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“A scientist in his laboratory is not a mere technician: he is also a child confronting
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natural phenomena that impress him as though they were fairy tales.’

Marie Sklodowska Curie

“I think, therefore [ am”

René Descartes
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1 Introduction’

1.1 Copper-containing metalloproteins

Proteins containing copper ions at their active site are usually involved as redox
catalysts in a range of biological processes, such as electron transfer or oxidation of
various organic substrates. In general, four major functions of such proteins can be
distinguished: (i) metal ion uptake, storage and transport; (ii) electron transfer; (iii)
dioxygen uptake, storage and transport; (iv) catalysis. Initially, all copper proteins were
classified based on their spectroscopic features, which led to the distinguishing of the
type-1, type-2 and type-3 active sites. However, recent development of crystallographic
and spectroscopic techniques enabled the discovery of other types of copper-containing
active sites, and a current classification distinguishes seven different types of active site
in the oxidized state of copper-containing proteins; they are briefly outlined below.

Type-1 active site

The copper proteins with the type-1 active site are commonly known as “blue
copper proteins” due to their intense blue color. The latter is caused by a strong
absorption at ca. 600 nm, corresponding to an LMCT transition from a cysteine sulfur
to copper(I) ions." These proteins are usually participating in electron transfer
processes, and the most well-known representatives of this class include plastocyanin,
azurin and amicyanin.” The type-1 active site is also found in some multicopper
oxidases, which contain more than one copper sites, such as ascorbate oxidase, and in
redox enzymes such as nitrite reductase. The coordination sphere around the copper
center in the type-1 active site is constituted by two nitrogen donor atoms from two
histidine residues, a sulfur atom from a cysteine residue and a weakly coordinated sulfur
atom from, in most cases, a methionine residue (Figure 1.1, a). Instead of methionine, a

glutamine or a leucine are known to be present in some cases.

T This chapter is based on: Koval, I.A., Gamez, P., Belle, C., Selmeczi, K., Reedijk, J., submitted to
Chem. Soc. Rev.



Type-2 active site

The copper proteins containing the type-2 active site are also known as “normal”
copper proteins, a name historically based on their EPR features which are similar to
common Cu" complexes containing an N,O chromophore with tetragonal geometry.
The copper coordination sphere in these proteins is constituted by four N and/or O
donor atoms in either square-planar or distorted tetrahedral geometry.>* The examples
of the proteins with this active site include copper-zinc superoxide dismutase,
dopamine-B-hydroxylase, phenylalanine hydroxylase and galactose oxidase (Figure 1.1,
b).> The proteins of this class are mostly involved in catalysis, such as
disproportionation of O,  superoxide anion, selective hydroxylation of aromatic
substrates, C-H activation of benzylic substrates and primary alcohols oxidation.

Type-3 active site

This class is represented by three proteins, namely hemocyanin, tyrosinase and
catechol oxidase. The active site contains a dicopper core, in which both copper ions are
surrounded by three nitrogen donor atoms from histidine residues.”® A characteristic
feature of the proteins with this active site is their ability to reversibly bind dioxygen at
ambient conditions. Hemocyanin (Figure 1.1, c) is responsible for dioxygen transport in
certain mollusks and arthropods, whereas tyrosinase and catechol oxidase utilize
dioxygen to perform an oxidation of phenolic substrates to catechols (tyrosinase) and
subsequently to o-quinones (tyrosinase and catechol oxidase), which later on undergo
polymerization with the production of the pigment melanin. The copper(Il) ions in the
oxy state of these proteins are strongly antiferromagnetically coupled, leading to EPR-
silent behavior. The crystal structures of hemocyanin’ and catechol oxidase® have been
solved, whereas the exact structure of tyrosinase still remains unknown.

Type-4 active site

The copper site in these proteins is usually composed of a type-2 and a type-3
active sites, together forming a trinuclear cluster. In some cases, these proteins also
contain at least one type-1 site and are in this case addressed as multicopper oxidases, or
blue oxidases.’ The trinuclear cluster and the type-1 site are connected through a Cys-
His electron transfer pathway. The representatives of this class are laccase (polyphenol

oxidase),”"" ascorbate oxidase (Figure 1.1, d)"* and ceruloplasmin,"

which catalyze a
range of organic oxidation reactions.

Very recently, Lieberman and Rosenzweig' reported a 2.8 A resolution crystal
structure of methane monooxygenase, the enzyme encountered in metamophores, which
are bacteria catalyzing the methane conversion to methanol. In the crystal structure,
three copper centers have been found: a mononuclear center resembling a type-2 active
site, and an unusual site, refined as dinuclear, in which two copper ions are located at a
very short distance of 2.6 A (Figure 1.1, e). In contrast to other multicopper oxidases,
the dinuclear site is situated 21 A apart from the mononuclear site. The oxidation states

of the three copper ions are not clear, but the mononuclear copper center is believed to



give rise to an EPR signal, typical for the type-2 active sites. However, the presence of
some Cu' in the crystal structure was confirmed by X-ray absorption near edge spectra
(XANES), which would suggest that at least one or both copper ions in the dinuclear
site have +1 oxidation state.

The Cuy, active site

This type of active site is also known as a mixed-valence copper site. It contains
a dinuclear copper core, in which both copper ions have a formal oxidation state +1.5 in
the oxidized form. Both copper ions have a tetrahedral geometry and are bridged by two
thiolate groups of two cysteinyl residues. Each copper ion is also coordinated by a
nitrogen atom from a histidine residue. This site exhibits a characteristic seven-line
pattern in the EPR spectra and is purple colored. Its function is a long-range electron

1517 and nitrous

transfer, and this site can be found, for example, in cytochrome ¢ oxidase
oxide reductase (Figure 1.1, f).

The Cug active site

This active site was detected close to an iron center in cytochrome ¢ oxidase
(Figure 1.1, g)." In this site, a mononuclear Cu ion is coordinated by three nitrogen
atoms from three histidine residues in a trigonal pyramidal geometry. No fourth ligand
coordinated to the metal ion was detected. The vacant position in the copper
coordination sphere is directed towards the vacant position in the coordination sphere of
the heme iron ion. Two metal ions are strongly antiferromagnetically coupled in the
oxidized state. A copper-iron distance of 5.3 A for Paracoccus denitrificans and 4.5 A
for bovine heart cytochrome ¢ oxidase was found. The function of the Cug site is the
four-electron reduction of dioxygen to water.

The Cuz active site

The Cuz active site consists of four copper ions, arranged in a distorted
tetrahedron and coordinated by seven histidine residues and one hydroxide anion. This
site was detected in nitrous oxide reductase (Figure 1.1, h) and is involved in the
reduction of N,O to Nj. The crystal structures of nitrous oxidase from Pseudomonas
nautica and Paracoccus denitrificans were solved at resolutions of 2.4 A and 1.6 A,
respectively.'”” The copper ions in the tetranuclear cluster are bridged by an inorganic
sulfur ion,” which until recently was believed to be a hydroxide anion. The metal-metal
distances between the Cu2 and Cu4 and Cu2 and Cu3 atoms are very short (ca. 2.5-2.6
A) and can be thus regarded as metal-metal bonds, whereas the distances between the
other copper centers are substantially longer (viz. 3.0-3.4 A)."” Three copper ions are
coordinated by two histidine residues, whereas the fourth is coordinated by only one,
forming thus a substrate binding site. The oxidation states of the copper ions in the
resting state are still unclear, as the EPR spectra of this active site can be explained by
two different oxidation schemes, i.e. CulsCu"! and CuICqu, both resulting in four-line

spectra.
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Figure 1.1. Schematic representations of the selected active sites of the copper proteins: plastocyanin®
(type-1, a), galactose oxidase® (type-2, b), oxy hemocyanin’ (type-3, c), ascorbate oxidase'? (type-4, or
multicopper site, d), methane monooxygenase'* (multicopper site, e), nitrous oxide reductase* (Cu, site,

f), cytochrome ¢ oxidase'® (Cuy site, g) and nitrous oxide reductase (Cuy site, h)."

1.2 Catechol oxidase: structure and function
1.2.1 General

Catechol oxidase (COx) is an enzyme containing the type-3 active site that
catalyzes the oxidation of a wide range of o-diphenols (catechols), such as caffeic acid,
to the corresponding quinones in a process known as a catecholase activity. The latter
highly reactive compounds undergo an auto-polymerization leading to the formation of
a brown polyphenolic pigment, i.e. melanin, a process thought to protect a damaged

25

tissue against pathogens or insects.” COx’s are found in plant tissues and in
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crustaceans. The first COx was isolated in 1937.* Subsequently, they were purified
from a wide range of vegetables and fruits (e.g. potato, spinach, apple, grape berry),*
and more recently, from gypsy wort”” and litchi fruit.®® The purity of COx’s was not
always satisfactory due to a multiplicity of isozymes and forms, but improved
purification protocols have been reported,” e.g. for COx from black poplar.”

The molecular weight of COx’s varies, depending on the tissue and organism
from which it has been extracted. Two ranges of molecular mass can sometimes be
found, even in a single source: one in the range of 38-45 kDa, and another in the range
of 55-60 kDa. This difference is possibly due to C-terminal processing.” Smaller
enzymes with a molecular weight of about 30 kDa are also found, but they are generally
described as proteolyzed derivatives of the purified mature protein.

In 1998, Krebs and co-authors have reported the crystal structures of the
catechol oxidase isolated from Ipomoea batatas (sweet potato) in three catalytic states:
the native mer (Cu"Cu") state, the reduced deoxy (Cu'Cu') form, and in the complex
with the inhibitor phenylthiourea.® An isolated monomeric enzyme with a molecular
weight of 39 kDa was found to be ellipsoid in shape with dimensions of 55x45x45 A®,
The secondary structure of the enzyme is primarily a-helical with the core of the
enzyme formed by a four-helix bundle composed of a-helices a2, a3, a6 and a7. The
helical bundle accommodates the catalytic dinuclear copper center and is surrounded by
the helices al and 04 and several short B-strands. Each of the two copper ions is
coordinated by three histidine residues contributed from the four helices of the a-
bundle.

1.2.2 The structures of the active site

1.2.2.1 The met (Cu"Cu") state

In the native met state, two copper ions are 2.9 A apart. In addition to six
histidine residues, a bridging solvent molecule, most likely hydroxide anion was refined
in a close proximity to the two metal centers (CuA-O 1.9 A, CuB-O 1.8 A), completing
the coordination sphere of the copper ions to a trigonal pyramid. These findings are in
agreement with EXAFS data for the oxidized COx’s from Lycopus europaeus and
Ipomoea batatas, confirming the presence four N/O donor atoms and a Cu"...Cu"
distance of 2.9 A in solution for both enzymes.***' The apical positions are occupied by
the His 109 and His 240 residues for CuA and CuB, respectively (Figure 1.2, left). EPR
data reveal a strong antiferromagnetic coupling between the copper ions, therefore the
presence of a bridging OH™ ligand between the copper(Il) ions was proposed for the met

form of the enzyme.

1.2.2.2 The reduced deoxy (Cu'Cu') state

Upon reduction of the copper(Il) ions to +1 oxidation state, the distance between

them increases to 4.4 A, while the histidine residues move only slightly, and no
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significant change was observed for other residues of the protein.® Based on the residual
electron density maps, a water molecule was positioned on a distance of 2.2 A from the
CuA atom. Thus, the coordination sphere around CuA ion is a distorted trigonal
pyramid, with three nitrogen atoms from the histidine residues forming a basal plane,
while the coordination sphere around CuB ion can be best described as square planar

with one missing coordination site.

1.2.2.3 The adduct of catechol oxidase with the inhibitor phenylthiourea
Phenylthiourea binds to catechol oxidase by replacing the hydroxo bridge,

present in the met form. The sulfur atom of phenylthiourea is coordinated to both
copper(Il) centers, increasing the distance between them to 4.2 A (Figure 1.2, right).
The amide nitrogen is weakly interacting with the CuB center (Cu-N distance of 2.6 A),
completing its square-pyramidal geometry. The dicopper core in catechol oxidase is
found in the center of a hydrophobic pocket lined by the side chains of Ile 241, Phe 261,
His 244 and Ala 264.° Upon phenylthiourea binding, the phenyl ring of Phe 261 and the
imidazole ring of His 244 undergo a conformational change to form hydrophobic
interactions with the aromatic ring of the inhibitor. These van der Waals interactions
further contribute to the high affinity (ICso = 43 uM, Ky = 2.5 mM for catechol

substrate®) of this inhibitor to the enzyme.

PTU

His244 /

’ \
CUB f N
C“A H|s274 His109 ‘ ’
His109 {'\ OH C”A cuB

! k \ \Hi5240
7 Y His118 ‘-/\
His240 His118

H|5274

 His88
A/‘ ‘0 His244
Cys92 LI f

[

Figure 1.2. Left: coordination sphere of the dinuclear copper(Il) center in the met state. Right: crystal
structure of the inhibitor complex of catechol oxidase with phenylthiourea. Phe 261 is shown additionally
in the orientation of native COx (in dark color) to show rotation of Phe 261 in the inhibitor complex (in

light color). Redrawn after Krebs and co-workers.”

1.2.2.4 The dioxygen binding by the dicopper(I) center: oxy state

The oxy form of catechol oxidase can be obtained by treating the met form of the
enzyme with dihydrogen peroxide. Eicken et al.*® reported that the treatment of the 39
kDa catechol oxidase from Ipomoea batatas (ibCOx) with H,O, leads to absorption
bands at 343 nm (¢ = 6500 M'cm™) and 580 nm (¢ = 450 M'cm™), which reach

12



maximal development when 6 equivalents of dihydrogen peroxide are added (Figure
1.3). Similar results have been reported for COx’s isolated from Lycopus europaeus and
Populus nigra.”” This type of UV-Vis spectra is characteristic for a u-n*:5*-peroxo-
dicopper(Il) core, which was originally reported by Kitajima et al** for a synthetic
dinuclear copper model complex. The first strong absorption in the range of 335-350
nm is assigned to a peroxo 0" (15 ) — Cu" (d - yz) charge transfer, whereas the second
weak band around 580 nm corresponds to a peroxo 0" (m,) — Cu" (d yz) CT

transition.**

Absorbance

Equivalent H,0, / mol ibCO

=

T 1 T T T T
450 550 650 750 850
Wavelength, nm

T
250 350

Figure 1.3. Titration of the 39 kDa ibCOx in 0.5 M NaCl, 50 mM sodium phosphate pH = 6.7 with H,O,.
Insert: absorption at 343 nm without and after addition of one, two, three and six equivalents of H,O,.

Redrawn after Krebs and co-workers.*

1.2.2.5 The covalent cysteine-histidine bond

An interesting feature of the dinuclear copper center in catechol oxidase is the
unusual thioether linkage formed between the Ce atom of the histidine His 109, one of
the ligands to CuA ion, and the cysteine sulfur atom of Cys 92. It should be noted that a
thioether linkage has also been described for the type-2 copper enzyme galactose
oxidase. In this structure, a covalent bond formed between the Cg carbon atom of a
tyrosinate ligand and the sulfur atom of a cysteine residue was proposed to stabilize the
tyrosine radical generated during catalysis.” There are also reports of this type of bond
for a tyrosinase from Neurospora crassa,* as well as for several types of
hemocyanins.”*” The absence of this unit in arthropod hemocyanins and in human
tyrosinase does not, however, support its involvement in the electron transfer process.
The crystal structure of CO reveals that this covalent bond puts additional structural
restraints on the coordination sphere of the CuA ion. In particular, such restrains may
help to impose the trigonal-pyramidal geometry (which can be also regarded as a
distorted trigonal bipyramid with a vacant apical position) on the CuA ion in +2
oxidation state. This may in turn optimize the redox potential of the metal needed for

the oxidation of the catechol substrate and may allow a rapid electron transfer in the
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redox processes. Also, this thioether bond may prevent the displacement of His 109 and

a didentate binding mode of the substrate to a single Cu" ion.
1.2.3 Enzymatic reaction mechanism

Catechol oxidase catalyzes the oxidation of o-diphenols (catechols) to the
respective quinones through four-electron reduction of dioxygen to water. Krebs and co-
workers proposed a mechanism for the catalytic process, based on biochemical,**
spectroscopic® and structural® data, as depicted in Figure 1.4. The catalytic cycle begins
with the met form of catechol oxidase, which is the resting form of the enzyme. Because
the oxy state of COx could be obtained only after the addition of H,O,, this form was
excluded as the start situation. The dicopper(Il) center of the met form reacts with one
equivalent of catechol, leading to the formation of quinone and to the reduced deoxy
dicopper(l) state. This step is supported by the observation that stoichiometric amounts
of the quinone product form immediately after the addition of catechol, even in the
absence of dioxygen.*” Based on the structure of COx with the bound inhibitor
phenylthiourea, the monodentate binding of the substrate to the CuB center has been
proposed. Afterwards, dioxygen binds to the dicopper(I) active site replacing the solvent
molecule bonded to CuA in the reduced enzyme form. Binding of the catechol substrate
to the deoxy state prior to dioxygen binding seems less likely, as no substrate binding
was observed upon treating the reduced by dithiothreitol enzyme with the high molar
excess of catechol, indicating a low binding affinity of the substrate to the dicopper(I)
center. UV-Vis spectroscopy and Raman data suggested that dioxygen binds in the
bridging side-on u-#*:#* binding mode with a copper-copper separation of 3.8 A, as
determined by EXAFS spectroscopy.” The rotation of the side chain of Phe 261 in the
enzyme opens the dicopper center to permit the binding of the catechol substrate. The
observed binding mode of phenylthiourea and the modeled catechol-binding mode
suggest that a simultaneous binding of catechol and dioxygen is possible. Superposition
of the aromatic ring of the modeled catechol substrate and the phenyl ring of
phenylthiourea places the coordinated catecholate hydroxylate group close to the
coordinated amide nitrogen of the inhibitor and maintains the favorable van der Waals
interactions observed in the inhibitor complex.® In this model, CuB is six-coordinated
with a tetragonal planar coordination by His 240, His 244 and the dioxygen molecule.
The CuA site retains the tetragonal pyramidal geometry with dioxygen, His 88 and His
118 in equatorial positions, His 109 in an axial position and a vacant sixth coordination
site. In this proposed ternary COx-O,”-catechol complex, two electrons can be
transferred from the substrate to the peroxide, followed by the cleavage of the O-O
bond, loss of water and the formation of the quinone product, together with the

restoration of the met state, completing the catalytic cycle.
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Figure 1.4. Catalytic cycle of catechol oxidase from Ipomoea batatas, as proposed on the basis of
structural, spectroscopic and biochemical data. Two molecules of catechol (or derivatives thereof) are
oxidized, coupled with the reduction of molecular oxygen to water. The ternary COx-O,”-catechol
complex was modeled, guided by the binding mode observed for the inhibitor phenylthiourea. Redrawn

after Krebs and co-workers.”

A totally different mechanism of the catalytic cycle, however, was proposed by
Siegbahn,” who applied a hybrid density functional theory for a quantum chemical
study of the catalytic cycle. According to the author, the growing number of

1% studies suggest that the active site of an enzyme,

theoretical*' and experimenta
which is deeply buried in the low dielectric of a protein, as observed in catechol
oxidase, should not change its charge during the catalytic cycle. However, in the
mechanism, proposed by Krebs et al.,* the charge of the active site changes from +1 in
the peroxo-dicopper(Il)-catecholate adduct, to +3 in the met form. According to
Siegbahn, this in turn implies the availability of several external nearby bases, which
could store protons, released during the cycle. At the same time, the X-ray crystal
structure does not reveal the presence of such candidates in the region of the active site.
Consequently, a different mechanism* was proposed by the author based on the DFT
calculations, as depicted in Figure 1.5. The catalytic cycle starts from the deoxy
dicopper(I) form. In order to maintain an overall charge + 1 of the active site, the author
proposed a presence of a bridging hydroxide ligand between the two copper(I) ions,*

contrast to the X-ray crystallographic findings,® which suggest a presence of a water
molecule, asymmetrically bonded to only one copper center. At the first stage, catechol
binds to the deoxy form, transferring the proton to the bridging hydroxide with a
consequent generation of the bridging water molecule between the metal centers.
Afterwards, dioxygen displaces a water molecule, binding as a superoxide radical anion
and resulting in the formation of the mixed-valence dicopper(ILI) species (step a). The

superoxide then abstracts a hydrogen atom (a proton and an electron) from the bound
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substrate. To release the quinone molecule, an electron is then transferred from the
quinone radical to the Cu" ion, leading to the restoration of the dicopper(I) state (steps b
and c). The next step involves the cleavage of the O-O bond, which is accompanied by a
transfer of two protons from the substrate and two electrons (from one of the Cu' ions
and the substrate) to the peroxide moiety (steps d, e). Altogether this leads to a product
which can be best described as a Cu"'Cu' species with a quinone radical anion. The
second electron transfer from the quinone radical to the Cu" center leads to the

restoration of the initial hydroxo-bridged dicopper(I) form.
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Figure 1.5. The mechanism of the catalytic cycle of catechol oxidase, as proposed by Siegbahn.*’

However, it should be noted that at the present moment the latter mechanism is
not supported by the experimental findings. In particular, an existence of a bridging u-
1,1-superoxide radical anion, the formation of which is proposed by the author, has

never been reported in the literature.

1.3 Model systems of catechol oxidase

1.3.1 Historic overview

The ability of the copper complex to oxidize phenols and catechols has been
well known for at least 40 years. For example, in 1964 Grinstead reported the oxidation
of 3,5-di-tert-butylcatechol (DTBCH;) to the respective 3,5-di-tert-butyl-o-
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benzoquinone (DTBQ) with 55% yield in 75% aqueous methanol in the presence of 1%
of copper(Il) chloride.* In 1974, Thuji and Takayanagi reported the oxidative cleavage
of catechol, leading to the formation of cis,cis-muconic acid, by dioxygen and copper(I)
chloride in aqueous solution.* Rogi¢ and Demmin have also studied the oxidation of
catechol by copper(I) chloride and dioxygen in various solvent mixtures.”” The reactions
were usually carried out in pyridine in the presence of 5 molar equivalents of an alcohol
(MeOH, EtOH, i-PrOH or n-BuOH). Depending on the reaction conditions, either
muconic acid or its monoalkyl esters were obtained as products. However, in the
presence of dichlorobis(pyridine)copper(Il) in pyridine-methanol mixture under
dioxygen, 4,5-dimethoxy-1,2-benzoquinone was isolated as the reaction product.

One of the pioneering mechanistic studies on catechol oxidation by copper(Il)
complexes was presented by Lintvedt and Thuruya.* In their study of the kinetics of the
reaction of DTBCH, with dioxygen catalyzed by bis(1-phenyl-1,3,5-
hexanetrionato)dicopper(Il) complex, the authors showed that the overall reaction was
first order in the substrate and second order in Cu", thus in fact confirming that the
active reaction intermediate involved in the rate-determining step was a dicopper-
catecholate species. Another interesting early mechanistic studies is the work of
Demmin, Swerdloff and Rogi¢,” who emphasized the main steps in the catalytic
process: (i) formation of dicopper(Il)-catecholate intermediate; (ii) electron transfer
from the aromatic ring to two copper(Il) centers, resulting in the formation of o-
benzoquinone and two copper(I) centers; (iii) irreversible reaction of the generated
copper(I) species with dioxygen, resulting in copper(Il)-dioxygen adduct, and (iv) the
reaction of this adduct with catechol, leading to regeneration of the dicopper(Il)-
catecholate intermediate and formation of water as the byproduct.

Oishi et al. have reported the higher activity of dinuclear copper(Il) complexes
in the oxidation of DTBCH, in comparison to their mononuclear analogues,” thus
confirming the earlier hypothesis of Lintvedt and Thuruya about the formation of the
dicopper-catecholate intermediate in the catalytic process.” Furthermore, the authors
reported a stoichiometric oxidation of DTBCH, in anaerobic conditions to the
respective quinone by a number of mononuclear and dinuclear copper(Il) complexes,
which was consistent with the 1% step of the mechanism proposed by Demmin,
Swerdloff and Rogi¢.* They also made an interesting observation that mononuclear
planar copper(Il) complexes could not be reduced by DTBCH, and showed very little
catecholase activity in comparison to the readily reducible complexes. Thus, the
catalytic activity of the complexes appeared to correlate with their reduction potentials.
Another interesting conclusion made by these authors was, that the catecholase activity
of the dinuclear copper(Il) complexes seemed to depend on the metal-metal distance;
thus, the complexes for which the copper-copper separation was estimated to be more
than 5 A, showed very little catalytic activity. Therefore, the authors suggested the

hypothesis of the catecholase activity being regulated by a steric match between the
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dicopper(Il) center and the substrate. The higher activity of dinuclear copper(Il)
complexes in catechol oxidation in comparison to the mononuclear copper(Il)
complexes has also been pointed out by some other authors, e.g. Malachowski’' and
Casellato et al.™

In 1985, the hypothesis about the formation of the dicopper-catecholate
intermediate at the first stage of the catalytic reaction was further supported by Karlin
and co-workers™, who have succeeded in crystallizing the adduct of tetrachlorocatechol
(TCC) with the dicopper(Il) complex with a phenol-based dinucleating ligand (Figure
1.6, see Section 1.3.2.2.1 for details). However, almost at the same time Thompson and
Calabrese™ proposed that the catalytic reaction proceeds via the one-electron transfer
from catechol to the copper(Il) ion, resulting in the formation of a semiquinone
intermediate species. The authors have prepared and characterized a bis(3,5-di-tert-
butyl-o-semiquinonato)copper(Il) complex by reaction of [Cuy(py)s(OCHs3),](ClO4),
with DTBCH; in anaerobic conditions. Interestingly, they did not observe the
simultaneous two-electron transfer yielding DTBQ and two copper(I) centers. The
formation of the semiquinone species in the catalytic cycle was later reported by other

authors.>>’

Figure 1.6. Crystal structure of the complex cation of [Cuy(L-O)(TCC)]". LOH: 2,6-bis(N,N-bis(2-
methylpyridyl)aminomethyl)phenol. The Cu...Cu distance is 3.248(2) A. Redrawn after Karlin and co-

workers.>

The determination of the structure of hemocyanin, another protein with the type-
3 active site, in 1989,” and extensive studies on the enzyme tyrosinase, responsible for
the conversion of L-tyrosine to L-DOPA, leading to melanin production, prompted the
extensive studies on the synthetic models of the type-3 active site and their reactivity. In
the early 1990s, a few research groups reported the formation of dihydrogen peroxide
instead of water as a dioxygen reduction product in the catalytic oxidation of DTBCH,

by the copper(II) complexes.”®” In order to explain their experimental results, Chyn and
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Urbach proposed two different mechanisms for the catalytic cycle, as depicted in

Scheme 1.1:%®

(1)
cu'..Cu" +DTBCH,  —— cul.Cu'+ DTBQ+2H" (fast)
cu..cu'+0 — cd0y)>cu”  (slow)
2 2
cu'l(0y*cull+ 20" — cu'..cu"+H,0, (fast)
(2)

Initial step:
cu"..cu"+DTBCH, —— cul.Ccu'+DTBQ +2H"
Redox cycle

I I ky
Cu..Cu +0, —»,k CuH(Oz)z'CuH
2
coyrcu + ot — cdcu +H,0,

Scheme 1.1. Two possible mechanistic pathways resulting in the formation of H,O, as a by-product, as

proposed by Chyn and Urbach >*

Rockeliffe and Martell have published numerous studies on catechol oxidation
by dicopper(IT) and peroxo-dicopper(IT) complexes.®® A rather significant attention has
been devoted to the structure-activity relationship of the catalytically active compounds.
Very detailed mechanistic studies on the catecholase activity of a series of structurally
related dicopper(IT) complexes have also been published by Casella and co-workers,*””
who reported that the catalytic reaction proceeds via a biphasic mechanism, in which a
fast stoichiometric reaction between the dicopper(Il) center and the catechol substrate is
followed by a slower catalytic reaction. They have also grouped together different
mechanisms earlier proposed for the catecholase activity of dicopper(I) complexes, as

shown in Scheme 1.2.

1} I
Cu'....Cu 2H,0
DTBCH
DTBQ + 2H,0 2
\ path d
DTBQ + 2H"
h +
path ¢ path a cl H,0, + 2H
DTBQ +H,0,
DTBCH, + 2H" 0,
/ path b
DTBCH
CUII(OZ)Z—CUII 2

Scheme 1.2. The possible reaction pathways in the catalytic cycle of catechol oxidation by dicopper(Il)

complexes, as proposed by Casella and co-workers. Redrawn after Casella and co-workers.*®
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However, despite the significant attention received by this topic and the large
number of publications on the catalytically active copper(Il) complexes, detailed
mechanistic studies are unfortunately quite scarce.’®*"*7" As a consequence, the
catalytic pathways proposed by different authors are often largely speculative in nature
and sometimes controversial. Furthermore, it appears that very different methods to
explore the catecholase activity and to study the reaction mechanism were applied by
different research groups, which makes the corresponding results difficult to compare.
An overview of the different approaches to study the reaction mechanism in respect to

earlier reported works will be presented below.

1.3.2 Mechanistic studies: different approaches

1.3.2.1 General

The approaches used by different research groups to study the mechanism of
catecholase activity of the copper(Il) complexes can be roughly divided into four major
groups. The first one is dealing with the substrate binding to the metal centers. This
group includes a crystallographic and/or spectroscopic characterization of the adducts of
the catechol(ate) or structurally related compounds with the copper complexes and
studies on the interaction of the complexes with catechol in anaerobic conditions. The
interest in this subject is enhanced by the currently disputed way of the substrate
binding to the active site of catechol oxidase. The original assumption of the didentate
bridging binding mode of the substrate’ has been called into question by
crystallographic findings for the native enzyme; these suggested an alternative
mechanism with monodentate binding of the catechol to only one of the copper ions.**

The second group includes structure-activity relationship studies. These include
the correlation of the catecholase activity of the complexes with the metal-metal
distance in the dicopper(Il) core, their redox potentials, ligand properties (electronic
properties, basicity, sterical demands) and the nature of the bridging ligands between the
two metal centers. For the sake of simplicity, pH-dependent studies were also included
in this group, as the pH-influenced changes in the catalytic activity of the complexes are
usually caused by the structural changes at the dicopper center. The third approach
includes the kinetic studies on the catalytic reaction, e.g. the influence of the various
factors (e.g. substrate, catalyst and dioxygen concentration, addition of dihydrogen
peroxide etc.) on the reaction rates; and the proposals on the reaction mechanism based
on these data.

Finally, the fourth group includes the examples of stoichiometric oxidation of
catechol substrates by peroxo- or oxo-dicopper complexes, which are almost always
proposed as intermediate species in the catalytic oxidation of catechol by copper(Il)

compounds,®6+367.68
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1.3.2.2 Substrate-binding studies

1.3.2.2.1 Structural characterization of dicopper-catecholate adducts

The various possible binding modes of catechol to the copper centers are

summarized in Figure 1.7.

(6] OH
a0 N0
2+ Cu' 2+
Cu Cu
n2 chelating chelating syn monodentate
catecholate semiquinonate terminal
7 ; S 2 Cu* S 2 cu*
(0] (|) u\O o— u
Cu2 +/ O\Cu2+ Cu2+ Cu2+
n%m! didentate syn-syn didentate anti-anti didentate
bridging bridging bridging

Figure 1.7. Different binding modes of the (deprotonated) catechol substrate to the copper centers.

The first crystallographically characterized adduct of a dicopper(Il) complex
with tetrachlorocatecholate was reported by Karlin and co-workers.”® The compound
was prepared by reacting tetrachloro-1,2-benzoquinone with the dicopper(I) precursor
complex in dichloromethane. The catecholate anion binds as a bridging ligand in a syn-
syn fashion to both copper(Il) ions, resulting in a metal-metal separation of 3.248(2) A.
Both copper(Il) ions adopt a square-pyramidal geometry, with the oxygen atoms of the
catecholate anion occupying the basal plane, as depicted in Figure 1.6.

Other structurally characterized examples of catechol adducts with dinuclear
copper(Il) complexes were reported significantly later. Thus, Comba and co-authors’™
have reported the crystal structures of four different copper-tetrachlorocatecholate
adducts, with three different modes of substrate coordination to the metal centers
(Figure 1.8): as a monodentate, monoprotonated ligand (1), as a didentate fully
deprotonated chelating ligand (2 and 4), and as a bridging deprotonated ligand between
the two copper(Il) centers (3, anti-anti binding mode). Interestingly, the authors
reported that the highest catecholase activity was observed for the complexes which
bound catecholate in a didentate bridging fashion, whereas mononuclear copper(Il)
complexes were found to be completely inactive.

Meyer and co-workers” have reported the structures of three dinuclear Cu"
complexes, in which the deprotonated tetrachlorocatecholate is bound to only one of the
two copper(Il) ions in a didentate chelating fashion (Figure 1.9). It is further linked via
one or two hydrogen bridges to water molecules bound to the adjacent metal center.

Interestingly, the copper-copper separation in the precursor dicopper(Il) complexes
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(Figure 1.10, complexes 3(C10,), and 4(Cl0,),) exceeds 4 A, which probably precludes
the binding of the catecholate to both copper(Il) ions.

N_§ COOMe MeOOC %2\
<\ /> </ \>
L =/ | =R
bisp

L:R= Me; L2 R=bisp,n=1; L R=bisp,n=2;

Figure 1.8. The structures of the bispidine ligands (left) and the X-ray crystal structure projections of
[Cuy(L'Y(TCC)] (2, top, right), [Cuy(L*)(TCC)]** (3, bottom, left) and [Cuy(L*)(TCC),] (4, bottom, right).

Redrawn after Comba and co-workers.”

An interesting example of the formation of mononuclear copper(Il)-
semiquinonate complexes was reported by Tolman and co-workers.”” The authors
reported the oxidation of DTBCH, and TCC by u-n*:5#" peroxo-dicopper(Il) and y-oxo-
dicopper(Ill) complexes, resulting in the dissociation of the dinuclear core and the
formation of mononuclear copper(Il)-semiquinonate adducts. Similarly to the earlier
reported mononuclear copper-catecholate adducts, the semiquinonate ligand is
occupying two places in the coordination sphere or the metal ion, with a ferromagnetic
coupling realized between the unpaired electron of the Cu" ion and the organic radical.
Thompson and Calabrese” have reported the crystal structure of a Cu'"-semiquinonate
complex, obtained by the interaction of a bis-methanolate-bridged copper(Il) dimer with
DTBCH; (see also Section 1.3.1). During this process, the dicopper(Il) core undergoes a

dissociation into two mononuclear units, with one electron being transferred from the
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catecholate substrate to one of the two copper(Il) ions, resulting in the formation of the

11 . . I .
Cu-semiquinonate and the reduced Cu’ mononuclear species.

Figure 1.9. X-ray crystal structure of one of the dicopper(Il)-catecholate adducts crystallized by Meyer

and co-workers. The Cu...Cu distance is 4.4388(8) A. Redrawn after Meyer and co-workers.”
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Figure 1.10. Schematic representations of the copper(Il) complexes of the various pyrazolate ligands,
prepared by Meyer and co-workers’”> (in the case of 1, the analogous complex 1°, which bears ethanol
instead of methanol ligands, was analyzed crystallographically). The Cu...Cu distance is 3.540(1) A for
1°(ClO,),, 3.447(2) A for 2(BF,),, 4.088(1) A for 3(ClO,), and 4.553(1) for 4(ClO,),. Redrawn after

Meyer and co-workers.”

1.3.2.2.2 Substrate binding to the metal centers followed by spectroscopic methods

Attempts to monitor the binding of the catechol substrate to the metal centers by
spectroscopic methods, mostly UV-Vis spectroscopy, were undertaken by many

authors. Thus, Reim and Krebs™ titrated solutions of catalytically active and inactive
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dicopper(Il) complexes with the phenol-based ligands (Figure 1.11) with
tetrachlorocatechol and followed the changes spectrophotometrically. Whereas the
inactive complexes appeared to be completely indifferent to TCC, the reaction of the
active complexes with the substrate was accompanied by the development of new bands
in the 400-500 nm range, assigned to the catecholate — Cu' charge transfer, and
changes in the positions and extinction coefficients of the Cu" d-d bands. These results
indicated the binding of the substrate to the metal centers prior to the catalytic cycle for

the active complexes and revealed that the inactive complexes did not interact with the
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Figure 1.11. Pentadentate dinucleating phenol-based ligands prepared by Reim and Krebs. Only the
complexes of the ligands HL', HL’, HL® and HL’ showed catecholase activity. Redrawn from Reim and
Krebs.™

Jager and co-authors have also studied the interaction of a series of the
copper(Il) complexes of aminocarbohydrate A-ketoenaminic ligands with TCC.”
However, in this case both the active and inactive complexes were found to interact
with TCC, although the spectra of the active compounds changed to a remarkably
higher degree in comparison to the inactive molecules. The observed spectroscopic
changes were rather consistent with those reported by Reim and Krebs:™ the
development of a new band at 480 nm along with the decrease of the d-d band of the
Cu" ion at 650 nm. Very similar results (a development of a new band in the 400-500
nm range and changes in the position and absorption of the d-d bands of the Cu" ions)
during the interaction of TCC with the dicopper(Il) complexes of some dinucleating
ligands (e.g. phenol-based) were also reported by Mukherjee et al** Comba and co-
workers™ have reported the titration of the mononuclear and dinuclear complexes
[Cuz(LY)(s0lv)]*, [Cua(L*)(solv),]* and [Cua(L)(solv),]*" (see Figure 1.8) with TCC
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and showed that in the first case, a strong absorption band appeared at ca. 450 nm,
whereas for dinuclear complexes, equilibriums between species with absorptions at ca.
450 nm and ca. 530 nm were established. The authors proposed that catecholate-bridged
compounds are formed with [Cuy(LY)(solv),]*" and [Cun(L?)(solv),]*", whereas a
mononuclear catecholate complex is formed with [Cuy(L")(solv)]*".

Very detailed studies on the substrate binding to the copper(Il) complexes with
the phenol-based dinucleating ligands were reported by Belle er al® The authors
studied the binding of TCC and DTBCH; (the binding studies of the latter compound
were performed in anaerobic conditions) to a catalytically active y-hydroxo-dicopper(Il)
complex with the phenol-based ligand HLocy; (Scheme 1.3, insert) and its inactive bis-
aqua-dicopper(Il) analogue. In both cases, a new UV-Vis band at ca. 450 nm developed
upon addition of TCC to the complexes, reaching its maximum when two molar
equivalents of catechol were added to the solution. Thus, in both cases, a first substrate
binding occurred, followed by a second one. EPR-spectroscopic measurements showed
that in the case of the catalytically active hydroxo complex, the catechol binding results
in the cleavage of the hydroxo bridge, leading to the evolution of the EPR-signal, in
contrast to the EPR-silent initial complex. The stopped-flow studies allowed the
determination of a kinetic constant of the fixation of the second equivalent of TCC by
this complex, whereas the fixation of the first molar equivalent was found to be too fast
to be determined. In the case of the inactive bis-aqua-dicopper(Il) complex, the binding
of TCC did not lead to any appreciable changes in the EPR-spectrum, and the fixation
of two substrate molecules was too fast to be distinguished. The anaerobic studies on
the DTBCH, binding to the complexes indicated that, in contrast to the natural enzyme,
catechol is not oxidized stoichiometrically in the absence of dioxygen. However,
electrochemical studies indicated that the binding of DTBCH, to the active hydroxo
complex affects significantly its electrochemical behavior, leading to a complex being
made more easily reducible and oxidizable. On the contrary, the electrochemical
behavior of the inactive diaqua complex was only weakly affected by the binding of the
substrate.

Based on these observations, the authors proposed a mechanism of the substrate
binding to the dicopper(Il) center, as depicted on Scheme 1.3, which reconciled two
earlier proposed modes of the substrate fixation by the natural enzyme: a didentate
bridging mode proposed by Solomon for the catecholase activity of tyrosinase,’ and a
monodentate asymmetric coordination, proposed by Krebs.® In this mechanism, the
substrate first binds to only one copper center along with the concomitant cleavage of
the hydroxo bridge. Then, the proton transfer from the second phenol group of catechol
to the hydroxyl group bound to the second copper center occurs, resulting in the

displacement of a water molecule and the bridging coordination of the catecholate.
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Scheme 1.3. Proposed mechanism for the interaction between the dinuclear w-hydroxo-copper(Il)
complexes and DTBCH,. Insert: dinucleating ligands HLy employed to prepare the copper(Il) complexes:
R = CH; (HLcp3), F (HLg), CF3 (HLcF3), and OCH; (HLocns). Redrawn after Belle and co-workers.!

Casella and co-workers® have used inactive p-nitrocatechol (NCat) to isolate
and spectroscopically characterize catecholate adducts of mononuclear and dinuclear
copper(Il) complexes. The authors prepared the complexes of the composition
[Cu(L6)(NCat)] (L6 = N,N-bis[2-(1’-methyl-2’-benzimidazolyl)ethyl]amine),
[Cuy(L66)(NCat)](ClO4)2 (L66 = a,0’-bis {bis[2-(1’-methyl-2’-
benzimidazolyl)ethyl]amino}-m-xylene, Figure 1.12) and [Cuy(L66)(NCat);] (the latter
compound was studied only in solution), and reported their IR, Raman and UV-Vis
spectra.

Based on the very similar spectroscopic features of [Cu(L6)(NCat)] and
[Cuy(L66)(NCat)](ClO4), (C-O stretch peak of the coordinated catecholate at 1265+2
cm™ in the IR spectra and in the Raman spectra with the excitation length of 454.5 nm;
bands at 293, 350 and 468 nm in the UV-Vis spectra), the authors proposed that in both
compounds catecholate is bound in a similar chelating 1> mode to one copper ion,
eventually exhibiting an additional n' bridging coordination to a second copper atom in
the dicopper(Il) complex, as depicted in Figure 1.13. In addition, the second equivalent
of catechol could bind to the dicopper complex, forming a bis-catecholate adduct, which
also seems to indicate that the substrate is bound to only one metal center. In fact, these
results seem to correlate with the observations of Belle et al.,*' who also reported the
successive binding of two catechol molecules to dicopper complexes and suggested the

asymmetric coordination of the substrate.
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Figure 1.13. Structure proposals for [Cu(L6)(NCat)] (left), [Cuy(L66)(NCat)](ClO4), (middle) and
[Cuy(L66)(NCat),] (right). Redrawn after Casella and co-workers.®

1.3.2.2.3 Anaerobic interaction of catechol with copper(Il) complexes

The stoichiometric oxidation of the catechol substrate by the dicopper(Il) core,
leading to the formation of quinone and dicopper(I) species, has often been proposed as
the first step in the catalytic cycle.***”® Consequently, some examples of studies on
anaerobic interaction of the copper(Il) complexes with DTBCH, have been reported. In
most cases, the reduction of the dicopper(Il) core along with the release of the quinone
molecule was indeed observed, in some cases only in the presence of catechol excess.”
71198 As an example, the spectroscopic changes observed upon treating the dicopper(Il)
complex [Cux(L55)]* (L55 = a,0’-bis{bis[1-(1’-methyl-2’-

27



benzimidazolyl)methyl]lamino}-m-xylene, Figure 1.12) with DTBCH,, reported by
Casella and co-workers,” are shown in Figure 1.14.

At -90 °C, the electron transfer from catechol to the dicopper(Il) core is
prevented, which enabled the authors to spectrophotometrically characterize the
catecholate adduct with the complex (curve b, Figure 1.14). Similarly to earlier reported
UV-Vis spectra of adducts with electron-poor catechols,”* this species is characterized
by weak absorptions at 345 and 440 nm, attributed to LMCT bands. Upon warming the
reaction mixture to room temperature, the dicopper(Il) core is reduced to the copper(I)
state, and the molecule of quinone is released, easily monitored by the absorption at ca.

400 nm (curve c, Figure 1.14).

0.3 1
\ b

Q
8]
02
3 0.2
° C
(2]
Q
<

0.1

0 T T T T 1
250 300 350 400 450 500

A, Nm
Figure 1.14. Electronic spectra recorded anaerobically in methanol solution at -90 °C of: (a) [Cuy(L55)]*"
(0.2 mM) and (b) its complex with DTBCH, (1.8 mM). Spectrum (c) shows the stoichiometric formation
of DTBQ after warming the solution to room temperature (A = 396 nm, & = 1600 M'cm™). Redrawn after

Casella and co-workers.”

Some exceptions from this type of behavior, however, have been reported. Thus,
u-hydroxo-dicopper(Il) complexes with a series of phenol-based ligands reported by
Belle et al. (Scheme 1.3, insert) do not oxidize DTBCH, in anaerobic conditions, but
instead bind two equivalents of the substrate in two successive steps.’ As discussed
above, the parent complexes become more easily reducible and oxidizable upon binding
of the first molecule of the substrate, whereas the binding of the second molecule hardly
affects further the electrochemical behavior. A number of authors have reported that in
case of the anaerobic catechol interaction with mononuclear copper(Il) complexes, one-
electron transfer takes place, leading to the formation of copper(I)-semiquinonate
species.”™™ The reaction of dinuclear copper(IT) complexes, formed by the self-assembly
of two mononuclear units, with catechol was found to result in the dissociation of the

dicopper(II) core.’*”” As a result, either a mononuclear copper(Il)-catecholate adduct,***
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or a copper(Il)-semiquinonate product along with the reduced copper(I) co-product,”
were formed.

It should be noted that some authors have reported the vanishing of the d-d
and/or LMCT bands of the copper(Il) complexes immediately after the substrate
addition along with the appearance of the characteristic quinone absorption at 400 nm in
the UV-Vis spectra also in the presence of dioxygen.”*”* These changes were also
attributed to the fast stoichiometric reaction between the complex and the substrate,
leading to the reduction of the copper(Il) centers and the release of one molar equivalent

of the quinone, prior to the rest of the catalytic cycle.
1.3.2.3 Structure-activity relationship

1.3.2.3.1 Metal-metal distance vs. catecholase activity

The assumption that a steric match between the dicopper(Il) center of a complex
and catechol substrate is required for the catecholase activity has been published as
early as 1980.” Consequently, the majority of the authors use a comparison of the
metal-metal distances within a series of structurally related complexes to interpret the
difference in their catecholase activities, if their crystal structures are available.”>*"®
Taking into account that the copper-copper distance in the met form of the natural
enzyme is very short (2.9 A only), and comparing this value to that reported by Karlin
and co-workers® for the o-catecholate-bridged dicopper(I) complex (ca. 3.25 A, Figure
1.6), a conclusion can be drawn that the optimal copper-copper distance for the
catecholase activity falls in a range of 2.9-3.2 A. Kao et al® have studied the
catecholase activities within a series of oxy-bridged dicopper(Il) complexes and showed
that the complexes with the metal-metal distance, closest to that observed for the met
form of catechol oxidase, display the best catalytic activity, as depicted in Figure 1.15.

Nevertheless, a large metal-metal separation in dicopper(Il) complexes does not
necessarily prohibit a catecholase activity. For example, Meyer and co-workers have
reported the catalytic oxidation of DTBCH, by two dicopper(Il) complexes with a
metal-metal separation of 4.088 A and 4.553 A (Figure 1.10, complexes 3(ClO4), and
4(Cl0y4),).” The catecholase activity of these complexes was found, however, to be
significantly lower in comparison to their analogues with the shorter (ca. 3.5 A) copper-
copper distance (Figure 1.10, complexes 1(ClO4), and 2(BF4),). Furthermore, Selmeczi
et al. reported the catecholase activity of a dicopper(Il) complex
[Cuy(L")(CF3S03)2(H20)4](CF3S05), (L'=1,3-bis {N,N-bis(2-[2-
pyridyl]ethyl) }aminopropane, Figure 1.16), in which a copper-copper distance amounts
to 7.840 A7
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Figure 1.15. Plot of absorption of the quinone band at 400 nm (a) 30 min (— o —) and (b) 60 min (— A —)

after addition of DTBCHj, to the oxy-bridged complexes vs. copper-copper distance in these complexes.

Redrawn after Kao et al.*

Figure 1.16. X-ray crystal structure of [Cuy(L')(CF3SO;),(H,0)*" (L = 1,3-bis{N,N-bis(2-[2-
pyridyl]ethyl)}aminopropane), prepared by Selmeczi et al.”' The Cu...Cu distance is 7.8398(9) A.

1.3.2.3.2 Electrochemical properties of the complexes vs. catecholase activity

Many research groups have attempted to correlate the redox properties of the

67.75.78:8088.9091 However, a correlation

copper(Il) complexes with their catecholase activity.
between the two is not easily established. For example, Torelli et al.’' reported that the
inactive bis-aqua-dicopper(Il) complex with the HLcy; ligand (Scheme 1.3, insert)
could be more easily reduced than its catalytically active u-hydroxo-bridged analogue.

On the other hand, the same authors reported the existence of a correlation between the
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first reduction potentials of hydroxo-bridged dicopper(Il) complexes with a series of
dinucleating compartmental ligands HLg ligands (Scheme 1.3, insert) and their
catecholase activities.” The authors have changed the para-substituents on the phenol
ring of dinucleating compartmental ligands HLr (Scheme 1.3, insert) and showed that
the presence of the strong electron-withdrawing CF3 group in this position results in a
completely inactive dicopper(Il) complex. The complexes with p-CH3, p-OCHj3 and p-F
substituents were found to exhibit catecholase activity; furthermore, taking the methyl-
substituted complex as a reference, a higher activity was observed in the presence of the
electron-donating OCHj3 group, whereas the presence of an electron-withdrawing
fluorine atom was found to inhibit the activity to a moderate extent.

Reim and Krebs™* studied the electrochemical behavior of a series of
dicopper(Il) complexes with dinucleating phenol-based ligands (Figure 1.11) in
acetonitrile solution, but observed only irreversible and ill-defined reduction steps. The
reduction potentials were found to be very sensitive to the degree of protonation and/or
the number of transferred electrons, thus no clear relationship between the redox
properties of the complexes and their catecholase activity could be established.

Mukherjee et al. also reported the absence of an obvious correlation between the
first reduction potentials of the doubly bridged dicopper(Il) complexes with various
endogenous and exogenous bridges and their catecholase activity.** However, Casella
and co-workers succeeded in calculating the reaction rates for the two successive steps
of the catalytic reaction (a fast stoichiometric reaction between a dicopper(Il) complex
and catechol and a slower catalytic reaction), and showed a clear dependence of the
reaction rate in the first stoichiometric step on the Cu"/Cu' reduction potential.”” As this
step involves the electron transfer from the bound catecholate to the dicopper(Il) center,
this observation is fully understandable. On the other hand, as overall reaction rates
obviously depend on many factors, i.e. the rate of the reoxidation of the dicopper(l)
species by dioxygen, the rate of the catechol oxidation by the formed peroxo-dicopper
intermediate etc., it is hardly surprising that in the majority of cases, no straightforward

correlation between the activity and the redox potential of a complex can be established.

1.3.2.3.3 The influence of the exogenous bridging ligands on the catecholase activity of
dicopper(ll) complexes

The nature of the bridging ligands between the copper centers in a complex
plays an important role in its catecholase activity. The small bridging ligands can
promote a short copper-copper distance within a dimetal core, required for the
catecholate binding in a didentate bridging fashion, which is thought to be beneficial for
catecholase activity. On the other hand, the substrate should effectively bind to the
copper(Il) ions and needs thus to be able to displace a present bridging ligand at the
dimetal core. Furthermore, some bridging ligands, e.g. OH™ ion, can facilitate the
deprotonation of catechol due to their ability to abstract the proton with the subsequent

release of a water molecule. In general, it can be stated that such bridging ligands as
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hydroxide, alkoxide or phenoxide , imidazolate® and carboxylate can
be readily displaced by the incoming catecholate and thus promote the catecholase
activity. On the other hand, strongly coordinated ligands, such as chloride and bromide,
cannot be displaced by the substrate, resulting in catalytically inert compounds.”*
Neves et al. studied the catecholase activity of dicopper(Il) complexes with
acetate bridging ligands in the presence of variable amounts of sodium acetate.* The
authors reported the decrease of the reaction rates, in accordance with the hypothesis
that the acetate competes with the incoming catecholate for a binding site in the copper
coordination sphere, leading to inhibition effect. Krebs and co-workers™ have recently
published interesting studies on the catecholase activity of a series of dicopper(Il)
complexes with phenol-based compartmental ligands and double acetate bridges
between the metal centers (Figure 1.17). The authors showed that the presence of the
thiomorpholine substituent on the ligand facilitates the displacement of one acetate
bridge, leading to higher catalytic activities (see Section 1.3.2.3.4 for details). These
results indicate that the easiness of the bridging ligand displacement in general leads to
higher catalytic activities, although it is obvious that this factor does not solely control

the reactivity.
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[Cuy(L)(OAc),]" [Cu,(L)(OAC)]* armchair [Cu,(L)(OAC)]*" boat

Figure 1.17. Structures of [Cu,(L)(OAc),]" and the boat and chair conformations of [Cuy(L)(OAc)]*
(with X = CH,, O or S). Redrawn after Krebs and co-workers.”

On the other hand, Reedijk and co-authors™ reported the interaction of chloro-
and bromo-bridged dicopper(Il) complexes of the phenol-based compartmental ligand
Hpy2th2s (2,6-bis[ N-(2-pyridylmethyl)-N-(2-thiophenylmethyl)aminomethyl]-4-
methylphenol) with catechol substrates (see Chapter 4). In these complexes, both copper
ions are pentacoordinated, with three positions in the coordination sphere occupied by
the donor atoms of the ligand and the other two by the halogen ions, one bridging and
one monocoordinated. Both complexes were found to be inactive in catechol oxidation;
however, their titration with TCC indicated that in the chloride complex, one of the
monocoordinated chloride anions could be substituted by the catechol substrate. The
bridging chloro atom could not be exchanged with the catecholate anion. In the case of
the bromide complex, neither monocoordinated nor bridging halogen anions could be
substituted by TCC.

32



A few authors pointed out that the presence of two hydroxide, alkoxide or
phenoxide bridges may lead to catalytically inactive complexes. Thus, Mukherjee et al.
explains the inactivity of the complex [Cuy(L>-0)x(ClO4),] (L’-OH = 4-methyl-2,6-
bis(pyrazolyl-1-ylmethyl)phenol) by the presence of two phenoxide bridges in its
structure.” Similarly, Casella and co-workers showed that the active species in the
catechol oxidation by the dicopper(Il) complex with the ligand L55 (L55 = a,0’-
bis{bis[1-1’-methyl-2’-benzimidazolyl)methyl]amino }-m-xylene, Figure 1.12) is a
monohydroxo-bridged dicopper(Il) species, whereas the bis(u-hydroxo) species is

essentially inactive.”” However, these observations are not conclusive, as the examples

56,80 79,87,89

of the catalytically active complexes with the double hydroxo,** alkoxo and
phenoxo® bridges have also been reported.

An interesting possible function of the bridging hydroxo group in the
catecholase activity of a complex has been proposed by Reim and Krebs.” The authors
investigated the catecholase activities of a series of dicopper(Il) complexes with phenol-
based compartmental ligands (Figure 1.11) and reported that the complex containing the
exogenous u-hydroxo bridge exhibits the highest catalytic activity. This appears to be
caused by the fact that the bridging hydroxide group enforces the complex to adopt a
very strained geometry, which makes it willing to exchange the u-hydroxo bridged
structural motif in favor of the bridging catechol coordination. In the presence of
alternative bridging ligands with a larger bite distance, a more relaxed conformation is

adopted, which in turn leads to a lower activity.”

1.3.2.3.4 The influence of the ligand structure on the catecholase activity of
dicopper(ll) complexes

Although many authors refer to the ligand properties to explain the results of the
catecholase activity studies on the copper complexes, only a few detailed studies on
changes in the ligand structure and their influence on the catecholase activity have been
reported so far.

Krebs and co-workers” have prepared three asymmetric phenol-based
compartmental ligands, one arm of which contained piperidine (L 1), morpholine (L2) or
thiomorpholine (L3) heterocycles (Figure 1.17), and studied the catecholase activity of
their dicopper(Il) complexes with two acetate bridges between the metal centers. The
authors have found that the complex with the thiomorpholine substituent shows the
highest catecholase activity, probably because the sulfur atom can displace one of the
bridging acetate ligands and yield a free coordination site for the substrate binding. This
hypothesis was confirmed by DFT calculations,” which were performed to determine
the different reaction energies ([LCux(OAc),]" — [LCux(OAc)]*" + OAc) for all three
monocation conversions into the corresponding monoacetate-bridged dications in their
boat and armchair conformations (Figure 1.17). For the thiomorpholine system, the
isomer with a boat conformation of the subunit was found to be 5.5 kcal mol” more

stable than the corresponding armchair conformer, whereas for the morpholine system,
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the energy difference was only 1.4 kcal mol”, and for the piperidine system, the
armchair conformation was found to be significantly more stabilized. Furthermore, the
thiomorpholine-containing structure was found to possess a Cu-S bond (R¢y.s = 2.42 A).
These results indicate the ability of the sulfur atom in the ligand to displace a bridging
ligand between the copper(Il) centers, which in turn leads to higher catecholase activity
of the system in question.

The ligand flexibility also plays a role in the activity of the resulting copper(Il)
complexes. Kandaswamy and co-workers have studied the catecholase activities of a
series of copper(Il) complexes with lateral macrodicyclic compartmental ligands
(Figure 1.18) and reported the enhancement of the activity with the increase of the
macrocyclic ring size.” The increase in ring size makes the system more flexible and

favors the catalysis phenomenon.
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Figure 1.18. General structure of dicopper(Il) complexes with macrodicyclic ligands. Redrawn after

Kandaswamy and co-workers.”

On the other hand, the studies of Reim and Krebs on the catecholase activity of
the dicopper(Il) complexes with phenol-based compartmental ligands (see Figure 1.11)
showed that only the complexes containing piperazine unit within their ligand
framework exhibited catecholase activity.” This is perhaps related to the fact that the
square-pyramidal coordination spheres of the copper(Il) ions in these complexes are
strongly distorted due to the coordination of the piperazine group. Thus, the presence of
a certain substituent in a ligand framework can have a strong influence on the catalytic

behavior of the corresponding copper complexes.

1.3.2.3.5 The influence of pH on the catecholase activity of dicopper(Ill) complexes

The natural enzyme exhibits catecholase activity only in a limited pH range (pH
5-8), with an optimum activity at pH 8, and an irreversible loss of activity below pH 4.0

and above 10.0.”” Some authors have studied the influence of pH on the catecholase
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activity of model copper complexes.®”’***** It should be noted that the changes in pH
are often accompanied by the changes in the structure of a complex, leading to different
catalytic behavior. Thus, Torelli et al.**"' have studied the pH-driven interconversions of
dicopper(Il) complexes with a series of phenol-based compartmental ligands (Scheme
1.3, insert) and found that the x-phenoxo-u-hydroxo-dicopper(Il) complexes, which are
stable at neutral pH values, can reversibly interconvert into the p-phenoxo-bis-aqua-
dicopper(Il) and u-phenoxo-bis(hydroxo)dicopper(Il) species at lower and higher pH
levels, respectively, as shown in Figure 1.19. Of these species, only the u-hydroxo-
dicopper(Il) complexes exhibit catecholase activity. The possible reasons for that could
be a short metal-metal distance (2.89 A) in these complexes and the ability of the
bridging hydroxo group to assist in the deprotonation of the incoming catechol
substrate, facilitating its binding to the dicopper(Il) center, as discussed above (Scheme
1.3).
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Figure 1.19. pH-driven interconversions of dicopper(Il) complexes with phenol-based ligands HLg.

Redrawn after Belle and co-workers.”!

Fernandez et al. have studied the catecholase activity of the dicopper(Il)
complex with the asymmetric ligand HTPPNOL (N,N,N’-tris-(2-pyridylmethyl)-1,3-
diaminopropan-2-ol) at different pH values.” The pH-titrations indicated that above pH
8.0, the water molecule, coordinated to one of the two copper(Il) ions in solution,
undergoes a deprotonation with the formation of a hydroxide group (Figure 1.20). An
increase of the activity was observed at pH 8.05, e.g. when the hydroxide-containing
species is present in solution. The authors have also suggested that the hydroxide
moiety assists in the deprotonation of the substrate, facilitating its binding to the
dicopper(II) core. This assumption is consistent with the proposal of Belle et al.®
although the apical coordination of the hydroxide anion was proposed by Fernandez et
al., in contrast to the bridging coordination, as determined by the latter authors.

Casella and co-workers® have studied the catecholase activity of the dicopper(II)
complexes [Cuy(LB5)]*, [Cux(L55)]*" and [Cux(L66)]*" (Figure 1.12) in methanol

solution and found that at neutral pH values, the complexes oxidized DTBCH; either
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stoichiometrically, or with extremely low catalytic efficiency. Thus, the catalytic
reactions were performed at pH 5.1, in the presence of a small amount of an aqueous
buffer. At this pH, the contribution of the non-catalytic oxidation of DTBCH, was
found to be negligible. A year later, the authors reported”” the catecholase activity
studies on the dicopper(Il) complex [Cu(EBA)]*" (Figure 1.12) and the influence of pH
on the catalytic behavior. The authors analyzed only the acidic pH range in order to
prevent the possible substrate autoxidation and to increase the pH sensitivity. The
studies were performed at two different substrate concentrations: the one that gave the
highest reaction rate, and the one-fourth of this substrate concentration. While at lower
catechol concentration the pH influence was negligible, at high substrate concentration
the reaction rate in both phases (see above for the biphasic mechanism proposed by

Casella and co-workers) increased with the pH with a saturation behavior (Figure 1.21).
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Figure 1.20. Mechanism of the interaction between the dinuclear copper(Il) complex with the asymmetric

ligand HTPPNOL and 3,5-di-tert-butylcatechol, as proposed by Fernandes et al.**

Later, Casella and co-workers™ have reported the studies on the catecholase
activity of the dicopper(Il) complex with the ligand L55 in a mixed solvent of 75%
methanol/glycerol (7/1 v.v.) and 25% (v/v) aqueous 50 mM Hepes buffer, which
allowed to keep the pH of the solution close to neutral values. The studies on the pH

influence on the catalytic reaction rates showed that the maximal rate was observed
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around pH 7, whereas it dropped drastically above pH 7.5 (Figure 1.22, left). Earlier
studies on the pH-driven interconversions®™ of this complex indicate that rate profile
parallels the distribution curve of the monohydroxo species [Cuy(L55)(H,0)(OH)],
while the bis(u-hydroxo) species [Cuy(L55)(OH),]*", which is dominant above pH 6.5,
is catalytically inactive (Figure 1.22, right).
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Figure 1.21. Dependence of the rate (as absorbance change at 396 nm vs. time) of the first and second
phases of catalytic oxidation of DTBCH, by [Cuy(EBA)]*" (14 uM) on the solution pH, as reported by
Casella and co-workers.”” The concentration of 3,5-di-tert-butylcatechol was 6 mM in all experiments.
The reactions were performed in 30:1 mixture of methanol/aqueous phosphate buffer, the pH of which

was varied from 3.4 to 5.3. Redrawn after Casella et al. '
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Figure 1.22. Left: rate dependence for the first (open squares) and second (solid circles) steps of the
oxidation of DTBCH, (2 mM) catalyzed by [Cu,(L55)]*" (6 uM) on the pH in the mixed solvent of 75%
methanol/glycerol (7:1) and 25% (v/v) Hepes buffer (50 mM). Redrawn after Casella and co-workers.”
Right: species distribution in the 2Cu/L55 system as a function of pH in acetonitrile/water solution: a)
[Cux(L55)(H,0),]*"; b) [Cuy(L55)(H,0)(OH)*"; [Cus(L55)(OH),]*". Redrawn after Casella and co-

workers.”®
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Thus, it appears that all authors have reached a similar conclusion: in case of
pH-driven interconversions of (bis)aqua-, monohydroxo- and bis(hydroxo)-dicopper(II)
species, the monohydroxo derivatives usually exhibit the highest catecholase activity,
likely to be caused by the short metal-metal distance enforced by the bridging hydroxide
anion, and its function in the substrate deprotonation, facilitating its binding to the

catalytic core.
1.3.2.4 Kinetic studies

1.3.2.4.1 Dependence of the reaction rates on the complex and catechol concentration

Almost all reports on the catecholase activity of copper(Il) complexes include
the kinetic studies, e.g. the dependence of the reaction rates on the concentration of the
substrate, catalyst, dioxygen and some additives, e.g. dihydrogen peroxide or kojic acid.
It appears that in most cases, a simple Michaelis-Menten model is sufficient to describe
the behavior or the catalytic system. This kinetic model, initially proposed for the
enzymatic catalysis by Leonor Michaelis and Maud Menten in 1913, is based on the
assumption that the catalyst and substrate reversibly react with each other to form an

intermediate species prior to the substrate conversion, according to Scheme 1.4.
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Scheme 1.4. The mechanism of the interaction of the enzyme (E) with the substrate (S), leading to the

formation of the product P, according to the Michaelis-Menten model.

The reaction rate for this model is determined by the equation (1.1), also called

Michaelis-Menten equation:
(1.1)
Vinax[S]
Ky +[S]

In this equation, Vy,x corresponds to the limiting reaction rate, reached at a very
high substrate concentration. Thus, a characteristic of a Michaelis-Menten system is the
substrate saturation behavior, upon which the reaction rate asymptotically approaches a
certain value with the substrate concentration increase, but never reaches it. Ky is a
Michaelis constant, which corresponds to the substrate concentration at which the
reaction rate is equal to one half of the maximal value, and is defined as (kx+k.;)/k;
(Figure 1.23).

A rearrangement of the equation (1.1) leads to the equation (1.2), from which a
linear dependence of the reciprocal reaction rates on the reciprocal substrate
concentration becomes obvious. By building a plot of 1/V vs. 1/[S], also known as a

double reciprocal, or Lineweaver-Burk plot, and taking into account that V,.x = k> [E],
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the kinetic constants k, and Ky can be determined (Figure 1.23, right). The constant k,

in this case corresponds to the turnover frequency, determined in s™.

1 [S] + Ku [S] K 1 Ky 1 (1.2)
= = + = + .
v Vinax [S] Vimax [S] Vinax [S] Vmax Vinax [S]

Most of the studies on the catecholase activity of copper(Il) model compounds,
performed by the method of the initial reaction rates, showed that the catalytic reaction
indeed shows a saturation behavior vs. the substrate (=catechol) concentration, making a
Michaelis-Menten model applicable.t®6%7>7880891.55% The observed Michaelis constants
usually vary in a range of 10*-10 M, and k, values fall in a range of 102-10" s™". Less
studies report the dependence of the reaction rates on the catalyst (=complex)
concentration.®®’** Usually, a linear dependence is found, indicating that the reaction

shows a first-order dependence on the catalyst.
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Figure 1.23. Left: the plot of the reaction rates vs. the substrate concentration according to the Michaelis-

Menten model. Right: an example of a Lineweaver-Burk plot.

A few exceptions from a general trend have also been reported. Thus, in some
cases the reaction rates were found to be independent on the substrate
concentration.®®’"” This behavior can be explained by the presence of another rate-
determining step in the overall catalytic cycle, for example, a reoxidation of the
dicopper(I) species by molecular dioxygen, as proposed by Casella and co-workers.* In
this case, the reaction rates are expected to depend on the concentration of molecular
dioxygen. Unfortunately, the influence of dioxygen concentration on the reaction rates
has been only studied in a few cases, but the works of Casella and co-workers® and
Speier and co-workers’ proved indeed that a strong dependence of the reaction rates on
dioxygen concentration exists for the catalytic systems, showing a zero-order
dependence on the catechol. For example, a three-fold increase in the reaction rate was
reported by Casella for the complex [Cu,L66]"", for which the reaction rates were found
to be independent on the substrate concentration, when the solution was saturated with

pure dioxygen instead of air.”® The studies of Speier and co-workers” showed a clear
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dioxygen saturation behavior for the complex [Cux(L")(CF3S03)2(H20)4](CF3S05),
(L'=1,3-bis { N, N-bis(2-[2-pyridylethyl)}aminopropane, Figure 1.16), for which a zero-
order dependence on the substrate has been reported (Figure 1.24).

Casella and co-workers,” who proposed a biphasic mechanism for the oxidation
of catechol by dicopper(Il) complexes (a fast stoichiometric oxidation of catechol by
dicopper(Il) core, followed by a slower catalytic reaction), have derived a kinetic
equation for two consecutive steps in the catalytic cycle (equation 1.3), which allows to
determine the reaction rate constants k; and k, of the first and the second phases.
[DTBQ] and [Cat] correspond to the concentrations of DTBQ and the catalyst,
respectively.
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Figure 1.24. The dependence of the oxidation rate of DTBCH, -catalyzed by
[Cuy(L")(CF3S05),(H,0),4](CF;S03), on the dioxygen concentration. Conditions:
[[Cuy(L")(CF5S803),(H,0)4](CF380;),]=0.125 mM, [DTBCH,]=4.16 mM at 25 °C in MeOH. Redrawn

after Speier and co-workers.”"

Very recently, the same authors reported that in the case of catechol oxidation by
the complex [Cuy(L55)]*" (Figure 1.12), two steps of the catalytic cycle could be
separated.” The use of stopped-flow technique allowed the determination of the reaction
rate in the first stiochiometric phase, whereas the rate of the second step was studied in
a time interval of 5-20 s after the beginning of the reaction. In order to prove the
reliability of this method, the authors have also calculated the rates of the first and the
second phases by fitting the development of the quinone absorbance with time to
equation 1.3. In spite of the differences in the two methods of analysis, the results
obtained were identical.
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1.3.2.4.2 Dihydrogen peroxide formation during the catalytic reaction

The overall catalytic mechanism, reported by Casella and co-workers in 1998
(Scheme 1.2),* indicates that either water or dihydrogen peroxide can form as a side
product in the catalytic oxidation of catechol by copper(Il) complexes. The formation of
dihydrogen peroxide in the reaction mixture has indeed been reported in a few

WRTLE however, it should be noted that the reports containing the studies aimed

cases;
to definitely establish the mode of the dioxygen reduction to either water or dihydrogen
peroxide are quite scarce. The exact way of dihydrogen peroxide formation is not fully
understood. Curiously, in some cases the formation of dihydrogen peroxide is correlated
with the detection of the semiquinone intermediate species in the catalytic reaction.’**”
It is indeed plausible that the dihydrogen peroxide may form as a product of the
oxidation of the copper(I)-semiquinone intermediate, as proposed by Kodera et al.*
(Scheme 1.5). This mechanism can be rationalized as follows. In case of dicopper(Il)
complexes, the simultaneous reduction of two copper(Il) centers to the copper(l) state
results in the oxidation of one equivalent of catechol, leading to the release of one
quinone molecule. In case of mononuclear copper(Il) complexes (or dinuclear
complexes, formed by self-assembly of two mononuclear units), only one electron
transfer may occur, resulting in the formation of copper(I)-semiquinonate intermediate
species. The reaction of such species with dioxygen may result in the two-electrons
reduction of the latter, leading to the reoxidation of the copper(I) ion, a release of the
quinone molecule and dihydrogen peroxide formation. Thus, only one molecule of
catechol is being oxidized per such catalytic cycle, in contrast to the mechanism

proposed for the natural enzyme® and for dicopper(Il) complexes.*®
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Scheme 1.5. The proposed mechanism of the catechol oxidation, leading to dihydrogen peroxide

formation as a byproduct, as proposed by Kodera et al. Redrawn after Kodera and co-workers.>®
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It is, however, not clear how dihydrogen peroxide can form upon catechol
oxidation by dinuclear copper(Il) complexes. According to the overall mechanism
proposed by Casella, it may form either via the path a, or the path b (Scheme 1.2).®® The
studies of Ackermann et al.”” showed that upon consumption of one mole of dioxygen,
one molar equivalent of quinone was formed, which allowed the authors to propose that
the catalytic cycle proceeds via the mechanism including the path a (the protonation of
the dicopper(Il)-peroxo species, leading to the dihydrogen peroxide release). On the
contrast, the path b has been proposed by Selmeczi et al.”' Although both paths are
liable, another possibility can though exist. The studies of Ackermann” and Casella® on
dicopper(Il)-catecholate adducts indicate that the doubly deprotonated catecholate can
bind to only one of the two copper(Il) ions instead of the dinuclear bridging
coordination, especially when the metal-metal distance is long. It is logical to assume
that in this case, only one-electron transfer can occur, resulting in the formation of a
mixed-valence Cu'Cu"-semiquinonate species. Its interaction with dioxygen may further
proceed via the mechanism proposed by Kodera et al.> It is thus plausible that only one
of the two copper ions plays a part in the electron transfer, whereas another has only a
structural role. This is certainly an interesting possibility, as the examples of the
enzymes containing two or more metal ions, only one of which plays a role in catalysis,
are widely known in nature. Unfortunately, very limited information available on this

subject does not allow accepting or discarding this option.

1.3.2.4.3 The influence of dihydrogen peroxide on the reaction rates

The studies on the influence of dihydrogen peroxide on the catalytic behavior
have only been reported in a few cases.”* In general, dihydrogen peroxide can
participate in the catalytic cycle by reoxidizing the reduced dicopper(I) species to the
copper(I) oxidation state, thus competing in this with dioxygen. Respectively, its
influence is to a large extent defined by the sensitivity of the formed dicopper(I)
intermediate to dioxygen. In case of slow reoxidation of this species by dioxygen,
dihydrogen peroxide enhances the reaction rates, as the reduced species prefers to react
with it instead of dioxygen. On the contrary, when the reoxidation proceeds very fast,
the reaction rates are not significantly affected by dihydrogen peroxide addition. In fact,
even a slight decrease of the reaction rates may be observed, perhaps caused by the
conversion of the active dicopper(Il) complex into a less reactive peroxide intermediate,

according to the following reaction:

cu'...cu" + H,0, — cu"(0,)*Cu" + 2H"

Furthermore, the saturation behavior in dihydrogen peroxide can be observed.®®
This can be related to the fact that presence of dihydrogen peroxide changes the rate-
determining step in the reaction. At low H,O, concentration, a normal reoxidation of

dicopper(I) species by dioxygen takes place. At higher concentrations, the copper(])
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species can be oxidized by both dioxygen and dihydrogen peroxide, whereas above a

certain H,O, concentration, only the latter reaction takes place.

1.3.2.4.4 The influence of the inhibitor kojic acid on the reaction rates

The only example of the studies on the influence of inhibitors on the catecholase
activity of model copper complexes has been published by Casella and co-workers, who
reported the inhibiting effect of kojic acid on the catecholase activity of dicopper(Il)
complexes with the ligands L55, L66 and EBA (Figure 1.12).” The inhibitor strongly
binds to the dicopper(Il) complex in the first stoichiometric step of the reaction and to
the dicopper(Il)-dioxygen adduct in the second step, preventing in both cases the
binding of the catechol substrate. The inhibition was found to be of a competitive type.
The latter means that in the presence of an inhibitor, a higher substrate concentration is
required to achieve the same reaction rates that were reached in its absence resulting in
a higher Ky. In case of a non-competitive inhibitor, the binding of the inhibitor to the
catalyst molecule makes it inactive. The differences in Lineweaver-Burk plots for a
competitive and a non-competitive inhibition mechanisms are shown in Figure 1.25.

Non-competitive  Competitive
inhibition inhibition

—_— [Substrate]

Figure 1.25. An example of Lineweaver-Burk plots for a competitive and a non-competitive inhibition.

Fitting the rate data considering a simple linear competitive inhibition
mechanism according to the equation (1.4), the authors could determine the K;
parameter, characterizing the inhibition behavior:

(1.4)

kcat
[complex] epteq [DTBC]

Kwm
1+ 1+ —[BTBCL
I Km

V =
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In this equation, [/] corresponds to the concentration of kojic acid, whereas Ky
and k., are Michaelis constant and a turnover frequency determined in the absence of
the inhibitor. The value 1/K; corresponds in this case to the formation constants of the
catalyst-inhibitor complexes. The inhibition mechanism, proposed by Casella and co-

workers, is depicted in Scheme 1.6.

1.3.2.5 Stoichiometric oxidation of catechol by (per)oxo-dicopper complexes

The formation of peroxo-dicopper species as a result of dioxygen binding to a
reduced dicopper(l) intermediate and a subsequent oxidation of catechol by them has

026467687175 a5 a second (catalytic) stage of the catechol oxidation

often been proposed®"
by model copper complexes. However, relatively few examples of the interaction of
such species with catechol substrates are described in the literature. A schematic
representation of the structures of previously reported dicopper-dioxygen cores is
shown in Figure 1.26. Kitajima et al. reported the oxidative coupling of DTBCH, by a
/1—772:;12 peroxo complex [Cuy(HB(3,5-Me;pz);](02) (HB(3,5-Meypz) =  tris(3,5-
dimethylpyrazolyl)borate), leading to the formation of the C-C-coupled products.'”
Interestingly, no formation of o-benzoquinone was observed, unless exogenous

dioxygen was introduced into the reaction mixture.

HO

/J (0]

/
J o
éu2+ 'Cu2+ o

(0]
+ kojic acid
+DTBC
2+ 2+
.Cu 2+ 2+ i
C cu'.cu’

+ kojic acid

O
Clil2+\ | Cu2+

Scheme 1.6. The mechanism of model dicopper(Il) complexes inhibition by kojic acid. Redrawn after

Casella and co-workers.”
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Figure 1.26. Schematic representation of dicopper-dioxygen cores, reported in the literature.

Casella and co-workers reported a stoichiometric oxidation of DTBCH, to
DTBQ by a u-n*:5* peroxo-dicopper complex with the ligand L66 (Figure 1.12)."' The
same type of reactivity was observed by Stack and co-workers for a bis x-oxo-dicopper
complex [(LTMCHD)ZCumz(O)z]2+ (TMCHD = N,N,N'N'-tetramethyl-(/R,2R)-
cyclohexanediamine).'”> The oxidation of DTBCH, by u->:* and bis u-oxo-dicopper
complexes was also reported by Tolman and co-workers’™ with isolation of mononuclear
copper(Il)-semiquinonate complexes as a sole product of the reaction, the (per)oxo-
dicopper species being generated by reaction of two essentially mononuclear Cu'
molecules with dioxygen. Rockcliffe and Martell also reported a number of examples
on the stoichiometric oxidation of catechols to the respective quinones or dicarboxylic
acids involving various dicopper-dioxygen complexes.®*** Unfortunately, these
authors did not provide detailed information concerning the structure of the peroxo
species. Although the end-on dioxygen-binding mode was proposed based on the results

63,66

of molecular modeling,” the UV-Vis spectroscopic data,” reported by the authors, as

well as the overall reactivity of the described peroxo species®®

suggest that dioxygen is
bound in the u-7*:7* mode.

Very recently, Reedijk and co-workers'” reported a stoichiometric oxidation of
DTBCH; by the trans-u-1,2-peroxo-dicopper(Il) complex with the macrocyclic ligand
[22]py4pz (= 9,22-bis(2-pyridylmethyl)-1,4,9,14,17,22,27,28,29,30-decaazapentacyclo-
[22.2.1.1%7. 1114 117207 triacontane-5,7(28),11(29),12,18,20(30),24(27),25-octaene)
(Chapter 7). The stoichiometric oxidation was found to proceed in two steps through the
formation of the intermediate species, characterized by the intensive absorption at 342
nm (¢ =3960 M"-cm™) in the UV-vis spectrum (Chapter 7). Based on the resonance
Raman spectroscopic studies and the kinetic isotopic effect measurements, the authors
proposed that the first step involves the proton transfer from the substrate to the
nucleophilic peroxo core, resulting in the formation of x-1,1-hydroperoxo-dicopper(II)-

catecholate species, while the second step involves the oxidation of the bound substrate.

1.4 The scope of this thesis

This thesis is devoted to the studies on the model compounds of the type-3
active site copper proteins, in particular catechol oxidase. Chapter 1 presents a general
overview of the copper proteins, the structure and properties of catechol oxidase, the

copper enzyme with the type-3 active site, and discusses earlier reported model
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compounds of this enzyme and the mechanistic studies, aimed to elucidate the
mechanism of catechol oxidation by the natural enzyme and by model complexes.
Chapter 2 deals with the development of the strategy of the synthesis of dinucleating
asymmetric ligands to model the asymmetry of the dicopper core, found in the natural
enzyme,® and reports the crystal structure and properties of the asymmetric complex
[Cux(py3asym)(H,0);.5(NO3)2.5](NO3)o s (Hpy3asym = 2-[N,N-bis(2-
pyridylmethyl)aminomethyl]-4-methyl-6-[(2-pyridylmethyl)aminomethyl]phenol. In
Chapter 3 the crystal structures and properties of a number of Cu", Mn" and Co"
complexes with the ligand  Hpy2ald (Hpy2ald = 3-[N, N-di(2-
pyridylmethyl)aminomethyl]-5-methylsalicylaldehyde), which has been prepared as an
intermediate in the synthesis of the asymmetric ligand Hpy3asym are reported. In
Chapter 4 the synthesis of the symmetric phenol-based ligand Hpy2th2s (Hpy2th2s =
2,6-bis[ N-(2-pyridylmethyl)-N-(2-thiophenylmethyl)aminomethyl]-4-methylphenol),
bearing thiophene and pyridine substituents, as well as the properties of its two
dicopper(I) complexes and their interaction with catechol model substrates are
described. This ligand was designed to model an unusual thioether bond, discovered in a
close proximity to one of the copper ions in the active site of catechol oxidase.® In
Chapter 5, the synthesis of the asymmetric phenol-based ligand Hpy2thlas (Hpy2thlas
= 2-[N,N-bis(2-pyridylmethyl)aminomethyl]-4-methyl-6-[2-thiophenylmethyl)-
aminomethyl]phenol), containing a tertiary amine arm with two pyridine substituents in
the 2 position of the phenol ring, and a secondary amine arm bearing a thiophene ring in
the 6 position of the phenol ring, is reported. Two copper(Il) complexes, obtained with
this ligand, have been crystallographically and spectroscopically characterized, and their
structural properties are discussed.

In Chapter 6 the paramagnetic 'H NMR spectroscopy on the monohydroxo-
bridged dicopper(Il) complex [Cuy[22]py4pz)(u-OH)](ClO4);-H,O (1) with the
macrocyclic N-donor ligand [22]py4pz (9,22-bis(2-pyridylmethyl)-
1,4,9,14,17,22,27,28,29,30-decaazapentacyclo-[22.2.1.1%7.1'"* 1'"**Jtriacontane-
5,7(28),11(29),12,18,20(30),24(27),25-octaene) and its magnetic properties are
reported. The catecholase activity of this dicopper(Il) complex, as well as the synthesis
and characterization of its reduced dicopper(I) analogue
[Cux([22]py4pz)](ClO4),-2CH30H (2) and the trans-u-1,2-peroxo-dicopper(Il) adduct
(3), including 3D structure of 2, are discussed in Chapter 7. These three compounds
represent models of the three states of the catechol oxidase active site: met, deoxy
(reduced) and oxy. The dicopper(Il) complex 1 catalyzes the oxidation of catechol
model substrates in aerobic conditions, while in the absence of dioxygen a
stoichiometric oxidation takes place, leading to the formation of quinone and the
respective dicopper(l) complex. The dicopper(I) complex binds molecular dioxygen at
low temperature, forming a trans-u-1,2-peroxo-dicopper adduct, which was

characterized by UV-Vis and resonance Raman spectroscopy, and electrochemically.

46



This peroxo complex stoichiometrically oxidizes a second molecule of catechol in the
absence of dioxygen. A catalytic mechanism of catechol oxidation by 1 is proposed, and
its relevance to the mechanisms earlier proposed for the natural enzyme and other
copper complexes is discussed.

In Chapter 8 the mechanism of catechol oxidation by a copper(Il) complex with
the macrocyclic ligand [22]prdpz  (9,22-dipropyl-1,4,9,14,17,22,27,28,29,30-
decaazapentacyclo [22.2.1.1%7 1" 17 )triacontane-
5,7(28),11(29),12,18,20(30),24(27),25-octaene), containing a carbonate bridge between
the copper(Il) ions, is discussed. The complex has a tetranuclear structure in the solid
state, with one macrocyclic unit accommodating two carbonate-bridged copper(Il) ions,
and two copper(Il) ions of two different macrocyclic units being further doubly bridged
by two oxygen atoms of the two carbonate anions. This tetranuclear cluster was found
dissociate into two dinuclear units in solution at the concentration range, used for the
catecholase activity studies. The dinuclear complex catalyzes the oxidation of DTBCH;
to the respective quinone in methanol by two different mechanisms, one proceeding via
the formation of a semiquinone intermediate species with the subsequent production of
dihydrogen peroxide as a by-product, and another proceeding via the two electrons
reduction of the dicopper(Il) center by the substrate, with two molecules of quinone and
one molecule of water generated per one catalytic cycle. Chapter 9 presents general
conclusions and an overview of the perspectives for further research.

Chapters 1-8 of this thesis have either been published’'”'"” or submitted for

publication.'**'"
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Synthetic route to novel asymmetric
2 dinucleating ligands. Crystal structure
and properties of the complex
[Cux(py3asym)(H;0); 5(NO3),.5|(NO3)y.5"

In this chapter the synthesis of the new asymmetric ligand 2-[N,N-bis(2-
pyridylmethyl)aminomethyl]-4-methyl-6-[(2-pyridylmethyl)aminomethyl]phenol
(Hpy3asym), which was conceived to model the asymmetry in the active site of catechol
oxidase, is reported. This phenol-based "end-off' compartmental ligand holds one
tridentate and one didentate arm attached to the 2 and 6 positions of the phenolic ring. A
dinuclear copper(1l) nitrate complex with this ligand
[Cuy(py3asym)(H20);5(NOs3),5](NO3)os has been obtained and  structurally
characterized. In this complex both copper ions have a distorted octahedral geometry
and are endogenously bridged by the phenolic oxygen atom of the deprotonated ligand.
The complex shows a donor-atom asymmetry that consists of a N3O; donor set for the
Cul ion and a N,O4 donor set for the Cu2 ion. The spectral properties of the complex, as

well as its electrochemical and magnetic behavior, are discussed.

"This chapter is based on: Koval, I. A., Pursche, D., Stassen, A. F., Gamez, P., Krebs, B. and Reedijk, J.,
Eur. J. Inorg. Chem., 2003, 1669-1674
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2.1 Introduction

The term "dinucleating ligands" was first introduced in 1970 by Robson' to
describe a class of polydentate chelating ligands, able to bind simultaneously two metal
ions. Since then, a very large number of such ligands were designed, and their
coordination compounds were thoroughly investigated. The possible applications of the
complexes with this type of ligands vary from modeling the active sites of many
metalloenzymes,” to hosting and carrying small molecules’ or homogeneous
catalysis.>’

Among many different types of dinucleating ligands, the phenol-based
compartmental ligands attracted particularly wide attention of scientists. The term
"compartmental" was introduced to indicate a ligand containing two adjacent, but
dissimilar coordination sites.? Particular interest in this type of ligands resulted from the
recent recognition of the asymmetric nature of a number of dimetallic biosites.'”'" The
understanding of the ability of individual metal ions to play possibly different functions
in dinuclear sites in metalloenzymes led to the design of a large number of asymmetric
ligands where two compartments would provide a different coordination surrounding
for the two metal ions.

As stated in Chapter 1, the active site of catechol oxidase is asymmetric, which
led to the proposal that during the catalytic cycle, the binding of the substrate occurs to
only one of the metal centers (CuB). Taking the inspiration from the natural molecule,
the attention has been turned to the deliberate design of novel model systems of the
type-3 active site, where the two copper ions would have distinctly different
coordination surroundings. The site specificity of the copper ions may help to answer an
important question concerning the binding of the substrate in the natural enzyme, e.g. is
the catechol substrate forming a bridge between the two copper(Il) centers rather than
binding to only one of them?

In this chapter, the synthesis of the novel phenol-based ligand 2-[N,N-bis(2-
pyridylmethyl)aminomethyl]-4-methyl-6-[(2-pyridylmethyl)aminomethyl]phenol,
Hpy3asym, is described. In this ligand, the 2 and the 6 positions of the phenol-ring are
substituted by a tridentate and a didentate arm containing nitrogen donor atoms,
providing two copper ions with different coordination surroundings. The crystal
structure, spectroscopy, electrochemical and magnetic behavior of a new asymmetric
dicopper(Il) complex with this ligand are reported.

2.2 Results and Discussion

2.21 Synthesis

The ligand Hpy3asym has been synthesized in four steps (Figure 2.1) from
commercially available 5-methylsalicylaldehyde. The first step includes the introduction

of a methylene chloride group in the 3’ position of the phenol ring. The chloride atom is
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subsequently substituted by di-(2-picolyl)amine. Finally, the reductive amination of the
aldehyde group by 2-aminomethylpyridine and sodium borohydride leads to the desired
ligand.

= | N | X
H
HCHO + HC1 N\ N~
—_—
H H H
o OH o} OH I 0 OH _N

N/| ZEY
NS NN |

Hpy2ald
| A NH,
~N
NaBH,4 |
NH OH _N N OH _N
7N N/|/|N ZZN N/|/|N

Hpy3asym

Figure 2.1. The reaction scheme of the synthesis of the phenol-based compartmental "end-off" ligand

Hpy3asym

The straightforward synthetic pathway, developed for the synthesis of
Hpy3asym, can also be successfully applied for the preparation of other dinucleating
asymmetric ligands, with variations in the number and type of the donor atoms, as
reported elsewhere.'”

The dicopper(Il) complex [Cuy(py3asym)(H,0); 5(NO3)25](NO3)os (1) has been
prepared by mixing one molar equivalent of the ligand with two equivalents of
copper(Il) nitrate in an acetonitrile/water mixture. The evaporation of the solvent and

washing of the residue with small amounts of acetone resulted in the pure compound.
2.2.2 Crystal structure description

Very small green rectangular crystals of 1 have been obtained by slow
evaporation of an acetonitrile solution of the complex. An ORTEP projection of the
complex is depicted in Figure 2.2 (left), selected bond lengths and bond angles are
given in Table 2.1. The compound crystallizes in the space group P2,/n. Both copper

ions have specifically different coordination surroundings, showing a donor-atom
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asymmetry. An endogenous phenolato bridge is present in the dinuclear core, but no
exogenous bridge is present. The N3Os coordination sphere around the Cul ion can be
regarded as a very distorted octahedron. The equatorial plane is formed by the tertiary
amine nitrogen atom N1 at a distance of 2.0182(18) A, two trans located nitrogen atoms
N2 and N3 from two pyridine rings at a distance of 1.9860(17) A and 1.9760(18) A,
respectively, and the oxygen atom O2 from a water molecule at a distance of 1.9701(16)
A. One of the axial positions is occupied by the bridging phenolate oxygen atom Ol at a
relatively long distance of 2.3070(13) A. The second apical position has a weak O-
donor ligand, which was refined for 50% to be water and for 50% a disordered nitrate
anion. The oxygen atom O20 (occupancy 0.4886) from the water molecule is at a
distance of 2.535(3) A. The loosely bound oxygen atom O10 (occupancy 0.5114) from
the disordered nitrate counter anion (the Cul-O10a distance is 3.007(6) A) is at a much
larger distance, which, however, still matches the range of bond lengths observed for

copper-oxygen bonds along the Jahn-Teller axis.”'® The in-plane cis angles around the

Cul ion vary in quite a broad range, viz. 83.92(8)° for the N1-Cul-N3 angle and
96.92(7)° for the O2-Cul-N2 angle. Their sum amounts to 357.76°. The O-Cul-O angle
along the Jahn-Teller axis is equal to 173.85(8)° for the O1-Cul-O20 angle and
165.46(10)° for the O1-Cul-O10 angle, thus indicating a significant distortion from the

regular octahedral geometry.

Figure 2.2. Left: ORTEP projection of [Cu,(py3asym)(H,0), 5(NO3),5](NO3)s (1). The hydrogen atoms
are omitted for clarity. The second axial position at Cul ion has a O-donor ligand, which was found in
50% to be water and in 50% a disordered nitrate anion (see text for further details). Right: PLATON"
projection of a "herring-bone" packing arrangement along the crystallographic a axis. All hydrogen

atoms, besides those participating in hydrogen bonding, are omitted.

The absence of an exogenous bridge between the two copper ions promotes the
large copper-copper separation of 3.9003 A, which is significantly longer than the
distances observed for the similar complexes with two types of bridges between the

copper ions.>*'™" Tt is interesting to notice that potentially bridging nitrate anions are
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present in the complex; however, they fail to bridge the two copper ions, instead being
coordinated as monodentate and didentate chelating ligands. The distribution of charged
and neutral ligands in the complex is also remarkable: one neutral water molecule is
coordinated to the Cul ion, whereas two charged nitrate anions are coordinated to the

Cu?2 ion.

Table 2.1. Selected bond distances and bond angles for 1

Bond lengths (4)
Cul - 02 1.9700(16) Cu2 - N4 1.9841(17)
Cul —N3 1.9767(19) Cu2 -N3 1.9907(15)
Cul —N2 1.9866(18) Cu2 -N5 2.0167(17)
Cul -01 2.3069(14) Cu2-05 2.5438(16)
Cul - 020 2.548(3) Cu2-06 2.5985(17)
Cul - 010 3.010(3) Cu2-01 1.9357(14)

Bond angles ()

Cul - 021 — Cu2 133.49(7)
02— Cul —-N2 96.92 (7) O1-Cu2-N4  94.66(6)
N3 - Cul - N2 163.36(8) 01-Cu2-03  90.71(6)
02— Cul -N1 84.46(8) N4-Cu2-03  170.49(7)
N2 - Cul - NI 83.88(8) O1-Cu2-N5  172.59(7)
02-Cul -0l 96.90(6) N4—-Cu2-N5  82.45(7)
N3 - Cul - Ol 90.21(6) 03-Cu2-05  93.13(7)
N2 - Cul - Ol 102.18(6) 01-Cu2-05  87.36(6)
N1 - Cul - Ol 92.85(6) N4-Cu2-05  116.56(7)
02— Cul — 020 87.70(9) 01-Cu2-06  95.52(6)
N2 - Cul - 020 81.22(9) N4—-Cu2-06  85.63(6)
01— Cul —020 173.85(8) 03-Cu2-06  101.68(5)
02— Cul —~010 71.82(8) N5—-Cu2-06  77.49(6)
N3 - Cul - 010 98.72(8) 05-Cu2-06  157.38(5)
N1 - Cul - 020 82.36(9)
N3 - Cul - 020 85.50(9)
N3 - Cul - 010 98.72(8)
N2 - Cul - 010 71.50(8)
N1-Cul - 010 98.97(8)
01-Cul —-010 165.78(7)
020 - Cul — 010 20.35(8)

The coordination sphere around the second copper ion Cu2 can also be
described as a distorted octahedron, but with a N,O4 donor set. The equatorial plane
around the Cu2 ion is formed by two cis located nitrogen atoms N4 from the secondary
amine (the Cu2-N4 distance is 1.9838(17) A) and N5 from the pyridine ring (the Cu2-
NS5 distance is 2.0181(17) A), and two cis oxygen atoms, Ol from the bridging
phenolate (the Cu2-O1 distance is 1.9353(14) A) and O3 from the chelating nitrate
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anion (the Cu2-O3 distance is 1.9910(14) A). The second oxygen atom O5 from the
chelating nitrate anion and the oxygen atom O6 from the monocoordinated nitrate anion
occupy the axial positions, thus adjusting the coordination sphere around the copper ion
to a very distorted octahedron (the distances Cu2-O5 and Cu2-O6 are equal to
2.5431(16) A and 2.5982(16) A, respectively). The in-plane cis angles vary in the range
87.36°-94.64°. The angle O5-Cu2-0O6, which should be equal to 180° in the regular
octahedron, is only 157.37(5)°, indicating an even greater distortion from the regular
octahedron geometry than observed in the case of the Cul ion.

The crystal packing is stabilized by an extensive net of intra- and intermolecular
hydrogen bonds (see Table 2.2). In particular, a bifurcated intramolecular hydrogen
bonding is realized between the proton H2b of the water molecule coordinated to the
Cul ion and the two oxygen atoms O6 and O7 of the monodentate nitrate anion
coordinated to the Cu2 ion, giving an impression of exogenous pseudo-bridge between
the two copper ions. Furthermore, each formula unit is connected via intermolecular
hydrogen bonds to three neighboring units. The PLATON'" projection of the crystal
packing along the crystallographic a axis is shown in Figure 2.2 (right). As can be seen,
the molecules are assembled by means of hydrogen bonds to form a "herring-bone"

pattern.

Table 2.2. Hydrogen bonds (D-H...A ) with the distance H...A <1(A) + 2.000 A and the angle DHA >
110°.

Donor - H....Acceptor D—H(4) H.AUA) D.AMA) D-H.A("
02 - H2a...011 0.736 1.971 2.704 174.09
02 - H2a...010 0.736 2.518 3.026 127.91
02 - H2b...07 0.915 1.802 2.657 154.44
02 - H2b...06 0.915 2.448 3.245 145.50
N4 - H4...07 [x-1/2,-y+1/2,2-1/2 ] 0.930 2.119 2917 143.16
020 - H20a...09 [-X,-y,-z+1 ] 0.759 2.087 2.821 163.07
020 - H20b...09 0.999 2.010 2.985 164.96
020 - H20b...011 0.999 2.486 3.191 127.27

2.2.3 Physical characterization

Besides the crystal structure determination, the complex has been
spectroscopically and magnetically characterized. Electrospray mass spectra (ESI-MS)
of the complex performed in acetonitrile reveal one major peak at m/z 688,
corresponding to [Cux(py3asym)(NO3),]". The theoretical isotopic pattern calculated for
the empirical formula C,7H,3Cu;N;0O7 is in agreement with the experimentally found
one. Thus, the 1.5 water molecules coordinated to the Cul ion, observed in the solid

state, are lost during the measurement. The UV-Vis spectrum of the solid exhibits two
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peaks at 456 and 640 nm. The first peak is assigned to a LMCT transition between the
bridging phenoxo group and copper ions,” whereas the second one is characteristic for
Cu" d-d transitions.”® The positions of these bands do not significantly change when the
spectrum of the complex is taken in acetonitrile solution, suggesting no important
modifications in the copper-ligand chromophores.

A cyclic voltammogram of the complex recorded in acetonitrile, when scanning
towards the negative region of potentials, shows two successive one-electron
electrochemical signals. The first one at -0.13 V vs. Ag/AgCl is assigned to the
Cu™y/Cu™, redox-couple. The second one at -0.33 V is attributed to the formation of
Cu™, species. They both appear to be irreversible. In addition, a very broad peak at ca. -
0.7 V suggests the reduction of both copper ions to Cu’ and the deposit of the free metal
on the electrode surface. On the reverse scan, an additional sharp anodic peak is
observed at -0.27 V. This is the so-called stripping peak, caused by the redissolution of
the metallic copper. This peak is absent if the potential sweep is reversed at ca. -0.5 V,
before the reduction to Cu’ could take place. The anodic part of the cyclic
voltammogram is characterized by three successive fully irreversible oxidation waves at
1.16, 1.48 and 1.68 V, apparently corresponding to the oxidation of the ligand and/or

water molecules.
2.2.4 Magnetic properties

In Figure 2.3, the magnetic susceptibility of 1 is shown, plotted as both %™ and y,
versus the temperature. The compound displays a weak ferromagnetic coupling with a
Curie temperature 6 of 0.87 K and a Curie-Weiss constant C of 0.39 cm’® K mol™. The
value for pis 1.10 B.M.

The magnetic properties of this dinuclear copper(Il) complex have been
interpreted in terms of the Bleaney-Bowers equation (2.1),*' where g is the magnetic
field splitting factor, J is the exchange integral of magnetic theory and TIP is a

Temperature Independent Paramagnetism term of 1 mole of copper(Il) ions.

2¢’NF’
X =
kT [3 + exp (-J/kT)]

+ TIP 2.1)

The fit was accomplished by minimization of the reliability factor, defined as R
= S(ymTeate — YmTobs)/(xmTobs)’, by a least-squares procedure. The best fit was obtained
for the exchange integral J = -4.6 cm™', the magnetic field splitting factor g =2.02 and R
=2.9x107,
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Figure 2.3. Magnetic susceptibility plotted as x ™' versus 7 (O) and as y, versus T; (0). The dashed line is
the Curie-Weiss plot from near field theory, the solid line is the theoretical curve according to the

Bleaney-Bowers equation.
2.2.5 Relevance to the active site of catechol oxidase

Similarly to the met state of natural enzyme, the dicopper(Il) core in the complex
comprises a single bridging oxygen atom, provided by the deprotonated phenolate
moiety of the ligand. However, the two metal ions are being held on a long distance of
3.9003 A, which is significantly larger than 2.9 A, the Cu...Cu distance reported for the
met form of catechol oxidase."” In addition, although the ligand has been designed to
yield a coordination number asymmetry at the dimetal core, with its two pendant arms
providing, respectively, three and two nitrogen donor atoms for coordination, it can be
seen that each copper ion is coordinated by six donor atoms, with the coordination
sphere being completed to a distorted octahedral surrounding by counter ions and
solvent molecules. The complex shows thus a donor atom asymmetry instead, and its
structure only vaguely resembles that of the natural enzyme, in which both copper ions
have a distorted trigonal pyramidal coordination sphere with an N3O donor set (see
Chapter 1). However, the developed synthetic pathway for the synthesis of this ligand
and other asymmetric dinucleating compartmental ligands opens new possibilities for
the design of new model systems and allows easy variations in the number and the type
of donor atoms surrounding each metal ion (Chapters 3-5). It should also be noted that
the presence of other potentially bridging ligands, e.g. hydroxide anions, may lead to a
significantly shorter metal-metal distances in the dicopper core, making the respective

complexes promising functional models of catechol oxidase.
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2.3 Experimental Section

2.3.1 Materials and Methods

Most of the synthetic work was carried out using standard Schlenk techniques.
All chemicals were commercially available and used without further purification. 5-
methylsalicylaldehyde was purchased from Fluka, 2-(aminomethyl)pyridine from
Acros, and di-(2-picolyl)amine from Aldrich. 3-chloromethyl-5-methylsalicylaldehyde
was prepared according to the procedure described by Lock.” Tetrahydrofuran and
methanol were dried by reflux over sodium. C,H,N determinations were performed on a
Perkin Elmer 2400 Series II analyzer. NMR spectra were recorded on a JEOL FX-200
(200MHz) FT-NMR spectrometer. Solid-state ligand field spectra (300-2000 nm,
diffuse reflectance) and in solution were taken on a Perkin-Elmer 330
spectrophotometer equipped with a data station. IR spectra were recorded as pure solid
on a Perkin Elmer FT-IR Paragon 1000 spectrophotometer with a Specac single-
reflection diamond ATR P/N 10500, using the diffuse reflectance technique (4000-300
cm’, res. 4 cm™). Electrospray mass spectra (ESI-MS) were recorded on the Thermo
Finnigan AQA apparatus. Cyclic voltammetry measurements were performed with an
Autolab PGSTAT 10 cyclic voltammeter, using a Pt working electrode and a Ag/AgCl
reference electrode in acetonitrile (10~ M), with tetrabutylammonium perchlorate as
supporting electrolyte, at a scan rate of 0.1 V/s. DC magnetic susceptibility
measurements (5-150 K) were carried out at 0.1 Tesla using a Quantum Design MPMS-5
5T SQUID magnetometer. Data were corrected for magnetisation of the sample holder and

for diamagnetic contributions, which were estimated from the Pascal constants.
2.3.2 Ligand synthesis

3-|NV,N-bis(2-pyridylmethyl)aminomethyl]-5-methylsalicylaldehyde

(Hpy2ald): A solution of di-(2-picolyl)amine (1.08 g, 5.4 mmol) and triethylamine
(1.09 g, 10.8 mmol) in 50 ml of dry THF was added dropwise upon stirring to a solution
of 3-chloromethyl-5-methylsalicylaldehyde (1 g, 5.4 mmol) in 250 ml of dry THF under
Ar atmosphere. After completion of the addition, the resulting white suspension was
refluxed for two hours and cooled to room temperature. After the removal of the
triethylamine hydrochloride salt by filtration, the resulting solution was evaporated
under reduced pressure, yielding a yellow oil, from which the product crystallized
within a few minutes. The recrystallization from methanol-diethyl ester mixture gave
slightly yellowish crystals of the pure compound. Yield: 1.55 g, 4.5 mmol (82%). 'H-
NMR (CDCl;, 200 MHz, ppm): & = 10.42 (s, 1H, aldehyde proton), 8.56 (d, 2H, 6'py-
H); 7.63 (td, 2H, 4'py-H); 7.40 (td, 2H, 5'py-H); 7.21(s, 1H, 6'phenol-H); 7.18 (d, 2H,
3’py-H); 7.13 (s, 1H, 4'phenol-H); 3.89 (s, 4H, N-(CH,py)); 3.80 (s, 2H, phenol-CH,-
N); 2.23 (s, 3H, CH3) .
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2-(bis(2-pyridylmethyl)aminomethyl)-4-methyl-6-
[(2-pyridylmethyl)iminomethyl]phenol: A solution of 2-pyridylmethylamine (0.39 g,
3.6 mmol) in 50 ml of dry methanol was added dropwise upon stirring to a solution of
Hpy2ald (1.26 g, 3.6 mmol) in 250 ml of dry methanol under argon. After the addition
was complete, the resulting bright yellow solution was heated for two hours at 50 °C.
The successful formation of the imine derivative was verified by NMR. '"H NMR
(CDCls, 200 MHz, ppm): & = 8.51 (d, 3H, 6'py-H); 8.34 (s, 1H, CH=N); 7.62 (td, 3H,
4'py-H); 7.33 (t, 3H, 5'py-H); 7.26(d, 2H, 3'py-H); 7.09 (s, 1H, 3'phenol-H); 7.03 (2,
1H, 5'phenol-H); 4.92 (s, 2H, CH=N-CH>) 3.88 (s, 4H, N-(CHxpy), 3.80 (s, 2H, phenol-
CH»-N); 2.29 (s, 3H, CHj3).
2-[bis(2-pyridylmethyl)aminomethyl]-4-methyl-6-[(2-

pyridylmethyl)aminomethyl]phenol (Hpy3asym): 0.41 g (10.9 mmol, 3 eq/1CH=N)
of NaBH,4 were added in situ to a solution of 2-(bis(2-pyridylmethyl)aminomethyl-4-
methyl-6-[(2-pyridylmethyl)iminomethyl]phenol in methanol. After the hydrogen
evolution stopped, the resulting colorless solution was refluxed for two hours and
evaporated under reduced pressure. The residue was dissolved in acidified water and
washed three times with dichloromethane. The water layer was made alkaline (pH~9)
by addition of concentrated ammonia. The resulting white suspension was extracted
three times with dichloromethane. The organic layers were collected and dried over
Na,SO4. After evaporation under reduced pressure, the pure compound was obtained as
clear yellow oil. Yield: 1.54 g, 3.5 mmol (96%). 'H NMR (CDCl;, 200 MHz, ppm): & =
8.55 (d, 3H, 6'py-H); 7.59 (td, 3H, 4'py-H); 7.36 (d, 3H, 3'py-H); 7.14 (t, 3H, 5'py-H);
6.93 (s, 1H, 3'phenol-H); 6.84 (s, 1H, 5'phenol-H); 3.95 (s, 2H, NH-CH,-py); 3.91 (s,
2H, phenol-CH,-NH); 3.85 (s, 4H, N-(CH»-py)2); 3.75 (s, 2H, phenol-N-CH,); 2.22 (s,
3H, CH3). *C NMR (CDCls;, 200 MHz, ppm): & = 159.35; 154.80; 147.32; 136.17;
128.35; 126.35; 124.00; 123.11; 122.85; 121.67; 59.06; 56.12; 54.65; 50.95; 26.22.

2.3.3 Synthesis of [Cu(py3asym)(H20)1.5(NO3)2.51(NO3)o.5 (1)

The bulk sample was prepared by dissolving 0.076 g (0.17 mmol) of Hpy3asym
and 0.09 g (0.37 mmol) of Cu(NO;),:3H,0 in 10 ml of an acetonitrile-water mixture
(1:1). The resulting solution was stirred for one hour at room temperature and
evaporated till dryness under reduced pressure. After washing with a small amount of
acetone, 0.08 g (0.1 mmol, 59% yield) of the pure compound was obtained as a dark
green powder. Elemental analysis, % found (calc.) for
[Cuax(py3asym)(H20)1.5(NO3)25](NO3)os (=Ca7H31CuNgOry5): C, 41.3 (41.7); H, 4.0
(3.9); N, 14,4 (14.7). MS(ESI): m/z 688 ([Cux(py3asym)(NO3),]"). IR: 3600-3200,
broad band (H,O, asymmetric and symmetric OH stretching), 3184 (N-H stretching),
1613 (HOH bending), 1484 (chelating didentate NO;, N=O stretching), 1396
(monodentate NO;3', NO, asymmetric stretching), 1290 (monodentate NO3", symmetric

NO; stretching, and chelating didentate NO3™, asymmetric NO, stretching).”
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Single crystals of the complex, suitable for X-ray crystal structure
determination, were obtained by slow evaporation of an acetonitrile solution containing

stoichiometric amounts of Cu(NO3),-3H,0 and the ligand.
2.3.4 X-ray crystallographic measurements

A single crystal of [Cuy(py3asym)(H,0); 5(NO3),.5](NO3)o.s was mounted at 100
K on a Bruker AXS SMART 6000 diffractometer equipped with Cu-Ka radiation (A =
1.54184 A). CyH3;CuNgOy15, Fw = 778.68 g mol'l, rectangular green needles,
0.17x0.08x0.07 mm’, a = 10.3731(2) A, b = 22.1430(4) A, ¢ = 14.2325Q2) A, B
=105.709(10)°, Z = 4, V = 3146.98(9) A’ peae. = 1.644 g cm™, u = 2.322 cm’’,
absorption correction: SADABS,* monoclinic, space group P2;/n (no. 14), reflections
collected: 18421, independent reflections: 5871 (Rijy = 0.0314). The structure was
solved by direct methods and refined using the SHELX program package.*** All
hydrogen atoms were placed on idealized positions riding on the carrier atom, with
isotropic thermal parameters, except two hydrogen atoms connected to O20. They were
assigned to rest electron density on the electron density map. The final cycle refinement,
including 475 parameters, converged to R/ = 0.0312 (R = 0.0388 all data) and wR2 =
0.0800 (wR2 = 0.0826 all data) with a maximum (minimum) residual electron density of
0.463 (-0.293) e A

Crystallographic data (without structure factors) for the structure of the complex
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC 197305. Copies of the data can be obtained free
of charge from the CCDC (12 Union Road, Cambridge CB2 1EZ, UK; tel: (+44) 1223-
336-408; fax: (+44) 1223-336-003).
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Structural diversity in Cu", Co" and
Mn" complexes of a phenol-based

3 ligand containing amine, pyridine and
formyl functions: 3D structures and
solution studies.

The phenol-based ligand Hpy2ald, prepared as an intermediate in the synthesis
of the ligand Hpy3asym, described in Chapter 2, contains formyl, amine and pyridine
functions. Its reaction with Cu", Mn" and Co" salts leads to complexes with very
different structural features and different nuclearities. Depending on the counter ion, the
carbonyl group of the ligand can be either bound to a metal ion, or remain non-
coordinated, fully changing the ligand coordination behavior. In this chapter the 3D
structures, solution and magnetic properties of six different complexes:
[Coz(py2ald),](Cl04),:0.7CH;0H D), [Cox(py2ald),](BF4)> CH;OH (2),
[Mny(py2ald),](ClO4),-CsH 10O (3), [Cu(Hpy2ald)Br,]-0.5H,O (4), [Mn(Hpy2ald)Cl,]
(5) and [Cua(py2ald)(u-NO3)(NO3),]-CH3CN (6) are reported. In the first three
complexes, two metal ions are doubly bridged by two deprotonated phenolate groups of
two ligands, resulting in dinuclear structures, with the oxygen atom of the carbonyl
group occupying one position in the metal coordination sphere. In the latter three
complexes, the coordinating counter ions Br’, CI" and NO;3™ prevent a binding of the
weaker donor (carbonyl group) to the metal centers, leading to complexes with a metal
to ligand ratio of 2:2, 1:1, and 2:1, respectively. In the first two complexes, the phenol
group of the ligand remains protonated and fails to bridge two metal ions, instead being

semi-coordinated to only one metal ion.

"This chapter is based on: Koval, I. A.; Huisman, M.; Stassen, A. F.; Gamez, P.; Lutz, M.; Spek, A. L.
Pursche, D.; Krebs, B. and Reedijk, J., Inorg. Chim. Acta, 2004, 357, 294-300, and Koval, 1. A
Huisman, M.; Stassen, A. F.; Gamez, P.; Lutz, M.; Spek, A. L.; and Reedijk, J. Eur. J. Inorg. Chem.,
2004, 591-600
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3.1 Introduction

Some time ago, Adams et al. reported'” an unexpected nickel-induced
hydrolysis of unsymmetrical Schiff base compartmental ligands, which resulted in the
transformation of the imino group of the ligands into a formyl moiety. As this
hydrolysis only occurred when nickel(II) salts with non- or weakly coordinating anions
were used, it was suggested that the presence of such anions, as well as of nickel ions is
crucial.? All dinuclear complexes, which were obtained with these in sifu generated
ligands, were found to have very similar crystal structures, comprised of a dimetal core
with two bridging phenolato groups from two ligands. In all cases the metal to ligand
ratio was found to be 2:2. The coordination environment around each metal ion was
completed to a distorted octahedron by three nitrogen donor atoms from an amino arm
of the ligand and an oxygen atom of the formyl group formed due to the hydrolysis.

In this chapter, six novel complexes of the phenol-based compartmental ligand
Hpy2ald (Figure 3.1), containing formyl, amino and pyridine functions, with copper(II),
cobalt(Il) and manganese(Il) ions are reported. The ligand Hpy2ald was prepared as an
intermediate in the synthesis of the asymmetric dinucleating ligand Hpy3asym (Chapter
2).> Three of the reported complexes ([Coa(py2ald),](ClO4),-0.7CH;0H (1),
[Coax(py2ald):](BF4),:CH30H (2) and [Mny(py2ald);](ClO4)>'C4sH0O (3)) possess a
structure very similar to those reported by Adams er al.,'* whereas the other three
complexes, namely [Cu(Hpy2ald)Br;]-0.5H,O (4), [Mn(Hpy2ald)Cl;] (5) and
[Cuax(py2ald)(4-NO3)(NO3),]*CH3CN  (6), exhibit completely different structural
features. The crystal structures, spectroscopic and magnetic properties of all six

complexes are reported.

Figure 3.1. The phenol-based ligand Hpy2ald.

3.2 Results and Discussion
3.2.1 Crystal structure descriptions
[Coa(py2ald);](C104),-0.7CH;O0H (1)

Pink rectangular blocks of the compound were obtained by diethyl ether

diffusion into the methanol solution of the reactants. An ORTEP projection of the
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complex cation [Coa(py2ald),]*" is shown in Figure 3.2. Selected bond lengths and
angles are presented in Table 3.1. The compound crystallizes in the space group Fdd?2,
with sixteen formula units present per unit cell. The complex cation is constituted by
two deprotonated ligands and two Co" ions, resulting in a dimeric structure with a
Co...Co separation of 3.2031(6) A. Two cobalt ions are bridged by two u-phenoxy
bridges from two deprotonated cresolates, resulting in an almost ideal parallelogram
formed by two trans-located cobalt ions Col and Co2 and two trans-located oxygen
atoms O31 and O71. The distances Col-O71 and Co2-O31 are approximately equal
(2.0323(19) A and 2.0344(19) A, respectively), as well as the distances Col1-O31 and
Co2-071 (2.100(2) A and 2.101(2) A, respectively). The interior angles of the
parallelogram are 78.32(7) and 78.25(8)° for O-Co-O and 101.57(8) and 101.55(9)° for
Co-0-Co, and their sum amounts to 359.7°, which is very close to the planar value of
360°.

Both cobalt ions have a significantly distorted octahedral surrounding,
accomplished by a N3O;3 donor set. The coordination sphere of each ion is completed by
two nitrogen atoms from two pyridine rings, a nitrogen donor from a tertiary amine
group and an oxygen from the carbonyl group. For both ions, the oxygen atom from the
deprotonated cresolate and the nitrogen atom from the tertiary amine group are
occupying the axial positions, whereas two pyridine rings lie in the equatorial plane on

either side of the ligand plane and thus are trans-located to each other.

Figure 3.2. ORTEP projection of the dinuclear cation [Co,(py2ald),]*". Hydrogen atoms are omitted for

clarity.

The doubly positive charge of the complex cation is compensated by perchlorate
anions. One perchlorate is on a general position and two independent perchlorates are
located on twofold axes. Additionally, 0.7 molecule of non-coordinated methanol is

refined per formula unit.
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[Coz(py2ald);|(BF4),*CH30H (2)

Pink hexagonal crystals of the complex were obtained by slow diethyl ether
diffusion into a methanol solution of the ligand and cobalt(Il) tetrafluoroborate. As the
complex unit was found to be isomorphous to its perchlorate analogue, its projection is
not depicted. Selected bond lengths and bond angles of compound 2 are presented in
Table 3.1.

Table 3.1. Selected bond lengths and bond angles for [Coy(py2ald),](ClO4),-0.7CH;0H (1) and
[Cox(py2ald),](BF4),"CH;0H (2)

Bond lengths (4) 1 2 1 2
Col -N11 2.118(2) 2.112(3) Co2 - N51 2.111(2) 2.099(3)
Col - N21 2.121(2) 2.124(3) Co2 - N6l 2.111(2) 2.105(3)
Col -N1 2.171(2) 2.174(3) Co2 - N2 2.168(2) 2.168(3)
Col - 031 2.100(2) 2.100(3) Co2 - 031 2.0343(18) 2.033(2)
Col - 071 2.0325(18) 2.033(2) Co2-071 2.101(2) 2.094(2)
Col - 080 2.157(2) 2.161(3) Co2 - 040 2.141(2) 2.146(2)
Bond angles (°) 1 2 1 2
031 -Col - 071 78.32(7) 78.36(9) 031 -Co2 - 040 87.97(8)  87.95(10)
031-Col -080  162.24(7) 162.39(9) 031 -Co2-071 78.25(8) 78.51(9)
031 - Col - NI 91.61(9) 91.67(10) 031 -Co2-N2 166.29(8) 166.60(10)
031 -Col -NI11 103.97(8) 104.09(10) 031 - Co2 - N51 111.58(8) 111.20(10)
031 - Col -N21 95.94(9) 95.79(10) 031 -Co2 - N61 94.43(8)  94.33(11)
071 -Col - 080 87.41(8) 87.49(9) 040 - Co2 - 071 162.73(7) 162.87(8)
071 -Col -N1 165.10(8) 165.03(10) 040 - Co2 - N2 102.95(8) 102.82(10)
071 - Col -N11 93.04(8) 92.80(10) 040 - Co2 - N51 82.18(9)  82.10(10)
O71-Col -N21  113.45(8) 113.50(9) 040 - Co2 - N61 86.69(9)  86.69(11)
080 - Col - N1 104.30(9) 104.13(11) 071 -Co2-N2 92.30(8) 92.18(9)
080 - Col -N11 87.14(9) 86.86(11) 071 - Co2 - N51 93.16(8)  92.96(10)
080-Col -N21  79.97(10) 80.17(11) 071 - Co2 - N61 104.54(8) 104.60(10)
N1 - Col - N11 78.62(9) 78.68(11) N2 - Co2 - N51 78.52(9)  78.59(11)
NI - Col - N21 78.20(8) 78.30(10) N2 -Co2 - N6l 78.20(9)  78.57(11)
NI1-Col -N21  149.70(9) 149.86(11) N51 - Co2 - Nol 151.16(9) 151.57(11)

[an(pyz ald)zl (C104)2'C4H100 (3)

Bright-yellow rod-shaped crystals of the complex were obtained by slow
diffusion of diethyl ether into a methanol solution of the ligand and manganese(II)
perchlorate. An ORTEP projection of the complex is shown in Figure 3.3. The selected

bond lengths and angles are presented in Table 3.2. The complex crystallizes in the
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space group Pl (no. 2). The unit cell includes one doubly charged complex cation, two

perchlorate anions and one disordered molecule of diethyl ether. As in the case of the
cobalt(Il) complexes, two manganese ions are bridged by two oxygen atoms of
deprotonated cresolate moieties, with a Mn1...Mn2 separation of 3.4013(10) A. Each
manganese(Il) ion is further coordinated by two nitrogen donor atoms of two pyridine
rings, the nitrogen atom of the tertiary amino group and the oxygen atom of the
aldehyde group. The coordination spheres around both manganese ions can best be
described as a trigonal prism, with torsion angles of 9.4°, 19.5° and 27.6° for the Mnl
ion, and 7.9°, 2.8° and 1.9° for the Mn2 ion. Two trigonal faces of the prism around the
Mnl ion are formed by the atoms N11, N1 and O31, and the atoms O80, O71 and N21.
For the Mn2 ion, the two trigonal faces are formed by the atoms O31, O40 and N61, and
the atoms N51, N2, O71. All Mn-N and Mn-O distances are in a normal range for high-

spin (S = 5/2) manganese(II) complexes.” In contrast to both cobalt complexes, non-

coordinated counter ions do not exhibit any disorder.

Figure 3.3. ORTEP projection of the complex cation [Mn,(py2ald),]*"
[Cu(Hpy2ald)Br,]-0.5H,0 (4)

A molecular plot of the complex is shown in Figure 3.4. Selected bond lengths
and angles are presented in Table 3.3. As can be evidenced from the picture, the unit
cell encloses two mononuclear formula units and one water molecule, which appears to
be disordered over two positions with an occupancy factor of 0.50. These uncoordinated
water molecules act as hydrogen bond donors with coordinated bromide anions as
acceptors (see Table 3.5), thus resulting in the formation of centrosymmetric dimers
with the formal composition [Cu(Hpy2ald)Br;],-HO.
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Table 3.2. Selected bond lengths and bond angles for [Mn,(py2ald),](C104),C4H;00 (3)

Bond lengths (4)

Mnl - N11 2.227(3) Mn2 - N51 2.214(3)
Mnl - N21 2.262(3) Mn2 - N61 2.201(3)
Mnl - N1 2.330(3) Mn2 - N2 2.374(3)
Mnl - 031 2.169(2) Mn2 - 031 2.121(2)
Mnl - 071 2.112(2) Mn2 - 071 2.194(2)
Mnl - 080 2.231(2) Mn2 - 040 2.220(3)

Bond angles (°)

031 -Mnl - 071 73.50(9) 031 - Mn2 - 040 80.18(9)
031 - Mnl - 080 121.77(10) 031 - Mn2 - 071 72.82(9)
031 -Mnl - N1 82.96(10) 031 -Mn2 - N2 138.56(10)
031 - Mnl -N11 95.70(10) 031 - Mn2 - N51 132.57(10)
031 - Mnl - N21 142.89(10) 031 - Mn2 - N61 98.95(10)
071 - Mnl - 080 80.21(9) 040 - Mn2 - 071 129.86(9)
071 - Mnl - N1 128.93(10) 040 - Mn2 - N2 139.74(10)
071 - Mnl - N11 149.93(11) 040 - Mn2 - N51 82.39(10)
071 - Mnl - N21 99.95(10) 040 - Mn2 - N61 91.11(10)
080 - Mnl - N1 148.40(10) 071 - Mn2 - N2 82.32(9)
080 - Mnl - N11 82.27(10) 071 - Mn2 - N51 85.84(10)
080 - Mnl - N21 91.79(10) 071 - Mn2 - N61 133.75(10)
NI -Mnl - N11 75.40(11) N2 - Mn2 - N51 76.04(11)
NI - Mnl - N21 73.08(11) N2 - Mn2 - N61 74.93(11)
N11 - Mnl - N21 104.86(11) N51 - Mn2 - N61 125.22(11)

The coordination environment around the copper(Il) ion can be best described as
either a very distorted octahedron with a Br,N3;O donor set, or a square pyramid with a
Br;N; donor set and loosely bound phenol group. The phenol group of the cresol ring
remains protonated, which disables it to form a bridge between two copper ions. This in
turn results in the formation of the mononuclear complex. The oxygen atom Ol from
the phenol group thus can be best regarded as only semi-coordinated to the Cul ion,
with a very long Cu-O distance of 2.932(2) A. It lies in one of the apical positions of an
imaginary octahedron, with the second apical position being occupied by one of the
bromide anions at a distance Cul-Brl of 2.7278(4) A. The O1-Cul-Brl angle is
170.75(4)°. The equatorial plane is formed by the second bromide anion Br2, the
nitrogen atom N1 from the tertiary amine group, and two nitrogen atoms N11 and N21
from the pyridine rings. The pyridine rings are located on either side of the ligand plane,
thus being "trans" to each other. The interior angles N1-Cul-N11 and N1-Cul-N21 are
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smaller than 90° (81.03(8)" and 81.05(8)°, respectively), due to the constrains imposed
by the three-bond ligand-bite.
Besides the intermolecular hydrogen bonding, an intramolecular hydrogen bond

is realized between the cresolic proton and the oxygen atom from the formyl group (the
01...010 distance of 2.645 A, see also Table 3.5).

Figure 3.4. PLATON projection of the crystal structure of [Cu(Hpy2ald)Br,]-0.5H,0 (4). The occupancy
factor of each water molecule is 0.50. Only the hydrogen atoms participating in hydrogen bonding are

shown.
[Mn(Hpy2ald)ClL,] (5)

An ORTEP projection of the complex is shown in Figure 3.5. Selected bond
lengths and angles are presented in Table 3.4. The structure of the complex looks very
similar to that of complex 4. However, in this case no intermolecular hydrogen bonding
is present between the formula units. The coordination environment around the Mn1 ion
can be described as a very distorted octahedron. The chloride anion CI2 and the oxygen
atom O31 from the cresol group are occupying the axial positions. Although the Mn1-
031 distance of 2.793(2) A is shorter than the respective distance in complex 4
(2.932(2) A), the oxygen atom can still be best regarded as only semi-coordinated to

manganese 10n.

69



Table 3.3. Selected bond lengths and bond angles for [Cu(Hpy2ald)Br,]-0.5H,0 (4).

Bond lengths (4)

Cul - Brl 2.7278(4) Cul - N1 2.0815(19)
Cul - Br2 2.4299(4) Cul - N11 2.0170(19)
Cul - O1 2.932(2) Cul - N21 2.0246(19)

Bond angles ()

Brl - Cul - Br2 99.197(12) Br2 - Cul - N21 97.42(6)
Brl - Cul - Ol 170.75(4) 01 -Cul -N1 82.40(7)
Brl - Cul - N1 100.65(5) 01 - Cul -N11 78.43(7)
Brl - Cul -N11 93.34(6) 01 - Cul -N21 95.50(7)
Brl - Cul - N21 93.63(5) N1 - Cul -N11 81.03(8)
Br2 - Cul - Ol 78.04(5) N1 - Cul - N21 81.05(8)
Br2 - Cul - N1 160.15(5) N11-Cul -N21  161.69(8)
Br2 - Cul -N11 98.15(6)

Similarly to the copper(Il) bromide complex, the OH group of the cresolic
moiety remains protonated. The C12-Mn1-O31 angle is 175.64(5) °. The basal plane of
the octahedron is formed by two nitrogen atoms N11 and N21 from two pyridine rings,
the nitrogen atom N1 from the tertiary amine group and the chloride anion Cl1 (the Mn-
N distances vary in a range of 2.217(2)-2.360(2) A, the Mn1-Cl1 distance is 2.3737(9)
A). Also in this compound an intramolecular hydrogen bond is realized between the
hydrogen atom of the cresolic group and the oxygen atom from the formyl group, with
an 031...040 distance of 2.660 A (see Table 3.5).

040

Figure 3.5. ORTEP projection of the crystal structure of [Mn(Hpy2ald)ClL,] (5)
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Table 3.4. Selected bond lengths and angles for [Mn(Hpy2ald)Cl,] (5)

Bond lengths (4)
Mnl - Cl1 2.3737(9) Mnl - N1 2.360(2)
Mnl - C12 2.4078(8) Mnl - N11 2.217(2)
Mnl - 031 2.793(2) Mnl - N21 2.223(2)

Bond angles ()

Cll - Mnl - CI2 106.07(3) CI2 - Mnl - N21 94.92(6)
Cl1 - Mnl - 031 76.21(5) 031 -Mnl - N1 75.92(7)
Cll - Mnl - N1 151.89(5) 031 - Mnl -N11 78.07(7)
Cll - Mnl -N11 104.33(6) 031 - Mnl - N21 88.15(7)
Cl1 - Mnl - N21 102.28(6) N1 -Mnl -N11 73.27(8)
CI2 - Mnl - 031 175.64(5) N1 - Mnl - N21 73.22(7)
CI2 - Mnl - N1 101.98(5) N11 - Mnl - N21 145.95(8)
CI2 - Mnl -N11 97.70(6)

Table 3.5. Hydrogen bonds D - H...A for [Cu(Hpy2ald)Br,],-H,O (4) and [Mn(Hpy2ald)Cl,] (5)

Donor - H.... Acceptor D—H (4) H.A(4) D.A@A) D-H.A(

O1-HI10..010 1.00(5) 1.82(5) 2.645(3) 137(4)
[Cu(Hpy2ald)Br,]-0.5H,0 02 - H20 .. Brl' 0.99 2.44 3.405(4) 164.2
02 - H30 .. Brl 0.95 2.70 3.592(4) 155.3
[Mn(Hpy2ald)Cl,] 031 -H10... 040 0.72(3) 2.01(3) 2.660(3) 151(4)
1=2-x, 1-y, 1-z
ii=x,1-y,z

[Cuz(py2ald)(#-NO3)(NO3),]-CH3CN (6)

An ORTEP projection of [Cuy(py2ald)(u-NO3)(NOs),] CH;CN 1is shown in
Figure 3.6. Selected bond lengths and angles are given in Table 3.6. The dinuclear core
is constituted by two copper ions (Cu...Cu distance 3.0652(6) A) bridged on one side by
an endogenous (u-phenoxo) bridge and on the other side by an exogenous didentate
nitrate anion. The complex shows both coordination number and donor-atom
asymmetry. Cul is five coordinated with an almost ideal square pyramidal geometry
(the parameter t, which is used to describe the percentage of trigonal distortion from
square pyramidal geometry, is 0.07 for the Cul ion; t is O for an ideal square pyramid
and 1 for an ideal trigonal bipyramid),” and an N30, donor set. The basal plane is
constituted by two cis-located oxygen atoms, O1 from the deprotonated cresolate and

032 from the bridging nitrate anion, and two cis-located nitrogen atoms, N1 of the
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tertiary amine group and N20 of the pyridine ring. The nitrogen atom N10 from the
other pyridine ring is occupying the apical position. The interior angles of the basal
plane vary in a range of 82.07(9)-93.06(8)°. The distance Cul...041 is 3.031(3) A and

is perhaps too long to consider the O41 atom as a sixth ligand for the Cul ion.

Figure 3.6. ORTEP projection of the crystal structure of [Cu,(py2ald)(u-NO3)(NO;),]-CH;CN (6).

Hydrogen atoms and non-coordinated acetonitrile molecule are omitted for clarity.

The Cu2 ion is six coordinated with a very distorted octahedral geometry and an
Og donor set. Only one of the oxygen atoms belongs to the ligand, whereas the five
others are from three different nitrate anions. Two oxygen atoms O41 and O52 from
two didentate chelating nitrate ions are occupying the axial positions, with long Cu-O
bonds of 2.585(3) A and 2.479(3) A, respectively. The angle 041-Cu2-O52 is only
149.42(9)°, indicating a very large distortion from the regular octahedral geometry,
apparently imposed by the small bite angle of the nitrate anions. The oxygen atoms 042
and O51 of two didentate chelating nitrate anions, the oxygen atom O1 of the
deprotonated cresolate and the oxygen atom O31 of the didentate bridging nitrate anion
lie in the equatorial plane, with Cu-O distances of 1.945(2)-1.978(2) A. The interior
angles of the equatorial plane are somewhat larger than 90°, viz. 90.26(10)-95.55(10)°.

One non-coordinated molecule of acetonitrile is present in the crystal lattice.
3.2.2 Physical characterization
3.2.2.1 Mass-spectroscopy

Electrospray mass-spectra (ESI-MS) of both cobalt(Il) complexes recorded in a
methanol solution reveal one major peak at m/z 405, corresponding to [Cox(py2ald),]*"

(z = 2). The experimentally observed isotopic pattern is in agreement with the
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theoretically calculated one for C4pH49C0,N¢O4. Similarly, in the ESI-MS spectrum of
[Mny(py2ald),](ClO4), recorded in a methanol solution, a m/z 401 peak, corresponding
to [Mna(py2ad),]*" (z = 2), can be found.

Table 3.6. Selected bond lengths and angles for [Cu,(py2ald)(2-NO3)(NO;),] CH;CN (6)

Bond lengths (4)

Cul -0l 1.9918(19) Cu2-02 1.959(2)
Cul - 032 1.937(2) Cu2 - 031 1.945(2)
Cul — NI 2.041(2) Cu2-041 2.585(3)
Cul - N10 2.199(2) Cu2 - 042 1.946(2)
Cul - N20 1.999(2) Cu2 - 051 1.978(2)
Cul...041 3.031(3) Cu2 - 052 2.479(3)

Bond angles ()

01— Cul — 032 92.46(8) 01 - Cu2 - 031 90.63(9)
01 - Cul - N1 93.06(8) 01 - Cu2 - 041 96.70(8)
01 - Cul -N10 89.20(8) 01 - Cu2 - 042 151.99(9)
01 - Cul - N20 163.73(9) Ol - Cu2 - 051 93.75(9)
032 - Cul - N1 174.17(9) 051 - Cu2 - 052 57.90(8)
032 - Cul -N10 99.34(9) Ol - Cu2 - 052 101.69(8)
032 - Cul - N20 92.11(9) 031 - Cu2 - 041 103.36(8)
N1 - Cul - N10 82.59(9) 031 - Cu2 - 042 90.26(10)
N1 - Cul - N20 82.07(9) 031 - Cu2 - 051 158.59(9)
NIO-Cul -N20  105.44(9) 031 - Cu2 - 052 100.68(8)
Cul - O1 - Cu2 101.75(9) 041 - Cu2 - 042 55.99(10)

041 - Cu2 - 051 96.94(8)

041 - Cu2 - 052 149.42(9)

042 - Cu2 - 051 95.55(10)

042 - Cu2 - 052 105.63(10)

The mass spectra of [Cu(Hpy2ald)Br;]-H,O and [Mn(Hpy2ald)ClL:], both
recorded in methanol, are characterized by one major peak corresponding to the moiety
[M(Hpy2ald)X]" (m/z 491 for M = Cu and m/z 437 for M = Mn). These results are as
expected and indicate that the solid-state structures of both complexes are retained in
solution. It is also interesting to note that both Mn" complexes are quite stable towards
dioxygen in solution and can be easily isolated and recrystallized without undergoing
the oxidation to Mn"" derivatives.

The mass spectra of [Cuy(py2ald)(«-NO3)(NOs),] were recorded for comparison
in two different solvents (acetonitrile and methanol). The spectrum of the complex in

acetonitrile solution shows two major peaks. The most intense one at m/z 596
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corresponds to the fragment [Cux(py2ald)(NOs),]", in agreement with the solid-state
structure of the complex. However, the second peak in the spectrum with only a slightly
lower intensity (relative abundance 95%) at m/z 472, corresponds to the mononuclear
fragment [Cu(Hpy2ald)NO3]". The discrimination between mononuclear and dinuclear
fragments is unambiguous from the difference observed in the isotopic patterns, caused
by the presence of one or two copper ions. The structure of the latter complex can be
expected to look in general similar to the structure of the copper bromide complex, with
the phenol group of the ligand being still protonated. The same two peaks are observed
when the spectrum is recorded in methanol solution, thus it appears that the dinuclear
complex with the deprotonated ligand exists in equilibrium with the mononuclear

complex with the protonated ligand.
3.2.2.2 Ligand field spectroscopy

In the diffuse reflectance spectra of the powdered solids, for both cobalt
complexes two major peaks are clearly visible. One of them, at approximately 420 nm,
is a LMCT transition between the bridging phenoxo group and the metal ions and is
typical for dinuclear complexes with phenol-based deprotonated ligands.”® The second
peak, located at 1051 nm for the perchlorate complex and 1042 nm for the
tetrafluoroborate complex corresponds to the 4T2g — 4Tlg(F) d-d transitions. In addition,
in the spectra of both complexes another peak is observed at approximately 520 nm, as a
shoulder of the LMCT transition band, which corresponds to the 4Tlg(P) — 4T1g(F)
transition. The latter two bands are typical for d-d transitions in octahedrally surrounded
Co" ions.” The positions of the bands are not significantly changing if the spectra are
recorded in methanol, suggesting the absence of any significant modifications in the
metal coordination sphere in solution. The diffuse reflectance spectrum of 3 is
characterized by only one rather broad peak at 377 nm. It appears that the d-d transition
band in octahedrally surrounded Mn" is hidden by the LMCT band from the bridging
phenoxo groups to the metal ions, which is usually observed around 400 nm.’ As in the
case of both cobalt complexes, no significant changes were observed when the
electronic spectrum was recorded in methanol.

In the diffuse reflectance spectrum of complex 4, a fairly broad peak
corresponding to a d-d transition of the Cu" ions is observed at 750 nm with the
shoulder around 940 nm. As shown previously, such spectroscopic behavior (high-
energy absorption band in the visible region with a low-energy shoulder) is typical for
square-pyramidal copper(Il) complexes." Thus, the coordination sphere around the
metal center can be indeed best described as square pyramidal. Another intensive band
is observed at 378 nm. Taking into account that the OH group of the ligand is only
semi-coordinated to the copper ion, and thus the LMCT band from the OH group to the
metal ions is unlikely to be visible, this band has been assigned to the charge transfer

from the bromide anions to the copper ions. Similarly, in the diffuse reflectance
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spectrum of complex 5 a band is observed at 356 nm, which has been assigned to the
charge transfer band from the chloride anions to the manganese ions. The d-d transition
band in octahedrally surrounded Mn" is known to be very weak, and must be hidden by
the tail of the LMCT band, which is not uncommon.” The diffuse reflectance spectrum
of complex 6 is characterized by two major peaks. The first one, at 418 nm, corresponds
to the LMCT transition of phenolate group to the copper ions.* The second peak at 640
nm is in a normal range for d-d transitions of Cu" ions.’

When the spectrum of complex 4 is taken in methanol solution, the position of
the d-d band shifts somewhat towards the UV region (near 700 nm). Possible reasons
for this shift can be additional solvation of the copper ions or the partial ligand
exchange of the bromide anions with methanol molecules. The spectrum of
[Mn(Hpy2ald)Cl,] (5) remains unchanged if recorded in methanol.

For comparison, the spectrum of complex 6 was recorded in two different
solvents: acetonitrile and methanol. When the spectrum is recorded in an acetonitrile
solution, the position of the d-d transition band shifts to 672 nm ("red shift"). In
methanol, this shift is even bigger (from 640 nm to 719 nm). These results suggest a
change of the coordination sphere around the copper(Il) ions in solution, presumably
towards a square-pyramidal geometry.® This observation appears to be in agreement
with the results of mass-spectroscopic measurements, which also suggest the presence
of significant amounts of mononuclear copper(Il) species. As can be noticed, the
position of the d-d band in the spectrum of complex 6 in a methanol solution is quite
close to the position of the d-d band for complex 4, which can be regarded as an
additional evidence for the presence of mononuclear species similar in structure to

complex 4.
3.2.2.3 EPR spectroscopy on Cu" complexes 4 and 6.

The EPR spectrum of complex 4 in the solid state has a rhombic character, with
gx=2.05,g,=2.10 and g, = 2.25, suggesting a dy2.,2 ground state. When the spectrum is
recorded in a methanol glass, a hyperfine splitting becomes obvious. Three of four lines
are easily observed (Figure 3.7, left, solid line), whereas the fourth is partially hidden in
the gy, region. The spectrum was simulated' (Figure 3.7, left, dashed line) using the
parameters gx = 2.04, g, = 2.06, g, = 2.24, A, = Ay= 0 and A, = 18.4 mT (192x10™
cm™). These data suggest a distorted square-pyramidal surrounding for the Cu" ions,"” in
agreement with the crystal structure of the complex.

One can also notice an additional peak at high field (approximately 330 mT),
with a g-value below 2, in the spectrum of the complex. The appearance of this signal
may indicate the presence of small amount of dinuclear copper(Il) species in solution.
Although the solid-state structure of the complex is essentially mononuclear, the partial
formation of dinuclear species in solution due to the presence of potentially bridging

bromide anions can be imagined. In this case, this absorption should originate from a
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AM; = =1 transition of the triplet spectrum.® No signal corresponding to a AM; = £2
transition could though be detected. As the structure of these presumably dinuclear
species is unknown, the presence of this high-field signal was neglected during the
simulation of the spectrum.

The EPR spectrum of compound 6, recorded in the solid state at room
temperature, exhibits one fairly broad isotropic signal with g = 2.15. No hyperfine
splitting is resolved and no triplet signal is detected. The resolution does not improve
upon cooling to liquid nitrogen temperature. A very similar spectrum is observed when
the measurement is performed in a frozen acetonitrile solution. These data suggest an
interaction between two copper(Il) centers at relatively close positions, leading to
exchange narrowing. However, when the spectrum is recorded in a methanol glass, it
becomes much more complicated (Figure 3.7, right, solid line). The spectrum obviously
indicates the presence of two different species in solution, and can be best regarded as
an overlapping superposition of two rhombic spectra. In both cases, the **°Cu
hyperfine splitting in the g, region can be observed, although some lines are partially
hidden either due to the overlapping of two spectra with each other, or in the g, , region.
The resulting spectrum was satisfactory simulated" (Figure 3.7, right, dashed line)
considering two non-interacting Cu'"-containing species in an approximate ratio 1:1. For
the species X, the simulating parameters are gy = g, = 2.10, g, = 2.44, A, = 1.1 mT
(10.1x10* cm™), Ay =0, A, = 10.9 mT (124.3x10™ cm™), and for the species Y, g, ~ g,
=2.14, g. = 2.26, A, =0, Ay= 0.43 mT (4.3x10™* cm™), and A, =17.2 mT (181.5x10™*

cm™).

T T T T T T
250 300 350 250 300

Magnetic field, mT Magnetic field, mT

Figure 3.7. Left: X-band EPR spectrum of 4 (frozen methanol solution, 77 K, solid line) and the
simulated curve'' (dashed line). The sharp signal corresponds to the reference DPPH (g = 2.0036). Right:
X-band EPR spectrum of 6 (frozen methanol solution, 77 K, solid line) and simulated curve'' (dashed

line).
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Although the exact interpretation proved to be difficult, these parameters suggest
a dy2.y2 ground state for both species X and species Y. The simulation parameters for the
species X are characteristic for elongated rhombic octahedral CuOg chromophores,* and
are very close to the values typical for Cu" ions in methanol glass. The origin of this
species can be Cu' ions, coordinated by nitrate anions and/or, at least partially, by
methanol molecules. The simulation parameters for the species Y are close to those for
square-planar CuN,O, chromophores. Thus, these results are in a good agreement with
the presence in solution of a mononuclear species [Cu(Hpy2ald)NO;]", as suggested by
mass and ligand field spectroscopy. However, it should be noticed that neither EPR, nor
ligand field measurements provide any direct evidence confirming the presence of
dinuclear species in solution as well. Thus, although the presence of dinuclear species
was evidenced during the mass spectroscopic measurements, it can not be directly
deduced from other spectroscopic techniques. Therefore another possibility, i.e. the
complete dissociation of the dinuclear complex into mononuclear units of composition

[Cu(Hpy2ald)NOs]" in methanol solution, can also not be excluded.
3.2.2.4 Magnetic susceptibility

Magnetic susceptibility measurements have been performed on crystals of 1 (m
=16.99 mg) and 2 (m = 46.28 mg) at 0.1 Tesla in the temperature range of 5 - 300 K.
The plot of the %™ and 7 versus the temperature (with y being the magnetization per
cobalt(Il) ion) is shown in Figure 3.8. Because the magnetic behavior of the two

compounds is almost identical, only the susceptibility curve of compound 1 is given.
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Figure 3.8. xT vs. T (0) and ' vs. T (A) curves of 1. The solid line represents the linear fitting according
the Curie-Weiss law, the dashed line represent the calculated lines for the parameters g, = 2.31, -J; = 3.56

cem” and 0, = 3.0 K, with R, <7.9-10™.
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At 300 K, 17 = 2.59 cem’® K mol™, which is close to the expected value for a
single, uncoupled cobalt(Il) ion. The value of ;7 decreases upon cooling, going to zero
at very low temperatures. The same behavior is observed for 2, with a value for ;7 =
2.58 cm’® K mol ™ at 300 K.

Fitting the linear part of the ' vs. T curve (between 50 and 300 K) results in the
Curie constants Cy = 2.63 cm® K mol™” and C; = 2.78 em’ K mol™ and Curie-Weiss
temperatures of 6 = -18.7 K with Ry <4.5:10° and 6 = -16.5 K with R, < 8.7-107 (the
reliability factor R is defined as R = n'l[Z(Xobs-xcal)z/(xcal)z], where n = number of data
points). The Curie constants correspond to g values of 2.36 for compound 1 and 2.43 for
compound 2.

The susceptibilities of 1 and 2 have been simulated over the entire temperature
range using a modified Van Vleck equation (3.1)"*" for a pair of coupled S = 3/2 spins
(see Figure 3.8), where x = exp(-J/kT) and N, k and [ have their normal values."

2
N, 6 10
P i sl 3.1)
KT-0) 7+5x"+3x"" +x

The observed and calculated susceptibilities are in agreement over the entire
temperature range, applying the constants g; = 2.31, -J; = 3.56 cm™ and 6, = 3.0 K, with
Ry <7.9-10* for compound 1, and the constants g, = 2.32, -J, = 3.30 cm! and & =42
K, with R, < 2.6:10™ for compound 2.

The magnetic susceptibility of crystals of 3 (13.18 mg) has been measured
between 5 and 250 K, with an external field of 0.1 Tesla. The plot of %™ and y T versus
the temperature (with y being the magnetization per manganese(Il) ion) is shown in
Figure 3.9. Also in this compound a decrease in magnetic susceptibility is observed with
decreasing temperatures, from a value of y7'=4.29 cm® K mol™ at 250 K, to 1.4 cm’ K
mol™ at 5 K. A Curie-Weiss behavior above 30 K results in a Curie constant C3 = 4.38
cm’ K mol™, which corresponds to a g value of g3 = 2.00.

The magnetic susceptibility fit for the dinuclear manganese(Il) system based on
the isotropic Heisenberg model H = 2J-51-52 (S1=52=5/2) is expressed by equation
3.2,' where x = exp(-J/kT), and the other symbols have their usual meanings."” The
cryomagnetic properties of 3 are simulated well by equation 3.2, using the magnetic
parameters g3 = 1.99, J3=0.57 cm™' and TIP= 0. The reliability factor R = 1.3-10”,

ENFE 284572 4 1488 4 30610 455
= X

+ TIP (3-2)
kT 0+ 35?8 + 527 + 718 4+ 9510 17

Xm

Magnetic susceptibility measurements on powdered crystals of 4 (m = 50.20
mg), 5 (19. 04 mg) and 6 (m = 29.11 mg) have also been performed at 0.1 Tesla. Values

for y in the copper(Il) complexes have been calculated for dinuclear species.
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Figure 3.9. T vs. T (0) and ' vs. T (A) curves of 3. The solid line represents the linear fitting according
the Curie-Weiss law, the dashed line represent the calculated lines for the parameters g; = 1.99, J; = 0.57

em”, TIP=0and R = 1.3x10".

At 300 K, the ¢ T for complex 4 is 0.84 cm® K mol™'. This value remains almost
constant, as the compound shows a Curie-Weiss behavior over the entire temperature
region. The Curie constant C; = 0.42 cm® K mol™ indicates a g-value of 2.12. The Curie
temperature 6 is 0 K, as expected. Thus, no magnetic coupling is present between two
mononuclear fragments coupled by the disordered water molecule.

For complex 5, T is 4.40 cm® K mol™ at 300 K, corresponding to a magnetic
moment of 5.93 ug. This value is in perfect agreement with the theoretically expected
one for a high-spin Mn'" ion (S = 5/2). It remains unchanged over the entire temperature
range, indicating a paramagnetic behavior of the complex, as could be predicted from its
crystal structure. The Curie temperature s 0 K, as expected.

The plot of ™' and T versus the temperature for complex 6 between 5 and 150
K (with y being the magnetization per dinuclear complex) is shown in Figure 3.10.
From the increase of the magnetic susceptibility at low temperature (from y¢7 = 0.89
cm’ K mol™ at 150 K to 67 = 1.05 cm® K mol” at 5 K) ferromagnetic behavior is
evidenced. By linear regression, the Curie constant has been determined to be C = 0.45
cm’ K mol™, which results in a g value of 2.18. This value is in a very good agreement
with the one determined from EPR measurements in the solid state (g = 2.15).

A ferromagnetic interaction is usually observed, when the magnetic orbitals of
two closely located metal ions have a negligible overlap, whereas the antiferromagnetic
exchange is found when the magnetic orbitals are pointing towards each other in such a

way that the overlap integral is reasonably large.””'® In compound 6, two unpaired
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electrons from the Cul and Cu2 ions are both occupying d2.,2 orbitals. In a symmetrical
complex, a bridging phenoxo group with an angle of 101.75(9)° between the copper
centers would normally result in an antiferromagnetic interaction. However, due to the
asymmetry of the penta- and hexacoordinated copper(Il) ions, induced by the ligand
HpyZ2ald and the nitrate anions, an overlapping of two d2.,2 orbitals can be expected to

be very insignificant. In this case, a weak ferromagnetic exchange can be expected.
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Figure 3.10. 3,7 vs. T (0) and ;" (A) vs. T curves of 6. The solid line represents the linear fitting
according to the Curie-Weiss law, the dashed line represent the calculated lines for the parameters Jg =

32cm’, gg=2.17and R = 1.24-107.

The magnetic behavior has been simulated using the Bleaney-Bowers equation

(3.3),"" in which -J is the magnetic exchange parameter and all constants have their
usual value."”

2¢°N,
- £NF + TIP (3.3)
kT [3 + exp (-J/kT)]

Xm

The best simulation is obtained with the values Js = 3.2 cm™ and g6 =2.17. The
reliability factor R is 1.24:107.

3.3 Concluding remarks

The phenol-based ligand Hpy2ald contains a tridentate arm and a carbonyl group
in two ortho positions with respect to the phenol group. Quite similar ligands and their
Ni'! coordination compounds were previously described by Adams er al.' In the
overwhelming majority of cases, the ligands reported by Adams were formed in situ by
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the hydrolysis of an imino arm of the initially dinucleating phenol-based ligands." The
structures of the previously described complexes with this type of ligands include
dinuclear metal cores, where two metals are doubly bridged by two phenolato groups. In
all cases, the C=0 group of the ligand is coordinated to the metal ion.'

In the present chapter, six new cobalt(Il), copper(Il) and manganese(Il)
complexes with the ligand Hpy2ald are reported. Three of them (namely complexes 1, 2
and 3) possess structural features very similar to those reported by Adams ez al.,' but the
structures of the other three compounds are quite different. Thus, the reaction of
Hpy2ald with copper(Il) nitrate yields the asymmetric dinuclear complex
[Cua(py2ald)(4-NO3)(NO3),]-CH3CN (6), in which the two metal ions are doubly
bridged by a deprotonated cresolate anion and a didentate nitrate anion. The metal to
ligand ratio in this complex is 2:1, and the octahedral coordination environment of one
of the copper ions is completed by chelating nitrate anions. The aldehyde group of the
ligand remains non-coordinated.

The reaction of Hpy2ald with CuBr; yields the mononuclear complex of formal
composition [Cu(Hpy2ald)Br,]-0.5H,O (4). In the crystal, the copper complexes form
dimers by hydrogen bonding with lattice water molecules as hydrogen bond donors and
coordinated bromides as acceptors. The metal-to-ligand ratio within a mononuclear
fragment is 1:1. In this complex, the phenol group of the ligand remains protonated,
failing to bridge two metal ions and instead being only semi-coordinated to one metal.
As in the case of the nitrate complex, the aldehyde group is non-coordinated, but
hydrogen bonded to the protonated phenol. The octahedral coordination environment
around the metal ion is completed by nitrogen donor atoms of the tridentate arm from
the ligand and two bromide anions.

Finally, the reaction of Hpy2ald with manganese(II) chloride yields the complex
[Mn(Hpy2ald)Cl,] (5). The molecular structure of this complex is very similar to the
structure of the copper(Il) bromide complex with intramolecular hydrogen bonding, but
in this crystal lattice no intermolecular hydrogen bonding is present.

These unusual structural features of the latter three complexes open the
possibility to speculate that the structure of complexes with carbonyl-containing phenol-
based ligands is largely determined by the donor properties of the anion. Due to the
presence of a very weak donor carbonyl group in the ligand, the counter ions present in
the solution may compete with the oxygen atom of the carbonyl group for a place in the
coordination sphere of the metal ion. Thus, the dinuclear core comprised of two metal
ions and two ligands, in which the carbonyl group is coordinated to the metal ions, can
only be formed if non-coordinating, or very weakly coordinating anions are present in
the solution, as evident from the structures of the complexes 1, 2 and 3, containing
perchlorate and tetrafluoroborate counter ions. At the same time, the presence of

stronger donors, e.g. nitrate and halogen anions, prevents a weaker donor, i.e. the
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carbonyl group, from coordinating to the metal ion. In addition, in all cases, changing

the initial ratio of the reactants did not influence the structure of the formed complexes.

3.4 Experimental Section
3.4.1 Materials and Methods

All starting materials were commercially available and used as purchased. The
synthesis of the ligand Hpy2ald is reported in Chapter 2. The infrared spectra of the
complexes in the 4000-300 cm” range were recorded on a Bruker 330V IR
spectrophotometer equipped with a Golden Gate Diamond. The ligand field spectra of
the solids (300-2000 cm™, diffuse reflectance) and in solution were taken on a Perkin-
Elmer 330 spectrophotometer equipped with a data station. Electrospray mass spectra
(ESI-MS) in acetonitrile or methanol solution were recorded on a Thermo Finnigan
AQA apparatus. X-band electron paramagnetic resonance (EPR) measurements were
performed at room temperature and at 77 K in the solid state, or at 77 K as methanol
frozen solutions on a Jeol RE2x electron spin resonance spectrometer, using DPPH (g =
2.0036) as a standard. Bulk magnetizations of polycrystalline samples were measured in
the range 5-300 K with a Quantum Design MPMS-5S SQUID magnetometer, in a 1 kG
applied field. The data were corrected for the experimentally determined contribution of
the sample holder. Corrections for the diamagnetic responses of the complexes, as

estimated from Pascal’s constants, were applied.*

3.4.2 Syntheses of the coordination compounds

[Co2(py2ald);](C104),:0.7CH;0H (1): 20 ml of a methanol solution of
cobalt(IT) perchlorate (146 mg, 0.4 mmol) were added to 20 ml of a methanol solution
of the ligand (69 mg, 0.2 mmol). Slow evaporation of the solvent yielded pink
rectangular crystals suitable for X-ray crystal structure determination. Elemental
analysis, % found (calc.) for [Coz(py2ald),](ClO4),-0.7CH;0OH
(=C42.7H42.8C1,C0,N¢O12.7): C, 49.3 (49.7); H, 4.0 (4.2); N, 8.1 (8.0). IR, cm™": 3567 (O-
H stretching); 2898 (C-H stretching); 1635 (C=0 stretching); 1606, 1557 (C=N arom.,
C=C arom.), 1080 (CIOy)

[Coz(py2ald),](BF4),*CH30H (2): 20 ml of a methanol solution of cobalt(Il)
tetrafluoroborate (136 mg, 0.4 mmol) were added to 20 ml of a methanol solution of the
ligand (69 mg, 0.2 mmol). Slow ether diffusion into the resulting pink solution yielded
small pink hexagonal crystals of the complex which were found to be suitable for X-ray
crystal structure determination. FElemental analysis, % found (calc.) for
[Coax(py2ald);](BF4),*CH30H (=C43H43B2C02FsN6O3): C, 50.6 (50.8); H, 4.4 (4.4); N,
8.5 (8.3). IR, cm™: 2916 (C-H stretching); 1635 (C=0 stretching); 1607, 1558 (C=N
arom., C=C arom.); 1032 (BFy).
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[Mn;(py2ald);](C104),*C4H10O (3): A solution of manganese(Il) perchlorate
(245 mg, 0.4 mmol) in 20 ml of methanol was added to a solution of the ligand (69 mg,
0.2 mmol) in 20 ml of methanol. Ether diffusion into the resulting bright-yellow
solution led to the appearance of yellow rod-shaped crystals which were found suitable
for X-ray crystal structure determination. Crystals were found to deteriorate rapidly
when taken out of the mother solution, due to the loss of ether molecules from the
crystal lattice. Elemental analysis, % found (calc.) for [Mny(py2ald),](ClO4), (=
C4H4CLMnyNGO1,): C, 50.1 (50.4); H, 4.0 (4.0), N, 8.4 (8.4). IR, cm™: 2924 (C-H
stretching); 1643 (C=0 stretching); 1602, 1554 (C=N arom., C=H arom.), 1079 (CIOy).

[Cu(Hpy2ald)Br;]-0.5H,0 (4): 20 ml of a methanol solution of the ligand (56
mg, 0.16 mmol) were added to an equal volume of a copper(Il) bromide solution (72
mg, 0.32 mmol) in methanol. Green rectangular crystals appeared when the solvent was
almost completely evaporated. Their quality was found to be suitable for X-ray
diffraction analysis. Elemental analysis, % found (calc.) for [Cu(Hpy2ald)Br;]
(=C,1H2,Br,CuN30,5): C, 43.9 (43.5); H, 3.8 (3.8); N, 7.5 (7.3). IR, cm": ~3600, broad
band (H»O, asymmetric and symmetric OH stretching); 2980 (C-H stretching); 1654
(C=0 stretching); 1608 (C=C arom., C=N arom.).

[Mn(Hpy2ald)Cl;] (5): 20 ml of a methanol solution containing 129 mg (0.8
mmol) of manganese(Il) chloride dihydrate were added to an equal volume of a
methanol solution of the ligand (56 mg, 0.16 mmol). Slow evaporation of the resulting
bright-yellow solution resulted in appearance of colorless crystals of the product. These
crystals were found to be of sufficient quality for X-ray crystal structure determination.
Elemental analysis, % found (calc.) for [Mn(Hpy2ald)Cl,] (=C,;H;;Cl,MnN;0,): C,
52.9 (53.3); H, 4.9 (4.5); N, 8.9 (8.9). IR, cm™: 2968 (C-H stretching); 1655 (C=0O
stretching); 1604 (C=C arom., C=N arom.)

[Cuz(py2ald)(#-NO3)(NO3):]*CH3CN (6): 20 ml of an acetonitrile solution of
the ligand (56mg, 0.16 mmol) were added to an equal volume of a copper(Il) nitrate
solution (77 mg, 32 mmol) in acetonitrile. Slow evaporation of the solvent led to the
appearance of green rectangular crystals, which were of sufficient quality for X-ray
structure determination. The crystals were found to deteriorate rapidly when taken out
of the mother liquor, due to the loss of acetonitrile. Elemental analysis, % found (calc)
for [Cua(py2ald)(u-NO3)(NO3), (=C21H20CusNgO11): C, 37.9 (38.2); H, 3.4 (3.1); N,
12.8 (12.7). IR, em™": 3047 (C-H stretching); 1610 (C=0 stretching); 1550 (C=C arom.,
C=N arom.); 1436 (chelating didentate NO;", N=O stretching); 1283 (bridging didentate
NOs', vo(NO3)); 998 (bridging didentate NOs’, v5(NO>)).

3.4.3 X-ray crystallographic measurements

[Coz(pyZald)Z](ClO4)2-0.7CH30H (1) (C42H40C02N604)(C104)2'0.7(CH40),
Fw = 1031.99, red-brown block, 0.30x0.25%0.18 mm°, orthorhombic, Fdd2 (no. 43), a
=27.0312(2) A, b =34.1008(2) A, ¢ =18.9101(1) A, V' =17431.05(19) A, Z=16, Pealc.
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=1.573 g/em’. 66127 reflections were measured on a Nonius KappaCCD diffractometer
with rotating anode (L = 0.71073 A) at a temperature of 150(2) K up to a resolution of
(sinB/M)max = 0.61 A™'; 8090 reflections were unique (Rin = 0.040). The structure was
solved with Patterson methods (DIRDIF-97)*'and refined with SHELXL-97% against F*
of all reflections. Non-hydrogen atoms were refined freely with anisotropic
displacement parameters. One perchlorate anion was refined with a disorder model. H
atoms were refined as rigid groups; methanol H atoms were kept fixed. 634 refined
parameters, 52 restraints. Flack x-parameter:* 0.005(9). R [I> 2c(I)]: RI= 0.0285, wR2
= 0.0784. R [all refl.]: RI= 0.0318, wR2 = 0.0806. GoF = 1.040. Residual electron
density between —0.36 and 0.46 ¢/A’. Molecular illustration, structure checking and
calculations were performed with the PLATON package.’

[Cox(py2ald);](BF4)>CH30H  (2): (Cs2Hs9C02N6O4)(BF4)2(CH40), Fw =
1016.32, brown block, 0.21x0.15%0.09 mm’, orthorhombic, Fdd? (no. 43), a =
26.8533(2) A, b =33.8399(3) A, ¢ =18.8585(1) A, V' =17137.02) A, Z = 16, pearc. =
1.576 g/em’. 55275 reflections were measured on a Nonius KappaCCD diffractometer
with rotating anode (A=0.71073 A) at a temperature of 150(2) K up to a resolution of
(sin®/Mmax = 0.59 A™'; 7384 reflections were unique (Riy = 0.053). An absorption
correction based on multiple measured reflections was applied (¢ = 0.863 mm™', 0.85-
0.92 transmission). Coordinates of compound 1 were taken as starting model and
refined with SHELXL-97% against F* of all reflections. Non-hydrogen atoms were
refined freely with anisotropic displacement parameters. One BF, anion was refined
with a disorder model. H atoms were refined as rigid groups. 608 refined parameters, 40
restraints. Flack x-parameter *: -0.026(11). R [I > 2o(I)]: RI= 0.0335, wR2 = 0.0790. R
[all refl.]: RI= 0.0411, wR2 = 0.0828. GoF = 1.017. Residual electron density was
between —0.44 and 0.71 ¢/A°. Molecular illustration, structure checking and calculations
were performed with the PLATON package.’

[Mn;(py2ald);](C104)2*CsH100 (3): (Cs2HsoMnoNeO4)(ClO4)2(C4H 00O), Fw =
1075.20, yellow block, 0.1x0.1x0.04 mm’, triclinic, Pl (no. 2), a=12.6517(3) A, b =

12.7867(3) A, c = 16.7288(4) A, a = 85.068(2)°, B = 75.6270(10)°, y = 65.4720(10)°, V
= 2384.55(10) A3, Z =12, peac. = 1.497 g/cm3. 14022 reflections were collected on a
Bruker AXS Smart 6000 CCD diffraction system using Cu radiation (A = 1.54178 A) at
a temperature of 153 K; 8009 reflections were unique (R = 0.0390). The structure was
solved by direct methods using the program SHELXL-97.> The final position of all
non-hydrogen atoms were taken from a series of full-matrix least-squares refinement
cycles based on F*> with the SHELXL-97 program followed by difference Fourier
synthesis.”> All non-hydrogen atoms, the counter ions and the ether solvent molecule
were refined anisotropically. All hydrogen atoms were placed on calculated positions
and allowed to ride on their corresponding atoms. The isotropic thermal parameters for
the methyl protons were refined with 1.5 times and for all other hydrogen atoms with

1.2 times of the U value of the bonding atom. 624 refined parameters, 0 restraints. R [I
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> 20()]: R1= 0.0516, wR2 = 0.1307. R [all refl.]: RI = 0.0706, wR2 = 0.1379. GoF =
0.959. Residual electron density was between —0.67 and 0.91 e/A’. Illustrations,
structure calculations, and structure checking were performed with the PLATON
package.’

[Cu(Hpy2ald)Br;]:0.5H,O (4): (C, HzBr,CuN30,)(H,0)o5, Fw = 579.78,
green block, 0.24x0.18x0.06 mm’, triclinic, Pl (no. 2), a = 7.7651(1) A, b =

8.8800(1) A, ¢ =16.9099(2) A, o = 98.0365(6)°, #=93.0171(7)°, y = 112.7805(6)°, V' =
1057.19(2) A3, Z =72, pcale. = 1.821 g/cm3. X-ray intensities were collected on a Nonius
KappaCCD diffractometer with rotating anode (A = 0.71073 A, graphite
monochromator) at a temperature of 150(2) K up to a resolution of (sin 6/A)max = 0.65
A’'. 14345 reflections were collected; 4758 reflections were unique. The structure was
solved by automated Patterson methods (DIRDIF99)** and refined with SHELXL97%*
against F? of all reflections. Non hydrogen atoms were refined freely with anisotropic
displacement parameters. The phenolic hydrogen was located in the difference Fourier
map and refined freely with isotropic displacement parameters. The water hydrogen
atoms were located in the difference Fourier map and kept fixed in these positions. All
other hydrogen atoms were refined as rigid groups by direct methods using the program
SHELXL-97.% R [1 > 25(1)]: RI= 0.0260, wR2 = 0.0595. R [all refl.]: RI=0.0325, wR2
= 0.0625. GoF = 1.036. Illustrations, structure calculations, and structure checking were
performed with the PLATON package.’

[Mn(Hpy2ald)Cl;] (5): (C;1H2:Cl,MnN;O,), Fw = 473.25, yellow block,
0.56%0.15%x0.03 mm’, triclinic, P 1 (no. 2), a = 7.6829(14) A, b = 8.8364(11) A, c =

16.329(2) A, a=95.936(11)°, B =92.005(14)°, y = 111.789(13)°, ¥ = 1020.6(3) A3, Z=
2, peale. = 1.540 g/cm3. 16182 reflections were collected on a Nonius KappaCCD
diffractometer with rotating anode (L = 0.71073 A, graphite monochromator) at a
temperature of 150(2) K up to a resolution of (sin 0/A)max = 0.65 A, of which 4640
reflections were unique. The structure was solved by automated Patterson methods
(DIRDIF99)* and refined with SHELXL97% against F* of all reflections. Non hydrogen
atoms were refined freely with anisotropic displacement parameters. The phenolic
hydrogen was located in the difference Fourier map and refined freely with isotropic
displacement parameters. The water hydrogen atoms were located in the difference
Fourier map and kept fixed in these positions. All other hydrogen atoms were refined as
rigid groups by direct methods using the program SHELXL-97.* R [I > 25(D)]: RI=
0.0467, wR2 = 0.1098. R [all refl.]: RI= 0.0755, wR2 = 0.1225. GoF = 1.037.
[lustrations, structure calculations, and structure checking were performed with the
PLATON package.’

[Cuy(py2ald)(#-NO3)(NO3)2]*CH3CN (6): (Ci1H20CuaNgO1p1)-(CoH3N), Fw
700.56, dark green block, 0.48x0.24x0.18 mm3, monoclinic, P2;/c (no. 14), a =
8.6632(7) A, b=17.3510(10) A, c = 19.5299(17) A, o = 90°, B =97.203(7)°, y = 90°, V/
= 2912.5(4) A3, Z =4, peac. = 1.598 g/cm3. 51234 were collected on a Nonius
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KappaCCD diffractometer with rotating anode (A = 0.71073 A, graphite
monochromator) at a temperature of 150(2) K up to a resolution of (sin 6/A)max = 0.65
A", 6695 reflections were unique. The structure was solved with direct methods
(SHELXS97)®and refined with SHELXL97* against F* of all reflections. Non
hydrogen atoms were refined freely with anisotropic displacement parameters.
Hydrogen atoms were refined as rigid groups by direct methods using the program
SHELXL-97.% R [1 > 25(])]: RI= 0.0408, wR2 = 0.1091. R [all refl.]: RI= 0.0532, wR2
=0.1172. GoF = 1.043. Illustrations, structure calculations, and structure checking were
performed with the PLATON package.’

Crystallographic data for the structures of the complexes have been deposited
with the Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-216684 (compound 1), 216685 (compound 2), 216686 (compound 3), 212531
(compound 4), 212532 (compound 5) and 212530 (compound 6). Copies of the data can
be obtained free of charge from the CCDC (12 Union Road, Cambridge CB2 1EZ, UK;
tel: (+44) 1223-336-408; fax: (+44) 1223-336-003).

3.5 References

) Adams, H.; Fenton, D. E.; Haque, S. R.; Health, S. L.; Ohba, M.; Okawa, H.; Spey, S. E. J.
Chem. Soc., Dalton Trans. 2000, 1849-1856.

2) Adams, H.; Clunas, S.; Fenton, D. E. Inorg. Chem. Comm. 2001, 4, 667-670.

3) Koval, I. A.; Pursche, D.; Stassen, A. F.; Gamez, P.; Krebs, B.; Reedijk, J. Eur. J. Inorg. Chem.
2003, 1669-1674.

4) Comprehensive Coordination Chemistry; Wilkinson, G., Ed.; Pergamon Press: Toronto, 1987;
Vol. 5.

5) Spek, A. L. J. Appl. Cryst. 2003, 36, 7-13.

(6) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G. C. J. Chem. Soc., Dalton
Trans. 1984, 1349-1356.

@) Gamez, P.; von Harras, J.; Roubeau, O.; Driessen, W. L.; Reedijk, J. Inorg. Chim. Acta 2001,
324,27-34.

®) Torelli, S.; Belle, C.; Gautier-Luneau, 1.; Pierre, J. L.; Saint-Aman, E.; Latour, J. M.; Le Pape,
L.; Luneau, D. Inorg. Chem. 2000, 39, 3526-3536.

) Lever, A. B. P. Inorganic Electronic Spectroscopy; 2 ed.; Elsevier: Amsterdam, 1984.

(10) Rajendran, U.; Viswanathan, R.; Palaniandavas, M.; Laskiminaraya, N. J. Chem . Soc., Dalton
Trans. 1994, 1219-1226.

(11) Neese, F.; The program EPR, a modeling approach, Version 1.0. University of Konstanz, 1993

(12) Hathaway, B. J., Billing, D. E. Coordin. Chem. Rev. 1970, 5, 143-207.

(13) Emori, S.; Nakashima, H.; Mori, W. Bull. Chem. Soc. Jpn. 2000, 73, 81-84.

(14) Earnshow, A. Introduction to Magnetochemistry; Acad. Press: London, 1968.

(15) Kahn, O. Molecular Magnetism; Wiley-VCH: New York, 1993.

(16) Sakiyama, H.; Sugawara, A.; Sakamoto, M.; Unoura, K.; Inoue, K.; Yamasaki, M. Inorg. Chim.
Acta 2000, 310, 163-168.

17) Hay, P. J.; Thibeault, J. C.; Hoffmann, R. J. Am. Chem. Soc. 1975, 97, 4884-4899.

(18) Kahn, O. Angew. Chem. Int. Ed. Engl. 1985, 24, 834-850.

(19) Bleaney, B.; Bowers, K. D. Proc. R. Soc. London Ser. A 1952, 214, 451-465.

(20) Kolthoff, I. M.; Elving, P. J. Treatise on Analytical Chemistry; Interscience Encyclopedia, Inc.:
New York, 1963.

21) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia-Granda, S.; Gould, R. O.;
Smits, J. M. M.; Smykalla, C. The DIRDIF97 program system, Technical Report of the
Crystallography Laboratory, University of Nijmegen, The Netherlands. 1997.

(22) Sheldrick, G. M.; SHELXL-97, Program for the refinement of crystal structures. University of
Géttingen, Germany, 1997

(23) Flack, H. D. Acta Cryst. 1983, 439, 876.

86



(24) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia-Granda, S.; Gould, R. O.;

Smits, J. M. M.; Smykalla, C. The DIRDIF99 program system, Technical Report of the
Crystallography Laboratory, University of Nijmegen, The Netherlands 1999.

Sheldrick, G. M.; SHELXS-97, Program for crystal structure solution. University of Gottingen,
Germany, 1997

(25)

87



88



Dinuclear Cu" complexes with the
new phenol-based ligand bearing
4 pyridine and thiophene substituents:
synthesis, characterization and
interaction with catechol substrates.’

The reaction of the phenol-based ligand 2,6-bis[N-(2-pyridylmethyl)-N-(2-
thiophenylmethyl)aminomethyl]-4-methylphenol (Hpy2th2s), containing pyridine and
thiophene substituents, with copper(Il) chloride and bromide yields two new dinuclear
complexes of composition [Cuy(py2th2s)(u-X)X;], where X = CI or Br. In both
complexes, the copper(Il) ions are pentacoordinated and bridged by the deprotonated
phenolate anion and by one halogen anion. Both complexes exhibit geometric
asymmetry, as the coordination environment around one of the two copper ions is
square-pyramidal, whereas the other can be best described as a distorted trigonal
bipyramid. The complexes were characterized by means of X-ray single-crystal
diffraction, ligand field, EPR and mass spectroscopy and electrochemistry. Magnetic
susceptibility measurements indicate an antiferromagnetic coupling between two metal
centers (2J ~ -200 cm™). The interaction of the complexes with model substrates 3,5-di-

tert-butylcatechol and tetrachlorocatechol is reported.

"This chapter is based on: Koval, I. A., Huisman, M., Stassen, A. F., Gamez, P., Roubeau, O., Belle, C.,
Pierre, J. L., Saint-Aman, E., Luken, M., Krebs, B., Lutz, M., Spek, A. L., Reedijk, J., Eur. J. Inorg.
Chem., 2004, 4036-4045

89



4.1 Introduction

As discussed in Chapter 1, an interesting structural feature encountered in the
active site of catechol oxidase from sweet potatoes (Ipomoea batatas)' is an unusual
thioether bond between a carbon atom of one of the histidine ligands and the sulfur
atom of a nearby cysteine residue from the protein backbone. This structural moiety is
thought to impose additional structural restraints on the coordination sphere of one of
the copper ions, which may in turn optimize the redox potential of the metal needed for
the oxidation of the catechol substrate and may allow a rapid electron transfer in the
redox processes. Although a very large number of synthetic models of the type-3 active
site appeared in literature in the past few decades, relatively little attention has been
paid to this thioether bond.”? In an attempt to mimic this quite unusual structural feature a
new dinucleating  phenol-based ligand  2,6-bis[ N-(2-pyridylmethyl)-N-(2-
thiophenylmethyl)aminomethyl]-4-methylphenol (abbreviated as Hpy2th2s) with two
pendant arms, containing pyridine and thiophene residues, was prepared.

Recent studies on the copper complexes of HLg ligands, published by Belle et
al’ (see Chapter 1), allowed to propose a new catalytic mechanism for catechol
oxidation, emphasizing the role of the u-hydroxo bridge between the two metal centers.
It includes the monodentate coordination of the substrate to one of the metal centers
with the concomitant cleavage of the OH bridge, and the subsequent proton transfer
from the second OH group of the catechol substrate to the hydroxyl group bound to the
second copper center.’ The release of a water molecule results in a bridging
coordination of the catecholate, which undergoes an oxidation to quinone. In order to
further demonstrate the importance of the u-hydroxo bridge on the catalytic cycle, two
dinuclear copper(Il) complexes with Hpy2th2s have been synthesized, and their
structural, spectroscopic, magnetic and electrochemical properties along with their
interaction with the model substrates, 3,5-di-tert-butylcatechol (DTBCH,) and
tetrachlorocatechol (TCC), have been investigated. In these complexes, the two metal
ions are doubly bridged by the oxygen atom of the phenolate group and a halogen anion.
The influence of the bridging ligands (e.g. a halogen vs. the hydroxyl anion) on the

catecholase activity of dicopper(IT) complexes is discussed.
4.2 Results and Discussion

4.2.1 Synthesis

The synthesis of this ligand is depicted in Figure 4.1. The starting compound for
the ligand synthesis, N-(2-pyridilmethyl)-N-(2-thiophenylmethyl)amine, was prepared
by reacting the commercially available 2-formylthiophene and 2-methylpyridilamine
followed by the reduction of the in situ generated imine by NaBH4. The starting
compound 2,6-bis(chloromethyl)-4-methylphenol was prepared as previously
described.* The reaction of 2,6-bis(chloromethyl)-4-methylphenol with a stoichiometric
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amount of N-(2-pyridilmethyl)-N-(2-thiophenylmethyl)amine, in the presence of an
excess of NEt;, resulted in the formation of the ligand, which was isolated as a
transparent light-yellow oil. The reaction of Hpy2th2s with copper(Il) chloride and
bromide led to the formation of two new dinuclear copper complexes, which were

isolated as a dark-brown and dark-purple crystals, respectively.

H
\
+
\ NaBH,, McOH
N S~ xS
H
SOCl,
NEt3, THF _ N

Figure 4.1. The reaction scheme of the synthesis of Hpy2th2s
4.2.2 Crystal structure descriptions
[Cuz(py2th2s)(u-Cl)Cl,]-CH30H (1)

Rectangular reddish-brown crystals of the complex 1 were obtained by diethyl
ether diffusion into a methanol solution containing stoichiometric amounts of copper(II)
chloride and the ligand. An ORTEP projection of the crystal structure of the complex is
shown in Figure 4.2. Selected bond lengths and angles are presented in Table 4.1.

Figure 4.2. ORTEP projection of the complex [Cuy(py2th2s)(u-Cl)Cl,]-CH;0H (1). Hydrogen atoms and

a non-coordinated methanol molecule are omitted for clarity.
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Table 4.1. Selected bond lengths and bond angles of the complex [Cu,(py2th2s)(u-C1)Cl,]-CH;0H (1)

Bond lengths (4)

Cul -0O1 1.9209(19) Cu2 -0l 1.911(2)
Cul - N2 1.975(2) Cu2 - N4 1.972(2)
Cul - NI 2.103(2) Cu2 - N3 2.083(2)
Cu-Cll 2.3922(8) Cu2-Cll 2.4717(9)
Cul - CI12 2.3931(10) Cu2-CI3 2.3636(10)
Cul - Cu2 3.185(1)

Bond angles (°)

01 -Cul -N2 159.33(9) 01 - Cu2 - N4 168.80(9)
01 - Cul - N1 90.47(8) 01 - Cu2 -N3 90.59(8)
N2 - Cul - N1 81.53(9) N4 - Cu2 - N3 82.01(9)
O1-Cul -Cll 82.70(6) 01-Cu2-Cll 80.76(6)
N2 - Cul - Cl1 95.90(7) N4 - Cu2 - Cl1 97.76(7)
N1 - Cul - Cl1 153.25(6) N3 - Cu2 - Cll 131.18(6)
Ol - Cul - CI2 100.79(7) 01 - Cu2 - CI3 94.77(7)
N2 - Cul - CI2 99.74(7) N4 - Cu2 - CI3 96.43(7)
N1 - Cul - CI2 106.18(6) N3 -Cu2-CI3 130.53(6)
Cll - Cul - CI2 100.50(3) Cll - Cu2 - CI3 98.17(4)

The complex crystallizes as methanol solvate in space group P2,/n, with four
formula units present per unit cell. The dinuclear core is constituted by two copper(Il)
ions, bridged on the one side by the endogenous cresolato bridge and on the other side
by the chloride anion. The Cu...Cu separation in the complex is 3.185(1) A. Both
copper(Il) ions are pentacoordinated with the identical N,OCl, donor sets. However, the
complex possesses geometrical asymmetry, as the coordination geometry around Cul is
almost a regular square pyramid (t=0.10),” whereas the coordination environment
around the Cu2 ion can be best described as a heavily distorted trigonal bipyramid (t =
0.63).° The basal plane of the square pyramid around the Cul ion is constituted by the
nitrogen atom N1 of the tertiary amine group, the N2 atom of the pyridine ring, the
oxygen atom Ol of the cresolate moiety, and the bridging chloride atom Cl1, whereas
another chloride anion CI2 occupies the apical position. In the case of the Cu2 ion, the
nitrogen atom N3 of the tertiary amine group, the bridging chloride atom Cl1 and the
chloride atom CI3 form the equatorial plane of the trigonal bipyramid. The axial
positions are occupied by the nitrogen atom N4 of the pyridine ring and the oxygen
atom O1 of the cresolate group. The thiophene rings of the ligand remain non-
coordinated; the Cu...S separations are > 5 A. One of the thiophene rings shows

disorder, with the sulfur atom being refined on two independent positions, with
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occupancy factors of 78% (S1) and 22% (Sla). One non-coordinated disordered
methanol molecule is present per formula unit, which is hydrogen-bonded to the
chloride atom CI3 (the distance CI3...02 =3.077 A, the distance C13...02a=3.179 A).

[Cuz(py2th2s)(u-Br)Br,] (2)

Very dark purple needles of the complex 2 were obtained by slow evaporation of
an acetonitrile solution containing stoichiometric amounts of copper(Il) bromide and the
ligand. An ORTEP projection of the crystal structure is shown in Figure 4.3. Selected
bond lengths and angles are presented in Table 4.2.

Figure 4.3. ORTEP projection of the two independent formula units of [Cuy(py2th2s)(x-Br)Br;,] (2).

Hydrogen atoms are omitted for clarity. Three of the thiophene rings are rotationally disordered.

The complex crystallizes in space group P1 .The asymmetric unit consists of

two independent formula units. As in the case of the chloride complex 1, two copper(II)
ions are doubly bridged by the oxygen atom of the cresolate moiety and the halogen
anion. The Cu...Cu distances are 3.2710(10) and 3.2394(10) A, respectively. Both
copper ions are pentacoordinated, with N,OBr, donor sets. One of the two independent
formula units (Cull, Cul2) possesses geometrical asymmetry. The geometry around the
Cull ion is a slightly distorted square pyramid (t = 0.17),” whereas the geometry
around the Cul2 ion is a significantly distorted trigonal bipyramid (t = 0.58).
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Table 4.2. Selected bond lengths and bond angles of the complex [Cu,(py2th2s)(u-Br)Br,] (2).

94

Bond distances (A)

Cull -0Ol1 1.925(3) Cul2-011 1.931(4)
Cull -NI12 1.977(4) Cul2-N14 1.986(5)
Cull -N11 2.099(4) Cul2-N13 2.096(4)
Cull - Brll 2.5620(9) Cul2 - Brll 2.5226(8)
Cull - Brl2 2.5314(8) Cul2-Brl3 2.4870(9)
Cu2l - 021 1.931(3) Cu22-021 1.918(4)
Cu2l -N22 1.968(4) Cu22 -N24 1.981(5)
Cu2l -N21 2.112(4) Cu22 - N23 2.113(4)
Cu2l - Br21 2.5535(10) Cu22 - Br21 2.5666(9)
Cu2l - Br22 2.5166(9) Cu22 - Br23 2.4953(9)
Cull - Cul2 3.2710(10) Cu2l - Cu22 3.2394(10)
Bond angles (°)
O11-Cull -N12 159.37(17) Ol1-Cul2-N14 165.93(17)
O11-Cull -N11 91.14(16) O11-Cul2-N13 91.70(17)
NI1 - Cull-NI12 81.55(17) N13-Cul2-N14 81.61(19)
Brll - Cull - O11 81.00(11) Brll - Cul2- 011 81.95(10)
Brll - Cull - N12 95.53(13) Brll - Cul2-N14 93.07(13)
Brll - Cull -N11 149.47(13) Brll -Cul2-N13 130.96(12)
Brl12 - Cull - O11 97.77(11) Brl13 - Cul2- 011 96.52(11)
Br12 - Cull - N12 102.84(12) Br13-Cul2 -N14 97.54(13)
Brl12 - Cull - N11 108.72(13) Br13-Cul2 - N13 119.60(12)
Brll - Cull - Brl2 101.58(3) Brll-Cul2 - Brl3 109.44(3)
021 - Cu21 - N22 162.14(18) 021 -Cu22 - N24 164.78(18)
021 - Cu21 -N21 91.15(16) 021 - Cu22-N23 90.99(17)
N21 - Cu21 - N22 81.54(17) N23 - Cu22 - N24 81.71(19)
Br21 - Cu2l - 021 83.16(12) Br21 - Cu22 - 021 83.04(11)
Br21 - Cu2l - N22 93.90(14) Br21 - Cu22 - N24 93.39(15)
Br21 - Cu2l - N21 146.37(13) Br21 - Cu22 - N23 137.81(12)
Br22 - Cu2l - 021 99.57(12) Br23 - Cu22 - 021 95.20(11)
Br22 - Cu2l - N22 98.26(13) Br23 - Cu22 - N24 99.98(14)
Br22 - Cu2l - N21 110.29(13) Br23 - Cu22 - N23 122.65(12)
Br21 - Cu2l - Br22 103.34(3) Br21 - Cu22 - Br23 99.51(3)
Cull - Ol11 - Cul2 116.04(18) Cu2l - 021 - Cu22 114.63(19)
Cull - Brll - Cul2 80.08(3) Cu2l - Br21 - Cu22 78.50(3)




The nitrogen atom N11 of the tertiary amine group, the nitrogen atom N12 of the
pyridine ring, the bridging oxygen atom O11 and the bridging bromide anion Brl1 are
forming the basal plane of the square pyramid around the Cull ion, whereas the
monocoordinated bromide anion Brl2 is occupying the axial position. The equatorial
plane of the trigonal bipyramid around the Cul2 ion is formed by the nitrogen atom
N13 of the tertiary amine group and the bromide atoms Brll and Brl3. The axial
positions of the bipyramid are occupied by the bridging oxygen atom of the cresolate
group and the nitrogen atom N14 of the pyridine ring. One of the non-coordinated
thiophene rings is rotationally disordered. Thus, the first orientation has an occupancy
factor of 85%, while the 180° rotated orientation has an occupancy factor of 15%. In the
second independent formula unit, both copper(Il) ions (Cu2l and Cu22) have a
significantly distorted square pyramidal geometry (t = 0.26 for the Cu2l ion and 0.45
for the Cu22 ion)’. The basal plane around the Cu21 ion is constituted, similarly to the
Cull ion, by the two nitrogen atoms N21 and N22, the oxygen atom O21 of the
cresolate group and the bridging halogen atom Br21, whereas the bromide anion Br22
occupies the apical position. For the Cu22 ion, the nitrogen atom N23 of the tertiary
amine group, the nitrogen atom N24, the bridging oxygen atom O21 and the bridging
bromide atom Br21 are forming the basal plane of the square pyramid, with its apical
position being occupied by the Br23 atom. Thus, two square pyramids share one side
through the atoms O21 and Br21, with their apical positions trans located to each other.
Both thiophene rings of the ligand remain non-coordinated (Cu...S separations are > 5
A) and exhibit rotational disorder. Thus, the thiophene ring at S21 was refined on two
orientations with occupancies of 0.72 and 0.28, respectively, and the thiophene ring at
S22 with occupancies of 0.55 and 0.45, respectively.

4.2.3 Physical characterization

4.2.3.1 Ligand field spectroscopy

The ligand field spectra of both complexes, recorded in the solid state (diffuse
reflectance), exhibit almost identical features. Both spectra are characterized by the
presence of the charge transfer band from the phenolate moiety to the copper ions’
around 500 nm (483 nm for complex 1 and 521 nm for complex 2), and the d-d
transition band of the copper(Il) ions. The latter band, observed at 774 nm for the
chloride complex and at 806 nm for the bromide complex, is in both cases asymmetric,
with a shoulder observed at higher wavelengths. As shown previously, such
spectroscopic behavior (high-energy absorption band in the visible region with a low-
energy shoulder) is typical for square-pyramidal copper(IT) complexes.” In acetonitrile
solution, the charge transfer band is observed at 472 nm for complex 1 (¢ = 1851
M"em™) and at 500 nm for complex 2 (¢ = 1812 M'em™). The d-d band is located at
771 nm (e = 464 M'cm™) for complex 1 and 791 nm (¢ = 534 M'cm™) for complex 2.
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A small shift of the d-d bands upon dissolution of the complexes in acetonitrile may
suggest the coordination of the solvent to the metal centers. However, the partial
dissociation of the complexes due to the exchange of the halide anions with acetonitrile

molecules can also not be excluded.

4.2.3.2 EPR and magnetic susceptibility studies

Both complexes 1 and 2 are EPR silent in the solid state and in a frozen
acetonitrile solution at 100 K, suggesting an antiferromagnetic coupling between the
copper ions. Such a behavior is confirmed by the temperature dependence of the molar
magnetic susceptibility yv depicted in Figure 4.4, which is typical for complexes of
antiferromagnetically coupled copper(Il) dimers. Indeed the yv vs. T curves present a
broad maximum centered around 160 and 190 K for 1 and 2 respectively, while the
values of gy at high temperatures (2.10x10” and 1.85x107 c¢cm’ mol™” at 300 K
respectively) are slightly lower than expected for two uncoupled copper(Il) ions
(2.5x107 ecm® mol™ for g = 2). Below 40 K, a Curie tail ascribed to paramagnetic
impurities is observed, which is usual in such copper(Il) complexes. These experimental
data were reproduced correctly using the modified Bleaney-Bowers equation (4.1)

where v is the magnetic susceptibility per dimer.

(4.1)
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In this equation, 2J corresponds to the singlet-triplet energy gap, p the fraction
of paramagnetic impurity and TIP a term to account for temperature independent
paramagnetism, while N, S, kz and g have their usual meaning. The paramagnetic
impurity was assumed to be a mononuclear copper(Il) species and g was fixed to 2. The
best fit parameters were then obtained as 2J = —177(2) cm ™', p = 1.8(1)% and TIP =
2.9(1)x10~* em’mol™ for complex 1 and 2J = —219(1) cm™, p = 0.6(1)% and TIP =
2.0(1)x10~* cm’mol ™" for complex 2. These medium antiferromagnetic couplings should
be correlated to a significant overlap between the two magnetic orbitals of the two
copper(Il) ions in complexes 1 and 2, through both the halide and phenolate bridges.
The short Cu-O bonds and the large Cu-O-Cu angles of the phenolate bridge in 1 and 2,
compared to the long Cu-X bonds, point at a dominant coupling through the phenolate
bridge. The coordination sphere around one of the two copper ions is intermediate
between a square pyramid and a trigonal bipyramid, while the other has a square
pyramidal environment. In the former case, the unpaired electron of copper(Il) occupies
either the d,” or the dxz_y2 orbital, which would both point along the Cu-O(phenolate)
bond. Short Cu-O bonds and large Cu-O-Cu angles in square pyramidal phenolate
bridged Cu dimers result in a strong overlap of dxz_y2 orbitals and thus produce strong to

very strong antiferromagnetic couplings.® On the other hand, if one of the copper ions in
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such dimers has a trigonal bipyramidal environment, a weaker overlap is expected, and
even a weak ferromagnetic coupling has been observed in some cases.”'” Therefore, the
smaller singlet-triplet energy gap in 1 can be related either to a smaller Cu-O-Cu angle
in 1 (ca. 112°), compared to 2 (on average over the two dimeric units ca. 115.3°), but
also to a more distorted trigonal bipyramid coordination sphere in 2 (1t = 0.58, Cul2)
than in 1 (t = 0.63, Cu2). Most likely the difference in the singlet-triplet energy gap is

resulting from both structural differences.
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Figure 4.4. y\ vs. T curve for complexes 1 (0) and 2 (0).

4.2.3.3 Electrochemistry

The electrochemical behavior of both complexes was investigated by cyclic
voltammetry (CV) and rotating disk electrode voltammetry (RDE) in acetonitrile
solution, with tetra-n-butylammonium perchlorate (TBAP) as supporting electrolyte (0.1
M). The potentials are referred to an Ag/10mM AgNO; + CH3;CN + 0.1 M TBAP
reference electrode.

When scanning towards the negative region of potentials, the CV curve for both
complexes 1 and 2 is characterized by three successive electrochemical signals (Figures
4.5 and 4.6). While the first one for 1, at E,. = -0.52 V, is irreversible, re-oxidation of
the reduced species being seen on the reverse scan at +0.23 V (Figure 4.5, curve a), for
2 it appears to be quasi reversible with E;» = -0.34 V (AE, = 0.12 V, Figure 4.6, curve
a). Coulometric titrations give n = 1 exchanged electron per complex, allowing to
attribute this electrochemical system to the complexed Cu™",/Cu"™, redox couple. The
UV-Vis spectra of the one-electron reduced complexes exhibit one very broad band
around 680 nm. The lack of reversibility of the first electrochemical reduction of 1 and
2 suggests a change in the coordination sphere around the metal center upon reduction,

likely a partial dissociation of the exogenous halide ligand and a change in the geometry
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of the coordination sphere. Additional electrochemical measurements performed at
-40 °C showed that the course of these coupled chemical reaction is not prevented at
low temperature. The second electrochemical signal, quasi reversible with E;, =-0.78 V
for 1 and at E,, = -0.72 V for 2, corresponds as well to a one-electron process, leading
to the complexed Cu'™,/Cu"', redox couple. Finally, the third electrochemical signal at
E,=-1.45V for 1 and -1.04 V for 2 corresponds to a two-electron process, suggesting
the reduction of Cu' ions to the Cu’ state and the deposition of metallic copper on the
electrode surface. Accordingly, an additional sharp anodic peak is observed on the
reverse scan, caused by the redissolution of the metallic copper.

The anodic behavior of complexes 1 and 2 differs. The anodic part of the CV
curve for 1 (Figure 4.5, b) is characterized by two electrochemical signals, whereas
three signals are observed on the CV curve for 2 (Figure 4.6, b). For 1, the first one at
Ei»,=0.64 V (AE, = 0.26 V) corresponds to a one-electron quasi-reversible oxidation of
the complex. The electron transfer is likely to be centered on the phenolate bridge, as
previously shown for other phenolate-bridged dinuclear copper(Il) complexes.*'" This
process is followed by the oxidation of the chloride anions which is seen as a shoulder
at the negative foot of the over-oxidation wave of the complex (free chloride anions are

reversibly oxidized at 0.72 V under the current experimental conditions).

\ 4
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Figure 4.5. Electrochemical curves recorded in a 0.67 mM solution of 1 in CH;CN + TBAP 0.1 M on a
Pt disc (@ =5 (a, b) or 3 (c) mm); curves a, b: CV curves, v=0.1 V s'; curve ¢: RDE curve, N = 600
rpm; V vs Ag/AgNO; mM + CH;CN + TBAP 0.1 M. Scale s =20 pA (curve a), 120 pA (curve b) or 10
PA (curve c)

The CV curve recorded in a solution of 2 shows an additional fully irreversible
one-electron system at E,, = 0.47 V. It is assumed to be due to the one-electron
oxidation of bromide anions, free bromide anions being irreversibly oxidized at E,, =

0.39 V under the current experimental conditions. The one-electron, phenolate-based,
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oxidation of the complex 2, similarly to 1, is observed as a quasi-reversible pair of
peaks at E;» = 0.76 V (AE, = 0.18 V) and is followed at higher potentials by the over-

oxidation of the complex.

A\ 4

Figure 4.6. Electrochemical curves recorded in a 0.67mM solution of 2 in CH;CN + TBAP 0.1 M on a Pt
disc (@ =5 (a, b) or 3 (c) mm); curves a, b: CV curves, v=0.1 Vs™; curve ¢: RDE curve, N = 600 rpm;
V vs Ag/AgNO; mM + CH;CN + TBAP 0.1 M. Scale s =20 pA (curve a), 40 pA (curve b, c).

These results have been confirmed by rotating disk electrode (RDE)
voltammetry experiments (Figures 4.5 and 4.6, dashed lines). The RDE curves display
one anodic wave at E;» = 0.84 V for 1 and two successive well-behaved anodic waves
at E;p = 042 V and 0.82 V (Figure 4.6, curve c) for 2. For both complexes, three
successive cathodic waves are seen. For 1 and 2, the first one at E;» = -0.42 V and -0.40
V, respectively, is followed by a second ill-behaved wave at E;» =-0.78 V and -0.80 V
respectively. The third cathodic wave corresponding to the deposition of metallic copper

onto the electrode surface is observed at E;, =-1.22 V and —1.20 V, respectively.

4.2.3.4 Conductivity measurements

The conductivity measurements of the complexes 1 and 2 were performed on 0.5
mM solutions of the complexes in acetonitrile. The calculated values for equivalent
conductivities of both compounds are roughly the same and are equal to
52 cm®mol™-Ohm™ for complex 1 and 55 cm*mol’*Ohm™ for complex 2. Previously,

the conductivity range for complexes corresponding to 1:1 type electrolytes was
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suggested to lie between 120 and 160 cm*mol™'-Ohm™, if acetonitrile was utilized as a
solvent.”> Although values as low as 90 cm*mol™-Ohm™ were also reported in some
cases, the observed conductivities of both complexes 1 and 2 are still too low to address
them as 1:1 electrolytes. As shown previously,” such small conductivity values are
often found in acetonitrile for non-electrolytes, due to coordinating and solvating
properties of this solvent. Some authors” argue that they may indicate a partial
exchange of counter anions with solvent molecules. Small changes in the positions of
the UV-Vis-NIR d-d bands of the complexes upon their dissolution in acetonitrile,

observed in the present case, appear to sustain this assumption.
4.2.4 Interaction of the complexes with the model substrates
4.2.4.1 Catecholase activity measurements

To evaluate the ability of the complexes to behave as functional models of
catechol oxidase, they were tested as catalysts in the oxidation of 3,5-di-fert-
butylcatechol (DTBCH;), a widely used model substrate, to the respective quinone.
Both complexes exhibit only negligible catecholase activity (TON < 1 after 30 min),
making a detailed kinetic analysis dispensable. These results are as expected,
confirming that the substitution of the u-hydroxo bridge by a halogen anion precludes
the catecholase activity. However, these results do not provide information whether or
not the binding of the substrate to the metal centers at all takes place. Reim et al.'* have
previously shown that, in the case of essentially inactive complexes, no interaction
between the dimetal core and the substrate occurred (see Chapter 1). To evaluate
whether or not the first step of the catalytic cycle, e.g. the binding of catechol to the
metal centers, takes place, the interaction of the complexes with tetrachlorocatechol
(TCC) was studied. The latter catechol has a very high oxidation potential due to its

electron-withdrawing substituents, and is not oxidized by copper complexes.

4.2.4.2 TCC binding studies

The titration of 5-10* M solutions of the complexes in acetonitrile with TCC
was followed by means of UV-Vis and EPR spectroscopy. The changes observed in
UV-Vis spectra of complex 1 upon addition of TCC (up to 4 equivalents) are depicted
in Figure 4.7, left. Quite significant changes in the spectrum of the original complex
indicate the interaction between the substrate and the metal centers. The presence of two
isosbestic points at 570 nm and 724 nm shows the occurrence of only two absorbing
species in solution. The Cu" d-d transition band shifts gradually from 789 nm to 718
nm, whereas its absorption decreases to ca. 50% of its initial value. Also, the extinction
coefficient of the LMCT band decreases from 1851 to ca. 1600 M'cm™ (Figure 4.7).

Whereas the chloride complex obviously reacts with TCC, no changes in the

UV-Vis spectrum were observed upon addition of TCC to the bromide complex. Taking
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into account a very large structural similarity between the two complexes, it seems
reasonable to suggest that the difference in their behavior is caused by the different
halogen anions, coordinated to the copper ions. The Cu-Cl bond has a more ionic
character in comparison with the Cu-Br bond, which therefore facilitates the substitution
of (at least one of) the chloride anions by catechol, whereas no exchange of Br anions
with TCC occurs.

54
©
@

2
©

4
o
@

Il
@

Absorbance
Absorbance

e
3
o

o
~

o
o
o

o
o

T T T T )
400 500 600 700 800 900

Wavelength, nm 0 0.5 1 1.5 2 25 3 3.5 4
Number of equivalents of TCC

o
o
o

Figure 4.7. Left: UV-Vis titration of the complex 1 (0.5 mM solution in acetonitrile) with TCC (from 0 to
4 equivalents). The insert shows the enlargement of the spectroscopic curves in the range 530-780 nm.
Right: decrease of the LMCT band (474 nm) upon titration of the solution of 1 (0.5 mM) in acetonitrile
with TCC.

A titration of complex 1 with TCC, followed by X-band EPR spectroscopy,
revealed that no evolution of the EPR signal is observed upon addition of TCC. This
indicates that the two copper ions are strongly antiferromagnetically coupled,
suggesting that they probably remain doubly bridged by the phenolate group and the
chloride anion. Although a few structures of copper(Il) complexes with a bridging
catecholate were previously described,'>' no magnetic properties of these compounds
have been reported. However, it can be proposed that the cleavage of the halide bridge
would lead to the decrease in strength of the magnetic coupling, similarly to the
behavior of previously reported u-hydroxo complexes with phenol-based ligands® after
the cleavage of the hydroxo bridge. Thus, the reaction of TCC with the chloride
complex results probably in the substitution of at least one of the apical chloride anions.
In order to further confirm this hypothesis the conductivity of complex 1 in acetonitrile
solution before and after an addition of TCC was studied. The equivalent conductivity
of TCC itself in CH3CN is negligible.

The values of the equivalent conductance, observed after addition of 1-4
equivalents of TCC to a 0.5 mM solution of complex 1 are listed in Table 4.3. As can be
seen, a substantial increase in conductivity is observed after one equivalent of TCC has
been added. Further addition of TCC leads to a slight increase of conductivity, till a
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final value of 118 cm”*mol’-Ohm™ is reached. This value fits perfectly in the range
suggested for 1:1 electrolytes in acetonitrile."” The interaction of 1 with TCC leads to
the release of one chloride anion in solution, the complete release being reached in the
presence of an excess of TCC as shown by the slight increase of the conductivity above
one molar equivalent added. The reversible character of this process is further
confirmed from UV-Vis titration experiments that showed that the maximal perturbation
in the UV-Vis spectra was reached in the presence of at least 3 equivalents of TCC
(Figure 4.7).

Not surprisingly, additions of TCC to the bromide complex do not lead to an
increase in conductivity, which is in complete agreement with the hypothesis that no

substitution of Br™ anions with TCC is possible.

Table 4.3. Changes in the equivalent conductivity of a 0.5 mM solution of 1 in acetonitrile upon

treatment with TCC
Number of equivalents of TCC Equivalent conductivity (cm’ mol”” Ohm™)
0 52
| 100
2 110
3 117
4 118

4.2.5 General discussion

Many attempts to establish a correlation between the structural parameters of the
complexes and their catalytic activity in the oxidation of catechols have been described
in literature. Three most important criteria influencing the catalytic properties of the
complexes can now be distinguished: (i) the distance between the metal centers;*'"'"® (ii)
the nature of the bridging group between the metal ions;"** (iii) the electronic properties
of the complexes."" Some other factors, e.g. the imposed strain in the complex, due to
the rigidity of either the ligand and/or the bridging group, may also play a role.'* Results
published by Reim et al'* (see Chapter 1) indicate that complexes with strained
structures show catalytic activity, whereas complexes present in relaxed, energetically
favored conformation are essentially inactive towards catechol oxidation. In the chloride
and bromide complexes 1 and 2, the metal-metal distance and the redox potentials of the
metal ions are comparable with the values previously determined for catalytically active
complexes;*'*" thus, the absence of catalytic activity is not likely to be due to these two
factors. Also, the coordination spheres around the copper ions in both complexes exhibit

quite a large distortion from a regular square-pyramidal geometry, resulting in relatively
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strained structures. Thus, the main reason for the absence of catalytic activity must
originate from the nature of the bridging groups between the two copper ions in the
complexes. As discussed above, the crucial steps of the mechanism earlier proposed® is
the cleavage of the OH bridge between the two metal ions and the subsequent proton
transfer from the catechol substrate to the hydroxyl anion, leading to the release of one
water molecule. It has been shown that the reaction of catechol with the complexes 1
and 2 does not result in a cleavage of the bridge, although the binding of the substrate to
the chloride complex undoubtedly takes place. These results thus emphasize the
influence of the bridging group between the copper centers on the catecholase activity
of the complexes and underline the importance of the exogenous hydroxo bridge for the
catalytic mechanism. This hydroxo ligand appears to be the key factor to achieve the
complete deprotonation of catechol, leading to a bridging catecholate prior to the
electron transfer. Upon substitution of the hydroxo bridge by a halogen anion, no proton
transfer can occur, precluding the binding of catecholate in a didentate bridging fashion,

and thus the subsequent catalytic cycle.
4.3 Experimental Section

4.3.1 Materials and Methods

All starting materials were commercially available and used as purchased. 2,6-
bis(chloromethyl)-4-methylphenol was prepared as previously described.* The NMR
spectra were recorded on a JEOL FX-200 (200 MHz) FT-NMR spectrometer. The
ligand field spectra of the solids (300-2000 cm™, diffuse reflectance) were taken on a
Perkin-Elmer 330 spectrophotometer equipped with a data station. The ligand field
spectra in solution were recorded on a Varian Cary 50 Scan UV-Vis spectrophotometer.
Electrospray mass spectra (ESI-MS) in acetonitrile solutions were recorded on a
Thermo Finnigan AQA apparatus. X-band electron paramagnetic resonance (EPR)
measurements were performed at 77 K in the solid state on a Jeol RE2x electron spin
resonance spectrometer, using DPPH (g =2.0036) as a standard, and at 100 K as
acetonitrile frozen solutions on a Bruker ESP 300E spectrometer operating at 9.4 GHz
(X-band). The conductivity measurements were performed using a Philips PW9526
digital conductivity meter and a PW 9552/60 measuring cell with 0.5 mM solutions of
the complexes in acetonitrile. The electrochemical behavior of the complexes was
investigated in a 0.1 M solution of tetra-n-butylammonium perchlorate (TBAP) in
acetonitrile using a EGG 273 potentionstat coupled with a Kipp&Zonen x-y recorder.
The experiments were performed at room temperature or at -40 °C in a three-
compartment cell. Potentials are referred to an Ag/10 mM AgNOs; + CH3;CN + 0.1 M
TBAP reference electrode. The working electrode was a platinum disk of 5 mm
diameter for the cyclic voltammetry (CV, 0.1 V/s) experiments or 3 mm diameter for

the rotating disk electrode (RDE, 600 rpm) voltammetry experiments. The working

103



electrode was polished with 1 um diamond paste prior to each recording. Bulk
magnetizations of polycrystalline samples were performed on the crystals of the
complexes 1 (11.11 mg) and 2 (16.88 mg) in the temperature range 5-400 K with a
Quantum Design MPMS-5S SQUID magnetometer, in a 1 kG applied field. The data
were corrected for the experimentally determined contribution of the sample holder.
Corrections for the diamagnetic responses of the complexes, as estimated from Pascal’s

constants, were applied.”!

4.3.2 Catecholase activity study

The catecholase activity of the complexes was evaluated by reaction with 3,5-di-
tert-butylcatechol at 25 °C. The absorption at 400 nm, characteristic of the formed
quinone, was measured as a function of time. The experiments were run under 1 atm of
dioxygen. 3 ml of a 2.5-10™ M solution of complex in acetonitrile were placed ina 1 cm
path-length cell, and 75 pl of a 1 M solution of the substrate in the same solvent were
added. After thorough shaking, the changes in
UV-Vis spectra were recorded during 30 min.

The titration of the complexes with tetrachlorocatechol (TCC) was carried out
by adding 3 pl aliquots of a 0.1 M solution of TCC (corresponding to 0.198 eq of
TCC/1 eq of the complex) to 3 ml of a 5-10™* M solution of complex in acetonitrile.

4.3.3 Ligand synthesis

N-(2-pyridylmethyl)-N-(2-thiophenylmethyl)amine: A solution of 2.00 g
(18.5 mmol) of 2-pyridilmethylamine was added dropwise upon stirring to a solution of
2.08 g (18.5 mmol) of 2-formylthiophene in MeOH. The resulting solution was stirred
overnight at room temperature. Afterwards, 2.1 g (56 mmol, 3 eq per 1 CH=N) of
NaBH4 were added slowly, and the resulting solution was heated three hours at 50 °C.
After evaporation of the solvent, the obtained oil was redissolved in a mixture of
dichloromethane and water. The organic and aqueous layers were separated, and the
water layer was washed twice with a small amount of dichloromethane. After drying the
dichloromethane layer over Na,SO4 and evaporation under reduced pressure, the pure
product was obtained as light yellow oil. The product is light-sensitive and should be
preferably stored in the dark at low temperatures. Yield: 95%. "H NMR (CDCls, 200
MHz, ppm): 6 = 2.28 (s, 1 H, NH); 3.95 (s, 2H, NHCH,th); 4.03 (s, 2H, NHCH:py);
6.93 (d, 1H, 3'th); 6.96 (s, 1H, 4'th); 7.20 (d, 1H, 5'th); 7.15 (t, 1H, 5'py); 7.30 (d, 1H,
3'py); 7.62 (t, 1H, 4'py); 8.55 (d, 1H, 6'py).

2,6-bis[ V-(2-pyridylmethyl)-V-(2-thiophenylmethyl)aminomethyl]-4-
methylphenol (Hpy2th2s): A solution of 0.7 g (3.4 mmol) of N-(2-pyridylmethyl)-N-
(2-thiophenylmethyl)amine and 0.7 g (7 mmol) of Et;N in THF was added dropwise
upon stirring to a solution of 0.35 g (1.7 mmol) of 2,6-bis(chloromethyl)-4-

methylphenol in THF. After refluxing for 2 hours, the solution was cooled to room
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temperature. The filtration of the triethylammonium salt and the subsequent evaporation
of the solvent resulted in an oil, which was dissolved in acidified water and washed with
dichloromethane. The water layer was made alkaline by adding a concentrated aqueous
solution of NHj3, and the resulting suspension was extracted three times with
dichloromethane. The organic layer was dried over Na,SO4 and evaporated under
reduced pressure. The resulting oil was found to be the pure product. Yield: 84%. 'H
NMR (CDCl3, 200 MHz, ppm): 6 = 2.28 (s, 3H, CHjs); 3.82 (s, 4H, NCHath); 3.85 (s,
4H, phCH,N); 3.89 (s, 4H, NCHapy); 6.95 (m, 4H, 3'th + 4'th), 7.04 (s, 2H, 3'ph + 5'ph);
7.15 (t, 2H, 5'th); 7.24 (d, 2H, 3'py); 7.53 (d, 2H, 5'th); 7.66 (t, 2H, 4'py); 8.56 (d, 2H,
6'py); 10.40 (1H, OH). ESI-MS: m/z 541 (M + H")

4.3.4 Syntheses of the coordination compounds

[Cuz(py2th2s)(u-C1)Cl,]-CH30H (1): 0.15 g (0.28 mmol) of ligand Hpy2th2s
and 0.10 g (0.54 mmol) of copper chloride were dissolved in 10 ml of methanol.
Addition of 20 ml of diethyl ether resulted in the precipitation of the complex as a dark
brown powder. Yield: 46% (102 mg). Single crystals of the complex were obtained by
slow diffusion of diethyl ether into a 0.01 M solution of the complex. Elemental
analysis, % found (calc.) for [Cuy(py2th2s)(u-Cl)Cl,]-CH30H (= C3,H36Cl3Cu;N4O,S5):
C,45.73 (47.73), H, 4.14 (4.38), N, 7.25 (6.96), S, 7.91 (7.96). ESI-MS: m/z 737
([Cux(py2th2s)Cla]")

[Cu,(py2th2s)(u-Br)Br;] (2): 0.15 g (0.28 mmol) of ligand Hpy2th2s and 0.12
g (0.54 mmol) of copper bromide were dissolved in 10 ml of methanol. After addition
of diethyl ether to the resulting solution, the complex precipitated as a dark-purple
crystalline powder. Yield: 64% (155 mg). Crystals suitable for X-ray diffraction were
obtained by slow diffusion of diethyl ether into a 0.01 M solution of the complex in
acetonitrile. FElemental analysis, % found (calc.) for [Cux(py2th2s)(u-Br)Br;]
(=Cs31H3,Br;Cu;N4OS,): C, 39.76 (40.95), H, 3.42 (3.76), N, 6.07 (5.97), S, 6.50 (6.83).
ESI-MS: m/z 827 ([Cua(py2th2s)Br,]")

4.3.5 X-ray crystallographic measurements

[Cuz(py2th2s)(u-C1)CL]-CH30H (1): A single crystal of [Cua(py2th2s)(u-
CDCl,]-:CHs0H (1) was mounted at 150 K on a Bruker AXS SMART 6000
diffractometer equipped with Cu-Ka radiation (A = 1.54184 A). C3,H36CuaN4O,S,Cl5,
Fw= 802.17, rectangular reddish-brown plates, 0.23x0.21x0.05 mm, a = 7.984(2), b =
34.589(7), ¢ = 12.554(3) A, p = 94.31(3)°, Z = 4, V = 3457(2) A3, monoclinic, space
group P2i/n (no. 14), peac. = 1.541 g cm73, u = 5.068 mmﬁl, absorption correction:
SADABS,” reflections collected: 19864, independent reflections: 6317 (Riy = 0.0386).
The structure was solved by direct methods and refined using the SHELX program
package.”** All hydrogen atoms were placed on idealized positions riding on the carrier

atom, with isotropic displacement parameters. The final cycle of full-matrix least-

105



squares refinement, including 438 parameters, converted to R/ = 0.0352 (R/ = 0.0430
all data) and wR2 = 0.1009 (wR2 = 0.1038 all data) with a maximum (minimum)
residual electron density of 0.535 (—0.466) ¢ A .

[Cua(py2th2s)(u-Br)Br;| (2): Cs;1H;,Br;Cu;N4OS, + solvent, Fw = 906.53, red
needle, 0.60x0.06x0.03 mm’, triclinic, P 7 (no. 2), a = 8.4207(2), b = 17.9812(4), ¢ =
24.2238(6) A, a=71.2709(9), f = 81.2708(7), y = 80.6146(11)°, V" = 3407.66(14) A*, Z
=4, peate. = 1.767 g cm™ , 43713 measured reflections, 12061 unique reflections (Rjy =
0.0734), 8080 observed reflections [I > 2o(I)]. 775 refined parameters, no restraints. R
(obs. refl.): R1 = 0.0461, wR2 = 0.1121. R (all data): RI= 0.0776, wR2 = 0.1286. S =
1.085. Residual electron density between —1.08 and 1.17 e/A’. Intensities were
measured on a Nonius KappaCCD diffractometer with rotating anode (Mo-Kq, A =
0.71073 A) at a temperature of 150 K. An absorption correction based on multiple
measured reflections was applied (u = 4.920 mm™, 0.59-0.86 transmission). The
structure was solved with direct methods using the program SHELXS97,” and refined
with the program SHELXL97* against F* of all reflections up to a resolution of (sin
9/Mmax = 0.60 A, Non-hydrogen atoms were refined freely with anisotropic
displacement parameters. Hydrogen atoms were refined as rigid groups. Three of the
thiophene rings were rotationally disordered and refined with occupancies of 0.85:0.15,
0.72:0.28, and 0.55:0.45, respectively. The crystal structure contains large voids (150.9
A’/unit cell) filled with disordered solvent molecules. Their contribution to the structure
factors was secured by back-Fourier transformation (program PLATON,* CALC
SQUEEZE, 22 e’/unit cell). The drawings, structure calculations, and checking for
higher symmetry was performed with the program PLATON.*

CCDC-230014 (compound 1) and 230015 (compound 2) contain the
supplementary crystallographic data for this chapter. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax:
(internat.) +44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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X-ray 3D structures and properties

5 of two copper(Il) complexes with an
asymmetric phenol-based N,O,S-
ligand. Influence of the counter ion
on the crystal packing’

The new asymmetric phenol-based N,O,S-ligand Hpy2thlas (2-[N,N-bis(2-
pyridylmethyl)aminomethyl]-4-methyl-6-[2-thiophenylmethyl)aminomethyl]phenol)
was prepared by the straightforward reductive amination of 3-[N,N-bis(2-
pyridylmethyl)aminomethyl]-5-methylsalicylaldehyde (= Hpy2ald, Chapter 3) with 2-
thiophenylmethylamine. This ligand was designed to bind two copper(Il) ions,
providing different steric accessibility for each of them, and to mimic the unusual
thioether bond in a close proximity to the metal centers, present in the active site of
catechol oxidase. The reaction of Hpy2thlas with copper(Il) chloride in methanol
results in the formation of the complex [Cuy(H;py2thlas);Cl,](CuCly),. During the
crystallization, the ligand undergoes a protonation of the secondary amine group, which
results in the ligand coordination to only one copper(Il) ion. Two mononuclear units are
further doubly bridged by two chloride anions, and the positive charge is compensated
by two tetrachlorocuprate anions, formed during the crystallization. The complex with a
very similar structure of the composition [Cuy(Hzpy2thlas),Cl;](ClO4)46CH3OH was
prepared by reaction of the ligand with copper(Il) perchlorate in the presence of the
chloride ions. Although the two coordination compounds exhibit virtually identical
complex cations, the crystal packings of both molecules are significantly different,
apparently induced by the distinct but geometrically related anions, namely

tetrachlorocuprate(Il) and perchlorate.

¥ This chapter is based on: Koval, I. A., Sgobba, M., Huisman, M., Liiken, M., Saint-Aman, E., Gamez,
P., Krebs, B, Reedijk, J., New J. Chem., 2005, submitted for publication
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5.1 Introduction

As discussed in Chapters 2-4 of this thesis, phenol-based compartmental ligands
of the “‘end-off’” type have often been used for modeling bimetallic biosites," in
particular catechol oxidase.” In Chapter 2 the strategy of the synthesis of dinucleating
asymmetric ligands has been discussed,” whereas in Chapter 4, the synthesis of the
symmetric sulfur-containing phenol-based ligand Hpy2th2s, designed to mimic the
presence of a thioether bond in the active site of the enzyme, has been reported.” In the
present chapter, the two approaches were combined to prepare the asymmetric phenol-
based ligand Hpy2thlas, designed to model the two peculiarities of the active site of the
enzyme: (i) the asymmetric surrounding of the two metal centers, and (ii) the presence
of a sulfur atom in a close proximity to one of them. Similarly to the ligand Hpy3asym,
reported in Chapter 2, this ligand contains two dissimilar chelating arms in the 2 and 6
positions of the aromatic ring, designed to provide a different number of donor atoms
for the binding of two copper ions. Furthermore, one of these arms contains a thiophene
ring, the very weak donor properties of which are expected to prevent its coordination to
the metal ions. The reaction scheme of the ligand synthesis is depicted in Figure 5.1.
The reaction of the ligand with copper(Il) chloride in methanol led to the isolation of the
complex [Cuy(Hapy2thlas),Cl,](CuCly),. Unexpectedly, the secondary amine group of
the ligand was found to undergo a protonation during the crystallization, which
prevented it from binding to a copper ion. The crystallization of the ligand with
copper(Il) perchlorate in the presence of chloride anions led to the formation of the
complex [Cuy(Hzpy2thlas),Cl,](ClO4)4:6CH30H with a very similar structure of the
complex cation. In this chapter, the single-crystal X-ray structures and solution

properties of both complexes are discussed in detail.

5.2 Results and Discussion

5.2.1 Ligand synthesis

The ligand Hpy2thlas (2-[N,N-bis(2-pyridylmethyl)aminomethyl]-4-methyl-6-[2-
thiophenylmethyl)aminomethyl]phenol) was prepared by the condensation of 3-[N, N-
bis(2-pyridylmethyl)aminomethyl]-5-methylsalicylaldehyde (Hpy2ald, see Chapter 3)
with 2-thiophenylmethylamine, followed by the reduction of the imine formed using
sodium borohydride (Figure 5.1). This afforded Hpy2thlas as a light yellow oil in 95%
yield.

5.2.2 Synthesis of the coordination compounds

The reaction of Hpy2thlas with copper(Il) chloride in a 1:2 ratio resulted in the
formation of a green crystalline complex 1 in 49% yield. Single crystals of 1 suitable for
X-ray structure determination were obtained by diffusion of diethyl ether into a 0.01 M
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methanolic solution of the complex. The X-ray analysis revealed that in the complex
two copper(Il) ions are coordinated by two ligands and are doubly bridged by the
chloride anions, resulting in the complex of the formula [Cu,(Hzpy2thlas),Cl,](CuCls),
(Figure 5.2).

In order to avoid the spontaneous formation of the tetrachlorocuprate(Il) anions,
which would undoubtedly mislead the interpretation of the results of the catecholase
activity studies on 1, and to facilitate the interpretation of the chemical and physical
properties of 1, a complex with a very similar structure, but with perchlorate counter
ions, has also been prepared. It has been synthesized by reaction of Hpy2thlas with
copper(Il) perchlorate in the presence of an external source of chloride ions, which
yielded two different reaction products, namely 1 and 2. Redissolution of both
compounds in methanol, followed by the addition of diethyl ether, resulted in the
precipitation of 1, and single crystals of 2 could be obtained upon slow evaporation of
the filtrate (see Experimental Section). These crystals were characterized by X-ray
crystallography, which showed compound 2 to be structurally closely related to 1
(Figure 5.3), the main differences being the distinct non-coordinated anions and the
presence of hydrogen-bonded methanol molecules in the crystal lattice. It should be
noted that the best results were achieved, surprisingly, by using hydroxylammonium
hydrochloride as a source of CI” due to its high solubility in methanol, whereas in case
of tetraalkylammonium salts (e.g. tetramethyl- and tetraethylammonium chloride), their

insoluble perchlorate salts precipitated from the reaction mixture.

o

©/\NH2

b A
558 & 6

Hpy2thlas

Figure 5.1. The reaction scheme of the synthesis of the ligand Hpy2th1as.
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5.2.3 Crystal structure descriptions
[Cuz(Hzpy2thlas),;Cl,](CuCly); (1)

A representation of the crystal structure of the complex is shown in Figure 5.2.

Selected bond lengths and bond angles are reported in Table 5.1.

Figure 5.2. ORTEP projection of the complex cation [Cu(H,py2thlas),CL,]*" in 1. The hydrogen atoms

and the non-coordinated tetrachlorocuprate(Il) anions are omitted for clarity.

Table 5.1. Selected bond lengths and bond angles for [Cu,(H,py2thlas),Cl,](CuCly), (1)

Bond lengths (4)

Cul...Cu2 3.4387(10)
Cul - N1 2.020(3) Cul - Ol 2.784(2)
Cul -N2 1.983(2) Cul - Cll 2.2535(9)
Cul - N3 1.996(4) Cul -Clla 2.8280(10)

Bond angles (°)

Cll - Cul -O1 88.11(6) Cul-Cl1 - Cu2 89.32(4)
Cll - Cul -N1 173.30(8) O1-Cul -Clla 169.31(6)
Cll - Cul - N2 96.25(8) NI - Cul -N2 83.51(10)
CII - Cul - N3 97.76(8) NI - Cul - N3 82.43(10)
CII - Cul - Clla 95.53(4) NI - Cul - Clla 90.63(8)
Ol - Cul -N1 85.84(9) N2 - Cul - N3 165.94(11)
Ol - Cul -N2 103.68(9) N2 -Cul - Clla 85.90(8)
Ol -Cul -N3 75.65(9) N3 -Cul -Clla 93.90(8)
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The complex crystallizes in the space group P2;/n. Similarly to complexes
reported earlier with the structurally related ligand Hpy2ald® (Chapter 3), the phenol
group of the ligand remains protonated and therefore does not act as a bridging ligand
connecting two copper ions, instead being only weakly coordinated to one metal center.
Furthermore, the secondary amine nitrogen atom N4 is also protonated, resulting in an
ammonium moiety which cannot bind to a metal ion. Two mononuclear units are then
doubly bridged by two chloride anions, which hold two copper ions at a distance of
3.4387(10) A. The coordination sphere around the copper ion can be best described as a
distorted elongated octahedron with the atoms N1, N2, N3 and CI1 at the equatorial
positions, and the atoms Clla and O1 occupying the Jahn-Teller axis. All Cu—N bond
lengths are approximately equal, with average Cu-N distances of 2.0 A. The Cu—Cl1
bond is slightly longer with a value of 2.2535(9) A. The Clla and O1 atoms are located
at longer distances of 2.8280(10) A and 2.784(2) A and can be best regarded as semi-
coordinated to the metal ion. The OI1-Cul-Clla angle is 169.31(6)°. The
tetrachlorocuprate counter ions, present in the crystal lattice, are hydrogen bonded to

two dinuclear units, resulting in a 2D network (Table 5.3).
[Cuz(H;py2th1as),Cl;](Cl104)46CH30H (2)

A representation of the crystal structure of complex 2 is shown in Figure 5.3.

Selected bond lengths and bond angles are given in Table 5.2.

Figure 5.3. ORTEP projection of the complex cation [Cu,(H,py2thlas),Cl,]*" in 2. Hydrogen atoms, non-

coordinated perchlorate anions and solvent molecules are omitted for clarity.
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Table 5.2. Selected bond lengths and bond angles for [Cu,(H,py2thlas),Cl,](ClO4),6CH;0H (2)

Bond lengths (4)
Cul...Cula 3.5252(14)
Cul - Cl1 2.2663(17) Cul - N4 1.982(4)
Cul - N2 2.034(4) Cul - Clla 2.8579(17)
Cul - N3 1.996(4) Cul -O1 2.758(4)

Bond angles (°)

Cll - Cul - O1 85.44(10) Cul - Cl1 - Cula 86.12(6)
ClI - Cul - N2 174.76(15) O1 - Cul - Clla 168.61(10)
ClI - Cul - N3 95.77(13) N2 - Cul - N3 83.18(17)
ClI - Cul - N4 99.14(13) N2 - Cul - N4 82.03(17)
Cll - Cul - Clla 93.85(6) N2 - Cul - Clla 91.31(14)
O1-Cul -N2 89.69(16) N3 - Cul - N4 165.08(18)
O1-Cul -N3 100.31(16) N3 - Cul - Clla 91.07(14)
Ol-Cul -N4 81.56(16) N4 - Cul - Clla 87.34(14)

Table 5.3. Hydrogen bond interactions in the complexes 1 and 2.

Donor - H....Acceptor D—H  H..A D...A D-H.A

A) A) A) ()
Ol -HI..CI2 0.8402 22527 3.0352)  155.10
N4 - Héa...Cl4 09197 22838 3.132(3)  153.09
[Cuy(Hopy2th1as),CLICUCL): g - H4p...Cl1 0.9206 2.6649 3.320(3)  128.83
N4 - H4b...01 0.9206 22483  2.929(3)  130.24
O1-HI..010 0.8199 1.8568 2.652(7)  163.06
NI - Hla...Ol1 0.8997 1.8278 2712(7) 167
NI - Hlb...Cll 0.9008 25757 3.356(5)  145.38
[Cua(Hopy2thlas),ClL](CIO,), NI -Hlb...Ol 0.9008 2.3088 2917(6)  124.71
.6CH;OH 010-H10...02 0.8191 25113 2.7848)  100.84
Ol1-Hlla...012 08188 22674 2.73409)  116.58
012 -HI2...05 0.821 2506 2.895(10)  110.25
012 - H2a...02 0.821  2.5692 2.973(10)  117.75

The complex crystallizes in the space group C2/c. The molecular structure of the
complex cation is analogous to the one of 1. Thus, the copper ion is coordinated by
three nitrogen atoms N2, N3 and N4 at an average distance of 2.0 A and a chloride atom

Cll at a somewhat longer distance of 2.2663(17) A, which occupy the equatorial
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positions of a distorted octahedron. The coordination sphere is completed by O1 and
Clla which are weakly bound on the Jahn-Teller axis (the Cul—Clla and the Cul-Ol
bond lengths are 2.8579(17) A and 2.758(4) A, respectively). The distance between the
two doubly bridged copper ions of the two mononuclear units is 3.5252(14) A, and the
Ol1-Cul—-Clla angle is 168.61(10)°. Besides non-coordinated perchlorate anions, six
methanol molecules per dimeric unit are present in the crystal lattice, taking part in the
formation of an intricate hydrogen bonding network, which is described in Section 5.2.5
(see also Table 5.3).

5.2.4 Physical Characterization

The diffuse reflectance spectrum of 2 (solid state) is characterized by two peaks at
335 nm and 647 nm, whereas in the solid-state spectrum of 1, one additional peak at
416 nm with a shoulder at 459 nm can be found (Figure 5.4). The latter peak is most
likely caused by the presence of the tetrachlorocuprate anions. Indeed, earlier reports on
tetrachlorocuprate complexes describe the presence of an intensive charge transfer band
at ca. 350-400 nm in the UV-Vis spectra. The peak at 647 nm corresponds to d-d
transitions of the Cu" ions, whereas the peak at 335 nm is assigned to the charge

transfer band from the chloride ions to the copper centers within the complex cation.
A,
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Figure 5.4. Diffuse reflectance ligand field spectra of 1 (a) and 2 (b).

In methanol solution, the UV-Vis spectrum of 2 is characterized by two very weak
absorptions at 690 nm (& = 80 M cm™) and at 480 nm (¢ = 80 M cm™). The first one
corresponds to the d-d transitions of the Cu'" ions, whereas the second is tentatively
assigned to the charge transfer band due to the solvation of the metal centers by

methanol. The UV-Vis spectrum of 1 in methanol looks very similar, with the d-d
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absorption at 700 nm (e = 160 M"' cm™) and a broad peak at 450 nm with a shoulder at
higher wavelength (¢ = 160 M"' cm™), probably originating from the methanol-solvated
tetrachlorocuprate(II) ions.

The EPR spectra of both complexes have been recorded in solid state and in
methanol glass at 77 K. The solid-state spectrum of 1 is characterized by one very broad
isotropic signal centered at g = 2.14, whereas the spectrum of 2 exhibits an ill-resolved
axial signal with g, =2.30 and g1 = 2.06.

It is very interesting to compare the solution EPR spectra of 1 and 2 (Figure 5.5,
left). The spectrum of 2 exhibits an axial character with g, = 2.25, g» =2.02 and A/, =
183x10* em™. Three out of the four lines of the “**Cu hyperfine splitting are easily
observed, whereas the fourth one is hidden in the gt region. The data obtained clearly
indicate the dissociation of the dinuclear unit in solution, producing two mononuclear

species.

—

225 275 325 250 300
Magnetic field, mT Magnetic field, mT

350

Figure 5.5. Left: frozen methanol EPR spectra of 1 (a) and 2 (b). Right: experimental (frozen methanol
glass, solid line) and simulated’ (dashed line) EPR spectra of 1. A sharp signal in the spectra corresponds
to the reference DPPH (g =2.0036)

The spectrum of 1 displays two sets of axial signals, suggesting the presence of
two mononuclear Cu" species in solution: one originating from the dissociation of the
dinuclear core, and another originating from the tetrachlorocuprate counter ions. The
spectrum has been satisfactory simulated’ (Figure 5.5, right), considering two non-
interacting mononuclear species X and Y, with the following simulating parameters: for
X, g=2.06, g,=2.10, g,=2.25 and A, = 191x10* cm™; for Y, g,=2.03, g,=2.12, g,=2.45,
and A= 126x10™ cm™. The parameters for the latter species in fact are very close to the
values reported for elongated rhombic octahedral CuO¢ chromophores," which suggest
that the tetrachlorocuprate anions are methanolysed in solution, likely forming

[Cu(CH;0H)s]*" species. The simulating parameters for species X, on the other hand,

116



are close to those experimentally obtained for compound 2, confirming that they
correspond to the mononuclear [Cu(H,py2thlas)C1]*" cation.

The electrochemical behavior of both complexes was investigated in methanolic
solutions, with tetra-n-butylammonium perchlorate (TBAP) as supporting electrolyte
(0.1 M). The potentials were referred to a standard Ag/AgCl + 3M KCI reference
electrode. The CV curve for both complex 1 (Figure 5.6 (a)) and 2 (Figure 5.6 (b)) is
characterized by a quasi-reversible electrochemical signal at E;» = -0.10 V. However,
an additionnal reversible system is seen on the CV curve of 1 at E;»,=0.39 V. The RDE
voltammetry curve for 1 (Figure 5.6 (a)) shows unambiguously that both systems
involve the same number of electrons. Comparison of the electrochemical behavior of 1
and 2 allows to assign the electron transfer at -0.10 V to the complexed Cu'/Cu' redox
couple, whereas the additionnal reversible system for 1, at +0.39 V, corresponds to the
methanol-solvated tetrachlorocuprate Cu'/Cu' redox couple. It can be noted that
extending the scan below —0.6 V leads to the deposition of Cu’ onto the electrode

surface.

Figure 5.6. (a): Electrochemical curves recorded in a 0.66 mM solution of 1 in MeOH + TBAP 0.1 M on
a C disc (J = 3 mm); solid line: CV curve, v=0.1 V s dotted line: RDE curve, N = 600 rpm; V vs.
standard Ag/AgCl + 3M KCl reference electrode. (b): CV curve of 2 in 0.12 mM in MeOH + NBu,PFy
0.1 M, 0.1 Vs, Vvs. standard Ag/AgCl + 3M KCI reference electrode.

5.2.5 Counter-ion influence on the crystal packing of 1 and 2

Despite their obvious similarities, it is interesting to compare the details of the
structures of the complex cations in 1 and 2. Both coordination compounds possess
several peculiar features (Figure 5.7). First, in both complexes the thiophenyl
substituent is not coordinated to the copper ion, similarly to the complexes with the
closely related ligand Hpy2th2s, reported in Chapter 4.” Second, the phenol (O1) is not
deprotonated and thus does not function as a bridging unit between two copper ions. In
1, the phenolic proton H1 is hydrogen-bonded to the chloride atom CI2 of a
tetrachlorocuprate(Il) anion (the O1--CI2 distance is 3.036(2) A). Such discrete
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chlorocuprate(Il) species are known to spontaneously form in solution during the
crystallization of copper(Il) chloride with neutral amine-based ligands, with the ligand
undergoing a protonation.'' This indeed occurs in the present case, since the secondary
amine (N4) bearing the thiophenylmethyl group is protonated and thus not able to
coordinate to the copper(Il) ion. The resulting ammonium entity is H-bonded to the
chloride Cl4 of a tetrachlorocuprate(Il) anion (the distance N4--Cl4 is 3.132(3) A),
which is a common characteristic observed in the crystal packing of ammonium

1213 and which has been described to be a dominant

halocuprate(Il) derivatives,
stabilizing factor. The second ammonium proton, i.e. H4B is bonded to the phenolic
atom O1, the distance N4--O1 being 2.929(3) A. As a result, in this network, each
dinuclear unit is connected to four neighbors by means of hydrogen bonds, realized
between the chloride atoms of the counter-ions and the phenolic and ammonium groups
of the complex cation. In addition, the supramolecule is further stabilised via the
unusual interactions of the m-clouds of the thiophene rings with the bridging chloride
anions (the centroid---Cl distance is 3.64 A; the angle thiophene plane—centroid—Cl axis
is 79.9 °)."

On the other hand, in complex 2 the phenol rings and the side-arms holding the
thiophene units are positioned differently. Indeed, while the two phenols are trans
located to each other for 1, with the para-methyl groups pointing in opposite directions
(Figure 5.7 (a)), the phenols in 2 can be considered as cis located, with the two methyl
groups pointing in the same direction (Figure 5.7 (b)). In a similar manner, the
thiophenyl moieties are cis located as well, preventing the beneficial stabilising -
interactions with the bridging chlorides present in 1. This significant structural variation
is most likely due to the different anions. First, the ratio cation/anion is different for
both complexes since the perchlorate ion is monovalent while the tetrachlocuprate ion is
divalent. More interestingly, the perchlorate anions are H-bonded to solvent methanol
molecules, leading to a completely distinct and intricate hydrogen bonding network,
enclosing a large amount of methanol molecules in the crystal lattice (Figure 5.7 (b)).
The presence of these solvent entities apparently induces a rotation of the phenol rings
through the N1 a—C8 a and C8 a—C2 a axes. Thus, the perchlorate O2 atom is
connected to the methanolic proton H10 (the distance 02010 is 2.784(8) A). This
methanol is further strongly H-bonded to the proton H1 of the phenol ring (the distance
01001 is 2.652(7) A). The second perchlorate anion is weakly H-bonded to the
proton HI2A of another methanol molecule (the distance O6:-012 is 3.010(3) A), and
interacts with the sulfur atom S1 of the thiophene (the distance O7--S1 is 3.108(2) A).
Finally, the ammonium proton HIB is connected to the phenolic oxygen atom O1 (the
distance N1---O1 is 2.917(6) A) and the second proton, HIA, is H-bonded to the oxygen
atom O11 of a methanol molecule (the distance N1--O11 is 2.712(6) A). In addition, the

methanolic oxygen atom O11 acts as a H donor for a third methanol molecule (the
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distance O12--011 is 2.734(5) A). The resulting [complex~-MeOH—-CIO,] H-bonded

network connects all dinuclear units to generate a 3D assembly.

(a)

_j /\\ \’/m 2A_a

012_a

Figure 5.7. Hydrogen-bonding network for complexes 1 (a) and 2 (b).
5.2.6 Catecholase activity studies

Although the ligand Hpy2thlas has been designed to bind two copper(Il) ions,
resulting in dinuclear complexes, the structures of 1 and 2 are quite different. The

unexpected protonation of the secondary amine group prevents it from coordination to
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the copper ions; consequently, both complexes are formed by the self-assembly of two
mononuclear units, in which a single copper ion is coordinated by a ligand molecule,
via the bridging chloride ions. The spectroscopic studies in solution clearly indicated
that these dinuclear units fully dissociate into mononuclear species in solution, which in
turn makes the complexes in question not very suitable models for the catechol oxidase
active site. Unfortunately, the attempts to isolate dinuclear copper(Il) complexes with
this ligand were unsuccessful.

Nevertheless, the catalytic activity of both complexes towards the oxidation of
the model substrate 3,5-di-tert-butylcatechol (DTBCH;) has been studied
spectrophotometrically in methanolic solution in a dioxygen-saturated atmosphere. Not
surprisingly, both complexes do not exhibit catecholase activity, although one
equivalent of quinone is produced stoichiometrically upon treating one molar equivalent
of 1 with 100 molar equivalents of DTBCH,. This stoichiometric oxidation is obviously
caused by the stoichiometric reaction of the methanol-solvated tetrachlorocuprate

anions with the substrate.
5.3 Concluding remarks

In summary, a new thiophene-containing phenol-based ligand has been
synthesized. Two copper complexes of this N,O,S- ligand have been prepared and fully
characterized. Unfortunately, the ligand fails to coordinate two copper(Il) ions; instead
it binds to only one metal center, generating chloro-bridged dinuclear species.
Consequently, the obtained complexes do not bear a large resemblance to the active site
of catechol oxidase and do not exhibit catecholase activity. The structural features of
both compounds are nevertheless quite interesting. Although the complex cation
formulas are identical, the two coordination compounds exhibit significantly different
structural arrangements with a distinct ligand conformation, showing the importance of
the anion on the crystal packing. The structural difference is obviously due to the
counter-ions which are differently charged. Furthermore, the aptitude of the perchlorate
anions to form H-bond with less acidic protons, i.e. from methanol, contrary to the
tetrachlorocuprate(II) ion, which is only capable to act as hydrogen acceptor for more
acidic ones, i.e. from phenol or ammonium H donors, results in completely distinct
supramolecular interactions. For instance, the thiophene ring is involved in uncommon

anion-7 interactions in 1, while it acts as H bond acceptor in 2.

5.4 Experimental Section
5.4.1 Materials and Methods

All starting materials were commercially available and used as purchased. 5-
methylsalicylaldehyde was purchased from Fluka, 2-thiophenylmethylamine from
Acros, and di-(2-picolyl)amine from Aldrich. 3-chloro-5-methylsalicylaldehyde was
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prepared according to the procedure described by Lock." The synthesis of 3-[NV, N-bis(2-
pyridylmethyl)aminomethyl]-5-methylsalicylaldehyde is described in Chapter 2.° The
NMR spectra were recorded on a JEOL FX-200 (200 MHz) FT-NMR spectrometer.
The ligand field spectra of the solids (300-2000 cm™', diffuse reflectance) were taken on
a Perkin-Elmer 330 spectrophotometer equipped with a data station. Electrospray mass
spectra (ESI-MS) in methanol solutions were recorded on a Thermo Finnigan AQA
apparatus. X-band electron paramagnetic resonance (EPR) measurements were
performed at 77 K in the solid state or in a frozen methanol solution on a Jeol RE2x
electron spin resonance spectrometer, using DPPH (g =2.0036) as a standard. The
electrochemical behavior of the complexes was investigated in a 0.1 M solution of tetra-
n-butylammonium perchlorate (TBAP) in methanol using a EGG 273 potentionstat
coupled with a Kipp&Zonen x-y recorder, or an Autolab PGstatl0 potentiostat
controlled by GPES4 software. The experiments were performed at room temperature in
a three-compartment cell. Potentials are referred to a standard Ag/AgCl reference
electrode. The working electrode was polished with 1 um diamond paste prior to each

recording.
5.4.2 Ligand synthesis

2-|N,N-bis(2-pyridylmethyl)aminomethyl]-4-methyl-6-[2-

thiophenylmethyl)aminomethyl] phenol (Hpy2thlas): A solution of 2-
thiophenylmethylamine (0.245 g, 2.25 mmol) in 50 ml of dry methanol was slowly
added to a solution of 3-[N, N-bis(2-pyridylmethyl)aminomethyl]-5-
methylsalicylaldehyde (0.75 g, 2.15 mmol) in 250 ml of dry methanol under argon.
After the addition was complete, the resulting bright yellow solution was heated for two
hours at 50 °C. The successful formation of the imine derivative was verified by NMR
spectroscopy. After cooling to room temperature, a three-fold excess of sodium
borohydride (0.244 g, 6.8 mmol) was added and the reaction mixture was refluxed for
2.5 hours. After evaporation of the solvent under reduced pressure, the resulting oil was
dissolved in 50 ml of acidified water (pH = 1). The aqueous phase was washed with
dichloromethane (2x50 ml) and subsequently basified using a concentrated aqueous
solution of ammonia. The aqueous phase was extracted with dichloromethane (2x50
ml). The separated organic phase was dried over sodium sulfate, filtered, and the solvent
was evaporated under reduced pressure. Pure ligand Hpy2thlas was obtained as a clear
yellow oil. Yield: 0.88 g, 2.0 mmol (95%). '"H NMR (CDCls, 200 MHz, ppm): & = 2.24
(s, 3H, CHj3), 3.76 (s, 2H, CH,N), 3.86 (s, 4H, CH>), 3.91 (s, 2H, CH,NH), 3.98 (s, 2H,
NHCH,), 6.83 (s, 1H, 5’-thiophene ring), 6.92 (m, 3H, 3’-thiophene ring, 3’- + 5’-
phenol ring), 7.19 (t, 2H, 5’-pyridine rings), 7.35 (d, 2H, 3’-pyridine rings), 7.60 (t, 2H,
4’-pyridine rings), 8.53 (d, 2H, 6’-pyridine rings).
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5.4.3 Syntheses of the coordination compounds

[Cuz(H;py2thlas),Cl,](CuCly), (1): A solution of Hpy2thlas (0.111 g, 0.25
mmol) in 5 ml of methanol was added to 5 ml of a methanolic solution of copper
chloride (0.085 g, 0.50 mmol). Diffusion of diethyl ether resulted in the precipitation of
the complex as a green powder. Yield: 97 mg (49%). Single crystals were obtained by
slow diffusion of diethyl ether into a 0.01 M solution of the complex. Elemental
analysis, % found (calc.) for [Cuy(Hypy2thlas)Cl](CuCly),. (=Cs;HssClioCusNgO,S5):
C, 41.62 (41.64), H, 4.26 (3.90), N, 7.46 (7.47), S, 3.55 (4.28). ESI-MS: m/z 542
([Cu(Hzpthhlas)Clr). IR, cm™: 2998 (C-H stretching, 1610 (C=Nyom. and C=Cjrom.
stretching).

[Cuz(H2py2thlas);CL|(ClO4)46CH3;0OH (2): Hpy2thlas (0.031 g, 0.08 mmol)
and copper perchlorate (0.030 g, 0.08 mmol) were dissolved in methanol (4 ml). 12 mg
(0.2 mmol) of NH,OH-HCI were subsequently added. Slow diffusion of diethyl ether
into the resulting solution led to the formation of blue and green crystals. These crystals
were re-dissolved in methanol and the addition of diethyl ether immediately yielded a
green crystalline precipitate of 1. After rapid filtration, the resulting blue solution was
slowly evaporated, producing light blue crystals of 2. Yield: 12 mg, 0.007 mmol (9%).
The complex partially loses non-coordinated solvent molecules, when separated from
the mother liquid. Elemental analysis, % found (calc.) for
[Cua(Hapy2th1as),Cl](ClO4)4-3CH30H (= CssH79ClsCuaNgO21S,): C, 40.78 (41.73), H,
4.78 (4.46), N, 7.52 (7.08), S, 3.78 (4.05). ESI-MS: m/z 542 ([Cu(H,py2thlas)CI]"). IR,
cm™': 3056 (C-H stretching), 1612 (C=Cj,rom. and C=Nyom. stretching), 1098, 1049 (ClO4

anions).

5.4.4 X-ray crystallographic measurements

[Cuz(H;py2thlas),;Cl,](CuCly), (1): A single crystal of
[Cuy(Hypy2thlas),Cl,](CuCly), (1) was mounted at 100 K on a Bruker AXS SMART
6000 diffractometer, equipped with Cu-Ko radiation (A = 1.54178 A).

Cs:HssCl10CusNgO1S,, Fw = 1499.90, a = 12.137(2) A, b = 11.985(2) A, ¢ = 20.656(4)
A, B =96.693)°, Z =2,V =29842) A’, peatea. = 1.669 g-em”, u = 6.764 mm",
absorption correction with SADABS,'® monoclinic, space group P2i/n (no. 14), 17214
reflections collected, 5553 independent reflections (Riy: = 0.0308). The structure was
solved by direct methods and refined using the SHELX program package.'* All
hydrogen atoms were placed on idealized positions riding on their carrier atoms with
isotropic displacement parameters. The final cycle of full-matrix least-squares
refinement, including 354 parameters, converted into R; = 0.0352 (R; = 0.0430 all dat
and wR, =0.1172 (wR, = 0.1207 all data) with a maximum (minimum) residual electron
density of 1.277 (-0.695) e-A°.
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[Cuz(Hzpy2th1as),CL](Cl04)¢#6CH;0OH  (2): A  single  crystal  of
[Cuz(Hapy2thlas),Cl;](Cl04)4:6CH30H (2) was mounted at 293 K on a Bruker AXS
SMART 6000 diffractometer, equipped with Cu-Ko radiation (A = 1.54178 A).
CssHgoClsCuaNg024S,, M = 1679.26, a = 19.693(4) A, b = 13.376(3) A, ¢ = 27.401(5)
A, B =96.693), Z=4, V="71693) A’ parca. = 1.556 g-em™, = 4.032 mm’,
absorption correction with SADABS,'® monoclinic, space group C2/c (no. 15), 20413
reflections collected, 6673 independent reflections (Ri; = 0.0520). The structure was
solved by direct methods and refined using the SHELX program package."”'* All
hydrogen atoms were placed on idealized positions riding on their carrier atoms with
isotropic displacement parameters. The carbon C11 of the thiophene ring was defined
isotropically. The final cycle of full-matrix least-squares refinement, including 424
parameters, converted into R; = 0.0761 (R; = 0.1086 all data) and wR, = 0.2221 (WR; =
0.2382 all data) with a maximum (minimum) residual electron density of 1.808
(-0.889) e-A°.
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Proton NMR spectroscopy and

6 magnetic properties of a solution-
stable dicopper(II) complex bearing
a single u-hydroxo bridge.’

The reaction of copper(Il) perchlorate with the macrocyclic ligand [22]py4pz
(9,22-bis(2-pyridylmethyl)-1,4,9,14,17,22,27,28,29,30-decaazapentacyclo-
[22.2.1.1*7.1""1 1"7?%Jtriacontane-5,7(28),11(29),12,18,20(30),24(27),25-0ctaene)  in
the presence of base leads to the formation of a dinuclear complex [Cux([22]py4pz)(u-
OH)](CIO4)3-H,0, in which two copper ions are bridged by a single u-hydroxo bridge.
Each copper ion is further surrounded by four nitrogen atoms of the ligand. The u-
hydroxo bridge mediates a strong antiferromagnetic coupling (2J = -691(35) cm™)
between the metal centers, leading to relatively sharp and well-resolved resonances in
the "H NMR spectrum of the complex in solution. In this chapter, the crystal structure,
the magnetic properties and the full assignment of the hyperfine-shifted resonances in
the NMR spectrum of the complex, as well as the determination of the exchange
coupling constant in solution through temperature-dependent NMR studies, are

reported.

"This chapter is based on: Koval, I. A., van der Schilden, K., Schuitema, A. M., Gamez, P., Belle, C.,
Pierre, J.-L., Luken, M., Krebs, B., Roubeau, O., Reedijk, J., Inorg. Chem., 2005, 44, 4372-4382
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6.1 Introduction

As can be concluded from Chapter 4, one of the factors strongly influencing
catecholase activity of dicopper(Il) complexes is the bridging ligand between the metal
centers. As discussed in Chapter 1, many authors have pointed out that i.e. hydroxo-
bridged dicopper(Il) complexes exhibit catecholase activity, partially due to the ability
of the hydroxide anion to facilitate the deprotonation of catechol and thus promote its
binding to the copper(Il) ions." On the other hand, the presence of strongly binding
ligands, e.g. halogen atoms, prevents their displacement by the incoming catecholate
and thus hampers the catalytic cycle.’

Consequently, a new dinuclear copper(Il) complex [Cux([22]py4pz)(u-
OH)](C104)3-H,O (1) with the macrocyclic ligand [22]py4pz (Figure 6.1) has been
prepared and structurally characterized.® This ligand has been designed earlier to model
the active site of the structurally related type-3 copper protein hemocyanin.®’ It is able
to keep two copper ions in a close proximity and to provide each of them with four
nitrogen donor atoms from pyridine and pyrazole rings and the tertiary amine groups. In
dicopper(Il) complex 1 two copper ions are kept together by the macrocyclic moiety,
each copper ion being surrounded by four nitrogen donor atoms from the ligand. In
addition, the copper(Il) ions are bridged by a single hydroxo bridge. The structure of the
complex is thus fairly similar to the met form of the active site of catechol oxidase.®
Considering proton NMR as a powerful spectroscopic tool to study paramagnetic
copper(Il) complexes in solution, the magnetic properties, as well as 'H NMR studies of

the paramagnetic complex 1, have been studied in depth and are reported in this chapter.
6.2 Results and discussion
6.2.1 Synthesis and physical properties of 1

The reaction scheme of the synthesis of the macrocyclic ligand [22]py4pz is
depicted in Figure 6.1.° The dinuclear complex [Cuy([22]py4pz)(u-OH)](ClO4)3-H,0
was prepared by reaction of Cu(ClO4),'6H,0 and the ligand [22]py4pz in acetonitrile in
the presence of one equivalent of NMesOH. Small green crystals of the compound,
suitable for X-ray single crystal analysis, were obtained by slow diethyl ether diffusion
in an acetonitrile solution of the complex. The complex was found to be moderately
soluble in acetonitrile and DMSO, poorly soluble in water, and completely insoluble in
other common solvents.

The UV-Vis-NIR spectrum of the complex in CH3CN solution exhibits two
absorption bands at 350 nm (¢ = 7176 M'cm™) and at 821 nm (¢ = 336 M'cm™). The
first one corresponds to the charge transfer band from the hydroxo bridge to the copper
ions, whereas the second one is assigned to a d-d transition band of Cu" ions. The

complex is EPR silent both in the solid state and in acetonitrile solution at 77 K.
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Figure 6.1. The scheme of the synthesis of the macrocyclic ligand [22]py4pz (9,22-bis(2-pyridylmethyl)-
1,4,9,14,17,22,27,28,29,30-decaazapentacyclo-
[22.2.1.1%7.1" 17 triacontane5,7(28),11(29),12,18,20(30),24(27),25-octaene).*”

6.2.2 Crystal structure description of 1

The ORTEP projection of 1 is depicted in Figure 6.2. Selected bond distances
and bond angles are presented in Table 6.1. The Cu" ion is in an N4O environment,
which can be best described as a distorted trigonal bipyramid with a t value of 0.83
(t=1 for the trigonal bipyramidal geometry and 0 for the square pyramidal geometry).”
The equatorial positions are occupied by the two pyrazole nitrogen atoms, N3 and N10
at distances of, respectively, 2.033(3) A and 2.072(3) A, and the pyridine N18 atom at a
distance of 2.087(4) A. The bridging 023 atom at a distance of 1.9215(12) A and the
tertiary amine N15 atom at a distance of 2.065(3) A are occupying the axial positions.
The small N3-Cul-N15 and N15-Cul-N10 angles of 80.17(13) and 80.94(13)°,
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respectively, are imposed by the three-bond ligand bites. The bridging oxygen atom
023 from the hydroxide anion connects the two central copper atoms Cul and Culb,
whereby the macrocycle adopts a cis-(boat)-conformation. The two pyridine groups are
located at the same side above the macrocyclic ring and the two Cu" ions lie almost in
the plane of the ring with a Cu...Cu distance of 3.7587(11) A. The Cu-O-Cu angle is
156.0(3) A.

Figure 6.2. ORTEP representation of the complex cation [Cuz([22]py4pz)(,u-OH)]3+ (symmetry code: b =

-X, 'y, 1/2-z). Hydrogen atoms are omitted for clarity.

Table 6.1. Selected bond lengths and angles for [Cuy([22]py4pz)(u-OH)](C10,4);-H,O (1).

Bond lengths (4)

Cul - 023 1.9215(12) Cu2 - N10 2.072(3)
Cul - N3 2.033(3) Cu2 - N18 2.087(4)
Cul -N15 2.065(3)

Bond angles (°)

023 - Cul - N3 98.55(11) NI15-Cul -NI10  80.94(13)
023 - Cul -N15 178.60(14) 023-Cul -N18  100.85(16)
N3 - Cul -N15 80.17(13) N3-Cul -NI8  122.50(14)
023 - Cul -N10 99.49(11) NI15-Cul -NI8  80.36(14)
N3 - Cul -N10 128.73(13) N10-Cul -NI8  100.38(13)

6.2.3 Magnetic behavior of 1

The temperature dependence of the molar magnetic susceptibility yv and its
inverse 1/ v deduced from measurements at 1000 Oe (0.1 Tesla) are given in Figure 6.3

(left). The molar magnetic susceptibility yv of compound 1 at 350 K equals to ca.
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5x10™ cm®mol™, about half of the expected value for two uncoupled S =1/2 centres (ca.
1x107 cm’mol™), thus indicating a strong antiferromagnetic coupling between the
copper(Il) ions. Upon lowering the temperature, y\ further decreases to reach a plateau
at ca. 1.5x10™ cm’mol™ below 150 K. At temperatures below 100 K, the behaviour is
dominated by a Curie tail, typical of a small paramagnetic impurity, as often found in
molecular copper compounds. The presence of a small paramagnetic impurity is
confirmed by measurements against the applied field at 5 and 100 K (Figure 6.3, right).
To evaluate the strength of the magnetic interaction between the copper(Il) ions within
the dimeric unit in 1, the following expression for the susceptibility, based on the
Hamiltonian H = -2J S5, was thus used (equation 6.1):"

(6.1)

2 2 2 2
z=(-py2lPe _,  NPE pp
2J 2ksT

k,T| 3+exp ———

k,T
where 2J corresponds to the singlet-triplet energy gap, p represents the amount of
paramagnetic impurity and TIP a Temperature Independent Paramagnetism term. The
fitting was performed fixing g to 2 and the best-fit parameters were then 2J = —691(35)
cm™, TIP=1.0(1)x10™ em’mol™ and p=0.63(1)%. The large error bar on 2.J originates
from the lack of data at higher temperatures at which the maximum in yy would be

observed.
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Figure 6.3. Left: magnetic susceptibility data ¢ and 1/x vs. T for 1 in the temperature range 5-350 K in a
1000 Oe (0.1 Tesla) applied field. The full lines correspond to the best fit to a dimer model (see text).
Right: field dependence of the magnetization of 1 at 5 and 100 K, showing the presence of a small
paramagnetic impurity, in agreement with the variable-temperature data. The data were corrected for

diamagnetism of the sample.

From the magneto-structural viewpoint, dinuclear copper complexes with a single
hydroxo bridge are still rare, given the extensive research devoted to copper(Il)
coordination compounds. In all cases, antiferromagnetic exchange couplings have been

observed, the strength of which depends on structural parameters. Attempts to derive
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magneto-structural correlations were undertaken recently' for monohydroxo-bridged
copper(Il) ions in a square-planar environment. It was found that the antiferromagnetic
exchange coupling increases with the Cu—O—Cu angle. Indeed for such geometry, the o
overlap of the spin-rich dy2.,2 orbitals increases with Cu—O—Cu angles closer to 180°. In
1, however, the Cu" ions are in a trigonal bipyramidal environment with the hydroxo
bridge in axial position. Furthermore, besides square-pyramidal and trigonal
bipyramidal surroundings, monohydroxo-bridged dicopper(Il) species are also found in
the literature in combination with other bridging ligands, and with tetrahedral, square
pyramidal, or octahedral environments, various types of distortions, and different
coordination site for the hydroxo bridge. Therefore, the reported magneto-structural data
for dinuclear compounds in which the Cu" ions are only bridged by one hydroxo group,
and for which the geometry around the Cu" ions can be reasonably described by a type
of coordination sphere, have been gathered in Table 6.2 and Figures 6.4 and 6.5. Cases
for which the spin density at the hydroxo coordination site is expected to be negligible,
e.g. for the hydroxo-bridging group in axial position in a square-pyramidal geometry,

have been excluded.
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Figure 6.4. Correlation of the singlet-triplet energy gap 2J in monohydroxo-bridged dicopper(Il)
complexes with the Cu...Cu separation (left), and with the ratio Cu—O—Cu angle over Cu...Cu separation
(right). Empty circles represent the square planar geometry, full circles the square pyramidal geometry
with OH group in the equatorial position, full squares the trigonal bipyramid geometry with OH group in
the axial position and empty squares the trigonal bipyramid geometry with OH group in the equatorial
position. The full line is a linear fit (Eq. —2J = 6653.8 — 1931.3xCu...Cu) of the data concerning
compounds with the trigonal bipyramid geometry and the hydroxo bridge in the axial position and the

square pyramidal geometry with the hydroxo bridge in the equatorial position.
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Table 6.2. Magneto-structural data of relevant dicopper(Il) complexes with a single hydroxo bridge. 2J represents here the singlet-triplet energy gap. SP1 = square planar, Spy =
square pyramidal with OH in the equatorial position, TBPax = trigonal bipyramid with OH" in the axial position, TPBeq = distorted trigonal bipyramid with OH™ in the equatorial
position. H,L' = 2,6-bis[N-(phenyl)carbamoyl]pyridine, L* = tetraimine Schiff base of tris(2-aminoethyl)amine and 2,5-diformylfuran, L* = 1,4,7,13,16,19-hexaaza-10,22-
dioxatetracosane, L* = octaamine from BH, reduction of the Schiff base of tris(2-aminoethyl)amine and 2,5-diformylfuran, L° = 1,1,2,2-tetrakis(2-pyridyl)ethylene, dpm = di(2-
pyridyl)methane, L® = Schiff base of 2,6-diacetylpyridine and 3,6-dioxaoctane-1,8-diamine, dien = diethylenetriamine, terpy = 2,2°,6’,2”’-terpyridine, L’ = partially hydrolyzed
Schiff base of 2,6-diacetylpyridine and tris(2-aminoethyl)amine, tpmc = 1,4,8,11-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane

Geometry type Formula Cu..Cu(d)  Cu—O-Cu (°) Cu—O—-Cu/ Cu...Cu 2J (em™) Ref.

TBPea [Cux(bpy)s(OH)](ClO4); 3.645 141.60 38.85 322 Haddad. 1981"
SPI Na[Cu,(L"),(OH)]-2H,0 3.437 131.11 38.15 —334 Patra, 2000"!
SPI K[Cuy(L"),(OH)]-2H,0 3.370 125.74 37.31 -298 Patra, 2000"’
TBPax [Cu,(L*)(OH)1(C10,)51.5H,0 3.740 150.60 40.27 -510 Adams, 1996"
TBPax [Cus([221py4pz)OH](C10,);-H,O 3.757 155.97 41.49 —691 This thesis

SPy [Cuy(L*)(OH)(C10,)1(ClO,),)CHCl;  3.642 143.7 39.46 -500 Coughlin, 1981"
TBPax [Cuy(L*)(OH)](CF;S05)s 3.90 174.0 44.61 —865 Lu, 1994"
TBPax [Cuy(L*)(OH)1(CF;S0;)5-H,0 3.90 174.0 44.61 —880 Harding, 1993'¢
SPy [Cuy(L%)(dpm)(OH)I(C104)52H,0  3.663 137.9 37.65 -365 Spodine, 1991"
SPy [Cu,(L)(OH)1(C10,),-H,0 3.57 141.7 39.69 -240 Drew, 1981'®
SPI [Cuy(dien),(ClO,);(OH)] 3.435 128.1 37.29 374 Castro, 1990"
SPy [Cuy(terpy)>(H,0)(ClO,);(OH)] 3.642 145.7 40.05 -303 Folgado, 1989%
TBPeq [Cuy(L7)(OH)](CF53S05)(BPhy), 3.89 166.1 42.70 —430 Harding, 1995%'
TBPeg [Cu,(tpmc)(OH)](ClO,):-2H,0 3.712 134.5 36.23 —86 Asato, 1989%
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Figure 6.5. Correlation of the singlet-triplet energy gap 2J in mono-hydroxo-bridged dicopper(Il)
complexes with the Cu—O—Cu angle, (empty circles) square planar geometry, (full circles) square
pyramidal geometry with OH group in equatorial position, (full squares) trigonal bipyramid geometry
with OH group in axial position and (empty squares) trigonal bipyramid geometry with OH group in

equatorial position.

A common general trend is observed with the singlet-triplet energy gap
increasing with longer Cu...Cu separations, wider Cu—O—Cu angles and higher Cu—O—
Cu/ Cu...Cu ratios. These structural parameters are obviously interdependent. For the
three geometries considered, the increase in singlet-triplet energy gap in fact
corresponds to a variation of the structural parameters towards situations for which the
overlap between the magnetic orbitals (d,2 in trigonal bipyramid, d2.y2 in square planar
and square pyramid) and the hydroxo O 2p orbital is the most efficient, close to
linearity. The antiferromagnetic o-superexchange pathway through the hydroxo bridge
is then the most efficient, yielding virtually diamagnetic complexes.

In addition, there is a good linear correlation between the Cu...Cu separation
and the singlet-triplet energy gap among compounds having the trigonal bipyramid
geometry and the hydroxo bridge in axial position and square pyramidal geometry with
the hydroxo bridge in equatorial position (see Figure 6.4, left). It has to be noted that for
such a monoatomic single bridge, only a small dependence on the actual Cu"
coordination environment can be expected, if the bridging atom lies in a spin-rich
position. The correlation found here is of relevance for the characterization of mimics

for dinuclear copper centres in biological systems.
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6.2.4 'H NMR assignment strategy for 1

6.2.4.1 'H NMR, 2D COSY NMR and T; measurements

'H NMR spectroscopy has only relatively recently emerged as a useful tool in
studying the structural and magnetic properties of Cu" coordination compounds in
solution.* The slow electronic relaxation of Cu" ions usually results in large line
widths and poor resolution of the spectra, which makes their interpretation very
difficult, if not impossible. However, if two antiferromagnetically coupled copper(Il)
ions are present in a complex, the situation is different. In antiferromagnetically coupled
dicopper(Il) systems, the ground state is a diamagnetic (S = 0) singlet. The energy
separation between the ground state and the paramagnetic (S = 1) excited triplet state,
which increases with the strength of the antiferromagnetic coupling, may lead to
relatively sharp resonances, facilitating the spectra interpretation.

In the present case, a very strong (2J = -691(35) cm’") antiferromagnetic
coupling between the copper(Il) centers in 1 results in relatively sharp resonances with
rather small hyperfine shifts, observed in a range of -50 to +30 ppm.

At room temperature, only 7 well-resolved signals are found in the region of 0-
200 ppm in the 'H NMR spectrum of 1 (Figure 6.6). One additional weak signal is
observed at -48 ppm (Figure 6.7, left). The temperature-variable 1D spectra, recorded in
the temperature interval 233-353 K (Figure 6.7, the data recorded above 293 K are not
shown), reveal that the signal observed at 8.6 ppm at RT results from coincidental
degeneracy of two resonances. Furthermore, two very broad signals at ca. 25 and 20
ppm become clearly visible at 233 K. In total, 11 resonances are thus observed in the
whole spectral window (Figure 6.7), which implies the presence of an additional
(pseudo-)symmetry plane in the cationic species next to the C, symmetry axis, observed
in the crystal structure of 1. One can imagine it connecting two tripodal nitrogen atoms,
passing through both copper centers and with two pyridine rings lying virtually in the
plane, resulting in the equivalency of all four pyrazole rings, all methylene groups of the
ethylene moieties and the methylene N(tripodal)-CH,-pz groups. However, taking into
account that the two protons (e.g. equatorial vs. axial) of the methylene groups are
diastereotopic and that these usually experience different hyperfine shifts, 12 resonances
are expected for 1 (it should be noted that the protons of the pyridylmethylene moieties
are not diastereotopic, as they become symmetry-related due to the pseudo symmetry
plane). In general, the protons in a close proximity to copper ions experience stronger
paramagnetic effects and thus shorter longitudinal relaxation times (T,) and broader line
widths (shorter transverse relaxation times T,) in comparison to the protons in the
periphery.?* Therefore, as shown previously for paramagnetic Cu' complexes, it is not
uncommon for the resonances corresponding to the protons closest to copper to broaden
beyond recognition.”’”® It can be thus tentatively proposed that the resonances

corresponding to the methylene protons of the pyridylmethyl moieties, which are the
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closest to copper (Hl16a — Cu 3.050 A, H16b — Cu 3.728 A), are too broad to be
detected. Another explanation of the observation of only 11 signals instead of 12 would
be a coincidental degeneracy of two resonances which can not be resolved at different

temperatures due to the line broadness.
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Figure 6.6. Positive range parts of the 'H NMR spectra (300 MHz, CD;CN) of 1 (top) and 1-dg (the

complex in which the protons of the ethylene moieties are substituted with deuterium atoms) (bottom).

The peak at -48 ppm can easily be assigned to the proton of the OH group, as it
has an approximate integral intensity of 1 and disappears upon addition of D,O to the
complex solution due to a proton-deuterium exchange. Furthermore, as evidenced from
the X-ray structure, the Cu d,? orbital, which contains the unpaired electron, is directed
along the Cu-O bond. Therefore, a spin polarization mechanism would cause the u-
hydroxo proton to be shielded and thus upfield shifted, as was previously reported for
similar cases.” This observation is also consistent with the assignment.

The resonances E, F, G and C have been assigned to the pyridine protons
according to their relative integral intensity of 2 (the intensity of C being measured at
233 K, where it appears relatively sharp). The resonances I and J, which overlap at 233
K, integrate as 4:4, as well as the resonances D and H, and the two very broad
resonances A and B. However, the integration of the latter two resonances is
unfortunately rather ambiguous due to the line broadness, even when measured at 233
K.

Resonances D and H have been assigned to the protons of the pyrazole rings by
'H 2D COSY NMR at 263 K (Figure 6.8). The resonance G shows cross-signals with
both resonances E and F, unambiguously ascribing it to the y-protons of the pyridine
rings and the resonances E and F to the m-pyridine protons. Resonances I and J, which

do not display cross-signals in COSY, have been confirmed to originate from the
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diastereotopic ethylene protons by the chemical substitution of the respective protons by
deuterium. The signals in question are absent in the spectrum of the deuterated

compound (Figure 6.6, bottom).
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Figure 6.7. The changes in the '"H NMR spectrum (300 MHz, CD;CN) of 1 in the range 233-293 K. Left:
the whole spectrum range (+50 to -60 ppm), enlarged; right: +15 to 0 ppm range.

Careful comparison of the Cu...H contact distances in the crystal structure
indicates that the protons H1b and H8b are located significantly closer to Cu" ions than
their neighbors Hla and H8a. However, the corresponding resonances I and J are
observed very close in the spectrum, which is perhaps caused by a rotational movement
of the flexible ethylene groups of the complex cation in solution. The broad resonance
A and B with an approximate integral intensity 4 can thus be assigned to the
diastereotopic protons of the pyrazolylmethylene moieties, with axial protons
experiencing larger hyperfine shifts than equatorial protons.” It is believed that the
resonance originating from the pyridylmethylene protons, which are closest to copper, is
broadened beyond recognition; however, it should emphasized that a possibility of it
being hidden under the resonances A and B cannot be ruled out, since the line broadness

of the latter resonances makes their integration rather uncertain.
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Figure 6.8. 2D COSY spectrum of 1 recorded at 263 K (CD;CN, 300 MHz), displaying spin-spin

connectivities between the resonances D and H, and the resonances E and F and the resonance G.

Further useful information can be obtained from the analysis of the longitudinal
relaxation times (T;). Assuming a predominant dipolar relaxation mechanism as

reported by Holz and co-workers®*

in spin-coupled dicopper(Il) complexes, the Cu...H
contact distance 7 should be proportional to T;"¢. Using the equation r; = Pref(T1i/T, ]y-eﬂ] s
in which 7; and T7; are the Cu...H contact distance and the relaxation time of proton i
and r,.rand 77, are the Cu...H contact distance and the relaxation time of the reference
proton, the distances of each proton to the closest Cu" center can be calculated. As a
reference proton the y-proton of the pyridine ring was used, and r,,, was taken as an
arithmetic average of the Cu...H contact distances of two equivalent y-protons in the
crystal structure. The results are listed in Table 6.3. As can be seen, in general a rather
good correlation is observed between the solution-determined Cu...H contact distances
and the crystallographic ones, as the discrepancies between the calculated and the

observed Cu...H contact distances do not exceed 20%. The differences noted may
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originate from slight discrepancies between the solid-state and solution structures, or
from electron spin-delocalization and contact interactions within the aromatic rings.
However, unfortunately the results do not allow the differentiation between the protons
of the aromatic rings, e.g. 4’ and 5’ protons of the pyrazole rings and 3’ and 5’ protons
of the pyridine rings.

Resonance C, which does not show any cross peaks in the 2D COSY spectrum,
probably due to its large line width, has been assigned to the 6’ pyridine protons by
default. The lack of a cross-peak in 2D COSY NMR is not uncommon for a-pyridine
protons of paramagnetic Cu" complexes.”*** The assignment is consistent with its T
and T, values (T; = 6.7 ms, T, = 222 Hz at 233 K), and its relatively large downfield
shift in comparison to the other pyridine signals, due to its close proximity to the

copper(Il) ions.

Table 6.3. Longitudinal (T;) relaxation times and line widths® measured at 233 K, and Cu-H distances

calculated from the NMR data for 1 and determined from the X-ray structure

Resonance T, Line width, Tewm cale., Feuns determ., Assignmentd
ms Hz
A 5.8 b 3.44 3.76 pZ—CHo(ea-N
B 4.9 b 3.34 3.30 pz-CHoax-N
C 6.7 222 3.52 3.20 6’H-py
D 68.0 46 5.18 4.96 4’H-pz
E 58.8 27 5.06 4.90 3’H-py
F 58.8 23 5.06 5.13 5’H-py
G 132.6 13 5.79 5.79 4’H-py
H 67.3 25 5.17 5.17 5’H-pz
I 8.8 ~118° 3.69 3.36 Pz-(CH,),-pz (H1b +HS8b)
J 8.8 ~77° 3.69 4.61 Pz-(CH,),-pz (Hla +H8a)

“ The line widths are full width at half maximum. b Not measured because of broadness. ¢ Measured at

253 K due to the signals overlapping at 233 K. ?See also Figure 6.12.

6.2.4.2 1D NOE difference measurements

In the case of paramagnetic metal complexes, the fast nuclear relaxation rates
and the relatively small size of the molecules usually prevent the use of NOE
techniques. This is caused by the fact that the NOE intensity in paramagnetic molecules
is proportional to the rotational correlation time and inversely proportional to the
nuclear relaxation rates.”” Although 1D NMR techniques, like NOE difference
spectroscopy were previously successfully applied for the studies of biological proteins,
they are scarcely used for the studies of coordination compounds.”*® In the present case,

the first example of NOE difference experiments being successfully applied on a
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paramagnetic Cu" complex, in attempt to achieve a complete assignment of the
resonances corresponding to the protons of the aromatic rings is reported.

Irradiation of the resonances I and J at 263 K, corresponding to the protons of
the ethylene moieties of the macrocyclic ring, yields in both cases positive NOE’s for
both resonances D and H (Figure 6.9). The NOE signal of the latter resonances appears
to be of higher intensity; therefore it was tentatively assigned it to the 5° protons of the
pyrazole rings, which are located closer in space to the protons of the ethylene moieties.
The very weak NOE signal of the resonance D is likely to be caused by spin diffusion.
However, an absolute discrimination between these two resonances is unfortunately not
possible, as the lower intensity of the NOE signal of the resonance D may also be

inherent to its large line width.

R
Y

T

13 12 5 ppm

Figure 6.9. NOE difference spectra (CD;CN, 600 MHz, 263 K), obtained upon irradiation of the
resonances I (top) and J (middle). The peak H, which gives a more intense NOE signal, is marked with an

asterisk.

It should be mentioned that the NOE connectivities between the pyrazole and
ethylene protons are observed only upon irradiation of faster relaxing protons of the

ethylene moieties (resonances I and J), but not upon irradiation of slower relaxing
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protons of the pyrazole rings (resonances D and H). In the case of the latter protons
irradiation, only a positive NOE signal from the neighbor pyrazole proton is observed
(Figure 6.10). A similar behavior has been previously reported by Bubacco and co-

workers for the Cu" active site of tyrosinase.”

T T T T T T T T T T T T T T T T T T T T T T 1
135 130 125 120 115 11.0 105 10.0 9.5 9.0 8.5 8.0 15 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 ppm

Figure 6.10. NOE difference spectra obtained upon irradiation of the resonances H (top) and D (bottom),
corresponding to the pyrazole protons. The neighbor proton of the aromatic ring displays a NOE

connectivity to the irradiated signal.

6.2.4.3 Distinguishing between the 3’ and 5’ protons of the pyridine rings

In the case of the 3’ and 5’ protons of the pyridine rings, the NOE spectroscopic
technique could not be applied, as the only protons closely located to only one of the
two considered protons are the protons of the pyridylmethylene moieties and the 6’
protons of the pyridine rings. While the protons of the pyridylmethyl moieties are
assumed to broaden beyond recognition, the very short T, value of the pyridine 6’
protons precluded an observation of appreciable NOE connectivities. Therefore, a
derivative ligand in which the two 3’ protons of the pyridine rings were substituted by
methyl groups was prepared. Regretfully, the very light-green compound obtained upon
reaction of this ligand with copper(Il) perchlorate in the presence of base in acetonitrile,
exhibited very broad and poorly resolved resonances in the NMR spectrum in CD;CN
solution. In the UV-Vis spectrum of this solution, the peak at 350 nm, corresponding to
the CT band of the bridging OH™ to Cu" ions is absent, suggesting that the hydroxo-

bridged complex with the methyl-substituted ligand does not form in acetonitrile.
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Fortunately, in D,0, a reasonably well-resolved NMR spectrum could be recorded,
which is shown in Figure 6.11 (bottom). The in situ formation of the hydroxo-bridged
complex in D,O was confirmed by UV-Vis and mass spectroscopy (see Experimental
part). For comparison, the spectrum of 1 was recorded in water as well (Figure 6.11,
top). Although the quality of both spectra is rather poor, not in the least due to a poor
solubility of the compounds, the two spectra are very similar. The absence of resonance
E in the spectrum of the methylated complex allows its assignment to the 3’ protons of
the pyridine rings in 1. Another clear difference between the two spectra is the
resolution of the resonances G and H in the spectrum of the complex with the
methylated ligand, in contrast to their degeneracy in the spectrum of 1 at RT (Figure
6.11). A very intensive peak of water traces, always present in D,O, obscures the
resonances I and J. A complete assignment of all resonances in 'H NMR spectrum of 1

is shown in Figure 6.12.

/

Figure 6.11. The '"H NMR (300 MHz, D,0) spectra of 1 (top) and 1-Me, (the complex with the
macrocyclic ligand containing methyl substituents at the 3’ positions of the pyridine rings, in situ)
(bottom). The measurements were performed with a suppression of H,O resonance, which causes it being

out of phase.

6.2.5 Determination of the antiferromagnetic coupling constant J
from the temperature-dependent NMR studies on 1

The temperature dependencies of the observed hyperfine-shifted NMR signals of
1 were recorded over the temperature range of 233-353 K. As can be seen from Figure
6.7, the resonances shift downfield with increasing temperature, the complex thus
showing an anti-Curie behavior. As shown previously, the type of behavior in the

antiferromagnetically coupled Cu" complexes was found to be dependent on the order
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of magnitude of the magnetic coupling constant J.** The antiferromagnetic coupling
creates a dicopper(Il) system in which the ground state (S = 0) is separated from the first
excited (S = 1) state by 2J. A very elegant study reported by Shokhirev and Walker*
takes into account the temperature-dependent change in the population of the excited
state. This approach has been successfully used to evaluate the strength of the spin-
coupling interaction for 2Fe-2S clusters and dicopper centers.*"* In the present case, the
variable temperature data obtained for the hyperfine-shifted signals were simultaneously
fitted (Figure 6.13) using the program TDWT, kindly provided by N. Shokirev and A.
Walker.* The fitting resulted in a 2J value of -729(22) cm™. A relatively large error
margin is due to the fitting of a limited temperature range, as dictated by the freezing
and boiling temperatures of the solvent. Still, the obtained value is in perfect agreement
with the exchange constant obtained from the magnetic susceptibility studies (2J = -
691(35) cm™). This result clearly demonstrates the possibility and power to use NMR
spectroscopy to probe the magnetic properties of coordination compounds with unpaired

electrons in solution.

Broadened beyond
recognition

Figure 6.12. An assignment of the resonances in "H NMR spectrum of 1 (see also Table 6.3).
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Figure 6.13. Plot of the chemical shifts of 1 in the temperature range of 233-353 K vs. the reciprocal
temperature (1000 K/T). The simultaneous fitting for eight resonances by the program TDWf* results in
2J=-729(22) cm™.

6.3 Concluding remarks

In conclusion, a mono-hydroxo bridge mediates an antiferromagnetic coupling
between the metal centers in dinuclear Cu" complexes. The analysis of magneto-
structural data for Cu" complexes with a single hydroxo bridge and different
coordination geometries around Cu" ions (square-planar, square-pyramidal and trigonal
bipyramidal) indicate that in all three cases, a common general trend is present with the
strength of antiferromagnetic interaction increasing with longer Cu...Cu separations,
wider Cu—O—Cu angles and higher Cu—O—Cu / Cu...Cu ratios.

It can also be concluded that proton NMR spectroscopy is a valuable technique
which can be successfully applied on paramagnetic Cu" complexes, provided that a
significant antiferromagnetic coupling is present between the metal ions. The presence
of strong antiferromagnetic interactions in a molecule overcomes the problem of long
electron relaxation of the Cu" ions, leading to shorter longitudinal (T,) and transversal
(T;) nuclear relaxation times. As a result, commonly used NMR techniques for
diamagnetic molecules, like 2D COSY and 1D NOE difference measurements, can also
be successfully applied on Cu' complexes. In particular, the latter spectroscopic
technique can potentially be a rich source of structural information in solution. Finally,
the strength of the magnetic coupling between the metal ions can be determined rather
precisely from solution NMR studies. There is little doubt that NMR spectroscopy will
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further develop as one of the most successive tools to study the structural and magnetic

properties of paramagnetic molecules in solution.
6.4 Experimental Section

6.4.1 Materials and Methods

All starting materials were commercially available and used as purchased, unless
stated otherwise. THF and methanol were dried over Na and distilled under Ar prior to
use. The macrocyclic ligand [22]py4pz was synthesized by the previously described
procedure,’® according to the reaction scheme shown in Figure 6.1. The deuterated ligand
[22]py4pz-ds was synthesized following a similar experimental procedure, starting from
the commercially available ethylene glycol-d4 (see below). The infrared spectrum of 1
in the 4000-300 cm™ range was recorded on a Bruker 330V IR spectrophotometer
equipped with a Golden Gate Diamond Set. The ligand field spectrum in solution was
recorded on a Varian Cary 50 Scan UV-Vis spectrophotometer. Electrospray mass
spectra (ESI-MS) in D,0O solutions were recorded on a Thermo Finnigan AQA
apparatus. X-band electron paramagnetic resonance (EPR) measurements were
performed at 77 K in the solid state on a Jeol RE2x electron spin resonance
spectrometer, using DPPH (g=2.0036) as a standard. Bulk magnetization
measurements were performed on polycrystalline sample of 1 in the temperature range
5-400 K with a Quantum Design MPMS-5S SQUID magnetometer, in a 0.1 Tesla
applied field. The data were corrected for the experimentally determined contribution of
the sample holder. Corrections for the diamagnetic response of the complex, as

estimated from Pascal’s constants, were applied.*

6.4.2 'H NMR spectroscopic studies

The 'H 1D and 2D COSY NMR spectra were recorded on a DPX300 Bruker
spectrometer. All chemical shifts were reported with respect to the residual solvent
peak. The longitudinal relaxation times (T;) were determined by standard inversion-
recovery experiments, with 2 s relaxation delay and the spectral width of 99.7582 ppm.
The COSY spectrum was obtained at 263 K by collecting 1024 F,x1024 F, data points,
with a relaxation delay of 0.02 s and the spectral width of 34.0678 ppm. 384 scans were
collected. The NOE difference spectra were recorded on a DMX600 Bruker
spectrometer. 1D NOE difference experiments were performed by a literature

4445
procedure,

using a frequency list to define irradiation frequencies, alternating on and
off resonance every other scan. A WEFT pulse sequence was not applied. The

irradiation time was 500 ms. The number of scans during the experiments was 4 k.
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6.4.3 Ligand synthesis

1,2-bis-tosylate-ethane-d4: The compound was synthesized in the same way as
its non-deuterated analogue, starting from commercially available ethylene glycol-d4.°
Yield: 82.8%. '"H NMR (300 MHz, DMSO, ppm): & = 7.71 (d, 4H, Ar-(0)-H); 7.45 (d,
4H, Ar-(m)-H); 2.44 (s, 6H, Ar-CHs).

1,2-di(3-formyl-1-pyrazolyl)ethane-d4: The compound was synthesized as a
white solid by the same method as its non-deuterated analogue.® Yield: 58%. 'H NMR
(300 MHz, CDCl3, ppm): & = 9.97 (s, 2H, C(O)H); 7.08 (d, 2H, 4’pz-H); 6.69 (d, 2H,
5’pz-H).

1,2-di(3-hydroxymethyl-1-pyrazolyl)ethane-d4: The  compound  was
synthesized by the same method as its non-deuterated analogue and used without
purification from borate salts.’ Yield: not determined (above 100% due to the presence
of borate salts). "H NMR (300 MHz, CDCl;, ppm): & = 7.13 (d, 2H, 4’pz-H); 6.16 (d,
2H, 5’pz-H); 4.54 (s, 4H, pz-CH,-OH).

1,2-di(3-chloromethyl-1-pyrazolyl)ethane-ds: The compound was synthesized
according to a slight modification of the procedure reported by Schuitema et al.® The
white solid obtained in the synthesis of 1,2-di(3-hydroxymethyl-1-pyrazolyl)ethane-d4
was dissolved in 100 ml of thionyl chloride and heated at 50 °C upon stirring for 24
hours. Afterwards, SOCI, was evaporated under reduced pressure, and the residue was
neutralized with saturated aqueous solution of Na,COj. The product was extracted with
dichloromethane. The organic phase was dried upon Na,SO,, and evaporated under
reduced pressure. The product was recrystallized from methanol. Yield: 45% (relative to
1,2-di(3-formyl-1-pyrazolyl)ethane-d,). '"H NMR (300 MHz, CDCls, ppm): & = 6.90 (d,
2H, 4’pz-H); 6.16 (d, 2H, 5’pz-H); 4.59 (s, 4H, pz-CH,-Cl).

1,2-di-(3’-(2-pyridylmethylamino)-1’-pyrazolyl)ethane-ds (py2pz-ds): The
compound was synthesized according to the procedure used for its non-deuterated
analogue.® Yield: 64%. '"H NMR (300 MHz, CDCl;, ppm): 6 = 8.53 (d, 2H, 6’H-py),
7.63 (td, 2H, 4’H-py); 7.34 (d, 2H, 3’H-py); 7.13 (td, 2H, 5’H-py), 6.90 (d, 2H, 5’H-pz);
6.08 (d, 2H, 4’H-pz); 3.95(s, 4H, py-CH,-N); 3.85 (s, 2H, pz-CH»-N).

9,22-bis(2-pyridylmethyl)-1,4,9,14,17,22,27,28,29,30-decaazapentacycle
[22.2.1.14,7.111,14.117,20] triacontane-5,7(28),11(29),12,18,20(30),24(27),25-octaene
([22]py4pz-ds): The compound was synthesized according to a slight modification of
the procedure earlier reported by Schuitema et al.® 0.301 g (2.84 mmol) of sodium
carbonate and 0.577 g (1.42 mmol) of py2pz-ds were suspended in 3000 ml of dry THF.
The reaction mixture was cooled to -40 °C, and a solution of 0.374 g (1.42 mmol) of
1,2-di(3’-chloromethylpyrazol-1’-yl)ethane-ds in ca. 200 ml of THF was added. The
reaction mixture was allowed to warm slowly to RT and was then refluxed for 14 days
under Ar. After two weeks, the solvent was evaporated, and the residue was redissolved

in ca. 500 ml of a CH,Cl,-water mixture (1:1 v:v). The aqueous phase was acidified
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with 35% HCI (till pH = 1) and washed a few times with dichloromethane. Afterwards,
the aqueous layer was basified with NH4OH (pH = 9), and the product was extracted a
few times with dichloromethane. The combined organic layers were dried over Na;SOy,
and the solvent was evaporated. The obtained yellow oil was redissolved in methanol,
and the product was precipitated with diethyl ether. Yield: 27%. '"H NMR (300 MHz,
CDClIs, ppm): & = 8.40 (d, 2H, 6’H-py), 7.81 (td, 2H, 4’H-py); 7.64 (d, 2H, 3’H-py);
7.41 (d, 2H, 5’H-pz); 7.25 (td, 2H, 5’H-py); 6.11 (d, 2H, 4’H-pz); 3.56 (s, 4H, py-CHo-
N); 3.36 (s, 2H, pz-CH»-N).

3-methyl-2-pyridylmethylamine: The compound was synthesized according to
a slight modification of the procedure reported earlier by Fos et al.* 1 g (8.5 mmol) of
2-cyano-3-methylpyridine was dissolved in 200 ml of dry MeOH and hydrogenated
with molecular hydrogen in the presence of 1.5 g of 10% Pd on a charcoal. After 6
hours, the charcoal was filtered off, and 4 ml of concentrated HCI was added to the
resulting solution. After evaporation, a mixture of white crystals of product and some
amount of light yellow oil was obtained. The product was recrystallized from a MeOH-
diethyl ether mixture. Yield: 0.70 g (42 %). 'H NMR (MeOD, 300 MHz, ppm): o = 8.64
(d, 1H, 2’H-py); 8.14 (d, 1H, 4’H-py), 7.69 (dd, 1H, 3’H-py), 4.45 (s, 2H, CHupy), 2.52
(s, 3H, CH3).

1,2-di-(3’-(3-methyl-2-pyridylmethylamino)-1’-pyrazolyl)ethane
(py2Me;pz): Under an argon atmosphere, 0.38 g (1.78 mmol) of 1,2-di(3-formyl-1-
pyrazolyl)ethane and 1.2 ml (4 equivalents) of diisopropylethylamine (DIPEA) were
dissolved in 400 ml of dry methanol. A solution of 0.68 g (3.46 mmol) of 3-
methylpyridin-2-ylmethylamine in 50 ml of dry MeOH was added dropwise to the
reaction mixture. The purity of the imine, which immediately forms in situ, was checked
by NMR spectroscopy, and its reduction was carried out without isolating the
compound. NaBHjy (3 eq/CH=N bond) was added to the solution. After the evolution of
gas stopped, the resulting mixture was refluxed for two hours and the solvent was
evaporated under reduced pressure. The residue was dissolved in ca. 250 ml of a
biphasic H,O-dichloromethane mixture, and the organic layer was separated. After
washing the aqueous layer a few more times with dichloromethane, the organic layers
were combined, dried over Na,SO4 and evaporated. This work-up resulted in the pure
product as a light yellow oil. Yield: 0.47 g (61 %). '"H NMR (CDCls, 300 MHz), ppm: &
=8.39 (d, 2H, 6’H-py), 7.41 (d, 2H, 4’H-py), 7.06 (dd, 2H, 5’H-py), 6.90 (d, 2H, 3’H-
pz), 6.08 (d, 2H, 4’H-pz), 4.47 (s, 4H, pz-(CH>):-pz), 3.90 (s, 8H, NH-CH,-py + NH-
CH,-pz), 2.32 (s, 6H, CH3-py).

9,22-bis(3-methyl-2-pyridylmethyl)-1,4,9,14,17,22,27,28,29,30-
decaazapentacycle[22.2.1.14,7.111,14.117,20]triacontane-
5,7(28),11(29),12,18,20(30),24(27),25-0octaene ([22]pyMe,4pz): Under an argon
atmosphere, 0.343 g (3.24 mmol) of Na,CO; and 0.696 g (1.62 mmol) of py2Me;,pz
were suspended in 3500 ml of dry THF. Ca. 200 ml of CH3CN was added to ensure the
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dissolution of the organic compound. The suspension was cooled down to -20 °C, and a
solution of 0.419 g (1.62 mmol) of 1,2-di(3’-chloromethyl-1’-pyrazolyl)ethane in 100
ml of dry THF was added to the reaction mixture. The resulting suspension was allowed
to warm slowly to room temperature, and refluxed for two weeks under argon.
Afterwards, the solvent was evaporated, and the residue was redissolved in a
dichloromethane-water mixture. The organic layer was separated, and the aqueous layer
was washed three more times with dichloromethane. The product was extracted by a
diluted HCI solution, and the resulting aqueous solution was washed a few more times
with dichloromethane. Addition of an ammonium hydroxide solution till pH = 11
resulted in the formation of a white suspension, which was extracted four times with
dichloromethane. The resulting organic solution was dried over Na,SO4 and evaporated
under reduced pressure. The resulting crude product, obtained as a dark-brown oil, was
purified by column chromatography on silica, using CH,Cl,:MeOH mixture (85:15, v:v)
as an eluent. The pure ligand was crystallized from a MeOH/diethyl ether solution and
isolated as a white powder. Yield: < 10%. "H NMR (300 MHz, MeOD, ppm): & = 8.35
(d, 2H, 6’H-py); 7.68 (d, 2H, 4’H-py); 7.49 (d, 2H, 5’H-pz); 7.29 (d, 2H, 5’H-py); 6.19
(d, 4H, 4’H-pz); 4.57 (s, 16H, pz-(CH>),-pz + pz-(CH»)-N); 3.69 (s, 4H, py-CH»-N);
2.28 (s, 6H, CH3-pz)

6.4.4 Syntheses of the coordination compounds
[Cuy([22]py4pz)(u-OH)|(C104)3*H,0 (1): A solution of Cu(ClO4),:6H,0 (74

mg, 0.20 mmol) in ca. 2 ml acetonitrile was added to a suspension of [22]py4pz (58 mg,
0.10 mmol) in the same solvent (the free ligand does not dissolve, unless coordinated to
the metal ions). To the resulting greenish-blue solution one equivalent of NMesOH
(20% solution in methanol) was added, which resulted in an immediate color change to
clear green. Small amounts of copper hydroxide that may precipitate occasionally were
removed by filtration. The resulting clear solution was concentrated to the half of its
initial volume. Diethyl ether diffusion led to small green crystals, which were isolated
and recrystallized from an acetonitrile/diethyl ether mixture. Single crystals were
obtained by slow diffusion of diethyl ether into a diluted acetonitrile solution of 1.
Elemental analysis, % found (calc.) for [Cux([22]py4pz)(u-OH)](ClO4);-H,O
(=Cs2H39C13CuaN12014): C, 36.6 (36.6), H, 3.7 (3.3), N, 16.0 (15.6). IR (4000-300
cm™), v: 3514 (O-H stretching), 3126 (C-H arom. stretching), 1610 (C=N arom.
pyridine), 1515 (C=N arom. pyrazole), 1076 (ClOy)
[Cux([22]pyMe,4pz)(u-OH)|(Cl04)3-H,O (1-Me;) (in situ): A solution of
Cu(Cl0Oy4),:6H,0 (7.2 mg, 0.019 mmol) in ca. 1 ml acetonitrile was added to a
suspension of [22]pyMe»4pz (6.0 mg, 0.010 mmol) in the same solvent (the ligand does
not dissolve without coordination to metal ions). To the resulting green solution one
equivalent of NMe4sOH (20% solution in methanol) was added, which resulted in an

immediate color change to greenish-yellow. The resulting solution was concentrated till
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the half of its initial volume. Diethyl ether diffusion led to the formation of a very light-
green amorphous powder, which was redissolved in D,O and used for the NMR
spectroscopic studies. The in situ formation of the hydroxo-bridged complex was
confirmed by ESI-MS measurements (D0, m/z 529 (1 [22]pyMe4pz+2 Cu+ 1 OH +
3 ClOy4, z =2; 1078 (1 [22]pyMex4pz + 2Cu + 1 OH + 3 ClO4 + D,O, z = 1) and UV-
Vis spectroscopy (in D,0, A = 350 nm (CT Cu" « OH).

Safety Note: Although no problems were encountered during the preparation of
perchlorate salts, these compounds are potentially hazardous and should be treated with

carc.

6.4.5 X-ray crystallographic measurements

X-ray diffraction intensities of 1 were measured on a Bruker AXS Apex
diffractometer with graphite monochromator. The structure was solved with direct
methods (SHELXS97).”” The structure refinement was done with SHELXL97* against
F? of all reflections. Molecular illustration, checking for higher symmetry and geometry
calculations were performed with the PLATON® package. C3,H39Cl; CupN 1,014, Fw =
1049.19, green block (0.07x0.05x0.04 mm’), a = 21.826(4) A, b = 12.189(2) A, ¢ =
17.687(4) A, p=117.47(3)°, Z=4, V= 4174.9(18) A’, peatea. = 1.666 g-em™, 1 = 1.291
mm”', monoclinic, space group C2/c (no. 15), 21343 reflections collected, 5187
independent reflections (Rij,x = 0.0540). The final cycle of full-matrix least-squares
refinement, including 289 parameters, converged into R; = 0.0512 (R; = 0.0923 all data)
and wR, = 0.1344 (wR, = 0.1447 all data) with a maximum (minimum) residual electron
density of 0.887 (-0.499) e-A°.
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Catecholase activity of a u-hydroxo-

7 dicopper(Il) macrocyclic complex:
structures, intermediates and
reaction mechanism’

This chapter reports the catecholase activity of the dicopper(Il) complex
[Cux([22]py4pz)(u-OH)](CI04)3-H,0 (1), as well as the syntheses and characterization
of its reduced dicopper(I) analogue [Cuy([22]py4pz)](ClO4),-2CH30H (2) and the trans-
u-1,2-peroxo-dicopper(Il) adduct 3 ([22]pyd4pz = (9,22-bis(2-pyridylmethyl)-
1,4,9,14,17,22,27,28,29,30-decaazapentacyclo-[22.2.1. 147 1114 17’Zo]triacontane-
5,7(28),11(29),12,18,20(30),24(27),25-octaene). These three compounds represent
models of the three states of the catechol oxidase active site: met, deoxy (reduced) and
oxy. The dicopper(Il) complex 1 catalyzes the oxidation of catechol model substrates in
aerobic conditions, while in the absence of dioxygen a stoichiometric oxidation takes
place, leading to the formation of quinone and the dicopper(I) complex. The catalytic
reaction follows a Michaelis-Menten behavior. The dicopper(I) complex binds dioxygen
at low temperature, forming a trans-u-1,2-peroxo-dicopper adduct, which has been
characterized by UV-Vis and resonance Raman spectroscopy, and electrochemically.
This peroxo complex stoichiometrically oxidizes a second molecule of catechol in the
absence of dioxygen. A catalytic mechanism of catechol oxidation by 1 has been
proposed, and its relevance to the mechanisms earlier proposed for the natural enzyme

and other copper complexes is discussed.

"This chapter is based on: Koval, I. A., Belle, C., Selmeczi, K., Philouze, C., Saint-Aman, E., Schuitema,
A. M., Gamez, P., Pierre, J.-L., Reedijk, J., J. Biol. Inorg. Chem., 2005, 10, 739-750
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7.1 Introduction

As discussed in Chapter 1, despite the large number of model complexes reported
in the literature,''* the mechanism of the catechol oxidation by the natural enzyme and
by the model complexes still remains far from clear. In Chapter 6, the structure of
dicopper(Il) complex 1 with a macrocyclic ligand [22]py4pz (Scheme 7.1) with a single
hydroxo bridge between the copper centers,” which is fairly similar to the met form of
the active site of catechol oxidase, has been reported. Consequently, in order to
investigate catechol oxidation mechanism by 1, its interaction with catechol model
substrates in aerobic and anaerobic conditions has been examined, and the results are
presented in the present chapter. The structure and the properties of the dicopper(I)
complex [Cuy([22]py4pz)](ClO4),:2CH;0H (2), the dioxygen binding by this complex,
leading to a trans-u-1,2-peroxo-dicopper adduct 3, and the interaction of the latter
species with phenol and catechol substrates are also discussed. Based on the results, a
mechanism for the catechol oxidation by 1 is proposed, which closely resembles the
earlier one proposed by Krebs and co-workers'® for the natural enzyme, shedding a new

light on the oxidation of phenol and catechol substrates by peroxo-dicopper species.
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Scheme 7.1. Schematic representations of the ligand [22]py4pz (left, top), its methyl-substituted analog
Me[22]py4pz (right, top),"” the complex cation [Cu,([22]py4pz)(u-OH)** (17", left, bottom), the complex
cation [Cuy([22]py4pz)]*" (2°', middle, bottom) and trans-u-1,2-peroxo-dicopper adduct
[Cuy([22]py4pz)(u-0,)1* (3%, right, bottom).

7.2 Results and Discussion

7.2.1 Synthesis of the ligand, 1 and 2

The synthesis of the macrocyclic ligand [22]py4pz and the hydroxo-bridged
dicopper(Il) complex 1 are outlined in Chapter 6. The dicopper(I) complex 2 has been
synthesized by reacting Cu(CH3CN)4(ClO4) with [22]py4pz in methanol in dry glove
box atmosphere. The diffusion of diethyl ether into the colorless solution, containing
two molar equivalents of Cu(CH3;CN)4(ClO4) and one equivalent of the ligand, led to

the appearance of the small colorless crystals of the product.
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7.2.2 Crystal structure description
[Cuz([22]py4pz)(2-OH)](C104)3]-H2O (1)

The crystal structure of 1 has been described in detail in Chapter 6;" for clarity it
will be very briefly described here. The molecular plot of the complex cation is shown
in Figure 6.2 (see Chapter 6). The Cu" ions are in an N4O environment, which can be
best described as distorted trigonal bipyramid (t = 0.83; T = 0 for the regular square
pyramid and 1 for the regular trigonal bipyramid geometry'®). The oxygen atom 023 of
the hydroxo group bridges two copper ions, occupying the axial position in their
coordination spheres and keeping them on a distance of 3.7587(11) A. The Cu-O-Cu
angle is 156.0(3)°.

[Cux([22]py4p2)|(C104),-2CH3;0H (2)

The molecular structure of 2 is presented in Figure 7.1. Selected bond lengths and

angles are given in Table 7.1.

Figure 7.1. ORTEP representation of the complex cation [Cu,([22]py4pz)]*". Hydrogen atoms are

omitted for clarity.

The macrocyclic ligand adopts a saddle-shaped structure with a roof closed by the
two pyridines. The complex cation encloses two copper(l) ions at a distance of
3.3922(7) A, which is shorter than the intermetallic distance in 1. The Cul and Cu2
cations are surrounded by the nitrogen atom of the pyridine ring (N1 and N8
respectively) at an average distance of 2.008 A and the nitrogen atoms of two pyrazole
rings (N4, N5 and N10, N11, respectively) at distances of 2.014(3) (Cul) or 2.024(3) A
(Cu2) and 1.958(3) (Cul) or 1.953(3) A (Cu2), respectively. The tripodal nitrogen
atoms (N2 and N7) are located at longer distances of 2.383(4) and 2.407(3) A. The N-
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Cu-N angles around both metal ions range between 76° and 143°. The coordination
mode of both copper ions should thus be regarded as trigonal planar rather than
tetrahedral, the two tripodal nitrogen atoms being considered as non-coordinating.
However, the trigonal planar surrounding is distorted, the coordination angles deviating
from the value of 120° expected for a regular trigonal planar geometry. When the
oxidation state of a bound metal cation is known unambiguously, the bond valence sum
calculation (BVS) can be used to confirm the coordination number."” In the present case

the value calculated gives a BVS of 1.067 in agreement with a tricoordinated Cu' ion.

Table 7.1. Selected bond lengths and bond angles for [Cu,([22]py4pz)](C104),-2CH;0H (2)

Bond distances (A)
Cul - N1 2.008(3) Cu2 - N10 2.024(3)
Cul - N4 2.014(3) Cu2 - N11 1.953(3)
Cul - N5 1.958(3) Cu2 - N8 2.008(4)
Cul - N2 2.383(4) Cu2 - N7 2.407(3)

Bond angles ()

N1 - Cul - N4 112.0(1)  N8-Cu2-NI0 111.9(1)
NI -Cul - N5 129.7(1)  N8-Cu2-NI1 130.3(1)
N4 — Cul — N5 107.7(1)  NI0—Cu2—NI11 108.1(1)
N5 - Cul - N2 143.4(1)  N8-Cu2-N7 76.3(1)
N1 - Cul - N2 76.6(1)  NI0-Cu2-N7 77.4(1)
N4 - Cul - N2 76.6(1)  NI11-Cu2-N7 141.8(1)

7.2.3 Formation of trans-u-1,2-peroxo-dicopper(ll) complex (3)

Upon dioxygen addition to a solution of 2 in acetonitrile at -40 °C, the UV-Vis
spectra of the resulting dark purple solution display two absorption bands at 523 nm (e
= 4320 M"-cm™) and 617 nm (e = 2212 M"-cm™), ascribed respectively to 5 —d and

***! which develop almost instantaneously (Figure

nv*—>d peroxo to c' T transitions,
7.2, left). The resonance Raman spectrum of the final product 3 (in situ formed in
acetonitrile) is characterized by two peaks besides the peaks from the solvent (Figure
7.2, right, curve A). The first peak at 510 cm™ was assigned to a v(Cu-O) stretching,
while the second one, at 840 cm™, corresponds to an intra-peroxide v(O-O) stretching.
These UV-Vis and Raman spectroscopic characteristics are typical for trans-u-1,2-
peroxo-dicopper species and suggest that dioxygen is bound to both copper(Il) ions in a
symmetric end-on fashion,” similarly to the earlier reported dicopper-peroxo complex
with the macrocyclic ligand Me[22]py4pz (Scheme 7.1)," which only differs from the
ligand [22]py4pz by the presence of methyl substituents on the pyrazole rings.

Numerous studies on the formation of trans-u-1,2-peroxo-dicopper complexes indicate
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that oxygenation of the corresponding dicopper(I) complex usually proceeds via
formation of an intermediate copper(Il)-superoxo Cu-O, "-species, characterized by an
intensive absorption band at ca. 410 nm (¢ = 3000-8000 M-cm™),” however, this
species has not been observed upon dioxygen addition to 2.

The formed trans-u-1,2-peroxo-dicopper(Il) complex 3 is stable for ca. 3 hours
in acetonitrile solution at -40 °C, but less stable than the trans-u-1,2-peroxo-dicopper(Il)
complex with Me[22]py4pz, the methyl substituents in the latter ligand apparently
sterically protecting the highly reactive peroxo core. Its decomposition leads to the
formation of a light-green solution, characterized by a strong absorption band at 350 nm
(e ca. 10000 M™"-cm™). This spectrum is consistent with the formation of the y-hydroxo-
bridged dicopper(Il) complex 1."* This species was further confirmed by ESI-MS
studies (m/z 465, z = 2), corresponding to [[Cux([22]py4pz)(u-
OH)(CH;CN),(H,0)]C104]*, the isotopic distribution pattern being consistent with the
theoretically expected one. As for [Cuy(Me[22]py4pz)(u-0,)]*", the dioxygen binding
was found to be irreversible, as the absorption of the peaks at 523 and 617 nm did
neither diminish upon purging the solution with argon for a few hours, nor by
evaporation of the solvent under reduced pressure.

A test assaying the dihydrogen peroxide produced by the addition of an excess
of trifluoroacetic acid to the oxygenated solution in acetone at -60 °C, indicated that

H,0; was formed in 92% yield, considering a 2Cu:10, stoichiometry.*

1
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Figure 7.2. Left: changes in the UV-Vis spectrum upon bubbling dioxygen into a 2.5%10* M solution of

2 (-40 °C, CH;CN, spectra recorded every 0.2 min). Right: resonance Raman spectrum of 3 (in situ,

CH;CN, curve A) and 4 (in situ, 3 + 1 eq. 3-FC, CH3CN, curve B, see Section 7.2.9 for further details),

excitation wavelength 514.532 nm; the peaks marked “s” originate from solvent.

7.2.4 General properties of the compounds

The magneto-chemical properties and the NMR spectra of complex 1 have been
discussed in Chapter 6."” The compound exhibits a very strong antiferromagnetic
coupling (2J = -691(35) cm™") between the copper ions, leading to an EPR-silent
complex in both the solid state and in a frozen acetonitrile solution. The complex was

found to be moderately soluble in acetonitrile and DMSO, poorly soluble in water, and
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completely insoluble in other common solvents. The UV-Vis-NIR spectrum of the
complex in CH3;CN solution exhibits two absorption bands at 350 nm (e= 7176
M'-ecm™) and at 821 nm (¢ = 336 M"-cm™). The first one corresponds to the charge
transfer band from the hydroxo bridge to the copper ions, whereas the second one is
assigned to the d-d transition band of the Cu" ions.

Complex 2 was found to be moderately soluble in acetonitrile and methanol and
very air- and moisture-sensitive. Therefore, it could only be stored in the inert
atmosphere of a dry glove box. Its NMR spectrum is characterized by relatively sharp
peaks at room temperature and indicates a symmetric structure of the compound in

solution.
7.2.5 Acid-base properties of 1

The acid-base properties of 1 have been first studied by spectrophotometric
titration of a solution of 1 in a DMSO/water mixture (1:9) with 0.01 M solutions of
NaOH and HClIO4. A DMSO/water mixture has been used due to the very poor
solubility of 1 in pure water. The ionic strength was maintained constant with a 0.01 M
solution of NaNOj; (aq) (sodium perchlorate could not be used, as the complex

precipitates in the presence of an excess of perchlorate ions in this solvent).
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Figure 7.3. Changes in the UV-Vis spectrum of 1 upon titration with HC1O, (left, pH range 7.1 — 4.0) and
NaOH (right, pH range 7.1 — 10.9). The insert shows the decrease in absorption of the LMCT band at 350

nm vs. pH of the solution.

The titration of 1 by HCIO4 results in the progressive diminishing of the CT
band at 350 nm till its disappearance at pH 3 (Figure 7.3, left). This process is reversible
upon addition of NaOH. A plot of the absorbance vs. pH indicates that the protonation
process has an apparent pK; of 4.0 (£0.05). Similarly, the titration of 1 with NaOH
leads to the decrease of the CT band at 350 nm till its complete disappearance at pH 11,
with an apparent pK, of 9.5 (+0.07) (Figure 7.3, right), and 97% of its initial absorption
is restored upon addition of HCIOs. No isosbestic points were observed. Thus, the initial
structure of 1 is preserved in a limited pH range (pH 5 — 8) and undergoes protonation
or deprotonation at higher and lower pH; however, the process is reversible upon

restoration of pH to neutral values. This has been further studied from an NMR titration
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in a DMSO-d¢/D,0 (1:9) mixture. The NMR resonances of 1 broaden upon addition of
either CF;COOD or NaOD, and their intensity progressively decreases, without any
new resonances appearing in the spectrum. The latter results suggest that at higher and
lower pH, a dissociation of the hydroxo bridge takes place, leading to the decrease of
the antiferromagnetic coupling between the copper(Il) centers and signals broadening,

and possibly with a subsequent ligand protonation at low pH values.
7.2.6 Electrochemical studies of 1, 2 and 3

The electrochemical behavior of complexes 1 and 2 and the trans-u-1,2-peroxo
adduct 3 (in situ) has been investigated by cyclic voltammetry (CV) and rotating disk
electrode voltammetry (RDE) in acetonitrile solution, with tetra-n-butylammonium
perchlorate (TBAP) as supporting electrolyte (0.1 M). The potentials are referred to an
Ag/10 mM AgNOs + CH3CN + 0.1 M TBAP reference electrode.

The CV curve of complex 1 is characterized by three successive electrochemical
signals (Figure 7.4, left) at E,c = -0.43, -0.80 and -1.20 V, respectively. Coulometric
titration allows to attribute these systems to the complexed CuH’Hz/CuH’lg, cu',/cut,
redox couples and finally to the formation of Cu’ onto the electrode surface. The first
system is quasi-reversible, whereas the second one is irreversible. As previously
described,” OH™ bridges have a poor ability to bind Cu' centers and tend to dissociate
upon copper reduction, causing the irreversibility of the electrochemical system. These
results have been confirmed by rotating disk electrode (RDE) voltammetry experiments
(Figure 7.4, right) with two well-behaved cathodic waves at E;, =-0.45 V and -1.20 V.
The third cathodic wave at E;, = -0.80 V could not be observed due to an adsorption

phenomenon.

Figure 7.4. Left: CV curves recorded in a 1 mM solution of 1 in CH;CN + 0.1 M TBAP on a Pt disc (& =
5 mm), v=0.1 V-s". Right: RDE curves of 1 (curve a) and 1 in the presence of 10 molar equivalents of
DTBCH, (curve b, see Section 7.2.8 for further details), N = 600 rpm; v = 0.01 V-s; V vs. Ag/10 mM
AgNO; + CH;CN + 0.1 M TBAP.
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The anodic part of the CV curve for 2 (Figure 7.5, left) is characterized by one
fully irreversible broad electrochemical signal at E,, = +0.18 V, likely resulting from
the overlapping of two successive oxidation waves corresponding to the complexed
Cu™'y/Cu™, and Cu™y/Cu™", redox couples. On the reverse scan, a quasi-reversible
one-electron reduction peak at E;;, =-0.43 V is observed, which corresponds to the one-
electron reduction of the complex 1, formed upon oxidation of 2.

The CV curve of 3 (in situ), recorded at -40 °C, displays one ill-behaved
irreversible reduction wave at E,. = -0.64 V (Figure 7.5, right, curve a). The reduction
of molecular dioxygen, present in solution, is observed at -1.0 V, precluding the

observation of other cathodic waves.
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Figure 7.5. Left: CV curve recorded in a 1 mM solution of 2 in CH;CN + 0.1 M TBAP on a Pt disc (& =
5 mm), v = 0.1 V-s''. Right: voltammetric curve in CH;CN + 0.1 M TBAP of the peroxo-dicopper
complex 3 (in situ, 2.5x10* M, CH;CN, -40 °C). (a) CV curve 0.1 V's' (b) (dotted line) RDE 6000 rpm.
E vs. Ag/10 mM AgNO; + 0.1 M TBAP in CH;CN.

Two weak irreversible electrochemical waves at E,, = 0.10 V and 0.58 V are
observed in the positive range of potentials. The cathodic RDE voltammogram displays
one wave at E;, = -0.70 V, while on the anodic part of the RDE voltammogram, two
successive oxidation waves can be found (Figure 7.5, right, curve b). The first anodic
wave at Ej» = 0.06 V is of very low intensity and may correspond to the oxidation of a
by-product, likely the starting Cu' complex, present in a very small amount in solution.
No electrochemical properties of trans-u-1,2-peroxo-dicopper complexes have been
previously reported, although Karlin and co-workers have very recently reported the CV

26

curves of two u-n*n* peroxo-dicopper(Il) complexes.® However, based on the

electrochemical data earlier reported for peroxo-bridged dinuclear cobalt complexes,”*®
the irreversible cathodic wave has been assigned to the two-electron reduction of the
Cu" centers, resulting in the formation of unstable dicopper(I)-peroxo species, which

quickly decompose. The main anodic wave was attributed to the one-electron oxidation
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of the peroxo moiety, leading to the formation of the dicopper(Il)-superoxo species,
which is usually observed as an intermediate in the formation of trans-u-1,2-peroxo-
dicopper complexes. The assignment is fully consistent with the height of the RDE

cathodic wave being twice the height of the second RDE anodic wave.
7.2.7 Catecholase activity of 1

The catalytic activity of 1 in the oxidation of commonly used model substrate
3,5-di-tert-butylcatechol (DTBCH,) has been studied in acetonitrile saturated in
dioxygen by monitoring the development of the UV-Vis band at 400 nm, corresponding
to the absorption of the produced quinone (¢ = 1900 M'-cm™). Upon treating a 0.25
mM solution of the complex with 100 equivalents of DTBCH,, a turnover number of 36
has been determined after one hour. The reaction follows a Michaelis-Menten behavior.
The reaction rate in acetonitrile has been determined from the slope of trace at 400 nm
in the first 20 minutes of the reaction, and a Lineweaver-Burk treatment gave Vyax =
1.3x10° M-s™ and Ky = 4.9 mM (Figure 7.6).

The utilization of other catechols with higher oxidation potentials, such as 3-
fluorocatechol (3-FC), 3-nitrocatechol and tetrachlorocatechol showed that 1 catalyzes
the oxidation of 3-FC, but fails to oxidize the latter two substrates. The catalytic
reaction in the case of 3-FC proceeds, however, very slowly (e.g. one equivalent of
quinone was formed after 20 min of reaction), which makes a more detailed kinetic

analysis dispensable.
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Figure 7.6. Plot of the initial reaction rates determined from the slope of trace at 400 nm in the first 20

minutes vs. substrate concentration, indicating substrate saturation behavior (left), and reciprocal

Lineweaver-Burk plot (right).

7.2.8 Interaction of 1 with catechol substrates in anaerobic
conditions

As shown previously by Krebs and co-workers,” the natural met form of
catechol oxidase reacts with one equivalent of catechol stoichiometrically in anaerobic

conditions, producing one equivalent of the corresponding quinone. A stoichiometric
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oxidation of catechol has also been proposed or observed as a first step in the catalytic

6.12,30-32 Therefore the interaction of 1

oxidation of catechols by copper(Il) complexes.
with two model substrates, DTBCH, and 3-FC, has been investigated. The interaction of
1 with DTBCH, was evaluated by means of UV-Vis spectroscopy and
electrochemically and its interaction with 3-FC from ""F NMR spectroscopy
experiments.

Upon addition of DTBCH; to 0.25 mM solution of 1 in acetonitrile under
anaerobic conditions, one equivalent of the corresponding quinone is produced in a fast
stoichiometric reaction along with the reduced species 2 (Figure 7.7). This can be
evidenced from the disappearance of the CT band at 350 nm and the d-d band of the
Cu" ions, and the appearance of a new band at 400 nm, characteristic of the formed
quinone. Two isosbestic points at 398 and 600 nm indicate the presence of two
absorbing species in solution. As the reaction proceeds too fast to obtain the reliable
values of the initial reaction rates, no detailed kinetic analysis could be performed. It is
however obvious that the rates increase with the increase in the substrate concentration.
The formation of DTBQ upon anaerobic interaction of 1 with DTBCH; has also been
confirmed electrochemically. The addition of an excess of DTBCH,; to a solution of 1 in
acetonitrile leads to the development of a new RDE wave at E;, = -0.88 V,
corresponding to the two-electron reduction of the formed DTBQ (Figure 7.4, right,

curve b).
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Figure 7.7. Changes in the UV-Vis spectra of 1 (CH;CN, 2.5x10™ M, dry glove box) upon addition of 3

molar equivalents of DTBCH, (spectra recorded every 5 seconds, / = 0.5 cm).

The anaerobic interaction of 1 with 3-FC, followed by UV-Vis spectroscopy,
also revealed the formation of a very small amount of o-quinone. It appears to be much
more difficult to oxidize 3-FC, which is in agreement with its higher oxidation potential

in comparison with DTBCH,. In fact, even in the presence of a large excess (60 molar
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equivalents) of 3-FC, less than one equivalent of quinone was produced. The most
direct proof of the quinone formation was obtained by means of '’F NMR spectroscopy.
Pure 3-FC exhibits one peak at 26.28 ppm in the '’F NMR spectrum and the gradual
addition of 3-FC to a solution of 1 in anaerobic conditions gives rise to a single new
peak at 40.14 ppm, corresponding to the 3-fluoroquinone. The intensity of this peak was
found to increase significantly in time upon addition of dioxygen, with a concomitant
diminution of the original 3-FC peak. It has to be mentioned that no other peaks due to

potential reaction intermediates, could be detected in the spectrum.
7.2.9 Interaction of 3 with catechol and phenolic substrates

Relatively few examples of the interaction of peroxo-dicopper(Il) species with
catechol substrates are described in the literature. Kitajima et al. reported the oxidative
C-C coupling of DTBCH, by a u-7":5” peroxo complex, resulting in the formation of
diphenoquinones.” Interestingly, no formation of o-benzoquinone was observed, unless
exogenous dioxygen was introduced into the reaction mixture. Casella and co-workers
reported a stoichiometric oxidation of DTBCH, to DTBQ by a u-”:5” peroxo-dicopper
complex.* The same type of reactivity was observed by Stack and co-workers for a bis-
u-oxo-dicopper core.” The oxidation of DTBCH, by u-n:#°-peroxo and bis-u-oxo-
dicopper complexes was also reported by Tolman and co-workers* with isolation of
mononuclear copper(Il)-semiquinonate complexes as a sole product of the reaction, the
(per)oxo-dicopper species being generated by reaction of two essentially mononuclear
Cu' molecules with dioxygen. Rockcliffe and Martell also reported a number of
examples of the stoichiometric oxidation of catechols to the respective quinones or
dicarboxylic acids involving various dicopper-dioxygen complexes.’*"** Unfortunately,
these authors did not provide detailed information concerning the structure of the
peroxo species. Although the end-on dioxygen-binding mode was proposed based on

38,40

the results of molecular modeling,* the UV-Vis spectroscopic data,’®* reported by the

authors, as well as the overall reactivity of the described peroxo species®*!

suggest that
dioxygen is bound in the x-1>:7* mode. However, the oxidation of catechols by end-on
peroxo-dicopper complexes has not been reported before, although the deprotonation of
tetrachlorocatechol upon reaction with end-on trans-u-1,2-peroxo-dicopper species has
been evidenced by Comba and co-workers.>*

The anaerobic interaction of 3 (in situ) with catechol has been studied
spectrophotometrically at -40 °C in acetonitrile solution. The changes in the UV-Vis
spectrum upon addition of one equivalent of catechol to a 0.25 mM solution of 3 are
shown in Figure 7.8 (left). The disappearance of the peaks at 523 nm and 617 nm along
with the development of the absorbance at 400 nm corresponds to the stoichiometric
oxidation of the catechol substrate by 3, leading to DTBQ (dotted line, Figure 7.8, left).
The bubbling of dioxygen through the solution after completion of the reaction resulted

in only a slight increase of the absorptions at 523 nm and 617 nm, indicating that the
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trans-u-1,2-peroxo core could not be restored. This suggests that the copper(Il) ions are
not reduced upon interaction with the substrate; thus, the oxidation of the substrate is
likely to be performed by the peroxo moiety. Upon addition of an excess of DTBCH, to
3 in the presence of dioxygen, a catalytic oxidation of catechol takes place.

The mechanism of the catechol oxidation by 3 is of interest. Taking into account
the basic nature of the end-on peroxo moiety, it can be proposed that in the first place
the catechol acts as an acid toward 3. This assumption is also supported by the earlier
reports on the observed deprotonation of catechols and phenols after reaction with trans-
u-1,2-peroxo-dicopper cores.”* Therefore the interaction of 3 with the deuterated
analogue of DTBCH,, in which the protons of the phenol groups are substituted with
deuterium (DTBCD,), has been studied. As can be seen from Figure 7.8 (left), the
oxidation process clearly proceeds in two steps. First, the characteristic absorbencies of
the peroxo-dicopper(Il) species at 523 nm and 617 nm gradually disappears along with
the appearance of the new peak at 342 nm. The isosbestic point at 440 nm indicates the
presence of two species in solution. Second, the peak at 400 nm develops, indicating the
formation of one equivalent of the quinone. The apparent reaction rate constant of the
first process K s is 0.04 s for DTBCD,, whereas for non-deuterated DTBCH, the
reaction is too fast to allow the determination of the reaction rate constant. For the
second process, the reaction rate constant kzobs of 0.11 s™! could be determined for both
non-deuterated and deuterated substrate. Thus, on the second step of the reaction, no
kinetic isotopic effect is observed, whereas a proton is obviously transferred on the first
step. It can thus be proposed that initially the protonation of the peroxo core occurs
along with the binding of the deprotonated substrate to the metal center, resulting in the
formation of a ternary complex of a formal composition [Cuy([22]py4pz)(O-O-H)-
substrate]. The second step involves the oxidation of the bound catecholate by the
peroxide moiety, which is thus independent on the proton/deuterium exchange. The
interaction of 3 with the less reactive 3-fluorocatechol, the utilization of which stabilizes
the formed hydroperoxo-dicopper(Il)-substrate intermediate (4), has also been studied.
The product 4, formed upon treatment of 3 with one molar equivalent of 3-FC in
acetonitrile, is characterized by the peak at 342 nm (e =3960 M'-cm™) in the UV-Vis
spectrum and remains stable for at least 15 minutes at -40 °C. Its resonance Raman
spectrum is characterized by the peak at 851 cm™, corresponding to a v(O-O) stretching
(Figure 7.2, right, curve B). The protonation thus increases the frequency of the O-O
stretching in comparison to the original peroxo-dicopper(Il) complex 3, similarly to
carlier reported results by Solomon er al* The UV-Vis and resonance Raman
spectroscopic characteristics of 4 are very close to the values earlier reported for other
u-1,1-hydroperoxo-copper(Il) complexes;** furthermore, similarly to such complexes,*
species 4 is EPR-silent. Thus, based on the spectroscopic data, the formation of u-1,1-
hydroperoxo-dicopper(Il) intermediate upon reaction of 3 with catechol can be

tentatively suggested. It should be noted that the formation of a hydroperoxo
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intermediate has also been evidenced by Karlin et al.** in the reaction of trans-u-1,2-

peroxo-dicopper complexes with 2,4-di-tert-butylphenol.
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Figure 7.8. Left: changes in the UV-Vis spectrum upon addition of one equivalent of DTBCD, to a
solution of 3 in anaerobic conditions (in situ, CH;CN, 2.5x10* M, -40 °C). Solid lines: the spectra
recorded each 0.2 min after DTBCD, addition to 3. The dotted lines correspond to the gradual formation
of one equivalent of DTBQ. For clarity, only the spectra recorded after 3.0, 6.0, 11.0 and 16.0 minutes are
shown. Right: changes in the UV-Vis spectrum of 3 upon addition of one equivalent of sodium 4-

carbomethoxyphenolate (2.5x10* M, acetone, -60 °C).

The interaction of 3 with sodium 4-carbomethoxyphenolate (a commonly used
phenolic substrate) does not result in the hydroxylation of the aromatic ring
(monophenolase activity). Earlier, Karlin and co-workers have pointed out the
differences in reactivities between trans-u-1,2-peroxo and u-n*:5”> peroxo complexes.**
While the former complexes are basic/nucleophlic in nature, the latter complexes
display electrophilic properties. Recently, an electrophilic aromatic substitution
mechanism has been proposed for the hydroxylation of phenols to the respective
catechols by u-#":n* peroxo complexes.”® It includes a rate-determining electrophilic
attack of the u-n":” peroxo core, while the oxygenation of the substrate (C-O bond
formation) happens simultaneously with the O-O bond cleavage of the peroxo
intermediate. Thus, the inability of 3 to hydroxylate a phenol substrate agrees with its
nucleophilic character and is consistent with the earlier proposed mechanism of the
phenolase activity of peroxo-dicopper complexes. The binding of the phenolate to the
metal centers could, however, be confirmed, as the peroxo absorptions in the UV-Vis
spectrum decreased with the addition of phenolate (Figure 7.8, right) and could not be
restored upon purging the reaction mixture with pure dioxygen. At the same time, the
peak at 328 nm gradually develops in the spectrum, which probably corresponds to the
CT band from the coordinated phenolate to the copper(Il) ions, as it is consistent with
the spectroscopic characteristics observed for the reaction of dicopper(Il) complexes

with kojic acid,” and for copper(I)-phenolate adducts.*

161



7.2.10 Mechanistic considerations

On the basis of the results described above, a mechanism for the catechol

oxidation by 1, as depicted in Figure 7.9, can be proposed.
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Figure 7.9. Proposed mechanism for the oxidation of 3,5-di-fert-butylcatechol by 1. The complexes 1 and
2 are characterized crystallographically, the peroxo-dicopper(Il) intermediate 3 is characterized by UV-

Vis and resonance Raman spectroscopy.

In the first stage of the reaction, a stoichiometric oxidation of catechol by 1 takes
place (step a, Figure 7.9). This step does not require the presence of dioxygen. At the
second stage, the dicopper(I) complex 2, which is formed upon DTBCH,; oxidation by
1, reacts with dioxygen to form the trans-u-1,2-peroxo-dicopper(Il) species 3 (step b).
This species oxidizes a second equivalent of catechol in stoichiometric reaction through
a two-electron transfer from the catechol to the peroxide moiety. The reaction proceeds
in two steps: the proton transfer from the substrate to the nucleophilic peroxo core (step
¢), and the oxidation of the bound catecholate (step d). As suggested earlier by Casella
et al.,”” the steps b-d appear to determine the overall catalytic efficiency of 1, as step a
is too fast to be considered as a rate-determining step. After the quinone molecule is
released, the complex 1 is regenerated, and the catalytic cycle can continue, as shown in
Figure 7.9. Two equivalents of quinone are thus generated per one catalytic cycle. This
mechanism is in fact very similar to the mechanisms earlier proposed by Rockcliffe et
al’" and Casella and co-workers® for dinuclear Cu' complexes, and by Krebs and co-
workers for catechol oxidase.””” Two major differences between the present mechanism
and those earlier described should though be pointed out. The first one is the structure of
the peroxo-dicopper intermediate. Whereas the formation of a ,LL-;72.'772 peroxo-dicopper

intermediate was shown for catechol oxidase,””' Casella and co-workers reported the
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formation of either u-°:n° peroxo or u-oxo-dicopper species upon reaction of
dicopper(I) species with dioxygen, dependent on the ligand structure.*** In the present
case, however, dioxygen is clearly bound in a trans-u-1,2 fashion. The second difference
concerns the actual mechanism of catechol oxidation by peroxo-dicopper species.
Whereas Krebs and co-workers have proposed the simultaneous binding of dioxygen
and the substrate to the deoxy form of catechol oxidase prior to the quinone

formation,®-°

a two-step oxidation mechanism of the substrate by the formed peroxo-
dicopper(Il) core with the formation of the hydroperoxo-dicopper intermediate takes
place in the present case.

In conclusion, a mechanism for the catechol oxidation by the dicopper(Il)
complex bearing a hydroxide bridge between the metal ions is proposed, with the
adequate characterization of the reduced dicopper(I) complex and dicopper(Il)-dioxygen
adduct. The proposed mechanism closely resembles the earlier mechanism published by
Krebs and co-workers of catechol oxidation by the natural enzyme, although the binding
mode of the substrate to the dicopper centers unfortunately remains unclear.” It should
be noted that in this chapter the first example of catechol oxidation by a trans-u-1,2-
peroxo-dicopper species is reported. Remarkably, this species is able to oxidize
catechols (catecholase activity), but is not able to perform the hydroxylation of the o-
position of phenols (tyrosinase activity). Although the formation of u-*:#* peroxo
species has been evidenced by the treatment of catechol oxidase (met form) isolated
from Lycopus europaeus and Populus nigra with H,O,, and trans-u-1,2-peroxo
intermediates have never been observed in the natural systems, it is interesting to note
that the difference in behavior towards phenol and catechol substrates can in fact be
dependent on the structure of the copper-dioxygen adduct. Furthermore, Karlin and co-
workers have reported a very rapid conversion of a trans-u-1,2-peroxo-dicopper
intermediate into a u-n7":° final species, and suggested that the “end-on” species may
initially form upon dioxygen binding by the type-3 copper proteins, due to the long
distance between the metal ions in the reduced dicopper(I) core, which may rapidly
interconvert into “side-on” species.”® It is thus fascinating to notice the possible
existence of end-on peroxo-dicopper moieties in living systems and the possibility that
the reactivity towards different substrates can be tuned by the type of dicopper-dioxygen
adduct. Although these assumptions are largely speculative in natural enzymes, future
studies on dicopper-dioxygen model systems and their reactivity would be very
beneficial in order to shed light on the interpretation of the mechanisms of

monophenolase and diphenolase activity by type-3 copper proteins.

7.3 Experimental Section
7.3.1 Materials and Methods

All starting materials were commercially available and used as purchased, unless

stated otherwise. The macrocyclic ligand [22]pyd4pz and [Cux([22]py4pz)(u-
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OH)](Cl04)3-H,0 (1) were synthesized as previously described > (see also Chapter
6). The ligand field spectra in solution were recorded on a Varian Cary 50 Scan UV-Vis
spectrophotometer (/ = 1 cm), and on a Zeiss MCS500 Diode-Array Spectrometer (/ =
0.5 cm). X-band electron paramagnetic resonance (EPR) measurements were performed
at 100 K on 1 mM frozen solutions in acetonitrile on a Bruker ESP 300E spectrometer
operating at 9.4 GHz (X-band). Resonance Raman spectra were recorded on a Dilor XY
multichanel spectrometer. The sample was kept in acetonitrile at -70 °C. As excitation
source a coherent Ar laser (514.532 nm) was used. The spectra were run with a laser
power of 30 mW and an acquisition time of 2x1800 s. 'H and '°F NMR spectra were
recorded on a Bruker Avance 300 spectrometer at 25 °C. Chemical shifts were
referenced to CD;CN as internal reference and to CgF¢ as external reference,
respectively. The deprotonation constants of 1 were determined spectrophotometrically
at 25 °C in a 2.5x10™ M solution in a DMSO:H,0 mixture (1:9), monitoring the UV-vis
band at 350 nm, and using the method of Schwarzenbach.®* The ionic strength was
maintained constant with a 0.01 M solution of NaNOs. The electrochemical behavior of
the complexes was investigated in a 0.1 M solution of tetra-n-butylammonium
perchlorate (TBAP) in acetonitrile using a EGG 273 potentionstat coupled with a
Kipp&Zonen x-y recorder. The experiments were performed at room temperature in a
three-compartment cell. Potentials are referred to an Ag/10 mM AgNO; + CH3CN + 0.1
M TBAP reference electrode. The working electrode was a platinum disk of 5 mm
diameter for the cyclic voltammetry (CV, 0.1 V-s) experiments or 3 mm diameter for
the rotating disk electrode (RDE, 600 rpm) voltammetry experiments. The working

electrode was polished with 1 pm diamond paste prior to each recording.
7.3.2 Syntheses of coordination compounds

[Cuz(]22]py4p2z)](C104),:2CH30H (2): In a glove box, a solution of
[Cu(CH3CN)4]ClO4 (65 mg, 0.20 mmol) in 2 ml of dry methanol was added to a
suspension of [22]py4pz (58 mg, 0.10 mmol) in the same solvent. The diffusion of
diethyl ether into the resulting solution led to the appearance of small pale yellow
crystals, suitable for X-ray diffraction analysis. They were found to be very sensitive to
air and moisture and could be stored only in an inert atmosphere. "H-NMR (CDsCN,
300 MHz, ppm): 8.57 (d, 2H, 6’H-py, J = 5.1 Hz), 7.86 (td, 2H, 4’H-py, J = 7.7 Hz, ] =
1.7 Hz), 7.45 (s, 4H, 5’H-pz, broad), 7.39 (m, 8H, 3’H-py +5’H-py), 6.14 (s, 4H, 4’H-
pz, broad), 4.61 (s, 8H, pz-CH,-CH,-pz, broad), 3.79 (s, 4H, N-CH,-py, broad), 3.66 (s,
8H, N-CH,-pz, broad). ESI-MS, m/z: z = 2, [Cuy([22]py4pz)]*" = 358.

Trans-u-1,2-peroxo-dicopper complex 3 derived from 2: Trans-u-1,2-peroxo-
dicopper complex 3 was prepared in situ upon bubbling dioxygen into a preliminary
cooled to -40 °C 2.5x10™ M solution of [Cux([22]py4pz)](ClO4); (2) in acetonitrile.
UV-Vis (CH;CN): A/nm (¢/M cm™): 523 (4320), 617 (2212). Resonance Raman
(CH3CN, -70 °C): 840 cm™ (O-O stretching), 510 cm™ (Cu-O stretching).
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7.3.3 Catecholase activity studies

The catecholase activity of 1 was evaluated by reaction with 3,5-di-fert-
butylcatechol (DTBCH,) at 25 °C. The absorption at 400 nm, characteristic of the
formed quinone, 3,5-di-fert-butyl-o-benzoquinone (DTBQ), was measured as a function
of time. The experiments were run in acetonitrile saturated with dioxygen. The kinetic
parameters were determined for 4.5x10° M solutions of the complex and 0.225-
4.5 mM solutions of the substrate. In a typical catalytic experiment, 3 ml of a solution of
1 were placed in a 1 cm path-length cell, and the solution was saturated with dioxygen.
Afterwards 75 pl of the substrate solution were added. After thorough stirring, the
changes in UV-Vis spectra were recorded during 30 min.

The interaction of 3 with DTBCH,, spectrophotometrically monitored, was
carried out under argon at -40 °C in acetonitrile by adding 25 pl of a 0.4 M solution of
DTBCH, (10 pmol) to 40 ml of a 2.5x10™* M solution of 3 (10 pmol), prepared in situ.
The phenol oxidation experiments (tyrosinase activity) were carried out by adding a
solution of sodium 4-carbomethoxyphenolate (two or more equivalents) in dry acetone
to a cooled to -60 °C solution of either 3 or 2 (0.1-0.3 mM, both compounds prepared in

o . .1 474855
situ), in dry dichloromethane, acetone or acetonitrile.” ™

Dioxygen bubbling through
the solution was continued (in case of 2, dioxygen was introduced into the solution
immediately after the substrate was added), and the reaction mixture was stirred at low
temperature in dioxygen-saturated atmosphere. After at least four hours a sample (1 ml)
was withdrawn from the reaction mixture and immediately quenched with H,SOj,. After
evaporation of the solvent, 1 ml of H,O was added, and the resulting solution was
analyzed by HPLC, using a Supelco LCI8 semipreparative column (250x10 mm).
Elution was carried out at 5 ml'min™ starting with water containing 0.1% trifluoroacetic
acid for 4 min, followed by a linear gradient from 0% to 100% acetonitrile containing
0.1% trifluoroacetic acid during 20 min. Spectrophotometric detection of the HPLC
elution profile in the range 200-650 nm was performed with a Jasco MD-1510 diode

array instrument.>®
7.3.4 X-ray Crystallographic Measurements

The crystal of 2 was mounted on a Enraf-Nonius Kappa CCD diffractometer
using a graphite monochromator (A (Mo K,): 0.71073 A). The structure was solved by
direct methods and refined using the TEXSAN software.”” Empirical formula:
[CuyC35H37N12]-(Cl04),(CH30H),, Fw = 978.79, colorless block (0.25 mmx0.20
mmx0.18 mm), monoclinic, space group P21/n, a = 13.416(4) A, b =20.491(20) A, ¢ =
15.013(5) A, o=y =90°, f = 98.48(4)°, V = 4082(4) A*, Z=4, peate. = 1.593 g-em™, =
1.244 mm™. A total of 52771 reflections, of which 11173 were independent [R(int) =
0.07176], were collected in the range 3 < 20 < 30°. All non-hydrogen atoms were

refined with anisotropic thermal parameters. Hydrogen atoms were generated in
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idealized positions, riding on the carrier atoms, with isotropic thermal parameters. Final
cycle refinement converged to R(F) = 0.0675 and wR2 = 0.10965.

Crystallographic data (without structure factors) for the structure of 2 have been

deposited with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-269469. Copies of the data can be obtained free of charge from
the CCDC (12 Union Road, Cambridge CB2 1EZ, UK; tel: (+44) 1223-336-408; fax:
(+44) 1223-336-003; e-mail: deposit@ccdc.cam.ac.uk).
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Catecholase activity of a copper(Il)

8 complex with the macrocyclic ligand
[22]prdpz: unraveling catalytic
mechanisms’

In this chapter the structure, properties and a mechanism for the catecholase
activity of a tetranuclear carbonato-bridged copper(Il) cluster with the macrocyclic
ligand [22]prdpz (9,22-dipropyl-1,4,9,14,17,22,27,28,29,30-decaazapentacyclo-
[22.2.1.1*7.1""1 1"7?%triacontane-5,7(28),11(29),12,18,20(30),24(27),25-octacne)  are
reported. In this complex, two copper ions within a macrocyclic unit are bridged by a
carbonate anion, which further connects two macrocyclic units together. The
tetranuclear complex was found to be the major compound present in solution at high
concentration levels, but its dissociation into two dinuclear units occurs upon dilution.
The dinuclear complex catalyzes the oxidation of 3,5-di-tert-butylcatechol to the
respective quinone in methanol by two different pathways, one proceeding via the
formation of semiquinone species with the subsequent production of dihydrogen
peroxide as a by-product, and another proceeding via the two-electron reduction of the
dicopper(Il) center by the substrate, with two molecules of quinone and one molecule of
water generated per one catalytic cycle. The occurrence of the first pathway was,
however, found to cease shortly after the beginning of the catalytic reaction. The
influence of hydrogen peroxide and di-fert-butyl-o-benzoquinone on the catalytic
mechanism has been investigated. The crystal structures of the free ligand and the
reduced dicopper(I) complex, as well as the electrochemical properties of both the Cu"

and the Cu' complexes are also reported.

"This chapter is based on: Koval, I. A.; Selmeczi, K.; Belle, C.; Philouze, C.; Saint-Aman, E.; Gautier-
Luneau, I.; Schuitema, A. M.; van Vliet, M.; Gamez, P.; Roubeau, O.; Liiken, M.; Krebs, B.; Lutz, M.;
Spek, A. L.; Pierre, J.-L.; Reedijk, J., Chem. Eur. J., submitted for publication
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8.1 Introduction

In Chapter 7, the mechanism of catechol oxidation by a u-hydroxo-dicopper(Il)
complex with the macrocyclic ligand [22]py4pz (Scheme 7.1, Chapter 7) has been
discussed.! This dinucleating ligand provides two N4 donor sets for the metal
coordination. In the present chapter, the studies on the catecholase activity of the
copper(Il) complex with the related macrocyclic ligand [22]prd4pz (Figure 8.1) are
presented. Instead of two pyridine-containing pendant arms, present in the ligand
[22]py4pz, this ligand contains two propyl residues, thus providing two N3 donor sets
for the metal coordination, and mimicking the active site of the natural enzyme even

more closely.
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Figure 8.1. The reaction scheme of the synthesis of the macrocyclic ligand [22]prdpz

In the isolated copper(Il) complex with [22]prdpz, the two metal ions within a
macrocyclic unit are bridged by a carbonate anion, and two copper ions of two different
macrocyclic units are further doubly bridged by two oxygen atoms of two carbonates,
resulting in a tetranuclear structure in the solid state. In this chapter the crystal

structures of the bis(perchlorate) salt of the macrocyclic ligand [H,[22]prdpz](ClO4),,
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the tetracopper(1l) complex of the composition
[Cuy([22]prdpz)(CO3)(H,0)]2(CF3S03)42CH3CN-4H,O and its reduced dicopper(l)
analogue [Cux([22]prdpz)(CH3CN),](ClOy4),, the kinetic studies on the catechol
oxidation by the copper(Il) complex and the anaerobic studies on its interaction with

catechol are reported, and the catalytic reaction mechanism is discussed.
8.2 Results and Discussions
8.2.1 Synthesis of coordination compounds

The schematic representation of the synthesis of the macrocyclic ligand
[22]prdpz ((9,22-dipropyl-1,4,9,14,17,22,27,28,29,30-decaazapentacyclo-
[22.2.1.1*7.1""1 172 triacontane-5,7(28),11(29),12,18,20(30),24(27),25-octaene) s
depicted in Figure 8.1. This ligand has been designed earlier to model the active site of
the structurally related type-3 copper protein hemocyanin.>® The macrocyclic cavity
comprises four pyrazolyl moieties and two nitrogen atoms of tertiary amine groups,
providing two N3 donor sets for the coordination of the metal ions. Diethyl ether
diffusion in an acetonitrile solution, containing two molar equivalents of copper(Il)
triflate, one molar equivalent of the ligand and one molar equivalent of sodium
carbonate, results in the formation of small blue crystals of the copper(Il) complex. The
X-ray structure determination (see below) revealed that it can be described as a
tetranuclear complex of the formula (1)2(CF3SO;)42CH3;CN-4H,O, where 1%
corresponds to the dicopper unit [Cug([22]pr4pz)(CO3)(HzO)]2+. The copper(I) complex
was isolated by reacting two molar equivalents of Cu' as a tetrakis(acetonitrile) complex
with a solution of the ligand in methanol. The solid complex which precipitated upon
addition of diethyl ether is the dinuclear Cu' complex, denoted 2(ClO4),, where 2%
corresponds to [Cuz([22]pr4pz)(CH3CN)2]2+.

8.2.2 Crystal structures description
[H2[22]pr4pz](ClO4);

An ORTEP projection of the bis(perchlorate) salt of the ligand is shown in
Figure 8.2. The cationic ligand is located on an exact, crystallographic inversion center.
The ligand adopts an anti-(chair) conformation, with two propyl groups located on
opposite sides of the macrocyclic ring plane. Both symmetry-related tertiary amine
nitrogen atoms (N27 and N27’) are protonated, leading to a doubly charged cation, the
positive charge being compensated by two perchlorate anions. The protonated N-H
moiety acts as a donor of an intermolecular bifurcated hydrogen bond with two
perchlorate oxygen atoms as acceptors; the angles at the hydrogen atom sum up to
359(4)° (Table 8.1). Due to the inversion center in the ligand the ring N21-N22 and its

symmetry related N21'-N22' are arranged in a parallel fashion; the centroid-centroid
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distance is 4.4089(18) A and the parallel distance between the two planes of the
aromatic rings is only 3.211 A, indicating the presence of 7 stacking. The angle between

the centroid-centroid vector and the normal to the aromatic ring plane is 43.25°.

Figure 8.2. ORTEP projection of the cation [H,[22]prdpz]*". The perchlorate anions have been omitted

for clarity. Symmetry operation ": 1-x, 1-y, 1-z.

Table 8.1. Bifurcated hydrogen bond for [H,[22]prdpz](CIO,),

Donor - H....Acceptor D—H (4) H.A(A) D..A(4) D-H.A()
N27 - H27...03 0.92(3) 2.52(3) 3.233(3) 135(2)
N27 - H27...03' 0.92(3) 2.25(3) 3.063(3) 147(2)

Symmetry operation: i = 1-x, -y, 1-z; angle O1...H27...01": 77.2(10)°
[Cu([22]prdpz)(CO3)(H20)]2(CF3503)42CH;CN-4H, O

The molecular structure of the isolated solid complex consists of a tetracopper
complex cation [Cux([22]prdpz)(CO3)(H,0)].* ((1).*"), four counter ions CF3SO5", two
non-coordinated acetonitrile molecules and four non-coordinated water molecules. An
ORTEP projection of the structure of the cation (1),*" is shown in Figure 8.3 (top),
selected bond lengths and angles are reported in Table 8.2. The cation contains four
copper(Il) centers, two macrocyclic ligands, two coordinated carbonates and two
coordinated water molecules. In contrast to the structure of the protonated ligand,
[22]prd4pz adopts a syn-(boat) conformation, with two propyl residues located on the
same side of the macrocyclic ring plane. Each macrocyclic unit encloses two copper(Il)
ions (Cul and Cu2, and Cul’ and Cu2’), which are bridged by a carbonate anion (the
Cul...Cu2 or Cul’...Cu2’ intra-macrocyclic distance is 4.5427(18) A). Two bridging
oxygen atoms O51 and O51’ from two different carbonate molecules connect the two

central copper atoms Cul and Cul’ to form a centrosymmetric four-membered ring,

172



resulting in the Cul...Cul’ inter-macrocyclic distance of 3.281(2) A. Each carbonate
ion is thus bound in a syn, syn-anti fashion, e.g. one of the oxygen atoms of the
carbonate anion (O51 and O51°) is bridging the coppers Cul and Cul’ of two different
macrocyclic rings, whereas another oxygen atom (052 and O52’) binds to another

copper ion (Cu2, Cu2’ respectively).

o053’

14 052"

Figure 8.3. ORTEP projection of the tetranuclear cation [Cu,([22]prdpz)(CO;)(H,0)],*" ((1).*") (top) and
ORTEP projection of half of the tetranuclear cation (1°") (bottom). Hydrogen atoms and solvent

molecules are omitted for clarity. Symmetry operation ": 2-x, y, 0.5-z.

The coordination sphere around the Cul ion can be described as a weakly
distorted square pyramid (z = 0.23),* with the atoms N12, N17, N22 and O51 occupying
the basal plane and the oxygen atom O51° at a distance of 2.330(3) A occupying the
apical position (Figure 8.3, bottom). All copper-nitrogen distances are approximately
equal (the average Cul-N distance is 2.03 A), whereas the O51 atom is located at a
somewhat shorter distance of 1.926(3) A. The oxygen atom O52 from a bridging
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carbonate anion is located at a distance of 2.595(3) A; however, the very small 052—
Cul-0O51a angle of 135.17(11)° suggests that the Cul coordination sphere should be
considered as a square pyramidal rather than octahedral. Similarly, the coordination
geometry around the Cu2 ion can also be best described as a weakly distorted square
pyramid (z = 0. 1),* in which the basal plane is occupied by the nitrogen atoms N32, N37
and N42 at an average distance of 2.02 A, and the oxygen atom O52 at the distance of
1.957(3) A. The axial position is occupied by the oxygen O80 atom from a coordinated
water molecule at a distance of 2.267 (4) A. The oxygen atom 053 is also located in a
close proximity of the Cu2 ion (the Cu2-O53 distance is 2.709(4) A) and could be
considered as (semi-)coordinated; however, the very small O80—Cu2-0O53 angle of
142.09(14)° does not permit the Cu2 coordination sphere being described as an
octahedron.

The crystal packing was found to be uneventful, with only van der Waals

interactions realized in the crystal lattice.

Table 8.2. Selected bond lengths and angles for [Cuy([22]prdpz)(CO;)(H,0)],(CF3S05),2CH;CN-4H,0

Bond lengths (4)

Cul...Cul’ 3.281(2) Cul...Cu2 4.5427(18)

Cul - 051 1.926(3) Cu2 -052 1.957(3)

Cul - O51° 2.330(3) Cu2 - 080 2.267(4)

Cul —N12 2.030(5) Cu2 —N32 1.989(5)

Cul —N17 2.025(4) Cu2 —N37 2.087(4)

Cul — N22 2.028(5) Cu2 —N42 1.998(5)

Bond angles (°)

051 -Cul —N12 99.94(15) 052 - Cu2 -080 87.38(15)
051 -Cul —N17 174.55(16) 052 - Cu2 -N32 97.65(14)
051 - Cul —N22 99.54(15) 052 — Cu2 —N37 166.99(15)
051 -Cul - 051’ 79.47(13) 052 - Cu2 —N42 96.75(14)
N12 - Cul —N17 80.9(2) 080 — Cu2 —N32 96.99(16)
N12 — Cul —N22 160.18(16) 080 — Cu2 —N37 105.60(16)
N12 - Cul - O51° 92.46(14) 080 — Cu2 —N42 96.00(16)
N17 —Cul —N22 80.0(2) N32 - Cu2 —N37 81.92(17)
N17 - Cul - O571’ 95.13(14) N32 - Cu2 —N42 160.99(16)
N22 —Cul - O51’ 94.69(14) N37 — Cu2 — N42 81.25(17)

Symmetry operation: ' = 2-x, y, 1/2-z
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[Cux([22]pr4pz)(CH3CN);|(C104),

An ORTEP projection of the complex cation 2°" is shown in Figure 8.4. Selected
bond lengths and angles are presented in Table 8.3.

Figure 8.4. ORTEP projection of the complex cation [Cux([22]pr4pz)(CH;CN),]** (2*"). Hydrogen atoms

are omitted for clarity.

Table 8.3. Selected bond lengths and bond angles for [Cu,([22]prdpz)(CH;CN),](ClO4), (2(C104),).

Bond distances (4)
Cul...Cu2 5.547(2)
Cul —NI12 2.028(2) Cu2 —N32 2.055(2)
Cul —N17 2.292(2) Cu2 - N37 2.277(2)
Cul —N22 2.063(2) Cu2 —N42 2.085(2)
Cul — N50 1.897(2) Cu2 —N53 1.903(2)

Bond angles (°)

NI2 - Cul —N17 79.47(8) N32 — Cu2 - N37 79.64(7)
NI2 - Cul —N22 112.09(8) N32 — Cu2 — N42 110.05(8)
NI2 - Cul - N50 121.36(9) N32 - Cu2 - N53 123.26(9)
N17 - Cul - N22 78.20(8) N37 - Cu2 — N42 78.06(8)
N17 - Cul - N50 131.82(8) N37 - Cu2 - N53 132.19(8)
N22 — Cul — N50 121.24(9) N42 — Cu2 — N53 120.69(9)

Similarly to the structure of the earlier reported dicopper(I) complex with the
related macrocyclic ligand [22]py4pz, the macrocyclic ligand adopts a saddle-shaped
conformation.' However, in [22]py4pz complex the tertiary nitrogen atoms of the ligand
fail to bind to the metal ions, resulting in distorted trigonal surroundings for both
copper(l) ions. In 2(ClOy),, on the contrary, both copper ions are tetracoordinated and
have a distorted tetrahedral surrounding, with three positions in the coordination sphere

being occupied by the nitrogen donor atoms from the ligand (N12, N17, N22 and N32,
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N37, N42) and one by the nitrogen atom of an acetonitrile molecule (N50 and N53).
The tripodal nitrogen donor atoms N17 and N37 are located at somewhat longer
distances (2.292(2) A and 2.277(2) A, respectively) than the nitrogen atoms of the
pyrazolyl rings of the ligand (the average Cul-Nyzole distance is 2.05 A, the average
Cu2-Npyrazole distance is 2.07 A). The nitrogen atoms N50 and N53 of the acetonitrile
molecules are located, on the contrary, at shorter distances of 1.897(2) A and
1.903(2) A, respectively. The N-Cu-N angles for both copper(l) ions vary in quite a
large range, viz. from 78 to 132°, indicating a significant distortion of the coordination
sphere from a regular tetrahedral geometry. The distance between the two copper(I) ions
is very large, viz. 5.547(2) A.

8.2.3 Solution stability of (1)2(CF3S03),-2CH;CN-4H,0

ESI-MS spectra of (1)2(CF3S03)4-2CH3CN-4H,0, recorded in a methanol
solution (0.2 mM), are characterized by two peaks at m/z = 827 and m/z = 1801, which
correspond to the monocharged dinuclear {[Cux([22]prdpz)(CO;3)](CF3S03)}" and the
tetranuclear {[Cuy([22]prdpz)(CO3)]2(CF3S03)3} " cation moieties, respectively, and are
in agreement with the theoretical isotopic patterns. The tetranuclear copper(Il) core
stability in methanol solution and its dependence on the concentration was studied by
EPR  spectroscopy. The EPR  spectrum of the solid sample of
(1)2(CF3S803)4-2CH3CN-4H,0 recorded at 13 K is dominated by a strong isotropic
signal (g = 2.14), which is characteristic for copper(Il) ions experiencing short-range
metal-metal exchange interactions, leading to exchange narrowing. The spectrum of
(1)2(CF3S803)4-2CH3CN-4H,0, recorded in KBr matrix (1%), exhibits identical features
(Figure 8.5, left, dotted line). The spectrum of a 14 mM solution of the complex in
methanol (for simplicity, the complex concentration is calculated based on the
molecular weight of the dinuclear species
[Cuy([22]prdpz)(CO;)(H,0)](CF3S03),CH3CN-2H,0) also contains a strong isotropic
signal with the same g-value; however, the typical features of a triplet spectrum,
characteristic for the dinuclear copper(Il) species, are also observed (Figure 8.5, left).
Upon further dilution, the relative intensity of the isotropic signal gradually diminishes,
until at a 0.5 mM concentration a typical triplet spectrum is finally observed. The
isotropic signal, observed in the solid state, is likely to be caused by the copper-copper
interactions within the tetranuclear core, which are also dominating in a concentrated
(14 mM) solution. However, upon dilution, the dissociation of the tetranuclear cluster
into two dinuclear species 1°* leads to a typical triplet dicopper(Il) spectrum, which
gradually increases in relative intensity on the expense of the original isotropic signal.

EPR studies have also been performed in a frozen solution of acetonitrile. The
spectrum practically does not change upon dilution, with the strong isotropic signal
remaining dominant in the spectrum (0.4-2 mM, Figure 8.5, right), suggesting that the

tetranuclear core remains largely intact in this solvent.
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Figure 8.5. Left: Dotted line: EPR spectrum of (1),(CF3S0;),2CH;CN-4H,0 in the solid state (1% in
KBr matrix); solid lines: changes in the EPR spectrum of (1),(CF;S0;)42CH;CN-4H,0 in methanol
solution upon dilution (a: 14 mM, b: 2 mM, c: 1 mM, d: 0.5 mM) at 13.3 K. Right: EPR spectrum of
(1)2(CF3805)4-2CH3CN-4H,0 in acetonitrile (2 mM) at 13 K.

8.2.4 Electrochemical properties of (1),(CF3S03),-2CH;CN-4H,0 and
2(CIOy),

The electrochemical properties of the complexes were studied by cyclic
voltammetry (CV) in methanol and in acetonitrile, using tetrabutylammonium triflate as
a supporting electrolyte in case of 1*° (NnBu4ClO4 could not be used, as the complex
precipitates as a perchlorate salt) and tetrabutylammonium perchlorate in case of 2",
The potentials were referred to Ag/10 mM AgNOs in acetonitrile. In the negative range
of potentials, the CV curve of 1** in MeOH (0.63 mM) is characterized by one
irreversible electrochemical signal at E,. = -0.62 V (Figure 8.6, left). Coulometric
titrations indicate that this peak corresponds to a one-electron transfer per copper center,
resulting in the formation of Cu' species, its re-oxidation being seen on the reverse scan
as an irreversible peak at Ep, = 0.14 V. Apparently, the mixed-valenced Cu"Cu' species
is not formed and cannot be isolated, the copper centers in 1** being electrochemically
equivalent. This result was further confirmed following the changes in the EPR
spectrum upon electrochemical reduction of the complex 1°*. Since the typical triplet
dicopper(Il) spectrum was still observed after one electron transfer per dinuclear entity
(Figure 8.7), - only its intensity is decreased by a factor 2, - it is concluded that no
mixed-valenced  species could be formed. The CV  curve of
(1)2(CF3S03)4-2CH3CN-4H,0 in acetonitrile looks rather similar to that in methanol,
with E,. =-0.72 V and E,, = 0.18 V. As the tetranuclear core is largely preserved in the
latter solvent, whereas in methanol, the complex is mainly present in its dissociated
form at the concentration level (0.63 mM) used for electrochemical studies, it can be
concluded that the dissociation of the dimacrocyclic unit into two dinuclear fragments

does not significantly influence the metal reduction potentials.
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Figure 8.6. Left: electrochemical curves of 1%, recorded in MeOH + 0.1 M NnBu,CF;SO; on a C disc (%)
=3 mm); solid line: CV curve, 0.63 mM solution, 0.1 Vst 2 uAcm'l; dotted line: RDE curve, 0.35 mM,
0.01 V-s', 5 pA-em”, N = 600 rpm. Right: Electrochemical curves of 2*', recorded in MeOH + 0.1 M
N#nBuyClO, on a C disc (J = 3 mm); solid line: CV curve, 1 mM solution, 0.1 V-s'!; dotted line: RDE
curve, 0.65 mM, 0.01 V's™', N = 600 rpm.
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Figure 8.7. Left: Changes in the EPR spectrum at 13 K of 1** (1 mM solution in MeOH) upon
electrolysis. The solid line corresponds to the original spectrum, the bold line corresponds to the spectrum
recorded after one-electron reduction. Right: Electrochemical curves of 1°* (1 mM, MeOH + 0.1 M
NnBu,CF;S03, a C disc (& = 3 mm)) after one-electron reduction; solid line: CV curve, 0.1 V-s, dotted
line: RDE curve, 0.01 V-s™, N =600 rpm.

The CV curve of 2" in methanol is characterized by one broad electrochemical
signal at Ep, = 0.22 V, i.e. at a potential close to the one (0.14 V) observed for the Cu'
species electrogenerated from 1°° (Figure 8.6, right). This small difference accounts
likely for small discrepancy in the coordination spheres around the copper(I) center
between the two complexes, e.g. caused by the initial presence of coordinated water

molecules in 1" and acetonitrile molecule in 2** or the carbonate bridge in the copper
g pp
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coordination sphere in 1** (the carbonate bridge, however, is expected to dissociate
upon electrochemical reduction due to its poor ability to bridge two copper(l) centers).
Coulometric titration shows that this anodic process corresponds to a one electron
transfer per copper center leading to Cu"' species. The reduction of the electrogenerated
two-electron oxidized species from 2?* is seen on the CV curve, during the reverse scan,
as two ill-resolved peaks at E,c; = 0.03 V and E,» = -0.45 V, suggesting the presence of
two different electrogenerated Cu" species, likely accounting for different re-

coordinations with solvent molecules.
8.2.5 Magnetic properties of (1),(CF;S03),-2CH3;CN-4H,0

The thermal dependence of the complex #7 (where y is the magnetic
susceptibility per Cu, formula unit) is plotted in Figure 8.8. yT gradually increases upon
lowering the temperature from 0.84 cm’mol™K at 300 K to reach a maximum around
0.95 cm’mol 'K at 15 K. A decrease is then observed down to 0.81 cm’mol™K at 5 K.
Values at high temperatures are in agreement with two uncoupled spin 1/2 centers (e.g.
0.75 cm’mol’K for g = 2), while the increase observed is the signature of
intramolecular ferromagnetic interactions. The full Hamiltonian describing the pairwise
interactions among the Cu" ions in (1),(CF3SO3)s2CH3CN-4H,0, can be expressed by
equation 8.1:

(8.1)

H==2J,(S-S,+8,-8,)=2J,(S, - 8;)=2J5(S; - S, + 8, - 8,)=2J,(S, - S,)

where the structural numbering scheme has been kept. The energy levels and their spin
quantum numbers were derived previously.” Testing the influence of each interaction
parameter on the quality of the fit, J4 was found to be of no influence, while J; was
found to be undetermined when allowed to vary freely together with J,. Indeed,
although it was observed in a specific case,” a significant coupling between fourth
neighbouring spins (J4) is unlikely. On the other hand, given the low spin density in the
axial position for a close to square-pyramidal coordination environment, the central
coupling pathway through the two oxygen atoms respectively in axial and equatorial
positions (J;) can be expected to be more significant than that through the carbonato
bridge with again one axial and one equatorial oxygen atom (J3). Thus, and in light of
these magneto-structural considerations, J;3 and Js were fixed to 0. Then the best fit
parameters were Ji/kg = 11.4(5) K, Jo/kg = —3.49(4) K and g = 2.10(1), with a
Temperature Independent Paramagnetism term at TIP = 6.6(3)x10™* cm®*mol™. It should
be noted that a small negative value of J3 (< 1 K) is likely, but could not be determined
with accuracy, given its interdependence with J,, and its small influence on the quality
of the fit. The resulting low-lying states are then a singlet ground state with a triplet
state and a quintuplet state at respectively ca. 1.4 K and 5.4 K above it. The
ferromagnetic coupling propagated through the syn, syn carbonato bridge is in

agreement with previous observations in dinuclear® and trinuclear™ compounds with a
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syn-syn bridging coordination mode. On the other hand, because of the low spin density
in axial d,2 orbital, only a weak antiferromagnetic interaction, such as that found for J,,

can be expected from the orbital overlap through the asymmetric di-¢-Ocarbonate bridge.

50 100 150 200 250 300

”10 — ““'II(IJO
T (K)

Figure 8.8. Semi-logarithmic plot of y7T" vs. T for (1),(CF;S0;)42CH;CN-4H,0 under a 0.1 T applied
field, where y is the magnetic susceptibility per Cu, formula unit. The inset shows the thermal
dependence of the inverse magnetic susceptibility. Full lines represent the best fit obtained with a

tetranuclear model (see text for further details).

8.2.6 Catecholase activity of (1),(CF3;S0;)42CH;CN-4H,0
8.2.6.1 Kinetic studies

The catalytic oxidation of the model substrate DTBCH, (3,5-di-fert-
butylcatechol) by (1),(CF3;S03)4-2CH3CN-4H,0 was evaluated spectrophotometrically
in dioxygen-saturated methanol by monitoring the increase in absorbance at 400 nm,
corresponding to the formation of the quinone product DTBQ (3,5-di-fert-butyl-o-
benzoquinone). The initial reaction rates were determined from the slope of the trace at
400 nm during the first 0.7 minutes of the reaction, when the absorption at 400 nm
increases linearly. Because the concentration of the complex, used for the catecholase
activity studies, was 2x10” M, the active species can be regarded as dinuclear.

The DTBCH,; oxidation rate was found to be strongly dependent on the substrate
concentration. The rate-determining step was found to change with the substrate to
complex ratio. Thus, at low substrate to complex ratios (< 12:1, [1*"] = 2x10™ M), the
reaction shows Michaelis-Menten behavior (Figure 8.9, right). The Lineweaver-Burk
treatment gives Ky = 0.176 mM and V= 2.47% 10°° M-s!. This behavior indicates the

presence of equilibrium in the rate-determining step. At high substrate to complex ratios
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(up to 200:1), the reaction rate depends linearly on the DTBCH; concentration, with the
1% order rate constant ;= 2x10"* s (R* = 0.9986, Figure 8.9, left).
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Figure 8.9. Left: the dependence of the initial reaction rates on catechol concentration, as determined
from the slope of trace at 400 nm in the first 0.7 min of the catalytic reaction. Right: the dependence of
the initial reaction rates on catechol concentration for substrate to catalyst ratios below 12:1 ([1*'] =

2x10”° M), the insert shows the reciprocal Lineweaver-Burk plot (R* = 0.9932).

A linear dependence on the complex concentration in the whole concentration
range at all substrate to complex ratios was found (Figure 8.10).
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Figure 8.10. Dependence of the initial reaction rates on the concentration of 1°* in the catalytic oxidation

of DTBCH, in methanol solution ((DTBCH,] = 1 mM, k, = 0.063 s, R* = 0.9945).

The catalytic reaction is finished within a few minutes at low catechol to
complex ratios, whereas at high catechol to complex ratios, no full conversion of
DTBCH; could be achieved, not even after 24 hours. To evaluate whether the reaction
rate may be influenced by the formed product DTBQ, the kinetic studies in the presence
of variable amounts of added quinone were performed. DTBQ was indeed found to have
a strong inhibiting effect on the catalytic process, as can be seen from Figure 8.11. For
instance, the initial reaction rate was found to decrease to 50% of its initial value in the
presence of ca. 5 molar equivalents of DTBQ. This inhibiting effect was observed both
at low (10:1) and high (50:1) catechol to complex ratios ([1°7] = 2x10” M).
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Figure 8.11. Dependence of the initial reaction rates on the concentration of DTBQ at low (a, 10:1) and

high (o, 50:1) DTBCH, to complex ratios ([1*1=2%10"° M).

Interestingly, (1),*" does not exhibit catecholase activity in acetonitrile. Instead,
only one equivalent of quinone is formed stoichiometrically. The plot of the initial
reaction rates vs. catechol concentration indicates a substrate saturation behavior (Figure
8.12, left). The reciprocal Lineweaver-Burk plot (Figure 8.12, right) gives Ky = 0.42
mM and Ve = 5x107 M™s7.
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Figure 8.12. The dependence of the initial reaction rates on catechol concentration for the stoichiometric
quinone formation in CH;CN (left) and the reciprocal Lineweaver-Burk plot (right). [complex] = 2x10”
M (the concentration calculated based on the molecular weight of the dinuclear species

[Cux([22]prépz)(CO5)(H,0)]-CH;CN-2H,0).
8.2.6.2 Formation of H,O; and its influence on the reaction

The reduction of dioxygen to dihydrogen peroxide upon catechol oxidation by
copper(Il) complexes has been previously established only in a few cases.”'> The
formation of H,O, in the course of the catalytic reaction has been studied for two
different catechol to complex ratios (10:1 and 50:1, [17°] = 2x10° M). In both cases,
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dihydrogen peroxide was formed at the initial stage of the reaction, and its formation
was found to practically stop after a few minutes, although the oxidation of DTBCH,
was still continuing (Figure 8.13). This suggests that two different mechanisms may be
operating during the catalytic oxidation of DTBCH, by 1°": one, in which dioxygen
undergoes a two-electron reduction to dihydrogen peroxide, and a second mechanism,
in which it is converted into water upon four-electron reduction.

In order to evaluate the influence of dihydrogen peroxide on the catalytic
reaction, catalytic studies were performed in the presence of variable amounts of H,O,.
The plot of the initial reaction rates vs. dihydrogen peroxide concentrations is depicted
in Figure 8.14. As can be seen, at low H,O, concentrations its presence has virtually no
influence on the reaction rates. At higher concentrations (above 20 molar equivalents of
H,0, per one mole of the complex), it accelerates the reaction rate. However, the
concentration of dihydrogen peroxide, formed during the reaction, does not reach this
level (Figure 8.13).
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Figure 8.13. The course of DTBQ (¢) and H,0, (©) formation during the catalytic reaction at low (10:1,
left) and high (50:1, right) substrate to catalyst ratios ([1*'] = 2x10 M).
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Figure 8.14. Dependence of the initial reaction rates in the catalytic oxidation of DTBCH, by 1*' in
MeOH on the dihydrogen peroxide concentration. The initial concentration of DTBCH, is 1 mM, the

concentration of 1** is 2x10” M.
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8.2.6.3 Anaerobic interaction of 1" and 2** with DTBCH, and DTBQ

As shown previously by Krebs and co-authors," the catalytic cycle of catechol
oxidase starts with the native met state of the enzyme, which reacts stoichiometrically
with catechol, producing one equivalent of the quinone and leading to the dicopper(I)
(deoxy) form. The anaerobic interaction of 1> with DTBCH, has been studied
spectrophotometrically. Upon addition of one molar equivalent of DTBCH; to a 0.5
mM solution of 1** in methanol, two new absorptions at 389 nm (g = 2920 M em™)
and 760 nm (¢ = 359 M:cm™) gradually develop in the spectrum (Figure 8.15, left).
Both bands are characteristic of the formation of the semiquinone radical'* and suggest
that 1°" reacts with DTBCH,, while undergoing a one-electron reduction, leading to the
formation of mixed-valenced Cu"Cu'-semiquinone species (DTSQ). The rate constant
ks of this process is 1.8x10° M's™. The addition of an excess of DTBCH; (up to five
molar equivalents) has no influence on the spectrum. The formed semiquinone species
is stable for at least 24 hours under anaerobic conditions.

These results were further confirmed by EPR spectroscopy (Figure 8.15, right).
The EPR spectrum of a 1 mM frozen solution in MeOH of 1" in the presence of one
molar equivalent of DTBCH, is characterized by a typical axial signal of mononuclear
Cu' species (g, =2.23, A,y =175x10" cm™, g1=2.04) and a sharp signal centered at g =
2.00 corresponding to an organic radical. The results explicitly show the absence of
interaction between the two metal centers, indicating the presence of discrete Cu" and
Cu' ions within the complex, and the absence of interaction between the semiquinone
radical and the Cu" ion.

The electrochemical behavior of the mixed-valenced Cu"Cu'-semiquinone
species has been also examined. The CV curve, recorded in a 0.5 mM methanolic
solution of 1°" in the presence of one molar equivalent of DTBCH,, is characterized in
the negative region of potentials by a quasi-reversible electrochemical signal at £, = -
0.34 V (Figure 8.16), which is followed at lower potential by the copper(0) deposition
onto the electrode surface. Based on earlier reported electrochemical properties of the
semiquinone species,'™'® this signal has been assigned to the one-electron reduction of
the semiquinone radical. However, a close examination of this signal shows that it
displays a shoulder suggesting the presence of two overlapping electrochemical
systems. It is likely that the reduction process of the Cu" center in the mixed-valenced
Cu''Cu'-semiquinone species is hidden underneath the electrochemical response of the
semiquinone moiety. In the positive range of potentials, the electrochemical curve is
characterized by two ill-resolved oxidation waves at E,, = 0.12 V and E,, = 0.42 V
(Figure 8.16), associated with the electrochemical responses of the Cu"Cu' / Cu"'Cu"
redox couple and the one-electron oxidation of the semiquinone radical.

It is interesting to note that mixed-valenced Cu"Cu' species forms readily upon

anaerobic reaction of 1** with DTBCH,, whereas they could not be generated
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electrochemically. These results suggest an asymmetric binding of the substrate to only
one of the two copper centers of the dinuclear subunit 1°* prior to the redox reaction,
leading to the differentiation of the two metal centers. This in turn results in their
different reduction potentials, allowing the subsequent formation of the mixed-valenced

dicopper core.
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Figure 8.15. Left: changes in the UV-Vis spectrum upon addition of 1 eq. DTBCH, to a methanolic
solution of 1** (0.5 mM) in anaerobic conditions at 100 K. Right: the EPR-spectrum of the resulting
mixed-valenced Cu"Cu'-semiquinonate species in anaerobic conditions (I mM solution of 1*' in

methanol, 100 K). Insert: the enlarged signal of the semiquinone radical.

Figure 8.16. Electrochemical curves of 1** (0.5 mM) in the presence of one equivalent of DTBCH,,
recorded in MeOH + 0.1 M NxnBu,CF;SO; on a C disc (& = 3 mm). Solid line: CV curves, 0.1 Vsl
dotted line: RDE curves, 0.01 V-s™\, N =600 rpm.

The mixed-valence Cu'Cu'-semiquinone species was also found to form upon
treating the solution of the dicopper(I) complex 2°* (0.5 mM) with one molar equivalent
of DTBQ under anaerobic conditions. In contrast to the slow reaction of 17" with
DTBCHo,, upon reaction of 2>* with the quinone the redox process occurs immediately,
precluding the determination of the reaction rate constant. Upon exposing the resulting

solution to dioxygen, the characteristic bands of semiquinone at 389 nm and 760 nm
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gradually diminish, with an isosbestic point at 460 nm, indicating its oxidation by
dioxygen. Accordingly, the radical signal in the EPR spectrum disappears, and an
increase of the absorption at 400 nm in the UV-Vis spectrum indicates the formation of
the quinone. The iodometric H>O, assay test in the presence of lactoperoxidase indicates
that this process is accompanied by the formation of one equivalent of dihydrogen

peroxide as a side product.
8.2.6.4 Mechanisms vs. a coordination mode of the substrate

Based on the results reported above it is possible to suggest the mechanism of
catechol oxidation by 1?7, as depicted in Figure 8.17. The catalytic cycle starts with the
anaerobic oxidation of DTBCH, by 1**; however, in contrast to the natural enzyme

behavior,"*"”

only one electron is transferred in the stoichiometric reaction between the
complex and the substrate, leading to the formation of the mixed-valenced Cu"Cu'-
semiquinone species. This observation is rather interesting, as the formation of a
semiquinone radical as an intermediate species in catechol oxidation has been earlier
proposed and/or observed in only a few cases.'*"*'*'” In most cases, such species was
formed upon reaction of catechol with mononuclear”® or dinuclear'® Cu" complexes
generated by self-assembly of two mononuclear units. In the present case, however, 1>
is essentially dinuclear in solution; nevertheless, the second copper(Il) ion does not
participate in the redox process, playing solely a structural role.

The formed semiquinone radical is further oxidized by dioxygen, as was
confirmed by UV-Vis and EPR spectroscopy. According to the earlier mechanistic
reports of Kaizer et al.' and Kodera et al.," dioxygen can bind to the Cu' ion forming a
Cu"-superoxo species, with the consequent one-electron oxidation of the semiquinone
radical leading to the release of quinone and hydrogen peroxide (Figure 8.17, cycle A).
However, in the course of the catalytic oxidation of DTBCH, by 17" the concentration
of H,O, stops increasing after a few minutes, indicating that, most likely, a different
mechanism is operating at later stages of the reaction. A proposal about H,O, being
consumed in the course of the reaction, as suggested by some authors,” does not seem
plausible in this case, as the results of kinetic measurements indicate that its presence
has virtually no influence on the catalytic cycle, except at unrealistically high
concentrations levels, which are never reached during the reaction. Another reason to
suggest a different mechanistic pathway operating at later stages of the catalytic
oxidation is the inhibiting effect of DTBQ, indicating that the formed quinone does not
simply accumulate in the reaction mixture, but obviously also participates in the
catalytic process. This effect cannot be explained based on the simple oxidation scheme
via the semiquinone formation (cycle A in Figure 8.17).

Consequently, it can be proposed that at later stages of the catalytic reaction, the
oxidation of DTBCH, proceeds by a “classic” mechanism, proposed by Krebs et al."”

and Casella et al *"* involving a stoichiometric reaction between the dicopper(Il)
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species and the substrate, leading to the reduced dicopper(I) species. The oxidation of
the second equivalent of the substrate by a peroxo-dicopper(Il) adduct, formed upon
dioxygen binding to the dicopper(I) intermediate, results in the formation the second
molecule of quinone and water as a by-product (Figure 8.17, cycle B). The inhibiting
effect of DTBQ on the catalytic cycle can then be rationalized considering its very fast
reaction with the reduced dicopper(I) species (which is the only intermediate species
able to react with the quinone), leading to semiquinone formation (Figure 8.17). Thus,
at high concentrations, DTBQ competes with dioxygen in the reoxidation of 2°,
resulting in the mixed-valenced Cu"Cu' semiquinone species, which is then
subsequently oxidized in the less efficient cycle A. Consequently, the concentration of
quinone increases more slowly, as only one molecule of DTBQ is produced in cycle A,
contrary to cycle B.

On the other hand, when present in high concentration (Figure 8.14), H,O, can
compete with dioxygen in the reoxidation of the dicopper(I) complex to the dicopper(Il)
state, therefore the increase in its concentration results in its progressive involvement as
copper(I) oxidant. The increase of the reaction rates in this case can be explained by a
change in the rate-determining step of the reaction, as previously proposed by Casella
and co-workers.”!

The change of the catalytic mechanism in the course of the reaction can be
explained by proposing that the different mechanistic pathways are directly related to
the binding mode of the substrate to the dicopper(Il) core. The latter has often been
debated in the literature in the past years.”*” Up till now, different examples of substrate
coordination modes to dicopper(Il) complexes have been reported.>* Although the first
example of a dicopper(Il)-catecholate adduct, crystallized by Karlin,” showed the
catecholate to be coordinated as a bridging didentate ligand to both dicopper(Il) centers,
later reports from Casella** and Meyer” argued for an asymmetric binding of catechol to
only one of the two available copper(Il) ions in a n° fashion, possibly with one of the
two oxygen atoms being involved in a weak interaction with either an adjacent
copper(Il) ion, or in hydrogen bonding. This apparent contradiction can be rationalized
by considering that the binding mode of the substrate is to a large extent determined by
the distance between the two copper centers and their accessibility. Thus, the short
metal-metal distance promotes a binding of the catecholate in a didentate bridging
fashion (e.g. in the dicopper(Il)-catecholate adduct reported by Karlin* two metal ions
are kept at a distance of 3.248 A), whereas in case of long metal-metal separation, a
binding of the substrate to only one of the two metal centers occurs. Consequently, in
the first case, only one electron can be transferred from the substrate to the metal center,
resulting in the semiquinone formation, the subsequent oxidation of which proceeds by
the mechanism proposed by Kodera' (Figure 8.17, cycle A). In the case of a didentate
bridging coordination, both copper ions are reduced in the stoichiometric reaction with

the substrate, leading to the quinone formation and the reduced dicopper(I) species, and
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the catalytic reaction further proceeds via the mechanism suggested by Krebs et al.'” for
the natural enzyme (Figure 8.17, cycle B).

The long Cul...Cu2 separation (4.5427(18) A) observed for two copper ions in
the macrocyclic unit in 1** prohibits the substrate binding in a bridging didentate
fashion, thus favoring the binding of catechol to only one metal center with
semiquinone formation. However, it is liable that in the course of the catalytic reaction
the original dicopper(Il) core undergoes substantial modification, as the carbonate
bridge is likely to be cleaved by the incoming catecholate, as proposed in Figure 8.17.
Earlier studies on other dicopper complexes with structurally related macrocyclic

>* indicate that the macrocyclic cavity has a sufficient flexibility to bring two

ligands
copper ions on a short distance, required for a didentate bridging coordination mode of
catechol. As a result, in the absence of the rigid carbonate bridge the substrate can bind
to both copper(Il) ions in a bridging fashion, pushing the catalytic reaction towards the
cycle B, whereas the relative influence of mechanistic pathway A becomes negligible

after a few minutes of the reaction.
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Figure 8.17. The proposed mechanism for the catalytic catechol oxidation by 1**.
8.3 Concluding remarks

It is very interesting to compare the catalytic behavior of 1* with earlier
reported examples of synthetic models of catechol oxidase. The metal-metal distance in
the dicopper(II) core of 1*" exceeds 4.5 A and is thus much longer than the usual range
found in catalytically active copper(Il) compounds (2.9-3.5 A). However, 1** still
exhibits catecholase activity, proving that a large copper-copper separation does not
inhibit the catalytic properties. Furthermore, the results give an answer to the question,
whether the binding of the substrate to the dicopper core includes a bridging catecholate

coordinated to the two copper ions® rather than a monodentate coordination to only one
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metal center,” demonstrating that in fact both options are possible. It is also clear that
different binding modes of the substrate to a dicopper(Il) core result in completely
different mechanisms of catechol oxidation by dicopper(Il) complexes; furthermore, in
case of sufficiently flexible ligands, both mechanistic pathways can be realized.

In addition, a possible mechanism for the formation of dihydrogen peroxide is
now established. Previously, it has been suggested that the formation of dihydrogen
peroxide is the result of either the protonation of the peroxo-dicopper intermediate, or
its reaction with catechol, leading to the formation of the reduced dicopper(I) species
along with H,0,.”**° However, no actual proof that either of these pathways indeed
takes place has been reported, although the formation of dihydrogen peroxide upon
treating trans-u-1,2-peroxo-dicopper(Il) species with a strong acid is well-known.*'**
Consequently, it can be assumed that dihydrogen peroxide is formed as a by-product
during the oxidation of the semiquinone intermediate with dioxygen, when the metal-
metal distance within a dicopper(Il) complex is too long to allow the binding of the
substrate in a didentate bridging fashion. Indeed, Meyer and co-workers reported a
recovery of 58% to 71% of dihydrogen peroxide for a series of dicopper(Il)
complexes,” for which an asymmetric coordination mode of a non-reactive catechol to
only one of the copper(Il) centers has been clearly established. In addition, two other
crystallographically characterized dicopper(Il) complexes with essentially dinucleating
ligands, for which the reduction mode of dioxygen to dihydrogen peroxide has been
definitely established, also possess a large metal-metal separation (3.7 A and 7.8 A)."

It thus appears that the mechanism of catechol oxidation by the model
compounds is very intricate, which obviously explains often contradictory literature
reports on the catalytic behavior of copper(Il) complexes. It is also very interesting to
note that some authors have recently reported the formation of dihydrogen peroxide,” as
well as semiquinone radicals,” during the catalytic oxidation of DOPA by the
structurally related enzyme tyrosinase in haemolymph of some insects. Although it
appears that neither of these species has ever been observed during the substrate
oxidation by catechol oxidase, the question about the possibility of two different
catechol oxidation pathways for the natural enzyme, as found for model compounds,

still needs to be answered.
8.4 Experimental Section

8.4.1 Materials and Methods

All starting materials were commercially available and used as purchased, unless
stated otherwise. The macrocyclic ligand [22]prdpz was synthesized as previously
described.” The single crystals of [H[22]prd4pz](ClOs), suitable for X-ray crystal
structure determination were obtained by diethyl ether diffusion into a methanol

solution containing one equivalent of [22]pr4pz and two equivalents of perchloric acid.
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The ligand field spectra in solution were recorded on a Varian Cary 50 Scan UV-Vis
spectrophotometer and on a Zeiss MCS500 Diode-Array Spectrometer (/ = 0.5 cm). X-
band electron paramagnetic resonance (EPR) measurements were performed on a
Bruker ESP 300E spectrometer equipped with a Bruker nitrogen flow cryostat, or on a
Bruker EMX spectrometer equipped with an ESR 900 helium flow cryostat (Oxford
Instruments). The electrochemical behavior of the complexes was investigated in a 0.1
M solution of tetra-n-butylammonium perchlorate (TBAP) or tetra-n-butylammonium
triflate in methanol using a EGG 273 potentionstat coupled with a Kipp&Zonen x-y
recorder. The experiments were performed at room temperature in a three-compartment
cell. Potentials are referred to an Ag/10 mM AgNO; + CH3;CN + 0.1 M TBAP reference
electrode. The working electrode was a platinum disk of 5 mm diameter. The working
electrode was polished with 1 um diamond paste prior to each recording. C, H, N, S
determinations were performed on a Perkin Elmer 2400 Series II analyzer. ESI-mass

spectra in methanol or acetonitrile were recorded on a Bruker Esquire 300 apparatus.
8.4.2 Synthesis of the coordination compounds

[Cux([22]pr4pz)(COs3)(H20)]2(CF3803)4-2CH;CN-4H,0
((1)2(CF3803)42CH3CN-4H;0): Copper(Il) triflate (36.9 mg, 0.10 mmol) was
dissolved in 5 ml of acetonitrile, and the resulting solution was added to a suspension of
the ligand [22]pz4pz (25 mg, 0.05 mmol) in the same solvent (the ligand does not
dissolve, unless coordinated to the metal ions). To the resulting clear blue solution, a
solution of anhydrous Na,COs (5.4 mg, 0.05 mmol) in a minimal amount of water was
added. The small amount of precipitate, most likely basic copper carbonate, which may
form, was filtered off. Diethyl ether diffusion into the resulting greenish-blue solution
led to the appearance of small blue crystals which were found to be of a sufficient
quality for X-ray single crystal structure determination. Elemental analysis, found
(calc.) for [Cux([22]prdpz)(CO3)(H20)]2(CF3S03)42CH3CN-4H,0
(=C62H9aN22024F12S4Cuy): C, 35.1 (34.8); H, 4.6 (4.4); N, 14.4 (14.4). ESI-MS,
CH;0H: m/z: z = 1, 1801 [[Cuy([22]prdpz)(CO3)]o(CF3:S03)], z = 2, 827
[[Cux([22]pr4pz)x(CO))(CF;S03)]"".

[Cuz(]22]prd4pz)(CH3CN)2](Cl04)2 (2(ClO4);): In a glove box, a solution of
[Cu(CH3;CN)4]ClO4 (13.1 mg, 0.04 mmol) in 2 ml of dry methanol was added to a
solution of [22]py4pz (9.8 mg, 0.02 mmol) in the same solvent. The diffusion of diethyl
ether into the resulting solution led to the appearance of very small colorless crystals,
suitable for X-ray diffraction analysis. The complex is easily oxidized and can only be
stored in a dry glove box atmosphere. "H NMR (CD;0D, 300 MHz, 25 °C, TMS, ppm):
§=7.72 (d, *J(H,H) = 2 Hz, 4H, 5’'H-pz), 6.32 (d, *J(H,H) = 2 Hz, 4H, 4°’H-pz), 4.87 (s,
8H, pz-(CH,)2-pz), 3.65 (s, 4H, N-CHa-pz), 2.65 (t, *J(H,H) = 8 Hz, 4H, N-CH,-C,Hj),
1.50 (m, 4H, N-CH,-CH,-CHj3), 0.86 (t, *J(H,H) = 7 Hz, 6H, N-C,H;-CH3) ppm. ESI-
MS (CH;CN) m/z: z = 1, [[Cux([22]py4pz)]C104] = 717.
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8.4.3 Catecholase activity studies

The catecholase activity of 1°* was evaluated by reaction with 3,5-di-tert-
butylcatechol at 25 °C in methanol. The absorption at 400 nm (¢ = 1400 M-cm™),
characteristic of the formed quinone, was measured as a function of time. The
experiments were run under a 1 atm of dioxygen. The kinetic parameters were
determined for 2x10° M solutions of the complex (for simplicity, the complex
concentration has been calculated based on the molecular weight of the dinuclear
species  [Cux([22]prdpz)(CO3)(H20)](CF3S0;3),:CH3CN-2H,0) and  0.05-3 mM
solutions of the substrate. In a typical catalytic experiment, 2.5 ml of the solution of 1>
were placed in a 1 cm path-length cell, and the solution was saturated with dioxygen.
Afterwards, 75 ul of the solution of substrate were added. After thorough shaking, the

changes in UV-Vis spectra were recorded during 30 min.

8.4.4 Effect of dihydrogen peroxide on the kinetics of DTBCH,
oxidation

The effect of dihydrogen peroxide on the reaction rates was studied in dioxygen-
saturated methanol by varying the concentration of H,O; in the range of 0.01-1 mM at
constant concentrations of the complex (2x10” M) and DTBCH, (1 mM).

8.4.5 Effect of DTBQ on the kinetics of DTBCH, oxidation

The effect of DTBQ on the reaction rates was studied in dioxygen-saturated
methanol by varying the concentration of DTBQ in the range of 0.01-0.412 mM at
constant concentrations of the complex and DTBCH,. The concentration of 1" was
2x10” M, the concentration of DTBCH, 0.2 mM and 1 mM.

8.4.6 Detection of dihydrogen peroxide in the catalytic DTBCH,
oxidation

The presence of dihydrogen peroxide in the reaction mixture was analyzed using
the iodometric assay based on I5°, which has a characteristic absorption band at 353 nm
(e = 26000 M'-cm™ in water). The oxidation reaction of DTBCH, by 17" was carried
out as described in the kinetic experiment. When the formation of quinone reached a
desired value at 400 nm the solution was acidified with H,SO4 to pH 2 to stop the
reaction. 3 ml of water was added and the reaction mixture was then extracted two times
with CH,Cl, to remove the formed DTBQ. To a 2 ml aliquot of the aqueous layer 1 ml
of a KI solution (0.3 M) was added with a catalytic amount of lactoperoxidase to
accelerate the formation of I3. Blank experiments were performed under identical

12+

conditions in the presence of DTBQ and 17 but only minor formation of I3~ was

observed.
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8.4.7 X-ray crystallographic studies

X-ray intensities of [Hy[22]prdpz](Cl04), were measured on Nonius KappaCCD
diffractometer with rotating anode and graphite monochromator (AL = 0.71073 A). The
structure was solved with direct methods (SHELXS97%) and refined with SHELXL97%
against F? of all reflections. [C26H40N10](ClO4),, Fw = 691.58, colorless/yellowish block
(0.09x0.18%0.27 mm®), monoclinic, space group P2;/c (no. 14), a = 8.0611(14) A, b =
11.660(2) A, ¢ = 17.306(3) A, o = y = 90°, § = 96.557(16)°, V = 1615.9(5) A°, Z= 2,
Peale. = 1.421 g'cm'3 , 0 =0.264 mm’'. A total of 23591 reflections, of which 3002 were
independent [R(int) = 0.063], were collected in the range 2.1 < 26 < 25.5°.Non-
hydrogen atoms were refined freely with anisotropic displacement parameters. All
hydrogen atoms were located in the difference Fourier map. The N-H hydrogen atom
was refined freely with isotropic displacement parameters; C-H hydrogen atoms were
refined with a riding model. Geometry calculations and checking for higher symmetry
were performed with the PLATON package.”

X-ray intensities of compound (1),(CF3;S03)42CH3CN-4H,0 were measured on
a Bruker AXS Apex diffractometer with a graphite monochromator. The structure was
solved with direct methods (SHELXS97)* and the refinement was performed with
SHELXL97* against F* of all reflections. Molecular illustrations, checking for higher
symmetry and geometry calculations were performed with the PLATON package.”” The
entries for formula weight, density, F(000) and ¢ of complex are based on the formula
Cs4H76CusNO5(CF303S)4:2(C,N)-4(0), which does not contain the hydrogen atoms of
the solvent molecules. Fw = 2123.85, blue block (0.25%0.40x0.21 mm3), monoclinic,
space group P21/n, a = 18.716(5) A, b =15.043(5) A, c =32.110(5) A, a =y =90°, B =
103.118(5)°, V = 8804(4) A°, Z = 4, peare. = 1.602 grem™, u = 1.156 mm™". A total of
25022 reflections, of which 8021 were independent [R(int) = 0.177], were collected in
the range 1.3 <260 <25.9°. The hydrogen atoms of the complex cation were calculated
on idealized positions using a riding model with isotropic displacement parameters. The
hydrogen atoms of the co-crystallized solvent molecules were not calculated. All non-
hydrogen atoms were refined anisotropically. Final cycle refinement converged to R(F)
=0.0705 and wR2 = 0.2007 (all reflections).

Due to sensitivity of 2(ClO4), towards dioxygen, the crystal was dropped into
grease and then quickly frozen at 150 K on the Bruker AXS-Enraf-Nonius Kappa-CCD
diffractometer using a graphite monochromator (A (MoKa): 0.71073A). The crystal
was twinned and the two components were separated using the EvalCCD software
package with the following twin law [1 -0.65 -0.32, 0 -1 0, 0 0 -1] corresponding to a
two fold axis along the [1 0 0] direction. The structure was solved by direct methods
and refined by full matrix least-squares, based on F* from the HKLF5 file using the
SHELXL97 software® through the WinGX program.” The fractional contributions of
two domains were refined and are 0.737(1), 0.263(1). [C30H44N2Cuy]CL,0s5, Fw =
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898.75, colorless block (0.50x0.32x0.16 mm®), triclinic, space group Pl (no. 2), a =

11.079(3) A, b = 11.825(4) A, ¢ = 17.329(5) A, a = 87.10Q2)°, B = 74.92(2)°, y =
68.81(2)°, V' =2041.5(11) A, Z =2, peare. = 1.462 g-em™, u = 1.233 mm™. A total of
38986 reflections, of which 10797 were independent, were collected in the range 1.22 <
20 < 30.11°. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were generated in idealized positions, riding on the carrier atoms, with

isotropic thermal parameters. Final cycle refinement converged to R(F) = 0.0591 and
wR2 =0.1632 (all reflections).
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9 Summary, general discussion and
outlook

9.1 General

The research described in this thesis deals with the synthesis of copper(Il)
complexes which can be regarded as model compounds of the active site of catechol
oxidase, and with the mechanism of the catalytic oxidation of catechol mediated by
these compounds. Catechol oxidase is a type-3 copper enzyme usually encountered in
plants and in some crustaceans, which catalyzes a conversion of a wide range of o-
diphenols (catechols) to the respective o-benzoquinones. These highly reactive
compounds subsequently auto-polymerize, resulting in the formation of a dark pigment
melanin, which is thought to protect a damaged tissue from pathogens.

In Chapter 1 a general overview of the model compounds of catechol oxidase,
reported in the literature, is given, and the different approaches used by various authors
to study the mechanism of the catalytic reaction are discussed. The general overview of
the recognized types of copper proteins and the detailed description of the crystal
structure of catechol oxidase, as well as the proposed mechanisms of the enzymatic
cycle are also presented in this chapter.

Chapters 2, 4 and 5 deal with the preparation of novel dinucleating phenol-based
ligands, designed to mimic certain peculiar features of the active site of the enzyme, e.g.
the asymmetric surroundings of the two copper ions and the unusual thioether bond in a
close proximity to one of the metal centers. The structures and properties of the Cu"
complexes with these ligands are also reported in these chapters. In Chapter 3 the
structures, spectroscopic and magnetic properties of several Cu', Mn" and Co"
complexes with the phenol-based ligand Hpy2ald, containing pyridine and formyl
functions, which has been prepared as an intermediate synthon in the preparation of
asymmetric phenol-based ligands, are presented.

In Chapters 6-8 the structures of Cu" and Cu' complexes with two N-donor
macrocyclic ligands [22]py4pz and [22]prdpz, which provide respectively two Ny and
two N3 donor sets for the metal coordination are presented, and the mechanisms of the
catechol oxidation by the copper(Il) complexes with these ligands are discussed.
Chapter 6 also describes detailed paramagnetic '"H NMR spectroscopic studies on the
hydroxo-bridged dicopper(Il) complex with the macrocyclic ligand [22]py4pz.
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9.2 cu", co" and Mn" complexes with the phenol-
based ligands

The ability of dinucleating phenol-based ligands to bind simultaneously two
metal centers, keeping them in a close proximity thanks to the presence of a bridging
phenolate group, gave rise to an extensive utilization of in this class of ligands to model
bimetallic biosites."” In this thesis, the syntheses of four novel phenol-based ligands
(Figure 9.1) are reported, and the structures and properties of seven Cu", two Co" and
two Mn" complexes with these ligands are discussed.

In Chapter 2 the synthesis of the dinucleating phenol-based ligand Hpy3asym
(Figure 9.1, a), which was designed to mimic the asymmetric surrounding of the two
copper ions in the active site of catechol oxidase, are reported. This ligand contains one
tridentate and one didentate arm attached to the 2 and 6 positions of the phenolic ring in
order to achieve a coordination number asymmetry in its dicopper(Il) complexes. The
developed strategy for the synthesis of this ligand can also be successfully applied to
generate other asymmetric phenol-based ligands, as discussed elsewhere.®

A dinuclear copper(Il) nitrate complex with Hpy3asym
[Cuz(py3asym)(H20); 5(NO3)25]1(NO3)os shows a donor-atom asymmetry that consists
of a N30O5 donor set for the Cul ion and a N,Oy4 donor set for the Cu2 ion. Both Cu" ions
adopt a distorted octahedral surrounding, completed by the donor atoms of the solvent
molecules and the nitrate counter ions, besides the donor atoms provided by the ligand.
The absence of an exogenous bridging ligand in this complex results in a relatively long

metal-metal separation of 3.9003 A.

a b c d
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H
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Hpy3asym Hpy2ald Hpy2th2s Hpy2thlas

Figure 9.1. Schematic representation of the prepared phenol-based ligands.

Chapter 3 reports the structures and properties of six novel complexes of Cu",
Co" and Mn" with the phenol-based ligand Hpy2ald (Figure 9.1, b), containing a
tridentate pyridine-containing arm and a formyl group in two ortho positions with
respect to the phenol group of the aromatic ring. Due to the presence of a weak donor
formyl group in the ligand, the structures of the resulting complexes were found to
depend strongly on the donor properties of the counter ions. Thus, the use of metal salts
with weakly coordinating anions like perchlorate and tetrafluoroborate (i.e.
Co(Cl04),:6H,0, Co(BF4),:6H,0 and Mn(ClO4),-6H,0) leads to the formation of
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dinuclear complexes with a metal to ligand ratio of 2:2, in which two metal ions are
doubly bridged by two oxygen atoms of the deprotonated phenol groups of two different
ligands. The metal ions have a distorted octahedral (Co") or trigonal prismatic (Mn")
surrounding, with the remaining positions in the coordination sphere being occupied by
three nitrogen donor atoms of one ligand and the oxygen atom of the formyl group of
another ligand. The obtained complexes are thus structurally related to the nickel(II)
complexes earlier reported by Adams’ resulting from the hydrolysis of the imine arm of
the original dinucleating phenol-based ligands during their reaction with Ni" salts.

The presence of stronger donors, such as nitrate, bromide or chloride, prevents
the coordination of the weaker donor formyl group, resulting in metal complexes of
quite different structures. Thus, the reaction of manganese(Il) chloride and copper(Il)
bromide with Hpy2ald leads to the isolation of the complexes [Mn(Hpy2ald)Cl,] and
[Cu(Hpy2ald)Br,]-0.5H,0. In these complexes, the phenol group of the ligand remains
protonated, failing to bridge two metal ions and instead being semi-coordinated to only
one of them. The coordination environment around the metal center in both complexes
is a distorted octahedron, constituted by three nitrogen donor atoms from the pendant
arm of the ligand, two halogen anions and a loosely bound oxygen atom of the phenol
group. The reaction of copper(Il) nitrate with the ligand results in the formation of the
complex [Cuy(py2ald)(u-NO3)(NO;),]-CH3CN with a metal to ligand ratio of 2:1. Two
copper ions in the complex are bridged by the oxygen atom of the deprotonated phenol
group and one of the nitrate counter ions. One of the two copper(Il) ions has an almost
ideal square pyramidal N3O, surrounding, whereas the second shows a distorted
octahedral Og surrounding, in which only one of the oxygen atoms is provided by the
ligand, whereas the other five originate from three nitrate counter ions. Similarly to the
copper(Il) bromide and manganese(Il) chloride complexes, the formyl group of the
ligand remains uncoordinated to the metal centers.

In Chapter 4 the preparation of the symmetric phenol-based ligand Hpy2th2s
(Figure 9.1, c¢) containing pyridine and thiophene functions is described. This ligand
was designed to mimic the presence of the unusual thioether bond at the active site of
catechol oxidase, resulting in the presence of a non-coordinated sulfur atom in the close
proximity of one of the metal centers. In the case of Hpy2th2s, the very weak donor
properties of the thiophene sulfur atoms prevent their coordination to the copper ions.
Two copper(Il) complexes with this ligand have been prepared and structurally,
spectroscopically and magnetically characterized, viz. [Cux(py2th2s)(u-C1)Cl,] and
[Cua(py2th2s)(u-Br)Br;]. In these complexes, both copper(Il) ions are pentacoordinated
and doubly bridged by the oxygen atom of the deprotonated phenol group and a halogen
anion. The remaining positions in the metal coordination sphere are occupied by two
nitrogen atoms provided by the pendant arms of the ligand and the remaining halogen
atom. The magnetic susceptibility studies indicate a moderate antiferromagnetic

coupling between the copper(Il) ions in both complexes. The complexes do not exhibit
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catecholase activity, most likely owing to the presence of the strongly coordinated
halogen anions as bridging ligands between the metal centers. The studies on the
interaction of these complexes with the model substrate tetrachlorocatechol (TCC)
indicate that the bridging ligands indeed cannot be replaced by the incoming
catecholate, although in the case of the chloride complex, one of the apical halogen
anions undergoes a substitution with TCC. These results emphasize the importance of
the bridging ligands on the catecholase activity of the dicopper(Il) complexes, as the
ability of these ligands to be displaced by the substrate is one of the crucial demands for
the catalytic activity.

In Chapter 5, the synthesis of the asymmetric phenol-based ligand Hpy2thlas
(Figure 9.1, d), containing a thiophene ring on one of the pendant arms, is reported.
Two copper(Il) complexes with this ligand, viz. [Cuy(H,py2thlas)Cl,](CuCly), and
[Cua(Hopy2th1as)CL](ClO4)46CH30H, have been isolated and  structurally
characterized. The structures of the complex cations in the two complexes are very
similar. Surprisingly, the secondary amine atom of one of the pendant arms undergoes a
protonation during the crystallization with copper(Il) salts, which prevents it from
binding to the metal centers. Furthermore, the phenol group of the ligand remains
protonated, similarly to the copper(Il) bromide and manganese(Il) chloride complexes
with the ligand Hpy2ald. As a result, the metal to ligand ratio in the complexes is 2:2,
with two metal ions being doubly bridged by two chloride anions. The thiophene rings
remain uncoordinated; however, in the tetrachlorocuprate(Il) complex they are involved
in unusual stabilizing n-stacking interactions with the bridging chloride anions. Despite
the large similarities between the two compounds, the major difference being different
counter ions, the two coordination compounds exhibit significantly different structural
arrangements, showing the important influence of the anion on the crystal packing.

The dimeric core in both complexes dissociates in solution, resulting in the
mononuclear [Cu(H,py2thlas)CI]*" species. The complexes do not exhibit catecholase
activity, although one equivalent of quinone is formed as a result of a stoichiometric
reaction between 3,5-di-tert-butylcatechol (DTBCH,;) and the copper(Il)
tetrachlorocuprate complex. The absence of catalytic activity is, however, not
surprising, since the complexes are essentially mononuclear in solution, which makes

them less suitable models of the dinuclear active site of catechol oxidase.

9.3 cu" and cCu complexes with dinucleating
macrocyeclic ligands: structures and properties

Chapters 2, 4 and 5 of this thesis are devoted to the design of new phenol-based
ligands in order to mimic the coordination surroundings of the metal centers in the
active site of catechol oxidase. Nevertheless, these ligands have a few shortcomings,

such as the presence of a phenol group, which, although beneficial in keeping two metal
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ions at a short distance from each other, provides an additional oxygen donor atom for
the metal coordination spheres. Because the presence of a single hydroxide ligand
between the copper(Il) centers was proposed for the natural enzyme,' the presence of
an additional bridging group is therefore superfluous. Furthermore, the poor ability of
the phenolate group to bridge two copper(I) centers makes the isolation of the reduced
dicopper(I) complexes with such ligands nearly impossible, and it appears that dinuclear
Cu' complexes containing bridging phenolate groups have never been structurally
characterized.

In addition, the preparation of metal complexes with phenol-based ligands
requires a careful control of the pH of the solution, as an unexpected protonation of the
pendant arms of the ligands may possibly occur, yielding complexes with unpredictable
structural features.

Therefore in Chapters 6-8 the attention has been turned to the synthesis and
characterization of dicopper(Il) and dicopper(I) complexes with dinucleating
macrocyclic ligands [22]py4pz and [22]prd4pz, which are shown in Figure 9.2. These
ligands have been designed earlier to mimic the coordination surroundings of the copper

centers in the active site of the structurally related type-3 copper protein hemocyanin.'"'?
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Figure 9.2. Schematic representation of the macrocyclic ligands [22]py4pz and [22]prdpz.

In Chapter 6 the synthesis, spectroscopic and magnetic properties of the
hydroxo-bridged dicopper(Il) complex [Cua([22]py4pz)(u-OH)](ClO4);-H,0, as well as
the paramagnetic '"H NMR studies on this complex, are presented. The copper(II) ions
in the complex are in a distorted trigonal bipyramidal surrounding, constituted by four
nitrogen atoms of the ligand and the oxygen atom of the bridging hydroxide anion, with
the oxygen atom and the nitrogen atom of the tertiary amine group of the ligand
occupying the apical positions. A large Cu-O-Cu angle of 156.0(3)° results in a very
strong antiferromagnetic coupling (2J = -691(35) cm™) between the two metal ions,
allowing the solution study of the complex by 'H NMR spectroscopy. The complex
shows an anti-Curie type behavior, with resonances in the spectrum shifting downfield
when increasing the temperature. A complete assignment of the hyperfine-shifted
signals was achieved by applying 'H 1D NOE difference and 2D COSY NMR
spectroscopy, through the determination of the relaxation times and by a selective
chemical substitution. Temperature-dependent NMR studies were also used for an

independent determination of the antiferromagnetic coupling constant 2J in solution,
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and the obtained value was found to be in a very good agreement with the one obtained
from the solid-state magnetic susceptibility measurements.

In Chapter 7 the 3D structure and properties of the dicopper(I) complex with
[22]py4pz, viz. [Cux([22]py4pz)](ClO4),-2CH;0H are reported. The Cu' ions in this
complex are tricoordinated with a distorted trigonal surrounding, the nitrogen atoms of
the tertiary amine groups remaining uncoordinated. At low temperature (-40 °C) in
acetonitrile, the complex reacts with dioxygen, leading to the formation of a trans-u-1,2-
peroxo-dicopper(Il) complex, which has been characterized by UV-Vis and resonance
Raman spectroscopic techniques.

In Chapter 8 the structures and properties of the copper(Il) and copper(])
complexes with the macrocyclic ligand [22]prdpz are presented. The copper(Il)
complex exhibits a tetranuclear structure in the solid state, with one macrocyclic unit
accommodating two metal ions, bridged by a carbonate anion. Two oxygen atoms of
two carbonate anions then doubly bridge two copper centers of two different
macrocyclic units, resulting in the complex
[Cuy([22]prdpz)(CO3)(H20)]2(CF3S03)42CH,CN-4H,0. The copper(Il) ions have a
distorted square-pyramidal environment, with a long intra-macrocyclic copper-copper
distance of 4.5427(18) A. In a diluted methanol solution, the tetranuclear structure
dissociates into two dinuclear units, although at high concentrations it is preserved in
solution. The magnetic susceptibility studies indicate that a ferromagnetic coupling is
realized between the two Cu" ions of one macrocyclic unit through the syn, syn-
carbonato bridge, while a very weak antiferromagnetic coupling occurs between two
copper(Il) ions of two different macrocyclic units through the asymmetric di-g¢-Ocarbonate
bridge. The dicopper(I) complex [Cu([22]pr4pz)(CH3CN),](ClO4), contains two
tetracoordinated Cu' ions, coordinated by three nitrogen donor atoms from the ligand

and a nitrogen atom of a coordinated acetonitrile molecule.

9.4 Catecholase activity of Cu" complexes with
macrocyclic ligands: mechanisms of the catalytic
reaction

The dinuclear complex [Cuy([22]py4pz)(u-OH)](ClO4);-H,O can be regarded as
a satisfactory structural model of the active site of catechol oxidase. In particular, the
presence of a single hydroxide bridge between the metal centers is an important
structural feature of the natural enzyme. As hydroxo-bridged compounds have been
previously reported as successful functional models of catechol oxidase, the catecholase
activity of the complex has been investigated. The complex indeed catalytically oxidizes
DTBCHj; in acetonitrile, the catalytic reaction showing a Michaelis-Menten behavior
with Vipex = 1.3x10° M-s™" and Ky = 4.9 mM.
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It is even more important to appraise the mechanism of the substrate oxidation
by model complexes in order to understand the mechanism of action of the natural
enzyme. Consequently, the mechanism of DTBCH, oxidation by this complex was
investigated by studying separately every step of the catalytic cycle. On the first stage,
the stoichiometric reaction of the complex and the substrate in anaerobic conditions
leads to the release of one molar equivalent of quinone and the generation of reduced
dicopper(I) species. Dioxygen binding to the latter complex results in the formation of a
trans-u-1,2-peroxo-dicopper(Il) adduct, which oxidizes a second molecule of catechol,
leading to the restoration of the original hydroxo-bridged dicopper(Il) core. This
reaction was found to proceed in two successive steps: initially, a proton transfer from
the substrate to the peroxo core leads to the formation of a highly reactive intermediate,
which was assumed to be a hydroperoxo-dicopper(Il) species on the basis of the
resonance Raman, UV-Vis and EPR spectroscopy. Secondly, the bound catecholate is
oxidized by the hydroperoxo moiety, which is accompanied by the reduction of the
peroxide to water. The general mechanism of the catalytic reaction closely resembles
the mechanism for catechol oxidase earlier proposed by Krebs;'® however, the structure
of the peroxo-dicopper(Il) intermediate species most likely differs, as a ,11-112:772 peroxo-
dicopper intermediate has been proposed for the natural enzyme. This is also the first
example of catechol oxidation by trans-u-1,2-peroxo-dicopper(Il) species.

It is also interesting to note that while trans-u-1,2-peroxo-dicopper(Il) species
oxidize catechol to the corresponding quinone (catecholase activity), they do not
perform the hydroxylation of the o-position of a phenol ring (monophenolase activity),
in contrast to u-":" peroxo-dicopper(I) species. The ability to hydroxylate the o-
position of phenolic substrates prior to the oxidation of the resulting catechols into
quinones is also a major difference between catechol oxidase and a structurally related
type-3 copper enzyme tyrosinase. As the exact structure of tyrosinase remains unknown,
no acceptable explanation for this difference in behavior of the two enzymes is
available; however, it is tempting to speculate that this difference can be caused by the
different structures of the peroxo-dicopper(Il) intermediates formed in the catalytic
reaction.

In Chapter 8 the mechanism of the catecholase activity of the dinuclear
copper(Il) species [Cuz([22]pr4pz)(C03)(HzO)]2+in methanol is discussed. During the
first few minutes of the catalytic reaction, the substrate oxidation is accompanied by the
formation of dihydrogen peroxide, which, however, quickly cedes. The anaerobic
interaction of the complex with catechol indicates that instead of a two-electron
reduction of the dicopper(Il) core, leading to the quinone and the dicopper(I) species
formation, only one electron is transferred in the stoichiometric reaction, resulting in the
formation of the mixed-valence Cu"Cu'- semiquinone species. The oxidation of the
latter species by dioxygen leads to the formation of one molar equivalent of quinone

and one molar equivalent of dihydrogen peroxide. Thus, the complex initially behaves

201



as a mononuclear copper(Il) species, with only one copper ion participating in the redox
process, whereas another plays solely a structural role. This is likely to be caused by the
long copper-copper separation within a macrocyclic unit, which makes the simultaneous
binding of catechol in a didentate bridging fashion to both copper(Il) ions impossible.
However, the dihydrogen peroxide formation stops after a few minutes,
suggesting that a different mechanism takes place at later stages of the catalytic
reaction, most likely similar to the mechanism proposed by Krebs and co-workers for
the natural enzyme." This assumption is also confirmed by the inhibiting influence of
the oxidation product DTBQ on the catalytic reaction, indicating that it does not simply
accumulate in the reaction mixture, but also participates in the catalytic process. As
DTBQ is able to react very quickly with the reduced dicopper(I) species, reoxidizing it
to the mixed-valence Cu"Cu'-semiquinone species, this is a probable cause of its
inhibiting behavior. The formation of dicopper(I) species can in turn be only explained
by the mechanistic pathway proposed by Krebs and co-workers." Thus, two different
mechanistic pathways are realized in this case, proving that the catechol oxidation by
model copper(Il) complexes can be a very intricate process. The findings also explain
the mechanism of dihydrogen peroxide formation as a by-product of catechol oxidation
and indicate that the copper-copper distance plays a substantial role in the catalytic
mechanism: a short distance enables a binding of catechol in a didentate bridging
fashion, resulting in its further oxidation by the mechanism, similar to that observed for
[Cux([22]py4pz)(u-OH)](CIO4)3-H,0, whereas a long distance results in the binding of
catechol to only one of the copper(Il) centers with the formation of the semiquinone

intermediate and subsequent reduction of dioxygen to dihydrogen peroxide.

9.5 Future outlook

In conclusion, the mechanism of catechol oxidation by model compounds
appears to be very intricate, which obviously explains often contradictory literature
reports on the catecholase activity of copper complexes. It should also be added that the
investigations carried out by different research groups on the structure and function of
catechol oxidase is a perfect example of the essential strategy adopted by the chemist of
the 21% century. Indeed, such studies inevitably bring in distinct but complementary
disciplines of contemporary chemistry, i.e. biochemistry, synthetic and inorganic
chemistry, and spectroscopy. It is also evident that research on model compounds of
natural enzymes is very inspiring for the development of novel bio-inspired efficient
catalysts for oxidation reactions. The design of environmentally benign and clear
processes for industrial applications is essential for a sustainable development of
industrial chemistry. Therefore one should look at how Nature performs bio-
transformations in order to find alternatives to the current environmentally unfriendly

procedures. In this context, studies of enzymatic syntheses like the one achieved by
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catechol oxidase are crucial since effective, selective, and ecologically friendly catalysts
may be produced via a biomimetic approach.

As very promising results have been achieved with copper complexes with
macrocyclic ligands, future investigations with these compounds are highly desired. In
particular, further studies on the influence of the metal-metal distance on the catalytic
behavior would be very beneficial to confirm the hypothesis about it being a crucial
factor defining the whole catalytic mechanism. It should also be noted that very
recently,” the monohydroxo-bridged dicopper(Il) complex with the macrocyclic ligand
[22]prd4pz has been isolated, the structure of which is shown in Figure 9.3. In this
complex, two copper(I]) ions are kept at a shorter distance of 3.8207(15) A, comparable
with the copper-copper distance in the complex [Cu,([22]py4pz)(u-OH)](ClO4);5-H,O.
The coordination spheres of the metal ions in the complex also strongly resemble the
active site of catechol oxidase, as each copper(Il) ion is coordinated by three nitrogen
donor atoms of the ligand; the loosely bound perchlorate anions are expected to
dissociate in solution and be replaced by solvent molecules. It is very interesting to
study the mechanism of the catecholase activity of this complex and to compare it with
the mechanism of the catalytic reaction for its carbonate-bridged analogue, as well with
the mechanism found for the hydroxo-bridged complex with the related macrocyclic
ligand [22]prdpz.

Figure 9.3. Platon'* projection of the crystal structure of the complex [Cux([22]pr4pz)(u-OH)(C10,)s].

Hydrogen atoms are omitted for clarity.

Furthermore, it is very appealing to study dioxygen binding by the dicopper(I)
complex with [22]prdpz, since it has been shown that the utilization of ligands with N3
donor sets generally leads to the formation of u-5%#5* peroxo-dicopper species, while
trans-u-1,2-peroxo-dicopper(Il) complexes are usually obtained upon dioxygen binding
to copper(I) complexes with Ny ligands.”> As u-":° peroxo-dicopper complexes are

generally known to be able to perform the hydroxylation of the o-position of phenolic
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substrates, it would be beneficial to study the reactivity of such species with respect to
the modeling of the catalytic activities of both tyrosinase and catechol oxidase.

The oxidation of the mixed-valence Cu''Cu'-semiquinone species by dioxygen
also deserves additional attention. As discussed in Chapter 8, this mechanism implies
the formation of intermediate Cu'-superoxide species, the spectroscopic
characterization of which would undoubtedly be a highly interesting and challenging
task.

The synthesis of copper(Il) complexes with phenol-based ligands also has a
significant potential interest. Despite certain shortcomings of these ligands, as outlined
above, they are very easy to prepare, in contrast to the macrocyclic ligands. It is also
relatively easy to synthesize structurally related ligands with only small variations,
which would allow to study in detail the influence of certain factors (electron-donating
or electron-withdrawing properties, steric hindrance etc.) on the catalytic behavior of
the respective copper complexes. It is also very interesting to isolate dicopper(Il)
complexes, holding an additional exogenous hydroxide bridge between the metal
centers, with such ligands. Unfortunately, the attempts to prepare such complexes with
the ligands reported in Chapters 2-5 were futile; therefore new ligands can be designed
for this purpose. One of such ligands, designed to provide both a coordination number
asymmetry and the presence of non-coordinated sulfur atom in a close proximity of one

of the copper centers, is depicted in Figure 9.4.

Figure 9.4. Schematic representation of the phenol-based ligand designed to mimic two peculiar features
of catechol oxidase: the presence of non-coordinating sulfur atom in a close proximity of one of the

copper(Il) ions and a coordination number asymmetry of two metal ions.
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Samenvatting

Dit proefschrift behandelt de synthese van koper(II)complexen die beschouwd
kunnen worden als modelverbindingen van de active site van catecholoxidase en het
mechanisme van de katalytische oxidatie van catechol door deze verbindingen.
Catecholoxidase is een type-3 kopereiwit, aanwezig in planten en sommige
schaaldieren, dat de oxidatie van verschillende catecholen (o-diphenolen) tot de
respectievelijke chinonen katalyseert. De chinonen worden vervolgens gepolymeriseerd,
wat resulteert in de vorming van het pigment melanine. Deze reactie is bedoeld om
beschadigd weefsel tegen veschillende pathogene invloeden te beschermen. Type-3
kopereiwitten, die behalve catecholoxidase ook het eiwit hemocyanine en het enzym
tyrosinase bevatten, zijn bekend door hun eigenschappen om moleculaire zuurstof te
activeren en zijn toe te passen brengen onder gewone omstandigheden.' Vanwege hun
mogelijke gebruik als oxidatiekatalysatoren in millieuvriendelijke industriéle processen
is de synthese van modellen van deze eiwitten en onderzoek naar de mechanismen van
hun katalytische activiteiten een zeer interessant onderwerp.

Hoofdstuk 1 is een algemene beschouwing van de modelverbindingen van
catecholoxidase, die in de literatuur gerapporteerd zijn, en de verschillende manieren
van diverse auteurs om het mechanisme van de katalytische reactie. Hoofdstuk 2
beschrijft de synthese van het dinucleaire fenolgebaseerde ligand Hpy3asym, dat
ontworpen is om de asymmetrische omgeving van de twee koperionen in de active site
van catecholoxidase na te bootsen, en het dinucleaire complex ervan
[Cuyx(py3asym)(H,0); 5(NO3),]NO;. Het ligand bevat een tridentaat en een didentaat
arm verbonden met de 2 en 6 posities van de fenolring, om een asymmetrische
coordinatienummering te verkrijgen voor de koper(II)complexen ervan. De ontwikkelde
strategie voor de synthese van dit ligand kan ook succesvol worden toegepast voor het
genereren van andere asymmetrische op fenol gebaseerde liganden.?

Hoofdstuk 3 rapporteert over de structuren en eigenschappen van zes nieuwe
complexen van Cu", Co" en Mn" met het op fenol gebaseerde ligand Hpy2ald, dat een
tridentaat pyridinebevattende arm heeft op de 2’ positie en een formylgroep op de 6’
positie van de fenolring. Vanwege de aanwezigheid van een zwak donerende
formylgroep in het ligand bleek dat de structuren van de resulterende complexen sterk
athangen van de donoreigenschappen van de tegenionen. Kortom, het gebruik van
metaalzouten met zwak-coordinerende anionen zoals perchloraat en tetrafluorboraat
leiden tot de vorming van dinucleaire complexen met een metaal-ligandverhouding van
2:2, waarin twee metaalionen dubbel gebrugd zijn door zuurstofatomen van de
gedeprotoneerde fenolgroepen van twee verschillende liganden. De aanwezigheid van
sterkere donoren, zoals nitraat, bromide of chloride, voorkomt de codrdinatie van de
zwakker donerende formylgroep, wat resulteert in metaalcomplexen met vrij

verschillende structuren, waarbij de formylgroep niet codrdineert aan de metaalionen.
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Hoofdstuk 4 beschrijft de bereiding van het symmetrische op fenol gebaseerde
ligand Hpy2th2s, dat de functionele groepen pyridine en thiofeen bevat. Dit ligand was
ontworpen om de aanwezigheid van de ongebruikelijke thioethergroep bij de active site
van catecholoxidase na te bootsen, resulterend in de aanwezigheid van een niet-
coordinerend zwafeltoom in de nabijheid van de metaalcentra. Twee
koper(I)complexen met dit ligand zijn gemaakt en structureel, spectroscopisch en
magnetisch gekarakteriseerd: [Cux(py2th2s)Cls] en [Cux(py2th2s)Br;]. In deze
kopercomplexen zijn beide koperionen vijfvoudig gecodrdineerd en dubbel gebrugd
door het zuurstofatoom van de gedeprotoneerde fenolgroep en een halogeen anion. De
complexen vertonen geen catecholaseactiviteit, waarschijnlijk vanwege de
aanwezigheid van de sterk codrdinerende halogeen anionen die bruggend binden tussen
de metaalcentra. De onderzoeken naar de interactie van deze complexen met het
modelsubstraat tetrachloorcatechol (TCC) wijzen erop dat de bruggende liganden
inderdaad niet vervangen kunnen worden door het aanwezige catecholaat, hoewel in het
geval van het chloridecomplex één van de apicale halogeen anionen gesubstituteerd
wordt door TCC. Deze resultaten benadrukken het belang van de bruggende liganden
voor de catecholaseactiviteit van de dikoper(Il)complexen, omdat de mogelijkheid van
deze liganden om vervangen te worden door het substraat een van de cruciale eisen zijn
voor katalytische activiteit.

In hoofdstuk 5 wordt de synthese van het asymmetrische ligand Hpy2thlas
(Figuur 9.1, d), met een thiofeenring aan een van de armen, gerapporteerd. Twee
koper(Il)complexen met dit ligand, [Cuz(Hapy2thlas)ClL](CuCly), en
[Cux(Hapy2th1as)CL](Cl04)4:6CH30H, zijn geisoleerd en structureel gekarakteriseerd.
Ondanks de grote overeenkomsten tussen de twee verbindingen, het grootste verschil is
een ander anion, verschillen de twee codrdinatieverbindingen structureel significant. Dit
duidt op de belangrijke invloed van het anion op de kristalstapeling.

Hoofdstukken 6-8 behandelen de structuren van Cu' en Cu' complexen met
twee N-donor macrocyclische liganden [22]py4pz en [22]prdpz, die respectievelijk twee
N4 en twee N3 donor sets verschaffen voor de metaalcodrdinatie, en beschrijven het
mechanisme van de catecholoxidatie van de koper(Il)complexen met deze liganden.
Hoofdstuk 6 beschrijft tevens gedetailleerde paramagnetische 'H NMR spectroscopie-
studies van het hydroxygebrugde dikoper(Il)complex met het macrocyclische ligand
[22]py4pz.

Het mechanisme van de oxidatie van 3,5-di-tert-butylcatechool (DTBCH;) door
het hydroxygebrugde dikopercomplex [Cux([22]py4pz)(1u-OH)](ClO4);-H,O is
onderzocht door het bestuderen van elke afzonderlijke stap in de katalytische cyclus. In
de eerste fase leidt de stoichiometrische reactie van het complex en het substraat, in
anaerobe condities, tot het loslaten van een equivalent chinon en de vorming van een
dikoper(I)complex. Zuurstofbinding aan het laatste complex resulteert in de vorming

van een trans-u-1,2-peroxo-dicopper(Il) verbinding dat een tweede catecholmolekuul
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oxideert en weer het originele hydroxo-gebrugde dikoper(Il)complex vormt. Deze
laatste reactie bleek in twee successievelijke stappen te verlopen: Ten eerste leidt een
protonverhuizing van het substraat naar de peroxo kern tot de vorming van een zeer
reactief intermediair dat, op basis van het Raman, UV-Vis en EPR-spectroscopie,
verondersteld wordt een hydroperoxo-dikoper(Il) complex te zijn. Ten tweede wordt het
gebonden catecholaat geoxideerd door het hydroperoxodeel, gecombineerd met de
reductie van het peroxide tot water. Het algemene mechanisme van de katalytische
reactie is erg vergelijkbaar met het mechanisme voor catecholoxidase, dat eerder is
voorgesteld door Krebs,’ hoewel de structuur van het peroxo-dikoper(Il) intermediair
deeltje zeer waarschijnlijk verschilt, omdat een u-n>n® peroxo-dikoperintermediair is
voorgesteld voor het natuurlijke enzym. Dit is ook het eerste voorbeeld van
catecholoxidatie door trans-u-1,2-peroxo-dikoper(Il) deeltjes.

Hoofdstuk 8 behandelt het mechanisme van de catecholaseactiviteit van het
dikoper(Il)complex [Cuy([22]pr4pz)(CO3)(H,0)]*" in methanol. Gedurende de eerste
paar minuten van de katalytische reactie wordt de substraatoxidatie vergezeld door de
vorming van waterstofperoxide, hoewel dat snel stopt. De anaerobe interactie van het
complex met catechol duidt erop dat in plaats van een twee-elektronreductie van het
dikoper(IT)kation, dat leidt tot een chinon en een koper(I)complex, slechts één elektron
is overgedragen in de stoichiometrische reactie, resulterend in de vorming van het
Cu"'Cu'-semichinondeeltje. De oxidatie van de laatste verbinding door dizuurstof leidt
tot de vorming van een molaire equivalent chinon en een molaire equivalent
waterstofperoxide. Kortom, het complex gedraagt zich in het begin als een
mononucleair koper(Il)deeltje, met slechts een koperion deelnemend in het redoxproces,
terwijl de andere alleen een structurele rol speelt. Dit wordt waarschijnlijk veroorzaakt
door de lange koper-koperafstand in het macrocyclische ligand, dat het simultaan
binden van catechol op een didentaatgebrugde wijze aan beide koper(Il)ionen
onmogelijk maakt.

De vorming van waterstofperoxide stopt echter na een paar minuten, wat
suggereert dat een ander mechanisme plaatsvindt in een latere fase van de katalytische
reactie, zeer waarschijnlijk vergelijkbaar met het mechanisme dat is voorgesteld door
Krebs en medewerkers voor het natuurlijke enzym.’ Deze aanname wordt ook bevestigd
door het onderdrukkende effect van het oxidatieproduct 3,5-di-tert-butylbenzochinon
(DTBQ) op de katalytische reactie, wat erop duidt dat dit product zich niet gewoon
ophoopt in het reactiemengsel, maar ook deelneemt in het katalytische proces. Omdat
DTBQ snel kan reageren met het gereduceerde dikoper(I)complex, en dit reoxideert tot
het gemengde valentie Cu"Cu'-semichinondeeltje, is dit een waarschijnlijke reden van
het onderdrukkende gedrag. De vorming van dikoper(I)deeltjes kan op zijn beurt alleen
worden verklaard door de mechanistische route die is voorgesteld door Krebs en zijn
medewerkers.” Kortom, twee verschillende mechanistische routes worden in dit geval

gerealiseerd, wat aantoont dat de catecholoxidatie door model koper(IT)complexen een
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ingewikkeld proces kan zijn. Deze bevindingen verklaren tevens het mechanisme van de
vorming van waterstofperoxide als bijproduct van catecholoxidatie en wijzen erop dat
de koper-koperafstand een substantiéle rol speelt in het katalytische mechanisme: een
korte afstand maakt het mogelijk dat catechol bindt op een didentaat bruggende wijze
waardoor dit verder kan oxideren via het mechanisme vergelijkbaar met datgene dat is
waargenomen voor [Cuy([22]py4pz)(u-OH)](ClO4);-H,0, terwijl een lange afstand
resulteert dat catechol alleen aan één van de koper(II)ion bindt, met de vroming van het

semichinon en een daaropvolgende reductie tot waterstofperoxide.

Referenties
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2) Huisman, M.; Koval, I. A.; Gamez, P.; Reedijk, J. Inorg. Chim. Acta 2005, in press.
3) Klabunde, T.; Eicken, C.; Sacchettini, J. C.; Krebs, B. Nat. Struct. Biol. 1998, 5, 1084-1090.
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Kopomkuu 3micm

s nucepramiss mpucBsiueHa cuHTe3y KoMmiuiekciB mini(Il), mo e monemsmu
AKTUBHOTO LIEHTPY MIiJAbBMICHOTO €H3UMY THITy-3 KaTEXOJIOKCHJA3u, Ta BUBYCHHIO
MeXaHi3My KaTaJiTHYHOTO OKHUCJIECHHS cyOcTpaTy (Karexoiy) UMM CrioyKamu. JlaHuii
THUT TIPOTEIHIB TAKOXK BKIIOUAE B ceOe OIIOK reMolliaHiH, 0 € MePECHOCYHKOM KUCHIO Y
POOMHAX MOJIIOCKIB Ta KIMWIIOHOTHX, Ta €H3UM THUPO3UHA3y, M0 KaTali3ye
TiIPOKCUIIOBAaHHS ~ OPTO-TIOJIOKEHHS aMIHOKHCIOTH L-THPO3MHY 3 YTBOPEHHSIM
cnonyku, Biomoi mij Ha3Bowo L-DOPA, i i moganbiie OKHCIEHHS 0 BiAMOBITHOTO
O0eH30xiHOHY. Ll peaxiiisi € KpUTMYHOIO CTaJi€l0 B MPOLEC] YTBOPEHHS MIrMEHTY
MeJlaHiHy, 110 BIANOBiZa€ 32 TeMHE 3a0apBlICHHS IIKIPH Ta LIEPCTSIHOTO IOKPOBY Y
CCaBIiB, 1 3a MOTEMHIHHS TOIIKO/PKEHUX TKAHWH TNPH JOCTYIi KHCHIO TOBITPS Y
pOCIHMHAX.

Karexonokcunasza HaifgacrTiiie 3ycTpiuaeTbCsi B POCIMHAX Ta JSSKUX MOJIOCKaxX
Ta KaTaji3ye OKUCIICHHS BEUKOI KUIBKOCTI OpTO-AU(EHOMIB (KaTeXO0JiB) Y BiINOBIIHI
OCH30X1HOHHM, IO ayTOIOJIMEPU3YIOTHCS 3 YTBOPEHHSIM MejaHiHy. OCTaHHS peakiis
MpU3HAYCHA 3aXUINATH TOIIKOKEHI TKAHUHY BiJI TATOTEHHUX BIUIMBIB. XapaKTepHOIO
PHUCOI0 TPOTEiHIB TUITy-3 € TaKUM UYMHOM IX 3JaTHICTh AKTUBYBAaTH 1 3B’SI3yBaTH
MOJICKYJISIPHUN KHCEHb 3a 3BUYAMHUX YMOB Ta, y BHUIMAAKy KaTeXOJOKCHIAa3u Ta
TUPO3UHA3M, 3aCTOCOBYBaTH HOro JUIS CEJIEKTUBHOTO OKHUCJICHHS OpTraHIdYHHUX
cyOctpariB. Uepe3 110 BIACTHBICTh BUBYCHHS CTPYKTYPH LUX MPUPOIHIX CIOIYK Ta
JOCTIPKeHHS 3aralbHIX MPUHIIUIIIB 1X KaTATITHYHOI [Iii € I[IKaBOIO 1 BAYKIIMBOIO TEMOIO,
3aBJIIKH MOJKJIMBOMY 3aCTOCYBaHHIO CHHTETUYHHMX MOJEJCH LUX MPOTEIHIB y SKOCTI
NPOMHCIIOBUX KaTali3aTOpiB B OPraHIYHUX OKUCITIOBAJIILHUX IPOIIEcax.

Kpucraniuna cTpykTypa KaTeXOJIOKCHIA3W Yy JEKUIbKOX Qopmax (mem,
BIZTHOBJICHIN (Oeokci) Ta y KOMIUIEKCI 3 1HT10ITOPOM TiOCEUOBHMHOIO) Oyia BH3HaueHa
METOJIOM PEHTICHOCTPYKTypHOTO aHamizy KpeOGcom Ta cmiBpoOIiTHHKaMH JEKiIbKa
pOKiB TOMy.' AKTHBHHUI LIEHTpP KaTE€XOJOKCHIAa3W MICTHThH JBa IOHH Miji, KOXHHN 3
SKUX OTOYEHUH TpbOMa aMIHOKHUCIOTHHMHU 3QJIMIIKAMHM TiCTUAUHY. Y mem ¢dopmi
o0u/IBa 10HM MiJli MalOTh CTYMiHb OKUCIEHHs +2 1 3HaXOAATHCSA HAa KOPOTKIH BiJCTaHI
(2.9 A) omuu Big 01HOTO 3aBASKM TiAPOKCHAHOMY MICTKY Mi HuMH. HasBHICTB 1bOTO
MICTKOBOTO JIiTaHJa € TaKOXX NPUYMHOI0 CHUJIBHOI aHTU(EPOMArHiTHOI B3aeMOMIl Mixk
JIBOMa 10HAMH MiJi, 110 B Pe3y/ibTaTi MPU3BOAUTH IO BiJICYTHOCTI CUTHATY B CIIEKTPi
€JIGKTPOHHOT'O TapaMarHiTHOTO PEe30HAaHCY IbOro eH3uMmy. Ll o3Haka € 3araiom
XapaKTepHOIO PUCOI0 CIEKTPAIbHUX BIACTUBOCTEH MPOTEIHIB THIY-3 B OKUCIEHOMY
crani (Cu"). Y BigHOBmEHiI deokci hopmi 00HIBA i0HH Mii MAIOTh CTYITIHb OKHCIICHHS
+1, Ta BifcTaHP MiX HUMH € 3HA9HO JOBIIOKO (4.4 A).

He 3Bakaroum Ha Te, 110 CTPYKTypa KaTeXOJOKCHIa3Hu BiJioMa, TOUHHIA MEXaHi3M
Iii 1Or0 €H3UMY € HEBM3HAYCHHMM JIO0 LbOTO 4Yacy. 3arajJbHONPUNHHATHNA Ha JaHUN

MOMEHT MEXaHi3M, 3ampornonoBanuii KpebcoM Ta cmiBpoOiTHHKamu,' BKIIOYAE B cede
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CTEXIOMETPUYHE OKUCIICHHS OJHOI MOJEKYJIH cyOcTpary mem (OPMOIO, Ta MOJAJIbIIE
3B’A3yBaHHS MOJIEKYJISIPHOTO KHCHIO YTBOPEHOIO Oeoxci dopmoro. Lle mpu3BoauTh 110
YTBOPEHHSI MEPOKCO-MIJIHOTO iHTEpMEIiaTy, IO B CBOIO YEPry OKHUCIIOE JpyTy
MOJIEKYJly cyOcTpaTy Ha HACTyNHIM cTaaii €H3MMaTHYHOTO LUKIY 3 YTBOPEHHSIM
MOJIEKYJIH BOIHM SIK MOOIYHOTO MpOoayKTy. [IpoTe nekigbKa anbTepHATUBHUX MEXaHI3MiB,
3aCHOBaHUX 30KpeMa Ha BHUBUYEHHI MEXaHI3MIB KaTaIITUYHOI aKTUBHOCTI MOJEIBHUX

 Ta Ha KBAaHTOBO-MEXaHIUYHHX OOYHCICHHSX,' OYyJIO TaKOXK 3alpOIOHOBAHO

CIIONYK,>
pizHuMH aBTopamu. Ha nanuii MOMEHT 3HauHa yBara JIOCJiIHUKIB IPUBEPHYTa 30KpeMa
0 TAaKUX ACMEKTIB KaTATITHYHOTO MEXaHI3My, sIK CTOci0 koopauHalii cybcrpary mo
JIBOSIZIEPHOTO aKTHBHOTO IEHTPY (MiCTKOBHMH, MOHOJEHTATHWM, XeNaTHHi),”’ pOJb
HE3BUYHOTO CipPKOBYTJICIIEBOTO 3B’SI3KY y aKTUBHOMY IICHTPiI €H3UMY® Ta CTPYKTypa
POMIXXHOTO MiIHO-KHCHEBOTO aJayKTy.”""

B mepmomy posmini i€l aumcepTamii MpeACTaBICHUN 3aralbHUA  OTJISA
MOJICJIFHUX CIOJIYK KaTeXOJOKCHIa3Hu, OMMCAHUX B JIITEPATypi, Ta PO3IIISIHYTI METOIH,
SKIi BUKOPUCTOBYBAJHUCS PpI3HUMH aBTOpaMH 3 METOI0 BHUBYCHHS MeEXaHi3My
KaTaJliTHuHOi peakuii. Jpyruil po3nmin po3risgae CUHTE3 (PEHOJBMICHOTO JraHza
Hpy3asym, mo OyB CHHTE30BaHUI 3 METOIO MOJEIIOBAaHHS aCUMETPUYHOIO OTOYEHHS
JIBOX 10HIB Mi/ll y aKTUBHOMY LIEHTP1 €H3UMY, 1 CTPYKTYPY Ta BIACTHBOCTI JIBOSIIEPHOTO
xommekcy [Cux(py3asym)(H0)1 5(NO3)25](NO3)os. Jlirang Hpy3asym wmicTuth
TPUICHTATHUA Ta JBOJCHTATHHWI 3aMICHHKU Y BIANOBIAHO 2 Ta 6 TOJOXKEHHSIX
(EHONBHOTO KiJBbISI 1 TaKUM YMHOM MOXKE IOTCHLIHHO 3a0e3MeYUTH acUMETPilo
KOOpAMHAIIIMHUX YHUCENl JIBOX 10HIB MiJi y BIJMOBIAHUX JBOSACPHUX KOMILIEKCAX.
Po3pobrena crpaterisi CHHTE3y IILOTO JIraHia Moke OyTH YCIHIITHO 3aCTOCOBaHA [
CHHTE3Y CIHOPIHCHUX (PSHOIBMICHUX JIIraHiB.

Poznin 3 omucye CTpyKTypu Ta BJIACHBOCTI mIeCTH HOBUX KomiekciB Mifmi(Il),
kobanpTy(Il) Ta ™manramy(Il) 3 d¢enonBmichum miranmom Hpy2ald, mo MicTuTh
TPUJACHTATHUHA MIPUIMHBMICHUN 3aMICHUK Ta aibJerigHy Tpymy B JBOX OpTO-
MOJIOXKEHHAX MO BiHOLIEHHIO 10 ()EHOJIBHOI IPyNH apOMaTHYHOTO KUTbLA. 3a paxyHOK
NPUCYTHOCTI CJIaOKOro MoHOpa (ampAeriHOl Tpymu) B LBOMY JIraHai CTPYKTYpH
BUIIE3raJIaHuX KOMIUICKCIB 3HAYHOIO MIpOI0 3alieaTh BiJl JTOHOPHUX BJIACTHBOCTEH
aHioHiB. TakuM 4YMHOM, BUKOPUCTAHHS COJEH MeETamiB 3 TaKUMH CJIa0KO
KOODIMHYIOUMMHCS aHIOHaMH, fK Iepxjiopar i TerpadropobopaT, MPHU3BOIUTH [0
YTBOPEHHS ABOSICPHUX KOMIUIEKCIB 31 CIIBBITHOUICHHSM METaly 10 JiraHay 2:2, y
SKMX JBa 10HM MeTally 3’€lHaHI JBOMa MICTKOBUMHU KHCHEBHUMH aTOMaMH
JeTIPOTOHOBAHMX (PEHOJIBHUX TPYI ABOX JraHaiB. B Toil jxe yac, NpUCYTHICTh CUIBHUX
JIOHOPIB Ha 3pa3oK HITpary, Opomimy abo XIOpUAY TMEpemKoHKae KOOpaAuHAIlil
CJIa0KOTO JTOHOpA ajbJAETiHOI TPYIH, IO HPU3BOAUTH O YTBOPEHHS KOMIUIEKCIB 3
30BCIM IHIIUMH CTPYKTYPHHUMH BJACTUBOCTSAMH, y SKUX aubJeriHa rpymna He

KOOPJIMHOBAHA JI0 10HY METaiy.
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Po3gin 4 onucye cuHTe3 CUMETpHYHOTO (peHonBMicHOro tiranna Hpy2th2s, mo
MICTUTh TipUAMHOBY Ta TioeHoBy ¢yHkmioHansHi Tpynu. lLleir mirang Oys
CHUHTE30BaHMI 3 METOI0 MOJIENIOBAHHS HE3BHYHOIO CipPKOBYTJICLEBOTO 3B’A3Ky B
aKTUBHOMY  IIGHTpPI  KaTEXOJIOKCHJA3W, WI0 MPHU3BOIUTH A0  IMPHCYTHOCTI
HEKOOPJMHOBAHOTO aTOMY CIPKM MOOJU3y OIHOTO 3 JIBOX aTOMIB MiJi Yy aKTUBHOMY
neutpi.' JIBa xomiutekcd Mimi(II) 3 1M miraggom  [Cuy(py2th2s)(u-CI)Cly] i
[Cua(py2th2s)(u-Br)Br,] Oynu CUHTE30BaHI1 Ta BUBYEHI METOA0M
PEHTTEHOCTPYKTYpHOro  anHamizy. OOujgBa 10HM Miali B [HMX  KOMIUIEKCAX
NIEHTAaKOOPAWHOBAHI 1 3B’A3aHI KUCHEBHM aTOMOM JIEIPOTOHOBaHOI ()EHOJBHOI IpyIH
Jgiragaa Ta ioHOM ranoreHy. OOHIBa KOMIUIEKCH HE TPOSBISAIOTh KaTaTITUYHHUX
BJIACTUBOCTEH, 10 MOKe OYyTH BHKJIMKAHO TPHUCYTHICTIO CWJIBHOTO JO0HOpa (ioHy
rajoreHa) B SKOCTI MICTKOBOTO JiraHaa MK JBOMa iOHaMH MeTalny. BuBueHHs
B3a€MOJIiT KOMILJICKCIB 3 MOJEIBHUM CYyOCTpPaTOM TETPaxJOpPOKATEXOJIOM Y PO3UYHHI
NOKa3aJiy, 110 1[I MICTKOBI JIraHaAM AIHCHO HE MOXYTh OyTH 3aMillleHUMH Ha cyOcTpar,
X04Ya y BUMAJIKY XJIOPUIHOTO KOMIUIEKCA OJMH 3 aIliKaJbHO PO3TAIIOBAaHHUX 10HIB XJIOPY
3aMillyeTbcs Ha Karexoid. Lli pe3ynpTaTv MiIKPECHIOIOTh BaKJIMBICTh BIUIUBY
MICTKOBUX JIFaHAIB Ha KATaNiTUYHI BJIACTUBOCTI IBOSIEPHUX MiJHUX KOMILICKCIB,
OCKUTBKH 3JIaTHICTH MICTKOBOTO JIiTaHAa 3aMilllyBaTHUCS Ha CyOCTpaT € OJIHIE 3
HEOOX1THUX YMOB JJIsl KATATITHYHOI aKTUBHOCTI.

Po3min 5 posrasmae  cUHTE3 ACMMETPUYHOTO  (PEHOJIBMICHOTO  JIiraHna
Hpy2thlas, mo micTuthk TioeHOBUI 3aMiCHUK B 6 MO3MIIi apOMaTUYHOTO Kinbls. Ba
KOMJIEKCH mimi(1l) 3 UM JIIraHAOM [Cua(H2py2th1)Cl;](CuCly), i
[Cup(H2py2th1)Cl;](Cl04)4-:6CH30H 0yn0 cCHHTE30BaHO 1 0XapaKTEPU30BaAHO METOJAOM
MOHOKPUCTAJIFHOTO PEHTI€HOCTPYKTYpHOrO aHajizy. He 3Bakaiounm Ha BEIHUKY
NOJIOHICTh IUX CIIOJNYK, OCHOBHOIO BIJIMIHHICTIO SIKHX € pI3HI aHIOHH, KpUCTaJi4Hi
YIAaKOBKM IIMX KOMJIEKCIB CYTTEBO pPI3HATBHCS. 30KpeMa, HeXapaKTepHa T-CTeKiHroBa
B3a€EMOJIS MK apOMATHYHUMHU KITBISIMH TIOQEHOBUX 3aMICHUKIB Ta MICTKOBUMH
10HaMU XJIOpY CIIOCTEPIraeTbcs B TEpHIOMY 3 KOMIUIEKCIB, B TOM dYac $K B
NEepXJIOPATHOMY KOMILIEKC] TIO(EHOBI TPYIH € aKLIENTOPOM BOJHEBHX 3B’ S3KIB.

Po3ginu 6-8 po3rnagaroTh CUHTE3, CTPYKTYpPY Ta (i3MKO-XIMIUHI BIACTUBOCTI
komruiekciB Mimi(Il) i migi(I) 3 7BOMa a30TOBMICHUMHM MaKpOIUKIIYHUMHU JITaHIaMU
[22]py4pz 1 [22]prdpz, MmO MICTATH BIAMOBIMHO 8 1 6 MOHOPHHX aTOMIB a3oTy, 1
PO3TIISAIAI0Th, MEXaHI3M KaTaJiTHYHOTO OKUCIICHHs Karexoiy komruiekcamu mimi(Il) 3
UMHU JliragaamMd. Po3gin 6 TakoX OMUCYe JAeTadbHE BUBYCHHS IMapaMarHiTHOTO
nBosiiepHoro  komriekcy  wmimi(Il) 3 TigpoKCMAHWM — MICTKOBHM  JITaHIIOM
[Cux([22]py4pz)(u-OH)](ClO4)3:HO MeTomoM MPOTOHHOTO SACPHOTO MArHITHOTO
PE30HAHCY, Ta MarHIiTHI 1 CIEKTPaIbHI BIACTUBOCTI JAHOI CIIOMYKH.

MexaHizM  okucineHHs  3,5-nu-mepm-Oytunkarexony (DTBCH,), sxuii
3/1e01TBIIOTO 3aCTOCOBYETHCS SIK MOJIENb CyOCTpary B JaOOpaTOPHHUX MOCIIIKEHHSX,

nBosiiepHUM MigHUM KomruiekcoM [Cuy([22]py4pz)(u-OH)](ClO4);-H,O Oyno BuBYeHO
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[UIIXOM OKPEMOTO JOCHIDKCHHS KOXKHOI cTajii KaramiTHuHoro Iukiry. Ha meprmriit
CTalii cTeXiOMEeTpHYHa pPEeaKllis KOMIUIEKCY 3 CyOcTpaToMm, sika HE MOTpedye yuacTi
KHCHIO, TPU3BOAUTH JO YTBOPEHHS OJHOTO MOJIIPHOTO €KBIBAJCHTY XIHOHY Ta
BIJHOBJIEHOro fABosiiaepHoro komruiekcy Mimi(l). Lledt kommiuekc Oyio Takox
OXapaKTEePU30BAaHO METOJOM MOHOKPHCTAIBHOTO PEHTTEHOCTPYKTYPHOTO aHalizy.
Peaxi11ist 0cTaHHBOT CIIOJIYKH 3 KHCHEM IPU3BOAUTH /10 YTBOPEHHS TpaHC-u-1,2-1iepokco-
MIiTHOTO aJIyKTy,"” IO OKHCIIOE APYTYy MOJIEKYJIy KaTeXoiy, YTBOPIOIOYH BHXIiTHHI
nBosiiepHuil komruieke Mifgi(Il) 3 TIAPOKCMAHUM MICTKOM MiX JBOMa ioHamu Mifi. Lls
peaxilisi mpoTiKae y JIBi MOCIIAOBHI CTa ii: CIIOYaTKy MPOTOH OJHI€T 3 PEHONBHUX TPy
cyOcTpary 3B’A3Y€TbCS 3 MITHO-KUCHEBUM aJTyKTOM, IPU3BOJSYM 10 YTBOPEHHS AyXKe
aKTUBHOTO MPOMDKHOTO KOMIUIEKCY, SIKHH Ha HAcCTyNHIN cTafii BiacHe OKMCIIOE
cyOctpar. BuBuUeHHS  1IbOrO  NPOMDKHOTO  MPOAYKTY  MeTrogamu  Paman,
ynbTpadioneToBoi Ta  BUAMMOI  CIIEKTPOCKOMii, Ta METOJOM  EJIEKTPOHHOTO
[apaMarHiTHOIO PE30HAHCY J03BOJIMJIO TPUIYCTHUTH, IO BiH € JBOSACPHUM
rigponiepokcuaaum  komruiekcom  mimi(Il)  cxmamy [Cuz([22]py4pz)(OOH)]3+.
OKucieHHS MOJIEKYJIM CyOCTpaTy LUM IHTEpPMEAiaTOM MPU3BOAMTH /O BiJHOBICHHS
TIAPOTIEPOKCUIHOI TPYIH 10 BOAU. 3aradbHUIl MEXaHi3M KaTaliTUYHOI peakilii TaKum
YMHOM Haraaye pasime 3ampormoHoBanuii KpeGcom Ta cmiBaBTOpamMu' MeXaHi3Mm
KaTaJIITHYHOTO IMKIYy KaTexoylokcuaasd. OCHOBHOIO BIIMIHHICTIO MDK JBOMa
MEXaHi3MaMH € CTPYKTYpa MepOKCO-MiIHOTO alyKTy: B TOM 9ac SIK i-7]" 7] -IIEPOKCO-
MiTHHI KOMIUIEKC OyB 3alpONOHOBAHUH AJIs CH3UMY, B JaHOMY BHIIAIKY PEaKIlis
MOJICKYJISIPHOTO KHCHIO 3 BiTHOBJICHUM KomruiekcoM Mifi(l) mpu3BoauTh 10 yTBOPEHHS
TpaHc-u-1,2-nepokco-mMigHOro iHTepMeniary. JlaHuii BHIAJOK TaKOX € TEPIIUM
NPUKIIAI0M OKUCIIEHHS KaTeXoly TpaHC-4-1,2-TIepoKCcOo-MiTHUM KOMIUIEKCOM.

Po3min 8 posrisgae MexaHi3M KaTaJliTHYHOTO OKUCIICHHS KaTeX0Iy KOMILJIEKCOM
migi(Il) [Cux([22]prdpz)(CO3)(H20)]2(CF3503)4-2CH;CN-4H,O y wmetanomi. Lleit
TETpasiACPHUNA KJIacTep 3a BUCOKOI KOHIEHTpauii (>> 14 mMMoib/i) € cTaOuibHUM Yy
pO3uUMHi, TPOTE IUCOIIIOE 3 YTBOPEHHSIM JBOX JBOSJIEPHUX (parMeHTiB TpU
po3BeneHHi. [[Ba 10HM Miai B MAaKpOIMKIIYHOMY KiTbIl 3B’s3aHI MK CO00IO
KapOOHATHUM MICTKOM i po3TamoBaHi Ha Binctani 4.5427(18) A oaun Bin oxHoro.

[IpoTsirom mnepmux XBWIMH KaTaJITHYHOI peakiii OKHCIEeHHS CyOcTpaTy
CYTIPOBOJIKYETbCS YTBOPEHHSIM IEPOKCUAY BOAHIO SIK MOOIYHOTO MPOAYKTY, MpPOTE
3pOCTaHHS KOHIICHTpAIIil i€l CMOMYKH MIBUAKO MPUMUHSAETHCS. CIif BiI3HAYUTH, IO
BIZTHOBJICHHSI MOJIEKYJIIPHOTO KHCHIO JI0 TIEPOKCHIY BOJHIO y KaTaJliTUUHINA peakiii

1415 fpore mpuWYMHA IBOTO SBHUINA € JIOCI

Oyn0 omucaHo B JEKUIBKOX BHIAJKaXx,
HEBU3HAYCHOI. BUBYEHHS CTEXIOMETPUYHOI B3a€MOJIl KOMIUIEKCY 3 CyOCTpaToM B
aHAepOOHMX YMOBax IOKa3alo, [0 Ha BIAMIHY BiJ JBOEIEKTPOHHOTO BiAHOBICHHS
neosiiepHoro  komruiekcy wmimi(Il) mo BiamoBimHOro komruiekcy wimi(l), 3rigHO
MEXaHi3My, 3alPOMOHOBAHOTO ISl MPUPOAHBOTO CH3MMY,' JIMIIE OJWH 3 IBOX 1OHIB

Mmigi(Il) y xommutekci BimHoBmroetbess A0 wmimi(l). Ile mpu3BOAUTH 0 yTBOpPEHHS
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CEMIXIHOHHOTO paJMKally Ta 3MIIIaHOBaJCHTHOTO ABOsAepHOr0 Komruiekcy mimi(Il/1),
mo Oyno minTBep/pkeHo wmertoxamu EINP ta  ynbrpadioneroBoi Ta BuUAMMOL
CHeKTpockomii y po3unHi. OCKUIBKU JUIIE OJWH 3 10HIB MiJli 3a3HA€ BiJHOBICHHS,
NOJANIbIIe OKHUCJICHHS pEaKIiiiHOiI CcyMillli KHUCHEM MPHU3BOIUTH O YTBOPEHHSA
MPOMIDKHOTO CYNEPOKCHUIAHO-MITHOTO aJIyKTy Cu"-Ozl',13 [0 OKHCITIOE CEMIiXiHOHHUI
panuKai 3 YTBOPEHHSIM OJHOI'O MOJISIPHOTO €KBIBJIEHTY XIHOHY Ta OAHOTO MOJISIPHOTO
€KBIBAJICHTY MEPOKCUAY BOJHIO. TakuM YMHOM, HE 3Ba)KalOUu Ha JBOSIEPHY CTPYKTYpY
KOMIUIEKCY, JIMIIE€ OAMH 3 JBOX 10HIB MiJl MNpHIMae ydacTb y OKHCIIOBAJIbHO-
BiTHOBIIIOBAHOMY TIPOIIECi, B TOW Yac SK IHIIUHM 10H BiAIrpa€ JUIIE CTPYKTYPHY POJIb.
[TprynHOIO Takoi HE3BMYHOI MOBEAIHKM MOXe OyTH BeJHMKa BIJCTaHb MDXK JBOMa
ioHamu Mimi (4.5427(18) A) y KOMILIEKCI, 10 TMEePenIKoIKae OAHOYACHIM KOOpAuHAIiT
cyOcTpary 10 000X 10HIB MeTally 1 MPU3BOJUTH HATOMICTh A0 HOTO 3BbA3YBAaHHS JUIIIE 3
OJHMM 3 HHUX. B cBOO yepry, 1Lie NpU3BOAUTH IO BIJHOBJIEHHS JIMILIE OJHOTO 3 JABOX
10HIB MiJll TBOSAEPHOTO KATAITUYHOTO IICHTPY.

[TpoTe, OCKIIbKM KOHLEHTpALlisl MEPOKCUAY BOJHIO INepecTae 301IbIIyBAaTUCS
BXKE uepe3 JeKUIbKa XBWIMH, MOXHa MPHUIyCTUTH, 0 Ha MI3HIMMX CTaisfxX
KaTaJiTHYHA peaklis TMpoTikae 3a IHMKUM MexaHi3MoM. llg rimoresa Takox
HOiATBEP/UKYEThCS  1HTIOytouMM  eekToM  TpOAYKTYy  peakuii, 3,5-au-mepm-
Ooytunbensoxinony (DTBQ), Ha kaTamiTUYHY peakIliio, M0 O3Hayae, M0 J1aHa CIOoIyKa
HE TMPOCTO AaKyMYJIIOETbCS B PpEaKIliiiHIi cywmimi, a me 1 [puiiMae y4yacTb y
KatajmiTuyHoMmy Tporeci. JochimkenHs mnokazanu, mo DTBQ 3paTHMil mBuako
pearyBaTH 3  JABOsIepHMM  KomiuiekcoM  wmimi(l), okucmrorounm  #oro 1o
3mimanoBaneHTHoro komriekcy Mmimi(Il/I) Ta cemixiHoHy . OCKUIBKH JIBOSACPHUI
komruiekc Mini(l) € equHOIO cronykoro, 3aaTHoI0 pearyBatu 3 DTBQ, neit gakt moxe
CIIyKUTH TOSICHEHHSIM 1HT10YI0UOT0 BIUIMBY XIHOHY Ha KaTaliTUYHHMA mpouec. B cBoro
4yepry, MPUCYTHICTh y peakiiiHii cyMimn ABosiiepHoro komiekcy wmimi(l) moxxna
MOSICHUTH JIMILIE 3a MPUMYIIEHHS, 110 PeaKIlis MpoTiKae 3a MeXaHi3MOM, MOJIOHUM 10
3anpornoHoBanoro Kpedcom Tta iH.! TakuM 4MHOM, MOXKHa 3pOOMTH BHCHOBOK, IO B
JAaHOMY BHUMNAAKYy peakllis MpoTiKae 3a JBOMa pI3HUMH MexaHi3Mamu: 1) uepes
YTBOPEHHS CEMIXIHOHY 1 3MIIIAHOBAJCHTHOTO KOMIUIEKCY 1 YTBOPEHHSM OJHOT
MOJIEKYJIM MPOAYKTY 3a KaTaJITUYHMHA IMKJI, SKUH CYNpPOBOIKYETbCS YTBOPEHHIM
MEPOKCUIY BOIHIO SIK MOOIYHOTO MPOAYKTY, 1 2) uepe3 ABOEJICKTPOHHE BiAHOBICHHS
nBosiepHoro xkomruiekey Mimi(Il) go BiamoBigHOro xommiekey Mimi(l), 13 moganbmmm
OKHCIICHHAM KaTeXoJly 3a MEXaHI3MOM, MOAIOHMM 0 TOro, L0 CHOCTEepiraBcs JUIs
komruiekcy [Cux([22]py4pz)(1«-OH)](ClO4)3-H,O. Ipuunnoio 1150T0 SBUIA MOXKE OyTH
3MiHa KOOPAHMHALIMHOTO OTOYEHHS 10HIB Miji, 30KpeMa, Aucolialis KapOOHATHOTO
MICTKa, MiJ] 4ac KaTaJiTUYHOTO LHUKIY, II0 B CBOIO YEpry NMPHU3BOIUTH 10 3MEHIICHHS
BiAcTaHi MiK HuMHU. [lomepenHi AOCHIIKEHHS [BOSACPHUX KOMIUIEKCIB Mimi 3i
CHOPIIHEHUMH MAaKpOLMKIIYHUMHU JIIFaHJaMHM [OKa3aJid, L0 JIraHAud LbOTO TUIY €

AYXKE THYYKHMHU, 1 Bi):[CTaHB MIX ABOMa 10HaMH MCTAlly B X KOMIILIEKCaX MOXKe
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3MIHIOBATUCS B JIOCUThH IIMPOKUX MEXaxX, 30KpeMa B 3aJIe)KHOCTI BiJ] HAasBHOCTI MiXk
HUMH MICTKOBOTO Jiranza.'® 3MEHIICHHS MDXKIOHHOI BIJICTaHi B CBOIO 4epry poOHTh
MOYJIMBOIO OJJHOYACHY KOOpAMHAIII0 CyOCcTpaTy A0 000X METaliyHHX IeHTpIB, 1
BIJIMIOBI/THO /10 3MiHU MEXaHi3My KaTaJiTHYHOT peakKilii..

Lli pe3ynabTaTé CBiguaTh, IO MEXaHI3M OKHCJIEHHS CyOCTpaTy MOJAEIbHUMHU
CTHOJTYKaMHU KaTEXOJIOKCH/IA3U € JOCHTh CKJIaAHUM. OYeBHIHO, BaXJIMBUU BIUIMB Ha
MEXaHi3M KaTaJiTHYHOI pEeakIlii CHpaBlisge€ BiJCTaHb MDK JBOMa I1OHAMH Mili Yy
JBOSICPHOMY KOMIUIEKCI. Maja BiJCTaHb cIipHsi€ 3B’S3yBaHHIO cyOcTpary 3 oboma
10HaMH¥ MiJli y BUTJISIAI MICTKOBOTO TBOJICHTATHOTO JIITAH/IA, IO B CBOIO YEPTy JO3BOJISIE
OJTHOYACHE BIJHOBJICHHS 000X 10HIB Miji 0 CTyIEHIO OKHcieHHs +1. 3 iHmoro 60Ky,
BEJIMKA BiJICTAHbh MK JBOMa 10HAMU JI03BOJISIE 3B’ I3YBaHHS CyOCTpaTy JIHIIE 3 OJHUM 13
nBoX ioHIB Mmini. [lomanmpima KaTamiTUYHA peakilisi TaKUM YHHOM IMPOTIKAE uepe3
YTBOPEHHSI CEMIXiHOHHOTO paaukany. Lli pe3yipTaTé I03BOJSIOTH TaKOX 3pOOUTH
BHCHOBOK, IO MEPOKCH]I BOJHIO y SKOCTI MOOIYHOTO MPOIYKTY YTBOPIOETHCS, KON
BEJIMKA BIJICTAaHb MDX JIBOMa 10HAMM MiJi y JBOSIEPHOMY KOMILIEKCI MEpEIIKOIKaE
OJTHOYACHIN KoOpauHalii cydcTpaTy 10 000X 10HIB.

Crin TakoX 3a3HA4YMTH, 10 HA JAaHUN MOMEHT y JiTepaTypi BIACYTHI AaHi PO
MOXJIMBICTh ~ YTBOPEHHS TMEPOKCHAY BOAHIO ab00 CEeMIXiHOHY y  BHIAJIKY
KaTeXOJOKCH/Ia3H, TPOTe JCsKi aBTOPH BII3HAYWIM YTBOPEHHSI 000X IMX CIOJYK TIif
Yac KaTaliTHYHOTO OKUCIeHHs crionryku L-DOPA criopiiHEHUM €H3UMOM THPO3UHA3010
B reMoiM(i meskux MOJIOCKiB.'”'® TakuM YHUHOM, MOJABII JOCTIKEHHS MalOTh
HAJAaTH BIJINOBIb HA MUTAHHS MPO MOXKIUBICTH MPOTIKAHHS KATATITUYHOI peakii 3a
o0oMa MexaHi3MaMH, OMUCAHUMH JJSl MOJENBHHX CHOJYK, y BHUIAAKy MPHUPOIHBOTO

CH3HUMY.
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