropic hydrogen atoms converged to
R = 0 040, R w = 0 042 (w = 0 0002) for 2343 observed reflections and 268 variables Final
shift/esds were less than 0 11, and final ditterence Fourier peaks were less than 0 5 e A 3 The
programs GEOM 6 and PARST7 were used lor the geometric calculations, and PLUTO** for the
drawing of the molecule
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Summary

In biological systems many chemical reactions are carried out in an extremely efficient manner by a
special class of catalysts known as enzymes Normally, en/ymes can be divided into two broad
groups metal-containing enzymes and enzymes that lunction without the help of a metal-containing
moiety The synthesis and characteristics ol model systems tor enzymes in the lormer class are
described in this thesis
Two dillerent types ol enzymes have been used as a basis tor the model systems described
here The first is a type ol protein which contains four iron ions in the active center, and as a class are
known as lerredoxins These particular en/ymes are responsible tor some ol the electron transport
that is essential tor the normal lunction of living organisms The other type ol enzyme we have used
as a basis tor our model systems contains two copper ions in the active site, and is responsible
among other things, tor oxygen transport in certain animal species such as crustaceans arachnids,
and molluscs

Similar copper containing enzymes are involved in Lhe manufacture ol

neurotransmitters, tor example in the hydroxylation ol dopamine to give noradrenaline
The tremendous efficiency of enzymes as catalysts lies partly in the tact that they are able to
selectively bind with a specilic substrate out ol an enormous pool of possible compounds This
specificity is possible because an enzyme normally contains a specially formed pocket in which a
substrate exactly tits Furthermore, this pocket is located in the vicinity of a catalytic center, usually a
metal group responsible for the subsequent conversion ol the bound substrate into a new compound
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In order to mimic the behavior of a metallo protein or metallo-enzyme it is necessary to design
a receptor that is capable ot both selecting for and binding an appropriate substrate Previous work in
our group has shown that the molecule diphenylglycoluril modified with two aromatic walls, (see 1)

is able to bind dihydroxybenzene derivatives and as such is able to function as a receptor The
aromatic walls ol 1 are furthermore able to be bridged with aza-crown ether rings to give compound
2. This basic design allows lor the possibility ol building metal-complexing groups into the vicinity
of the binding site, for example by attaching appropriate hgands to the nitrogen atoms ol the crown
ether ring.
In the first part of our research we have modified a derivative ot 1 with four thiol-containg
tails, which are able to bind a (4Fe4S]-cluster that is subsequently held in an asymmetric orientation
in the ïeceptor part of the molecule This synthetic system lunclions as a model for ferredoxin and
displays an electrochemical behavior similar Lo that which has been observed in the natural enzyme.
Models tor copper proteins make up the greater part of this study. Ligands that are capable ol
complcxation to copper were synthesi/ed and attached to the diazacrown ethers and to receptor 2. In
order to understand the properties ol copper centers that aie lound a short distance trom each other, it
was necessary to prepare mononuclear as well as analogous dinuclear metal complexes loi the sake ol
comparison of their individual properties.
Firstly, 2,2'-bipyndine was used as a ligand. The solid state structure of the synthesized
mono- and dicopper complexes were rigorously characterized by means of x-iay diffraction. For the
dicopper complex the mutual interaction ot the copper ions with each oLher was determined by
magnetic measurements and by spectroscopic techniques.
Additional metal complexes were subsequently synthesized with 3,5-dimethylpyrazole (DMP)
as the metal-coordinating group When the two coppcr(II) ions that are anchored to the crown ethers
with DMP groups are brought close together, we found that they are capable of oxidizing alcohols
During this process the copper(Il) centers are reduced to copper(I). In order to lurther investigate this
reaction, a number of different complexes with DMP as ligand were synthesized and carefully studied
in terms of their electronic properties Furthermore, the precise geometries of these complexes in the
solid state were determined by x-ray diffraction On the basis of these studies we were able to obtain
some insights into the underlying reasons lor the observed redox reaction. In the following phase ol
our study, the DMP hgands were coupled onto the synthetic receptoi 2. It appears that the dicopper
receptor so prepared was able to select for specitic alcohol molecules Alcohols able to bind in the
cavity of the receptor were much moie rapidly oxidized that non-binding alcohols
One of the goals ol this research is the activation ol molecular oxygen by the copper centers
and the selective hydroxylation ot substrate molecules. In order to try to achieve this goal it became
necessary to use pyridine as the metal-complexing group. This ligand was attached to the monoazaand diazarown ether molecules and at the same time to receptor 2. For this synthetic ligand system, as
well a number of mono- and dinuclear copper complexes were prepared and studied by means ot xray diffraction and spectoscopic techniques. These complexes appear to be able to bind molecular
oxygen at low temperatures. Preliminary hydroxylation experiments have been earned out with these
designed systems but have not yet been successlul.
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Veel chemische processen in de natuur worden versneld door speciale katalysatoren, de enzymen Dit
type moleculen kan in twee groepen onderverdeeld worden metaal-houdende enzymen en enzymen
die geen metalen bevatten In dit proefschrift worden de syntheses en eigenschappen beschreven van
modelsystemen voor de eerste catagone enzymen Twee verschillende soorten hebben model geslaan
Allereerst zijn dit eiwitten met vier i|zenonen in hun actieve centrum (ferredoxinen) Zij verzorgen het
elcktrontransporl dat essentieel is voor het goed functioneren van levende organismen Het andere
soort bevat twee koper ionen in het actieve centrum Zij spelen een rol bij onder andere het
zuurstoftransport in geleedpotige en ongewervelde dieren terwi|l andere, verwante typen betrokken
zijn bi| de aanmaak van neurotransmitters Een voorbeeld hiervan is de hydroxylenng van dopamine
tot noradrenaline
Uit een enorm aanbod van verschillende stollen weten de natuurh)ke katalysatoren altijd feilloos
de voor hun doel geschikte verbinding (substraat) te selecteren Dit is mogelijk omdat in een enzym
een speciaal gevormde holte aanwezig is waarin het substraat exact past Laatstgenoemde wordt
hierdoor in de nabijheid gebracht van het katalytische centrum, vaak een metaalion, dat vervolgens
door een chemische reactie het substraat omzet in een nieuwe verbinding
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Willen we een metallo eiwit of metallo enzym nabootsen dan moeten we beschikken over een
receptor die in staat is substraatmoleculen te selecteren en te binden Eerder werk in onze groep heeft
aangetoond dat het molecuul dilenylglycolunl, uitgebreid met twee aromatische wanden (zie 1),
dihydroxybenzeen derivaten kan binden en dus als een receptormolecuul kan fungeren De
aromatische wanden van 1 zijn voorts te verknopen met aza-kroonethemngen lot verbinding 2 Dit
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biedt de mogelijkheid om metaal-complexerende groepen in te bouwen in de nabijheid van de
bindingsplaats, b ν door liganden te binden aan de N-alomen van de kroonethernngen
In het eerste deel van ons onderzoek hebben we een van 1 afgeleid molecuul voorzien van vier
staarten die thiolgrocpcn bevatten Dit molecuul blijkt in slaat om een [4Fe4S]-cluster te binden Deze
cluster wordt asymmetrisch in het receptormolecuul vastgehouden Hel synthetisch systeem staat
model voor een ferredoxine en vertoont een elektrochemisch gedrag zoals dat ook wordt
waargenomen bij het natuurlijke enzym
Modellen voor dikopereiwitten vormen het leeuwedeel van deze studie Liganden die koper
kunnen complexeren, zijn gesynthetiseerd en vastgezet aan diazakroonethers en aan receptor 2 Om
de eigenschappen van kopercentra die zich op korte atstand van elkaar bevinden, beter te kunnen
begrijpen, zijn naast twee-kemige metaalcomplexen ook één-kernige gemaakt en bestudeerd
Allereerst is als ligande 2,2'-bipyndinc gebruikt De gesynthetiseerde mono- en dikoper
complexen zijn met behulp van rontgendiftractie nauwkeurig onderzocht Voor het laatst genoemde
complex is de wederzijdse invloed van de koper-ionen op elkaar bepaald met magnetische metingen
en met behulp van spectroscopische technieken
Vervolgens zijn melaalcomplexen gesynthetiseerd met 1,5-dimeihylpyrazool (DMP) als metaalcoordinerende groep Wanneer twee koper(Il) ionen, die met DMP groepen aan kroonethers zijn
verankerd, in eikaars nabijheid worden gebracht, zijn /\\ in staat om alcoholen te oxideren De
koper(ll) centra worden hierbij tot koper(I) gereduceerd Om deze reactie nader te onderzoeken, zijn
een aantal verschillende kopercomplexen met DMP liganden gesynthetiseerd en nauwkeurig
onderzocht op hun elektrochemische eigenschappen Voorts zijn de exacte geometneen van deze
complexen in de vaste toestand bepaald met rontgendiftractie Op basis van deze studie kon inzicht
worden verkregen in de achtergronden van de gevonden redoxreactie In de volgende fase zijn de
DMP liganden gekoppeld aan de synthetische receptor 2 Het bli|kt dat de dikoper receptor die kon
worden gemaakt in staal is om alcoholmoleculen te selecteren Alcoholen die gebonden worden in de
holte van de receptor, worden vele malen sneller geoxideerd dan niet gebonden alcoholen
Een van de doelen van het onderzoek is de activering van moleculaire zuurstof aan kopercentra, en de selectieve hydroxylenng van substraatmolcculen Voor dit doel was het noodzakch|k om
pyridine als metaal-complexerende groep te gebruiken Deze ligande werd vastgezet aan monoa/a- en
diazakrooncthermoleculen en tevens aan receptor 2 Met de gesynthetiseerde ligandsystemcn ζηη
weer een aantal één- en tweekemige kopercomplexen bereid die verder werden onderzocht met behulp
van rontgendiffractic en spectroscopische technieken Deze complexen blijken in staat te zijn om bij
lage temperatuur moleculaire zuurstof te binden Met een van de ontworpen systemen is gepoogd een
hydroxylenng van dopamine te bewerkstelligen, echter nog zonder succes
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