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Chapter 1 

 Tetra-aza Macrocycles: Coordination Properties and Chemical Applications 

1.1 Introduction 

Tetra-aza macrocycles represent a unique family of ligands that are utilized 

across the fields of inorganic and biological chemistry, stemming from an ability to form 

stable complexes with a range of transition and lanthanide metal-ions.1-12  The versatile 

reactivity and applicability of these complex molecules are fundamentally attributed to 

the promiscuous metal-binding nature of the cyclic tetra-aza backbone, which mimics the 

structure of naturally occurring porphyrin and corrin derivatives (Figure 1.1).12-14  

Typically, transition metal tetra-aza macrocyclic complexes are utilized extensively in 

biomimetic applications, while lanthanide-derived complexes are commonly used as 

biological imaging agents. The chemical behavior of a particular tetra-aza metal complex 

largely depends on the (i) denticity of the parent ligand; (ii) geometry of the coordination 

sphere; and (iii) whether the metal-ion is redox active or silent.3-5,8-11,15-31  Often times, 

the chemical application of a given complex can be tuned in accordance with a structural 

modification of the ligand backbone according to the parameters described above. 

 
Chlorophyll  
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Photosynthesis 

Hemoglobin 
 & 

O2 Transport 

Cobalamin 
& 

Methyltranferases 

   

 
Figure 1.1 Central core structures of the naturally occurring porphyrin and corrin 
metal complexes and relevant biochemical functions.14   
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The idea of using synthetic macrocycles as models for understanding the 

function of macrocyclic systems is of great interest in the field of bioinorganic 

chemistry.2,12-13,15,32-33 Prior to the groundbreaking work by Curtis in the early 1960’s, 

synthetic macrocyclic ligands were extremely scarce in the literature.13,34-35  

Interestingly, Curtis discovered by accident that macrocyclic ligands could be 

prepared via condensation between a nickel(II) perchlorate complex of 

ethylenediamine and acetone (Scheme 1.1).34,36   Initially, he was aiming to prepare 

a series of aliphatic Schiff-base compounds by reaction between a di-imine and 

nickel(II) salt under anhydrous conditions according to established procedures.36  

The compound isolated did not behave in a manner similar to typical non-cyclic 

Schiff-base compounds, which are usually hydrolyzed by water or dilute acid.  

However, the products isolated from this particular reaction were chemically inert and 

resisted hydrolysis in concentrated acids and alkalis.  In fact, the product only 

decomposed upon treatment with strong oxidizing agents such as chloric acid or a 

strong coordinating ligand like sodium cyanide.  These findings initially confused 

Curtis, as he was unable to explain this “unusual chemical inertness” until solid-state 

structures of the macrocyclic products was elucidated via X-ray crystallography.34,36-

37  These structures revealed the connectivity of the cis and trans macrocyclic 

products depicted in Scheme 1.1.   

 

 
Scheme 1.1 Condensation reaction between nickel(II), ethylenediamine, and 
acetone reported by Curtis that gives rise to cis and trans macrocyclic imine 
complexes.34,36-37  

2+

+

2+2+
cistrans
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1.2 The Macrocyclic Effect 
To date, a large number of synthetic tetra-aza macrocyclic complexes have been 

studied in depth.  Investigations concerning the unique structural, electronic, 

electrochemical, kinetic, and thermodynamic properties of tetra-aza complexes have 

been a central theme related to these studies.  The chelate effect has long been 

known in coordination chemistry to lead to an increase in the stability of a metal-ion 

complex.36,38  In general, the thermodynamic stability of a metal-ion complex derived 

from a bidentate or polydentate ligand is greater than a complex that contains an 

identical number of coordinating ligands.  However, metal complexes derived from 

macrocyclic ligands tend to be more stable than the corresponding open-chain 

derivative of equivalent denticity. 12-13,38,41-45   

 
Table 1.1 Stability constants for the 1:1 complexes of tetra-amines with copper(II) at 
0.1 M ionic strength measured at  25 °C in aqueous solution.38 

 
 Tren 2,3,2-tet 3,3,3-tet tet a (red) 

 

    

Log KML 18.8 23.9 17.3 28 
 

This idea was first demonstrated by Margerum and Cabiness in 1969.  In this 

work, the authors found that the copper(II) complex derived from the tetra-aza 

macrocyclic ligand is 104 times more stable than the related open-chain tetra-amine 

complex (Table 1.1).38  This large increase in stability observed for the macrocyclic 

complex over the non-cyclic analog was unexplainable in terms of the chelate effect 

alone, which adds stability about 10 times larger versus a non-chelating amine.  

Thus, Margerum coined the term macrocyclic effect in order to describe the nature of 



4 
 

this unique and exceptional stability observed for macrocyclic complexes versus 

open-chain complexes.38   

1.2.1 Thermodynamic Effects 

The physical properties of first-row transition metal tetra-aza complexes have 

been extensively studied, since this concept was introduced by Margerum, in order 

to understand the chemical origins of the macrocyclic effect.13  Collectively, these 

studies have shown that enhanced stability of a macrocyclic complex over an open-

chain tetra-amine complex is two-fold; arising from a combination of thermodynamic 

and kinetic effects.35   In terms of the thermodynamics origins of the macrocyclic 

effect; both the enthalpy (ΔH) and entropy (ΔS) of complex formation are important 

but several studies have led the conclusion that ΔS makes a major contribution to 

the exceptional solution stability of a macrocyclic complex versus a non-cyclic 

complex.12,13,42,43-45  The enthalpy term has more relevance when considering the 

stability of complexes derived from macrocycles of varying cavity size.42  In this case, 

the sequences of chelate rings that are formed upon metal-ion complexation are 

what determine the value of the enthalpy term.43  The most favorable situation arises 

when an alternating chelate ring sequence of 5,6,5,6 is formed between the ligand 

and metal-ion (Table 1.2).13,40,42,43,46 

Prior to the consensus that the magnitude of the ΔS is what drives the formation 

and accounts for the exceptional stability of a macrocyclic complex; there was a 

debate in the literature regarding this supposition.35,38,42,43,44-45  In 1969, Margerum 

initially proposed that the ΔH term was solely responsible for this observed 

macrocyclic effect, which was attributed to the fact that free open-chain amines are 

solvated to a greater degree than free macrocyclic ligands.43  Tetra-aza macrocycles 

are known to bind two water molecules in solution, while open-chain amines bind 

four.42,43  Thus, fewer water molecules would be displaced when a macrocyclic ligand 
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complexes with a metal-ion versus an open-chain ligand.  This notion was later 

contradicted by Fabbrizzi et al. and Kimura et al., who showed that ΔS was indeed 

responsible for the remarkable stability of tetra-aza macrocyclic complexes.42,44-45.  

 
Table 1.2 Comparison of stability constants, enthalpy, and entropy of formation for 
the 1:1 complexes of tetra-amines with copper(II) measured at 25 °C. in aqueous 
solution38,42,44-45 

 
Complex 2,2,2-tet 2,3,2-tet 3,2,3-tet [12]aneN4 [13]aneN4 

 

     
Ring  
Seq. 5,5,5 5,6,5 6,5,6 5,5,5,5 5,6,5,5 

ΔH 
(kcal/mol) -21.6 -27.7 -25.9 -18.9 -29.2 

ΔS 
(cal/K∙mol) 19.5 16.5 13.1 51.4 33.7 

Log KML 20.1 23.9 21.8 24.8 29.8 
 

 An inspection of the stability constants, ΔS, and ΔH listed Table 1.2 for a series 

of open-chain and cyclic tetra-amine copper(II) complexes gives precedence to the 

idea that the origin of the macrocyclic effect is entropic in nature.42,44-45  The stability 

constants for the macrocyclic complexes are both larger than the corresponding 

open-chain analogues as result of the larger ΔS values, despite the fact that ΔH is 

lowest for the 12-membered complex.44  In addition, the ΔH value for the 13-

membered ligand having the ring sequence 5,6,5,5 is greater than the 12-membered 

ligand with the sequence 5,5,5,5.  In this case, the value of ΔH reflects the stability of 

the copper-nitrogen bonds and is dependent upon the sequence of chelate rings that 

are formed upon chelation with copper(II).  Furthermore, the ΔH values are larger for 

the open-chain ligand complexes that have a ring sequence 5,6,5 and 6,5,6 versus 

the ligand with the sequence of 5,5,5.  Again, this result reflects the idea that a more 
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favorable enthalpy term arises when complexes contain a mixture five- and six- 

membered chelate ring sequences.43,46  

1.2.2 Kinetic Effects 

In addition to the exemplary thermodynamic stabilities demonstrated for 

transition-metal macrocyclic complexes, a kinetic macrocyclic effect has been 

repeatedly observed as well.10,12-13,35,36,41  Notably, these complexes are exceptionally 

stable and are resistant towards demetallation in strongly acidic and alkali 

media.12,35,41  An example of this behavior is demonstrated by the dissociation rate-

constants listed in Table 1.3 for a series of cyclic and open-chain copper(II) tetra-

amine complexes.12  For convenience, the dissociation constants have been 

converted into half-life according to the formula t1/2 = 0.693/Kd.   A comparison of the 

half-life values for the 2,3,2-tet complex reveals this complex quickly dissociates in 

6.1 M HCl solution; while the tetra-aza macrocyclic complexes dissociate much more 

slowly than the corresponding open-chain copper(II) complex of 2,3,2-tet..  

Remarkably, the half-life of the red complex derived from tet a was calculated to be 

22 days in 6.1 M solution of HCl.  

Table 1.3 Observed first-order rate-constants and half-lives for copper(II) tetra-amine 
complexes in 6.1 M HCl measured at 25 °C in aqueous solution.12 

Ligand 2,3,2-tet trans-[14]-diene tet a (blue) tet a (red) 

 

    

Kd (sec-1) 4.1 1.2 × 10-3 3.8 × 10-3 3.6 × 10-7 

Half-life 0.17 sec 9.6 min 3.0 min 22 days 
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1.3 Coordination Properties 

The fact the tetra-aza macrocycles form exceptionally stable complexes with 

transition metal-ions has been established.  The enhanced stability of a macrocyclic 

ligand, versus an open-chain analogue, gives rise to the unique coordination 

properties and chemical behavior commonly observed for these metal 

complexes.12,13  The coordination properties of tetra-aza metal complexes can be 

tuned by variety factors, all of which pertain to the structure of the ligand backbone.  

The most important factors are related to the: (i) cavity size; (ii) denticity of the 

ligand; (iii) degree of unsaturation in the macrocyclic ring; and (iv) presence of 

substituents.  Factors (i) and (ii) are undoubtedly the most important to consider 

when aiming to modify the metal-ion coordination sphere, redox activity, and 

chemical application of a respective complex.13-31,35  For the purpose of this 

dissertation, the discussion will be limited to a consideration of the first two factors.   

1.3.1 Cavity Size 

Tetra-aza macrocycles have a strong tendency to coordinate 3d metal-ions in a 

coplanar manner, with respect to the N4 plane, where the strength of the in-plane 

metal-nitrogen bonds can be modulated according to size of the ligand cavity.3,13,21-

23,25,35,47,55-57  This empirical relationship was first demonstrated by Busch and 

coworkers who established that 14-membered tetra-aza macrocycles are an ideal 

host for coordination of first-row divalent transition metal-ions.54-55  As shown in 

Table 1.4, the nickel(II) complex establishes the strongest in-plane metal-nitrogen 

interactions and an increase in the size of the ligand cavity leads to a decrease in 

stability of the metal-donor xy-bonding interactions.13  This decrease is complimented 

by an increase in the strength of the axial metal-chlorine bonding interaction.  Implicit 

in this data is that: (i) the nickel(II) complexes are high-spin and six coordinate; (ii) 

the complex that contains a Dqxy closest to 1200 cm-1 behaves in an ideal manner; 
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(iii) the quantity Dqxy measures the ligand field strength of the tetra-dentate ligand 

and Dqz represents the field strength of the axial ligand with the nickel(II) ion.  Upon 

an expansion in the of the macrocyclic cavity, however, the ligand must fold in order 

to accommodate the metal at distances that are appropriate for effective orbital 

overlap between the nitrogen donor atoms and metal-ion.  As a result of this folding, 

the metal-ion is slightly displaced from the N4 plane and effectively causes an 

increase in the axial bonding interaction.  Thus, the ligand field strength for a 

respective tetra-aza metal complex can be controlled by the size of the macrocyclic 

cavity. 

 
Table 1.4 Spectrochemical parameters for the nickel(II) complexes  [N4Ni]Cl2 derived 
from 14-, 15-, and 16-membered tetra-aza macrocyclic ligands.13 

 
 

 

 

 

 

 

 
As described above, 14-membered tetra-aza macrocycles are ideal hosts for 

coordination of frist-row 3d transition metals because the cavity size is spacious 

enough to allow coplanar (N4) coordination between the ligand and metal-ion.  In 

contrast, ligands derived from smaller 13- and 12-membered cavities restrict 

coplanar coordination of metals such as iron(II), nickel(II), copper(II) for example, 

and forces the ligand to adopt a cis-folded geometry about the metal-ion.  

Consequentially, this folding induces ring strain throughout the structural framework 

of the macrocyclic backbone and ultimately gives rise to five- or six-coordinate 

Cavity size [14]aneN4 [15]aneN4 [16]aneN4 
 

   
Ring seq. 5,6,5,6 6,6,5,6 6,6,6,6 

10Dq
xy (cm-1) 1480 1242 1116 

10Dq
z (cm-1) 379 589 510 
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complexes, where the metal-ion lies outside the N4 plane.  This phenomenon is 

clearly demonstrated in Figure 1.2, which shows the solid-state structures for the 

copper(II) complexes that contain 12- and 14-membered tetra-aza ligands. 

 

 
 

12-membered 14-membered 
 

Figure 1.2 ORTEP representations of copper(II) tetra-aza complexes derived from 
12-membered (CCDC # 639155) and 14-membered57 tetra-aza macrocyclic ligands. 

 

1.3.2 Denticity 

A common way to modify the coordinative properties of tetra-aza ligand is by varying 

the denticity of the ligand backbone.35,50  A stepwise increase in the denticity of tetra-aza 

ligands can be accomplished via N-functionalization of the amine backbone.  This 

process is normally carried out via the addition of pendant-armed substituents that 

contain amide, carboxylate, or heterocyclic functional groups (Figure 1.3).  In most 

cases, N-functionalization effectively leads to an increase in the number of donor atoms 

present at the metal center. This increase in denticity may significantly alter the redox 

behavior of the metal-ion, especially for the case of first-row transition metal 

complexes.4,15,56,61 Thus, a change in denticity of the tetra-aza backbone is another way 

to influence the coordination properties and chemical application of a respective 

complex.      
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Figure 1.3 Structural representation of cyclen and corresponding N-functionalized 
pendant-armed derivatives (R = heterocycle, carboxyl, or amide). 

 

In most cases, when tetra-aza complexes are applied as catalysts in organic 

synthesis and biomimetics the backbone of ligand usually contains no more than five 

or six donor atoms so the metal center is capable of accommodating various 

oxidation states in solution.15,17,20,33,62-64  On the other hand, when these complexes 

are used as contrast agents for biological imaging, the backbone of the ligand is N-

functionalized and contains between seven and eight donor atoms, and the metal-ion 

is redox inactive.4,6,10-11,61,65-66  As a result, the redox behavior of the metal-ion 

complex can be tuned according to the structure of the ligand in a number of ways. 

Often times, the addition of pendant-armed substituents can render a macrocyclic 

complex redox inert as a result of coordinative saturation at the metal center.   

1.4 Redox Properties 

The redox chemistry of macrocyclic ligand complexes is an attractive field of 

study for a number of reasons.  Most importantly, as a result of the macrocyclic 

effect, the peculiar resistance of these complexes towards demetallation makes 

possible the access to unusually rare oxidation states that may be restricted for the 

solvated cation or complexes with open-chain ligands.3,13,50 Transition metal 

complexes derived from tetra-aza ligands tend to display rather unusual redox 

behaviors and this phenomenon is well-documented.23,33,62,64-66  For example, 
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Fabbrizzi and coworkers have shown that oxidation states such as copper(III) and 

nickel(III) can be produced within cores of the macrocycles.3,21,25,48-50,52,60,68-71  The 

tendency of these ligands to stabilize these high valence states are controlled by a 

number of parameters, related the ring size and donor ability of the N-atoms.50  

 

    
 

Figure 1.4 Chemical structures of some 14-membered tetra-aza macrocycles that 
reportedly allow access to nickel(III) and copper(III) valence states in solution.3,68,70  

 

A number of studies published by Fabbrizzi have shown that tetra-aza 

macrocycles allow access to unusually high oxidation states of copper(III) in solution. 

This behavior has been characterized, in large part, by the electrochemical methods 

of cyclic voltammetry (CV) and bulk electrolysis. 3,49-50,52,68-69  For example, the 

copper(III) complexes derived from the ligands shown above in Figure 1.4 have all 

been produced via electrolysis in acetonitrile or aqueous solution, or by chemical 

oxidation using potassium persulfate (K2S2O8).3,68,70  In contrast to the methylated 

and non-functionalized ligands, the doubly deprotonated amide-derived ligand 

permitted the electrochemical formation of copper(III) in aqueous solution.70  This 

behavior is rather uncharacteristic compared to the other macrocyclic complexes, 

where the copper(III) species were reported to undergo decomposition in aqueous 

solution.3,49  Remarkably, the smaller 13- and 12-membered derivatives of the dioxo 

ligand favor the copper(III) state to greater degree than the 14-membered ligand.  

Notably, Fabbrizzi has shown that formation of copper(III) is favored by strong in-
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plane metal-nitrogen interactions and deviation of a macrocyclic complex from 

planarity significantly affects the relative stability of copper(III) valence states.49-50   

1.5 Applications 

The applications of tetra-aza macrocyclic ligand complexes are vast and span 

across the fields of inorganic, organic, and biochemistry.10,15,17,20,32,61,63,64,72-78  The 

particular application for a given complex is largely dependent on the type of metal 

and whether the complex is redox active or silent.  As discussed previously, the 

redox behavior of a given complex can be tuned according to the primary structure of 

the ligand backbone.  With respect to the field of inorganic chemistry, transition metal 

tetra-aza macrocyclic complexes have been utilized extensively in biomimetics as 

functional models for metalloenzyme active sites.13,15,16, 20, 32  The success of iron(II) 

and copper(II) complexes as functional models for sites of catalase, peroxidase, 

copper oxidases active sites is closely linked to the ability of these ligands to stabilize 

a wide range of oxidation states for the coordinated metal-ion; this unique behavior 

has been repeatedly demonstrated by a variety of research groups.15-17,20,32,64  The 

notion that tetra-aza complexes are superior redox catalysts has been extended, 

more recently, to the field of organic synthesis.  For example, Wen et al. 

demonstrated that iron-derived tetra-aza complexes can be applied as redox agents 

to facilitate intra-molecular Suzuki-Miyura C-N cross-coupling reactions.63   

Remarkably, the application of these complexes in the field of organic synthesis is far 

less common and necessitates future investigations.       

Chemical interest in our research group is largely centered on the 12-membered 

pyridine- and pyridol-based tetra-aza macrocycles L1-L3, shown in Figure 1.5.  Our 

project goals were multi-faceted: (i) elucidate the structural, electronic, and 

electrochemical properties of a series of first-row transition metal complexes derived 

from these ligands; (ii) investigate the radical-reducing and antioxidant capabilities of 
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the free ligands and; (iii) examine the potential of the ligands to serve as therapeutics 

for the treatment of Alzheimer’s disease (AD). The next four chapters will describe 

our efforts regarding these research goals.  Chapter 2 describes the methods utilized 

for preparation of the pyridine-based ligand (L1) and novel pyridol-based ligands (L2 

and L3) and compares the electronic nature of the free ligands with respect to one 

another.79  Chapter 3 describes structural, electronic, and electrochemical properties 

of the nickel(II), copper(II), and zinc(II) complexes derived from these ligands.  

Chapter 4 is an extension of the electrochemical studies pertaining to the copper(II) 

complex of L1, and we explain how the presence of excess chloride ions disrupts the 

reversibility of the copper(II/I) redox couple.80  Finally, Chapter 5 explores the 

potential of L1 and L2  to function as therapeutic compounds for the treatment of 

Alzheimer’s disease in an in-vitro context.81-82   

Pyclen p-HP m-HP 
 
 

 

 

 

 
 

 

L1 L2 L3 
 

Figure 1.5 Chemical structures of the pyridine- and pyridol-based tetra-aza 
macrocycles investigated in this work. 
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CHAPTER 2 

Syntheses and Chemical Properties of 12-membered Pyridol- and Pyridine-
based Tetra-aza Macrocycles 

 
2.1 Introduction  

There are two major synthetic strategies employed in the literature for the 

preparation of tetra-aza macrocyclic ligands, commonly referred to as direct and 

indirect or metal-ion template pathway, respectively.35  The direct method of 

preparation proceeds by a standard organic nucleophilic substitution reaction, in the 

absence of a transition metal-ion. This pathway may involve complicated multi-step 

processes which can vary with the availability of starting materials, and often 

requires the use of a large volume of solvent in order to prevent formation of the 

competing linear polymerization product.35  Conversely, the indirect method involves 

a metal-ion template pathway and offers a simpler way to prepare macrocyclic 

ligands versus the direct method of preparation.  In this pathway, formation of the 

macrocycle is guided by the presence of a transition metal-ion, typically copper(II) or 

nickel(II), and generation of the cyclic metal complex over the polymeric species is 

strongly favored.2,34 Notably, we have come to understand that preparation of 12-

membered tetra-aza macrocycles via metal-ion template methods are insufficient; 

this strategy should only be used for ligands that contain fourteen or more atoms in 

the cavity core.21-22,25,29,48,60  Generally, tetra-aza macrocycles that contain less than 

14-atoms in the ring are commonly prepared via the direct method.  For ligands 14-

membered or greater, the metal-ion template pathway is favored.  Thus, the size of 

the macrocyclic cavity is a primary factor that must be considered when determining 

which method of preparation to use.  In this work, we found that the direct method 

was better suited for preparation of L1-L3 over the metal-ion template pathway.80-82   
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2.1.1 The Direct Method of Preparation 

As discussed above, the direct method is utilized more frequently for the 

preparation of tetra-aza macrocycles that contain fewer than 14-atoms in the core of 

the ring.  In this pathway, the macrocycle is formed by the 1+1 reaction between the 

protected nucleophilic amine segment and corresponding electrophilic halide, in the 

presence of either an inorganic base like potassium carbonate or sodium hydride 

under high dilution conditions (Scheme 2.1).  There are two major groups used 

throughout literature for protection of the amine groups: tosyl (Ts) and nosyl (Ns).21-

22,25,29,48,60,83-87  The use of Ts and Ns protecting groups is proposed to facilitate 

cyclization over polymerization because the steric bulk of these groups reduces the 

number of conformational degrees of freedom in solution, and formation of the cyclic 

product is derived from a favorable entropic effect.85  A number of methods exist for 

the removal of these two groups, and vary slightly with regard to which group is used 

for protection of the amine.  The common methods for removal Ts groups are to treat 

the macrocycle in either hot concentrated sulfuric acid or a mixture of 48% 

hydrobromic acid and acetic acid over a period of several days.21,22,25,29,35,84,86  For 

the removal of Ns groups, however, thiophenol in the presence of either potassium 

carbonate or potassium hydroxide is used.48,60,80-85  Upon deprotection of the amines, 

the free macrocyclic ligands are frequently isolated as hydrobromide (HBr) or 

hydrochloride (HCl) salts versus the free amines; the former are solids and the latter 

tend to be viscous oils.  In our experience, the macrocycles L1, L2, and L3 were 

always isolated as viscous oils in the free amine form while the HCl salts were 

obtained as powdery solids.  
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Scheme 2.1 General reaction conditions utilized for the preparation of tetra-aza 
macrocycles via the direct method, where X= Cl or Br; PG = Ts or Ns; Base = 
Na2CO3, K2CO3, or NaH; Y = SH or OH; R = H, alkyl, or aryl.83-85,87    

 

2.1.2 The Indirect Method of Preparation 

In opposition to the direct method, the metal-ion template or indirect pathway is 

typically used to prepare tetra-aza ligands that are 14-membered or greater.  

Template reactions involve a 1:1 reaction between a nucleophilic amine complex and 

an electrophilic dicarbonyl compound in the presence of a copper(II) or nickel(II) salt 

(Scheme 2.2).34,35  In this pathway, the condensation of the free amine and with a 

complimentary carbonyl fragment leads to the formation an intermediate macrocyclic 

imine complex.  The free macrocycle is then obtained after reductive amination of the 

imine complex with a reducing agent, such as sodium borohydride, followed by 

removal of the metal-ion from the macrocycle with a cyanide salt.  The exact role of 

the metal-ion is not fully understood; however, thermodynamic and kinetic template 

effects are proposed to drive formation of the macrocyclic product.2,35  In terms of 

thermodynamics, for example, formation of the macrocyclic metal-complex shifts the 

position of the equilibrium towards the product side. In kinetic terms, the presence of 

the metal-ion may lead to steric control of the reaction and favor formation of the 

macrocyclic product.  Other roles for the metal-ion have been proposed as well, but 

these will not be discussed further.  The present discussion regarding the 

preparation of L1-L3 will be centered largely on why the direct method should be 



17 
 

used exclusively for the preparation of 12-membered tetra-aza macrocycles over the 

metal-ion template pathway. 

 

 
Scheme 2.2 General reaction conditions used for preparation of tetra-aza 
macrocycles via the metal-ion template pathway, where M(II) = copper or nickel.36 

 

2.2 Preparation of L1, L2, and L3 

The synthetic pathways developed in our laboratory for preparation of L1 and the 

novel pyridol-based macrocycles L2 and L3 were adapted from a series of literature 

sources that described the preparation of structurally exact or similar ligands, 

respectively.83,85,87-94  The preparation of L1 was initially attempted via the direct 

method according to a published procedure by Aime and coworkers, which employed 

the use of Ts for the protection of diethylenetriamine (DETA).84  This route ultimately 

proved too troublesome and inefficient; thus, the Ns group was used in place of Ts 

for the protection of DETA (Table 2.1).83  For the preparation of L2, both the direct 

and metal-ion template pathways were explored but the direct method approach 

proved higher yielding than the indirect method.  The method used for the template 

pathway was derived from a published procedure that involved preparation of the 14-

membered derivative of L2, via metalation with copper(II) nitrate.93  A number of 

problems were encountered using this pathway and after eight months of 

experimentation L2 was isolated in only 10% yield as an impure product; this was 

evidenced by 1H and 13C NMR spectroscopy.  As result of these hardships, the direct 

method was utilized for the preparation of L2.  We found that the direct pathway led 
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to the successful preparation of L2, even though this route contained more steps 

than the template pathway.   

Upon modification of the synthetic pathway, the target macrocycle L2 was 

isolated as a pure compound after a period of only one month of experimentation.  

Accordingly, the preparation of L3 via this same direct method led to isolation of the 

desired macrocyclic product as a pure compound.79   From this work we determined 

that: (i) the Ns group is better suited for the protection of DETA over Ts and (ii) the 

metal-ion template pathway is not optimal for the preparation of 12-membered tetra-

aza macrocycles.  Consequently, the preparation of L1 and L3 via the metal-ion 

pathway was never attempted due to the problems experienced during the synthesis 

of L2 by this method.  All of the ligands discussed herein were successfully prepared 

via the direct pathway according to the methodologies presented in Scheme 2.3.  

The current method in our laboratory utilizes potassium hydroxide as opposed to 

sodium carbonate, which was used initially for removal of nosylates.95 Remarkably, 

we found this subtle modification led to a 10% increase in the overall yield of the free 

amine macrocyclic products obtained after work-up of the reaction.  

 

Scheme 2.3 Synthetic pathway developed for the preparation of the 12-membered 
macrocycles L1, L2, and L3 via direct method. L1: R, R’, X, and Y = H; L2: R = OBn, 
R’ = H, X = OH, and Y = H; L3: R = H, R’ = H, X = H, and Y = OH. 
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2.2.1 Preparation of 3,6,9,15-tetra-azabicyclo[9.3.1]penta-deca-1(15),11,13-
triene trishydrochloride (L1∙3HCl). 
 

 

Scheme 2.4 Synthesis of L1∙3HCl via the direct pathway: (i) MeCN, reflux 82 °C 48 
hr, N2, K2CO3 (3.2 eq.); (ii) MeCN, 60 °C, thiophenol (3.2 eq.), KOH (3.2 eq), 
HCl/Et2O.  

 

An attempt to prepare L1, via the direct pathway, was initially made using the N-

tosyl derivative of DETA according to the methodology published by Aime and 

coworkers.84  This pathway involved a 1+1 condensation reaction between 1,4,7-

tritosyl-1,4,7-triazaheptane and 2,6-bis(chloromethyl)pyridine, which is commercially 

available, to produce the intermediate N-tosylated macrocycle. This step was 

followed by the reaction of the protected macrocycle with phenol and 48% HBr to 

yield the acid salt of L1 (Table 2.1).  Although this method of preparation proved 

successful in part, difficulties regarding purification of the protected macrocycle, and 

removal of the Ts groups proved too troublesome.  Accordingly, a mixture of 

products was consistently obtained from the initial cyclization reaction.  The crude 

Ts-protected macrocycle was obtained in 47% yield via recrystallization from 

acetone, but 1H and 13C NMR (δ = 142.1, 138.8, 136.5, 21.6 ppm) spectra revealed 

the presence of unreacted p-TsCl.  Furthermore, purification of this compound by 

column chromatography was hindered due to insolubility in CH2Cl2, CHCl3, Et2O, 

EtOAc, benzene, toluene, and hexanes.  In addition, the methods used for 
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deprotection of the amine failed to yield full deprotection despite published 

procedures (Table 2.1, entry 2).  The method employing phenol and 48% HBr led 

only to partial deprotection of the macrocycle and repeatedly gave rise to a mixture 

of products: the partially Ts-protected macrocycle plus L1∙3HBr.  In addition, 

treatment of the protected macrocycle with 98% H2SO4 gave no reaction, or the 

compound underwent decomposition at higher temperatures. Thus, L1 was never 

isolated as a pure product when Ts groups were used for protection of DETA.   

In contrast to the above description, L1 was isolated as a pure product in 75% 

yield, when Ns groups were employed for the protection of DETA versus Ts 

(Scheme 2.4).  This synthetic route proved to be significantly less troublesome than 

the one described above.  Notably, the product of the reaction between the aryl 

halide 2 and Ns-amine segment 1 repeatedly led to the production of the targeted 

Ns-functionalized macrocycle 3 in greater than 60% yield as a pure compound, 

versus the impure product obtained by using Ts-protected DETA.  Removal of the Ns 

groups was easily accomplished by reaction of the protected macrocycle with 

thiophenol in the presence of sodium carbonate, and L1∙3HCl was isolated in 65 % 

yield as a pure compound.  We later found that the use of potassium hydroxide in 

place of sodium carbonate for the removal of Ns led to a 10% increase in the overall 

yield of L1, 65% versus 75%, respectively (Table 2.1, entry 3).   
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Table 2.1 Synthetic methods utilized for the preparation of L1 via direct pathway.  
The results are based-on materials isolated and characterized by 1H and 13C NMR 
spectroscopy. 

 Reactant Conditions Product Yield 

1 

 

 
1.  MeCN, Na2CO3 

        reflux 12 h, N2 
       (PG = Ts)  
 
2.  MeCN, Na2CO3 

        reflux 12 h, N2 
        (PG = Ns) 

 
 

 
47%  
crude 

 
 

78%  
pure 

 
 

2 

 

1.  48% HBr, PhOH 
      reflux 80 °C, 12 h 

 
2.  98% H2SO4, H2O 
     reflux 100 °C, 48 h 
 
3.  98% H2SO4, H2O 
     reflux 180 °C, 10 min 
 

 

67%  
crude 

 
 

No rxn 

 
 

Decomposed 

3 

 

 
1.  MeCN, PhSH, K2CO3 
     60 °C, 12 h, N2

 

 
2.  MeCN, PhSH, KOH 
     60 °C, 12 h, N2

 

  

 
65%  
pure 

 
75%  
pure 
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2.2.2 Preparation of 3,6,9,15-tetraazabicyclo[9.3.1]penta-deca-1(15),11,13-trien-
12-ol trishydrochloride (L2∙3HCl) 

 

 

Scheme 2.5 Synthesis of L2∙3HCl via the direct pathway: (i)  100 % EtOH, thionyl 
chloride (2.3 eq.); (ii) MeCN, reflux 82 °C 12 hr, benzyl bromide (1.2 eq.), K2CO3 (3.2 
eq.); (iii) 100 % EtOH, 40 °C 24 hr, NaBH4 (6 eq.); (iv) thionyl chloride (2.2 eq.), THF, 
60 °C 4 hr; (v) DMF, 100 °C 48 hr, K2CO3 (3 eq.); (iv) thiophenol (3.2 eq), KOH (3.2 
eq.), DMF 80 °C, HCl/Et2O; (vii) Pd/O (1.1 eq.), water, H2 40 p.s.i, 48 hr.  
 

An attempt to prepare the p-hydroxyl derivative (L2) via the metal-ion template 

was initially made according to the pathway presented in Table 2.2. The synthetic 

methodology was adapted from a report by Mochizuki et al. that described the 

preparation of a 14-membered p-hydroxyl macrocycle, not 12-membered as 

described herein.  The crucial cyclization step required the reaction of DETA with 4-

(benzyloxy)pyridine-2,6-dicarbaldehyde using copper(II) as the metal-ion template.  

Importantly, the starting aldehyde compound was not commercially available and 

had to be prepared from chelidamic acid (Table 2.2, entry 1).  However, preparation 

of the aldehyde via oxidation of the benzyl protected diol proved extremely 

challenging.90  Two separate oxidizing agents, 2-iodoxybenzoic acid (IBX) and 
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Mn(IV) oxide were tested for the oxidation reaction.90  The former organic-based 

oxidant and commercially purchased inorganic oxidants were unreactive and 

repeatedly led to isolation of the staring diol.  In addition, freshly prepared Mn(IV) 

oxide displayed oxidative activity but the final yield of the corresponding aldehyde 

was poor and never exceeded 20%.  Moreover, upon the addition of NaBH4, the diol 

from the prior reaction was isolated as a major product and the desired cyclic 

species was isolated as the minor product (Table 2.2, entry 2).  This result was 

consistently obtained; thus, the direct method for the preparation of L2 via the 

method described for L1 was pursued.   

Table 2.2 Synthetic methods used for the preparation of L2 via both direct and 
metal-ion template pathways.  The results are based-on materials isolated and 
characterized by 1H and 13C NMR spectroscopy. 

 
 Reactant Conditions Product Yield 

1 

 

 
1. IBX (4.2 eq.)  
 
2. Mn(IV) oxide (30 eq.) 
    Commercial          
 
3. Mn(IV) oxide (30 eq.)         
    Freshly prepared 
 

 

 
106% 

 crude 
 

No rxn 

 
16% 
pure 

 

2 

 

 
1. Cu(NO3)2,EtOH/H2O 
      60 °C 4 h, N2 
2. NaBH4, MeOH/H2O 
     5-60 °C 2 h, N2 
3.  HCl  
4.  NaOH 
5.  NaCN 
6.  PdO/H2 
 

 

10 % 

crude 

3 

 

 
1.  MeCN, Na2CO3 

        reflux 12 h, N2 
 
2.  DMF, Na2CO3 

        reflux 12 h, N2 
 
  

Intractable 
solid 

 
80 %  
pure 
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4 

 

 
1.  DMF, Na2CO3, PhSH 
        rt 12 h, N2 
 
2.  DMF, KOH, PhSH 
        reflux 12 h, N2 

 
3. MeCN, KOH, PhSH 
        reflux 12 h, N2 
  

 

70%  
pure 

 
79%  
pure 

 
Intractable 

solid 

5 

 

 
1.  H2O,Pd/O, H2 

         50 psi. 48 h.  
      
 

 

74 % 
pure 

 
 

In contrast to the metal-ion pathway, L2 was successfully prepared and isolated 

as a pure product when the direct method was used.  As presented in Scheme 2.5, 

preparation of L2 via the direct method required an eight step synthesis because the 

Ns-protected amine 1 was prepared as well.   In contrast to L1, where the starting 

aryl halide 2 was commercially available, the benzyl halide 7 needed for the 

preparation of L2 was not available for purchase.  Nevertheless, compound 7 was 

easily prepared in a four step pathway starting from the dicarboxylic compound 

known as chelidamic acid and the cyclized product 12 was isolated in 80 % yield as 

a pure compound (Table 2.2, entry 3).  As observed for L1, the percent yield of 13 

was higher when the source of the base was modified from Na2CO3 (65 %) to KOH 

(74 %).  Interestingly, the cyclization and deprotection steps for L2 were only 

successful when these two reactions were conducted in DMF solution; the use of 

acetonitrile as a solvent failed to yield the desired macrocyclic ligand (Table 2.2, 

entry 3). For example, when the cyclization reaction was performed in acetonitrile, 

the target compound was isolated in poor yield as a mixture of 12 plus an 

unidentified polymeric species.  The formation of a polymeric species was confirmed 
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by ESI-MS data, which showed the presence of multiple species that differed by 44 

mass-to-charge units.  In line with the cyclization reaction, the deprotection of 12 

must be carried out in DMF as well.  When conducted in acetonitrile, compound 12 

only underwent partial deprotection as evidenced by 1H NMR spectroscopy.  Thus, 

the preparation of L2 requires the use of polar aprotic solvents for the critical 

macrocyclization and deprotection reactions versus the conditions used to produce 

L1 and L3.    

 
2.2.3 Preparation of 3,6,9,15-tetra-azabicyclo[9.3.1]penta-deca-1(15),11,13-trien-
13-ol trishydrochloride (L3∙3HCl). 

 

 

Scheme 2.6 Synthesis of L3∙3HCl via the direct pathway: (i) MeCN, reflux 82 °C 12 
hr, benzyl bromide (1.2 eq.), K2CO3 (3.2 eq.); (ii) thionyl chloride (2.2 eq.), THF, 60 
°C 4 hr; (iii) MeCN, 82 °C 48 hr, K2CO3 (3 eq.); (iv) thiophenol (3.2 eq), KOH (3.2 
eq.), DMF 80 °C, HCl/Et2O; (vi Pd/O (1.1 eq.), H2 40 p.s.i, 48 hr. 
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The successful preparation of L3 was carried out, under my guidance, by an 

undergraduate research student Michael Offutt.79  In parallel with the synthetic 

procedures described for L1, the cyclization reaction and deprotection of the amines 

were carried out in acetonitrile only (Table 2.3).   As shown in Scheme 2.6 

preparation of compound (11) required fewer steps than L2 due to fact that the 

starting aryl alcohol compound is commercially available, so the esterification and 

reduction reactions were unnecessary.  Similar to L1 and L2, the percent yield of (13) 

was higher when the source of the base was changed from Na2CO3 (65%) to KOH 

(74%).   

 
Table 2.3 Synthetic methods used for the preparation of L3.  The results are based-
on materials isolated data obtained from 1H and 13C NMR spectroscopy and ESI-MS. 
 

 Reactant Conditions Product Yield 

1 

 

 
 

1.  DMF, Na2CO3 
reflux 12 h, N2 

         

 

83% 
pure 

 

2 

 

 
1.  DMF, PhSH, Na2CO3 

60 °C, 12 h, N2 
 

2.  DMF, PhSH, KOH 
80 °C, 12 h, N2 

  

 
65% 
pure 

 
74% 
pure 

3 

 

 
1.  H2O,Pd/O, H2 

50 psi. 48 h. 
 

 

 

82% 
pure 
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2.3 Electronic Properties 

2.3.1 UV and Fluorescence Spectroscopy   

 

Figure 2.1 Electronic absorption spectra of the free macrocycles measured in water, 
at pH 6.0 (25 °C). Molar absorption: [λmax/nm (ε/M-1·cm-1)] for L1: 260 (2549), 266 
(2203); L2: 257 (7125); L3: 220 (7233), 248 (sh), and 284 (4168). 

 

The electronic properties of the free macrocycles were investigated using UV and 

NMR spectroscopy in order to understand how the chemical nature of the aromatic 

ring was affected by p- and m-hydroxylation.  We concluded from a series of studies 

that hydroxylation of the pyridine-ring increased the amount of π-electronic charge 

density residing within the aromatic ring.  As seen from the UV spectrum in Figure 

2.3, the value of the extinction coefficient arising from π→ π* charge transfer bands 

for L2 and L3 are greater than L1.  This increase is consistent with the idea that the 

transition dipole moment operator term for the pyridol systems of L2 and L3 versus 

L1. Additionally, the UV spectrum of L3 absorbs across a broader range of energy, 

which suggests that the electronic system of L3 is more perturbed than L2. This 

difference in behavior is undoubtedly attributed the asymmetric nature of the m-

hydroxyl substituted backbone.  
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Interestingly, we have come to discover through a series of UV and fluorescence 

studies that the absorption and emission spectrum of L3 are pH dependent.  This 

behavior was not observed for L1 or L2.  As shown in Figure 2.1, the absorption 

spectrum of L3 in water at pH = 3.0 and pH = 8.0 are drastically different.   At low pH, 

for example, only a single band with a maximum absorption at 280 nm was 

observed.  Upon an increase in pH, the intensity of this band was observed to 

decrease.  This decrease was complimented by the simultaneous appearance of two 

new absorption bands at 220 nm and 310 nm.  At pH values > 8.0, the band at 280 

nm is absent and the bands at 220 and 310 nm dominate the absorption spectrum of 

L3.  In addition to this unique UV behavior, preliminary fluorescence studies revealed 

that the backbone of L3 was mildly fluorescent relative to L1 and L2.  Similar to the 

UV studies, we found that the emission signal of L3 was pH dependent.  As shown in 

Figure 2.2, the emission signal becomes more intense as the pH of the ligand in 

solution increases from 3.0 to 8.0.  Interestingly, this same behavior was observed 

for the copper(II) and Zn(II) complexes as well.  These findings will be discussed in 

Chapter 3.   
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Figure 2.2 Fluorescence spectrum of L3 [74 µM] at various pH values measured in 
0.1 M acetate (pH ≤ 6.0) or 0.1 M TRIS (pH > 6.0) buffer solution prepared in 
deionized water that contained 0.1 M KCl.   

 

2.3.2 NMR Spectroscopy 

The 13C NMR spectra of L1-L3 are presented in Figure 2.3A.  The signals 

pertaining to L1 (124.1 ppm to 149.9 ppm) and L3 (125.3 ppm to 151.5 ppm) lie 

within close proximity to each other, while those of L2 (111.5 ppm to 166.2 ppm) 

show a greater separation.  This feature suggests that the hydroxyl substituent 

exerts an electron-donating resonance effect that is dependent upon the substitution 

pattern, with respect to the N-pyridine atom.  To understand the chemical nature 

behind these shifts, the resonance structures which represent the delocalization of 

an oxygen atom lone pair into the aromatic system of L2 and L3 must be considered 

(Figure 2.3B).  For the p-substituted ligand (blue), a lone pair on the oxygen atom 

can be delocalized onto atoms C(2), C(4), and the pyridine nitrogen but for the m-

pH 
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substituted ligand (red) the electronic charge density can only delocalize onto atoms 

C(1), C(3), and C(5).  This difference is important because the lone pair never 

localizes directly on the nitrogen atom in L3 and, as a result, the negative charge is 

stabilized by a lesser extent when compared to L2.   A correspondent up-field shift is 

observed for L2 at 111.5 ppm, arising from the delocalization of the lone pair onto 

C(2) and C(4).  Concomitantly in the spectrum of L2, there is a considerable down-

field shift at 166.2 ppm assigned to C(1) and C(5) as the lone pair cannot delocalize 

onto these two atoms.  Given that L2 can delocalize the lone pair onto the N4 atom, 

and on the basis that L2 displays a broader range of resonance shifts, we would 

expect the OH group of L2 to have a lower pka value than L3.  This hypothesis was 

confirmed via potentiometric titrations performed in collaboration with Collin Davda, a 

high school research student from Trinity Valley High School.  As shown in Table 

2.4, the pKa for the hydroxyl groups of L2 and L3 were calculated to be 5.45(6) and 

7.32(7), respectively.  The assignments for the pyridol groups are based-on the data 

measured from potentiometric and NMR studies carried out in collaboration, which 

are currently underway.              

 
Table 2.4 Protonation constants (log Kf

H) of L1-L3 (T = 25 °C; I = 0.10 M NaClO4).  

Ligand log K1
H log K2

H log K3
H log K4

H log K5
OH 

L1 10.62(4) 8.01(5) 1.73 <1 -- 

L2 11.56(3) 9.05(5) 1.68(5) <1 5.45(6) 

L3 -- 10.33(5) 2.17(3) <1 7.32(7) 
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Figure 2.3 (A) 13C NMR spectra of L1-L3 measured in D2O at pH = 6.0 and (B) 
Structures of the intermediate compounds that contribute to the resonance hybrid of 
L2 and L3 resulting from the delocalization of a lone pair from the hydroxyl group of 
the oxygen atom into the aromatic system. 
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2.4 Conclusions 

On the basis of the results discussed above, we have concluded that 12-

membered tetra-aza macrocycles should be exclusively prepared via the direct 

method.  The low yield repeatedly obtained for L2, when preparation via the metal-

ion pathway was attempted, is likely due to the fact that 12-membered ligands are 

not able to accommodate copper(II) in a coplanar manner with respect to the N4 

plane. In this case, the resulting metal-amine complex would not lie in the same 

plane as the electrophilic dicarbonyl compound and formation of the metal-imine 

complex would be hindered due to this geometric constraint. Although this concept is 

not explicitly stated in the literature, it seems plausible given the nature of the 

reactants. In addition, the presence of unsaturation in the intermediate metal-imine 

macrocyclic complex would further restrict folding of the macrocyclic backbone, 

compared to the reduced metal-macrocyclic species, which is necessary for the 

complexation of copper(II) in a 12-membered ring.  Lastly, the spectroscopic data 

support the idea that introduction of the hydroxyl substituent leads to an increase in 

the amount of electronic charge density throughout the pyridine ring. Clearly, p-

hydroxylation induces a larger electron-donating effect than m-hydroxylation.  This 

idea is supported by the pKa values determined for the pyridol group of L2 and L3. 

2.5 Materials and Methods 

All solvents and starting materials were purchased from either Sigma Aldrich or Alfa 

Aesar and were used without further purification.  Prior to esterification, chelidamic 

acid was placed in the oven for a period of three days to remove water from the 

starting material. 

2.5.1 Mass Spectrometry  

ESI mass spectral analysis were obtained on an Agilent 1200 series 6224 TOF 

LC/MS spectrometer at 175 V (+ ESI scan) in aqueous solution. 
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2.5.2 UV and Fluorescence Spectrophotometry  

The electronic absorption spectra were obtained between 200 and 1100 nm on a 

Cary 60 UV-Vis spectrophotometer purchased from Agilent technologies. All samples 

were measured in 3 mL quartz cuvette with a 1 cm path length. The extinction 

coefficients of the ligands were calculated according to the Beer-Lambert law.  For 

the pH studies of L3, a 0.1 M stock solution of acetate 0.1 M and phosphate buffer 

were prepared.  The pH of the buffered solutions was adjusted to the desired value 

using HCl and KOH.  In addition, a 7.55 mM stock solution of L3 in deionized water 

was prepared.  Prior to analysis, a series of solutions at pH 4.0, 5.0, 5.5, 6.0, 6.5, 

7.0, 7.5, 8.0, 8.5, 9.0, and 10.0 were prepared.  For the pH range between 3.0 and 

6.0 the acetate buffer solution was used. For the range from 6.0 to 10.0 phosphate 

buffer was used.  For each run, 20 µL of the stock solution of L3 was added to the 

cuvette containing 2000 µL of buffer solution to give a total volume of 2020 µL.  A 

blank absorbance of each sample was run and then a sample of L3 was added.  The 

resulting solution was mixed and the pH of the final solution was recorded prior to 

analysis and the UV spectrum was measured.   

2.5.3 NMR Spectroscopy 

 1H and 13C NMR spectra were carried out in deuterated solvents at 25 °C.  All 

spectra reported were obtained on a Bruker AvanceIII (400 MHz) High Performance 

Digital NMR Spectrometer.   

2.5.4 Potentiometric Titrations 

The acid dissociation constant studies for L1, L2, and L3 were performed by our 

coworker Collin Davda via titration in a water bath maintained at a constant 

temperature of 25 °C and under a nitrogen atmosphere.   All of the solutions were 

made using boiled water and an ionic strength of I = 0.10 M, using NaClO4. For 

analysis, approximately 10 mL of 20 mM solutions of L2 and L3 were titrated with a 
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0.10 M KOH solution standardized potassium hydrogen phthalate (KHP).  The 

solutions were titrated from pH = 2.00 to 12.00. The pH of the solution was 

measured using a Vernier pH Meter and the volume of titrant added was tracked with 

a Vernier Drop Counter. The pH versus volume of titrant added was graphed on a 

Vernier Lab Quest 2, which was exported to Vernier Logger Pro for analysis. The pKa 

values were determined by identifying inflection points of the pH versus volume of 

titrant added graph, and half equivalence points where pH = pKa were calculated 

according to the Henderson-Hasselbalch equation. 

2.6 General Experimental 
 
2.6.1 Preparation of 3,6,9,15-tetra-azabicyclo[9.3.1]penta-deca-1(15),11,13-
triene trishydrochloride (L1∙3HCl). 
 
2.6.1.1 Synthesis of 1,4,7-tris(2-nitrobenzenesulfonyl)-1,4,7-triazaheptane (1): 

A solution of diethylenetriamine (14.1 mmol, 1.52 mL) and triethylamine (42.3 

mmol, 6.41 mL) in CH2Cl2 (100 mL) was added drop-wise under nitrogen to a stirring 

solution of 2-nitrobenzenesulfonyl chloride (10.00 g, 45.1 mmol) in CH2Cl2 (100 

mL).87  The mixture was stirred at room temperature for 20 h and then the solvent 

removed under reduced pressure.  Next, the orange residue was dissolved in CH2Cl2 

and washed with saturated aqueous NaHCO3.  After washing, the organic layer was 

extracted with H2O (3 × 75 mL), dried over sodium sulfate and solvent removed 

under reduced pressure to yield orange foam. Finally, the crude product was 

recrystallized from CH2Cl2/CHCl3 (9:1) to give 1 as an off-white solid. Yield: 6.53 g 

(70 %).  1H NMR (DMSO) δ: 3.04 (t, 4H), 3.36 (t, 4H), 7.77 (m, 12 H). 13C NMR 

(DMSO) δ: 135.4, 134.8, 133.4, 133.3, 133.0, 131.7, 130.3, 130.1, 125.3, 125.2, 

48.6, 42.0.  ESI-MS (m/z): Found: 659.0513 [1+H]+ (100%) Theoretical: 659.0536 

[1+H]+ (100%). 
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2.6.1.2 Synthesis of  3,6,9-tris(2-nitrobenzenesulfonyl)-3,6,9,15-tetra-
azabicyclo[9.3.1]penta-deca-1(15),11,13-triene (3): 
 

A sample of 2,6-bis(chloromethyl)pyridine 2 (2.99 g, 17.1 mmol) purchased from 

Sigma Aldrich was dissolved in CH3CN (80 mL) and added drop wise over a period 

of 1 hour to an off-white solution of 1 (11.3g, 17.1 mmol) and K2CO3 (7.09 g, 51.3 

mmol) in CH3CN (200 mL), in a two-neck reaction flask stirring at reflux (82 °C) 

under a nitrogen atmosphere.83  The reaction mixture stirred at reflux for 24 h under 

N2 in order to allow maximum cyclization.  Next, the solvent of the bright-yellow 

solution was removed under reduced pressure.  The resulting chalky yellow residue 

was washed with 200 mL water and filtered under vacuum.  The resulting pale yellow 

solid was rinsed with CH3CN (1 x 15 mL), CH3OH (3 x 15 mL), and Et2O (3 x 15 mL), 

respectively.  The acetonitrile washings were bright yellow.  Finally, the beige solid 

was dried on a Schlenk line to give (3) as a pale yellow solid. Yield: 9.60 g (78 %). 1H 

NMR (400 mHz, DMSO, 22 °C, TMS): δ = 8.07-7.35 (m, 12H), 7.35-7.34 (d, 3H), 

4.62 (s, 4H), 3.76, (s, 4H), 3.53, (s, 4H); 13C NMR (101 MHz , DMSO, 25 °C): δ = 

156.2, 148.3, 147.7, 139.0, 135.2, 135.1, 133.1, 132.6, 131.0, 130.2, 129.9, 125.1, 

124.8, 122.9, 55.4, 49.7, 46.6. ESI-MS (m/z): Found: 762.0903 [3+H]+ (100%), 

Theoretical: 762.0958 [3+H]+. 

2.6.1.3 Synthesis of 3,6,9,15-tetra-azabicyclo[9.3.1]penta-deca-1(15),11,13-
triene trishydrochloride (L1∙3HCl):   
 

A sample of KOH (3.54 g, 63.1 mmol) was dissolved in a minimum amount of 

water and added  to a one-neck flask containing CH3CN (100 mL).80  The flask was 

covered with a septum and thiophenol (6.40 mL, 54.0 mmol) was cautiously added, 

through a syringe, to the stirring solution at room temperature.  This solution was 

allowed to stir for five-minutes.  Next, the septum was removed and compound 3 

(11.7 g, 15.5 mmol) was added to the flask in one portion.  This solution turned bright 

yellow within minutes after the addition of the protected macrocycle.  The yellow 
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solution was heated to 60°C under N2 and left to stir overnight.   The next morning, 

the solvent was removed under reduced pressure to give a dark yellow oily residue.  

This oily residue was acidified to pH 1 using concentrated HCl (10 mL). The acidic 

solution was then extracted with Et2O (3 x 50 mL) until the organic layer was no 

longer yellow in color. Next, the aqueous layer was basified to pH 14 using solid 

KOH, then the solvent was removed under reduced pressure.  The resulting yellow 

solid was dissolved in CH3OH (50 mL) and dried over sodium sulfate. The solution 

was filtered and the solvent was removed under reduced pressure to yield dark 

yellow oil. To this oil, CH3CN (50 mL), concentrated hydrochloric acid (5 mL), and 

Et2O (60 mL) were added to the flask, which produced a yellow powdered 

precipitate.  This precipitate was filtered off and immediately boiled in absolute EtOH 

(50 mL).  Upon cooling, the solution was filtered to yield a pale off-white powder.  

Yield: 5.85 g (50%). 1H NMR (400 MHz , D2O, 25 °C): δ= 7.94-7.90 (t, 1H), 7.46-7.44 

(d, 2H), 4.57 (s, 4H), 3.33-3.31(t, 4H), 3.21-3.19 (t, 4H) ; 13C NMR (101 MHz , D2O, 

25 °C): δ = 149.7, 140.2, 123.6, 49.2, 44.6, 43.5. ESI-MS (m/z): Found: 207.2238 

[L1+H]+ (100%), Theoretical: 207.1610  [L1+H]+. 

2.6.2 Preparation of 3,6,9,15-tetraazabicyclo[9.3.1]penta-deca-1(15),11,13-trien-
12-ol trishydrochloride (L2∙3HCl) 
 
2.6.2.1 Synthesis of diethyl-4-hydroxypyridine-2,6-dicarboxylate (4):  

A sample of chelidamic acid (5.0 g, 27.3 mmol) purchased from Alfa Aesar was 

dissolved in absolute EtOH (200 mL) and 8 mL of concentrated H2SO4 was 

subsequently added.88  The clear solution was heated at reflux (80 °C) for 6 h, and 

then neutralized with saturated NaHCO3 solution.  After refluxing, a majority of the 

ethanol was removed under reduced pressure and the remaining aqueous solution 

was extracted with CH2Cl2 (3 × 100 mL).  The organic phases were combined, dried 

over sodium sulfate, filtered, and evaporated to dryness to give light brown oil.  This 
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oily residue was crystallized from hot hexane/ethanol, 9:1 to give 4 as a white solid. 

Yield: 5.56 g, (70%). 1H NMR (400 MHz, CDCl3, 25 °C), δ: 1.38 (t, 6H), 4.38 (q, 4H), 

7.43 (s, 2H), 9.2 (s, 1H). 13C NMR (101 MHz , CDCl3, 25 °C) δ: 163.5, 118.0, 63.0, 

58.3, 18.3, 14.2.  

2.6.2.2 Synthesis of diethyl 4-(benzyloxy)pyridine-2,6-dicarboxylate (5):  

A sample of compound 4 (5.0 g, 20.9 mmol) was dissolved in acetonitrile (150 mL) 

followed by the sequential addition of K2CO3 (4.5 g, 32.8 mmol) and benzyl bromide 

(20.9 mmol, 2.4 mL).88  The reaction mixture was heated at reflux (82 °C) under N2 

for 12 h.  Next, the solution was cooled to room temperature, filtered to remove the 

inorganic salts, and evaporated to dryness.  The oily residue was crystallized from 

hot hexane to yield 5 as a white solid. Yield: 7.55 g (94%). 1H NMR (400 MHz, 

CDCl3, 25 °C), δ: 1.43 (t, 6H), 4.43 (q, 4H), 5.22 (s,  2H), 7.39 (m, 5H), 7.87 (s, 2H) 

13C NMR (101 MHz, CDCl3, 25 °C) δ:  166.6, 164.8, 150.0, 135.0, 128.8, 128.7, 

127.7, 114.6, 70.7, 62.4, 14.1.  

2.6.2.3 Synthesis of 4-(benzyloxy)-2,6-bis(hydroxymethyl)pyridine (6): 

A sample of compound 5 (5.0 g, 20.9 mmol) was dissolved in absolute EtOH (320 

mL) and NaBH4 (3.80 g, 100 mmol) was added in one portion.89  The mixture was 

heated to 40 °C and stirred for 24 h.  The resulting mixture was quenched with H2O 

(50 mL) and filtered to remove boric acid precipitates.  Next, a bulk of the ethanol 

was removed under reduced pressure and the resulting aqueous extracted with 

CH2Cl2 (3 × 100 mL).  The organic phases were combined and dried over sodium 

sulfate to yield 6 as a white crystalline solid.  Yield: 3.56 g (95%).  1H NMR (400 

MHz, DMSO, 25 °C), δ: 4.42 (s, 4H), 5.14 (s, 2H), 5.36 (s, 2H), 6.90 (s, 2H), 7.30 (m, 

5H). 13C NMR (101 MHz, DMSO, 25 °C) δ: 164.4, 161.7, 135.0, 127.1, 126.7, 126.3, 

103.3, 67.6, 62.6.  ESI-MS (m/z): Found: 246.1122 [6+H]+ (100%), Theoretical: 

246.1052  [6+H]+. 
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2.6.2.4 Synthesis of 4-benzyloxy-2,6-bis(chloromethyl)pyridine (7):   

A sample of thionyl chloride (22 mL, 234 mmol) was slowly added to 6 (2.37 g, 9.6 

mmol) and the clear solution was heated under reflux at 60°C for 4 h.90 The reaction 

mixture was then cooled to room temperature and excess thionyl chloride was 

removed under reduced pressure. The resulting residue was neutralized with a cold 

solution of 10% Na2CO3. The beige solid was filtered and washed with cold water 

and recrystallized from hot methanol to give 7 as white crystalline needles.  Yield: 

2.35 g (90%).  1H NMR (400 MHz, CDCl3, 25 °C) δ: 6.61 (s, 4H), 5.14 (s, 2H), 7.03 

(s, 2H), 7.41 (m, 5H). 13C NMR (101 MHz , CDCl3, 25 °C) δ: 168.3, 158.2, 135.8, 

129.0, 128.8, 127.9, 109.0, 70.4, 46.7. ESI-MS (m/z): Found: 282.0491 [7+H]+ 

(100%), Theoretical: 282.0734  [7+H]+. 

2.6.2.5 Synthesis of 12-benzyloxy-3,6,9-tris(2-nitrobenzenesulfonyl)-3,6,9,15-
tetraazabicyclo[9.3.1]penta-deca-1(15),11,13-triene (8):   
 

A solution of 7 (2.22 g, 7.8 mmol) in anhydrous DMF (125 mL) was added drop 

wise over 4 h under N2
 to a stirred solution of 1 (5.19 g, 7.8 mmol) and Na2CO3 (3.80 

g, 31.2 mmol) in anhydrous DMF (125 mL) at 100 °C.79,91  The bright yellow solution 

was heated at reflux overnight, and then the solvent was removed under reduced 

pressure to give an orange solid.  The orange solid was taken up in CH2Cl2, filtered, 

and washed with 0.1 M NaOH (200 mL), H2O (2 × 100 mL) and Et2O (2 × 100 mL) to 

give 8 as a fine and powdery bright yellow solid. Yield: 5.53 g (80%). 1H NMR (400 

MHz, DMSO, 25 °C) δ: 3.47 (t, 4H), 3.73 (t, 4H), 4.53 (s, 4H), 5.16 (s, 2H), 6.98 (s, 

2H), 7.35 (m, 5H), 7.83 (m, 12 H). 13C NMR (101 MHz , DMSO, 25 °C) δ: 156.6, 

134.2, 132.3, 131.5, 131.1, 129.0, 128.7, 128.0, 124.6, 124.4, 111.2, 70.6, 54.9, 

46.3, 31.2. ESI-MS (m/z): Found: 868.1517 [8+H]+ (100%), Theoretical: 868.1377 

[8+H]+. 
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2.6.2.6 Synthesis of 12-benzyloxy-3,6,9,15-tetraazabicyclo[9.3.1]penta-deca-
1(15),11,13-triene trishydrochloride (9∙3HCl):  
 

Thiophenol (4 mL, 38.2 mmol) was added to a stirred solution of 8 (5.53 g, 6.3 

mmol) and Na2CO3 (8.0 g, 75 mmol) in anhydrous DMF (80 mL).79,91 The resulting 

dark orange solution was stirred overnight at room temperature. The solvent was 

evaporated to give an oily orange residue, which was triturated with aqueous HCl 

(1M). The yellow aqueous phase was extracted with Et2O (2 × 100 mL), and the 

organic layer was discarded. The aqueous layer was adjusted to pH 12 with NaOH 

and the solvent was removed under reduced pressure. The yellow solid was taken 

up in CH2Cl2 (200 mL), dried over sodium sulfate, and solvent removed under 

reduced pressure to give a yellow oil. Diethyl ether was added to the yellow oil 

followed by drop wise addition of 37 % HCl, until precipitation of a yellow solid 

occurred. The solution containing the precipitate was filtered to give 9∙3HCl as a fine 

light yellow solid. Yield: 3.30 g, (75%). 1H NMR (D2O) δ: 3.39 (m, 8H), 5.13 (s, 2H), 

7.02 (s, 2H), 7.28 (m, 5H). ESI-MS (m/z): Found: 313.2569 [9+H]+ (100%), 

Theoretical: 313.2028 [9+H]+. 

 
2.6.2.7 Synthesis of 3,6,9,15-tetraazabicyclo[9.3.1]penta-deca-1(15),11,13-trien-
12-ol trishydrochloride (L2∙3HCl):  

A suspension of 9∙3HCl (1.5 g, 4.8 mmol) in H2O (25 mL) containing PdO (0.55 g, 

4.5 mmol) was exposed to H2(g) (30 psi) using a Parr hydrogenator system for 48 

h.93  The clear solution was filtered and lyophilized to give L2∙3HCl as a white fluffy 

solid. Yield: 0.97 g (70%). Elemental Analysis for C11H18N4∙3HCl∙3KCl Found (calc.): 

C, 21.03 (20.98); H, 3.58 (3.36); N, 8.70 (8.89) %.  1H NMR (400 MHz, D2O, 25 °C) 

δ: 3.2 (m, 8H), 4.40 (s, 4H), 6.85 (s, 2H). 13C NMR (101 MHz, D2O, 25 °C) δ: 166.3, 

151.7, 111.7, 49.2, 43.3.  ESI-MS (m/z): Found: 223.1834 [L2+H]+ (100%), 

Theoretical: 223.1559 [L2+H]+.  HPLC analysis revealed 96 % purity, H2O/MeCN 
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(80:20); 0.1 mL/min; retention time = 1.26 min. 

2.6.3 Preparation of 3,6,9,15-tetraazabicyclo[9.3.1]penta-deca-1(15),11,13-trien-
13-ol trishydrochloride (L3∙3HCl): 
 
2.6.3.1 Synthesis of 2-benzyloxy-2,6-bis(hydroxymethyl)pyridine (10): 

A sample of 3-hydroxy-2,6-bis(hydroxymethyl)pyridine hydrochloride purchased 

from Sigma Aldrich  (1.00 g, 20.9 mmol)  was dissolved in CH3CN (55 mL), followed 

by the subsequent addition of K2CO3 (0.730 g, 32.8 mmol) and benzyl bromide (0.73 

g, 32.8 mmol).79,87  The reaction mixture was stirred at reflux (82 °C) under nitrogen 

for 12 h, and then the solvent was removed under reduced pressure.  The resulting 

oily residue was taken up in methanol, dried over sodium sulfate, and filtered.  The 

methanol was removed under reduced pressure to yield viscous brown oil.  Next, hot 

hexanes (100 mL) was added to the flask containing the oily residue and placed in 

the fridge overnight in order to crystallize the product.  The resulting precipitate was 

collected by filtration and dried under vacuum to yield 10 as an off-white solid.  Yield: 

1.19 g (92 %).  1H NMR (400 MHz, DMSO, 25 °C, TMS): δ = 7.48 (d, 2H), 7.42-7.36 

(m, 5H), 5.19 (s, 2H), 4.59 (s, 2H), 4.52 (s, 2H); 13C NMR (101 MHz, DMSO, 25 °C): 

δ = 152.5, 150.9, 148.6, 137.3, 128.9, 128.3, 127.8, 120.4, 120.2, 69.8, 64.1, 60.2. 

ESI-MS (m/z): Found: 246.1126 [10+H]+ (100%), Theoretical:  246.1052 [10+H]+. 

2.6.3.2 Synthesis of 2-benzyloxy-2,6-bis(chloromethyl)pyridine (11):   

A sample of thionyl chloride (42.3 mL, 580 mmol) was cautiously added with a 

syringe to 10 (5.21 g, 21.24 mmol) over an ice bath.  The reaction mixture was 

removed from the ice bath and stirred at reflux (60 °C) for 4 h.  The solution was 

allowed to cool to room temperature and an equivalent amount of THF (50 mL) was 

added to aid in the removal of the solvent by rotary evaporation. The resulting yellow 

residue was then neutralized with 10% Na2CO3, and subsequently taken up in CHCl3 

and washed with water (3 × 15 mL).  The organic layer was then dried over sodium 
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sulfate and filtered.  The solvent was evaporated to give a dark orange oily 

substance, which crystallized under vacuum to give 11 as a fine brown solid.  Yield: 

5.43 g (91 %).  1H NMR (400 MHz, CDCl3, 25 °C, TMS): δ = 7.38-7.45 (m, 5H), 7.24 

(s, 2H), 5.19 (s, 2H), 4.79 (s, 2H), 4.65 (s, 2H); 13C NMR (101 MHz, CDCl3, 25 °C): δ 

= 152.6, 147.6, 145.6, 135.5, 128.8, 128.4, 127.2, 124.4, 120.8, 70.5, 45.8, 41.8. 

ESI-MS (m/z): Found: 282.0153 [11+M]+ (100%), Theoretical: 282.0374 [11+H]+. 

 
2.6.3.3 Synthesis of 12-benzyloxy-3,6,9-tris(2-nitrobenzenesulfonyl)-3,6,9,15-
tetra-azabicyclo[9.3.1]penta-deca-1(15),11,13-triene   (12):   
 

Compound 11 (5.43g, 15.2 mmol) was dissolved in CH3CN (75 mL) and added 

drop wise over a period of 2 h to a light yellow solution of 1 (12.7g, 15.2mmol), 

Na2CO3 (6.36 g, 60 mmol), and CH3CN (75 mL) in a two-neck reaction flask.  The 

reaction mixture was allowed to stir at reflux for 24 h under nitrogen.  The solvent of 

the dark reddish brown solution was then removed by rotary evaporation.  The waxy 

residue was washed with hot methanol (2 x 50 mL), and underwent a hot filtration.  

The resulting brown solid was then taken up in CH2Cl2, dried over sodium sulfate, 

and filtered. The solvent was subsequently removed by rotary evaporation to give a 

dark brown solid.  The crude dark brown solid was recrystallized from a 2:1 mixture 

of ethyl acetate (100 mL) and absolute ethanol (200 mL). The milky solution was 

placed in the fridge overnight and the resulting solid was filtered and dried under high 

vacuum to give 12 as a fine yellow solid. Yield: 6.76 g (83 %).  Elemental Analysis for 

[C11H18N4]∙3HCl∙KCl∙H2O Found (calc.): C, 31.78 (31.14); H, 5.05 (5.46); N, 13.26 

(13.21)  %.  1H NMR (400 MHz , CDCl3, 25 °C, TMS): δ = 8.08-8.00 (m, 3H), 7.76-

7.57 (m, 8H), 7.44-7.30 (m, 8H), 5.15 (s, 2H), 4.77 (s, 2H), 4.56 (s, 2H), 3.50-3.27 

(m, 8H); 13C NMR (101 MHz , CDCl3, 25 °C, TMS): δ = 153.1, 148.2, 148.0, 147.8, 

146.4, 144.0, 135.5, 133.9, 133.8, 133.7, 132.6, 132.2, 132.1, 132.0, 131.8, 131.4, 

131.3, 130.9, 128.8, 128.4, 127.4, 125.5, 124.4, 124.3, 124.2, 121.0, 70.5, 54.4, 
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49.7, 46.7, 46.1. ESI-MS (m/z): Found: 867.9835 [12+M]+ (100%), Theoretical: 

867.1298 [12+M]+. 

2.6.3.4 Synthesis of 2-benzyloxy-3,6,9,15-tetra-azabicyclo[9.3.1]penta-deca-
1(15),11,13-triene-13-ol trishydrochloride (13∙3HCl):  
 

 A solution of thiophenol (4.46 mL, 43.4 mmol) in CH3CN (15 mL) was cooled in an 

ice-bath under an atmosphere of nitrogen followed by cautious addition of 10 M KOH 

(5 mL), over a period of 10 min.  The ice-bath was then removed, and a mixture of 

13∙3HCl (6.28 g, 7.24 mmol) in CH3CN (10 mL) was added over a period of 15 min.  

After addition, the reaction mixture was heated at 50 °C for 1 h, then cooled to room 

temperature and left to stir overnight.  The solvent was removed by rotary 

evaporation to give a dark orange oily residue, which was diluted with water (40 mL) 

and basified to pH 12 using solid KOH.  The basic solution was extracted with 

CH2Cl2 (3 x 50mL) until the aqueous layer was no longer yellow in color.  The 

organic extracts were combined and the solvent was removed by rotary evaporation.  

Next, concentrated HCl was added drop wise to the yellowish residue and the 

resulting mixture was dissolved in water.  The aqueous solution extracted with Et2O 

(3 x 20 mL) and the combined acidic aqueous extracts were then evaporated to give 

a yellow oily residue.  The addition of anhydrous CH3CN (40mL) followed by Et2O 

(100mL) caused the oily residue to precipitate 13 as the HCl salt.  The solid was 

filtered and dried under high vacuum to give 13∙3HCl as fluffy light yellow solid.  

Yield: 2.86 g (87 %).  1H NMR (400 MHz , D2O, 25 °C): δ = 7.59 (d, 1H), 7.46-7.32 

(m, 7H), 5.20 (s, 2H), 4.70 (s, 2H), 4.47 (s, 2H), 3.43-3.24 (m, 8H); 13C NMR (101 

MHz , D2O, 25 °C): δ = 152.7, 140.2, 135.5, 128.9, 128.0, 125.6, 122.6, 70.8, 48.6, 

46.0, 45.3, 43.6, 43.3, 42.9.  ESI-MS (m/z): Found: 313.2089 [13+H]+ (100%), 

Theoretical: 313.2028  [13+H]+.  
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2.6.3.5 Synthesis of 3,6,9,15-tetra-azabicyclo[9.3.1]penta-deca-1(15),11,13-trien-
13-ol trishydrochloride (L3∙3HCl):  

 
A suspension of 13∙3HCl (1.49 g, 3.52 mmol) was dissolved in a minimum amount 

of water (10 mL) containing PdO (0.43 g, 3.52 mmol) and exposed to H2 (g) (45 psi) 

using a PARR Hydrogenator System for 72 h. The pinkish orange solution was 

filtered to remove any remaining PdO and subsequently lyophilized for 48 h to give 

L3∙3HCl as a fine light brown solid.  Yield: 0.87 g (82 %).  1H NMR (400 MHz, D2O, 

25 °C): δ = 7.38 (s, 2H), 4.51 (s, 2H), 4.46 (s, 2H), 3.49-3.46 (m, 2H), 3.40-3.32 (m, 

6H); 13C NMR (101 MHz, D2O, 25 °C): δ = 151.5, 139.7, 138.2, 125.9, 125.3, 48.6, 

45.6, 44.4, 43.4, 43.1, 42.5. ESI-MS (m/z): Found: 223.1615 [L3+H]+ (100%), 

Theoretical: 223.1481 [L3+H]+. 
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CHAPTER 3 

Chemical Properties of the Pyridine- and Pyridol-based Nickel(II), Copper(II), 
and Zinc(II) Tetra-aza Macrocyclic Complexes 
 
3.1 Introduction  

In the course of this work, we set-out to explore the chemical characteristics of a 

series of transition metal complexes derived from the N-heterocyclic ligands L1-L3.  

The aim of this work was to understand how the electron-donating nature of the 

pyridine backbone of L1 was affected by p- and m-hydroxylation.  Herein the 

synthesis, structural, electronic, and redox properties of the complexes: 

[NiII(L1)(Cl)]2(ClO4)2 (14), [NiII(L2)(Cl)]2(ClO4)2 (15), [NiII(L3)(Cl)]2(ClO4)2 (16), 

[CuIIL1Cl](ClO4) (17), [CuIIL2Cl](ClO4) (18), [CuIIL3Cl](ClO4) (19),  [ZnIIL1Cl](ClO4) 

(20), [ZnIIL2Cl](ClO4) (21), and [ZnIIL3Cl](ClO4) (22) are described.  Structural 

characterizations of the complexes were carried out in the solid-phase by single 

crystal X-ray diffraction (XRD), solution-phase spectroscopic characterization of the 

complexes were carried out by UV-Vis or NMR spectroscopy, and the redox 

properties investigated using cyclic voltammetry (CV).  The data collected from this 

series of experiments revealed that hydroxylation enhanced the Lewis basicity of the 

ligand backbone and that p-hydroxylation induced a larger electron-donating effect 

than m-hydroxylation, as expected.   

3.2 Nickel(II) Complexes 

The nickel(II) complexes 14-16 were all prepared in a similar manner: a sample 

of the hydrochloride salt of L1-L3 was dissolved in water and the pH of the resulting 

acidic solution was adjusted to 10.0 using concentrated potassium hydroxide.  Next, 

a molar equivalent of the nickel(II) perchlorate hexahydrate  was added in one 

portion.  The metal-ligand mixture was allowed to stir overnight at 50 °C.  The next 

day, the solvent was removed under reduced pressure to yield the crude inorganic 
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complex as a purple powder. The crude nickel(II) complexes were first washed with 

methanol and then filtered through a 45 µm syringe.  Next, the filter containing the 

purple precipitate was rinsed with 5 mL of methanol, followed by 10 mL of deionized 

water in order to elute the desired complex from the filter.  After filtration, the solvent 

was removed under reduced pressure to give complexes 14-16 as powdery purple 

solids.   

3.2.1 Structural Properties 

Crystalline samples of complexes 14 and 15 suitable for X-ray analysis were 

obtained from the slow evaporation in aqueous solution.  As shown in Figure 3.1, the 

nickel(II) complexes are dimeric M2L2 species.48  The nickel(II) ions are six 

coordinate, ligated by the N atoms N(1), N(2), N(3), and N(4) of the ligand 

backbones and bridged by two chlorine atoms [Cl(1) and Cl(1’)],  The ligands present 

cis-folded (N4) configurations, giving precedence to the idea that the 12-membered 

cavity is not spacious enough to allow the co-planar coordination of the nickel(II) ion 

by the ligand.  All of the Ni-N bond lengths for the pyridine-based complex are 

shorter than those for the corresponding pyridol-based complex (Table 3.1).  This 

contraction indicates that the bonding interaction between the nickel and nitrogen 

atoms weakens slightly.  Likewise, the distance between the neighboring nickel and 

chlorine atoms is longer for complex 15 than 14 and is consistent with an increase in 

Lewis-basicity of the ligand as result of p-hydroxylation.   Attempts to isolate complex 

16 as a crystalline solid suitable for X-ray analysis via slow evaporation and vapor 

diffusion methods were unsuccessful.   This anomaly is potentially a result of the 

chiral nature of the metal complex formed; the asymmetric unit of 16 would lack a 

mirror plane and inversion center. On multiple occasions, the product obtained from 

slow evaporation of water appeared crystalline to the naked-eye; however, under the 



46 
 

microscope the complex existed as an aggregated cluster of purple crystals that 

diffracted rather poorly.         

   

 

Figure 3.1 ORTEP drawing of the six-coordinate nickel(II) complexes 14 (top) and 
15 (bottom) showing the presence of a Ni(µ-Cl)2Ni bridge, with the labeling scheme 
adopted. The two perchlorate counter-ions have been omitted for clarity.  
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Table 3.1 Selected bond lengths (Å) and bond angles (˚) for the six-coordinate 
complexes: [NiII(L1)(Cl)]2(ClO4)2 (14) and [NiII(L2)(Cl)]2(ClO4)2 (15). 

Complex 14 15 

Ni(1)-N(1) 2.133(2) 2.142(3) 

Ni(1)-N(2) 2.077(2) 2.087(2) 

Ni(1)-N(3) 2.125(2) 2.146(3) 

Ni(1)-N(4) 1.997(1) 2.013(2) 

Ni(1)-Cl(1)  2.383(1) 2.416(3) 

N(1)-Ni(1)-N(3) 155.4(9) 155.0(9) 

N(2)-Ni(1)-Cl(1) 176.0(6) 175.0(6) 

N(4)-Ni(1)-Cl(1) 172.9(6) 174.0(6) 
 

3.2.2 Electronic Properties 

As seen in Figure 3.2, there is a blue-shift in the absorbance maxima across the 

series from complex 16 [285 nm (271)], to 14 [264 nm (137)], to 15 [246 nm (200)] in 

aqueous solution and the pyridol-based complexes have larger extinction coefficients (π 

→ π*) than the pyridine-based complex.  These results are consistent with the spectra 

measured for L1-L3 in aqueous solution (Figure 2.3).  Additionally, two lower energy 

transitions ranging from 450 nm to 1100 nm were observed, and complexes (14) [563 

(14) and 955 (41)] and (15) [556 (16) and 951 (41)] have larger extinction coefficients 

than the m-hydroxyl derivative (16) [552 (6) and 947 (12)].  These findings are consistent 

with reports by Busch and coworkers who established that most six-coordinate nickel(II) 

tetra-aza complexes are paramagnetic and green or violet in color with characteristically 

low extinction coefficients.54-55 On the basis of these results, we postulate that the six-

coordinate nickel complexes observed in the solid-state exist in solution as well.   
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Figure 3.2 The electronic absorption spectra for the nickel(II) complexes measured 
in water at pH 6.0.  The inset shows the spectra in the range between 400-1000 nm.  
Molar absorption [λmax/nm (ε/M-1·cm-1)] for (14): 264 (137), 271 (sh), 563 (14), 779 
(sh), and 955 (41); (15): 246 (200), 556 (16), 784 (sh), and 951 (41); (16): 220 (448), 
285 (268), 552 (6), 788 (sh), and 947 (12). 

 
3.2.3 Electrochemical Properties 

  The electrochemical properties of the nickel(II) complexes derived from L1-L3 

were investigated using cyclic voltammetry in aqueous solution.  The cyclic 

voltammograms obtained for complexes 1-3 yielded ill-defined and irreproducible 

spectra.  This behavior has been documented for other nickel(II) complexes derived 

from 12-membered tetra-aza ligands.  For example, Fabbrizzi et al. reported similar 

inconsistent electrochemical behavior for an octahedral 12-membered tetra-aza 

macrocyclic nickel(II) complex.3  In addition, Ghachtonli and co-workers observed the 

same behavior for the six-coordinate nickel complex derived from cyclen.11  

Conversely, nickel(II) complexes derived from 14-, 15-, and 16-membered tetra-aza 

macrocycles are capable of accommodating nickel(I) and nickel(III) valence states 

rather efficiently arising from the fact that the four-coordinate complexes prevail in 
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solution.3,22-23,29,48,55  Taken together, these results suggest that the high coordination 

number imposed on the metal center by the 12-membered ring system prevents the 

accommodation of different redox states of the nickel ion in solution.    

3.3 Copper(II) & Zinc(II) Complexes 

The copper(II) and zinc(II) complexes were prepared in manner similar to that 

described for the nickel(II) complexes.  A sample of the hydrochloride salt of L1, L2, 

or L3 was dissolved in 10 mL of deionized water and the pH of the solution was 

adjusted to 10.0 using concentrated potassium hydroxide.  Next, a molar equivalent 

of copper(II) or zinc(II) perchlorate hexahydrate was added to the solution contain 

the ligand and the pH of each solution was monitored during the metalation reaction. 

Upon addition of metal, the pH rapidly decreased from 10.0 to approximately 3.0. 

This behavior was observed for both copper(II) and zinc(II). Next the pH was raised 

to 5.0 using aqueous KOH and the complex mixtures were allowed to stir overnight 

at 50 °C.  Next, the solvent was removed under reduced pressure and the crude 

copper(II) 17-19 and zinc(II) 20-22 complexes were taken up in methanol and filtered 

through a 45 µm syringe to remove the potassium chloride by-product.  The solvent 

was removed under reduced pressure which yielded the copper(II) and zinc(II) 

complexes as blue powders, respectively.    

3.3.1 Structural Properties 

In analogy with the solid-state structures previously reported for complexes 17 

and 20, the pyridol-based copper(II) and zinc(II) complexes are five-coordinate and 

deviate between square-pyramidal and trigonal bipyramidal geometries.47,79-80,95,  As 

shown in Figure 3.3, the copper(II) and zinc(II) ions lie outside the N4 plane and are 

ligated by four N-atoms of the macrocyclic plus a single chlorine atom, in a cis-folded 

fashion.  The basal plane is defined by the position of the donor atoms N(1), N(3), 

N(4), Cl(1), with N(2) as the axial donor.  The bond lengths for these complexes 
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listed in Table 3.2 follow the expected periodic trends and increase from copper to 

zinc, with an exception occurring at the axial Zn-N(2) bond.  Notably, the axial Cu-

N(2)  and Zn-N(2) bond lengths are increased upon hydroxylation of the pyridine 

ring.  This effect is more pronounced for complexes 18 and 21, derived from L2, and 

indicates that the axial M-N(2) bonding interaction is destabilized in response to 

hydroxylation.13  Another significant trend to be noted is that the basal M-Cl(1) and 

M-N(4) bond distances are shorter for the pyridol complexes.  This contraction 

indicates that the π-bonding interactions are stronger for the pyridol-based 

complexes versus the pyridine complex.  Compared to compound 17, the Cu-Cl(1) 

bond lengths decrease significantly, by 0.140 Å in 18 and 0.101 Å in 19, while the 

Zn-Cl(1) bond lengths decrease only slightly.  

 Furthermore, the metrical parameters related to the aromatic systems for 

complexes 18 and 19 reveal that the C-O bond lengths for the complexes derived 

from L2 are shorter than those derived from L3.  Hence, a shorter C-O bond length is 

consistent with the idea that the C-O bond of L2 has more partial double-bond 

character than that of L3.  This feature indicates that the lone pair of the oxygen 

atom is delocalized to a greater extent throughout the aromatic system of L2.  

Correspondingly, the O-H bond distances in the p-substituted complexes are shorter 

than the m-hydroxyl derivatives.  These observations suggest that the pyridol ring of 

complex 18 contains a greater amount of electron density than L3, and is consistent 

with the idea that p-hydroxylation induces a greater electron donating effect than m-

hydroxylation.     
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Figure 3.3 ORTEP representation of the five-coordinate copper(II) and zinc(II) 
complexes derived from L1-L3 with the labelling scheme adopted.  The perchlorate 
counter-ions and molecule of H2O in 22 comprising the asymmetric unit are omitted 
for clarity.  

 

Table 3.2 Selected bond lengths (Å) and bond angles (˚) for the five-coordinate 
copper(II) and zinc(II) complexes.  The structural data for complex 20 (CCDC # 
628572) was obtained from the Cambridge Crystallographic Data Center.95 

 

 

 

 

 

 

  

Complex 17 18 19 20 21 22 
M-N(1) 2.068(9) 2.082(16) 2.060(2) 2.245(2) 2.207(17) 2.214(5) 
M-N(2) 2.151(9) 2.173(19) 2.137(2) 2.048(1) 2.087(19) 2.060(5) 

M-N(3) 2.079(9) 2.079(16) 2.063(2) 2.212(2) 2.209(19) 2.226(5) 

M-N(4) 1.956(8) 1.939(16) 1.952(2) 2.055(2) 2.041(17) 2.059(4) 

M-Cl(1) 2.247(4) 2.226(9) 2.264(7) 2.245(6) 2.214(6) 2.234(5) 
C-O(1) - 1.340(4) 1.361(1) - 1.339(3) 1.353(3) 

O(1)-H - 0.819(2) 0.920(1) - 0.840(2) 0.850(2) 

N1 

N2 

Cu 
N3 

Cl 

N4 

Zn Zn Zn 

Cu Cu 

                  L1    L2           L3 
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3.3.2 Electronic Properties 

3.3.2.1 UV-vis and Fluorescence Spectroscopy 

The absorption spectra of the copper(II) complexes were measured in aqueous 

solution at pH 6.0   As shown in Figure 3.4 in the visible portion of the spectrum, the 

blue-colored copper(II) complexes each contain a single broad absorption band 

assigned as a copper-based d-d transition.58  The absorption maxima for the pyridol 

complexes are slightly blue-shifted with respect to the maximum value for complex 

17.   In the UV region of the spectrum, the copper(II) complexes contain noticeably 

stronger and more intense π → π* transitions compared to the spectra of the free 

macrocycles.  This result implies that there is a greater amount of π-density residing 

throughout the pyridol systems versus the pyridine and is consistent with the 

conclusions drawn from the crystallographic studies discussed above.  Similar to the 

spectra obtained for the free macrocycles, the extinction coefficients for pyridol-

based complexes are larger than the pyridine-based complex.  In addition, the 

spectrum of complex 19 displays a significantly greater amount of charge transfer 

character versus complexes 17 and 18.  The increased number of transitions 

observed for complex 19 likely results from the asymmetric structure of L3.  Again, 

these findings suggest that the aromatic system in L3 contains a greater level of 

electronic perturbation versus L1 and L2.  Furthermore, the fact that the absorption 

spectrum of L3 is pH dependent gives precedence to this hypothesis.   
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Figure 3.4 Absorption spectra of the copper(II) complexes measured in water at pH 
6.0.  The inset shows the spectra in the range between 400-1000 nm.  Molar 
absorption [λmax/nm (ε/M-1·cm-1)] for (17): 261 (4353), 275–330 (sh), and 713 (109); 
(18): 249 (8779), 284-330 (sh), and 699 (107); (19): 208 (12454), 246 (7841), 268-
350 (4000), and 696 (121).  

 

  Upon discovering that the absorption and fluorescence spectrum of L3 was pH 

dependent, as discussed in Chapter 2, we were curious if this same behavior could 

be observed for the copper(II) and zinc(II) complexes as well.  Thus, we proceeded 

to study the electronic properties of complexes 19 and 22.  As expected, upon the 

addition of base the changes observed in the electronic spectra for complexes 19 

and 22 mimicked that of the free macrocycle L3.  Notably, the complexes derived 

from L1 and L2 showed no fluorescent response.  As shown in Figure 3.5 and 

Figure 3.6, an increase in pH of the solution from acidic to basic leads to a depletion 

of the single absorption band observed at 280 nm.  This depletion was accompanied 

by the appearance of two new absorption bands with maximum values at 248 nm 

and 310 nm, which directly lead to an increase in the fluorescent signal of the 

complex.  Notably, the fluorescence intensity (λex 310 nm) increases approximately 
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four-fold when pH of the solution is increased from 6.0 to 10.0.  This increase 

correlates directly with the intensity of the absorption band at 310 nm.  In addition, 

the fluorescence intensity of the zinc(II) complex was observed to be much greater 

than the intensity of the copper(II) complex.  This result is not surprising given that 

copper(II) ions are known to quench fluorescence.  

Figure 3.5 UV absorption spectrum of complex 19 [74 µM] measured in 0.1 M 
acetate (pH ≤ 6.0) or 0.1 M TRIS buffer (pH > 6.0) solution prepared in deionized 
water solution with 0.1 M KCl. The inset above shows the corresponding emission 
spectra (λex 310 nm).  
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Figure 3.6 UV absorption spectrum of complex 22 [74 µM] at different pH values 
measured in 0.1 M acetate buffer (pH ≤ 6.0) or 0.1 M TRIS buffer (pH > 6.0) 
solutions that contained 0.1 M KCl prepared in 4:1 (MeOH:H2O).72  The inset above 
shows the corresponding emission spectra (λex 310 nm).  

 
3.3.2.2 NMR Spectroscopy 

     The electronic properties of the zinc(II) complexes 20-22 were further 

characterized via NMR spectroscopy in D2O solution.  The information inferred from 

the spectra in Figure 3.7 are consistent with the coordination of the three aliphatic 

and single pyridine nitrogen atoms of the macrocyclic backbone in a non-planar 

fashion with respect to the metal-ion.  Notably, the 13C NMR spectra of 20 and 21 

show eight resonances, which contain two additional peaks compared to the spectra 

for L1 and L2.  The benzyl carbon atoms retain chemical equivalence but the four 

aliphatic carbon atoms comprising the lower and more flexible portion of the ligand 

lose chemical equivalence upon coordination of zinc(II).  This result is suggestive of 
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a non-planar and less symmetric carbon framework versus the free macrocycles in 

solution.  These findings are consistent with the solid-state studies where the ligands 

display a cis-folded conformation and the metal-ion lies outside the N4 plane.  In 

addition, the trends noted for the resonance signals related to the aromatic carbon 

atoms of L1-L3 are conserved in the 13C NMR spectra of complexes 20-22 as well.  

As noted previously, the up-field shift in the resonance signal observed for complex 

21 at 109.2 ppm is supportive of the conclusion that the p-pyridol system is more 

electron donating that the m-substituted pyridol system and is consistent with the 

results from the electrochemical studies of the copper(II) complexes discussed 

above. 

 
 

Figure 3.7 Overlay of the 13C NMR spectra of the zinc(II) complexes derived from 
L1-L3 measured in D2O.   
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3.3.3 Electrochemical Properties 

     In contrast to the redox silent six-coordinate nickel(II) complexes, the five-

coordinate copper(II) complexes 17-19 were determined to be redox active.  When 

the electrode potential was scanned from the open circuit potential to -1.70 V and 

then reversed, the current-potential curve showed one redox wave.  These redox 

processes correspond to the quasi-reversible reduction (ΔEp > 60 mV, Ru not 

corrected) of [L1CuIICl]+ to [L1CuICl]0.  As shown in Figure 3.8, the reduction wave 

for complexes 18 (Epc = -1.03 V) and 19 (Epc = -0.97 V) occur at more negative 

potentials than complex 17 (Epc = -0.96 V).  Thus, the reduction of Cu(II) to Cu(I) is 

less favorable for the pyridol-based complexes versus the pyridine complex.  These 

results suggest that the electron-donating capacity of the ligands increase across the 

series L2 > L3 > L1 and is consistent with the conclusions drawn from the NMR and 

XRD studies discussed above.  In addition, the value of the current for complex 6 is 

noticeably smaller than the currents of complexes 17 and 18.  This result is due to 

the fact that complex 19 was partially soluble in DMF; thus, the final concentration of 

19 in the bulk solution was lower than complexes 17 and 18.  Furthermore, the 

shape of the CV for complex 19 is considerably different than the other two 

complexes.  This phenomenon is related to the presence of excess chloride ions that 

were present in solution and we have come to understand that the presence of 

excess chloride ions in solution hinders the reversibility of the copper(II/I) redox 

couple.  The effect of chloride on the redox behavior of complex 17 will be discussed 

in Chapter 4.   
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Figure 3.8 CVs recorded with a glassy carbon (GC) electrode (dia. = 2 mm) in 0.1 M 
tertbutylammonium perchlorate (TBAP) in DMF solution containing 2 mM of complex 
at a scan rate of 50 mV/s.   

  
3.4 Conclusions 

As expected, p-hydroxylation induces a larger electron-donating effect than m-

hydroxylation.  Clearly, the solid-state and electronic behaviors of the complexes 

derived from L3 are unique with respect to those of L1 and L2.  The fact that the 

electronic nature of L3 in solution is pH dependent warrants further investigation. On 

the basis of the potentiometric and spectrophotometric data collected, we propose 

that the pKa for the pyridol group of complex 22 is ≈ 7.0, which is lower than the free 

ligand. 

3.5 Materials and Methods 

3.5.1 Physical Measurements 

The electronic spectra were collected between 200-1100 nm on an 8453 UV-Vis 

spectrophotometer (Agilent), using a 3 mL quartz cuvette, and with a 1 cm path 

length.  The molar extinction coefficients were calculated according to the Beer-
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Lambert law.  1H and 13C NMR spectra were obtained on a Bruker Avance III (400 

mHz) High Performance Digital NMR Spectrometer.  The solution NMR 

spectroscopic analyses were carried out in CDCl3, D2O, or d-DMSO at 25 °C.  

3.5.2 Characterization of nickel(II), copper(II), and zinc(II) complexes (14-22) 

 [NiII(L1)(Cl)]2(ClO4)2 (14): Purple powder, yield = 58 % (33.8 mg, 0.042 mmol).  

ESI-MS (m/z): Found: 263.0017 [NiII(L1)-H]+ (100%), Theoretical: 263.0885 [NiII(L1)-

H]+. UV-Vis λmax/nm (ε/M-1·cm-1): 264 (137), 271 (sh), 563 (14), 779 (sh), and 955 

(41).  Purple crystals suitable for X-ray structural analysis were obtained by the slow 

evaporation of water. 

[NiII(L2)(Cl)]2(ClO4)2 (15): Purple powder, yield = 95 % (42.9 mg, 0.051 mmol).  

ESI-MS (m/z): Found: 279.1183 [NiII(L2)-H]+ (100%), Theoretical: 279.0834 [NiII(L2)-

H]+.  UV-Vis λmax/nm (ε/M-1·cm-1): 246 (200), 556 (16), 784 (sh), and 951 (41).  Purple 

crystals suitable for X-ray structural analysis were obtained in a manner similar to 14. 

[NiII(L3)(Cl)]2(ClO4)2 (16): Purple powder, yield = 88 % (56.0 mg, 0.067 mmol).  

Extensive attempts were carried out to obtain this complex in a crystalline form 

suitable for X-ray analysis but failed.  ESI-MS (m/z): Found: 279.1142 [NiII(L3)-H]+ 

(100%), Theoretical: 279.0834 [NiII(L2)-H]+. UV-Vis λmax/nm (ε/M-1·cm-1): 220 (448), 

285 (271), 552 (6), 788 (sh), and 947 (12).   

[CuII(L1)(Cl)](ClO4) (17): Blue powder, yield = 91 % (75.4 mg, 0.186 mmol).  ESI-

MS (m/z): Found: 304.0550 [CuII(L1)(Cl)]+ (100%), Theoretical: 304.0516 

[CuII(L1)(Cl)]+. UV-Vis λmax/nm (ε/M-1·cm-1): 261 (4353), 275 – 330 (sh), and 713 

(109). 

[CuII(L2)(Cl)](ClO4) (18): Aqua powder, yield 97 % (55.5 mg, 0.131 mmol).  Aqua 

blue crystals suitable for X-ray structural analysis were obtained from the slow 

evaporation of methanol.  ESI-MS (m/z): Found: 320.0950 [CuII(L2)(Cl)]+ (100%), 

Theoretical: 320.0465 [CuII(L2)(Cl)]+. UV-Vis λmax/nm (ε/M-1·cm-1): 249 (8779), 284-
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330 (sh), and 699 (107). 

[CuII(L3)(Cl)](ClO4) (19): Teal powder, yield 95 % (47.6 mg, 0.113 mmol).  Teal 

blue crystals suitable for X-ray analysis were obtained in a manner similar to 18.  

ESI-MS (m/z): Found: 320.0618 [CuII(L3)(Cl)]+ (100%), Theoretical: 320.0465 

[CuII(L3)(Cl)]+. UV-Vis λmax/nm (ε/M-1·cm-1): 208 (12454), 246 (7841), 268 – 350 (sh), 

and 696 (121).  

[ZnII(L1)(Cl)](ClO4)  (20): Beige powder, yield 91 % (85.3 mg, 0.223 mmol).  The 

crystal structure for this complex has been reported previously by Busch et al.  ESI-

MS (m/z): Found: 305.0231 [ZnII(L1)(Cl)]+ (100%), Theoretical: 305.0511 

[ZnII(L1)(Cl)]+.  13C NMR (D2O) δ: 154.3, 141.2, 121.3, 51.9, 51.8, 50.0, 49.9, and 

45.3. 

[ZnII(L2)(Cl)](ClO4) (21): Off-white powder, yield 93 % (45.2 mg, 0.106 mmol).  

Yellow crystals suitable for X-ray analysis were obtained from the slow evaporation 

of methanol.  ESI-MS (m/z): Found: 321.0919 [ZnII(L2)(Cl)]+ (100%), Theoretical: 

321.0461 [ZnII(L2)(Cl)]+.  13C NMR (D2O) δ: 168.6, 156.0, 109.2, 51.6, 48.9, 49.0, 

45.5, and 45.4. 

[ZnII(L3)(Cl)](ClO4) (22): White powder, yield 91 % (50.1 mg, 0.118 mmol).  Yellow 

crystals suitable for X-ray analysis were obtained in a similar manner as 21.  ESI-MS 

(m/z): Found: 321.0942 [ZnII(L3)(Cl)]+ (100%), Theoretical: 321.0461 [ZnII(L3)(Cl)]+.  

13C NMR (D2O) δ: 149.8, 145.0, 141.8, 126.8, 121.8, 51.3, 50.5, 49.8, 48.9, 48.2, 

45.3, and 45.1. 

3.5.3 UV-vis and Fluorescence Spectroscopy 

The electronic absorption spectra were obtained between 200 and 1100 nm on a 

Cary 60 UV-Vis spectrophotometer purchased from Agilent technologies.  All 

samples were measured in 3 mL quartz cuvette with a 1 cm path length. The 

extinction coefficients of the ligands were calculated according to the Beer-Lambert 
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law.  For the pH studies of L3, a 0.1 M stock solution of acetate 0.1 M and phosphate 

buffer were prepared.  The pH of the buffered solutions was adjusted to the desired 

value using HCl and KOH.  In addition, a 7.55 mM stock solution of L3 in deionized 

water was prepared.  Prior to analysis, a series of solutions at pH 4.0, 5.0, 5.5, 6.0, 

6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 10.0 were prepared.  For the pH range between 3.0 

and 6.0, acetate buffer was used. For the range from 6.0 to 10.0 TRIS buffer was 

used.  For each run, 20 µL of the stock solution of L3 was added to the cuvette 

containing 2000 µL of buffer solution to give a total volume of 2020 µL.  A blank 

absorbance of each sample was run, and then a sample of L3 was added.  The 

resulting solution was mixed and the pH of the final solution was measured until 

stable and recorded.   The UV spectrum of each sample was measured prior to each 

fluorescence measurement.   

3.5.4 Electrochemistry  

CV was carried out with either an EC Epsilon potentiostat (C-3 cell stand) 

purchased from BASi analytical instruments (West Lafayette, IN). A glassy carbon 

(GC) electrode, 3 mm diameter, was also purchased from BASi (MF-2012). The 

electrodes were polished on a white nylon pad (BASi MF-2058) with diamond 

polishes of different sizes (15 μm, 3 μm, and 1 μm) to ensure a mirror-like finish 

(BASi PK-4 polishing kit MF-2060). The surface of the GC electrode was polished 

with the three diamond polishes each time between measurements. A three-

electrode cell configuration was used, with glassy carbon as the working electrode, a 

Ag wire (0.5 mm dia.) quasi-reference electrode housed in a glass tube (7.5 cm × 5.7 

mm) with a Porous CoralPor™ Tip, and a Pt wire (7.5 cm) as the counter electrode 

(BASi MW-1032).  All potentials in this work are reported vs Fc/Fc+. The 

uncompensated resistance, Ru, in the electrochemical cell was not corrected in this 

work. 
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3.5.5  X-ray Crystallography 

Table 3.3 Crystal data, intensity collections, and structure refinement parameters for 
[NiII(L1)(Cl)]2(ClO4)2 (14), [NiII(L2)(Cl)]2(ClO4)2 (15), [CuII(L1)(Cl)](ClO4)2 (17), 
[CuII(L2)(Cl)](ClO4)2 (18), [CuII(L3)(Cl)](ClO4) (19), [ZnII(L2)(Cl)](ClO4) (21) 
[ZnII(L3)(Cl)](ClO4)∙H2O (22). 

Complex 14 15 17 18 19 21 22 

CCDC # 950044 950046 1018080 950045 911993 950047 947495 

Formula Ni2C22H36 
Cl4 N8O8 

Ni2C22H36 
Cl4 N8O10 

Cu2C22H36 
Cl4N8O8 

CuC11H18 
Cl2N4O5 

CuC11H20 
Cl2N4O6 

ZnC11H18 
Cl2 N4O5 

Zn2C22H36 
Cl4N8 O10 

T 
(K) 100 100 100 100 100 100 100 

M.W. 799.77 831.77 809.47 420.87 438.76 422.57 863.14 
Unit 
cell 

Mono- 
clinic 

Tri- 
clinic 

Mono- 
clinic 

Mono- 
clinic 

Tri- 
clinic 

Mono- 
clinic 

Mono- 
clinic 

Space 
group P 1 21/c 1 P -1 P21/c P 1 21/c 1 P -1 P 1 21/n 1 P21/c 

a (Å) 
b (Å) 
c (Å) 

7.1569(4) 
18.703(10) 
11.304(6) 

7.065(4) 
10.65(7) 
11.79(7) 

17.788(3) 
7.807(15) 
23.181(4) 

11.454(5) 
8.985(4) 

18.166(6) 

8.0118(10) 
9.0865(11) 
13.227(17) 

11.509(5) 
9.0075(4) 
15.471(7) 

7.783(2) 
26.23(8) 
17.07(5) 

β 

 
97.055 

(2) 
 

 
80.072 

(16) 
 

 
107.523 

(3) 
 

 
122.113 

(19) 
 

 
93.412 

(4) 
 

 
97.410 

(2) 
 

 
104.446 

(13) 
 

Volume 
(Å3) 

1501.24 
(14) 

825.2 
(9) 

3069.8 
(10) 

1583.5 
(11) 

852.55 
(18) 

1590.48 
(12) 

3376.0 
(17) 

Z 4 1 4 4 2 4 4 
Dcalc. 

(g/cm3) 1.783 1.674 1.751 1.777 1.701 1.777 1.698 

Refl. 
collected 37488 64453 74290 5146 13671 91677 7744 

Indpen. 
reflections 3797 3671 12951 3545 3617 8871 5483 

Rint 0.0603 0.0142 0.0231 0.0255 0.0186 0.0392 0.0458 
Compl. 

to θ 99.5% 95.9% 94.6% 98.5% 95.7% 99.3% 100% 

GooF 1.090 1.001 1.047 1.024 1.038 1.019 1.054 
R1,  
wR2  

0.0363, 
0.0889 

0.0401, 
0.1121 

0.0230, 
0.0623 

0.0245, 
0.0638 

0.0407,  
0.1179 

0.0453, 
0.1106 

0.0551, 
0.1646 

 

Crystal diffraction data were collected at 100 K on a Bruker SMART X2S 

Diffractometer, equipped with monochromatic Mo-Kα radiation (λ = 0.71073 Å).  Data 

collection, frame integration, data reduction (multi-scan), and structure determination 

were carried out using APEX2 software.  Structural refinements were performed with 

XShell (v 6.3.1), by the full-matrix least-squares method.  All non-hydrogen atoms 

were refined using anisotropic thermal parameters, while the hydrogen atoms were 

treated as mixed.  The ORTEP molecular plots (50 %) were produced using Olex 2.  
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Chapter 4 
 
The Effect of Chlorine on the Redox Behavior of Copper(II)  
Tetra-aza Macrocyclic Complexes 
 
4.1 Introduction  

Transition metal complexes derived from tetra-aza macrocyclic ligands generally 

present large stability constants, with log K larger than or equal to 20.0 in the case of 

copper(II) complexes.28,44-45,53,57,61,66,73,76 As discussed in Chapter 1, tetra-aza 

macrocycles are well-known for their tendency to accommodate uncommon 

oxidation states of first-row 3d transition metal ions in solution.50  This phenomenon 

is important because redox couples such as copper(III/II) have rather positive 

reduction potentials          (E0
 copper(III/II) = 2.4 V)96 and may be applied as redox agents 

in catalytic systems.97-99  To date, several tetra-aza complexes have been reported to 

undergo a reversible or quasi-reversible copper(III/II) redox couple and are typically 

characterized by cyclic voltammetry and bulk electrolysis studies.3,23,49,50,52,68-70,100  In 

this regard, we have noted two points.  First, the work by Fabbrizzi and coworkers is 

unique with respect to the subsequent reports by others because spectroscopic 

evidence was provided for the transient copper(III) tetra-aza species, in conjunction 

with electrochemical experiments.3,68,70  Secondly, tetra-aza macrocyclic ligands 

generally used for preparation of the copper(II) complexes are commonly isolated as 

either HBr or HCl salts prior to complexation with the metal-ion.4,53,61,73,76,79,80,82  This 

latter observation is important because the presence of additional coordinating 

anions such as chloride have a profound effect on the structural nature of the 

products obtained from the reaction.80,101    

In the course of our studies, we have come to discover that the reaction between 

copper(II) perchlorate and the hydrochloride salt of L1 yields the expected 

[L1CuIICl][ClO4] complex-ion, plus an unexpected [L1CuIICl]2[CuIICl4] species.80  
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Structural characterizations of the two products were carried out in the solid-phase 

by single crystal X-ray diffraction (XRD). Solution-phase spectroscopic 

characterization of the products was carried out by UV-Vis spectroscopy and the 

redox properties were investigated using cyclic voltammetry and bulk electrolysis.  

Herein, we demonstrate that the presence of excess chloride hinders the chemical 

reversibility of the copper(II/I) redox cycle associated with the [L1CuIICl]+ complex 

and leads to formation of copper-chloride species. As a result, the presence of 

chloride from the chemical equilibrium of this latter species impedes the reversibility 

of the reduction of [L1CuIICl]+ to [L1CuICl]0.  Remarkably, this work represents the 

first comprehensive structural, spectroscopic, and electrochemical characterization of 

a copper(II) tetra-aza macrocyclic complex that contains a [CuIICl4]2- counter-ion.   

 
4.2 Complexation of L1∙3HCl with Copper(II) Perchlorate  

The complexation reaction between copper(II) perchlorate with the hydrochloride 

salt of L1 in both aqueous and non-aqueous solution gave rise to the formation of 

two separate complexes, [L1CuIICl][ClO4] (17)  and  [L1CuIICl]2[CuIICl4] (23) as 

shown in Scheme 4.1.  The two products of the complexation reaction can be 

separated by simple solubility discrimination in acetonitrile solution.101-106 

 

Scheme 4.1 The products obtained from the reaction between L1∙3HCl and 
copper(II) perchlorate hexahydrate in aqueous and non-aqueous solution. 
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The addition of the trishydrochloride salt of L1 to a boiling bright-blue solution of 

copper(II) perchlorate in acetonitrile resulted in a rapid change to an intense green.  

Within seconds, this color change was followed by the precipitation of the copper-

chloride complex 17 as an orange solid. The perchlorate complex 4 was isolated as 

a light blue solid from a dark green acetonitrile solution (Figure 4.1A).  The rate of 

formation for complex 23 showed dependence upon a variety of experimental 

factors. For example, a reduction in the reaction time, temperature, or volume of 

acetonitrile led to a decrease in the amount complex 23 that was isolated.  As a 

result of this sensitivity, the percent yields obtained for the two complexes varied with 

subtle modification in the reaction conditions.  In accordance with this behavior, a 

mixture of the two products was also obtained when the complexation reaction was 

carried out in DMF and aqueous solutions.  However, complex 23 remained soluble 

at all times compared to the separation allotted in acetonitrile.  As a result, the two 

different colored complexes were observed only after the removal of the solvent by 

rotary evaporation.  Additionally, complexes 17 and 23 were repeatedly isolated as 

blue and green solids, respectively, when the reactions were done in aqueous 

solution (Figure 5.1B).  This latter complex 17 isolated from aqueous solution was 

partially soluble in acetonitrile.  
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Figure 4.1 (A) Images obtained from the video of the complexation reaction, 
showing the color changes that resulted from the addition of the hydrochloride salt of 
L1 to the bright blue solution of copper(II) perchlorate in acetonitrile.  The image on 
the far right is post-centrifugation; complex 17 is bright green in solution and complex 
23 is the orange precipiate at the bottom of the eppedorf tube and; (B) Pictures of 
the different colored solids obtained from the reaction in (left) H2O [(17) blue and (23) 
green] and (right) acetonitrile [(17) blue and (23) orange]. 

 

4.3 Structural Properties    

Single-molecule X-ray crystallography was utilized in order to characterize the 

difference in structural properties between complexes 17 and 23.  Dark blue crystals 

of 17 suitable for X-ray analysis were obtained from the slow evaporation of ethanol 

at room temperature.  The asymmetric unit of 17 contained two independent 

[L1CuIICl][ClO4] complex ions. As shown in Figure 4.2, the cationic [L1CuIICl]+ 

complex-ions are five-coordinate and ligated by the four N-donor atoms of the ligand 

plus a single chlorine atom in a cis-folded fashion.  Given that 12-membered ligands 

are not large enough to incorporate 3d transition metal-ions in a coplanar manner; 

with respect to the N4 plane, this result was expected and agrees with reports 

contained in literature for structurally similar complexes.   The molecular dimensions 

listed in Table 4.1 reveal that the coordination spheres of the [L1CuIICl]+ cations 

have slightly different geometries.  This subtle geometric difference arises from the 

non-equivalence of the Cu-N(2) and Cu-N(6) bond lengths at 2.070(9) Ǻ and 

Water  
 

Acetonitrile 
 
 

        t = 0 s          t = 2 s          t = 30 s 

A. 

B. 
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2.151(9) Ǻ, respectively, as stronger interactions in the axial bonding interaction favor 

distortions towards trigonal bipyramidal.13 

 
 

Figure 4.2 ORTEP view (50 % probability) of the molecular structure of 
[L1CuIICl][ClO4], showing the two independent cationic species observed in each unit 
cell with the labelling scheme adopted.  The two perchlorate counter-ions were 
omitted for clarity.     

Table 4.1 Selected metrical parameters for the two independent cations of complex 
(17). 

 
Selected bond lengths (Å) 
Cu(1)-N(1) 2.068(9) Cu(2)-N(5) 2.059(9) 
Cu(1)-N(2) 2.151(9) Cu(2)-N(6) 2.070(9) 
Cu(1)-N(3) 2.079(9) Cu(2)-N(7) 2.041(9) 
Cu(1)-N(4) 1.956(8) Cu(2)-N(8) 1.971(9) 
Cu(1)-Cl(1) 2.247(4) Cu(2)-Cl(2) 2.296(4) 
Selected bond angles (°) 
N(1)-Cu(1)-N(3) 158.7(3) N(5)-Cu(2)-N(7) 153.8(3) 
N(4)-Cu(1)-Cl(1) 148.6(3) N(8)-Cu(2)-Cl(2) 125.6(3) 
N(2)-Cu(1)-N(4) 100.5(3) N(6)-Cu(2)-N(8) 121.8(4) 
N(2)-Cu(1)-Cl(1) 110.8(3) N(8)-Cu(2)-Cl(2) 112.5(3) 

 

    In contrast to the blue-colored complex of 17, bright green needle-like crystals of 

complex 23 were obtained from the slow evaporation of an acetonitrile solution that was 

isolated from the complexation reaction carried out in aqueous solution (Figure 4.1B).  

The resulting data analysis definitively confirmed the presence of [CuIICl4]2- as a counter-

ion for the cationic [L1CuIICl]+ complex, shown in Figure 4.3, despite twinning observed 

in several crystals resulting in unpublishable data.  The asymmetric unit contained four 

N(1) 

N(2) 

N(3) N(4) 

Cu(1) 

Cl(1) 
N(5) 

N(6) 

N(7) 

N(8) Cu(2) 

Cl(2) 
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[L1CuIICl]+ and two [CuIICl4]2- complex-ions to give a 2:1 ratio for the cationic to anionic 

species, respectively.  There are several structural reports for Cu(II) tetra-aza complexes 

that contain [CuIICl4]2- as an anion for the cationic macrocyclic complex.62,72-76  In a 

majority of these reports, the [CuIIN4]2+ complexes are six-coordinate and bridged axially 

by the [CuIICl4]2- species and form alternating cationic-anionic chains.  Interestingly, in 

only one of these reports did the authors comment on the electrochemical behavior of 

the [CuIIN4][CuCl4] complexes because the required conditions in methanol were not 

suitable for adequate electrochemical analysis.  

 
 

Figure 4.3 Ball-and-stick depiction of the crystallographically characterized complex 
[L1CuIICl]2[CuIICl4] with the labelling scheme adopted.  The hydrogen atoms were 
omitted for clarity.  Unit cell: P21/n.   a = 15.875(4), b = 7.541(2), c = 26.207(3) Ǻ, β = 
103.37(2)°, V = 3052.5(12) Ǻ3, Z = 8. 
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4.4 Electronic Properties 

The electronic spectra of complexes 17 and 23 were measured in DMF, 

methanol, and aqueous solution.  As shown in Figure 4.4, the electronic absorption 

spectrum of the complex is dependent upon the type of solvent and indicates that 

MeOH, DMF, and water are coordinated to the metal-ion in solution.  In DMF, 

complex 17 is light blue and contains a single d-d band at 792 (184) nm.  In sharp 

contrast, complex 23 is bright green and contains an intense LMCT band in the 

visible region at 439 (600) nm and a weaker d-d band in the near IR at 836 (126) nm.  

The band observed at 439 nm is spectroscopically equivalent to the chromophore 

reported for a tetrahedral [CuIICl3(DMF)]- species by Elleb and coworkers at 440 

(800) nm.111  In these oxygen-based solvents, however, complex 17 is light blue and 

the LMCT band at 439 nm is absent from the electronic spectrum.  This result is 

consistent with the dissociation of the [CuIICl3(DMF)]- complex-ion into constituent 

cations and anions.112  In methanol and water, both complexes are blue-colored and 

the d-d transitions shift to higher energy with increasing donor capability of the 

solvent.  The energy of these transitions are similar to those for other 12-membered 

Cu(II) tetra-aza complexes, where the geometry around the metal-ion deviates 

between square planar and trigonal bipyramidal.53,79-80  In the UV range of the 

spectrum, both complexes absorb at 261 (~2000) nm in methanol and water and is 

consistent with the findings discussed in Chapter 3.     
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Figure 4.4 Electronic absorption spectra of complex 23 showing the solvent-
dependent nature. The inset above shows the spectra obtained for complex 17. 
Molar absorption [λmax/nm (ε/M-1·cm-1)] for complex (4) in DMF 792 (184), MeOH 771 
(168), and water 698 (122); complex (10) in DMF 439 (600) and 836 (126), MeOH 
782 (126), and water 706 (94). 

 

4.5 Electrochemical Properties 

The electrochemistry of complexes 17 and 23 were studied by CV and bulk 

electrolysis in order to investigate the redox behavior of the complexes in solution 

and were carried out in collaboration with Dr. Netz Arroyo and Dr. Allen Bard at the 

University of Texas at Austin.  As illustrated in Figure 4.4, the electrochemical 

behaviors of the two complexes are distinctly independent from one another.  In the 

studies presented below, the solids obtained from the reaction in aqueous solution 

(green solid) and in acetonitrile solution were all analyzed individually.  The green 

solid isolated from the reaction in aqueous solution that contained a mixture of both 

complexes was initially evaluated.  In this experiment, a 6.7 mg sample of the green 

solid was dissolved into 10 mL of DMF and analyzed with a glassy carbon (GC) 
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working electrode, shown in Figure 4.4A.  The open circuit potential (OCP) of the 

system was 0.95 V.  When the electrode potential was scanned from the OCP to -

0.70 V and then reversed, the current-potential curve showed two redox waves at 

0.60 V and -0.25 V.  These redox waves, respectively, corresponded to the reduction 

of each of the two different copper(II) species present in solution, [CuIIClX]2-x and 

[L1CuIICl]+, indicated in Figure 4.4A.  To further confirm these assignments, the two 

complexes isolated from the complexation reaction acetonitrile were independently 

studied by CV and bulk electrolysis.  

 

Figure 4.5 (A) CV recorded with a glassy carbon electrode (dia. = 2 mm) solution 
containing a mixture of complexes (17) and (23). (B)  CVs of 2.3 mM (17) (red), and 
2.0 mM (23) (blue). (C)  Plots of anodic and cathodic peak currents, ip, versus v1/2. 
(D)  CVs of 2.0 mM complex 17 in the absence (solid blue) and presence (dashed 
blue) of 100 mM Cl-, and CV of 2 mM Cu(II) + 100 mM Cl- (green)  CVs of 2.3 mM 
complex 17 in the absence (solid red) and presence (dashed red) of [LiCl] = 100 mM. 
All studies were conducted in DMF with 0.1 M TBAP as supporting electrolyte. 

23 

17 

A. B. 
 

C. 
 

D. 
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Figure 4.4B shows the CVs of complexes 17 (red) and 23 (blue) recorded in 

DMF.  The black trace is a CV recorded with a GC working electrode in the absence 

of redox active species and the red trace is the CV of complex 17 recorded in DMF 

solution.  The red trace shows only one redox wave at E1 = -0.25 V.  This redox 

process corresponds to the quasi-reversible reduction (ΔEp = 85 mV, Ru not 

corrected) of [L1CuIICl]+ to [L1CuICl]0 in the absence of the [CuCl4]2- counter-ion.  

The reaction is diffusion controlled113 as determined by plots of cathodic and anodic 

peak currents, ip, vs v1/2 (v = scan rate), shown as red dots in Figure 5C. Bulk 

electrolysis of [L1CuIICl]+ to [L1CuICl]0 gave n = 1 and revealed an ECi reaction: 

 

The ECi reaction is supported by the appearance of a green precipitate of 

copper-chloride on the surface of the electrode during electrolysis of complex 17, 

shown in Figure 4.5.  Importantly, the appearance of copper-chloride during 

electrolysis implied that log βCu(II) >> log βCu(I) of the heterocyclic ligand L1.10,22,49  This 

behavior was further studied by carrying out CV scans in solutions containing an 

excess of chloride ions.  When a copper-to-chloride ratio of 1:50 was used the 

reduction current of [L1CuIICl]+ to [L1CuICl]0 remained unchanged, but the reverse 

anodic reaction disappeared completely (red dotted trace in Figure 4.4D).  Less 

dramatic effects in the magnitude of the anodic current were observed at lower 

concentrations of chloride. 

E [L1CuIICl]+ +  e- [L1CuICl]0

Ci [L1CuIICl]+ +  e- CuIClsolid +   L1

(1) 
 

(2) 
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Figure 4.6 Bulk electrolysis (left) and coulometry (right) of a solution of 1 mM 
[L1CuIICl][ClO4] + 0.1 M TBAP in DMF.  The expected number of coulombs was 
calculated as: Q = nFCV; with n = 1, C = 0.001 M, and V = 0.004 L, the expected 
number of coulombs was Q = 0.385 C.  The error bars are the average of three 
electrolysis experiments.  The current is normalized as i(t)/i(0).  The image on the left 
shows the precipitation of copper-chloride (green) on the surface of the electrode. 

 

The blue trace in Figure 4.4B is the CV of complex 23 in DMF solution.  This 

solution contained the same species discussed in Figure 4B.  The OCP of the 

system was 0.75 V.  When the electrode potential was scanned from the OCP to -

0.50 V and reversed back, the current-potential curve showed two redox waves at 

0.60 V and -0.25 V.  The wave at E2 = 0.60 V corresponds to the quasi-reversible 

reduction (ΔEp = 210 mV) of [CuClX]2-X to [CuClX]1-X.  This reaction is diffusion 

controlled as shown in Figure 4.4C.  Bulk electrolysis of [CuClX]2-X to [CuClX]1-X gave 

n = 1 and the electrolysis were reversible, giving the same number of coulombs in 

the forward and reverse reactions (Figure 4.6). Moreover, the second reduction 

wave corresponds to the reduction of [L1CuIICl]+ to [L1CuICl]0. Importantly, since this 

solution contained chloride ions, no reverse wave was observed.  In this case, the 

equilibria between Cu(II), Cu(I) and chloride species control the electrochemistry of 

the complex system.   

[L1Cu
II
Cl]

+ 
+ e

-           L1 +
 
CuClsolid 
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Figure 4.7 Bulk electrolysis (left) and coulometry (right) of a solution of 1 mM 
[CuIICl4]2- + 0.1 M TBAP in DMF.  The expected number of coulombs was calculated 
as: Q = nFCV; with n = 1, C = 0.001 M, and V = 0.004 L, the expected number of 
coulombs was Q = 0.385 C.  The error bars are the average of three electrolysis 
experiments.  The current is normalized as i(t)/i(0).    

 
In order to understand how the presence of chloride ions affected the reversibility of 

the copper(II/I) redox cycle of the macrocyclic complex excess chloride was intentionally 

added.  As shown in Figure 4.4D, the addition of lithium chloride altered the shape of 

the resulting voltammograms.  When a Cu(II) to chloride ratio of 1:50 was used, for 

example, the current corresponding to the reduction of [L1CuIICl]+ to [L1CuICl]0 

decreased by half and the wave corresponding to the [CuClX]2-X/[CuClX]1-X redox reaction 

shifted 80 mV to less positive potentials (blue dotted trace in Figure 4.4D). These 

observations were expected since the addition of chloride to a solution containing 

copper(II) shifts the chemical equilibrium to favor the formation of new CuClX2-X species.   

Finally, a control experiment was carried out to support the claim that the redox wave at 

0.60 V is related to a [CuClX]2-X/[CuClX]1-X couple.  In this experiment, CV studies were 

carried out in a solution of 2 mM Cu(II) + 100 mM LiCl in the absence of the ligand.  This 

CV is shown by the green trace in Figure 4.4D.  As expected, a good correlation in the 

shape and potential was observed when overlaying the CVs recorded with [Cl-] = 100 

mM in the absence and presence of L1, shown in Figure 4.4D.  The conclusions 
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obtained from the electrochemical analyses are in agreement with the structural and 

spectroscopic data discussed previously.   

4.6 Conclusions  

Metal-ion complexation reactions with tetra-aza macrocyclic ligands, in the 

presence of chloride ions, lead to the formation of unexpected inorganic metal-halide 

complex species.  The formation of these pure inorganic species may not be obvious 

due to the dissociation of the complex in aqueous or oxygen-containing solvents.  

The [CuIICl4]2- species forms in both aqueous and non-aqueous solution concomitant 

to complexation of the Cu-ion to the N-heterocyclic ligand, but is only observed 

spectroscopically in solvents that do not contain oxygen.  This finding has important 

implications when analyzing the electrochemical properties of these types of 

complexes, because both [CuIICl4]2- and [L1CuIICl]+ species are electrochemically 

active.   

4.7 Materials and Methods 

Caution!  Perchlorate salts are explosive and should be handled in small 

quantities.  In particular, these compounds should never be heated as solids.  All 

chemical reagents were purchased from either Sigma Aldrich or Alfa Aesar and used 

without further purification.  The 12-membered tetra-aza macrocycle L1 was isolated 

as the HCl salt prior to metal-ion complexation in accordance with standard 

practices.  The yields reported for [L1CuIICl][ClO4] (17) and [L1CuIICl]2[CuCl4] (23) 

were calculated from an average of three individual trials from the reaction carried 

out in acetonitrile solution.  Elemental analyses were performed by Canadian 

Microanalytical Services Ltd.  
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4.7.1 Physical Measurements 

 The electronic spectra were collected between 200-1100 nm on an 8453 UV-Vis 

spectrophotometer (Agilent), using a 3 mL quartz cuvette, and with a 1 cm path 

length.  The molar extinction coefficients were calculated according to the Beer-

Lambert law.  1H and 13C NMR spectra were obtained on a Bruker Avance III (400 

mHz) High Performance Digital NMR Spectrometer.  The solution NMR 

spectroscopic analyses were carried out in CDCl3, D2O, or d-DMSO at 25 °C.  

4.7.2 Preparation of [L1CuIICl][ClO4] (17) 

 A 240 mg sample of copper(II) perchlorate hexahydrate (0.65 mmol) was 

dissolved in 30 mL of acetonitrile.  The blue-colored solution was heated to 82 °C 

and a 200 mg sample of L1∙3HCl (0.71 mmol) was added in one portion.  Addition of 

the ligand resulted in an immediate change in the color of the solution from blue to a 

bright greenish yellow.  Upon mixing the solution turned dark green, which was 

quickly followed by the precipitation of an orange solid.  This solution was allowed to 

boil for approximately two minutes further and the temperature was reduced.  The 

flask was capped with a septum and the reaction was allowed to stir overnight at 70 

°C.  The next morning, the flask was removed from the heat and allowed to cool to 

room temperature.  Next, the green solution containing the orange precipitate was 

transferred into three 15 mL Eppendorf tubes and centrifuged for 10 minutes at 4000 

rpm.  The supernatant was decanted and filtered through a 25mm syringe filter, into 

a clean 100 mL round bottom flask, and the solvent was removed under reduced 

pressure to yield a mixture of green and orange solids.  The crude green solid was 

subsequently re-dissolved in cold acetonitrile, filtered, and the solvent was removed 

to yield 17 as dark green oil.  Ice-cold methanol (~5 ml) was slowly pipetted into to 

the flask, followed by an equivalent volume of diethyl ether.  The flask was cooled on 

ice for 30 minutes and the faintly blue colored ether/methanol solution was 
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discarded.  The resultant solid was washed with (3 × 5 mL) portions of cold diethyl 

ether, and dried by vacuum on a Schlenk line to afford 17 as a blue solid (62.8 mg, 

0.13 mmol, 20 % yield).  Crystals suitable for X-ray analysis were obtained via slow 

evaporation of 17 from ethanol at room temperature.  Electronic absorption, λmax (ε): 

in DMF, 794 (184) nm; MeOH 771 (168) nm; water 698 (122) nm.  

4.7.3 Isolation of [L1CuIICl]2[CuIICl4] (23).   

 After centrifugation from the solution described above, the crude orange product 

was dissolved in methanol and this green solution was filtered to remove any excess 

or unreacted ligand.  Next, the solvent was removed under reduced pressure to give 

a brownish orange solid.  This resultant solid was washed with ~10 mL of cold 

acetonitrile, followed by ~50 mL of diethyl ether. The colorless ether/acetonitrile 

mixture was then poured off, and the dark orange solid was dried by vacuum on a 

Schlenk line to give complex 23 as a fine orange powder (148.6 mg, 0.26 mmol, 41 

% yield).  Electronic absorption, λmax (ε): in DMF, 836 (126), 439 (600) nm; MeOH 

782 (126) nm; water 706 (94) nm. Elemental Analysis for 

[C11H18N4CuCl][CuCl4]∙2HCl Found (calc.): C, 23.68 (22.64); H, 3.68 (3.45); N, 9.67 

(9.60); Cu, 20.30 (21.78) %.  

4.7.4 X-ray Crystallography   

 A Leica MZ 75 microscope was used to identify samples suitable for analysis.  A 

Bruker Apex 2 X-ray (three-circle) diffractometer was employed for crystal screening, 

unit cell determination, and data collection was obtained at 100 K. The goniometer 

was controlled using the APEX2 software suite, v2008-6.0.  The samples were 

optically centered with the aid of a video camera such that no translations were 

observed as the crystal was rotated through all positions. The X-ray radiation 

employed was generated from a Mo sealed X-ray tube (KD = 0.70173Å with a 

potential of 40 kV and a current of 40 mA) fitted with a graphite monochromator in 
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the parallel mode (175 mm collimator with 0.5 mm pinholes).  

[L1CuIICl][ClO4] (4): A translucent intense blue rectangle (0.347 x 0.360 

x 0.4877 mm3) was mounted on 0.5 mm Cryoloop and used for X-ray 

crystallographic analysis.  The crystal-to-detector distance was set to 60 mm and the 

exposure time was 10 s per degree for all data sets at a scan width of 0.5°.  A total of 

1608 frames were collected and the data collection was 94.6 % complete.  The 

frames were integrated with the Bruker SAINT Software package using a narrow-

frame algorithm. The integration of the data using a monoclinic unit cell yielded a 

total of 74290 reflections to a maximum θ angle of 35.17° (0.62 Å resolution) of 

which 12591 were independent, with the Rint = 2.29 %.   Data were corrected for 

absorption effects using the multi-scan method (SADABS).  Structural refinements 

were performed with XShell (v 6.3.1), by the full-matrix least-squares method.  All 

hydrogen and non-hydrogen atoms were refined using anisotropic thermal 

parameters.  The ORTEP molecular plots (50 %) were produced using Olex 2.   

[L1CuIICl]2[CuCl4] (23): A bright-green needlelike crystal (0.035 x 0.074 

x 0.289 mm3) was mounted on 0.5 mm Cryoloop and used for X-ray crystallographic 

analysis. The crystal-to-detector distance was set to 50 mm and the exposure time 

was 10 s per degree for all data sets at a scan width of 0.5°.  A total of 1472 frames 

were collected.  Unfortunately the quality of the data was poor; no reflections were 

observed above 40o 2-theta; consequently, the reliability factors were high. Severe 

constraints were used to keep the bond distances, angles and thermal ellipsoids 

meaningful.  For analysis, sixty data frames were taken at widths of 0.5q.  These 

reflections were used in the auto-indexing procedure to determine the unit cell using 

CELL_NOW, which suggested the presence of at least two twin components.  A 

suitable cell was found and refined by nonlinear least squares and Bravais lattice 

procedures.  Absence of additional symmetry and voids were confirmed using 
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PLATON (ADDSYM).  The structure was refined (weighted least squares refinement 

on F2) to convergence.66-67 After careful examination of the unit cell, a standard data 

collection procedure (4 sets) was initiated using omega scans.  Integrated intensity 

information for each reflection was obtained by reduction of the data frames with the 

program APEX2.68 The data was merged and scaled to produce a suitable data set.  

The absorption correction program TWINAB69 was employed to correct the data for 

absorption effects and to generate twin4.hkl and twin5.hkl.  Twin4.hkl was used for 

structure solution as well as the final least squares refinement as the twin5.hkl did 

not yield better refinement.  Systematic reflection conditions and statistical tests of 

the data suggested the space group P21/n.  A solution was obtained readily using 

XT/XS in APEX2.66,68  Two molecules of acetonitrile along with the counter anion 

CuCl42- were found.  Hydrogen atoms were placed in idealized positions and were 

set riding on the respective parent atoms.  All non-hydrogen atoms were refined with 

anisotropic thermal parameters.  One of the chlorine atoms showed significantly 

elongated thermal ellipsoid indicating disorder, which was modeled between two 

positions. Olex2 was employed for the final data presentation with ball-and-stick 

structure plots.67 

4.7.5 Electrochemistry  

CV and bulk electrolysis were carried out with either an EC Epsilon potentiostat 

(C-3 cell stand) purchased from BASi analytical instruments (West Lafayette, IN) or a 

CH660D potentiostat from CH Instruments (Austin, TX). A glassy carbon (GC) 

electrode, 3 mm diameter, was also purchased from BASi (MF-2012). The electrodes 

were polished on a white nylon pad (BASi MF-2058) with diamond polishes of 

different sizes (15 μm, 3 μm, and 1 μm) to ensure a mirror-like finish (BASi PK-4 

polishing kit MF-2060). The surface of the GC electrode was polished with the three 

diamond polishes each time between measurements. A three-electrode cell 
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configuration was used, with GC as the working electrode, a Ag wire (0.5 mm dia.) 

quasi-reference electrode housed in a glass tube (7.5 cm × 5.7 mm) with a Porous 

CoralPor™ Tip, and a Pt wire (7.5 cm) as the counter electrode (BASi MW-1032).  

All potentials in this work are reported vs Fc/Fc+. The uncompensated resistance, Ru, 

in the electrochemical cell was not corrected in this work. For bulk electrolysis, a two-

compartment cell with porous glass separators was used.  The cell was designed to 

hold a maximum volume of 1 mL in each compartment.  Reticulated vitreous carbon 

from Goodfellow (Corapolis, PA) was used in the electrolysis experiments.  High 

mass transfer rates were achieved by mechanical stirring during electrolysis.  All 

solutions were bubbled with argon gas for 15 minutes prior to experimentation and 

were kept under a humidified argon blanket. 
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Chapter 5 
 
Application of L1 and L2 for the Treatment of Alzheimer’s Disease 
 
5.1 Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the 

deposition and accumulation of intracellular neurofibrillary tangles and extracellular 

amyloid-beta (Aβ) plaques in the brain tissue.  In general, the progressive 

neurological decline associated with this disease has been correlated to a disruption 

in homeostasis of transition metal-ions such as iron(III), copper(II), and zinc(II) .114-124  

In particular, damage is present at large in the cholinergic and glutamatergic 

neuronal communication pathways, such as the basal forebrain, amygdala and 

hippocampus, which are critical for memory, learning, and cognition.118 There are 

multiple hypotheses proposed in the literature regarding the pathogenesis and 

progression of AD, with respect to the deposition of Aβ plaques, including but not 

limited to: (i) oxidation of DNA, proteins, and lipids; (ii) disruption of mitochondrial 

membrane potentials; (iii) impaired synaptic and axonal communication; (iv) 

activation of pro-inflammatory cytokine pathways and; (v) apoptosis.119-125  

 

 

Scheme 5.1 Proposed pathways that lead to neuronal death resulting from an 
excessive production of free radicals.124 
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Despite extensive research efforts, scientists are still unclear how the deposition 

of Aβ plaques relates to progression of neurological decline in AD.127-133  One of the 

more common hypothesis is that oxidative stress coupled with atypical metal-ion 

homeostasis are major contributing factors in the etiology of AD; however, this 

hypothesis remains to be proven.  Although, increased levels of oxidative stress 

have been, in-part, attributed to alterations in the expression of metalloenzymes that 

are essential for detoxification of oxygen-containing free radicals such as super oxide 

dismutase, for example, and various metal-ion chaperone proteins.134-146 In fact, 

alterations in the levels of metal-ion chaperone expression associated with the signal 

transduction pathways of glutamatergic synapses have been noted with 

concomitantly higher levels of cleaved APP to produce Aβ.147-149 Notably, in 2012, 

Bush et al. reported AD brains have elevated levels of redox-active exchangeable 

copper, directly correlated with tissue oxidative damage.158   Furthermore, aging 

populations naturally exhibit increased ROS levels due to decreased levels of 

antioxidants, such as melatonin.122,173-174    

5.2 AD & Neurodegeneration 
   

5.2.1 Amyloid-β Plaques 

The characteristic Aβ plaques associated with AD are composed of insoluble 

fibrils of 38-42 amino acid residues, arising from proteolysis of the amyloid precursor 

protein (APP) by β- and λ-secretases.128-129 An accumulation of Aβ plaques in the 

extracellular space is believed to contribute to the pathogenesis of AD, as soluble 

monomers of Aβ undergo conformational changes from oligomers to insoluble fibrils 

with simultaneous accumulation of copper and zinc ions.150-153 Post mortem analysis 

of Aβ plaques have shown that copper(II) [390 μM] and zinc(II) [1055 μM] ions are 

concentrated within the cores of the plaques in comparison to non-demented age-

matched tissue samples, which have lower concentrations of copper(II) [70 μM] and 
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zinc(II) [350 μM] within healthy tissues.154  The N-terminus of human Aβ is 

hydrophilic and rich with Lewis-basic amino acids such as His, Tyr, and Asp that 

effectively coordinate transition metal-ions in free form.  However, there is debate in 

the literature regarding the exact coordination environment provided by Aβ amino 

acids for copper(II) and zinc(II) ions.131,155-156 The major consensus proposes three 

His residues participate in metal-ion chelation; however, the fourth coordinating 

ligand is the origin of debate as Asp, Glu, or Tyr are suggested biding sites. 

There are two major hypotheses in the literature describing the relationship 

between Aβ and oxidative stress in regard to the pathogenesis of AD.  In 1991, 

Hardy and Allsop first proposed the amyloid cascade hypothesis.  This hypothesis 

states that an excessive production of insoluble Aβ plaques and its subsequent 

effects contribute largely to the development of AD.  The major fallacy with this 

theory is that there is no explanation to why copper and zinc accumulate inside 

plaques or why Aβ plaques accumulate in specific regions of the brain.  A second 

and more widely accepted hypothesis, termed the metal hypothesis of AD, was 

proposed by Bush et al. in 1998, in which they attribute oxidative stress and 

misregulation of metal-ion homeostasis, collectively with Aβ-metal interaction, as the 

key events triggering AD.157-161  In AD patients, copper(II), iron(III) and zinc(II) ions 

are accumulated in regions of the brain that contain deposited Aβ plaques, such as 

the hippocampus, and the neuronal tissues surrounding the plaques display 

increased levels of oxidative injury.161-162 The latter hypothesis implicates the cause 

of neuronal cell loss in AD is linked to a metal-ion imbalance accompanied by an 

excessive generation of free radicals.130,132-133 
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5.2.2 Metal-ion Misregulation & Free Radicals 

Oxygen plays a vital role in maintaining the energy and metabolism of living 

organisms.125 In fact, the brain comprises 2% of the total body mass but consumes 

about 20% of total body oxygen.  Neurons and astrocytes are responsible for the 

brain’s enormous use of oxygen as this element is utilized in a number of 

neurochemical pathways. The transition metal-ions iron, copper, and zinc are 

essential for neuronal functions that involve free radical detoxification, electron 

transport, oxygen transport, neurotransmitter biosynthesis, and 

neurotransmission.139,166-168 Due to an elevated oxygen demand, the brain can 

become susceptible to oxidative damage induced by unregulated redox-active metal 

complexes. 163-169    Disruptions or alterations in metal-ion regulatory pathways could 

contribute to an excessive build-up of hydroxyl (HO∙) and peroxyl (HOO∙) radical 

ions, which are known to cause peptide aggregation, generation of free radicals, and 

oxidation of DNA, proteins, and lipids.139,170-171 The reaction of free copper(I) or 

iron(II) with hydrogen peroxide can lead to the production of excess ROS via Fenton 

chemical reactions; this process is depicted in Scheme 5.1.139,169,172  In this case, 

oxidative stress is developed under conditions where transition metal-ion 

homeostasis is compromised and the production of free radicals exceeds the cellular 

antioxidant defense mechanisms.   

 

Mn  +  H2O2  Æ  M(n+1)  +  HO·  +  HO-  (5.1)   

M(n+1)  +  H2O2  Æ  Mn  +  HOO·  +  H+  (5.2)  

  2 H2O2   Æ  HO∙  +  HOO∙  +  H2O   (5.3)  

Scheme 5.2   Fenton chemical reactions; M = iron or copper. 
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5.3 Therapeutic Approaches 

Currently, there is no effective or preventative treatment prescribed for AD, nor 

have proposed therapies found complete success in symptom alleviation or 

neurodegenerative decline.  Proposals for treatment of AD presented in the literature 

are vast and range from vaccinations against Aβ1-42, inhibitors of β-secretase, and 

treatment with antioxidants or chelators.143-149,155,165,173-176 Many of the hypothetical 

pathways regarding the onset of AD have been targeted for treatment of this 

disease, one of which takes aim at the metal-based hypothesis proposed by Bush et 

al.165 Synthetic targets to date have focused on disrupting or preventing the 

interactions of AE with copper(II) and zinc(II), along with atypical transition metal-ion 

homeostasis. 165,175,177-179    In 2001, for example, Bush et al. reported a 49% 

decrease in neuronal Aβ deposition of Tg2576 mice treated orally for 9 weeks with 

clioquinol (CQ), a bioavailable copper/zinc chelator (Figure 5.1).142,152,165 

Remarkably, CQ provided improved cognition in mouse models, but its widespread 

use as a therapeutic for AD was terminated, due to the adverse side-effect of 

subacute myelo-optic neuropathy.  A congener of CQ, PBT2, was subsequently 

developed by Bush et al. and was evaluated in stage 2 clinical trials.  After 12 weeks 

of treatment with this compound dementia patients’ cognitive abilities were 

significantly improved.146,157,173 In contrast to PBT2 serving as a chelator utilized for 

typical metal-overload treatment, the authors have shown that this compound 

functioned as an ionophore, to restore metal-ion balance in neurochemical 

communication pathways of synapses.147,154,175 Remarkably, the clearance Aβ plaque 

was elevated when the “lost” metal ions that lead to deposition of the plaques were 

rescued by the synthetic chaperones.154  With these results, a pursuit for biologically 

compatible transition metal-ion ligands as therapy for AD were encouraged.178,180-183  
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In order to target oxidative stress associated with metal ion misregulation in AD, a 

chelate that contains built-in antioxidant functionality is ideal.165,178,180-181,184-188  

 

 
Figure 5.1 Compounds that have been investigated as neurotherapeutic agents for 
the treatment of AD relevant to this discussion.81-82,142,146,181 

 
 
5.4 Rational Design of L2 

The use of L1 as a metal-ion passivation and antioxidant agent for the treatment 

of AD was inspired by the work of Guo et al. who showed that the tetra-aza 

macrocycles cyclen and cyclam could potentially serve as neuroprotective agents for 

the treatment of AD.182  Utilizing a rational design approach, L1 was chosen based-

on the specific metal-ion binding affinity of this compound for copper(II) and zinc(II) 

along with the built-in antioxidant functionality of the pyridine ring.189  This ligand is 

the backbone to the compound PTCA (Pyridine-Containing Triaza Macrocyclic 

TriAcetate) that was explored in recent years as a potential MRI contrast agent and 

was repurposed as a therapeutic agent for AD in this work.190-192  Arising from an 

increasing interest in the oxidative stress component associated with progression 

AD, the pyridol-based macrocycle L2 was developed in order to enhance the 

antioxidant activity of L1 without altering the chelation ability of the ligand.183  The 

conversion from a pyridine to a pyridol was pursued in order to mimic the reactivity of 

phenolic compounds with oxygen-based free radicals, which are well-known 

antioxidants.183,193  Accordingly, the ability of L1 and L2 to prevent and disrupt the 

CQ PBT2 Cyclen L1 L2
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copper(II)-induced aggregation of Aβ1-40 was investigated, and the radical reducing 

activity of the free ligands was studied as well.       

5.5   Effect of L1 and L2 on Copper(II)-induced Aggregation of Aβ1-40 

The first row transition metal-ions copper(II) and zinc(II) are bound to the AE 

peptide through a His rich domain and leads to the production of insoluble plaques 

(Scheme 5.2).  In the course of our investigations, and as reported by others, we 

determined that the reaction of copper(II) with synthetic Aβ1-40 in aqueous solution 

gave rise to an adduct of copper(II)-Aβ1-40, which precipitated as a white solid in the 

Eppendorf tube after 12 hours of incubation at 37 °C.81,82   

 

Scheme 5.3 The reaction of Aβ1-40  [200 µM] with copper(II) nitrate [400 µM] in 0.1 M 
phosphate buffer solution at pH 7.40 leads to the production of insoluble copper(II)-
Aβ plaques after 12 hours of incubation at 37 °C. 

 

In order to assess the effect of L1 and L2 on the copper(II)-induced aggregation 

of Aβ1-40 two separate experiments were carried out: a disaggregation and prevention 

study. For the disaggregation studies, a stock solution of copper(II)-Aβ1-40 was 

prepared and incubated overnight at 37 °C.  After incubation, an aliquot from this 

sample was removed and the ligand was added to this solution.  The solution 

containing the chelator plus copper(II)-Aβ1-40 was then incubated overnight, prior to 

characterization.  For the protective studies, a stock solution of Aβ1-40 was prepared 

first.  Next, a series of aliquots were drawn from this solution and the ligand of 

Aβ1-40

(Soluble monomer)

Cu(II)-Aβ1-40

(Insoluble aggregates)

copper(II) nitrate
12 h, 37 °C

PBS buffer, pH 7.40
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interest was added.  The solution was incubated for 1 min at room temperature, then 

a solution of copper(II) nitrate was added.  The solutions were incubated overnight at 

37 °C before analysis.  In all experiments conducted, the open-chain chelator EDTA 

was used as a positive control.  For the negative control sample, a solution 

composed of Aβ1-40 in buffer solution was prepared as well.  The effect of the ligands 

on preventing and disrupting copper(II)-induced aggregation of Aβ1-40 was studied by 

UV-vis and fluorescence spectroscopy, and transmission electron microscopy 

(TEM).81,82,181-182   

5.5.1 Turbidity Studies 

Aggregated solutions that contain Aβ1-40 are referred to as turbid and tend to 

scatter light to a greater extent, relative to non-aggregated solutions.  The extent of 

aggregation is spectroscopically characterized by an increase in intensity of the 

absorption signal.  For the turbidity studies presented in this work, the absorbance of 

each solution was measured at 405 nm.  As shown in Figure 5.2, the absorbance 

intensity of the sample that contained copper(II)- Aβ1-40 were approximately half as 

intense as the copper(II)-Aβ1-40 solutions treated with the ligands.  These findings 

reveal the aggregation of Aβ1-40 observed upon the addition of copper(II) can be 

reversed and prevented by co-incubation of the ligands.  In addition, the absorbance 

intensity of the ligand treated solutions at 405 nm was approximately the same as 

the absorption of the negative control sample without added copper (Aβ1-40).  This 

finding suggests that the interaction between the ligand-metal complex is more 

favorable than the interaction of Aβ1-40 with copper(II).  If this was not the case, then 

we would expect the absorption intensity of the ligand treated samples and 

copper(II)-Aβ1-40 to be approximately equal.  Overall, these results indicate that the 

tetra-aza ligands L1 and L2 can prevent and reverse the aggregation of Aβ1-40 

induced by copper(II).  Lastly, we postulate that the copper(II) complexes of L1 and 
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L2 [CuIIN4]2+ described in Chapter 3 are formed upon extraction of the metal-ion from 

the aggregated peptide in solution.     

 

 
Figure 5.2 Absorbance of Aβ1-40 measured solutions at 405 nm after incubation for 
24 hours at 37 ˚C with ligands after addition of copper(II) nitrate.  [Aβ1-40] = 200 nM, 
[Cu] = 400 nM, [ligand] = 800 nM. n=3 for each sample. The absence of an error 
bars indicates a standard deviation = 0. 
 

5.5.2 Tyr-10 Fluorescence Studies 

Fluorescence spectroscopy is commonly utilized throughout the literature as method 

for the characterizing the aggregation state of Aβ.182,194-198  For example, the dye 

Thioflavin-T (ThT) are utilized as fluorescent probes in order to distinguish between 

the aggregated fibrils of Aβ over the non-aggregated form; this compound is 

proposed to selectively bind the aggregated form of Aβ.  In contrast to existing 

reports, however, we found that the use of ThT as a fluorescent probe to distinguish 

between Aβ1-40 and copper(II)-Aβ1-40 was unsuccessful.198  In all experiments 

conducted, the fluorescence intensity of the control Aβ1-40 and copper(II)-Aβ1-40 

samples were determined to be equivalent, and we were unable to reproduce these 
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published results.181  As a result of this problem, we sought a new method of 

fluorescence detection in order to characterize the extent of peptide aggregation.  

Upon searching the literature, we came across a series of reports by Birch et al. 

who showed that the aggregation states of Aβ1-40 could be followed by the 

fluorescence decay of the intrinsic Try residue within the peptide backbone.194-195  As 

the Tyr residue is located in close proximity to the proposed metal-binding pocket of 

AE1-40, the fluorescence emission intensity of Tyr-10 is sensitive to chemical changes 

that occur near the phenolic side-chain.  For example, Yang and colleagues showed 

this spectroscopic marker could be used to follow folding of the peptide that was 

induced by the addition of copper(II) to the peptide solution.197  Based-on these 

reports, we proceeded to use Tyr-10 fluorescence as a method for characterizing the 

effect of the ligands on the copper(II)-induced aggregation of the peptide.  Our 

hypothesis was that fluorescence intensity of the Tyr residue in the control Aβ1-40 and 

ligand treated samples would be significantly larger than intensity of aggregated 

peptide sample, due to folding and aggregation of the peptide upon binding of 

copper(II).  As shown in Figure 5.3, the addition of copper(II) to a solution of Aβ1-40  

resulted in  approximately 60% decrease in emission intensity of Tyr-10 compared to 

the control Aβ1-40 untreated with metal.  After incubation with the ligands for 24 hours 

at 37°C, the fluorescence signal of the Tyr residue was restored to >85% of non-

metallized peptide for all ligands.  These results are consistent with those in the 

turbidity studies and further indicate that the ligands are capable of disrupting the 

copper(II)-induced aggregation of Aβ1-40.  
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Figure 5.3 Emission intensity at 310 nm of Aβ1-40 solution after incubation with 
copper(II) nitrate and/or ligands for 24 hours at 37 ˚C .  [Aβ1-40] = 200 nM, [CuSO4] = 
400 nM, [chelator] = 800 nM. n=3 for each sample. λex 278 nm; λemi 310 nm.  The 
absence of an error bars indicates a standard deviation = 0.  

 

5.5.3 Transmission Electron Microscopy  

We then proceeded to use electron microscopy in order to further characterize 

the extent of aggregation induced by copper(II) and to examine the effect of the 

ligands on the size of the preformed copper(II)-Aβ1-40  peptide aggregates.  

Transmission electron microscopy (TEM) was utilized to study the morphology of the 

Aβ1-40 samples described above.  The TEM images shown in Figure 5.4 demonstrate 

that the addition of L1 (grid b) to an solution of copper(II)-Aβ1-40 (grid a) decreased 

the size of the aggregated peptide by at least 1 order of magnitude, which is 

consistent with the spectroscopic data discussed above.  The dark region of the 

image is a result of increased electron density present in the sample versus other 

regions and thereby prevents electron penetration by the beam.  An attempt to obtain 

images of the copper(II)-Aβ1-40 samples incubated with cyclen, L2, and EDTA was 
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unsuccessful.  Notably, the resolution of the images taken was poor and could not be 

enhanced upon modification of the microscope settings.   

   

 

Figure 5.4 TEM Images showing (a) copper(II)-Aβ1-40 (b) and dissolution by L1. 

 

5.6 Antioxidant and Radical-Reducing Studies   

The antioxidant capabilities of cyclam, cyclen, L1, and the open-chain chelator 

EDTA were first studied using the cellular DCFH-DA assay in collaboration with Dr. 

James Simpkins and Dr. Timothy Richardson from the UNT Health Science 

Center.81,82 We found from these studies that L1 was a superior antioxidant to the 

other ligands tested. At the time of this experiment, L2 was in the process of being 

developed.  After the successful preparation of L2, the DCFH-DA study was 

repeated.  In this study, the activity of L1 versus L2 was compared and we found that 

hydroxylation of L1 significantly enhanced the antioxidant nature of the ligand 

backbone.  The antioxidant activity of L3 was not tested according to this method 

due to the fact that L3 had not been developed at this time.  However, the radical-

reducing activities of L1-L3 were studied using the 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) radical assay.79,200   
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5.6.1 DCFH-DA Antioxidant Assay 

For this experiment, Friedreich's ataxia fibroblasts (FRDA) were utilized because 

these cells have higher levels of cytosolic ROS production and as a result serve as a 

good model for studying metal induced oxidative stress.199 The compound 

(buthionine sulfoximine) BSO was used to induce oxidative stress in the cells, as this 

compound is an irreversible inhibitor of γ-glutamylcysteine synthetase the rate-

limiting enzyme required for the synthesis of the intracellular antioxidant glutathione 

(Scheme 5.3).199  Treatment of cells with BSO leads to decreased production of 

GSH and is associated with oxidative cellular damage and apoptosis.    

 

 

Scheme 5.4 Mechanism of BSO inhibition. 

  

In order to quantify the extent of oxidative damage in the cellular environment, 

the cells are treated with the non-fluorescent precursor DCFH-DA (Scheme 5.4).  

This compound penetrates through the intracellular membrane, upon deacetylation 

by non-specific cellular esterases, to yield the non-fluorescent compound DCFH. 

This non-fluorescent precursor DCFH is subsequently oxidized to the highly 

fluorescent compound DCF, upon reaction with ROS.  Thus, the fluorescence 

intensity of DCF is directly related to the amount of free radicals present in cellular 

cytosol.   

 

L-Glu                  γ-glutamylcysteine GSH ROS 

L-Cys

GCL
BSO
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Scheme 5.5 Mechanism of DCFH-DA assay. 

 

The results from the DCFH-DA cell culture assay indicated that L1 significantly 

attenuated cellular damage induced by ROS produced from the presence of BSO, 

and was the most effective antioxidant at low nM concentrations (Figure 5.5).  As a 

matter of fact, pyridine-containing analogs have long been reported in the literature 

to be potent antioxidants and this behavior has been attributed to the electron 

deficient nature of the pyridine ring.193  From this study, we concluded that the 

observed antioxidant activity of L1 was structurally correlated with the pyridine 

backbone.  Moreover, these findings inspired us to enhance the antioxidant behavior 

of L1 via structural modification of the ligand backbone.   Thus, the pyridol-based 

ligand L2 was produced and the radical reducing and antioxidant capability of this 

novel macrocycle was tested.82-83 

1. Esterase

2. ROS

DCF DCFH-DA 
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Figure 5.5 DCFH-DA fluorescent response in FRDA cells after 12 hours of exposure 
to BSO [1 mM] in the presence and absence of ligands [4 nM]; n=4 for each 
sample.81 

 

The cellular antioxidant studies conducted on L2 were carried out in the same 

manner described for L1.  In this study, the radical reducing activity of L2 was 

compared only to L1 and across a broader range of concentrations in order to 

assess the effect of concentration on antioxidant capability.  As shown in Figure 5.6, 

L2 is a superior antioxidant to L1.  Interestingly, the antioxidant activity of L2 became 

stronger upon increasing concentration of compound.  This result signifies that the 

macrocyclic product derived from the reaction of L2 with free radicals are stable and 

do react to give pro-oxidant species, which would cause an increase in the emission 

intensity of DCF signal with an increasing concentration of L2.  
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Figure 5.6 DCFH-DA fluorescent response in FRDA cells after 12 hours exposure to 
BSO [1 mM].  n=8 for each sample.   

 

5.6.2 DPPH Radical Reducing Assay 

The radical reducing properties of L1-L3 were assessed using the DPPH radical 

assay. DPPH is a stable purple-coloured radical in solution that has an absorbance 

maximum at 520 nm.200  As the DPPH radical is reduced, the absorbance maximum 

at 250 nm decreases, along with a change in colour of the solution from purple to 

yellow (Figure 5.7).  Thus, the depletion of the DPPH signal intensity is directly 

related to a reduction in the concentration of DPPH radical.   Given the enhanced 

antioxidant nature of the pyridol-based ligand, we were curious if the antioxidant 

activity of the pyridol system would be reduced by a change in the position of the 

hydroxyl group from p- to m-substituted.  We hypothesized that the m-hydroxyl ligand 

would display reduced antioxidant activity, versus the p-hydroxyl derivative, arising 

from the fact that the hydroxyl substituent in L3 lies in closer proximity to the N-

pyridine atom.  Thus, the m-hydroxyl ligand was produced and the radical reducing 

capability was measured. Surprisingly, as shown in Figure 5.7, we found that the 

7radical-scavenging capability of the m-hydroxyl substituted ligand is equivalent to 
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the p-hydroxyl derivative.  Based-on these results, we attributed the radical reducing 

functionality of L2 and L3 to the presence of the hydroxyl group as this structural 

feature is absent in L1.201-204   

 

 

 

Figure 5.7 Mechanism of DPPH radical reducing assay and graph of the results 
obtained from the DPPH radical assay. (n = 3). 
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5.6.3 Calcein AM Assay 

Given the successful results obtained for L2, with respect to the compounds 

ability to negative oxidative stress, the cellular toxicity of this compound was studied.  

The toxicity of L2 was assessed using the Calcein AM assay in collaboration with Dr. 

James Simpkins and Dr. Timothy Richardson.  Calcein AM is a non-fluorescent 

hydrophobic compound that easily permeates the membrane of cells and is 

commonly used as an indicator of cell viability. The principal behind this assay is 

similar to the DCFH-DA assay.  The cells are first treated with the non-fluorescent 

compound Calcein AM.  Upon entering the cellular cytoplasm, Calcein AM is 

hydrolyzed by intracellular esterases to produce the strongly fluorescent compound 

Calcein (Figure 5.8). Thus, the fluorescence intensity of Calcein is a reflection of the 

cell viability. Similar to the DCFH-DA assay, the cells were treated with BSO in order 

to induced cell death via oxidative stress.  In this assay, FRDA fibroblasts were 

incubated with BSO for 48 hours.  The effect of L2 on the viability of FRDA cells was 

evaluated across the concentration range of 1.25 pM to 1.25 µM.   As shown in 

Figure 5.8, at lower concentrations L2 shows moderate protection against cell death 

induced by oxidative stress.  However, this compound showed full protection at 

concentrations higher than 12.5 nM as evidenced by restoration of the Calcein signal 

to the control levels.  This dose response was visualized in the fluorescent cell 

images, which show that cell viability increases with an increasing concentration of 

L2 (Figure 5.9).  Notably, we observed a concentration dependent behavior of L2 in 

all experiments discussed above.  Clearly, the antioxidant and protective effect of L2 

becomes greater with increasing concentration of the pyridol-based ligand. 
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Calcein

 

 
 
 
 
 
 
 

.  

Figure 5.8 Graph of the results from Calcein AM viability assay of FRDA cells after 
48 hours exposure to BSO [1 mM] followed by addition of L2 (n=8 for each sample). 
The chemical structure of the fluorophore Calcein is shown above.  
 
 

 

Figure 5.9 Images taken of cells from wells in the plate showing L2 shows full 
protection at concentrations greater than 125 nM. 
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5.7 Conclusions 

Importantly, the mechanism of action responsible for the observed antioxidant 

activity of L1 and L2 remain unknown at this time. However, the chelation of metal-

ions by these compounds as a mode of action cannot be definitively ruled out.  In 

order address this question; a future study should compare the antioxidant activity of 

the free ligands versus a respective metal complex. However, Steenken et al. 

showed via pulse radiolysis studies in water that pyridol-based compounds react with 

electrophilic reagents, such as •OH typically by addition, and preferentially attack 

positions C3 and C5 of the pyridine ring (Scheme 5.5).193 In addition, the mechanism 

by which L2 and L3 reduce the DPPH radical is unknown; however, homolytic 

cleavage of the pyridol H-O bond seems plausible.  Upon homolytic cleavage of the 

H-O bond, a radical would be produced on the oxygen atom of the pyridol group, 

which could be stabilized via resonance throughout the aromatic ring.        

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 5.6 Products of the reaction between pyridol-based compounds with 
hydroxyl radicals produced from the radiolysis of water in aqueous solution.193 
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5.8 Materials and Methods 

All reagents were purchased from commercial sources and used as received 

unless noted.  Stock solutions of the buffer, ligands, peptide, and copper(II) nitrate 

were prepared in MilliQ water and diluted to the desired concentration using (15 mM) 

sodium phosphate  solution that contained NaCl (15 mM). Each experiment was 

performed in triplicate with a peptide-copper-ligand ratio of 1:2:4, respectively.  

5.8.1 Physical Methods 

 A Molecular Devices Spectra Max MS microplate reader was employed for the 

turbidity absorbance measurements.  Fluorescence measurements were recorded 

on a Varian Cary Eclipse with voltage set to high and the instrument was set to 

record the average of three scans.   

5.8.2. Preparation of Aβ1-40 Stock Solution 

Synthetic Aβ1-40 peptide was purchased from Twenty-First Century Biochemicals. 

A peptide stock solution was prepared by dissolving 1.9 mg of Aβ1-40 in 1 mL of 

buffer, followed by NaOH (20 mM, 300 μL). The solution was sonicated for one 

minute then adjusted to pH 7.4 using HCl (0.5 M, ~10.5 μL). The solution was 

sonicated for another minute and diluted to 200 μM using MQ water. Any remaining 

stock was stored at -20 °C for later use.  The concentration of the peptide in solution 

was calculated from the absorbance of the solution measured at 280 nm using the 

molar extinction coefficient for Tyr (ε = 5540 M-1∙cm-1).    

5.8.3 Turbidity Studies 

For the turbidity studies, two separate experiments were carried out using Aβ1-40, 

copper(II), and ligands in order to examine the effect of the compound on the metal-

induced aggregation of the peptide.    
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Prevention Study 

An aliquot from a stock solution of L1, L2, cyclen, or EDTA (800 μM, 40 μL) were 

added to a solution of Aβ1-40 (200 μM, 40 μL) and incubated for five minutes at 

room temperature followed by addition of copper(II) nitrate (400 μM, 40 μL).  All 

samples were incubated at 37 °C for one day, after the addition of copper(II).  The 

absorbance measurements at 405 nm were carried out in the same manner as 

described above. 

Disaggregation Study 

A sample of copper(II) nitrate (400 μM, 40 μL) was added to a solution of Aβ1-40 

(200 μM, 40 μL) and incubated at 37 °C for one day.  After incubation the ligand 

stock solutions were added (800 μM, 40 μL) to aggregated peptide solution and 

incubated for a further 12 hours at 37 °C. For analysis of turbidity, 20 μL sample 

aliquots were diluted with buffer (180 μL) and absorbance recorded using a 

Microplate reader (Softmax Pro M5). The value of the blank absorbance was 

subtracted from each sample value. 

5.8.4 Tyrosine-10 Fluorescence 

Tyrosine fluorescence studies were carried out on samples used for the turbidity 

experiments. For preparation, 50 μL of the desired sample was diluted with 270 μL of 

buffer and this solution was agitated for 30 s. The excitation and emission values 

used for analysis were 278 nm and 305 nm, respectively. 
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5.8.5 TEM Imaging 

The samples were prepared by incubating amyloid [100 μM, 37 °C, 24 h] or 

aggregated amyloid [100 μM] in the presence of ligand chelates (100 μM).  For 

microscopic analysis, roughly 5 μL of sample were placed onto Copper grids 

(Formar/Carbon 300 mesh purchased from Ted Pella Co.) for 2 minutes, then 

washed with doubly deionized water (5 μL) and then stained with 3% uranyl acetate 

(5 μL), washed and dried. 

5.8.6 DPPH Radical Assay 

A stock solution of the DPPH radical was prepared by dissolving 25.0 mg in 100 

mL of absolute ethanol.  The working radical solution was prepared by dilution with 

absolute EtOH to an absorbance of 1.3 ± 0.002 units at 515 nm.  A solid sample of 

L1, L2, L3, and butylated hydroxytoluene (BHT) were dissolved in a mixture of 95 % 

EtOH (4 mL) and water (1 mL), to an initial concentration of 2.0 mM.  Next, the stock 

solutions (2mM) containing L1-L3 and BHT (positive control) were diluted in series 

with 95 %  EtOH to a final concentration of 1.5 mM, 1.0 mM, 0.50 mM, and 0.20 mM.  

Each sample was prepared by mixing 0.50 mL of L1-L3 or BHT (2.0 mM, 1.5 mM, 

1.0 mM, 0.50 mM, and 0.20 mM) with 0.50 mL of the DPPH radical solution.  An 

aliquot of the DPPH stock solution (0.50 mL) was mixed with 95 % EtOH (0.50 mL) 

and was used as a negative control.  The samples were incubated in the dark for 24 

hours, at room temperature.  For analysis 200 μL of each sample was transferred to 

a 96-well plate, and the absorbance at 515 nm of each sample was measured on a 

Spectramax M5 microplate reader.  Each experiment was performed in triplicate (n 

=3).  The final absorbance values reported in Figure 5.8 have been normalized to the 

average (n = 3) absorbance of the negative control DPPH sample, and are 

expressed as the % DPPH radical remaining in solution.  
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5.8.7 DCFH-DA Assay  

Fibroblasts obtained from a 30 year old FRDA patient from The Coriell Institute 

(Camden, NJ, USA) were kept in Dulbecco’s Modified Eagle Medium (DMEM; 

ThermoScientific, Waltham, MA, USA) with 10% charcoal-stripped fetal bovine 

serum (FBS; ThermoScientific), 1% GlutaMAX (ThermoScientific) and 1% penicillin-

streptomycin (Invitrogen, Carlsbad, CA, USA) at 37oC, 5% CO2 and 90% humidity.  

HT-22 cells were prepared in a similar manner. The FRDA or HT-22 cells were 

plated at 5,000 cells per well on a 96-well plate, and then treated for 12 hours with 

either ligands (various concentrations) and/or BSO (1mM). After 12 hours of 

treatment the media was removed from each well of the 96-well plate, and 100 µL of 

a 1 µM 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA; AnaSpec Inc., 

Fremont, CA, USA) in phosphate buffer (PBS) was added to each well. The plates 

were returned to a 37oC incubator for 20 minutes, then each well was washed three 

times with PBS and the plate was read on a Tecan Infinite M200 plate reader with an 

absorbance of 495 nm and an emission of 529 nm, respectively. 

5.8.8 Calcein AM Cell Viability Assay 

FRDA cells were plated on a 96-well plate at a density of 3,000 cells per well, 

then treated with ligands (various concentrations) and/or BSO (1mM).  After 48 hours 

of BSO and ligand treatment, the media was removed, and 1 µg/mL Calcein AM 

(CalBiochem, San Diego, CA, USA) in phosphate buffer pH 7.2 (PBS; Fisher 

Scientific, Pittsburg, PA, USA) was added to each well and the plate was incubated 

for 10 minutes at 37 °C. Cell viability was determined with a Tecan Infinite M200 

plate reader with an excitation of 490 nm and emission of 520 nm.   
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APPENDIX 

Table A1. Bond lengths (Å) for [NiII(L1)(Cl)]2(ClO4)2 (14)  
 

Atom Atom Length Atom Atom Length 
Ni1 Cl1’ 2.462(7) N3 C11 1.482(3) 
Ni1 N2 2.077(2) N4 C5 1.333(3) 
Ni1 N3 2.125(2) C9 C10 1.511(4) 
Ni1 N4 1.997(2) C11 C1 1.513(4) 
Ni1 N1 2.133(2) C1 C2 1.389(4) 
Cl1 Ni1 2.383(7) C5 C4 1.391(4) 
N1 C6 1.480(3) C5 C6 1.508(3) 
N1 C7 1.484(3) C4 C3 1.388(4) 
N2 C9 1.476(3) C3 C2 1.389(4) 
N2 C8 1.475(3) C7 C8 1.515(4) 
N3 C10 1.478(3) 

 
 

Table A2. Bond angles (°) for [NiII(L1)(Cl)]2(ClO4)2 (14). 

Atom Atom Atom Angle Atom Atom Atom Angle 
Cl1’ Ni1 Cl1 85.01(2) C10 N3 Ni1 104.81(15) 
N2 Ni1 Cl1 176.07(6) C10 N3 C11 113.0(2) 
N2 Ni1 Cl1’ 91.25(6) C11 N3 Ni1 111.26(16) 
N2 Ni1 N3 83.78(9) C1 N4 Ni1 119.37(17) 
N2 Ni1 N1 83.83(8) C5 N4 Ni1 118.53(17) 
N3 Ni1 Cl1’ 99.20(6) C5 N4 C1 121.3(2) 
N3 Ni1 Cl1 97.97(6) C6 N1 Ni1 108.97(15) 
N3 Ni1 N1 155.47(9) C6 N1 C7 113.7(2) 
N4 Ni1 Cl1’ 172.96(6) C7 N1 Ni1 106.29(15) 
N4 Ni1 Cl1 88.09(6) N2 C9 C10 108.4(2) 
N4 Ni1 N2 95.68(8) N3 C10 C9 109.2(2) 
N4 Ni1 N3 80.36(9) N3 C11 C1 112.7(2) 
N4 Ni1 N1 79.91(8) N4 C1 C11 115.3(2) 
N1 Ni1 Cl1’ 102.15(6) N4 C5 C6 115.4(2) 
N1 Ni1 Cl1 95.79(6) N4 C5 C6 115.4(2) 
Ni1’ Cl1 Ni1 94.99(2) C4 C5 C6 123.4(2) 
C9 N2 Ni1 107.98(15) C3 C4 C5 118.1(2) 
C8 N2 Ni1 106.90(15) C4 C3 C2 120.3(2) 
C8 N2 C9 115.4(2) C1 C2 C3 118.3(2) 
N4 C1 C2 120.8(2) N1 C6 C5 112.0(2) 
C2 C1 C11 123.8(2) N1 C7 C8 111.2(2) 
N4 C5 C4 121.1(2) N2 C8 C7 108.1(2) 
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Table A3. Bond lengths (Å) for [NiII(L2)(Cl)]2(ClO4)2 (15). 

Atom Atom Length Atom Atom Length 
Ni1 Cl1’ 2.482(14) N3 C11 1.495(4) 
Ni1 Cl1 2.416(13) N4 C1 1.340(3) 
Ni1 N1 2.142(3) N4 C5 1.340(3) 
Ni1 N2 2.087(2) C1 C2 1.392(4) 
Ni1 N3 2.146(3) C1 C11 1.514(4) 
Ni1 N4 2.013(2) C2 C3 1.404(4) 
O1 C3 1.354(3) C3 C4 1.394(4) 
N1 C6 1.492(3) C4 C5 1.395(4) 
N1 C7 1.493(4) C5 C6 1.518(4) 
N2 C8 1.479(4) C7 C8 1.514(5) 
N2 C9 1.473(4) C9 C10 1.518(5) 
N3 C10 1.495(4) 

 
 

Table A4. Bond angles (°) for [NiII(L2)(Cl)]2(ClO4)2 (15). 

Atom Atom Atom Angle Atom Atom Atom Angle 
Cl1 Ni1 Cl11 84.93(4) C10 N3 C11 114.3(2) 
N1 Ni1 Cl11 99.44(7) C11 N3 Ni1 108.58(17) 
N1 Ni1 Cl1 99.49(8) C1 N4 Ni1 119.10(18) 
N1 Ni1 N3 155.05(9) C5 N4 Ni1 119.86(18) 
N2 Ni1 Cl11 175.09(6) C5 N4 C1 120.7(2) 
N2 Ni1 Cl1 90.80(7) N4 C1 C2 121.6(3) 
N2 Ni1 N1 83.63(9) N4 C1 C11 114.8(2) 
N2 Ni1 N3 83.50(10) C2 C1 C11 123.4(3) 
N3 Ni1 Cl1 95.00(7) C1 C2 C3 118.3(3) 
N3 Ni1 Cl1 101.96(8) O1 C3 C2 122.7(3) 
N4 Ni1 Cl1 174.01(6) O1 C3 C4 117.9(3) 
N4 Ni1 Cl1 89.22(7) C4 C3 C2 119.5(2) 
N4 Ni1 N1 80.16(10) C3 C4 C5 118.6(3) 
N4 Ni1 N2 95.10(9) N4 C5 C4 121.3(2) 
N4 Ni1 N3 79.81(10) N4 C5 C6 115.2(2) 
Ni1 Cl1 Ni11 95.07(4) C4 C5 C6 123.5(2) 
C6 N1 Ni1 110.89(16) N1 C6 C5 113.0(2) 
C7 N1 Ni1 104.34(17) N1 C7 C8 109.4(2) 
C7 N1 C6 113.4(2) N2 C8 C7 108.3(2) 
C8 N2 Ni1 108.50(17) N2 C9 C10 107.9(2) 
C9 N2 Ni1 107.56(18) N3 C10 C9 111.2(2) 
C9 N2 C8 115.6(2) N3 C11 C1 112.3(2) 

C10 N3 Ni1 106.04(17) 
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Table A5. Bond lengths (Å) for [CuII(L1)(Cl)](ClO4)2 (17). 
 

Cu2-N8 1.9565(8) Cu2-N5 2.0685(9) 
Cu2-N7 2.0789(9) Cu2-N6 2.1514(9) 
Cu2-Cl2 2.2466(4) Cu1-N4 1.9708(9) 
Cu1-N3 2.0413(9) Cu1-N1 2.0590(9) 
Cu1-N2 2.0698(9) Cu1-Cl1 2.2960(4) 
Cl4-O6 1.4444(9) Cl4-O8 1.4449(9) 
Cl4-O7 1.4451(8) Cl4-O5 1.4498(9) 
Cl3-O4 1.4374(10) Cl3-O1 1.4468(9) 
Cl3-O2 1.4471(9) Cl3-O3 1.4500(9) 
N6-C20 1.4695(13) N6-C19 1.4732(13) 
N6-H32 0.797(17) N7-C22 1.4909(14) 
N7-C21 1.4949(16) N7-H19 0.856(19) 
N8-C12 1.3379(12) N8-C16 1.3455(12) 
N5-C18 1.4899(13) N5-C17 1.4913(13) 
N5-H27 0.802(17) N3-C11 1.4860(14) 
N3-C10 1.4893(14) N3-H11 0.831(17) 
N2-C8 1.4832(13) N2-C9 1.4844(13) 
N2-H6 0.858(17) N1-C6 1.4898(13) 
N1-C7 1.4915(14) N1-H1 0.856(16) 
N4-C5 1.3380(13) N4-C1 1.3444(13) 

C20-C21 1.5221(17) C20-H33 0.99 
C20-H34 0.99 C21-H36 0.99 
C21-H35 0.99 C22-C12 1.5107(14) 
C22-H21 0.99 C22-H20 0.99 
C12-C13 1.3907(14) C16-C15 1.3926(13) 
C16-C17 1.5076(14) C17-H26 0.99 
C17-H25 0.99 C18-C19 1.5219(14) 
C18-H29 0.99 C18-H28 0.99 
C19-H31 0.99 C19-H30 0.99 
C15-C14 1.3961(15) C15-H24 0.95 
C14-C13 1.3913(16) C14-H23 0.95 
C13-H22 0.95 C10-C9 1.5192(15) 
C10-H10 0.99 C10-H9 0.99 
C9-H8 0.99 C9-H7 0.99 
C8-C7 1.5247(15) C8-H5 0.99 
C8-H4 0.99 C7-H3 0.99 
C7-H2 0.99 C6-C5 1.5094(15) 
C6-H18 0.99 C6-H17 0.99 
C5-C4 1.3961(14) C1-C2 1.3894(15) 
C1-C11 1.5098(15) C11-H12 0.99 

C11-H13 0.99 C2-C3 1.3953(18) 
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C2-H14 0.95 C3-C4 1.3943(17) 
C3-H15 0.95 C4-H16 0.95 

 
Table A6. Bond angles (°) for [CuII(L1)(Cl)](ClO4)2 (17). 

 
N8-Cu2-N5 81.67(3) N8-Cu2-N7 81.94(4) 
N5-Cu2-N7 158.78(3) N8-Cu2-N6 100.50(3) 
N5-Cu2-N6 85.23(3) N7-Cu2-N6 84.60(4) 
N8-Cu2-Cl2 148.61(3) N5-Cu2-Cl2 98.93(3) 
N7-Cu2-Cl2 102.09(3) N6-Cu2-Cl2 110.85(3) 
N4-Cu1-N3 80.21(4) N4-Cu1-N1 81.95(4) 
N3-Cu1-N1 153.87(3) N4-Cu1-N2 121.83(4) 
N3-Cu1-N2 86.84(4) N1-Cu1-N2 86.50(3) 
N4-Cu1-Cl1 125.65(3) N3-Cu1-Cl1 102.95(3) 
N1-Cu1-Cl1 102.94(3) N2-Cu1-Cl1 112.51(3) 
O6-Cl4-O8 109.27(6) O6-Cl4-O7 110.03(6) 
O8-Cl4-O7 109.56(5) O6-Cl4-O5 108.57(5) 
O8-Cl4-O5 109.95(5) O7-Cl4-O5 109.45(5) 
O4-Cl3-O1 109.52(6) O4-Cl3-O2 110.00(6) 
O1-Cl3-O2 109.00(5) O4-Cl3-O3 110.07(6) 
O1-Cl3-O3 108.83(6) O2-Cl3-O3 109.39(5) 

C20-N6-C19 117.65(8) C20-N6-Cu2 105.00(7) 
C19-N6-Cu2 102.96(6) C20-N6-H32 111.1(12) 
C19-N6-H32 109.6(12) Cu2-N6-H32 109.9(12) 
C22-N7-C21 113.07(9) C22-N7-Cu2 110.88(6) 
C21-N7-Cu2 105.43(6) C22-N7-H19 108.7(12) 
C21-N7-H19 109.0(12) Cu2-N7-H19 109.7(12) 
C12-N8-C16 121.82(8) C12-N8-Cu2 119.23(7) 
C16-N8-Cu2 118.93(6) C18-N5-C17 113.95(8) 
C18-N5-Cu2 105.56(6) C17-N5-Cu2 110.80(6) 
C18-N5-H27 108.5(11) C17-N5-H27 108.4(11) 
Cu2-N5-H27 109.6(11) C11-N3-C10 112.31(8) 
C11-N3-Cu1 109.86(6) C10-N3-Cu1 101.70(6) 
C11-N3-H11 109.0(12) C10-N3-H11 107.4(12) 
Cu1-N3-H11 116.5(11) C8-N2-C9 115.78(8) 
C8-N2-Cu1 101.18(6) C9-N2-Cu1 106.35(6) 
C8-N2-H6 110.4(11) C9-N2-H6 108.8(11) 

Cu1-N2-H6 114.3(11) C6-N1-C7 114.61(8) 
C6-N1-Cu1 111.51(6) C7-N1-Cu1 105.95(6) 
C6-N1-H1 107.4(11) C7-N1-H1 109.9(11) 

Cu1-N1-H1 107.3(11) C5-N4-C1 122.41(9) 
C5-N4-Cu1 119.04(7) C1-N4-Cu1 118.40(7) 
N6-C20-C21 107.75(9) N6-C20-H33 110.2 

C21-C20-H33 110.2 N6-C20-H34 110.2 
C21-C20-H34 110.2 H33-C20-H34 108.5 
N7-C21-C20 110.15(8) N7-C21-H36 109.6 

C20-C21-H36 109.6 N7-C21-H35 109.6 
C20-C21-H35 109.6 H36-C21-H35 108.1 
N7-C22-C12 111.84(8) N7-C22-H21 109.2 
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C12-C22-H21 109.2 N7-C22-H20 109.2 
C12-C22-H20 109.2 H21-C22-H20 107.9 
N8-C12-C13 120.68(9) N8-C12-C22 115.30(8) 

C13-C12-C22 124.00(9) N8-C16-C15 120.44(9) 
N8-C16-C17 114.95(8) C15-C16-C17 124.60(9) 
N5-C17-C16 111.25(8) N5-C17-H26 109.4 

C16-C17-H26 109.4 N5-C17-H25 109.4 
C16-C17-H25 109.4 H26-C17-H25 108.0 
N5-C18-C19 110.58(8) N5-C18-H29 109.5 

C19-C18-H29 109.5 N5-C18-H28 109.5 
C19-C18-H28 109.5 H29-C18-H28 108.1 
N6-C19-C18 107.33(8) N6-C19-H31 110.2 

C18-C19-H31 110.2 N6-C19-H30 110.2 
C18-C19-H30 110.2 H31-C19-H30 108.5 
C16-C15-C14 118.28(9) C16-C15-H24 120.9 
C14-C15-H24 120.9 C13-C14-C15 120.29(9) 
C13-C14-H23 119.9 C15-C14-H23 119.9 
C12-C13-C14 118.42(9) C12-C13-H22 120.8 
C14-C13-H22 120.8 N3-C10-C9 109.34(8) 
N3-C10-H10 109.8 C9-C10-H10 109.8 
N3-C10-H9 109.8 C9-C10-H9 109.8 
H10-C10-H9 108.3 N2-C9-C10 110.67(8) 
N2-C9-H8 109.5 C10-C9-H8 109.5 
N2-C9-H7 109.5 C10-C9-H7 109.5 
H8-C9-H7 108.1 N2-C8-C7 107.61(8) 
N2-C8-H5 110.2 C7-C8-H5 110.2 
N2-C8-H4 110.2 C7-C8-H4 110.2 
H5-C8-H4 108.5 N1-C7-C8 110.88(8) 
N1-C7-H3 109.5 C8-C7-H3 109.5 
N1-C7-H2 109.5 C8-C7-H2 109.5 
H3-C7-H2 108.1 N1-C6-C5 112.17(8) 

N1-C6-H18 109.2 C5-C6-H18 109.2 
N1-C6-H17 109.2 C5-C6-H17 109.2 
H18-C6-H17 107.9 N4-C5-C4 120.34(10) 
N4-C5-C6 114.86(8) C4-C5-C6 124.80(9) 
N4-C1-C2 120.26(10) N4-C1-C11 113.45(9) 

C2-C1-C11 126.28(10) N3-C11-C1 108.82(8) 
N3-C11-H12 109.9 C1-C11-H12 109.9 
N3-C11-H13 109.9 C1-C11-H13 109.9 

H12-C11-H13 108.3 C1-C2-C3 118.20(10) 
C1-C2-H14 120.9 C3-C2-H14 120.9 
C4-C3-C2 120.75(10) C4-C3-H15 119.6 

C2-C3-H15 119.6 C3-C4-C5 117.98(10) 
C3-C4-H16 121.0 C5-C4-H16 121.0 
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Table A7. Bond lengths (Å) for [CuII(L2)(Cl)](ClO4)2 (18). 
 

Atom Atom Length Atom Atom Length 
Cu1 Cl1 2.226(9) N4 C1 1.347(2) 
Cu1 N2 2.173(19) N3 C11 1.484(2) 
Cu1 N1 2.082(16) N3 C10 1.482(2) 
Cu1 N4 1.939(16) C8 C7 1.522(3) 
Cu1 N3 2.079(16) C6 C5 1.516(2) 
O1 C3 1.340(2) C5 C4 1.369(3) 
N2 C8 1.466(3) C1 C11 1.503(2) 
N2 C9 1.473(3) C1 C2 1.375(2) 
N1 C7 1.487(3) C10 C9 1.520(3) 
N1 C6 1.483(2) C2 C3 1.396(3) 
N4 C5 1.341(2) C3 C4 1.401(3) 

 
 

Table A8. Bond angles (°) for [CuII(L2)(Cl)](ClO4)2 (18). 
 

Atom Atom Atom Angle Atom Atom Atom Angle 
N2 Cu1 Cl1 106.91(5) N1 C7 C8 111.02(16) 
N1 Cu1 Cl1 100.69(5) N1 C6 C5 111.19(14) 
N1 Cu1 N2 84.44(7) N4 C5 C6 114.28(15) 
N4 Cu1 Cl1 154.20(5) N4 C5 C4 121.22(16) 
N4 Cu1 N2 98.89(6) C4 C5 C6 124.49(16) 
N4 Cu1 N1 81.87(6) N4 C1 C11 114.65(15) 
N4 Cu1 N3 81.79(6) N4 C1 C2 121.42(16) 
N3 Cu1 Cl1 100.07(5) C2 C1 C11 123.88(15) 
N3 Cu1 N2 84.49(7) N3 C11 C1 111.30(14) 
N3 Cu1 N1 158.57(6) N3 C10 C9 110.86(16) 
C8 N2 Cu1 103.52(12) N2 C9 C10 107.81(16) 
C8 N2 C9 117.78(16) C1 C2 C3 117.88(16) 
C9 N2 Cu1 104.04(12) O1 C3 C2 122.53(17) 
C7 N1 Cu1 106.09(12) O1 C3 C4 117.35(18) 
C6 N1 Cu1 109.77(11) C2 C3 C4 120.11(17) 
C6 N1 C7 113.64(15) C5 C4 C3 118.35(17) 
C5 N4 Cu1 119.42(12) C11 N3 Cu1 110.53(11) 
C5 N4 C1 120.88(15) C10 N3 Cu1 105.64(12) 
C1 N4 Cu1 119.34(12) C10 N3 C11 113.33(15) 
N2 C8 C7 107.86(16) 
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Table A9. Bond lengths (Å) for  [CuII(L3)(Cl)](ClO4) (19). 
 

Atom Atom Length Atom Atom Length 
Cu1 Cl1 2.264(7) N2 C8 1.466(4) 
Cu1 N4 1.952(2) N1 C7 1.486(3) 
Cu1 N3 2.063(2) N1 C6 1.487(3) 
Cu1 N2 2.137(2) C1 C11 1.507(4) 
Cu1 N1 2.060(2) C1 C2 1.382(4) 
O1 C4 1.361(3) C10 C9 1.514(4) 
N4 C1 1.342(3) C8 C7 1.520(4) 
N4 C5 1.335(3) C6 C5 1.503(4) 
N3 C11 1.488(4) C5 C4 1.393(4) 
N3 C10 1.491(4) C4 C3 1.391(4) 
N2 C9 1.471(4) C3 C2 1.384(4) 

 
 
 

Table A10. Bond angles (°) for  [CuII(L3)(Cl)](ClO4) (19). 
 

Atom Atom Atom Angle Atom Atom Atom Angle 
N4 Cu1 Cl1 147.59(6) N4 C1 C2 119.5(2) 
N4 Cu1 N3 82.31(9) C2 C1 C11 126.0(3) 
N4 Cu1 N2 103.45(9) N3 C11 C1 111.1(2) 
N4 Cu1 N1 81.87(9) N3 C10 C9 111.7(2) 
N3 Cu1 Cl1 101.31(7) N2 C9 C10 108.5(2) 
N3 Cu1 N2 85.40(9) N2 C8 C7 108.9(2) 
N2 Cu1 Cl1 108.93(7) N1 C7 C8 110.4(2) 
N1 Cu1 Cl1 98.95(7) N1 C6 C5 111.2(2) 
N1 Cu1 N3 159.60(9) N4 C5 C6 115.8(2) 
N1 Cu1 N2 85.84(9) N4 C5 C4 119.7(2) 
C1 N4 Cu1 118.05(18) C4 C5 C6 124.5(2) 
C5 N4 Cu1 118.95(18) O1 C4 C5 118.0(2) 
C5 N4 C1 122.8(2) O1 C4 C3 123.5(2) 

C11 N3 Cu1 108.90(17) C3 C4 C5 118.5(2) 
C11 N3 C10 114.7(2) C2 C3 C4 120.0(3) 
C10 N3 Cu1 106.61(18) C1 C2 C3 119.3(3) 
C9 N2 Cu1 102.42(17) C8 N2 C9 116.8(2) 
C8 N2 Cu1 104.27(16) C7 N1 Cu1 104.67(16) 
C6 N1 Cu1 111.88(16) C7 N1 C6 114.0(2) 
N4 C1 C11 114.5(2) 
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Table A11. Bond lengths (Å) for [ZnII(L2)(Cl)](ClO4) (21). 
 

Atom Atom Length Atom Atom Length 
Zn1 Cl1 2.214(6) C4 C5 1.380(3) 
Zn1 N1 2.041(17) C5 C6 1.512(3) 
Zn1 N2 2.209(19) C5 N1 1.341(3) 
Zn1 N3 2.087(19) C6 N2 1.479(3) 
Zn1 N4 2.207(17) C7 C8 1.520(3) 
C1 C2 1.381(3) C7 N2 1.478(3) 
C1 C11 1.509(3) C8 N3 1.478(3) 
C1 N1 1.339(2) C9 C10 1.520(3) 
C2 C3 1.394(3) C9 N3 1.476(3) 
C3 C4 1.400(3) C10 N4 1.476(3) 
C3 O1 1.340(3) C11 N4 1.470(3) 

 
Table A12. Bond angles (°) for [ZnII(L2)(Cl)](ClO4) (21). 

 
Atom Atom Atom Angle Atom Atom Atom Angle 

N4 Zn1 Cl1 143.46(5) N2 C8 C7 109.55(18) 
N4 Zn1 N3 78.62(7) N1 C7 C8 110.80(17) 
N4 Zn1 N2 97.47(7) C2 C1 C11 122.57(18) 
N4 Zn1 N1 79.22(6) N4 C1 C2 121.71(17) 
N3 Zn1 Cl1 104.69(5) N4 C1 C11 115.71(18) 
N2 Zn1 Cl1 119.04(5) N3 C11 C1 111.99(17) 
N2 Zn1 N3 84.37(7) N1 C6 C5 112.82(15) 
N2 Zn1 N1 83.96(7) C5 N4 Zn1 118.81(13) 
N1 Zn1 Cl1 101.96(5) C5 N4 C1 120.13(17) 
N1 Zn1 N3 153.31(7) C1 N4 Zn1 119.63(13) 
C4 C5 C6 121.76(16) C11 N3 Zn1 109.71(12) 
N4 C5 C4 121.84(17) C10 N3 Zn1 103.24(14) 
N4 C5 C6 116.39(16) C10 N3 C11 114.97(19) 
C5 C4 C3 118.33(18) C9 N2 Zn1 106.11(13) 
C4 C3 C2 119.5(2) C8 N2 Zn1 107.29(13) 
O1 C3 C4 122.9(2) C8 N2 C9 114.61(17) 
O1 C3 C2 117.5(2) C7 N1 Zn1 103.09(12) 
C1 C2 C3 118.27(19) C6 N1 Zn1 109.91(12) 
N3 C10 C9 111.35(16) C6 N1 C7 114.21(16) 
N2 C9 C10 109.55(18) 
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Table A13. Bond lengths (Å) for [ZnII(L3)(Cl)](ClO4)∙H2O (22). 

Atom Atom Length Atom Atom Length 
Zn1 Cl1 2.234(11) N3 C11 1.465(4) 
Zn1 N4 2.059(3) N3 C10 1.495(4) 
Zn1 N1 2.214(3) N4 C5 1.345(4) 
Zn1 N2 2.060(3) N4 C1 1.344(4) 
Zn1 N3 2.226(3) C5 C4 1.384(5) 
O1 C2 1.353(4) C5 C6 1.512(5) 
N1 C7 1.485(5) C4 C3 1.384(5) 
N1 C6 1.474(4) C3 C2 1.388(5) 
N2 C9 1.487(5) C2 C1 1.398(5) 
N2 C8 1.482(4) C1 C11 1.513(5) 

C10 C9 1.498(5) C8 C7 1.517(6) 
 
 

Table A14. Bond angles (°) for [ZnII(L3)(Cl)](ClO4)∙H2O (22). 

Atom Atom Atom Angle Atom Atom Atom Angle 
N4 Zn1 Cl1 119.84(8) C1 N4 C5 121.7(3) 
N4 Zn1 N1 77.48(11) C11 N3 C10 112.2(3) 
N4 Zn1 N2 111.33(12) C8 N2 C9 116.0(3) 
N4 Zn1 N3 77.54(11) C4 C5 C6 122.5(3) 
N1 Zn1 Cl1 104.34(9) O1 C4 C5 116.5(3) 
N1 Zn1 N3 145.53(11) O1 C4 C3 124.7(3) 
N2 Zn1 Cl1 128.79(9) C3 C4 C5 118.8(3) 
N2 Zn1 N1 84.00(13) C4 C3 C2 120.1(3) 
N2 Zn1 N3 83.38(13) C3 C2 C1 118.9(3) 
N3 Zn1 Cl1 108.57(9) N4 C1 C2 119.9(3) 
C1 N4 Zn1 120.2(2) N4 C1 C11 115.3(3) 
C1 N4 C5 122.3(3) C2 C1 C11 124.8(3) 
C5 N4 Zn1 117.4(2) N3 C11 C1 110.1(3) 
C6 N1 Zn1 108.0(2) N3 C10 C9 111.9(3) 
C6 N1 C7 113.8(3) N2 C9 C10 110.6(3) 
C7 N1 Zn1 100.9(2) N2 C8 C7 108.6(3) 
C8 N2 Zn1 109.9(3) N1 C7 C8 111.5(3) 
C8 N2 C9 117.0(3) N1 C6 C5 112.4(3) 
C9 N2 Zn1 104.9(2) C6 N1 C7 114.8(3) 

C10 N3 Zn1 104.3(2) N4 C5 C4 120.7(3) 
C11 N3 Zn1 111.4(2) N4 C5 C6 116.9(3) 
C11 N3 C10 115.1(3) 
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Biochemical studies:  Transition metal-ion misregulation, in conjunction with oxidative 

stress and peptide aggregation, has been implicated in multiple neurodegenerative 

diseases.  In Alzheimer’s disease, for example, copper(II) and zinc(II) ions abnormally 

accumulate in regions of the brain that contain β-amyloid plaques and display increased 

levels of oxidative injury. In this work, we examined the potential of L1 and L2 to serve 

as neurotherapeutic agents for the treatment of AD.  Collectively, these studies showed 

that (i) L1 and L2 were capable of preventing and reversing metal-induced amyloid 

formation; (ii) the antioxidant capacity of L1 was enhanced dramatically upon conversion 

to a pyridol ring and; (iii) L2 was capable of preventing cellular death, induced by 

oxidative stress. Overall, our accomplishments revealed that L1 and L2 have therapeutic 

potential for the treatment of neurodegenerative disorders and animal studies are 

currently underway.   

Inorganic studies:  Given the enhanced antioxidant activity observed for L2, we were 

curious to know whether this behavior would be reduced by a change in the position of 

the hydroxyl group from p- to m-substituted.  Thus, L3 was produced and the radical 

reducing capacity was measured using the DPPH assay. From this study, we 

determined that the radical-scavenging capability of L2 was approximately equivalent to 

L3.  We then set out to explore the chemical properties of a series of nickel(II), 



copper(II), and znic(II) complexes derived from L1-L3, in order to understand how the 

electron-donating nature of the L1 was altered in response to p- and m-hydroxylation.  

The structural, electronic, and electrochemical properties of these complexes were 

studied using X-ray crystallography, spectroscopy (UV-visible and NMR), and cyclic 

voltammetry.  The data collected from this series of experiments revealed that (i) 

hydroxylation enhanced the amount of π-electronic charge density in the aromatic 

system; (ii) p-hydroxylation induces a larger electron-donating effect than m-

hydroxylation; and (iii) the Lewis-basicity of the ligands increases across the series L2 ˃ 

L3 > L1.   
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