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Abstract

Abstract

In Chapter 2, it is reported that the syntheses and properties of a variety of tetra-, penta- and
hexadentate bispidine-based ligands, which have a very rigid backbone, were prepared by two

times of Mannich condensation with the corresponding aldehydes and amine.

Ri= R,= CH; R;= CH, N2Py2
_N
N NN

R1= R2= CH3 R3= N2Py30
_N _N
\ 7

R= | Ry=CHj, Ry= CH, 6Me-N2Py2
~

N XNy
R1= R2: R3: CH3 N2Py3u
_N _N

N XNy R [ S
R,= R,= 3= N2Py4

Fig. 1 Syntheses of substituted 3,7-diazabicyclo[3.3.1]nonanes



Abstract

In Chapter 3, the selectivity and stabilization of bispidine complexes are discussed. This is
confirmed by potentiometric measurement of stability constants, which indicated stabilities
comparable to those with macrocyclic ligands. An interesting feature is that the usual
Irving-Williams series behavior is not observed, and the stabilities (Kyy) follow the order
Zn(II)>Cu(II)>>Co(I)>Ni(Il). This is also predicted by force field calculations, which
indicate that short metal donor distances lead to a build-up of strain in the ligand and that

there is no size-match selectivity for large metal ions.

Stability constants Co** Ni** Cu** Zn** Hg** Pb** Li*
MM+ L+2H" 2 [MLH2]™ 238 24.4 - - - - 248
M+ L+ H* 2 [MLH]rl+1 20.8 20.4 229 24.7 20.3 18.9 20.4
M"+ L 2 [ML]" 15.0 14.1 19.8 215 15.8 14.0 13.2
M+ L+OH = [ML(OH)]™ 5.0 62 9.2 10.8 72 44 32
M"+L+20H =2 [ML(OH),]"? - -4.0

Table 1 Potentiometrically determined stability constants (logK values) of N2Py4 (H;O,
T=25°C, 1 =0.1M (KCI)

Protonation constants of 5 types of bispidine ligands were also determined, and the ‘proton
sponge’ effect was observed. The first logK, values of all ligands were found in the range of
11.2 to 12.2. These can be divided into two groups: to the first one belong N2Py2, N2Py3u
and 6Me-N2Py2, which contain a methyl substituent at N7; in the second category fall

N2Py30 and N2Py4 which have a picolyl group attached to the bispidine backbone at N7.

Table 2 Potentiometrically determined protonation constants of a variety of bispidine ligands

N2Pv2 N2Pv3u N2Pv30 6Me-N2Pv2 N2Pv4 N2Pv4
(H,0/Dioxane=3:2) (H,0/Dioxane=3:2) (H,0/Dioxane=3:2) (H,0/Dioxane=3:2) (H,0O/Dioxane=3:2) (H,0)
L+H" = [LH]' 11.2 113 122 113 12 11.8
L+2H" = [LH,]? 8.8 8.2 7.1 8.4 6.7 6.9
L+3H =[LH,]’ 2.3 4 28 2 4.1 5.1
L+4H" =[LH,* >2 >2 2.4 >2 22 22
L+5H" =[LHs] - >2 >2 - >2 >2
L +6H" =[LH]° >2 >2




Abstract

In Chapter 4, the oxidation of Co(II) bispidine complexes is reported. Their crystal structures
show an octahedral coordination geometry, when the Co(III[)N2Py2 complex was formed by
oxidation with H,O,, the methyl group at N7 of was removed but this was not observed for
other Co(IIl) complexes, such as N2Py3u and N2Py3o. This reactivity is supposed to be an
intramolecular effect of the cobalt center.

The oxidation of Co(II) bispidine complexes (distances of Co(II)-N : 2.13-2.214) leads to a

decreasing of the Co-N distances (Co(III)-N : 1.93 -2.054) .

H202+ HCl

[Co(II)(N2Py3u)(OH)>* [Co(IIN(N2Py30)(H.0)]**

Fig. 2 Crystal structures of cobalt complexes with 3,7-diazabicyclo[3.3.1]nonane derivatives



Abstract

The oxidation of Co(Il) complexes with H,O, was followed spectrophotometrically, the

spectra clearly indicated the formation of the Co(III) complexes. The reaction is pseudo first

order.

time (s)

'y 200 400 600 800 1000 1200 1400 1600

= -1, 86E-03x — 4, 49E+00
R? = 9, 97E-01

Ln[Col I IN2Py2]

300 350 400 450 500 550 600 650 700 750 800

wavelength(nm)

Fig. 3 UV-Vis spectra of the oxidation from  Fig. 4 Half logarithmic plot (In[Co(II)N2Py2]
Co(II) to Co(IIT)(N2Py2 complex) vs. time) for the determination of rate constant
for the oxidation of the Co(I[)N2Py2 complex

In Chapter 5, the syntheses of V(IV) complexes with a pentadentate bispidine-based ligand
(N2Py30) and its oxidation are reported. It was observed that the vanadium (V) complex an
contains 7 >-side-on peroxo unit, coordinated to vanadium, the third pyridine donor of the

picolyl arm is not coordinated to the vanadium center.

[V(IV)O(N2Py30)](C1O), [V(V)=0(02)(N2Py30)]ClO,

Fig. 5 Crystal structure of vanadium complexes with 3,7-diazabicyclo[3.3.1]nonane
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Abstract

The oxidation from vanadium (IV) to vanadium (V) was successfully carried out by using

hydrogen peroxide and was studied spectrophotometrically.

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 6 Oxidation reaction of [V(IV)=O(N2Py30)]*" in methanol with H,O,
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Zusammenfassung

Zusammenfassung

In Kapitel 2 wird iiber die Synthese und die Eigenschaften von verschiedenen vier-, fiinf- und
sechszdhnigen Bispidinliganden berichtet, welche eine rigide Struktur besitzen und durch
zweifache Mannich-Kondensation aus den entsprechenden Aldehyden und Aminen dargestellt

wurden.

Ri= || N R,=CHj, Ry=CH, N2Py2
~
R N R,=CH R Ny
= = = N2Py30
1 | N 2 3 3 _N y
N
R1= | R2= CH3 R3= CH3 6Me-N2Py2
_N
Ny X
Ri= || Ry=|| R;=CH; N2Py3u

Abb. 1 Synthese von substituierten 3,7-Diazabicyclo[3.3.1]nonane



Zusammenfassung

In Kapitel 3 wird iiber die Selektivitit und Stabilitdt von Bispidinkomplexen diskutiert. Durch
potentiometrische Messungen der Stabilitdtskonstanten wurden mit makrocyclischen
Liganden vergleichbare Stabilitdten erhalten. Interessant hierbei ist, dass ein Verhalten gemif3
der Irving-Williams Reihe nicht auftritt, sondern die Stabilititen (Kyyp) die Reihenfolge
Zn(I)>Cu(Il)>>Co(I)>Ni(Il) befolgen. Dies wird auch durch Kraftfeldrechnungen
vorausgesagt, welche zeigen, dass kurze Metall-Donor-Abstéinde zu Spannung im Liganden
fiihren und dass es keine GroBenselektivititen fiir gro3e Metallionen gibt.

Tabelle 1 Potentiometrisch bestimmte Stabilititskonstanten (logK-werte) von (H,O, T=25°C,

w=0.1M KCI)
Stabilitatskonstanten Co** Ni** Cu** Zn** Hg** Pb** Li*
M"+ L +2H" =2 [MLH2]"™ 23.8 24.4 - - - - 24.8
MY+ L+H" = [MLH]™ 20.8 20.4 22.9 247 203 18.9 20.4
M"+ L 2 [ML]" 15.0 14.1 19.8 215 15.8 14.0 13.2
M'+L+OH = [ML(OH)™ 5.0 6.2 9.2 10.8 72 44 3.2
M"+L+20H =2 [ML(OH),]" - -4.0

Weiterhin wurden pKs-Werte von 5 Arten von Bispidinliganden bestimmt, wobei der “proton
sponge Effekt beobachtet werden konnte. Der erste logKs-Wert aller Liganden wurde im
Bereich 11,2 bis 12,2 gefunden. Die Liganden konnen in zwei Gruppen eingeteilt werden. Zur
ersten Gruppe gehdren N2Py2, N2Py3, N2Py3u und 6Me-N2Py2, welche -einen
Methylsubstituten am N7 haben; in die zwei Kategorie fallen N2Py3o0 und N2Py4, welche mit

einer Picolylgruppe am N7verbunden sind.
Tabelle 2 Potentiometrisch bestimmte pKs-werte von verschiedenen Bispidinliganden

N2Pvy2 N2Pv3u N2Pv3o 6Me-N2Py2 N2Pv4 N2Pv4
(H,0/Dioxane=3:2) (H,O/Dioxane=3:2) (H,0/Dioxane=3:2) (H,O/Dioxane=3:2) (H,O/Dioxane=3:2) (H,0)
L+H" =[LH] 11.2 11.3 12.2 11.3 12 11.8
L+2H =[LH,* 8.8 8.2 7.1 8.4 6.7 6.9
[LH,]
L+3H"=[LH,;]* 2.3 4 2.8 2 4.1 5.1
L+4H" = [LH,]* >2 >2 24 >2 22 22
L+5H" =[LH - >2 >2 - >2 >2
L+6H =[LH]" - - - - >2 >2
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Zusammenfassung

In Kapitel 4 wird tiber die Oxidation von Bispidinkomplexen berichtet. Thre Kristallstrukturen
zeigen eine oktaedrische Koordinationsgeometrie. Wird der Co(III) N2Py2-Komplex durch
Oxidation mit H,O, dargestellt, verschwindet die Methylgruppe. Dies wird jedoch nicht bei
anderen Co(IIl)-Komplexen beobachtet, wie z.B., N2Py3u und N2Py3o0. Diese Reaktivitit ist
vermutlich ein intramolekularer Effekt des Kobaltzentrums.

Die Oxidation von Co(Il) Bispidinkomplexen (Bindungsabstinde von Co(II)-N: 2,13-2,214)

fiihrt zu einer Verkiirzung der Co-N Abstéinde(Co(III)-N: 1,93-2,054)

H202+ HC1

[Co(IIT)(N2Py3u)(OH)]** [Co(IIN)(N2Py30)(H0)]**

Abb. 2 Kristallstrukturen von Kobaltkomplexen mit 3,7-Diazabicyclo[3.3.1]nonan-Derivaten



Zusammenfassung

Die Oxidation of Co(II) Bispidinkomplexen mit H,O, wurde spektrometrisch verfolgt. Das

Spektrum zeigt eindeutig die Bildung von Co(Ill)-Komplexen an. Die Reaktion ist

pseudo-erster Ordnung.

time (s)

’ 200 400 600 800 1000 1200 1400 1600

y = —1.86E-03x - 4.49E+00
R = 9.97E-01

Ln[CollIN2Py2]

300 350 400 450 500 550 600 650 700 750 800

wavelength(nm)

Abb. 3 UV-Vis Spektrum von der Oxidation =~ Abb. 4 Halb-logarithmische Darstellung (In

von Co(II) zu Co(IIT) (N2Py2 Komplex) [Co(IT) N2Py2] vs. Zeit) zur Bestimmung der
Geschwindigkeitskonstante der Oxidation des
Co(II)N2Py2-Komplexes

In Kapitel 5 wird iiber die Synthese von V(IV) Komplexen mit einem flinfzdhnigen
Bispidinliganden (N2Py30) und dessen Oxidation bereichtet. Der Vanadium (V) Komplex
besitzt eine n >-side-on Peroxo-Einheit. Der dritte Pyridindonor des Picolylarms ist nicht

koordiniert.

[V(IV) O(N2Py30)](ClO4), [V(V)=0(0,)(N2Py30)]ClO,4
Abb. 5 Kristallstruktur von Vanadiumkomplexen mit 3,7-Diazabicyclo[3.3.1]nonan
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Zusammenfassung

Die Oxidation von Vanadium (IV) zu Vanadium (V) wurde erfolgreich mit Hydrogenperoxid

durchgefiihrt und spektrophotometrisch untersucht.

300 400 500 600 700 800 900
Wavelength (nm)

Abb. 6 Oxidationsreaktion von [V(IV)=0 (N2Py30)]*" in Methanol mit H,0,
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Zusammenfassung
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1. Introduction

1. Introduction

The geometry of a complex is the result of a variety of effects, which act together, some of
them with less, others with more importance. It can generally be claimed that during
coordination of a metal ion to a ligand, the geometry of the ligand around the metal are
significantly changed. The ligand can show large conformational changes, with concomitant
bond elongations or compressions. The changes in the coordination environment around the
metal can have drastic effects on its properties, which are most obvious in the spectroscopic
properties and explained by the ligand field theory' 2.

The stabilization or destabilization of a metal complex depends on whether the metal fits to a
given ligand. A high degree of stabilization of a complex results from the selectivity of a
specific metal ion to a ligand, a high degree of destabilization (energization) leads to
enhanced reactivities. To consider these features, preorganization®, complementarity* and
rigid ligands are important. The elasticity of coordination sphere is an important factor for the
selectivity of specific metal ions. For example, very rigid such as 1,10-phenanthroline and
bispidine (=3,7-diazabicyclo[3.3.1]nonane) might allow the coordination with a variety of
metal ions. To tune the selectivity of a ligand, a good combination of the rigidity of backbone
and elasticity of the coordination sphere are key tools. The metal ion selectivity of a ligand is
not necessary only a ligand field effect, but also depends on the electronic preferences of the
metal and the donor groups (HSAB principle ° ). The electronic configuration
(Irving-Williams series®”), the covalency of bonds, and the chelate effect® should also be
taken into account. These various effects can result in a change in selectivity, allowing the
coordination of a wider range of metal ions to the ligand.

Bispidines are known to be ligands with an extremely rigid backbone and additional
functional groups can be introduced by a selection of the appropriate amines and aldehyde
precursors.

For example, N2Py4 possesses two flexible picolyl groups and two pyridyl groups in the
backbone which can be considered as a favourable combination of rigidity and elasticity of
the coordination sphere. In Chapter 3, we report the coordination chemistry of the bispidine
N2Py4 with cobalt (II), nickel (II), copper (II), zinc (II), lead (II), mercury (II) and lithium (I)
including stability constants. Stability of the complexes depend not only on the ligand
structure (hole size), but also on the metal ion and the donor groups. Electronic effects
(number of d-electrons) play an important role: with the help of the Irving-Williams series, a

prediction can be made for the stabilities of complexes of first-row transition metal ions,

13



1. Introduction

taking primary electronic effects into account. It will be shown in Chapter 3 that the steric
demand of the ligand is more important for bispidine complexes, since the stability constant
values do not follow the expected Irving-Williams series behaviour.

Moreover computed hole size curves of the coordination sphere with regard to5 types of
bispidine ligands are discussed. In addition, protonation constants of five kinds of bispidine
ligands were determined potentiometrically and investigated to clarify the effects of the
substitution of pyridyl groups and the build-up of intra-ligand van der Waals repulsion.

As mentioned above, a variation of metal-donor bond lengths can influence the strain energy
of aligand. For example, according to hole size calculations, the average Co(II)-N bond
length is optimal for the coordination sphere of N2Py2 Co(II)-N bond leads to a minimum
strain energy.In contrast, Co(III)-N (c.a. 1.95A) distort the ligand-based angles and distances,
and this leads to a increase of the strain energy and a concomitant build-up of intra-ligand van
der Waals repulsion.

A simple one electron oxidation of a Co(II) complex to a Co(III) complex leads to significant
differences in their properties. For example, the Co(III)-N donor distance is significantly
smaller than the Co(IT) -N donor distance, Co(II) complexes (d’) are labile and paramagnetic,
while Co(III) complexes (d°) in low-spin configuration are inert and diamagnetic.

Co(II) bispidine complexes are usually inert, which indicates that the Co(II) ion is stabilized
by bispidines. There might be two reasons for this: the stabilization by pyridyl groups n-donor
of bispidine and the match of size in with the coordination sphere of the bispidine ligand. We
report about the oxidation of Co(II) bispidine complexes together with the structural and
electrochemical characterization of Co(II) and Co(III) complexes in Chapter 4.

Vanadium has been recognized to play an important role in biological systems. Currently,
there is considerable interest in investigating mononuclear vanadium complexes because
some of haloperoxidase enzymes.”'° Vanadium (V) peroxo complexes have been found to act
as catalysts in the oxidation of organic substrates (e.g., epoxidation of alkenes, hydroxylation
of alkanes and of aromatic compounds). ''*2

The ion size of Vanadium (IV) (72.0pm) lays between Co(III) ions (68.5pm) and Co(II) ions
(79.0pm), which therefore is a suitable metal ion size for the bispidine coordination sphere.
Vanadium (IV) as a hard ion has a moderate affinity to the amine nitrogens of the bispidine
ligands. Similar to Co(II) and Co(III), an oxidation from V(IV) to V(V) gives drastic changes
in properties. For example, an oxidation from the paramagnetic V(IV) (d') yields the
diamagnetic V(V) (d°) complex. Therefore, there is no d-d transition observable in UV—Vis

spectra of V(V) oxo complexes, the most remarkable features are charge transfer bands from

14



1. Introduction

the interaction between coordinated anion and central V(V).

Similarly to cobalt, changing the valency of vanadium can alter metal-donor atom distances as
well as the strain energy of the ligands. In Chapter 5, The influences of oxidation of a V(IV)
bispidine complex on structural, spectroscopic and electrochemical properties is reported and

discussed.

15



1. Introduction
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2. Ligand Synthesis

2. Ligand synthesis

2.1 Introduction

Sparteine derivatives with a ligand backbone similar to that of bispidines are found in nature
as quinolizidine alkaloids. In the 1930’s Mannich and Mohs obtained through the
condensation of two piperidines with formaldehyde and primary amines,
3,7-diazabicyclo[3.3.1]nonane, subsequently named bispidine by Mannich. Generally,
3.7-diazabicyclo[3.3.1]nonane derivatives can be prepared in 3 different synthetic routes; i)
ring-cleavage reaction of diazaadamantane under acidic condition ii) intramolecular

cyclization of piperidine derivatives®. iii) Mannich reactions.?

H
N

Iz

(a) (b) ()

Fig. 2.1 Sparteine (a), bispidine (b), diazaadamantane (c)

There are three possible conformations of 3,7-diazabicyclo[3.3.1]nonane:

chair-chair, chair-boat and boat-boat. From the point of view of metal complexation, the
chair-chair conformation is considered as the most favorable one due to the build-up of a
cavity by two adjacent amines, yielding a specific coordination environment for metal ions.
The bicyclic structure almost freezes conformational changes within the cavity.

The introduction of additional donors, e.g., pyridyl groups at the 3,7-positions of the rigid
bispidine backbone leads to a large variety of ligands. Moreover, substitution of additional

donors at 2 and 4 positions provide further pentadentate and hexadentate ligands.
17



2. Ligand Synthesis

T4
R
0 NH, 1
R3VJ\/R3 H\TO i OT/H 6 5] 8
0
H H -2 H,0 -2 H,O
/L + R H O R R3 9 R3
3 f 3 5 1
Rl O NHZO Rl 3 5 4 3 2
| 2 | 8 Ry N R,
Ry R w R, F‘Qz
Ry
Piperidone Bispidine

Fig. 2.2 Syntheses of substituted 3,7-diazabicyclo[3.3.1]nonanes

/%\\’ %/ \\//

chair-chair chair-boat boat-boat
Fig. 2.3  Possible conformation of 3,7-diazabicyclo[3.3.1]nonanes

Strong antinociceptive activities®of 3,7-diazabicyclo[3.3.1]nonane derivatives have been
revealed. In the pharmaceutical industry, bispidine derivatives are shown to be promising
candidates, they are currently the targets of different pharmaceutical investigations*>®.

A variety of derivatives can be prepared by using different combinations of aldehyde and
primary amines as building blocks. In order to carry out the Mannich reaction successfully, it
IS necessary to use two equivalents of the aldehyde, equimolar amounts of the amine and one
equivalent of the component which contains acidic protons; in our case this is the dimethyl or
methy! ester of acetone dicarbonic acid. The introduction of methyl or ethylesters as R3 at the
1,5 positions leads to an increase of the yield of bispidine derivatives.

The distance between adjacent aliphatic nitrogen atoms in the chair-chair conformation is
18



2. Ligand Synthesis

remarkably short (~2.9A). There are weak repulsions dipole-dipole interactions and orbital
exchange effects between both nitrogen atoms, referred to as the ‘hockey-stick-effect’’.
Moreover, 3,7-diazabicyclo[3.3.1]nonane derivatives posses proton sponge properties, the

first protonation occurs with log K, values of between 11.2 to 12.2 (see in Chapter 3).

N N
FACIRZAN
Fig. 2.4 Orbital exchange effect in 3,7-diazabicyclo[3.3.1]nonane
It is noteworthy that there are not only conformational isomers but also configurational
isomers, which are endo/endo, exo/endo, exo/exo (R1 ligands attached in 2,4 position can
occupy axial or equatorial position, and due to the rigidity of the bicyclic system,
interconversion. At room temperature this isomerization does not occur.
The endo/endo configuration can build a highly preorganised coordination environment,
having all donors in a favorable position for the complexation with metal ions. This

endo/endo configuration is thermodynamically the most favorable one (both R1 groups are in

the equatorial position).

Ry R1
R \ \ N
1
N
/N R AN /N Ry N\ /N N\
R, Rz R, R2 Ro R
endo/endo exo/endo exo/exo

Fig. 2.5 Configurational isomers of substituted 3,7-diazabicyclo[3.3.1] nonane

19



2. Ligand Synthesis

A mixture of endo/endo and exo/endo isomers can often be generated during the syntheses of
bispidine derivatives. Refluxing in methanol is an effective method to yield exclusively the
endo/endo configuration, due to its high degree of thermodynamical stability. The inclusion of

different configurations can efficiently be confirmed by *H-NMR technique.

Fig. 2.6 N2Py2 in the thermodynamically most stable conformation and configuration.

20



2. Ligand Synthesis

2.2 Synthesis of the Piperidones

Throughout this work, piperidone derivatives have been prepared through the Mannich
condensation as a first step in the syntheses of bispidine derivatives®. Generally the synthesis
of piperidone derivatives was carried out with 1 eq. of the dimethyl ester of acetone
dicarboxylic acid® and subsequent addition of, in slight excess, 2 eq. of the corresponding
aldehyde and the corresponding primary amine, in methanol or ethanol, with stirring and ice
cooling™.

The desired piperidone derivatives were obtained from the resulting solution through
recrystalization in a yields of 70-90%.

It is assumed that the piperidone derivatives exist in an equilibrium of the ketonic and enolic

form, with the respective isomers, in alcoholic solution™!.

ketone enol

R_N—CHj

R_N—
R 0 OCHs - cis
H3C020;Z ﬂ H\O%_LR
E
d E

Fig. 2.7 Possible isomers and tautomers of piperidones
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In polar solvents, bispidine forms both cis- and trans-ketone structures, the interconversions
between cis-ketone and trans-ketone take place through the corresponding cis-enol and trans
enol.

The ketone derivatives initially tautomerize into the enol form which can isomerize to the
other enol structure through ring opening due to the “Retro Mannich reaction”. The two enol
isomers can again go through tautomerization to give the initial ketone isomer. The proposed

mechanism of the isomerization is shown in Fig. 2.8

_H
o) Q)
E E E E
N
R”>N"YR H* R” R
I I
R R \
H+
cis-ketone cis-enol
Q)
E E
N
/L
R II\IH R
R

. H*
O (@) H /

R II\I R R | R
R R
trans-ketone trans-enol

Fig. 2.8 Proposed mechanism of the piperidone isomerization
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2.3 Synthesis of Bispidines

Derivatives of 3,7-diazabicyclo[3.3.1]nonane (bispidine) have been prepared through a
variety of combinations of aldehydes and primary amines.

As shown in Fig. 2.9 2-pyridyl or 6-methyl-pyridyl groups were introduced as R1, methyl or
2-pyridyl-methyl (o-picolyl) groups as R2, methyl or 2-pyridyl-methyl groups as RS3,
respectively.All bispidine derivatives were synthesized by using ca. 20% excess amounts of
the corresponding aldehydes and amines. The reactions were carried out under refluxing
methanol or ethanol in 1-2 hours. Most of the products were isolated through recrystalization
in methanol at ca. 5 °C for 48 hours. When no precipitate formed, the solvent was removed
in vacuo, and a different solvent chosen e.g. ethanol (which more efficient in obtaining pure

products in higher yields).

Ta
O o o N
\O O/ +R3_NH2 AN v
- O O
+2 H,CO
0 Ri™ N° 'Ry Ri” "N” "Ry
*2 )J\ +Ry;—NH; Ra R,
Ry H

N
Ri= || R Ry= CHs Rg= CHs4 N2Py2

AN s‘{ AN .ﬁi
R L Ry=CH3 Rs=|| N N2Py30
~

X

Ri= Rp=CH, R3= CHj 6Me-N2Py2
_N
Ny Xy ¥l

Ri= || Ro=|| Rs= CH3 N2Py3u

N x> XN
Ri= @ Ry= || N Ra= || N N2Py4

Fig. 2.9 Syntheses of substituted 3,7-diazabicyclo[3.3.1]nonane derivatives
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3 .Complex Stabilities of 3,7-Diazabicyclo[3.3.1]nonane

3. Complex Stabilities of 3,7-Diazabicyclo[3.3.1]nonane

3.1 Introduction

There is a considerable interest in developing ligands which coordinate to a specific
metal ion, and which can build stable complexes with high selectivity. The metal
selectivity of a ligand is essential in the development of new drugs, good structural and
functional models for different enzymes, metal refinement, solvent extraction, metal ion
sensors and so on'>?**?_ To achieve metal ion selectivity, the design of a ligand with
preorganization and complementarity is needed which satisfies the requirements of the
metal ion, allowing the formation of the ideal coordination geometry. Fixation a given
conformation of a ligand can lead to a higher level of preorganization which may
enhance selectivity. The metal ion selectivity of a ligand is not necessarily only a ligand
field effect®, but also depends on the electronic preferences of the metal and the donor
groups (HSAB principle’). The electronic configuration (Irving-Williams series™”), the
covalency of bonds, and the chelate effect'® should also be taken into account. These
various effects can result in a change in selectivity, allowing the coordination of a wider
range of metal ions to the ligand.

Preorganization'' and complementarity'* are often considered as important factors in

the macrocyclic ligands. "'

Rigid acyclic ligands have been shown to be able to
enforce a specific shape on the chromophore.'”"'® It has been shown that increasing the
rigidity of the ligand backbone leads to an enhancement of the selectivity for metal

iOl’lS.”’lS’lg’zo
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3 .Complex Stabilities of 3,7-Diazabicyclo[3.3.1]nonane

Bispidine type ligands (bispidine = 3,7-diazabicyclo[3.3.1]nonane) are known to have a
remarkable rigidity.*' Ligand L' prefers metal ions which adopt distorted square planar
geometries. These ligands were studied and compared with the bispidine-type ligands.
Our bispidine-type ligands (N2Py2, N2Py30, N2Py3u and N2Py4) enforce square
pyramidal (N2Py2, with one co-ligand, strong in-plane bonding, N7 usually is the axial
donor) or octahedral coordination geometry (N2Py2 with 2 co-ligands in cis-orientation;
N2Py3u, N2Py3o0 with 1 co-ligand); seven-coordinate complexes with N2Py2, N2Py3u
and N2Py30 have also been observed.** Other coordinating substituents than pyridine in

23,24
d,””

2-, 4-, 3-, 7-position have been reporte and oligo-nucleating ligands, bridged

through N7, have been prepared.>>***’

Fig. 3.1 Structure of L'
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3.2 Hole Size Calculations

The strain energies of tetra-, penta-, and hexadentate bispidine-type complexes have been
investigated. Graphs showing the strain energy as a function of the average
metal-bispidine-donor distance are shown in Fig. 3.2. These “hole size curves” have been
obtained from empirical force field calculations with the established program MOMEC?*® and
the force field developed in our group®. The model applied does not include metal-donor
terms. The energies were calculated keeping the average metal-donor distance fixed, but
allowing variation of each individual bond length. The calculated strain energy for each
bispidine ligand showed a minimum and the corresponding distance was the optimum metal
ion size for that particular ligand. The minimum energy of all curves was set to 0 kJmol™.

The hole size calculations of L' showed a flat curve. The differences of AEguqin between a
bond length of 1.95 A (which is the optimal Co(III)-N bond length) and 2.19A (which is an
ideal Zn(II) -N bond length) are only 4.4kJmol™". It emerges that L' tolerates a large difference
in metal-donor distances, that is, L' it is not very size-selective. This is due to the elasticity of
the coordination sphere. There is also no significant difference in steric energy for large metal
ions (c.a. 2.0-2.2A) with N2Py2, N2Py30, N2Py3u and N2Py4, similarly for L'.

This indicates that there is little constraint to fix the metal ion in a particular position in the
ligand cavity, which is open on one side. However smaller metal ions (such as Co(III) bond
length of ca. 1.95A) distort the ligand-based angles and distances, and this leads to a dramatic
increase of the steric energy, and a concomitant build-up of intra-ligand van der Waals
repulsion. This is consistent with the relatively high redox potentials of Co(II)/(III) bispidine
complexes. (e.g. [Co(I)/(IIT)(N2Py2)(H20),] 23" has 653mV of redox potential, see in

Chapter 4).
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Table 3.1 Steric energy at 1.95 A which is an optimal Co(III)-N bond length

Ligand L1 N2Py2 N2Py30 N2Py3u N2Py4
steric energy at 1.95A  4.5kJ/mol 17.2kJ/mol 17.9kJ/mol 25.8kJ/mol 61.1kJ/mol
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Fig. 3.2 Hole size curves for L', N2Py2, N2Py30, N2Py3u and N2Py4
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Table 3.2 Average of the experimentally determined and calculated M-N distance of complexes with
N2Py4 and calculated relative strain energies by single point calculation of the optimized structure with

all energies involving the metal ion set to zero.

Co*(N2Py4) Cr¥*(N2Py4) Ni*(N2Py4) Cu*(N2Py4) Co*(N2Py4) Zn*(N2Py4)

observed average (M-N) (A) - - 2.10 2.13 2.17 2.19
computed average (M-N) (A) 1.95 2.06 2.10 2.13 2.14 2.19
Tonic radii (pm)* 68.5 75.5 83.0 87.0 79.0 88.0

AB gqin(kJmol™) 61.1 22.9 15.0 24.8 9.9 0.0

a)Jahn-Teller axis modeled along N7-Cu-py3

As a conclusion remarks from the hole size calculation from the comparison of ligands, it is
proposed that in general the position of the minimum of AEgy.i, for the bispidine ligands is
slightly shifted to smaller metal ions with respect to L' (L' : 2.15A, N2Py2 : 2.25A, N2Py3u :
2.38A, N2Py30 : 2.24A and N2Py4 : 2.29A.). The hole size computations (though with
another technique was applied for L' that we used) led to the conclusion that the bispidine cap
in L' enforces small metal-N bispidine distances. Especially with regard to N2Py4,
coordination to very small metal ions (Co(III), Cr(Ill)) leads to large distortions according to
our calculations (loss of up to 60 kJ/mol with respect to the relatively unstrained geometry
induced by Zn(Il)), Redox potentials of the cobalt complexes support this (see in Chapter 4)
Our calculation indicate that Zn(II) is the “optimal” ion with regard to the size to this ligand,
coordination to Co(II) and Ni(II) still leads to a loss of more than 10 kJmol™ relative to Zn(II).
This is due to the rigidity of the backbone of N2Py4 (general effect of bispidine-type ligands)
and also due to the elasticity of coordination sphere. The ligand N2Py4 is predicted not to be
strongly size-selective for metal ions with average M-N bonds larger than approx. 2.1 A
Therefore, it was of particular interest to study this specific aspect experimentally. We are
going to focus on the determination and comparison of their stability constants with
transition-metal ions.
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3.3 Acidity Constants

3.3.1 General

The stepwise acid protonation equilibrium of a ligand L can be described by the following

equations:

L™+H" 2 HL'™ Eq. 3.1
HL'™+H" 2 HL*™  £q32
HL™+H" 2 HL>™  £q.33

H,L™+H™ 2 HLL*™  Eq34
where L is the ligand and m equals to 4, 5 or 6 for N2Py2, N2Py3u, N2Py4, respectively.

The corresponding acid protonation constants are defined as:

= [HL] Eqg. 3.5
' HIL] -
_ [HL]
2 [H][HL] Eq. 3.6
. [HL]
3= [H][H,L] Eq. 3.7
. HL)]
' [HIEL] Eq. 38

where Ka is the.concentration acid protonation constant; the concentrations of the species are
given in molarity; the species charges in the above equations have been omitted. For example,
N2Py2 has 4 basic sites so the stepwise acid protonation equilibria can be described by Eq.
3.5-3.8 with m = 4 . These constants were calculated from the potentiometric titration curve of

the ligand by using the fitting program Hyperquad2000*'.
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3.3.2 Measurements

Potentiometric titrations of the ligands in the absence (to determine ligand acidity constants)
and in the presence of metal ions (to determine complex stability constants) were performed
on 25 cm® samples, applying metal ion concentrations of 0.5 x 10~ — 1.0 x 10™ mol dm™. For
the measurements 4:5 and 2:1 metal / ligand ratios were used, as solvent H,O or dioxane/H,O
= 2:3 systems were applied.

For all ligands in the except for N2Py4, 40 vol% aqueous dioxane was used for the titration
due to low solubility at higher pH region in pH meter. The experiments with ligand N2Py4

were carried out in both H,O and 40 vol% aqueous dioxane.
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3.3.3 Protonation Constants of Bispidine Ligands

The first log K, value for all ligands was found to be in the range of 11.2 to 12.2.

These can be divided into two groups: to the first one belong N2Py2, N2Py3u , 6Me-N2Py2
which contain a methyl substituent at N7 position; to the second category fall N2Py3o0 and
N2Py4 which have a picolyl group attached to the bispidine backbone at N7. The first log K,
value of ligands from the first group (N2Py2, N2Py3u, 6Me-N2Py2) are 11.2, 11.3 and 11.3,
respectively. The first log K, value of N2Py30 and N2Py4 were calculated to be 12.0 and 12.2,
respectively. These values are somewhat higher, in comparison to results which were
observed for ligands having only a methyl group attached to N7.

Alkyl groups are clearly electron donating, stabilizing the fully deprotonated neutral form and
resulting in relatively small protonation constants while picolyl is less donating which make it
more difficult to deprotonate the single positively charged species. However, this factor is
proably not significant. This first protonation constant is relatively large due to two lone pairs
involved (see Fig. 2.4).

The second log K, value for N2Py2, N2Py3u and 6Me-N2Py2 8.8, 8.2 and 8.4, respectively,
i.e., also similar each other. It seems likely that the structural difference in the ligands, the
groups attached to N3, or the substituted/unsubstituted pyridine ring do not play a significant
role in the values of the second protonation constant. Analogously the log K., values for
N2Py3o0 and N2Py4 are 7.1 and 6.7, respectively. These values are smaller than those of the
first group ligands, which might be due to the larger log Ka range (difference between the
highest and lowest protonation constants).

Protonation constants log Kal and log K, are associated with the two aliphatic tertiary

amines within the bispidine backbone.
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As a result of the determination of protonation constants, it was found that these bispidine
type ligands are not exceptionally strong ‘proton sponges’, but the configuration, where a
proton bridges the two adjacent amine sites within the cavity, leads to a clear step between the
first protonation, where the pair of secondary amines in the cavity can share a proton, and the
second protonation, where each tertiary nitrogen accepts a proton and the original bridge is
broken. By way of comparison, pK, values for N,N,N',N'-tetramethylethylenediamine, which
have no cavity effect, are several log units lower at 9.1 and 5.0**.

The next steps are assigned to successive protonation of the pendant pyridine groups.

The final protonations take place in a very low pH region, their accurate determination by
potentiometric titration is not possible, since the pH value at the beginning of the titration is
already some units higher than these low log K, values themselves, so the degree of
protonation is minimal.

For tetraazamacrocycles, where two pairs of adjacent amines direct lone pairs into a cavity,
two high log Ka values of ~11 are observed prior to a sharp drop to the third and successive
protonations,> a comparable behavior to that observed here for this acyclic but structurally
rigid molecule. The N,N,N',N'-tetrakis(2'-pyridylmethyl)ethane-1,2-diamine ligand (tpen)
displays four log K, values of 7.38, 4.84, 3.24 and 2.82;* the pKa of pyridine itself is 5.3.
The second protonation constant (assigned to the second tertiary amine) is unexpectedly high,
so is the third, associated with the first pyridine protonation. Apart from this, the observed
trends are similar to those with other hexadentate pyridine/amine ligand systems.

It is also interesting to observe that out of the 6 protonable groups, only four of them could be
determined, the largest two of them are aliphatic amine, which are much smaller than for
macrocycles and proton sponge systems, it causes no further stabilization of the protonated
species.

Among the pyridine pK,, two of them are already smaller than for simple pyridine, and the
other two are remarkably small. Due to possessing of amine and pyridine groups
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simultaneously in a ligand, the pyridine pK, will decrease significantly. In the case of
bispidines, the effect of this decrease is combined with the proton sponge effect: the aliphatic
amines have unusually large values, while pyridines have smaller ones. Another effect is the
counter-compensation: due to the proton sponge effect, the pyridine nitrogens tend to have
much smaller values due to the remarkably large range of pK, values.

Comparing the distribution curves of the species for all five bispidine-type ligands, it can be
seen that at pH ca.10, LH; exist to almost 100%. Further rise in pH results in gradual
formation of the fully deprotonated species. There is no remarkable difference between the

bispidine-type ligands.
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Fig. 3.3.2 Structure of N,N,N',N'-tetrakis(2'-pyridylmethyl)ethane-1,2-diamine (TPEN)
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Table.3.3 Potentiometrically determined protonation constants

N2Py2 N2Py3u N2Py30 6Me-N2Py2 N2Py4 N2Py4 TPEN

(H,O/Dioxane=3:2) (H,0/Dioxane=3:2) (H,O/Dioxane=3:2) (H,O/Dioxane=3:2) (H,0/Dioxane=3:2) (H,O) (H,0)
LA+H' = [LH]* 11.2 11.3 12.2 11.3 12 11.8 7.4
L+ 2H" =[LH;]* 8.8 8.2 7.1 8.4 6.7 6.9 4.8
L+3H =[LH,]*" 2.3 4 2.8 2 4.1 5.1 3.2
L+ 4H" =[LH,]" >2 >2 2.4 >2 2.2 2.2 2.8
L+ 5H' =[LH:]>* - >2 >2 - >2 >2 »2
L+ 6H' =[LH,]" - - - - >2 >2 >2
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3.4 Stability Constants

3.4.1 Chemical Species Distribution
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Fig.3.4.1  Chemical species distribution of N2Py2
(H,0, T=25°C, 1 =0.1M(KCI)
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Fig.3.42  Chemical species distribution of N2Py3u
(H,0, T=25°C, 1 =0.1M(KCI)
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Fig.3.4.4  Chemical species distribution of 6Me-N2Py2
(H,0, T=25°C, 1 =0.1M(KCI)
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Fig.3.4.5 Chemical species distribution of N2Py4
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3.4 .2 Stability Constants

Table 3.4 Potentiometrically determined protonation and complex stability constants (logK

values) of N2Py4 (H,O, T=25°C, 1 =0.1M KCI)

Stability constants Co*™™ Ni** Ccu* zn® Hg” Pb* Li'
M"+L+2H" = [MLH2]"? 23.8 244 - - - - 248
MM+ L+H" 2 [MLH]"™ 208 204 229 247 203 189 204
M"+ L 2 [ML]" 150 141 198 215 158 140 13.2

M"+L+OH = [MLOH)I™ 50 62 92 108 72 44 32

M"+ L +20H =2 [ML(OH),]"? - -4.0 - - - - -

The stability constants of N2Py4 ligand with Co(II), Ni(IT), Cu(II), Zn(II), Hg(II), Pb(II) and
Li(I) were determined potentiometrically. The hexadentate bispidine-based ligand, N2Py4,
with four pyridine and two tertiary amine donors, based on a very rigid backbone, is
coordinated to a range of metal ions. Based on experimental and computed structural data,
spectroscopy and electrochemistry the ligand was predicted to build very stable complexes.
This is confirmed by potentiometrically determined stability constants which indicate that, in
general, stabilities comparable to those with macrocyclic ligands are observed.

The main feature of the log kum values of the series Co(II)(d’), Ni(II)(d®), Cu(II)(d’),
Zn(I1)(d"") Co(I1)(15.0)>Ni(I1)(14.0)<<Cu(II)(19.8)<Zn(II)(21.5) which are in sharp contrast
to usual Irving-Williams behavior Co(II) < Ni(II) < Cu(Il) > Zn(II).

This feature can be explained by the force field calculations ( see above) that indicate that
short metal-donor distances lead to a build-up of strain in the ligand and that there is no
size-match selectivity for large metal ions as shown in Fig.3.2.

The ionic radii (Co(IT) 0.75, Ni(II) 0.69, Cu(II) 0.75, Zn(II) 0.74) and the observed average

bond distances of M-N ; Co(II) 2.17, Ni(II) 2.10, Cu(I)2.13, Zn(I1) 2.17 suggest that Ni(II) is
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smaller (~ 2.1 A) than optimal in terms of the ligand preference. This might be one of the

reason for the relatively low stability of the Ni(Il)complex. The larger Zn(II) center with

relatively weak M-N force constants and virtually no angular directionality also ideally fits

the ligand requirements.
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4. Cobalt Complexes of 3,7-Diazabicyclo[3.3.1]nonane Derivatives

4.1 Introduction

Cobalt is a component of enzymes such as vitamin B;,, which has various functions in
biological systems'. In the series of first row transition metals, cobalt represents the transition
between hard and soft metal ions.

The two most investigated oxidation states of cobalt are the divalent and the trivalent forms.
Co(Il) is d’ and paramagnetic (EPR active), its complexes are kinetically labile and they can
usually be oxidized by, for example, using H,O, or air. In contrast, Co(Ill) is d° and
diamagnetic (EPR inactive) in its low spin configuration. Their complexes are mostly
kinetically inert and are resistant usually even to concentrated acid.

Co(III) complexes can be regarded as one of the archetypes of an inert metal complex and
have been at the forefront of coordination chemistry for more than 130 years.

The simple ammine-aqua derivatives were extensively investigated by Jorgensen® and
Werner”. Since the discovery that vitamin B12 is a macrocyclic complex of Co(III), there has
been interest due to the inert property of low spin Co(IIl) complexes, in their application as
models for enzymatic reactions*:.

It is known that aliphatic nitrogen donors have a high affinity for cobalt (III). The complexity
of the different effects steric and electronic which play a role in the metal-ligand interactions,
allows us to tune the coordination properties of the complexes. In the case of the bispidine
chemistry the harder nature of Co(IIl) can somewhat counterbalance the effect of the smaller
ion size in comparison with Co(II). Co(IT)/(II) complexes of tetra- or pentadentate bispidines
have one or two open sites due to the hexa-coordinate central metal ion, which can be used for
binding a co-ligand or a substrate molecule. Besides the difference in ion size (and therefore
also in the metal-donor distances), the charge transfer effect can also influence the stability of

the complexes. A negatively charged co-ligand can increase the electron density around the
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central cobalt ion.

As reported in Chapter 3, force field calculations indicate that there is significant strain in
Co(III) bispidine complexes. Moreover Co(II) bispidine complexes are unusually inert due to
the stabilization by the pyridyl 7 -donor groups of bispidine.

Thus, a oxidation of Co(Il) complex gives significant steric and electronic differences.

There is, therefore, much interests in investigating the oxidation process from Co(Il) to

Co(IIl) in bispidine complexes.
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4.2 Preparation

4.2.1 Preparation of Co(ll) Bispidine Complexes

Cobalt (IT) complexes with variousbispidine-type ligands (N2Py2, N2Py3o, N2Py3u and
N2Py4) have been obtained in MeOH or EtOH solution using reported procedures®’-*%-1%1!,
Co(IT)(ClOy4), - 6H,O and Co(IN)(BF4), - 6H,O were applied as cobalt sources. For same
applications it is useful to use counter anions which hardly coordinate to the cobalt center
(e.g., perchlorate or tetrafluoroborate), because it can be advantageous to leave open
coordination sites for the exchange with co-ligands. However complexes are more difficult to
crystallize in comparison with e.g. chloro complexes. Cobalt (I) complexes of all ligands
were prepared by the following method: 0.9 eq. of cobalt salt and 1 eq. of ligand were
dissolved separately in methanol. These solutions were then mixed and refluxed for 5-10
minutes. After further stirring for 2-3 hours at room temperature, methanol was completely
evaporated by means of a rotary evaporator and an appropriate amount of ethylacetate added
to the crude complex to wash off unreacted ligand. The resulting pure complex was filtered

and dried in vacuum. Single crystals of Co(Il) complexes, suitable for structure determination

were grown by ether diffusion into their methanolic solution. Two of the experimentally

2+ (ClOy),

determined structures are shown in Fig. 4.3.1.

Co(IT)(C10,4),6H,0
MeOH

N2Py2

[Co(ID(N2Py2)(H,0),]*

Fig. 4.2.1 Complexation of Co(II) with N2Py2
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4.2.2 Preparation of Co(l11) Bispidine Complexes

HO oH

HO o COOCH,4
COOCH; H5;COOC
H3COOC
e /
[ 30%H,0 /\N/
N, ! \ MeOH / ‘C(-')lll" =
[ NS NN
.Cox ' HO
| NN L H0 | / H,0
H,0
/

Fig. 4.2.2 Oxidation from [Co(IT)(N2Py2)(H20),]*" to [Co(II[)(N2Py2)(H20),]**
Oxdation of Co(II) complexes to the corresponding Co(II) usually is done with pure O, air or
hydrogen peroxide as oxidant. Another known method to prepare Co(Ill) complexes is the
exchange reaction between ligands and Ki;[Co(III)(OCOy) ;] or Naz[Co(III)(OCO,)s] 12
[Co(IIT)(acac)s] " ,and [Co(III)(NOs)s]*~'* are also operative.

Initially air and pure O, were used as oxidants to obtain Co(III) complexes with
bispidine-type ligands. However, these attempts proved to be unsuccessful due to the high
redox potentials of the Co(II)/(IIII) bispidine complexes (e.g. Eg=0.65V vs. Ag/AgNOs for
Co(IT)/(ITIT)(N2Py2).) The failure of oxidation by oxygen and air can be also explained by the
unusual inertness of Co(Il) bispidine complexes due to the stabilization by the n-donors
(pyridyl groups) and the hole size effect of the bispidine backbone: the size of Co(III) leads to
a significant increase of the steric energy (See in Chapter 3)

Attempts to obtain Co(IIl) complexes by oxidation of the corresponding Co(Il)complexes
with hydrogen peroxide, a more powerful oxidant, were successful with all bispidine-type
ligands. These oxidation reactions were carried out in methanol at room temperature.
Furthermore, [Co(IIT)(N2Py2b)CO;]PF¢ has also been obtained by an exchange reaction using

K3[Co(OCO,),]" as the cobalt source, in refluxing methanol.
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4.3 Crystal structures of Cobalt (11) and (111) Bispidine Complexes

4.3.1 Crystal Structures of Cobalt (I1) and (111) Complex with N2Py2

Selected bond lengths, bond angles and torsion angles of [Co(III)(N2Py2a)Cl;]Cl1Os,
[Co(IIT)(N2Py2a)(EtO)(H20)](ClO4)2, [Co(IIT)(N2Py2b)CO;]PF¢, [Co(II)(N2Py2)(H,0),]Cl,
and [Co(II)(N2Py2)OAc]OAc are listed in Table 4.1, structural plots are presented in Fig.

4.3.1.

R N
WA
\

[Co(I)(N2Py2)(OAc)]* [Co(IN(N2Py2)(H20).]""

Fig.4.3.1 Crystal structures of  [Co(II)(N2Py2)(OAc)]" and [Co(I)(N2Py2)(H,0),]*"
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[Co(IIT)(N2Py2,)(EtO)(H,0)]**

Fig. 4.3.2 Crystal structure of [Co(III)(N2PyZa)(Cl)z]+, [Co(III)(N2Py2a)(EtO)(HzO)]2+ and

[Co(IIT)(N2Py2,)(CO3)]**
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Table 4.1 Structural data of [Co(III)(N2Py2a)(Cl),]ClO4, [Co(IIT)(N2Py2a)(EtO)(H,0)](Cl04),, [Co(III) (N2Py2b)(CO3)]PFg,

[Co(IT) (N2Py2)(H,0),]Cl,, [Co(II)(N2Py2)(OAc)]OAc and [Co(IIT1)(N2Py2)(NH;3),MM], [Co(II)(N2Py2)(NH3),MM]

[Co"(N2Py2°)Cl,1CI0, | [Co™(N2Py2°)(EtOH) (H,0)I(CI0,), | [Co"(N2Py2°)CO;IPF, | [Co'(N2Py2)2H,01Cl, | [Co'(N2Py2)0AclOAc | Co™(N2Py2)momec | Co'(N2Py2)momec
X(plane) Cl EtOH? H,0 NH,4 NH,
(¢]0) OAc
Y(axial) Cl H,0 ¢ H,0 NH; NH;
&mﬁm:omm;
Co—N3 1.96 1.95 1.94 2.15 2.15 1.97 2.14
Co—N7 2.02 1.98 2.03 2.21 217 2.04 2.25
OO|ZU<_ 1.96 1.93 1.91 212 2.10 1.93 212
OO|ZEN 1.92 1.94 1.93 2.14 2.1 1.93 212
Co—X 2.25 1.91 1.90 2.07 2.06 1.97 2.18
Co-Y 2.25 1.96 1.92 2.14 2.23 1.98 2.16
averaged (Co-N) 1.97 1.95 1.95 2.16 213 1.97 2.16
N3-N7 2.75 2.73 2.78 2.90 2.90 2.79 2.87
Npy1~Noy2 3.84 3.84 383 418 409 3.81 4.12
angles[® ]
N3-Co—-N7 87.5 88.1 89.0 83.4 84.6 88.4 81.6
N3-Co-N,, 83.8 84.3 85.9 78.8 78.7 83.9 781
N3-Co—Npy2 83.5 84.2 84.8 79.0 77.8 83.3 78.1
N3-Co—-X 172.8 170.2 169.9 177.7 172.8 177.3 178.0
N3-Co-Y 98.1 97.5 101.1 94.0 111.7 95.5 97.9
Npy1-Co-N,,, 165.1 166.3 169.8 156.6 153.2 162.9 153.6
torsion[A]
O_|ON|O>|ZE_ 84.2 84.2 84.6 86.8 854 91.8 96.9
C5-C4-CA2-N,,, -85.1 -82.4 -83.3 —-80.6 -87.5 -92.7 -96.9

N2Py2a): CHs group N7 substituted by H
N2Py2b):Methyl ester groups hydrolyzed.
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For the comparison of the crystallographic data of the cobalt complexes

with N2Py2, it emerges ;

(D The observed metal-donor distances in the complex _y /
with the trivalent cobalt ion in }
[Co(IH)(N2Py2a)(HzO)(EtO)]2+ are related to the different

size of the coordinated metal ion. The rigidity of the

H2O or EtOH
bispidine backbone plays an important role in how

Fig. 4.3.3 Overlay crystal structures of
[Co(I)(N2Py2)(H,0),]*"  (blue) and
complex, the N-Co-N angles are close to 90 and 180 [Co(III)(N2Py2a)(H,0)(EtO)]* (red).

deeply the metal ion can be in the cage. For the Co(III)

degrees, indicating a small distortion from the ideal

octahedral geometry around the metal ion. Interestingly, coordination of cobalt(IIl) leads to
significant changes in the structure of the rigid ligand : while the distance between the two
aliphatic amino nitrogens in the free N2Py2 ligand is 2.90A, this value in
[Co(IIT)(N2Py2a)(H,0)(EtO)]*" decreases to 2.73A. This may indicate that the forming of this
complex is favored due to its high stability and the formation of the close to ideal octahedral
geometry(strong bonding) ; and that these effects over compensate the loss of energy loss to
the compression of the ligand cavity. In contrast, the separation of the two tertiary nitrogens in
[Co(I)(N2Py2)(H,0),]*" is 2.904, a value which coincides exactly with the unstrained value,
measured for the free ligand. This can be interpreted by the fact that the coordination of the
divalent cobalt does not require changes in geometry in the bispidine backbone, rather the
geometry around the central cobalt (II) will be more distorted. Indeed, the N-Co-N angles are
smaller than the corresponding values measured in [Co(III)(N2Py2a)(H,O)(EtO)]*" The
longer Co-N bonds are partially consequences of the position of cobalt (II) ion, which is out

of the cavity.
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@ The Co-N7 distance in [Co(III)(N2Py2a)(Cl),]" is 2.024, which is somewhat larger than
the value of 1.984 found in [Co(IIT)(N2Py2a)(H,0)(EtO)]*" This longer bonds may be due to
the different co-ligands. Coordination of chloride ions can lead to ligand-to-metal charge
transfer, which then increases the electron density around the cobalt (III) center.

(@ The effect of the charge at the co-ligand can also be illustrated with the example of
[Co(IIT)(N2Py2a)(H,0)(EtO)]*" and [Co(III)(N2Py2b)(CO3)] in Fig. 4.3.2 and Table 4.1.

The axially bound water in the mixed aqua/ethanol complex binds to cobalt with a bond
distance of 1.96A. The corresponding distance for the carbonato complex (considering the
axially bound oxygen of the bidentate carbonate ion) is 1.92A. This structural difference may
be the result of the different charge, m-bonding and the rigid and strained for chelate ring of
carbonate.

@ Comparing the Co-N bond lengths and N-Co-N value angle data of the dichloro and
carbonato complexes [Co(IIT)(N2Py2a)(Cl),]" and [Co(III)(N2Py2b)(CO3)]” we find that all
corresponding value pairs are quite close to each other. This indicates that the denticity of the
co-ligand probably has no significant effect the geometry of the ligand backbone.

(® Exchange of a monodentate neutral co-ligand for a charged bidentate donor (with the
same donor atoms) leads to more pronounced distortions for Co(Il)-complexes than for
Co(III)-complexes, with respect to both the bispidine backbone and the geometry around the
metal center. In [Co(III)(N2Py2a)(HzO)(EtO)]2+ the N3-Co-O(axial) angle is 97.5, and the
analogous angle in [Co(III)(N2Py2b)(CO;)]" (considering the axially bound carbonate
oxygen) is 101.1; the change in angle is less than 3 degrees. However, when we compare
these angles in the divalent Co-complexes, in [Co(I)(N2Py2)(H,0),]*" and
[Co(IT)(N2Py2)(OAc)]" these values are 94.0 and 111.7 degrees, respectively. This means that
the substitution of a neutral monodentate O-donor co-ligand to a bidentate one leads here to
almost 18 degrees difference in the N3-Co-O angle. This difference is much larger than what

is observed for the trivalent complexes (3 degrees): the geometry around Co(II) is more
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dependent on the type of co-ligand, on their charge and density. This is due to the fact in
general, the geometry around Co(III) is more rigid than around Co(II).

Also the separation of the two pyridine nitrogens is again, for the divalent complexes, more
“sensitive” to the co-ligands. While N,,-N,,, distances for [Co(II)(N2Py2a)(H,0)(EtO)]*" and
[Co(IIT)(N2Py2b)(CO3)]" are 3.84 and 3.83A, respectively; these values for
[Co(I)(N2Py2)(H,0),]*" and [Co(IT)(N2Py2)(OAc)]" are 4.18 and 4.09A. Not surprisingly the
Npy-Npy distances are larger for the divalent than for the trivalent complexes, which is mainly
due to the difference in the size of the metal ions.

As reported in chapter 3, empirical force field calculations were carried out with MOMEC,
and s force field tuned to bispidine complexes'®. Comparing the energies belonging to the

average Co-N bond distances, the hole function calculation'”-'*:"?

shows approximately 10
kJmol™ difference in strain energy between cobalt (IT) and cobalt (III). This difference is
considered to be rather small. It indicates that although N2Py?2 itself is quite a rigid as ligand,
its coordination sphere is remarkably flexible.

Although the range of optimal metal-N-donor distances for N2Py2 is quite wide, it falls
around 2.15-2.3A, which means that complexes with such average M-N separations are the
most favorable for N2Py2. Coordination with such metals leads to complexes in which the
geometry of the ligand backbone is almost the same as in the unstrained free form. Co(II)
complexes, showing [M-N],, of 2.13 and 2.16A for [Co(H)(N2Py2)(HzO)2]2+ and
[Co(II)(N2Py2)(OAc)]", respectively, fall in this optimum range obtained from the hole size
calculation. In parallel, the N3-N7 distance (which is characteristic for the bispidine backbone
geometry) remains 2.90 A, which value is exactly the same as was observed for the free
ligand.?

The average metal-nitrogen distances for Co(III) complexes are 1.95-1.974, which fall

somewhat out of the optimal range, as seen from N2Py2 hole size. As the calculation shows,

yielding such a complex costs the ligand around 10 - 15 kJ/mol in energy. If there are
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compensating effects arising from complexation, this energy loss is still bearable. Indeed,
cobalt (IIT) complexes were successfully obtained, and as expected, there is a significant
distortion of the bispidine cavity: N3-N7 distance (2.904) for the unstrained free ligand
decreases to 2.73-2.784 in the Co(IIT) complexes.

These examples show that the level of distortion in the bispidine backbone, as seen from the
crystal data, confirm the hole size calculations. However, considering the compensating effect
of complexation, the N2Py2 ligand can accommodate both Co(II) and Co(III) ions, although

there is a significant difference in the ionic radii of the two ions.

Fig. 4.3.4 Hole size calculation of N2Py2 with the

metal ion by Momec97>'.

[M-N,, (A)
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4.3.2 Crystal Structures of [Co(I11)(N2Py3u)(OH)](CIO,), and

[Co(111)(N2Py30)(H,0)](Cl04)s

Crystals suitable for structure determination were obtained by vapor diffusion of ether into the
methanolic solution of the complexes. It was found that the structure of
[Co(IIT)(N2Py3u)(OH)](ClO4), and [Co(IIT)(N2Py30)H,0O](ClO4); are in good agreement
with the computed structures. The measured distances are only slightly different (£0.01-0.03
A) from the calculated values.

Comparing the structures of [Co(III)(NZPy3u)(OH)]2+ and [Co(IH)(N2Py2a)(HzO)(EtO)]2+ it
can be seen that [Co(IIT)(N2Py3u)OH]*" has slightly longer Co-N7 distance (2.05A) than
[Co(IIT)(N2Py2a)(H,0)(Et0)]*" (1.98A), in parallel, [Co(IIN)(N2Py3u)(OH)]*" has a 0.02 A
shorter Co-N3 distance. This indicates that the cobalt metal center is pulled by the N3-bound
picolyl unit away from the center of the cavity.

Furthermore, the bond distance between co-ligand oxygen and central Co(III) (Co-Y) is 1.88
A for [Co(IIT)(N2Py3u)(OH)]*" and 1.96 A for [Co(III)(N2Py2a)(H,0)(EtO)]. The
electrostatic attraction between the hydroxide oxygen and Co(III) causes extra stabilization
and thus shorter bonds in comparison with the other complex with an equatorial ethanol at
co-ligand, where this effect does not play role. In addition, the N3-N7 distance for
[Co(HI)(N2Py3u)(OH)]2+ is 0.07 A longer than for [Co(IIT)(N2Py2a)(H,O)(EtO)]. This
phenomenon is caused by increasing of the electron density of metal center due to the
coordination of OH groups, which leads to increasing of metal ionic radius.

Comparing the structures of [Co(III)(N2Py3u)(OH)]*" and [Co(III)(N2Py30)H,0]", it can be
seen that and [Co(III)(N2Py30)H20]3+ has a longer Co-N3 distance (1.98A) than
[Co(IIN)(N2Py3u)(OH)]*" (1.93A). It indicates that the cobalt metal center of
[Co(HI)(N2Py3u)(OH)]2+ is affected by the N7-bound picolyl unit.

Moreover, distances of N3-N7 for all Co(II) and Co(III) bispidine complexes (N2Py2,
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N2Py3o0, N2Py3u) were found to have N3---N7 in the small range of 2.73A to 2.90A. This

indicates the significant rigidity of bispidine backbone.

[Co(IIT)(N2Py3u)(OH)]*

[Co(IIT)(N2Py30)H,01*"

Fig. 4.3.5 Crystal structure of [Co(III)(N2Py3u)(OH)](ClO4), and

[Co(III)(N2Py30)H,0](C10y)

Table 4.2 Structural data of Cobalt bisbidone complexes

[Co™N2Py3u)OH] | Go™N2Py3u)momec | [Co™N2Py30)H,01 | Go™(N2Py3o)momec | [Co™N2Py2a)(H20XEtOH)] | Co™(N2Py3u)momec | Go'(N2Py30)momec
X=(plane) - - H20 NH3 EtOH - NH3
Y=(axial) OH NH3 - - H,0 NH3 -
distances[Al
Co-N3 1.93 1.96 1.98 1.97 1.95 2.19 214
Co-N7 2.05 2.04 2.02 2.02 1.98 217 2.20
Co~Nyyi 1.95 1.92 1.93 1.92 1.93 2.16 212
Co~N,ye 1.93 1.94 1.97 1.91 1.94 2.14 212
Co—N,y3 1.93 1.95 1.94 1.93 - 2.15 2.10
Co-X = - 1.96 1.97 1.91 2.10
Co-Y 1.88 1.95 - - 1.96 2.16 -
averaged (Co-N) 1.95 1.96 1.98 1.95 1.95 2.16 2.14
N3-N7 2.80 2.81 2.80 2.78 2.73 3.03 2.95
Noyi=Npy2 3.85 3.81 3.87 3.80 3.84 4.16 413
angles[” ]
N3-Co-N7 89.6 89.3 88.8 88.2 88.1 88.0 85.4
N3-Co-N, 83.8 84.6 83.8 83.8 84.3 71.8 78.7
N3-Co-Ny,» 84.8 82.3 84.0 84.4 84.2 78.1 78.4
N3-Co-Ny\3 87.2 86.5 174.8 174.0 - 79.4 165.5
N7-Co-Npy1 95.3 91.9 91.7 97.1 91.8 96.5 96.9
N7-Co-Npy2 93.1 100.8 94.6 92.2 92.7 95.6 78.4
Npy1-Co-Npy2 165.8 161.6 166.1 164.8 166.3 152.5 154.2
Npy1-Co-Npy3 85.8 80.3 96.3 94.2 = 82.4 98.3
torsion[A]
C1-C2-CA-N,; 82.6 91.2 83.4 91.5 84.2 84.7 90.3
C5-C4-CA2-N,,, -83.8 -93.2 —86.1 -91.1 -82.4 —84.6 -92.2
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4.4 Proposed Reaction Mechanism for Intermolecular Reactions

Interestingly, when the Co(III)N2Py2 complex was formed N3

by oxidation with H,0,, the methyl group at N7 was CO\O

Npy7
removed (the demethylation was confirmed by 'H-NMR, y

XRD, and Mass-spectra). Fig. 4.4 Proposed reaction

mechanism for removal of
It has recently been reported that Co(II) and H,O, can the methyl group
catalyze intermolecular reactions with
1,4-diazacyclononane Co(IIT) complexes. ** There probably is first an interaction between
Co(Il) and H,0,. Binding of peroxide (subsequent to deprotonation) can be divided into two
modes: end-on hydroperoxo (monodentate) or Side-on peroxo (bidentate). In the peroxo form,
the distance between the oxygen of the peroxo co-ligand and the methyl group of N7 is too
large and the reaction seems unlikely to occur. For this reason, a monodentate binding of a
hydroperoxide is thought rather to occur. The unbound oxygen of the co-ligand can then
freely flip around and, in a given conformation, reach the methyl group at N7. After attack of
the C-H bond, there may be cleavage of the bond between N7 and the methyl group.
Large groups attached to N7 can cause a serious steric hindrance for the hydroperoxide. This
might be explain the failure to cleave N7 bound.
Interestingly, the removal of the methyl group at
N7 was observed only in the case of the N2Py2
complex, but not for the corresponding complex
of N2Py3u. This may be due to the differences

in redox potentials: the significantly lower

half-wave potential of Co(II)/(II[)N2Py3u (300

mV) in comparison with Co(II)/(III)N2Py2 (653 ) ' .
Fig. 4.4b [Co(IIT)(N2Py2b)COs]
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mV) leads to the stabilization (less activation) of Co(III)N2Py3u complex.

During a ligand exchange reaction of K3;[Co(OCO,),] and N2Py2, hydrolysis of the methyl
ester groups of the bispidine ligand occurred. This is probably due to the presence of COs>.
Hydrolysis has not observed for the other bispidine reactions and may have occurred during

the complexation.
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4.5 UV Spectrum of Cobalt Bispidine Complexes

Coordination of Co(II) (d°) to strong donor groups such as nitrogen donors leads to a high
degree of splitting of the d-orbitals. Due to the large energy difference between the ground

state and the excited state(s), Co(III) complexes usually are diamagnetic in the ground state.

3d

d,.d,,.d

r—yxﬁ (:32’& 4s
it L

Fig. 4.5.1 Electron configuration of a low-spin complex with a d® metal ion.
The state of lowest energy for a low-spin Co(Ill) complex has t2g6 configuration
(characterized by a ‘4 1¢ term). Electron transfer is possible to the following terms: 4 jg—>1 T,

1 1 1 3 1 3 23
Ajg—> T[g, Ajg—> ng and Ajg—> T]g.

T 1T2g
et ot T
Exited state ————— &7 3
L T
@] |(b)
t 6
Ground state (tg) Ay
Octahedral

Fig. 4.5.2 Electron excitation of the ground state of a low-spin d® complex in octahedral field.
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Fig. 4.5.3 UV-Vis spectrum of [Co(IIT)(N2Py2)(H,0),](Cl04); in MeOH at 25°C.

The UV-Vis spectrum of [Co(III)(N2Py2)(H,0),](Cl04); was measured in MeOH at 25°C.
Two bands are observed, at 420 nm and 508 nm. The peak at 420 nm is assigned to a
IAJg—>1T 1 d-d transition and the peak at 508nm to a IAIg—>1T 5¢ d-d transition. Other
theoretically possible excitations (‘4 Ig—>3 Ty, 4 Ig—>3 T5,) are not observed.

Table 4.3 UV-Vis spectra of Co(I) and Co(III) bispidine aqua complexes in MeOH at 25°C,

Co(IIT)N2Py30 was measured in acetonitrile.

N2Py2 N2Py3o N2Py3u N2Py4
£ 425=13.8 € 383=37.3 € 457=431
€ 486=19.0 € 446=23.5 € 492=56.2
Co(ID
£ 533=16.6 € 483=34.6 € 551=21.3
€ 542=17.9
£ 508=124
Colll) | £420=177 £498=1159 | £€490=2150 | £447=273.0
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4.6 Oxidation of Co(ll) Bispidine Complexes

4.6.1. Oxidation from Co(l11)N2Py2 to Co(l11)N2Py2

25

Abs.

05 -

300 350 400 450 500 550 600 650 700 750 800
wavelength(nm)

Fig.4.6.1 Time-dependent UV-Vis spectra following the oxidation of Co(II) to Co(IIT)N2Py2

The oxidation of the Co(II)N2Py2 complex to Co(Ill) was measured by UV-Vis
spectrophotometer.
For the experiment 11 mM of [Co(IT)(N2Py2)(H,0),](ClO4), and 170 eq. of 30% hydrogen
peroxide were used. The measurements were carried out in methanol at 25°C. A spectrum was
recorded every 4 minutes. According to the UV-Vis spectra the expected conversion occurred
successfully, three weak bands of Co(II)N2Py2 complex (€45:=13.8, €43¢=19.0, €533=16.6)
changed to two more intense bands (420 = 177, €50s=124.2) which show undoubtedly the

formation of the Co(III)N2Py2 product. The oxidation reaction was almost complete in

3000 seconds.
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Fig.4.6.2 Half logarithmic plot (In[Co(I[)N2Py2] vs. time) for the determination of the rate

constants for the oxidation of the Co(II)N2Py2 complex

The half logarithmic plot (the logarithm of the concentration of Co(I[)N2Py2 complex against

the reaction time) is shown in Fig.4.3.2. The decreasing concentrations of Co(I[)N2Py2 was

determined by the intensity of the peak at 510 nm. For a first order reaction, the relationship

between the concentration of the reactant and the rate constant can be shown as (4.1).

_d[C]

dt
J'C, dC

K[C]

-
In[C,]= —kt +In[C, ]

t Kt
k[ di = C =Cye

Co

t1/2 -

In2
k
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It was observed that the reaction is first order, due to the linearity of the half logarithmic plot
(Fig.4.6.2).The first point measured was that after 240s. The correlation coefficient of the
fitted line (Rz) 1s 0.997, the determined first-order rate constant &, is 1.86%107 57! according
to the slope of the line (4.3) and the half life t;, is estimated as 372.66 s. The half-lives for all
first order reactions are independent of the initial concentration as shown in (4.4).
Non-linearity was observed for the interval 0-240 seconds, which is a significant difference to
the reaction which takes place after 240 s. This might indicate that the reaction follows a

different mechanism for this time period.
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4.6.3 Oxidation of Co(11)N2Py30 to Co(l11)N2Py30
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Fig. 4.6.3a UV-Vis spectra of the oxidation of [Co(I[)N2Py30] to the Co(IIT) complex
The oxidation of the Co(Il) to the Co(II[)N2Py30 complex was measured by UV-Vis
spectroscopy. For the experiment, 10 mM of [Co(II)(N2Py30)(H,0),] (ClO4), and 170
eq. of 30% hydrogen peroxide were used. Four weak bands of Co(II)N2Py30 complex
(e383=37.3,€446=23.5, €433=34.6, €54=17.9) changed to a single, much more intense band,
which is clear evidence for the formation of Co(III)N2Py3o complex (g451=215.9).
There are remarkable differences in the oxidation of the Co(II) N2Py3o compared to the
Co(II)N2Py2, both in the solubility of complex in methanol and the rate of reaction.
Acetonitrile was used as solvent for the experiment with Co(I[)N2Py3o0, because of the
low solubility of the complexes in methanol. The conversion from Co(II) to Co(III) was
almost complete within 5 minutes, which indicates a much faster reaction than in the

case of Co(II)N2Py2 where around 120 minutes were needed for the completion.
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Fig. 4.6.3b Half logarithmic plot (In[Co(I)N2Py30] vs. time) for the determination of

rate constants for the oxidation of Co(I[)N2Py30 complex

A plot of logarithm of the decreasing concentration of the Co(II)N2Py3o complex vs.

time (s) is shown in Fig. 4.6.4. This shows a linear relationship with a good correlation

coefficient (R*=0.992).The rate constant was estimated as 9.28*107s™" from the slope of

the line fitted to the points of the half logarithmic plot (4.3).

In comparison with rate constant of the Co(II)/(II[)N2Py2 complex, the rate constant of
Co(I)/(IIIN)N2Py30 is ~10 times larger (kops= 1.02*¥10° s7). The half life of the
reaction is estimated as 74.69 s by equation (4.4). The same concentrations of complex
and H,O, were applied in both reactions. It is possible that the difference in solvents

leads to such a huge increment in reaction rates.
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4.6.4 Oxidation of Co(l11)N2Py4 to Co(l111)N2Py4
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Fig. 4.6.4a UV-Vis spectra for the oxidation of the Co(II) to the Co(IIl) N2Py4 complex

The conversion of the Co(II)N2Py4 complex to Co(Ill)was also measured by UV-Vis
spectroscopy. For the experiment, 10 mM of [Co(II)(N2Py30)(H,0)](ClO4), and 170 eq.
of 30% hydrogen peroxide were used. Four less intense bands of Co"N2Py2 complex
(£395=89.0, €457=43.1, €492=56.2, €551=21.3) changed to a stronger absorbing single band
which is clear evidence for the formation of the Co(III)N2Py30 complex (g447=273.0).

The measurement was carried out in methanol at 25°C.
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Fig. 4.6.4b Half logarithmic plot (In[Co(I[)N2Py4] vs. time) for the determination of

the rate constant for the oxidation of the Co(I[)N2Py4 complex

A plot of the logarithm of the concentration of Co(I[)N2Py4 complex as a function of

reaction time is shown in Fig. 4.3.6. It shows a linear relationship with a good
correlation coefficient (R?=0.997). The first-order rate constant was estimated to be
1.39%107 s from the slope of the line fitted to the points of the half-logarithmic plot
(4.3).

The rate constant of Co(Il)/(III[)N2Py4 is comparable to the rate constant of
Co(ID)/(IIINN2Py2, which is kens= 1.86*107 s”. The half life of the reaction is

estimated as 372.66 s .
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4.7 *'H-NMR spectrum of the Co(111)(N2Py2a) complexes

DYISO
OCH,
H2/H4 N3CH,
(jr/n\aﬁcl\ | Homs
‘IP; 9‘5 5‘0 BI5 H‘O ?I5 ]'IO EI5 EIO I5I.5I I51IJ‘ 4I5 4‘0 3I5 3‘0 2‘5 2‘0 1I5 1‘0 IJI5

Fig. 47 'H-NMR spectrum of [Co(II[)(N2Py2a)C1,]C10, (200MHz, in ds-DMSO)

The "H-NMR-spectrum of [Co(III)(N2Py2a)Cl,]Cl04 was measured in dg-DMSO at 300
K. Sharp single peaks were observed at 3.9 ppm and 5.3 ppm, which were assigned to
methoxy protons and H2/H4 CH protons respectively. These peaks indicate a high level
of symmetry in the entire Co(Ill)complex: the protons on either side of the metal centre
are chemically undistinguishable from each other. As the demethylation of -N7CHj3 has
been identified by crystal structure, ESI-mass spectrum and elemental analysis; it is not

surprising that the peak of the methyl group of N7CH; was not observable.
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4.8 Electrochemistry of Cobalt Bispidine Complexes

Table 4.8.1 Redoxpotentials of cobalt bispidine complexes vs Ag/AgNO3

N2Py2 N2Py3o N2Py3u N2Py4
Cl -18 92 136 -

clo, 653 519 300 170 (%)
A(Cl-clo,) 671 427 164 -

(*) only Ox. Potential

The redox potentials of the cobalt complexes of N2Py2, N2Py3o, N2Py3u, N2Py4
were measured by cyclic voltammetry using BAS-100B electrochemical analyzer with a
scan rate of 100mV/s. The measurements were carried out in acetonitrile containing 0.1
M tetra-n-butyl ammonium hexafluorophosphate as supporting electrolyte at 25°C,

Ag/AgNO:s electrode was used as reference electrode.

COOCH;Z

HyCOOC

Fig. 4.8.2 Charge transfer to cobalt metal center.
The differences in redox potentials between aqua complexes (perchlorate anion) and
chloro complexes are compared in Table 4.8.1. The chloro complexes show lower redox
potential than the aqua complexes in the case of all ligands. A lower redox potential in
the same complex indicates higher stability of the oxidized form.
The charge transfer from chloride to cobalt causes an increasing of charge density at the
metal center, which results in ionic attraction and thus in higher complex stabilities. The

effect of charge transfer is more significant for higher charged central metal ions, which
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are then more stabilized in comparison with the reduced form.
It was shown that for N2Py2 the difference in the redox potential between the chloro
and aqua complex is significantly larger (671mV) than for N2Py3o (427mV) and
N2Py3u (164mV). As the crystal structure of Fig. 4.1.2 reveals, two chlorides
coordinate to the Co(Ill) center with N2Py2 while for N2Py3o0, N2Py3u only one
chloride ligates to the central cobalt ion. Coordination of two chlorides has more
influence on the redox potential than one, an effect which is simply additive.
According to the crystal structure of Co(IIl) with N2Py2, the average bond lengths in
the aqua and chloro complexes with N2Py2 are 1.97A, and 1.95A, respectively. The
reason for this relatively small difference can also be explained by the charge transfer
from chloride to cobalt center. Furthermore, it was also observed that there is a large
difference between N2Py30(427mV) and N2Py3u(164mV), both of which are
pentadentate ligands.

This may be explained by the diffidence in bond distances from cobalt to the co-ligand.
The computed structure shows Co(III)N2Py3o0 (NH3-Co : 1.95) has slightly shorter
distances between co-ligand and Co than Co(III[)N2Py3u (NH3-Co : 1.97). That is ,
the CoN2Py30 complex is more significantly affected by the coordination to a chloride

anion.

Fig.4.8.3 shows CV’s of [Co(IIT)(N2Py2)(H20),](ClO4); and [Co(III)(N2Py2)CL]Cl.
The aqua complex (perchlorate complex) shows an ideal, symmetric redox couple,
which is quasi-reversible. On the other hand, for the chloro complex, the curve is
asymmetric and shows smaller currents for the reduction process of Co(Ill) to Co(II)

complex. It is considered as a partially quasi-reversible process.
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Fig. 484 shows CV curves of [Co(II)(N2Py30)(H,0)](ClO4); and
[Co(IIT)(N2Py30)CI]Cl,. The curves of both the aqua complex (perchlorate) and the
chloro complex show an ideal symmetric pattern, having both the oxidation and
reduction peaks around the same absolute intensity. There is a considerable difference in
the distance of the reduction-potential and the oxidation-potential of the two complexes.
This difference for the aqua complex and the chloro complex was 498 mV and 137 mV
respectively. It is considered that the aqua complex is quasi-reversible and the chloro
complex is reversible

Fig. 4.8.5 shows CV of [Co(III)(N2Py3u)(H,0)](Cl0y); and [Co™ (N2Py3u)Cl]Cl,. The
curve of both complexes show ideal patterns during the oxidation of Co(II) to Co(III).
On the other hand, the reduction of Co(III) to Co(II) half wave was not complete, being
far from reversible. Aqua complexes with N2Py3u also reveals higher redox potentials
compared with chloro complexes as it was observed for the case of the complexes of
other ligands.

Fig. 4.8.6 shows CV of [Co(III)(N2Py4)(ClO4)s. For N2Py4 there is no peak for the
reduction of Co(III) to Co(II). This process is considered as irreversible. it might be due
to the build-up of strain energy. This is proposed by force field calculations, as
mentioned in Chapter 3, which indicate that short metal-donor distances such as
Co(III)-N lead to a build-up of strain (loss of up to 60 kJ/mol with respect to the
relatively unstrained geometry induced by Zn(II)) in N2Py4. The strain causes the

destabilization of the Co(III)N2Py4 complex.
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Fig. 4.8.3 Cyclovoltammetric curves of [Co(III)(N2Py2)(H,0),](ClO4); and

[Co(IIT)(N2Py2) Cl,]C1

aqua

chloro

Fig. 4.8.4 Cyclic  voltammetry of [Co(III)(N2Py30)(H,0)](ClO4); and

[Co(III)(N2Py30)Cl,]Cl
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Fig. 4.8.5 Cyclic  voltammetry of [Co(III)(N2Py3u)(H,0)](ClO4); and

[Co(IITI)(N2Py3u)Cl,]Cl

Fig. 4.8.6 Cyclic Voltammetry of [Co(IIT1)(N2Py4)](ClO4)3
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5. Vanadium Complexes of 3,7-Diazabicyclo[3.3.1]Jnonane Derivatives

5.1 Introduction

Vanadium has been recognized to play an important role in biological systems. Currently,
there is considerable interest in investigating mononuclear vanadium complexes because of
haloperoxidase enzymes, which catalyze the peroxide-dependent halogenation of organic
substrates, have been shown to contain vanadium in their active sites.">>**

Furthermore, peroxo vanadium (V) complexes have been found to act as catalysts in the
oxidation of organic substrates (e.g., epoxidation of alkenes, hydroxylation of alkanes and
aromatic compounds).>*® It has been discovered that some of mononuclear oxo vanadium (IV)
and peroxo vanadium (V) complexes have insulin-mimetic properties.7’8’9’10

Therefore, developing further vanadium complexes is a flourishing field in bioinorganic
chemistry.

The structural features, thermodynamic stability and kinetic lability are all important factors
playing a crucial role in the mechanisms of the catalytic cycles of the enzymatic reactions.
Rigid bispidine ligands (N2Py2, N2Py30, N2Py3u and N2Py4) which contain only nitrogen
donor atoms were tested for complexation with vanadium ions. Metal sources of different
oxidation states and different anions were applied. According to the HSAB concept,
vanadium ions (V3+,V02+,VOZ+) are all relatively hard, i.e., weakly polarizable, and
interaction with nitrogen donors are expected to be not especially favored. But a manifold of
effects influencing complexation (preorganization, hole size) can tune the reaction in the
direction of completion.

Vanadium (IV) as a hard ion has a high affinity to amine nitrogens of the bispidine backbone.

An oxidation from paramagnetic V(IV) (d") yields diamagnetic V(V) (d°) complex. There is

no d-d transition band observable in UV—Vis spectra of V(V) oxo complexes, the most
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remarkable features can be some charge transfer band from possible interaction between
coordinated anions and the central V(V) ion. A change of the valency of vanadium can alter
metal-donor atom distances as well as the strain energy of the ligands.

The influences of oxidation of a V(IV) bispidine complex on structural, spectroscopic and

electrochemical properties is reported and discussed.
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5.2 Synthesis of Vanadium Bispidine Complexes

2+
5.2.1 Synthesis of [V(1V)O(N2Py30)]**

MeOH

Fig. 5.2.1  Synthetic route of [V(IV)=O(N2Py30)]*"

The synthesis of a vanadyl complex with the pentadentate ligand N2Py3o was carried out by
the following method: 1 eq. of vanadyl sulfate hydrate was stirred in the presence of 1 eq.
N2py3o ligand in refluxing methanol for 2 hours. The resulting solution was diluted with
water and the complex separated on a Sephadex CM-C25 column using 0.1M aqueous
NaClOQy as eluent.

Attempts were made to synthesize vanadyl complexes of the ligands N2Py2, N2Py3u and
N2Py4. However no complexation took place, even after trying several different reaction
conditions. This indicates that the pentadentate ligand N2Py3o has a high affinity towards
vanadyl ions in comparison to the other ligands.

The vanadyl(IV) ion possesses only a single electron on the outer d-shell, which gives it a
relatively low electron density in this shell. In comparison to Cu(II) or Zn(II), which have d’
or d'° configuration, the ionic radius is comparable. The effect of valence shell electrons is
less pronounced. The single d electron of vanadium can interact weakly with the lone pairs of
the ligand in a “covalent” way. The nitrogens of the bispidine backbone, due to their lower
electronegativity, represent a soft to border line donor, which prefer covalent interactions with

the empty d-orbitals of the central metal ion. In our case vanadium is a rather hard acceptor
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(due to the d' configuration), prefers bind to ligands with donors of ionic nature. Thus,
coordination of the 7 -donor of the pyridine of the bispidines to vanadium is expected not to
be of importance, on the other hand on pyridine donors not very difficult in n-bonding.

The distance between the metal and the w-ligand is strongly dependent on the ligand
configuration. For example copper (II) complexes of N2Py3o and N2py3u show remarkably
different M-Cl distances, revealing the importance of the ligand field effect on this bond.

Such an effect may play an important role in the success or failure of the synthesis of the
corresponding vanadyl complexes. A fit or misfit between the rigid bispidine backbone and
the ““quasi rigid” vanadyl ion is a different problem. Also, under the influence of the ligand
field the double bond between oxygen and vanadium can elongate or compress. However, this
double bond seems to be insusceptible to the ligand effect, as an analysis of the large number

of crystal structures obtained so far shows.
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5.2.2 Synthesis of [V(V)=0(0,)(N2Py30)]CIO,

2+

7 \ H,0,

MeOH

=
Fig. 5.2.2  Synthetic route of [V(V)=0(0,)(N2Py30)]CIO4

[V(V)=0(0,)(N2Py30)]ClO4 was obtained by the oxidation of  the
[V(IIV)O(N2Py30)](ClO4), complex using the following method: [V(IV)O(N2Py30)](ClOs),
was stirred in the presence of 10eq. H,O, in methanol. The resulting solution was diluted with
water and separated on a Sephadex CM-C25 column using aqueous 0.1M NaClOy as eluent.
The solvent was removed in vacuo, 0.11g (0.14mmol, 47% yield) of product was obtained by

precipitation.
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5.3 Crystal Structures of Vanadium Bispidine Complexes
5.3.1 Crystal structures of [V(IV)O(N2Py30)]Cl,, [V(V)O(N2Py30)] (ClO4), and

[V(V)=0(0;)(N2Py30)]CIO,4

Single crystals suitable for X-ray analysis of and [V(IV)O(N2Py30)](ClO4), were obtained
from crystallization in aqueous solution after about 1 week. The resulting purple crystals were
stable in air for several days.

The crystal structure and selected bond lengths and bond angles of [V(IV)O(N2Py30)]Cl,,

[V(IV)O(N2Py30)](ClO4), are shown in Fig. 5.3.1a, Fig. 5.3.1b and Table 5.1,respectively.

Fig. 5.3.1a Crystal structure of Fig. 5.3.1b Crystal structure of
[V(IV)O(N2Py30)](ClO4)> [V(IV)O(N2Py30)]Cl,
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The vanadyl ion coordinates octahedraly to N2Py3o. In the ClO,4 salt complex, the axis of the
V-Npy1, V-Npy2 and V-N3 bonds are located almost on the same plane (the central vanadium
almost falls on the plane determined by Nyy1, Npy2 and N3) but the two pyridyl rings are not in
the plane. The length of the V=0 bond is consistent with values measured for other vanadyl
group [1.59A]." On the other hand, the length of the V-N, bond, which is perpendicular to
this plane, is 2.36A. This bond is rather long for V-Namine. 12 The average for a V(IV)-N bond
lengths is 2.15A. The hydrolysis of the ketone groups are observed which is often observable

for bispidine complexes.
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Table 5.1 Crystal structure data of [VIV)ON2Py30)ICl;, V(IV)O(N2Py30)(C104)2
[V(V)O(02)(N2Py30)]C104
[V OePE-0KCIO); | [V ePy3-0K), [V=00,NPG0I0,
| distances(A]
V-3 210 212 219
V=N7 236 234 256
VN, 211 211 211
VN 210 210 211
V-Ma 208 208 [5.54]
V=0 1.59 160 1.60
YT
S (M-N) 215 215 224
= T
V=01 1.81
V-0 1.684
o1 -ce 1.28
h3-NT 284 287 290
Mo =Tz 413 413 400
|__argles| |
NI3=V=NT 787 81 751
NB-V-N,, 796 790 760
N3-V-IN,,2 789 785 746
M-V, g 1545 156.0 -
NI3-V=0 1083 100.4 98.3
Npyl =V-N, ., 158.3 157.4 1505
torsion{A |
C1-C2-CA-N., 43 816 B9.6
C5-CA-CAZN.» —87.0 632 -947

and

86



5. Vanadium Complexes of 3,7-Diazabicyclo[3.3.1]nonane Derivatives

5.3.2 Crystal Structure of [V(V)=0(0,)(N2Py30)]CIO,

Single crystals of [V(V)=0(0,)(N2Py30)]ClOs, suitable for XRD, were obtained by
slow evaporation at the solvent (water / acetonitrile, ca. 1:10). The resulting orange

crystals were stable in air for several days.

The crystal structure of [V(V)=0(02)(N2Py30)]ClO4 clearly shows that oxidation from
V({IV)complex to V(V) complex had occurred. Furthermore, there is a side—on bound
peroxide anion at the metal center. The O-O is
1.28 A, which is quite a short distance for a
bidentate peroxo ligand (this will be discussed
in greater detail in 5.8). The crystal structure
also confirmed that Npy3 does not coordinate
to the metal center.

The distances of Npyyi-V, Npye-V, N3-V and
V=0are2.11A,2.11 A2.19 A

and 1.60A, respectively, which are expected

for V(IV) complexes.“ Fig. 5.3.2 Crystal structure of
[V(V)=0(0,)(N2Py30)]CIO,

However, the V-N; bond is remarkably elongated to

2.56A. This is an extremely long bond length

for V—Namine.6
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5.3.3 Comparison of the Crystal Ctructure of [V(IV)O(N2Py30)]Cl, and

[V(V)=0(0,)(N2Py30)]CIO,4

An overlay of the crystal structures of [V(IV)O(N2Py30)]Cl, and
[V(V)=0(0,)(N2Py30)]ClOy is shown in Fig. 5.3.3.

As it can be seen from the figure, there are no remarkable differences for the V-NPy1,
V-Npy2 and V-N3 bond distances. However, the distance of V-N7 is much longer in the

V(V) complex(2.56A) than in of the V(IV) complex (2.34A).

Fig. 5.3.3 Overlay of the crystal structure of [V(IV)O(N2Py3o)]2+ and

[V(V)=0(0,)(N2Py30)]" without substituents to the bispidine backbone
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5.4 EPR spectra of the Vanadium(1V) Bispidine complexes

5.4.1 EPR spectrum of [V(IV) O(N2Py30)](CIO,),

(\/W\//\,\M .y —
——/\
experimental

Ax=-51
Ay=-50
Az=-153

gx= 1.988
gy=1.977
gz= 1.950

2600 2800 3000 3200 3400 3600 3800 4000 4200

Fig. 5.4.1 EPR spectrum of [V(IV) O(N2Py30)] (ClOs), in DMF/H,0 (2:1) with
v=9.2920 [Hz], frozen solution, (*'V; I=7/2; natural abundance 99.76%)

(red) experimental, (blue) simulated

The EPR spectra were measured at 110.3K using approx. 1 mM solutions of
[VIV)O(N2Py30)]" complex in DMF/H,0(2:1). Anisotropic spectra were recorded at

the frozen sample. The g value and A values were determined by simulation using the

program XSophe.
Ao=-5lem™, A, =-50 cm™, A,,=-153 cm’! (Au<Ay,>>A,)  Aj=-84 cm’
2=1.988, g,,=1.977, g,,~1.950 (gxx > gyy>gzz) giso=1.9717
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All spin-Hamiltonian parameters were in the range expected for axially symmetric
vanadyl complexes."® There is no difference in the EPR spectra of the two salts of the

vanadyl complexes [V(IV)O(N2Py30)](ClO4), and [V(IV)O(N2Py30)]Cl,.
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5.5 Electrochemistry of the Vanadium Bispidine
55.1 Electrochemical Properties of [V(IV)O(N2Py30)]Cl, and

[V(1V)O(N2Py30)](CIO),

m/m
-1.18

v/
-0.63

E, ,=-1.10V

/v

v/v

3000 2500 2000 1500 1000 500 0 -500 -1000 -1500 —-2000 —-2500
mV

Fig. 5.5.1 Cyclic voltammogram of [V(IV)O(N2Py30)]Cl, in CH;CN
(scan rate: 100 mV/s, reference electrode 0.01 M AgNOs/Ag)
The redox potential of the vanadium complexes of [V(IV)O(N2Py30)]Cl, and
[V(IV)O(N2Py30)](ClO4), were measured by cyclic voltammetry using the BAS-100B
electrochemical analyzer with a scan rate of 100mV/s. The measurements were carried
out in dry acetonitrile containing 0.1 M tetra-n-butyl ammonium hexafluorophosphate
as supporting electrolyte at 25°C, Ag/AgNO; was used as reference electrode. The
cyclic voltammgramms are presented in Fig. 5.5.1. As can be seen, the redox step of the
V(I)/(IIII) couple at a potential of -1.1V is quasi-reversible. Further at -0.63V, a
reduction peak was observed but a peak for oxidation from III to IV was not found.
There is an oxidation peak at 0.99V from IV to V but no reduction peak i.e., the

oxidation to V(V) is irreversible.
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5.5.2 Electrochemical Properties of [V(V)=0(0,)(N2Py30)]CIO,4

m/n

Iv/11
-0.24

E1/2:_1 a0V

11/101
02
/v

g VAV | —— [V=0(02)XN2Py30)]+

mV
3000 2500 2000 1500 1000 500 0 -500 -1000 -1500 -2000 -2500

Fig. 5.5.2 Ccyclic voltammograms of [V(V)=0(0,)(N2Py30)]ClO4 in CH3CN (scan

rate: 100 mV/s,against AgNOs/Ag electrode)

The redox potential of V(II)/(IIl) redox couple is observed at -1.10V which is
quasi-reversible similarly to [V(IV)O(N2Py30)]Cl, complex. Furthermore, a reduction
peak was observed at -0.24V, but a peak for oxidation from III to IV was not observed.
There is an oxidation peak at 1.60V from IV to V but no reduction peak which is

irreversible.
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5.6 UV-Vis Spectra of the Vanadium Bispidine Complexes

5.6.1 UV-Vis spectrum of [V(IV)O(N2Py30)](ClO,),

700

€254 =590.9
600

500

€363 = 289.6

£ (M-1em-1)

200

100

€514=304 €695 =287

200 300 400 500 600 700 800 900
Wavelength (nm)

Fig. 5.6.1a UV-vis spectrum of [V(IV)O(N2Py30)](ClO4), in methanol

Table 5.2 Assignment of electronic transition of [V(IV)O(N2Py30)](ClO4),

assignment wavelength(nm) | wave number (cm™) €
n— ¥ 254 39370 590.9
Xy — 72° a) 363 27548 289.6
Xy —x>-y*  b) 514 19455 30.4
Xy = XZ,yZ C) 695 14388 28.7
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The electronic spectra of [V(IV)O(N2Py30)](ClO,), was measured in methanol at 25°C.
[V(IV)O(N2Py30)](ClO4); has two sharp absorptions at 254nm, 363nm with shoulders
and two broad peaks centered at 514nm and 695nm.

The band at 695 nm is tentatively assigned the promotion of an electron from the
half-filled d,y orbital to the empty or dy, (xy—xz, yz). The band at 514nm is assigned as
the promotion from the half-filled d, orbital to the d..y» orbital (xy—x°-y?). The peak
at 363 nm is assigned as the promotion from the half-filled dy orbital to the d,, orbital

(xy—z%).The peak at 254nm is assigned as a 1 — ©* transition from within the pyridine

groups.
2
e, A eDgapsopt (@2
D
6Dq b, (dx2-y?)
6Dq+2Ds-Dt
a) 27548 cm1
T 3d! b)19455 cm-1
e g [4Dq-Ds+4pt| (0x% dy2)
AD €)14388 cmt
— b,(dxy)
-4Dq+2Ds-Dt
Oh Cyy

Fig. 5.6.1b Energy levels of an Oh ligand field (C4y symmetry, (-3Ds+5Dt)>0)
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The crystal field energy level diagram for [V(IV)O(N2Py30)]*" is given in Fig. 5.6.1c.

The parameters Ds and Dt specify the degree of tetragonality present in the ligand

field.'*'® The energies of the d states are given by the 3 parameter'®'” as follows:
E(dz?)=6Dq-2Ds—-6Dt (5.1) z
E(dx?> - y?)=6Dq+2Ds— Dt (5.2)
2.34/&//
E(dxy)=—-4Dq+2Ds - Dt (5.3) 5 11A
E(dxz/dyz) =-4Dq - Ds +4Dt (5.4) —Oz_le \Y/ SR Y
1.60A
/C%{o
From (5.1)-(5.4) X
b2=e  -3Ds+5Dt= 14388cm’
b2-bl  10Dq=19455cm’ Fig. 5.6.1c X-ray data of
2+
b2—»al  10Dq-4Ds-5Dt = 27548cm’! [VIV)O(N2Py30)]

The value of 10Dq is obtained directly from the Ab2=>bltransition,which gives
Dq=1946cm™. (VOSO45H,0 : Dg= 1600 cm™ ')
From (5.1)-(5.4) it emerges that Ds = -3212, Dt = 951. The parameters of Ds and Dt

specify the degree of tetragonality present in the field."*
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5.6.2 UV-Vis Spectrum of [V(V)=0(0,)(N2Py30)]CIO,
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Fig. 5.6.2 UV-Vis spectrum of [V(IV)O(N2Py30)](ClO;), in methanol at 25°C.

As expected for d° metal ions, there are no observable d-d bands in the visible region of
the electronic absorption spectrum of the vanadium (V) oxo peroxo complex, while the
UV region is dominated by a peak centered at 254nm, which is in assigned to the 1 —
m* transition of the pyridyl groups of the ligand.

The characteristic peak at 456 nm (e=137) is assigned as a peroxo-vanadium
charge-transfer transition. The transition is in the range typical for vanadium peroxo

20,21,22
complexes™ "7,
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5.7 Oxidation of the Vanadium (1V) Bispidine Complexes
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Fig. 5.7.1 Oxidation reaction of [V(IV)ZO(N2Py30)]2+ with hydrogen peroxide in
methanol at 25°C

The oxidation reaction of [V(IV)ZO(NZPy30)]2+ complex was measured by UV-Vis
spectroscopy. For the experiment, 11 mM of [V(IV)=O(N2Py30)](ClO4), and 170 eq. of
30 % hydrogen peroxide were used. The measurement was carried out in dry methanol
at 25°C. The spectra were recorded every 5 minutes. Two isosbestic points were
observed at 390 nm and 560 nm which indicates there are only species with absorbance
in the UV-Vis region in solution. According to the UV-Vis spectra the expected
conversion occurred successfully, the two bands of the [V(IV)ZO(N2Py30)]2+ complex
(514 nm and 695 nm), shifted to a more intense single band at 429 nm. The color of the

solution changed from light purple to orange.
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The newly formed band at 456 nm is assigned to a hydroperoxo to V(V) charge transfer

transition (Fig. 5.7.2.)

—‘2+

\|LIV +

|
L

O

H,0,

peroxo

oxo hydroperoxide

—
O
I

=V
\O

+

+2H

0XOperoxo

Fig. 5.7.2 Oxidation scheme of [V(IV)=0 (N2Py30)]2+ with hydrogenperoxide

Further, the peak which appears at 429 nm shifted to 456 nm after 1 day (see Chapter

5.6.2). It probably indicates that the peak at 429 nm probably corresponds to the

oxo-hydroperoxo V(V) complex as intermediate as shown Fig. 5.7.2.

This indicates there is a fast reaction from the oxo V(IV) to an oxo hydroperoxo V(V)

complex followed by a slow rearrangement to the oxo peroxo V(V) complex, which

also involves substitution of a pyridyl groups (see Fig. 5.3.3)
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y = -1.02E-03x + 4.52E-01
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Fig. 5.7.3 In[VON2Py3o0] vs time(s) at 430 nm.
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Fig. 5.7.4 In[VON2Py30] vs time(s) at 700 nm
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A plot of the logarithm of time(s) vs. the concentration of [V(IV)ZO(NZPySO)]2+ is
shown in Fig. 5.7.3 and 5.7.4. The concentration of the [V(IV)=O(N2Py30)]*" species

was estimated by intensity of the peak at 430nm and 700nm, respectively.

d[C]
B A2 WG
i [C] (5.5)
o dC t _kt
J.CO ? = —kjo dt < Ct = Coe (56)
hl[Ct] = —kt + ln[CO] (5.7)
L, = E (58)
k

It was observed that the reaction is first order due to the linearity of the plot in Fig. 5.7.4
after an initial reaction at approx. 300 seconds. The correlation coefficient of the linear
region (R?) is 0.999. From equation (5.7) and the slope, the rate constant was
determined by linear fitting and the its value is presented in Fig. 5.7.4. The observed
rate constant Kops was estimated as 1.02%107 s™'. The estimated half life is (tip) 679.56 s
from equation (5.8). The half-lives are generally independent of the initial concentration
as shown in equation (5.8).
Further, from Fig. 5.7.4, the rate constant and half-life are estimated as 9.68*10* s'and
716.06 s, respectively. The results which are given at 430 and 700 nm are in good
agreement, and this indicates that the absorption increases and decreases occur

simultaneously, and are characteristic for the same reaction.

100



5. Vanadium Complexes of 3,7-Diazabicyclo[3.3.1]nonane Derivatives

1.2

g
0

Intensity

o
o

04

0 10 20 30 40 50 60 70 80 90 100

Time (min)

Fig. 5.7.5 Time dependence of the absorption intensities at 430 nm and 700 nm for
[V(IV)=0O(N2Py30)](ClO4).

The absorbance values at 430 and 700 nm are plotted as a function of the reaction time
in Fig. 5.7.5. The intensity of the assigned hydroperoxide LMCT band and the d-d
transition band increase or decrease in parallel. The first 5 min of the reaction shows a
different behavior. The rate of product formation at the beginning is significantly slower,
which might indicate that the reaction mechanism involves an intermediate which has to
be formed first and which can take part in the reaction as catalyst, opening a faster

pathway for the oxidative conversion. An autocatalytic mechanism can also be possible.
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5.8 IR Spectra of [V(IV)=0(N2Py30)](ClO4), and [V(V)=0(0,)(N2Py30)]CIO,

90

r 80

%T

—— [VIV=ON2Py30](Cl04)2 L 10
—— [VV=0(02)(N2Py30)]CIO4
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Fig. 5.8.1 Overlayof the IR-spectra of [V(IV)=O(N2Py30)](ClO4), and

[V(V)=00,(N2Py30)]ClO4, measured from KBr pellets

There is an absorption band at 986 cm’ in [V(IV)=O(N2Py30)](ClO4),. For
six-coordinate vanadyl (IV) complexes the frequency of the V=0 stretching vibration is
generally observed at ca. 950cm™ while for five-coordinate vanadyl (IV) complexes it is
found at ca. 980 cm™ ***. The peak at 986 cm™ is therefore attributed to the V=0
stretching vibration. The stretching vibration at 986cm™ indicates rather a behavior
typical for a 5-coordinate VO>* complex, but the crystal structure of
[V(IV)=O(N2Py30)](Cl0O4), shows a 6-coordinate VO** complex.

The bond length of V-N7 of [V(IV)=O(N2Py30)](ClOy), is 2.36A, which is extremely
long for V-Numine bond (generally, bond lengths of V(IV)-N are in the range of

ca.2.08-2.194). This might be a reason that the complex has a V=0 stretching vibration
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similar to five-coordinate vanadyl (IV) complexes.

Three absorptions were found at 890 cm™, 932 cm” and 962 cm™ in the two IR
spectrum of [V(V)=00,(N2Py30)]ClO4. The absorption at 962 cm’! might be attributed
to the V=0 stretching vibration, two bands at 890 em™, 932 cm?! are tentatively
assigned to the O-O stretching vibrations. For further confirmation isotope labeling
experiments are needed.

Cramer et al.> have reported a relationship between the O-O stretching frequencies and
the O-O bond length with a linear correlation as shown in Fig. 5.7. Generally , the
compounds having an O-O bond length in the range of 1.4-1.5 A and a voo between
800 and 930 cm™ are categorized as peroxides, whereas compounds with an O-O bond
length of 1.2-1.3 A and voo between 1050 and 1200 cm™ belong to the superoxide
category?6:27:28,

The bond length of O-O in [V(V)=0(0,)(N2Py30)]Cl04is1.275A. On the basis of the
above categorization, this is in the range of superoxides and the O-O stretching
frequencies should appear at ca.1250 cm™.

However the O-O stretching frequencies actually appeared at 890 cm™ and 932 cm™.It
is not consistent with the expectation, since no extra peaks were observed in the IR
spectrum of the V(V)-peroxo complex in the range of 1250 cm™ in comparison to the
VO™ complex.

The results of the XRD clearly show that the cationic part of the complex is +1, due to
the stoichiometry, taking counter anions into consideration. Moreover, the mass
spectrum shows a peak at 616.4 assigned to [V(V)=0(02(N2Py30)] - H,O
(616.52g/mol) with a +1 charge,. The possible combination is considered as either a

[VV=0]>" complex with a bound peroxide or a [V''=0]*"complex with coordinated
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superoxide ion. However the lack of a d-d band in the UV-vis spectrum indicates that

the complex is undoubtedly formed between Vanadium (V) and peroxide. In spite of the

above results, it was found that [V(V)=0(O2(N2Py30)] has an extremely short O-O

bond distance of 1.275 A. These results will need further detailed work (e.g., labeling

studies of two vog stretching mode and temperature dependent crystallography.
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Fig. 5.8.2 Plot of 0-O stretching frequencies (cm™) vs. O-O bond lengths (A)*
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5.9 NMR Spectrum of [V(V)=0(0,)(N2Py30)]CIO,

The 1H—NMR—spectmm of [V(V)=0(0,)(N2Py30)]ClO4 was measured in de-DMSO at
300 K. The diamagnetism of the V(V) complex with N2Py30 was supported. The sharp
single peaks observed at 5.59 ppm and 3.69 ppm are assigned to the H2/H4 CH protons
and methoxy protons, respectively. These single peaks indicate a high level of symmetry
in the entire vanadium complex, even with a side-on coordinating peroxo group and an
uncoordinated pyridyl group. In the case of an asymmetrical complex, the peaks of the

H2/H4 CH protons and the methoxy protons should be split.
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Fig. 5.9.1 "H-NMR spectrum of [V(V)=0(0,)(N2Py30)]C10, (200MHz,d-DMSO)

105



5. Vanadium Complexes of 3,7-Diazabicyclo[3.3.1]nonane Derivatives

References

' H. Sigel, A. Sigel, Eds. Metal lons in Biological Systems Vol.31: Vanadium and its

Role in Life,31, Marcel Dekker, Inc., New York,1995.
* A. Butler, J. V. Walker, Chem. ReV., 1993, 93, 1937.

3 D. Rehder, Angew. Chem., 1991, 30, 148.
*N. D.Chasteen, Ed. Vanadium in Biological Systems, 1990.
> A. Butler, M. J. Clague, G. E. Meister, Chem. ReV., 1994, 94, 625.

S H. Mimoun, L. Saussine, E. Daire, M. Postel, J. Fischer,
R. Weiss, J. Am. Chem. Soc., 1983, 105, 3101.

7S. Kadota, I. G. Fantus, G. Deragon, H. J. Guyda, B. Hersh,

B. L. Posner, Biochim. Biophys. Res. Commun., 1985, 147, 259.
8 A. Shaver, J. B. Ng, D. A. Hall, B. S.Lum, B. I. Posner, Inorg.Chem. 1993, 32, 3109.
?J. H. Mcneill, V. G. Yuen, H. R. Hoveyda, C. Orvig, J. Med.Chem. ,1992, 35, 1489.
10p. Caravan, L. Gelmini, N. Glover, F. G. Herring, Li, H.

J. H. McNeill, S. J. Rettig, I. A. Setyawati, Shuter, Y. E. Sun,

S. Tracey, V. G. Yuen, C. Orvig, J. Am. Chem. Soc., 1995, 117, 127
1y Selbin, Cood.Chem.Rev.,1966, 1, 293.

"2 H. Kelm, H. J. Krueger, Angew. Chem., 2001, 12, 113.
BB A Goodman, J. B. Raynor, Adv. Chem. Radiochem., 1970, 13, 135.

' W. Moffitt, J. Ballhausen, Ann. Rev. Phys. Chem., 1956, 7, 107.

' C. J. Ballhausen, H. B. Gray. Inorg. Chem.,1962, 1, 1.

16 J. Hasselstroem, A.,Foehlisch, R.Denecke, Phys. Rev. B., 2000, 62, 11192.

7P H. Butler, Point Group Symmetry, Applications, Methods and Tables. (Plenum,
new York, 1981)

'8 1.. E. Orgel, J. Chem. Phys., 1955, 23, 1819.

Y7 s, Piper, R. L. Carlin, J. Chem. Phys., 1960, 33, 1208.

106



5. Vanadium Complexes of 3,7-Diazabicyclo[3.3.1]nonane Derivatives

G Colpas, B. J. Hamstra, J. W. Kampf, V. L. Pecoraro, J. Am. Chem. Soc., 1994, 116,
3627.

*' G .J. Colpas, B. J. Hamstra, J. W. Kampf, V. L. Pecoraro, J. Am. Chem. Soc., 1996, 118,
3469.

2h. Kelm, H-J. Krueger, Inorg. Chem., 1996, 35, 3533.

» X.Li, M. S. Lah, V. L. Pecoraro, Inorg. Chem., 1988, 27, 4657.

24 J. A. Bonadies, C. J. Carrano, J. Am. Chem. Soc., 1986, 108, 4088.

> C. J. Cramer, W. B. Tolman, K. H. Theopold, and A. L. Rheingold, Proc. Natl. Acad.
Sci. USA., 2003, 100, 3635.

* L. Vaska, Acc. Chem. Res. , 1976, 9, 175.

> M. H. Dickman, M. T. Pope, Chem. Rev., 1994, 94, 569.

28 3. J. Girerd, F. Banse, A. J. Simaan, in Metal-Oxo and Metal-Pero

107



5. Vanadium Complexes of 3,7-Diazabicyclo[3.3.1]nonane Derivatives

108



6. SOD Assay of Complexes with 3,7-Diazabicyclo[3. 3.1]nonane

6 SOD Assay of Bispidine Complexes

6.1 Introduction

Reactive oxygen species (ROS) such as the superoxide radical anion are considered to cause a
number of diseases, such as atherosclerosis, cancer, and Alzheimer’s disease.?* Their toxic
effects are amplified by pathological events including neutrophil activation, hyperoxia,
metabolism of redox-active drugs, radiation exposure and ischemia/reperfusion.

Subsequently, the overproduced reactive oxygen species cause membrane damage, resulting
from lipid peroxidation, and can also attack proteins and nucleic acids. Therefore, antioxidant
enzymes are useful for the therapy of ROS-mediated injuries and diseases.

Superoxide dismutase (SOD) catalyzing the reduction from superoxide radical anion to H,O,
is the key enzyme for the protection from oxidative stress.

To achieve SOD activity, the redox potential of a complex is a very important factor. The
redox potential of O,/O, and O,/H,0, are -0.33V and +0.89V, respectively. The redox
potential of SOD falls into the range of -0.3 V=E°=<+0.9 V, for example, E° of Fe-SOD is

+0.26 V49, M™+0, —— M™* 10,

MO+ 0, +2H" —  M™ +H,0,

Some of transition metal bispidine complexes may be considerable to be SOD mimics due to
their redox properties. Tetradentate and pentadentate bispidine ligands with two tertiary amine
and two/three pyridine donors enforce distorted octahedral geometry in their transition-metal
complexes (in the case of Cu(ll), 5-coordinate square pyramidal structures are common). Sites
which are not occupied by ligand donor atoms, are free to coordinate substrates, and through
their activation may lead to increasing reactivities. In this chapter the SOD activity of a series

of Cu, Fe, Mn, Cr complexes with bispidine type ligands were investigated.
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6.2 Compounds and Method of SOD Assay.

Fe(I1), Mn(11), Cu(ll) and Cr(I11) complexes of four bispidine type ligands have been tested as
SOD mimics. The activity was determined with the WST test (water soluble tetrazolium
method). °

In this assay, the oxidation of WST by superoxide is measured spectrophotometrically at
450nm. The activity is reported as ICsg values, the catalyst concentration required to inhibit

the WST formazan reduction by 50%.

In order to determine the SOD activity, several direct and indirect methods have been
developed. Among these methods, an indirect method using nitroblue tetrazolium (NBT) is
commonly used due to its convenience and ease of use. However, there are several
disadvantages to the NBT method, such as poor water solubility of the formazan dye and the
interaction with the reduced form of xanthine oxidase. The WST-SOD assay method allows
very conveniently the SOD peformance by highly water-soluble tetrazolium salt, WST-1
(2-(4- lodophenyl)- 3-(4-nitrophenyl)-5-(2,4-disulfophenyl)- 2H-tetrazolium, monosodium

salt) that produces a water-soluble formazan dye upon reduction with a superoxide anion.®

N\ + N cr
‘| " '
_ \N/NH \N/NH
0:8

WST NBT

Fig. 6.1 Structure of tetrazolium ions
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The rate of the reduction with O, is linearly related to the xanthine oxidase (XO) activity, and
IS inhibited by SOD, as shown in Fig. 6.2. The ICs (50% inhibition activity of SOD mimics)

can be determined by a colorimetric method.

xanthine

02 “\/’ 20, WST-1 formazan
X0
H202 < 20, WST-1

uric acid |

SOD

i

Dz + HzDz

Fig. 6.2 Principle of WST-SOD assay method

2.0

10

Absorbance

30 400 500 G600 700

Wavelength/ nm

Fig. 6.3 Absorption spectrum of WST-1 formazan
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6.3 Results and Discussion
The concentration-dependent inhibition curves (log[catalyst] vs. loglCs) are approx. linear up

to 95% inhibition.

100 1
O Mn'LCl,
Fe'L'cl,
s0f A cu'l'cl,
70F ] ®

60

920

50 ]

4L ™

30 [ 1)
20F
10F A

inhibition(%)

. .
1 10 100 1000
concentration(uM)

Fig. 6.4 Inhibition curves of Fe(ll), Cu(ll) and Mn(l11) complexes of N2Py?2

The Fe(Il) complex with N2Py3o is the most active SOD mimic of our series. But it is less
active than the Cu, Zn SOD enzyme by a factor of approx. 250.° The Fe(ll) complexes are
more active than the Mn(l1) and Cu(ll) compounds which have similar activity. (but Cu is
somewhat less active) For Fe(ll) the dinuclear compounds are less active than the

mononuclear ones, which might be related to the redox potential and stoichiometry. A

compounds [Cso values (UM) | change of activity was observed when the
Fell(N2Py30)S04 1
Fell(N2Py30)CI2 2 . . .
Fell(N2Py2)CI2 5 anionic co-ligands were varied, but no clear
MnlI(N4Py4)(CH3C00)2 6
Mnll(N4Py4)(NO3)2 8 trend could be found. Methylation of the
Fell(N2Py2)SO4 20
Fell(6-MeN2Py2)SO4 50 .
[Fell(NAPyA)ICI2 60 @-C-atom of the pyridine donor changes the
[Cull(N2Py2)]CI2 80
Fell(N2Py4)(CIO,), 95 reactivity drastically.
[Cull(N2Py30)ICI2 320
[MnII(N2Py30)ICI2 325 . .
Cull(6-MaN2Py2)S04 350 For Cu(ll) methylation increases the
Cull(N2Py2)(CH3C00)2 1000
Cull(N2Py2)S04 1000 activity, this may be interpreted as a steric
Cull(N2Py2)(NO3)2 1000
Cr(N2Py2)CI2PF6 no activity till 833 M

effect.

Table 6.1 ICsp values of our complexes
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Table 6.2  ICso0 values vs redox potential vs Ag/AgNOs

I1C 50 E°
[Fe"(n2Py30)S0,] 1 53
[Fe"(n2Py30)CIICI 2 143
[Fe'(N2Py4)CIO,] 95 661

800

600

400

-200

-400

Fig. 6.5 Correlation of ICs0 values and the redox

potentials

The 1Csq values are coorelated to the redox potentials. As mentioned in the introduction of this
chapter, the necessary redox potential is in the range of -0.3V to +0.9V. The complexes with
smaller redox potential show a higher SOD activity. There seems to be a linear correlation of

the 1Csp values and the redox potential.
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7.Experimantal

7 Experimental

7.1 GENERAL

Materials
All commercially available chemicals were used without further purification. Solvents of

technical quality were distilled prior to use.

Elemental analysis
Quantitativ analyses were carried out in the Microanalytical Laboratory of the Institute of
Inorganic Chemistry (Heidelberg University). The code number of each measurement is

reported together with the experimentally determined values.

Mass spectroscopy
Measurements were carried out on a Finnigan 8400 Mass-spectrometer. For FAB spectra
nitrobenzyl alcohol was used as matrix. In the case of ESI, samples were dissolved in the

appropriate solvent in 100pg/mL concentration.

IR spectroscopy
IR spectra were recorded from KBr pellets using a 16C type FT-IR spectrometer from Perkin

Elmer.
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NMR spectroscopy

The NMR spectra were recorded on a Bruker AS 200 spectrometer. The chemical shifts are
given in ppm, with reference to TMS or the deuterated solvents. For the peak multiplicities
the following abbreviations are used: s = singlet, d = doublet, dd = doublet of a doublet, t =
triplet, dt = doublet of a triplet, m = multiplet. For the interpretation of the spectra the

Win-NMR program was used.

Crystal structure determination

Intensity data were collected on a Syntex R3 or a Siemens-Stoe AED?2 type diffractometer or
a Bruker AXS SMART 1000 CCD area detector (MoK radiation, A = 0.71073 A, ®- scan).
The structures were solved by direct methods and refined by full matrix least-squares, based
on F2 with all reflections using the SHELXTL program.

Hydrogen atoms were inserted in calculated positions or located in difference Fourier

maps. Corrections for disordered solvent molecules and anions were applied using the

SQUEEZE routine of the program system PLATON.

UV-Vis spectroscopy

UV-Vis spectra were recorded on a Varian Cary 1E or a JASCO V-570 spectrometer.  For

the measurements quartz cuvettes with 1 cm diameter were used.
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Cyclic voltammetry

Cyclovoltammetric measurements were carried out by using a BAS100B electrochemical
apparatus with BAS100W software. The working electrode was a glassy carbon electrode, a
platinum wire was used as indicator electrode. The ionic strength was set to 0.1 M by
using tetrabutylammonium-hexafluorophosphate. For potential measurements a Ag/AgNOs

reference electrode was used. The scan rate was set to 100 mV/s.

EPR

EPR spectra were recorded on a Bruker Elexsys E 500 spectrometer.

SOD assay
A dojindo SOD assay kit-WST was used for all experiments.
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7.2 Synthesis

7.2.1 Synthesis of [V(IV)=0(N2Py30)](ClOy) - 2H,0

g
NS
N
N Sephadex-CM C-25
with 0.1M NaClO,
~ _ + V0so, — [V'VO(N2Py30)]5O, » [V(V)O(N2Py30)](ClO4),2H,0
o) o)

s I\\“ N "//| X
~_N I N~

1.0g (1.94mmol) of N2Py30 was dissolved in 30 ml of methanol, subsequently 0.49g
(1.94mmol) of V(IV)OSO45H,0 was added ,dissolved in 5ml of methanol. After
refluxing for ca.l hour, the solution was evaporated to dryness and the product was
separated on a Sephadex ® CM-C25 column with 0.1M NaClO,. After partial, 0.83g
(0.99mmol) of product was obtained by means of precipitation.

Yield : 51%

Elemental analysis

(16860) calculated (%) C 4025 H 422 N 8.38

observed (%) C 4065 H 4.11 N 843

ESI'MS : 599.3[VO(N2Py30)]*" M=600.52
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4000 3500 3000 2500 2000 1500 1000 500
cm?

Fig. 7.2.1 Infrared spectrum of [V(IV)=O(N2Py30) ](ClO4), - 2H,0 in KBr

IR[cm] : 3484 (s,0H), 3092(w,0H), 2956(w), 1728(s), 1608(s),1479(m), 1437(w),

1286(s), 1281(w), 1253(w) ,1205(w) 1098(s, C104), 1086(w), 986(w), 774(m) ,658(w)

624(s) ,538(w)
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7.2.2 Synthesis of [V(V)=0(0,)(N2Py30)]CIO, -H,O

v Sephadex-CM C-25 v
[V "O(N2Py30)](ClO4); 4 H,0, with 0.1M NaClOy4 [V'=00,(N2Py30)]C104

0.25g of [V(V)O(N2Py30)](ClO4) 2-:3H,O (0.30mmol) was dissolved in 30ml of
methanol. Subsequently 300ul (10eq.)of 30% hydrogen peroxide was added to the
solution. After 1day the product was purified on Sephadex ® CM-C25 eluent : 0.1M
NaClO4 aq)) After partial evaporation of the solvent, 0.11g (0.14mmol) of the product
was obtained as a solid.

Yield:47%

Elemental analysis
(16858) calculated (%) C 4484 H 444 N 934

observed (%) C 4459 H 455 N 9.20

ESI"MS : 632.3[V=00,(N2Py30)]'H,0  M=632.52

'H-NMR (200MHz,DMSO) : 6=1.95(d, 2H, -CH»-),6=2.65(d, 2H,-CH,-),

6=3.57(s, 3H, -NCHs), 6=3.69(s, 6H,0-CH3) ,06=3.81(s, 2H,N-CH2-),6=5.59(s,

2H,N-CH-),6=5.59(s, 2H,N-CH?-),6=7.23-9.92 (m, 12H,Ar-H)
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Fig. 7.2.2 Infrared spectra of [V(V)=0(0,)(N2Py30)]ClO;4 in KBr.

IR[em™] : 3378 (s,OH), 2952(w), 1734(s), 1608(s),1475(m), 1450(w) ,1436(w) ,

1286(s), 1250(s), 1164(w) , 1098(s, ClO4), 1061( w), 1035(w), 1012(m) ,963(w)

932(w) ,890(w) ,785(w) ,771(w) ,675(W) 623(m),523(m)
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7.2.3 Synthesis of [Co(111)(N2Py4)](ClO4)3

z
o |
N
N Sephadex CM25
olo]o | ; with 0.1M NaClO,
+
2Y2

~o ~0
A
N LN/\H N_
N\
|

=

0.5g (0.84mmol) of N2Py4 was dissolved in 20 ml methanol and 0.31g (0.84mmol) of
Co(I1)(Cl04)2:6H,0 in Sml methanol was added to the solution. After the stirring for
ca.l hr,the complex was precipitated and filtrated and dried. 0.52g (0.54mmol) of
[Co(IT)N2Py4](ClO4) » was obtained.

0.3g of [Co(I1)N2Py4](ClOy4) , was dissolved in 20ml of methanol and 17ul (3eq.) of
30% H,0, aq. was added dropwise. After ca. 24 hours the product was isolated on
Sephadex® CM25 with 0.1M NaCl ,q. The eluate was collected as a solid

[Co(IIT)(N2Py4)](Cl0O4); evapolated and dried under vacuum.

'"H-NMR (200MHz,D20) : 6=3.32(d, 2H, -CH,-),0=3.44(d, 2H,-CH,-),
6=3.51(s, 2H, -N-CH,-), 6=3.56(s, 2H,N-CH,-),6=3.69(s, 6H,-O-CH3) ,

6=5.83(s, 2H,N-CH-), 6=7.60-8.99 (m, 16H,Ar-H)

122



7.Experimantal

70

- 60

- 50

- 40

%T

- 30

- 20

- 10

4000

3500 3000 2500 2000 1500 1000 500
cm?

Fig. 7.2.4 Infrared spectrum of [Co(III)(N2Py4)](ClO4); in KBr

IR[cm] : 3498 (s), 2920(m), 2848(m), 1724(s), 1614(s), 1476(m), 1440(m),

1436(m), 1264(s), 1082(s), 1038(m), 948(w), 926(w), 780(m), 762(m), 626(m), S46(w)
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7.2.5 Synthesis of [Co(111)(N2Py30)CI]Cl,-6H,0

Dowex 50 with
1 M HCI
+ co''(clo),——  [Co"(N2Py30)](ClO,), —> [Co(N2Py30)CI|Cl,
H,0,

0.5g (0.97mmol) of N2Py3o0 was dissolved in 20 ml methanol and 0.35g (0.97mmol) of
Co(IT)(Cl04),:6H,0 in Sml methanol was added to the solution. After stirring for lhr,
the resulting product was precipitated, filtrated and dried. 0.42g (0.54mmol) of
[Co(II)(N2Py30)(H20)](ClO4), was obtained.

0.42g of [Co(IT)(N2Py30)(H20)](ClO4), was dissolved in 20ml of metanol, and 17ul
(3eq.) of 30% hydrogen peroxide was added dropwise. After ca. 24 hours, the product
was adsorbed onto Dowex” 50 and eluted with 1M HCI. The resulting product was
evapolated and dried in vacuum.

Yield :0.21g (0.26mmol) (48.15%)

Elemental analysis

(16816) calculated (%) C 4263 H 4.66 N 8.85

observed (%) C 4259 H 524 N 8.88

ESI"MS : 3139 [Co(N2Py30)CI]'H,0 M=2/627.96
'H-NMR (200MHz,DMSO) : 6=2.60(d, 2H, -CH>-),6=2.75(s, 3H, -NCHy),
6=3.05(d, 2H,-CH>-),6=3.75(s, 6H,0-CH3) ,6=4.80(s, 2H,N-CH2-),6=5.28(s,

2H,N-CH-),6=7.50-9.72 (m, 12H,Ar-H)
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Fig. 7.2.5 Infrared spectra of [Co(III)(N2Py30)CI]Cl, in KBr

IR[em™] : 3388 (s,), 2358(m), 1726(s), 1608(s),1474(w), 1436(m), 1262(s),

1156(w) , 1108(w), 1060(m), 1030(w), 950(w), 770(m)
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7.2.6 Synthesis of [Co(111)(N2Py3u)CI]Cl;

Dowex 50 with
1M HCI
+ co'lcloy), ——  [Co"(N2Py3u)(H,0)(CIO,), — [Ca™(N2Py3u)CIICl,
H,0,

0.51g (0.989mmol) of N2Py3u was dissolved in 20 ml methanol and 0.36g (0.97mmol)
of Co(I1)(Cl104),:6H,0 in S5Sml methanol was added to the solution. After stirring for 1 hr,
the resulting product was precipitated, filtrated and dried. 0.40g (0.54mmol) of
[Co(IT)(N2Py3u)(H20)](ClO4), was obtained.

0.40g (0.54mmol) of [Co(II)(N2Py3u)(H20)](ClO4), was dissolved into 20ml of
metanol, and 17ul (3eq.) of 30% H,0; aq. was added dropwise. After ca.24 hours, the
product was isolated on Dowex “50 with 1M HCI.

The resulting [Co(IIT)(N2Py3u)Cl]Cl,was evapolated and dried up by vacuum pump.
Single crystal suitable for XRD were obtained by diethyl ether diffusion into methanol

solution.

ESI' MS :296.4 [Co(II(N2Py30)OH)?*  M=2/592.52=296.26

'"H-NMR (200MHz, D,0) : 6=2.11(s, 3H, -NCH3),06=2.21(d, 2H, -CH,-),
6=2.55(d, 2H, -CH,-), 6=3.47(s, 6H, O-CH3) ,06=3.77(s, 2H,N-CH2-),

6=5.93(s, 2H, N-CH-),6=7.15-9.26 (m, 12H, Ar-H)
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Fig. 7.2.6 Infrared spectra of [Co(III)(N2Py3u)CI]Cl, in KBr

IR[em'] : 3424(s,), 2358(m), 1732(s), 1606(s),1472(m), 1440(s), 1280(s),

1256(s) ,1086(s), 958(w), 774(m), 668(w), 622(w), 536(w)
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7.2.7 Synthesis of [Co(111)(N2Py2b)(CO3)]-PFs

+ Kj[Co(COz);] ——  [co'"(N2Py2b)CO4]*

K;3[CoCOs]3 was prepared as according to published procedure:17.5g of  (0.175mol)
KHCOj; was added to 17ml H,O and the resulting slurry was kept cool in a freezing
mixture of ice and NaCl. Separately 8g of Co(II)Cl, 6H,0 (0.05mol) in 6ml of hot water
and cooled on an ice bath After mixing with 10ml of 30% H,0,. The Co(I1)-H,0;
mixture was added dropwise to the above slurry with stirring and filtrated. The clear
filterate was cooled on an ice bath.
The resulting green solution was considered as approx. 1 mol/I Co>".
The Cobalt (II) bispidine complex was prepared: 1.0 g (2.28mmol) of N2Py2 was
added to 20ml of methanol and an equivalences amount of green solution of
K;3[CoCOs]; was added.
After stirring in refluxing methanol for 20-30min, the resulting solution was isolated on
Sephadex®CM25 with 0.1M NaCl 4.
Elemental analysis
(15483) calculated (%) C32.12 H 343 N 6.81

observed (%) C 32.54 H 348 N 7.00

[Co(IIT)(N2Py2b)K,(CO;3)]PFs3H,0
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* methylester groups of N2Py2b are hydrolyzed
ESI"MS  :567.2 [Co(III)(N2Py2b)CO;]" M=567.46

:599.2 [Co(IIN)(N2Py2b)CO5]  H,0  M=599.50

'H-NMR (200MHz,DMSO) : 6=1.80(d, 2H, -CH,-),6=2.51(d, 2H,-CH,-),

6=2.51 (s, 3H, -NCH3),06=3.50(s, 3H, -NCH3), 6=5.25(s, 2H,N-CH-),06=7.85-8.85 (m,

8H,Ar-H

60

r 50

r 40

w
o
%T

r 20

r 10

4000 3500 3000 2500 2000 1500 1000 500
CM-1

Fig. 7.2.7 Infrared spectra of [Co(III)(N2Py2b) COs]-PF¢ in KBr

IR[cm] : 3430 (s,), 2356(m), 1618(s), 1450(m), 1352(s), 1266(m),

1244(m) ,1158(w) ,1102(w), 1052(m), 1038(m), 986(w), 840(s), 782(m), 750(m),

562(m),
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7.Experimantal

7.2.8 Synthesis of [Co(111)(N2Py2a)]Cl,-ClO4]

Dowex 50 with
1 M HCI
+ Co"(Cloy),——— [Co'(N2Py2)(H,0),](ClOy), —> [Co"(N2Py2a)Cl,]CIO,
H,0,

0.5g (1.14mmol) of N2Py2 was dissolved in 20 ml of methanol and 0.35g (0.97mmol)
of Co(IT)(Cl104),:6H,0 in 5ml methanol was added to the solution. After stirring for lhr,
the resulting compound was precipitated, filtrated and dried. 0.42g (0.54mmol) of
[Co(I1)(N2Py2)(H20):](Cl0O4) » was yielded.

0.42g of [Co(IT)(N2Py2)(H,0),](ClOy4) » was dissolved in 20ml methanol and 17ul
(3eq.) of 30%H,0, oq was added dropwise. After 1 day, the product was separated on
Dowex" 50 with 1M HCL. The resulting product [Co(IIT)(N2Py2a)Cl,]C1O4 was
evaporated and dried in vacuum.

Yield : 0.21g(0.26mmol)  (48.15%)

Elemental analysis
(16816) calculated (%) C 4263 H 4.66 N 8.85
observed (%) C 4259 H 524 N 8.88

* methyl group at N7 on N2Py2a are substituted to H.

ESI"MS  :553.3 [Co(III)(N2Py2a)Cl,]" M=553.3

: 571.3 [Co(II)(N2Py2a)ClL,]" H,O0  M=571.3
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7.Experimantal

'"H-NMR (200MHz,DMSO) : 6=2.25(d, 2H, -CH,-),06=2.80(d, 2H,-CH,-),
6=3.55(s, 6H,0-CH3) ,6=3.95 (s, 3H, -NCH),

6=5.25(s, 2H,N-CH-),6=7.25-9.25 (m, 8H,Ar-H)
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- 40
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Fig. 7.2.8 Infrared spectrum of [Co(III)(N2Py2a)Cl,]ClO4 in KBr

IR[em™] : 3168 (s,), 2958(w), 1756(m), 1738(s), 1608(s),1476(s), 1438(w) , 1364(s),
1286(s), 1252(m) ,1214(w) ,1108(s), 1108(s), 1102(s), 1050(s), 954(m), 924(w),

902(w) ,788(m) ,778(m) ,758(m), 740(w), 624(w)
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7.3 Determination of Protonation Constants and Stability Constantnts

Potentiometric titrations of the ligands in the absence (to determine ligand acidity
constants) and in the presence of metal ions (to determine complex stability constants)
were performed on 25 cm’® samples,with metal ion concentration of 0.5 x 10 — 1.0 x
10~ mol dm™. For the measurements 4:5 and 2:1 metal / ligand ratios were used, as
solvent H,O or dioxane/H,O = 2:3 systems were applied. For all ligands, except for
N2Py4, 40 vol% aqueous dioxane was used for the titration due to low solubility at
higher pH region. The experiments with ligand N2Py4 were carried out in both H,O and
40 vol% aqueous dioxane.

The measurements were carried out by using a pH meter equipped with a 6.0202.100
combined electrode (Metrohm) and a 665 Dosimat automatic burette (Metrohm),
containing a carbonate free 0.1M stock solution of sodium hydroxide.

For each measurements 120-240 titration points were recorded from the acidic region to
start with the probably highest possible protonation degree. During the titration,
nitrogen was bubbled through the sample solutions to ensure both the absence of
oxygen and carbon dioxide and to stir the solutions. All pH measurements were carried
out at constant jonic strength (= 0.1mol dm™ KC1) and constant temperature (T =
298K). The overall stability constants were calculated by using the program
Hyperquad2000'.
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