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Chapter 1: Introduction to macrocyclic chemistry 

1.1. Classification of macrocycles 

Macrocycles represent a broad family of unique ligands that can be utilized across many different 

chemical fields. Although macrocycles have many of the same attributes as their noncyclic counterparts, 

these ligands have exceptional coordination behavior (such as the macrocyclic effect) that places them in 

a unique ligand class.1 The IUPAC defines a macrocycle as a cyclic macromolecule or a macromolecular 

cyclic portion of a molecule.2 Although this term does describe macrocycles, a more relevant definition in 

terms of coordination chemistry is that a macrocycle is a cyclic molecule with three or more potential 

donor atoms in ring of at least nine atoms.1, 3 In other words, macrocycles have the intrinsic ability to bind 

metal ions within a central cavity, forming a variety of coordination complexes. The ambiguity of the 

definitions pertaining to macrocycles means that the there is a large pool of ligands which are considered 

“macrocyclic”. Donor atoms within macrocycles usually consist of nitrogen or oxygen, but “softer” 

analogues also exist, such as sulfur, selenium, and phosphorous (Figure 1.1).1 Furthermore, the 

macrocyclic ring can be a variety of different sizes, as long as at least 3 donor atoms are present and ring 

is no smaller than nine atoms. Polyamine or imine macrocycles, also referred to as azamacrocycles, are a 

family of nitrogen containing cyclic molecules with varying degrees of saturation (Figure 1.1).1 Cyclic 

polyethers or crown ethers are another family of macrocyclic ligands, which contain oxygen atoms and 

cyclic rings of various sizes (Figure 1.1).1 Other examples of macrocyclic ligands include mixed donor-atom 

macrocycles, encapsulating macrocycles known as cryptands, dinucleating macrocycles, and linked 

macrocycles (Figure 1.1).1, 3 Although many different types of macrocycles exist, the remaining discussion 

of macrocyclic ligands will be focused on azamacrocycles for the purpose of this dissertation. 
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Figure 1.1. Examples of different types of macrocyclic ligands.1, 3 
 
 
1.2. A brief history of macrocyclic chemistry 

1.2.1. Origins of macrocyclic chemistry 

The unusual properties of macrocyclic ligands and their corresponding metal complexes have 

garnered the attention of researchers for many years. Scientists are particularly interested in the unique 

structural, kinetic, thermodynamic, spectral, and electrochemical properties of macrocyclic complexes.3 

The exceptional physical properties that entice scientists to study macrocycles also make them ideal for 

biological applications. The following discussion focuses/describes the evolution of macrocycles in the 

chemical literature. 

In nature, macrocyclic complexes are utilized in numerous fundamental biological systems due to 

the enhanced kinetic and thermodynamic stability offered by the cyclic ligand frame. Metal ions that 

would otherwise demetallate from open-chain ligands under mild to moderate conditions are held firmly 

within the cyclic cavity during biological functions.3 Common examples of naturally occurring macrocyclic 

complexes include the iron-bound porphyrin ring contained in the active site of hemoglobin, the chlorin 

complex of magnesium in chlorophyll, and the cobalt-bound corrin ring of vitamin B12 (Figure 1.2).1, 3-5  
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Early in the development of macrocyclic chemistry, researchers studied naturally occurring macrocyclic 

complexes to investigate the unusual coordination properties. Scientists hoped that by studying the 

physical properties of these naturally occurring complexes they could synthesize model complexes to 

further understand the structure and functions of biological macrocyclic complexes.1, 3-4 This fundamental 

approach to understanding naturally occurring macrocyclic complexes helped form the foundation for the 

field of macrocyclic chemistry. 

 
Figure 1.2. Common examples of naturally occurring macrocyclic lignds.1, 3-4, 6 
 

The field of modern macrocyclic chemistry began in 1960 when Curtis and coworkers pioneered 

a template reaction to synthesize tetraaza macrocyclic Ni(II) complexes.3, 7 Prior to this, phthalocyanine 

and its derivatives were the only type of synthetic macrocyclic ligand.1, 3, 5, 8  Phthalocyanines are highly 

conjugated cyclic ligands which strongly resemble naturally occurring porphyrin rings (Figure 1.3).1, 3, 5 In 

1928, the first phthalocyanine complex was discovered serendipitously during the industrial preparation 

of phthalimide from phthalic anhydride and ammonia.3, 9 During the reaction, the glass vessel housing the 

chemicals cracked to expose the outer steel casing. As a result, a dark-blue material formed, which was 

later identified as an extremely stable Fe(II) phthalocyanine complex. Since the initial discovery, 

phthalocyanine complexes have been prevalent in the chemical literature.3, 9 These chemically interesting 

macrocycles have been investigated for use as semiconductors, catalysts, and biological model 
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complexes.3 In addition, due to phthalocyanine’s highly conjugated nature and ability to form highly stable 

metal complexes, resulting in rich hues, it was (and still is) used as a coloring agent.3, 10-11 Copper 

phthalocyanine or phthalocyanine blue is used extensively as a blue/blue-green pigment with the color 

dependent upon what substituents are present within the complex (Figure 1.3).3 Phthalocyanines were 

the first class of synthetic macrocyclic ligands and they continue to be used for many different 

applications.  

 
Figure 1.3. Synthetic phthalocyanine macrocycle, and corresponding metal complexes.1, 3, 9-11 
 

1.2.2. Development of modern day macrocyclic chemistry 

The pioneering synthesis of isomeric tetraazamacrocyclic Ni(II) complexes and subsequent studies 

by Curtis and coworkers between 1960-1966 marks the inception of modern-day macrocyclic chemistry.7, 

12-20 This new branch of chemistry was discovered fortuitously when Curtis combined 

tris(ethylenediamine)nickel(II) perchlorate with dry acetone to yield both the cis and trans isomers of a 

Ni(II) macrocyclic imine complex.3-4, 7, 12-20 Initially, Curtis was attempting to prepare a series of aliphatic 

Schiff bases according to previously established procedures.3-4, 7, 13 He proposed that the product(s) 

formed when the Ni(II) salt and dry acetone were combined was a series of yellow and orange bis-imine 

coordination complexes (Scheme 1.1).7, 13 Interestingly, upon boiling in acidic and alkaline conditions, the 

proposed Ni(II) imine complex exhibited unusual chemical inertness inconsistent with type of ligand 
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present within the complex.7 The imine ligands were expected to decompose under such harsh chemical 

conditions, but the complex remained intact. In several subsequent reports, Curtis used extensive 

characterization techniques to determine that the yellow and orange products were a mixture of isomeric 

Ni(II) macrocyclic imine complexes formed by the condensation of acetone molecules (Scheme 1.1).3-4, 12, 

14-15, 17-20 Following Curtis’s groundbreaking work an immense number of synthetic macrocyclic ligands and 

complexes have been reported in the chemical literature.  

 
Scheme 1.1. The original proposed products of the condensation reaction between [Ni(en)3]2+ and 
acetone (1960) and the actual products reported in 1966, now known as ‘Curtis macrocycles’.3-4, 7, 12-20  
 

1.3. Properties of azamacrocycles 

Azamacrocyclic ligands contain nitrogen donor atoms, but the number of donor atoms can vary 

greatly. The most heavily studied type of azamacrocyclic ligand are tetraazamacrocycles, which contain 

four nitrogen atoms and have rings sizes varying from 12- to 17-members.1, 3 Although 

tetraazamacrocycles are the most common type of azamacrocyclic ligand, and will be a focus of this 

dissertation, many more variations exist. The smallest triazamacrocycles contain just 3 nitrogen donor 

atoms dispersed in a ring containing 9 to 13 atoms.3 Pentaazamacrocycles contain five donor nitrogen 

atoms with ring sizes between 15- and 21-members and hexaazamacrocycles contain six donor atoms 
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with eighteen to twenty-five membered rings.3 Azamacrocycles with more than six donor atoms exist as 

well, these types of large rings can often bind multiple metal ions or even large anions.1, 3   

Although all azamacrocycles contain nitrogen donor atoms, this class of macrocycles has many 

diverse coordination properties influenced by a variety of factors. The number of donor atoms an 

azamacrocycle contains is obviously a factor that contributes to coordination properties, but there are 

many others including: cavity size, degree of unsaturation, ligand denticity, and the presence of 

substituents.3-4 Although all of the factors listed above are important, the concept of cavity size is integral 

to the field of macrocyclic chemistry and is one of the most influential structural parameters that effects 

the properties of resultant macrocyclic metal complexes.3 For the purpose of this dissertation, discussion 

of influential factors of the coordination properties of macrocyclic ligands will be limited to cavity size, 

which is directly influenced by the number of donor atoms present within a macrocycle. 

1.3.1. Determining the cavity size/ring size of macrocyclic ligands 

 In simple terms, the cavity of a macrocyclic ligand is the hole surrounded by donor atoms that is 

occupied by a metal ion upon coordination complex formation.1 Unfortunately, the cavity size of a 

macrocyclic ligand is a deceptively simple concept, which is remarkably difficult to quantify. Cavity size is 

influenced by many different factors, including number of donor atoms, type of donor atoms, ligand 

flexibility, and ligand confirmation.  

Perhaps the most easily determined parameter with regards to cavity size is the radius of the 

macrocyclic cavity.1 Scientists often match the ligand cavity radius with known metal ion radii when 

selecting suitable combinations of metal ions and ligands to form macrocyclic coordination complexes.1 

Early approaches to determining the radius of a macrocyclic cavity involved measuring the distance 

between the nuclei of diagonally oriented donor atoms.1 The distances were either generated from 

computer models or taken directly from solid state structures of the ligands and/or their coordination 
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complexes.1 This rudimentary method generally works for predicting the cavity sizes of relatively simple 

macrocycles such as tetraazamacrocyclic ligands. However, when predicting the cavity size of a 

macrocycle it is necessary to give a range of values due to conformational changes within the flexible 

macrocyclic ligand. Therefore, it is only meaningful to compare the cavity radii between ligands with 

similar confirmations.1 Additionally, the concept of unambiguous hole size is only effective when 

discussing ligands that are planar or nearly planar, such as tetraazamacrocyclic ligands. 

Unfortunately, predicting the cavity size of a macrocycle based on estimating hole radius is a 

rather rudimentary method for matching metal ions with an ideal macrocyclic host. In the 1960s-1970s 

several groups conducted in-depth studies of the relationship between metal ions and optimum 

macrocyclic hole sizes utilizing a series of fully-saturated tetraazamacrocycles.5, 21 Beginning in the mid-

1960s, Bosnich et al. synthesized and characterized two novel tetraazamacrocyclic metal complexes with 

Ni(II) and Co(III).22-24 The ligand utilized in the studies was 1,4,8,11-tetraazacyclotetradecane ([14]aneN4 

or cyclam) which is a saturated 14-membered tetraazamacrocycle. Cyclam is large enough to fit a range 

of first-row transition metal ions within its cavity and investigations of metal-cyclam complexes are 

ubiquitous in the chemical literature. Following this initial investigation of cyclam and its corresponding 

metal complexes, several cyclam congeners ranging from 12- to 16-membered rings were synthesized 

(Figure 1.4).5, 21, 25 Busch and coworkers considered cyclam and its congeners the ‘ultimate prototypic 

macrocyclic ligand’ because of several key features (i) they were the ‘cyclic counterparts’ of common 

noncyclic ligands like ethylenediamine (en); (ii) they were saturated ligands, ensuring that only sigma 

bonding was present between the metal ion and ligand; and (iii) they had properties that were similar to 

classic coordination complexes with noncyclic ligands.5 Utilizing these prototypical macrocyclic ligands 

([12-16]aneN4), a high-spin Ni(II) ion, and a low-spin Co(III) ion, Busch and coworkers evaluated the effects 

that ring size (i.e. cavity size) had on metal donor interactions. The materials listed above were used to 

synthesize complexes with the general formula, trans-[NiII([13-16]aneN4)Cl2] and trans-[CoIII([13-
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16]aneN4)Cl2]+. It is interesting to note that [12]aneN4 was not used in this study, due to its inability to 

fully encapsulate the metal ions; this important consideration will be discussed later. To evaluate the 

relationship between ring size and metal donor interaction, Busch applied the ligand field model to 

electronic spectral data for each complex.5 By doing this, he obtained the important spectrochemical 

parameters Dqxy and Dqz, where Dqxy is a measure of the ligand field strength of a tetradentate transition 

metal complex and Dqz provides information about the axial ligand-metal ion interaction .5 Using 

previously determined Dqxy values for other macrocyclic Ni(II) and Co(III) complexes, Busch determined 

that the donor atoms found in ligands [13-16]aneN4 should exhibit ‘normal’ or ideal ligand field strengths 

of around 1200 cm-1 (for the Ni(II) complexes) and 2530 cm-1 (for the Co(III) complexes). 

 
Figure 1.4. Series of cyclam congeners with ring sizes ranging from 12- to 16-members.5, 21, 25 
 

In a typical noncyclic coordination complex, it could be expected that the ligand field strength 

(Dqxy) remains constant with a constant donor set, such as N4Cl2.5 Busch and coworkers discovered this 

was not the case with tetraazamacrocyclic complexes. They found that ligand field strength was strongly 

dependent on ring size (Table 1.2). In their report, they used the analogy of a stiff rubber band encircling 

a metal ion to describe the phenomenon. A stiff rubber band (i.e. the tetraazamacrocycle) has a natural 

radius, when the ring fits the metal ion precisely, there is no deviation from its normal shape, leading to 

a ‘normal’ or ideal ligand field strength.5 If the rubber band is ‘too small’ it must stretch to accommodate 

the metal ion; when it distorts from the normal shape this enhances the metal-donor interaction, 

increasing the Dqxy parameter.5 The opposite is true if the rubber band is too large, the metal-donor bonds 

will stretch to try and compress the ring, which leads an abnormally low Dqxy parameter.5 Based on a 
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comparison of the Dqxy parameters for both the Ni(II) and Co(III) macrocyclic complexes with their ideal 

reference Dqxy values, Busch found that Ni(II) fit best within the 15-membered ring [15]aneN4 and Co(III) 

fit best within the 14-membered ring [14]aneN4.5, 21  

Table 1.1. Spectrochemical parameters for complexes trans-[CoIII([13-16]aneN4)Cl2]+ and                             
trans-[NiII([13-16]aneN4)Cl2].4-5, 21 

 
 

 After interpreting these results, Busch sought the help of a colleague to develop a strain energy 

model for saturated tetraazamacrocycles.5 Utilizing this model Busch was able to derive the metal-

nitrogen bond distance with the least strain in any given saturated tetraazamacrocycle. He coined the 

term ideal M-N distance to describe this calculation. The concept of an ideal M-N distance was validated 

with experimental data obtained in the studies regarding Ni(II) and Co(III) tetraazamacrocyclic complexes 

previously conducted by Busch.5, 21 In fact, a pattern was observed: the ideal M-N distance differs by 

regular increments of  0.10-0.15 Å as the number of members in a macrocyclic ring is changed by one 

(Table 1.3).3, 5 To this day, scientists still utilize the concept of ideal M-N distance to determine the best 

combination of ligand and metal ion when synthesizing macrocyclic complexes. 
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Table 1.2. Ideal M-N bond lengths and planarity of a series of macrocyclic ligands.3, 5, 21 

 

 Until this point the discussion of cavity size has been focused on matching a metal ion to the 

ideally sized ligand cavity, but what happens when the metal ion is too large or too small for the 

macrocyclic cavity? Fortunately, macrocyclic ligands are usually flexible and can accommodate metal ions 

that are larger than the macrocyclic cavity, so that complexation occurs. When a metal ion is too large for 

the cavity the macrocycle can either fold around the metal ion and/or displace it from the donor plane 

(Figure 1.5).3-4 For example, 12- and 13-membered tetraazamacrocycles are usually too small to house 

most transition metals within the N4 donor planes, so these macrocycles adopt cis-folded geometries 

around the metal ion; additional ligands complete the coordination sphere in equatorial positions around 

the metal center.3-4 It is perhaps most important to note that just because there is a mismatch between 

the macrocyclic cavity and the metal ion, this does not mean that complexation will not occur. In fact, 

many times when there is a mismatch between the metal ion and cavity the resulting macrocyclic metal 

complex exhibits unusual properties. These unusual properties, such as unique electrochemical and 

spectral behavior, are ubiquitous in the chemical literature.3  One such example is the ‘entatic state’ 

hypothesis proposed by Vallee and Williams.26 This hypothesis suggests that the reactivity of many 

metalloenzymes is a result of the unusual coordination geometries of metal ions within the active site.26 
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Figure 1.5. Geometries adapted by mismatched metal-ligand complexes.3 

1.3.2. The macrocyclic effect 

 It has been well established that the coordination complexes of macrocyclic ligands exhibit unique 

and unusual behavior. Factors that imbue macrocyclic complexes with these exceptional spectral and 

electrochemical behaviors have been discussed in the previous sections, but a very important concept 

remains to be discussed, the macrocyclic effect.   In the following section the origins of the macrocyclic 

effect will be discussed, as well as thermodynamic and kinetic considerations for this fundamental 

concept. 

 Prior to the discovery of the macrocyclic effect in 1969, scientists had defined and studied the 

chelate effect. The well-documented chelate effect states that a complex with a bidentate or multidentate 

ligand set is more thermodynamically stable than a complex with the equivalent number of monodentate 

ligands.1, 3-4, 27-30 An example of the chelate effect is directly observed when comparing the complexation 

of Cd(II) with monodentate methylamine vs.  bidentate ethylenediamine (en) (Figure 1.6).29-30 The 

complex [Cd(en)2(H2O)2]2+ has a much larger equilibrium constant (by over four orders of magnitude) than 

its monodentate counterpart, [Cd(CH3NH2)2(H2O)2]2+ (Figure 1.6). The equilibrium constants of each 

reaction can be related back to Gibbs free energy (ΔGo) using equation [1.1].27 Additionally, Gibbs free 

energy is related the enthalpic and entropic terms through equation [1.2], where R is the universal gas 

constant, T is the temperature (in K), K is the equilibrium constant, ΔHo is change in enthalpy, and ΔSo is 

change in entropy.27  
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ΔGo = -RT ln K   [1.1] 

ΔGo = ΔHo -TΔSo  [1.2] 

For each reaction the difference in the enthalpic terms is relatively small, but the entropic terms are vastly 

different. Therefore, it can be concluded that the chelate effect is largely influenced by entropy, while 

enthalpy is variable.27-30 This makes sense, because the monodentate reaction resulted in no net increase 

of molecules; whereas, the bidentate reaction had a net increase of two molecules. Generally, an increase 

in chelation (polydentate vs. monodentate) corresponds to an increasingly positive ΔSo term and 

therefore a larger equilibrium constant.27, 29 

 
 

Figure 1.6. An example of the chelate effect which is observed when comparing the reactions of a 
monodentate vs. bidentate ligand set. The equilibrium constant (K) of the bidentate reaction is 
significantly larger than the monodentate reaction.29-30 
 

 In the pioneering study conducted by Margerum and Cabiness in 1969, the stability of cyclic tetra-

amine Cu(II) complexes (tetraazamacrocycle complexes) were compared to several reference noncyclic 

Cu(II) tetra-amine complexes (Table 1.3).1, 3-4, 31-32 Using potentiometric methods, Margerum and Cabiness 

determined the stability constants of these complexes. The authors compared the stabilities of the 

noncyclic Cu(II) 2,3,2-tet complex (log KML = 23.9) with the red macrocyclic Cu(II) tet a complex (log KML = 

28), because both complexes had a similar sequence of chelate rings (5,6,5 vs. 5,6,5,6).1, 3-4, 31-32 They 

discovered that the Cu(II) macrocyclic complex was about 104 times more stable than its noncyclic 

analogue.1, 3-4, 31-32 This marked increase in stability could not be explained by the chelate effect alone, and 
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was about an order of magnitude larger than predicted, hence Margerum and Cabiness termed it the 

macrocyclic effect.1, 3-4, 31-32 The macrocyclic effect states that a complex with macrocyclic ligands is more 

stable than a complex with the equivalent number of open-chain (noncyclic) ligands.1, 3-4  

Table 1.3. Stability constants for the 1:1 complexes of tetraamines with Cu(II).31-32  

 

 
1.3.2.1 Thermodynamic considerations 

Since the groundbreaking studies of the macrocyclic effect conducted by Margerum and Cabiness, 

many other groups have investigated this phenomenon. Initially, studies were conducted to learn more 

about the thermodynamic origins of the macrocyclic effect. Was the enhanced stability of macrocyclic 

metal complexes dependent on entropic factors, enthalpic factors, or both? Based on evidence presented 

earlier regarding the chelate effect, it might be tempting to assume that both the chelate effect and the 

macrocyclic effect originate from the entropic term, but the macrocyclic effect is more complex than the 

chelate effect.1  Early analysis of thermodynamic considerations for the macrocyclic effect were often 

contradictory.1, 3-4 Groups would investigate specific ligand sets and claim that the macrocyclic effect was 

either exclusively enthalpic in nature33, or exclusively entropic in nature.1, 3-4, 34-36 These contradictions  

were the result of inconsistencies in solvent or ionic strength conditions used to determine 

thermodynamic parameters.1 Additionally, discrepancies arose because in many studies the temperature 

dependence of complex stability constants were utilized to derive the enthalpy term (ΔHo).3, 36 These 

inconsistencies were eventually resolved when the enthalpic terms for a large range of noncyclic and 

macrocyclic ligand complexes were determined using calorimetric methods.3, 36-38 Several studies utilized 

this newly acquired experimental data to determine enthalpy values for the macrocyclic effect, which can 
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be represented by the general metathetic reaction [1.3].1, 3, 36, 39 If the enthalpy terms (of the related 

macrocyclic and noncyclic complexes) associated with the formation reaction [1.4] are subtracted, this 

gives the macrocyclic enthalpy for the metathetic reaction [1.3].3, 36, 39-41  

[MLnoncyclic]n+(aq)+ Lmacrocyclic(aq)  →  [MLmacrocyclic]n+(aq) + Lnoncyclic(aq)   [1.3] 

Mn+(aq) + L(aq) → MLn+(aq) (where L is either macrocyclic or noncyclic)   [1.4] 

 

More recent studies, utilizing experimentally determined enthalpy values, seem to indicate that the 

entropy term associated with the macrocyclic effect is generally favorable.1, 3, 40 In contrast, the enthalpy 

term associated with this effect can vary significantly and is very dependent on matching the cavity size 

of the macrocycle with a suitable metal ion.40 

 Continued investigation of the thermodynamic origins of the macrocyclic effect led several groups 

to explore other factors influencing the enthalpic term. Obviously, the size of the macrocyclic cavity vs. 

the metal ion was an important factor to the variability of enthalpy.3, 40 Another concern was the role that 

ligand solvation may play in certain cases.3 Noncyclic reference ligands such as those depicted in series 2 

of figure 1.7 have two terminal -NH2 groups where solvent may interact more strongly than with the 

macrocyclic ligand (which only contains secondary amines). Could differences in solvation energy between 

the reference noncyclic ligands vs. the macrocyclic ligands play a role in determining enthalpic influence? 

Clay et al. conducted a study to answer this question, utilizing di-N-methylated amine groups.36, 39-40 In the 

study, three different series of ligand types were synthesized. Series 1 consisted of 12-16 membered 

tetraazamacrocycles, series 2 consisted of the noncyclic nonsubstituted linear polyamines of series 1, and 

series 3 consisted of the di-N-methylated analogues of series 2 (Figure 1.7).36 Clay hypothesized that the 

di-N-methylated noncyclic ligands would be better suited for comparison with the analogous macrocycles, 

due to minimized differences in solvation energies.36, 39-40 In this comprehensive study, Clay compared log 

KML , ΔGo, ΔHo,  and ΔSo terms for 13 different ligands (Table 1.4). 
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Figure 1.7. Tetraazamacrocycles, open-chain noncyclic analogues, and di-N-methylated noncyclic 
analogues used in the comprehensive study conducted by Clay et al.36, 39-40 
 

Table 1.4. Thermodynamic parameters for Cu(II) complex formation with tetraaza ligands at 298 K.36, 39 

 
 

 Based on a comparison of the thermodynamic parameters for each series of tetraaza ligands, Clay 

concluded that the di-N-methylated noncyclic ligands were appropriate reference ligands and offered a 

better parallel to macrocyclic ligands.1, 3, 36, 39-40 This trend is easily observed when the log KML , ΔHo, or TΔSo 
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terms vs. increasing size/length of the ligand are graphed (Figure 1.8). These plots show that the di-N-

methylated ligands and macrocyclic ligands tend to parallel one another, while the -NH2 ligands eventually 

converge with the macrocycles.36 

 
Figure 1.8. Thermodynamic parameters vs. increasing size/length of ligands for Cu(II) complex 
formation.36, 39-40 
 

Another conclusion made by Clay et al. based on the above data, was that the magnitude of the 

macrocyclic effect seems to be independent of ring size of the macrocycle as long as an appropriate 

noncyclic reference ligand is chosen.36, 39-40 Although Clay determined that the di-N-methylated noncyclic 

ligands were more appropriate reference ligands for quantifying the macrocyclic effect, he made one very 

important observation concerning previously chosen reference ligands. In a report published in 1982, he 

discusses that the choice to utilize nonsubstituted linear polyamines as reference ligands to macrocycles 

is still completely appropriate and that it was not necessary to modify previous interpretations of the 

macrocyclic effect.39 

 Thermodynamic considerations of the macrocyclic effect are complex. Numerous studies have 

been conducted to try and determine thermodynamic origins, but it is not possible to assign a single 

source to the macrocyclic effect.1, 3 Generally, studies have found that the entropic term associated with 

the macrocyclic effect tends to be energetically favorable.1, 3, 36 Whereas, the enthalpic term associated 

with the macrocyclic effect is more variable and can either be energetically favorable or unfavorable 
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depending on the system.1, 3, 36 Of course, each ligand system studied is unique, hence it is hard to 

generalize specific thermodynamic origins to the macrocyclic effect.  

1.3.2.2. Kinetic considerations     

   In the previous section, the exceptional thermodynamic stability of macrocyclic complexes was 

discussed. In addition to this enhanced thermodynamic stability, macrocycles experience a kinetic 

component of the macrocyclic effect as well. Numerous studies have shown that both the formation and 

dissociation reactions of macrocyclic complexes tend to be significantly slower than noncyclic analogues.1, 

3 Of course, the kinetic behavior of macrocycles is a broad area of research; it is often difficult to determine 

a kinetic mechanism that is widely applicable, due to metal ion variability and differences in ligand 

structural features.1, 3 In this section several representative formation and dissociation reactions will be 

discussed, which apply to most tetraazamacrocyclic ligand complexes.3 

1.3.2.2.1. Formation kinetics 

   The equilibrium constant, KML, for the formation of a complex can generally be related to two 

separate equations [1.5] and [1.6].1, 3 KML is directly related to the ratio of the second-order formation 

constant (kf) to the first-order dissociation rate constant (kd) (equation [1.6]).3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Mn+ +  L  ⇌kd

kf   MLn+   [1.5] 

KML= 
[MLn+]

[Mn+][L]
= 

kf

kd
   [1.6] 

For macrocyclic complexes, the rate of formation (kf) is generally much slower than noncyclic analogues. 

These slower rates of formation can be observed when comparing several macrocyclic complexes with an 

open-chain noncyclic analogue (Table 1.5).1 The Cu(II) complex with 2,3,2-tet (an open-chain polydentate 

ligand) forms much faster than with macrocyclic ligands. Additionally, from the rates of formation 

presented in table 1.5, it can be observed that macrocycles with more steric bulk (i.e. additional methyl 

groups) tend to exhibit slower formation kinetics.1  
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Table 1.5. Rates of formation of Cu(II) complexes with tetraazamacrocycles in acidic aqueous solution.1 

 

 The effects of pH must be accounted for when studying the kinetics of tetraazamacrocyclic 

ligands.1, 3 Although it is possible to conduct kinetic studies in aqueous media, this is complicated by the 

presence of protonated ligands species which need to be taken into consideration.1 In contrast, when 

studies are conducted in basic solution the ligands are not protonated, but the metal ions do tend to exist 

as hydroxy species.1 Several groups have conducted in depth studies of the formation kinetics of 

tetraazamacrocyclic ligands under basic conditions to prevent such ligand protonation.1, 3, 32, 42-43 

 By summarizing a collection of meticulous studies, a general kinetic mechanism for the 

coordination of macrocyclic ligands starts to take shape.1 The formation rate of macrocyclic ligands is 

influenced by solvation. The formation of a macrocyclic ligand complex from a fully solvated metal species, 

MS6 (S = solvent) generally follows the Eigen-Wilkins mechanism (equations [1.7], [1.8], [1.9]).1, 3, 44  

MS6 +  L  
KOS
↔   MS6∙∙∙∙∙∙∙L (OS=outersphere)   [1.7] 

MS6∙∙∙∙∙∙∙L  
k1  
↔   MS5L      [1.8] 

MS5L  
k2
→  

k3
→  ∙∙∙∙∙∙∙ 

kn
→  ML     [1.9] 

The first step, denoted in equation [1.7], involves the rapid formation of an ‘outersphere’ complex with 

the stability constant KOS, which can either be determined experimentally or estimated.1, 3 Equation [1.8], 

represents the second step of the Eigen-Wilkins mechanism, where this newly formed ‘outersphere’ 

complex is converted by an interchange process into an ‘innersphere’ complex; in this step a metal-ligand 

bond is formed.1, 3 Finally, equation [1.9] represents the subsequent formation of metal-ligand bonds until 

all (or most) metal-solvent interactions are replaced by coordination to the ligand.1, 3  
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 For the Eigen-Wilkins mechanism, any of the steps could be rate determining. Referring to table 

1.5, for 2,3,2-tet the rate determining step is found to be the formation of the first metal-ligand bond.1, 3, 

43 In contrast, for cyclam the rate determining step does not occur until the second metal-ligand bond 

formation.1, 3, 43 Cyclam and its macrocyclic analogues, are slower to coordinate to metal ions due to steric 

constraints and reduced flexibility, as compared to noncyclic polydentate ligands.1, 3 This concept can be 

illustrated by comparing the formation of the second metal-ligand bond of 2,3,2-tet and cyclam. 2,3,2-tet 

can freely rotate to position another nitrogen donor atom for subsequent coordination to the solvated 

metal ion. Whereas, cyclam must be forced into a high energy conformation to position another nitrogen 

donor atom for coordination (Figure 1.9).1, 3 

 
Figure 1.9. Possible transition states prior to formation of second metal-nitrogen bond during ligand 
coordination. (S = solvent molecule).1 
 

 As stated earlier, several in depth kinetic studies of tetraazamacrocyclic ligands were conducted 

under basic conditions.32, 42-44 In one such study, Lin et al. investigated the formation kinetics of a Cu(II) 

tetraazamacrocyclic complex in basic media. In basic environments, Cu(II) ions exist as hydroxy species, 

[Cu(OH)3]- or [Cu(OH)4]2-.43 This comprehensive study led to the development of a general mechanism for 

the formation of a trans-macrocyclic metal complex under basic conditions (Figure 1.10).42-43 The 

mechanism follows the previously discussed Eigen-Wilkins mechanism in which an ‘outersphere’ complex 

is formed and is then subsequently converted into the ‘innersphere’ complex. The macrocycle forms 

sequential metal-ligand coordination bonds, although it must adapt various high energy conformations to 

‘wrap’ around the metal ion.  



20 
 

 
Figure 1.10. General mechanism for formation of a trans-tetraazamacrocyclic metal complex. (S = solvent 
molecule).3, 42-43 
 

 In summary, the rate of formation of macrocyclic complexes is usually much slower than the rates 

of formation for open-chain noncyclic polydentate ligands.1, 3 Macrocyclic ligand coordination generally 

follows the Eigen-Wilkins mechanism and the rate determining step for the formation reactions is usually 

designated to the second coordination step or later.1, 3 Additionally, macrocyclic complexes are slower to 

form due to steric constraints and reduced flexibility of the cyclic ligand vs. a noncyclic polydentate 

ligand.1, 3
  

1.3.2.2.2. Dissociation Kinetics 

In addition to having relatively slow formation kinetics, macrocyclic ligands tend to have very high 

stabilities due to extremely sluggish dissociation reactions.1, 3-4 Referring to equations [1.5] and [1.6] 

defined in the previous section, the dissociation constant (kd) values for macrocyclic complexes are very 

small (sometimes 105-107 times smaller than noncyclic analogues).1, 3 In fact, the dissociation of 

macrocyclic metal complexes (especially tetraazamacrocycles) is so slow that detailed kinetic studies in 

neutral solutions are impossible, because dissociation is unmeasurable using conventional methods.1 

Dissociation kinetic studies of tetraazamacrocycles are usually conducted in acidic solutions. Even under 

strongly acidic conditions, dissociation of macrocyclic complexes can be extremely slow. For example, in 

acidic conditions the complex of [Ni(cyclam)]2+ has a half-life of around 30 years!3, 45 The high stability of 
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macrocyclic complexes brought about by slow dissociation rates is an expression of the kinetic component 

of the macrocyclic effect.3 

 Several studies have compared dissociation rates of macrocyclic ligand complexes with noncyclic 

analogues (Table 1.6).3-4, 32 The data in table 1.6 shows a significant difference between the dissociation 

constants and resulting half-lives of the 2,3,2-tet complex compared to the red tet a complex. The 

macrocyclic tet a complex has a half-life upwards of twenty-two days in highly acidic conditions; whereas, 

the 2,3,2-tet complex only has a half-life of fractions of a second. Additional kinetics studies compare the 

rates of dissociation for tetraazamacrocycles with different cavity sizes (Table 1.7).44 In a previous section 

the concept of cavity size was discussed, which is exemplified in the rates of dissociation of Ni(II) 

complexes shown in table 1.7. When Ni(II) is bound to 15- or 16-membered macrocycles this leads to a 

high-spin Ni(II) complex.44 In contrast, a low-spin square planar Ni(II) complex results if Ni(II) is bound to 

13- or 14-membered macrocycles.44 Data shown in table 1.7 exemplifies that low-spin Ni(II) fits best within 

the 14-membered macrocycle [14]aneN4 (cyclam); this Ni(II) complex has an unmeasurable dissociation 

constant, implying a half-life of years. Whereas, the high-spin Ni(II) fits best within the 15-membered 

macrocycle [15]aneN4, this complex has a much smaller dissociation constant than the 16-membered 

macrocyclic complex. The kinetic macrocyclic effect is most prominent when the size of the metal ion and 

cavity size match. As discussed previously, a mismatch between metal ion and cavity size does not mean 

that a complex will not form, but the stability of such a complex may decrease slightly. 

Table 1.6. First-order dissociation rate constants of 1:1 Cu(II) complexes in 6.1 M HCl at 25.0  oC.3-4, 32 
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Table 1.7. Rates of dissociation of Ni(II) complexes in 0.3 M HClO4 at 25 oC.44 

 

Macrocyclic dissociation kinetics studies have also revealed that the mechanism for complex 

dissociation follows a stepwise removal of the cyclic ligand from the coordination sphere. Dissociation of 

a macrocyclic complex into its metal and ligand components is a more intricate process than an open-

chain polydentate ligand, because a macrocycle is just that, a cycle. The cyclic ligand has no end and as a 

result the macrocycle may have to fold into unfavorable conformations before dissociation of the complex 

can occur. 

1.4. Synthesis of macrocycles 

 Macrocyclic chemistry is a diverse field with far reaching applications, but one important concept 

left to be discussed is the synthesis of these unique cyclic ligands. The synthesis of macrocycles is a 

complex process and procedures describing how to isolate macrocycles are ubiquitous in the chemical 

literature.7, 25, 46-49 Despite an extensive number of procedures pertaining to macrocyclic ligand synthesis, 

two overarching synthetic categories exist. The first category involves the ‘direct’ or non-templated 

synthesis of macrocycles.  Direct synthesis involves cyclization of the ligand using conventional organic 

reactions without dependence on a metal ion.1, 3 The second category encompasses metal-directed or 

metal-templated reactions. Metal-directed reactions utilize a metal ion to generate a cyclic product.1, 3 In 

other words, a metal ion acts as a ‘template’ for the cyclization reaction to occur. Although the synthetic 

routes are broken in to broad categories, the process of synthesizing macrocyclic ligands involves many 

intricate steps, which probably include aspects of both direct and metal-directed reactions.3 A common 
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goal for both templated and non-templated reactions is to maximize yields by choosing strategies that 

will minimize side-reactions and polymerization of the ligand components.3 The following section will 

discuss the two synthetic categories for the synthesis of macrocyclic ligands. A general overview of several 

exemplifying synthetic strategies will also be discussed.  

1.4.1. Direct/Non-template synthetic methods 

 The direct method of synthesizing macrocycles involves using conventional organic methods. 

Many direct synthetic methods for obtaining macrocyclic ligands involve intramolecular or intermolecular 

nucleophile-electrophile reactions.1 In terms of organic chemistry, macrocycles having 12 or more 

members are considered large rings (Table 1.8).1 Compared to smaller rings, macrocycles have very little 

ring strain, because the ligands are flexible enough to obtain ideal bond lengths and angles.1 When 

synthesizing large rings, such as macrocycles, the main controlling factor tends to be entropic.1 Regardless 

of the synthetic pathway, the final step in a cyclization procedure usually involves bringing two reactive 

moieties together so that a 1:1 condensation occurs and a ring-forming bond is generated.1, 3 

Unfortunately, there are many alternative pathways that can also occur, which do not lead to formation 

of a macrocycle. Polymerization and oligomerization, a result of the entropic constraint, can occur if the 

appropriate moieties do not find one another to generate a macrocyclic ring.1, 3 Polymerization side-

reactions can be prevented by performing cyclization reactions under high-dilution conditions. These 

conditions can involve milligram amounts of reactants and solvent amounts upwards of liters.1 

Additionally, it is usually necessary to ensure reactants are mixed slowly; this can be achieved by using 

special equipment that adds reactants dropwise over several hours or days (i.e. an addition funnel).1 These 

special reaction conditions help to decrease the chance of two reactive moieties meeting in solution that 

could result in undesired polymerization.1, 3 

 
 
 



24 
 

Table 1.8. Typical classification of ring sizes.1 

 

High-dilution procedures are useful for preventing polymerization of reactants, but other non-

template strategies exist. Successful cyclization reactions have been conducted under moderate to low 

dilution conditions. The Richman-Atkins cyclization represents a widely used strategy for the synthesis of 

polyazamacrocycles.3, 48, 50 This synthetic method can be used to prepare 9- to 21-membered rings 

containing 3 to 7 donor atoms in moderate to good yields (40-90%).3, 48 In the Richman-Atkins cyclization, 

a tosyl-protected amine (tosyl or Ts = p-toluenesulphonyl) is combined with a dihalide, under basic 

conditions, to yield a tosylated-macrocycle (Scheme 1.2).1, 3, 48, 50 The tosyl-protected macrocycle is then 

deprotected by stirring the resulting compound in concentrated sulfuric acid for several days (Scheme 

1.2).1, 3, 48, 50 A work-up of the deprotected compound in hydrochloric acid yields the macrocycle as a 

hydrochloride salt (Scheme 1.2).48 

 
Scheme 1.2. Representative reaction for the Richman-Atkins synthetic method using tosyl groups.48 
 

Tosyl groups play several important roles in the Richman-Atkins reaction. They protect the 

secondary amine groups on the polyamine and also serve to increase the acidity of the remaining N-H 

bonds; this allows deprotonation to occur even under weakly basic conditions.1, 50 Additionally, the bulky 
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tosyl groups generally reduce the number of conformational degrees of freedom of reactants and 

intermediates.1, 3 This reduction is thought to help prevent polymerization products usually observed 

when cyclization occurs under low dilution conditions.1, 3, 48, 50 Another contribution to the high-yields of 

the Richman-Atkins reaction may involve influence from the base source. Typically, in these reactions a 

weak inorganic base, like Na2CO3 or K2CO3, is utilized.3, 25, 50-52  It has been suspected and reported that the 

presence of these alkali metal ions may also serve a template for cyclization.1, 3 

The Richman-Atkins procedure has many advantages, but one disadvantage is the set of harsh 

conditions needed for the deprotection of the tosyl groups.50 Deprotection in concentrated sulfuric acid 

can be problematic when other functional groups are present within the macrocyclic structure or if the 

macrocycle contains relatively labile C-N bonds.50 Fortunately, an alternative protecting group can be 

used. In 1995, Fukuyama et al. published a report describing the use of nosyl (nosyl or Ns = 2-

nitrobenzenesulfonamide) groups as protective moieties.53 Since this report, numerous groups have 

utilized nosyl groups for N-donor protection during cyclization reactions (Scheme 1.3).4, 50, 54-58 Nosyl 

groups offer the same synthetic advantages as tosyl groups, but the conditions necessary to remove them 

are much milder. Generally, nosyl groups can be removed with thiophenol under basic conditions (Scheme 

1.3).4, 50, 53, 55-56, 58-59 

 
Scheme 1.3. Representative reaction for the modified Richman-Atkins synthetic method using nosyl 
groups.54 
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The direct or non-template method of synthesizing macrocycles is a very broad category, with 

many representative procedures. General synthetic strategies within this category include high dilution 

conditions and/or bulky protecting groups. These synthetic methods are often time consuming, but 

generally the free-ligands are obtained in good yields. Although direct synthetic methods allow for 

synthesis of many kinds of macrocycles, this is not always the best synthetic strategy. If organic procedures 

come up short, template synthesis or metal-directed reactions may be necessary. 

1.4.2. Metal-directed/template synthetic methods 

Metal-directed or metal-template reactions depend on the influence of a metal ion to act as a 

‘template’ for the cyclization of macrocyclic ligand. As discussed in the previous section, an entropic 

constraint of macrocyclic ligand synthesis is the possibility of two different moieties reacting to form a 

polymer. However, with the metal-template strategy, this problem is circumvented.1 Generally, in a metal-

template reaction a metal ion will coordinate to several donor atoms of a reactant or intermediate and 

pre-organize the components into a conformation that will yield the desired cyclic product. There are 

advantages and disadvantages to the metal-directed synthesis of macrocycles, as with any synthetic 

method. Advantages of metal-template synthesis include good yields, direct synthesis of a metal complex, 

and relatively mild reaction conditions. Unfortunately, one of the major disadvantages of metal-directed 

synthesis is that it is often an imprecise art. Not all metal ions serve as good templating agents and finding 

the correct metal ion for a specific type of template reaction can be difficult. Additionally, it is not always 

possible to predict the resulting product of a template synthesis (an exemplary case is presented in 

chapter 5).  

Needless to say, the metal ion plays an integral role in template reactions and two possible roles 

of the metal ion have been described.1, 3, 60 Thompson and Busch designate both a kinetic and 

thermodynamic template effect in a fundamental article pertaining to the metal-directed synthesis of 

macrocyclic complexes.1, 3, 60 In the kinetic template effect the metal ion helps to control the 
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stereochemistry of the intermediates so that cyclization is the favored reaction pathway; the same 

macrocycle would not be formed using the same reactants in the absence of the metal ion.1, 3, 60 In 

contrast, the thermodynamic template effect involves the sequestration of a macrocycle by the metal ion 

from an equilibrium mixture containing products and reactants. The macrocycle is formed as the 

macrocyclic coordination complex and the metal ion is involved in shifting the equilibrium.1, 3, 60 Examples 

of both types of template effect have been well documented in the chemical literature. While these two 

types are useful conceptionally, in reality many template reactions involve aspects of both the kinetic and 

thermodynamic template effect.3 Additionally, mechanistic studies of metal-template syntheses are rare 

and details of the role a metal ion might play in template reactions still remain to be elucidated.1, 3 

 The first template reaction of modern macrocyclic chemistry was reported by Curtis in 1960, 

followed by a series of subsequent reports pertaining to this pioneering synthesis.3, 7, 12-20 This reaction 

involving the condensation of acetone molecules to form a macrocyclic Ni(II) complex was detailed in 

section 1.2.2. Following this groundbreaking synthesis many other reports of template syntheses were 

reported. One of the most common types of template reactions involves the reaction between a di-

carbonyl molecule and an appropriate di-primary amine in the presence of a metal salt (Scheme 1.4).1, 3, 

61 This results in the formation of metal complex containing imine bonds. The imine bonds can be 

subsequently reduced either chemically (ex: NaBH4), catalytically (ex: H2 and Pd/C), or electrochemically 

to yield the saturated amine complex.3 The resulting reduced ligand can then be separated from the metal 

ion using numerous procedures.3 

 
Scheme 1.4. Representative example of a metal-template reaction between a di-carbonyl and di-primary 
amine in the presence of a metal salt; imine bonds are chemically reduced to yield the saturated cyclic 
amine complex.1, 3, 61 
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 Metal-directed synthesis offers a synthetic strategy for using metal ions to influence formation of 

a macrocyclic ligand/complex. This strategy is useful for directly obtaining metal complexes, or 

synthesizing macrocycles that cannot be made using conventional organic methods. While this method 

offers the advantage of high yields and mild reaction conditions, finding the ideal metal ion for obtaining 

the desired macrocyclic complex is often a complex and imprecise art. 

1.5. Applications of macrocyclic ligands. 

In previous sections the properties of macrocycles were discussed. Researchers have long studied 

the unique structural, kinetic, thermodynamic, spectral, and electrochemical properties of macrocyclic 

complexes.1, 4, 56, 62-63 These exceptional complexes can be utilized for various applications across many 

different fields. In the early days of modern macrocyclic chemistry, a major driving force for the synthesis 

of these complexes was merely to develop highly efficient synthetic routes for large ring ligands.1 Since 

then, many important and far reaching applications have been discovered. One of the largest applications 

is the use of macrocycles as biomimetic models for the active sites of metalloproteins.1, 3-4 Naturally 

occurring macrocyclic complexes are prevalent in biology. Important examples include the iron-bound 

porphyrin ring contained in the active site of hemoglobin, the chlorin complex of magnesium in 

chlorophyll, and the cobalt-bound corrin ring of vitamin B12 (Figure 1.2).1, 3-4 Scientists have long studied 

these naturally occurring complexes and have designed and synthesized macrocyclic complexes to study 

the structure and function of metalloproteins. Macrocyclic complexes also have applications in organic 

chemistry, specifically as redox catalysts.4, 64-66 Macrocycles can stabilize a variety of different metal 

oxidation states67, making these complexes ideal for use as redox catalysts. Various catalytic studies have 

been performed using macrocyclic ligands and their corresponding metal complexes.68 Macrocycles also 

have many applications in the field of biochemistry; complexes can be used as both therapeutic and 

diagnostic agents. For example, if a macrocyclic ligand is functionalized its paramagnetic metal complex 

may be used as a diagnostic MRI contrast agent.69-70 Additionally, a macrocyclic ligand may be used as a 
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therapeutic agent to sequester misregulated metal ions in various neurodegenerative disorders.71-73 These 

are just a few of the many applications of macrocyclic complexes. 

1.6. Macrocyclic chemistry in the Green group 

One of the main research focuses within the Green group is the synthesis, characterization, and 

applications of azamacrocyclic ligands (L1-L9) (Figure 1.11) and their corresponding transition metal 

complexes. The first generation of ligands consist of 12-membered pyridine- and pyridol-based 

tetraazamacrocycles (L1-L3) (Figure 1.11).55-56, 62, 72-73 Generation two includes a 12-membered bis-pyridol 

based tetraazamacrocycle and a large 30-membered decaazamacrocycle (L4-L5) (Figure 1.11). Finally, the 

third generation encompasses several para-functionalized pyridine-based tetraazamacrocycles (R = CN, 

NO2, Cl, or NH2) (L6-L9) (Figure 1.11). This library of azamacrocycles has been built over several years and 

is a result of the culmination of many different studies including: (i) the optimization of synthetic methods 

(for both free-ligands and metal complexes)55-56, 72-73; (ii) the analysis of unique structural, spectral, and 

electrochemical features of first-row late transition metal macrocyclic complexes55-56, 62; (iii) the 

examination of enhanced antioxidant, amyloid disaggregation, and metal sequestration capabilities 

exhibited by these macrocycles for use as therapeutics to combat neurodegenerative disorders72-73; (iv) 

the exploration of the catalytic abilities of macrocyclic metal complexes; (v) the investigation of modified 

macrocycles and macrocyclic complexes for use as novel MRI contrast agents; and (vi) the inspection of 

functional group influence on ligand induction and resonance.  

 
Figure 1.11. Chemical structures of macrocyclic ligands synthesized by the Green group.55-56, 72-73 
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The first generation of ligands (L1-L3) serve as a foundation for rest of the macrocyclic ligand 

library. L1 was first reported by Stetter and coworkers, in 1981, and inspired the development of L2 and 

L3 as therapeutic agents for the treatment of neurological disorders.72-73 The exact mechanism leading to 

neurodegenerative disorders, such as Alzheimer’s Disease (AD) and Parkinson’s Disease (PD), is not fully 

understood. One leading hypothesis is that a ‘pathological trifecta’ is responsible for many hallmarks of 

neurodegenerative disorders.71, 74-83 This trifecta encompasses metal ion misregulation, oxidative stress 

from reactive oxygen species (ROS), and amyloid aggregation.71, 74-83 Based on this pathological hypothesis 

the Green group designed and synthesized several therapeutic agents (L1-L3). The rationale behind the 

design for these therapeutic agents was based off cyclen ([12]aneN4) which has been shown to decrease 

amyloid beta aggregation by sequestering metal ions from amyloid plaques.84 Pyridine and pyridol 

moieties were added to increase the radical scavenging abilities of these novel therapeutic agents. Several 

studies conducted by the group have shown that addition of these moieties does increase radical 

scavenging capacity, particularly in the case of pyridol.72 Additionally, macrocyclic metal complexes were 

synthesized using biologically relevant metals such as Cu(II), Zn(II), and Ni(II) to ensure that the 

macrocyclic cavity could sequester metal ions.56  

L1-L3 complexes with Cu(II), Zn(II), and Ni(II) were the first to be synthesized and characterized 

spectroscopically.56 Solid state structures of these metal complexes revealed the binding modality of the 

12-membered tetraazamacrocycles L1-L3. Despite slight differences in bond lengths and bond angles, it 

was revealed that first-row late transition metals bind to these 12-membered tetraazamacrocyclic ligands 

in a cis-fashion, due to the inability of the macrocyclic cavity to fully encompass the metal ion (Figure 1.5). 

All metal ions investigated by the Green group bind to L1-L3 in this fashion. After initially complexing 

biological metals, these three ligands were complexed with a range of first-row late transition metal ions 

such as: Co(III), Mn(III)/Mn(IV), and Fe(III). Each metal complex exhibited unique structural, spectral, and 

electrochemical features. Complexes of L1-L3 with Fe(III) have been extensively characterized and applied 
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as redox catalysts for the Suzuki-Miyaura type C-C coupling reaction between pyrrole and phenylboronic 

acid by colleague Samantha Brewer.85-86 

After the foundational work with the first macrocyclic ligand generation L1-L3, another 

macrocycle was designed and synthesized. L4, and the related first-generation ligands, L1-L3, will be 

discussed in chapter 2. L4 encompasses two pyridol moieties within a tetraazamacrocyclic ring. The 

rationale behind this ligand design was to further enhance the radical scavenging ability L2 exhibited by 

doubling the pyridol moieties present within the molecule. This second-generation macrocycle is another 

proposed neurodegenerative therapeutic agent, like L1-L3. L4 has been complexed to several biologically 

relevant metals, including Cu(II) and Zn(II). The protonation and stability constants for L4 were obtained 

using pH-potentiometric methods. Additionally, cell toxicity studies have been conducted and the 

antioxidant activity has been probed using several relevant assays. 

Chapter 3 focuses on the Co(III) complexes with L1-L3, which exhibit a solvent dependent 

equilibrium that parallels the CoCl2 equilibrium used to illustrate Le Châtelier’s principle.62 Additionally, 

the macrocyclic Co(III) complexes were explored for used as catalysts in several organic reactions. Chapter 

4 will discuss two different manganese complexes, a monomeric Mn(III) complex and a dimeric Mn(III,IV) 

complex. One of these complexes encompasses two ligand-bound manganese ions connected through a 

di-μ-oxo bridge; incidentally these types of di- μ-oxo bridged dimers have historically been used to model 

the active site of photosystem II in plants. The beginning half of chapter 4 encompasses a full review of 

most known dimeric Mn(III,IV) and monomeric Mn(III) complexes synthesized to date.  

Chapter 5 focuses on L5, which is a bit of an anomaly, and was originally designed to be utilized 

as a Mn(II)-based MRI contrast agent. The proposed structure was a 15-membered pyridine and 

piperazine containing macrocycle with 5 nitrogen donor atoms. It has been shown that Mn(II) complexes 

of rigid 15-membered N5 macrocycles exhibit high relaxivity, which is a strongly desired feature for 

contrast agents.87-92 In our design, the piperazine moiety was incorporated into the macrocycle to increase 
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the rigidity of the complex. Typical templating procedures were used to synthesize this hypothetical 

macrocycle, but the presence of a piperazine ring within the di-primary amine, lead to an unexpected 

result. A 30-membered decaazamacrocyclic ‘dimer’ of the originally designed macrocycle was synthesized 

instead. The resulting L5 ligand has been analyzed using, X-ray diffraction and pH-potentiometric 

methods, to give its protonation and stability constants. 

The last generation of macrocyclic ligands L6-L9 have only recently been synthesized in 

collaboration with Akop Yepremyan at TCU. Future work with this new set of ligands includes analysis of 

how different R groups effect ligand and metal complex properties. 
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Chapter 2: Synthesis, characterization, and applications of a novel                     
bis-pyridol-based tetraazamacrocycle (L4) 

 

2.1. Introduction 

2.1.1. The pathology of neurodegenerative diseases 

AD is the most common neurodegenerative disease, affecting millions of people worldwide.73, 93-

94 A widely accepted hypothesis for the pathogenesis of this disease is termed the metal hypothesis of AD. 

This hypothesis, proposed by Bush and coworkers, suggests that the hallmarks of AD (oxidative stress and 

amyloid plaques) are a result of a cascade of events beginning with the misregulation of metal ions.94-101 

Metal ion misregulation, oxidative stress, and amyloid aggregation are all interrelated. Misregulation of 

metal ions can lead to the formation of protein aggregates through metal-protein interactions and free 

metal ions can also catalyze ROS generating reactions leading to oxidative stress. This ‘pathological 

trifecta’ (metal ion misregulation, oxidative stress, and amyloid aggregation) has been implicated in 

various neurodegenerative diseases, including AD (Figure 2.1). The following discussion will dissect the 

factors involved and rational for developing small molecules to target the disease. 

 
Figure 2.1. The ‘pathological trifecta’ which are hallmarks of neurodegenerative diseases. 
 

The human body utilizes metal ions for a variety of difference processes. Na(I) and K(I) are utilized 

for electrical conditions in the nervous system, Zn(II) and Cu(II) are present in metalloregulatory proteins 

that play a central role in DNA signaling, and Fe(II/III) and Cu(II)  are implicated in electron transfer.94, 102 

Not only are metal ions required for general cellular processes, but they are also essential to neuronal 
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processes in the brain.103 Zn(II), Cu(II), and Fe(III) ions all play important roles in the brain. These transition 

metal ions help regulate neuronal activity within the synapses, are essential components of several 

metalloproteins, and are required for mitochondrial function and neurotransmission.103 Although Zn(II), 

Cu(II), and Fe(III) ions are essential to neuronal processes, concentrations within the brain must be tightly 

regulated because aberrations can lead to cell death and a variety of disease states.103 The brain has many 

intricate homeostatic mechanisms to maintain metal ion homeostasis. Metal ions crossing through the 

blood-brain barrier (BBB) are tightly regulated via transporters and chaperones, which strictly control the 

metal uptake and delivery to specific domains.103-104 When the brain is in a healthy state, the free metal 

ion concentration is maintained at very low values (between 70-300 μM) by homeostatic mechanisms.105-

106 Unfortunately, these mechanisms can sometimes become impaired, which leads to metal ion 

misregulation. An increase in the free metal ion concentration due to misregulation can lead to protein 

aggregation and oxidative stress.103 The formation of protein aggregates and reactive oxygen species by 

misregulated metal ions has been implicated in a variety of neurodegenerative diseases such as: 

Huntington’s disease (HD), Alzheimer’s disease (AD), Parkinson’s disease (PD), and Lou Gehrig’s disease.95, 

104, 106-115  

 Amyloid-β (Aβ1-42) is a normal protein present within the brain and is derived from the  cleavage 

of the amyloid precursor protein (APP) by β- and λ-secretases.4, 106 Unfortunately, Aβ1-42 can aggregate to 

form insoluble Aβ-plaques.4, 106 Recent evidence suggests misregulation of metal ions in the brain also 

contributes to Aβ aggregation.106 The accumulation of Aβ-plaques has been implicated in AD.106 For 

example, in the case of AD patients, Aβ plaques are observed to contain increased amounts of Zn(II), Cu(II), 

and Fe(III) (Zn(II): 1055 μM, Cu(II): 390 μM, Fe(III): 940 μM compared with normal age-matched neuropil 

where Zn(II): 350 mM, Cu(II): 70 mM, Fe(III): 340 mM), while intracellular transition metal stores are 

deficient.73, 94, 106 Aβ1-42 contains a histidine rich region that is proposed to effectively bind free metal ions 

such as Cu(II) and Zn(II).4, 73 Although the exact pathology leading to the development of AD has not been 



35 
 

elucidated, the formation of Aβ plaques is central to many hypotheses.73, 95-101 Aβ plaques are 

hypothesized to lead to the progression of AD by oxidizing DNA, protein, and lipids, impairing synaptic 

and axonal communication, and disrupting mitochondrial membrane potentials.4 

 In addition to protein aggregation, oxidative stress brought about by the metal-mediated 

generation of ROS is also implicated in the development of neurodegenerative diseases. The brain 

produces billions of free radicals daily, which are a natural consequence of oxygen metabolism.104 The 

molecules produced during the metabolism of oxygen, both radical and nonradical, are known as reactive 

oxygen species (ROS).104 In the body, molecular oxygen (O2) is reduced to water in the electron transport 

chain (ETC) followed by the addition of four electrons in a stepwise fashion; through this process several 

hydrogen based ROS are formed: the hydroperoxyl radical (OOH•), superoxide radical (O2
• ⁻), and hydroxyl 

radical (OH•).104 Elevated oxygen consumption leads to an increased concentration of the superoxide 

radical, which is particularly concerning in the brain because it accounts for approximately 20% of the 

total oxygen consumed by the body.72, 93, 103, 116 The superoxide radical cannot cross cell membranes, but 

the dismutation of superoxide forms hydrogen peroxide, which can easily cross cell membranes.104 When 

superoxide and hydrogen peroxide react, they yield highly reactive hydroxyl radicals via the Haber-Weiss 

reaction, shown in equation [2.1].104 Additionally, if metal ions (like Fe or Cu in low oxidation states) are 

present hydroxyl radicals can also be generated via Fenton reactions, shown in equation [2.2].74-78, 95, 103-

104, 106, 113, 117-131  

O2
• -   +   H2O2  →   OH-   +   OH•   +   O2     (Haber-Weiss reaction)       [2.1] 

Mn+  +   H2O2 →  M(n+1)+   +   OH-   +   OH•     (Fenton Reaction; M = Fe (n = 2) or Cu (n = 1))     [2.2] 

 ROS are produced during normal cellular functions and many antioxidant homeostatic 

mechanisms are in place, but ROS levels exceeding normal cellular production are potentially 

dangerous.104 Oxidative stress occurs when the homeostasis of ROS is disrupted, allowing for initiation of 
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radical chain reactions, such as the ones described above.104 ROS, like the hydroxyl radical, can cause lipid 

peroxidation, DNA base hydroxylation, and protein modification.74, 77, 103-104, 120, 129, 131 Unfortunately, the 

brain’s elevated demand for oxygen makes it particularly susceptible to oxidative stress, hence the BBB 

and increased levels of metal transporters and chaperones.72, 93 For instance, if the homeostasis of redox 

active transition metal ions (Cu(II) and Fe(III)) is disrupted, this can lead to generation of excess ROS via 

Fenton reactions previously described74-78, 95, 103, 106, 113, 117-131 Conditions of oxidative stress often develop 

when metal ion misregulation occurs because the production of ROS species due to these reactions 

exceeds cellular antioxidant defense mechanisms.4   

2.1.2. Current therapeutic approaches 

 There are many different approaches to treating AD presented in the chemical literature; 

strategies range from vaccinating against Aβ1-42, treatment with known antioxidants, or using strong metal 

chelators to sequester aberrant metal ions.107-108, 132-144 Many therapeutic strategies are designed around 

the metal hypothesis of AD, proposed by Bush and coworkers. As discussed previously, this hypothesis 

suggests that metal ion misregulation causes the cascade of events, such as amyloid aggregation in 

conjunction with oxidative stress, that leads to the development of AD.94-101, 109, 132, 145-147 There are 

thousands of proposed strategies for treating neurodegenerative disorders and are reviewed 

elsewhere.75, 107, 133-139, 141, 148-149 For the purpose of this dissertation, the following section will be limited 

to several current therapeutic molecules relevant to controlling ROS and metal ions (Figure 2.2).  

 
Figure 2.2. Current neurotherapeutic molecules relevant to this discussion. (R group examples include 8-
hydroxy-quinoline and propylpyridine-4-yl)107, 133-134, 137, 149-151 
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 Clioquinol (CQ) has been used as an antifungal and antiprotozoal drug in the past, but recently it 

has garnered attention by researchers as a possible neurotherapeutic agent (Figure 2.2).132, 134, 152-153 CQ is 

derived from 8-hydroxyquinoline, which is a monoprotic bidentate metal chelator. CQ binds metals in a 

bidentate fashion and exhibits a higher affinity for Zn(II) and Cu(II) ions over Mg(II) or Ca(II) ions; Zn(II) and 

Cu(II) bind to Aβ and cause aggregation, making this a highly desirable feature.150 CQ is also a hydrophobic 

molecule and easily crosses the blood-brain barrier. In 2001, Cherny et al. reported that the oral treatment 

of CQ on aged APP2576 Tg mice (with advanced Aβ deposition)  markedly inhibited Aβ deposition after 9 

weeks.150  The changes in Aβ deposition were not accompanied by any adverse effects and the mice 

exhibited improved cognition after the treatment.4, 72-73, 150 Additionally, CQ treatment exhibited 

encouraging results in a phase II clinical trial involving moderately severe AD patients.154-155 Despite these 

successes, CQ has also been shown to redistribute copper ions and increase the level of biological copper 

within the brain.149 CQ was also taken off the US market as an antifungal agent in 1971, due to its link with 

the development of subacute myelo-optic neuropathy (SMON), which leads to paralysis, blindness, and 

death.154, 156  Notwithstanding the negative health effects of CQ in large doses, scientists were encouraged 

by successful animal studies and clinical trials with this potential neurotherapeutic. The positive results 

shown by CQ testing encouraged researchers to pursue the development of metal chelators for treatment 

of metal ion misregulation associated with neurodegenerative diseases.73 

The promising results of CQ phase II clinical trials, lead researchers to develop a second-

generation congener, PBT2 (Figure 2.2).107, 132, 134, 137, 150, 153, 155 PBT2, like CQ, is derived from 8-

hydroxyquinoline; but in contrast to CQ it contains an additional tertiary amine in the ortho position of 

the pyridine ring (Figure 2.2). PBT2 has been shown to the restore cognitive abilities of AD transgenic mice 

to the same level as cognitively healthy mice.73, 107, 153 In addition, phase II clinical trials of PBT2 have 

exhibited improved cognition in patients with mild AD.73, 107, 153   PBT2 was originally designed to combat 

AD by modulating aberrant metal ions bound to Aβ, but studies have shown that PBT2 can also function 
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as an ionophore and has the additional ability to chaperone metal ions across the plasma membrane into 

cells.73, 107, 153 The metal ions involved in the deposition of Aβ are salvaged by chaperones (such as PBT2), 

activities in communication pathways are restored, and Aβ dissolution is increased.73, 107, 132, 137, 151, 153 The 

ability of PBT2 to act as both an ionophore and metal chelator further encouraged researchers to continue 

pursuing the strategy of modulating metal ion misregulation in combating AD disease. 

CQ and PBT2 are bidentate metal chelators being tested as therapeutic agents for the treatment 

of AD, but many more variations of metal chelating ligands exist. Macrocyclic polyamine compounds or 

polyazamacrocycles have a strong affinity for metal ions and their denticity can be modified depending 

on the number of donor atoms within the cyclic ring.149 Polyazamacrocycles have been utilized for many 

biological applications from diagnostic imaging (MRI contrast agents) to the treatment of metal overload 

disorders.149 Several physical properties make polyazamacrocycles ideal for biological applications 

including: low molecular weights, neutral charges, amphiphilic solubility and low toxicities.141, 149, 154 These 

favorable physical properties have lead scientists to investigate polyazamacrocycles as potential 

therapeutics for neurodegenerative disorders.  

In 2009, Guo and coworkers investigated the effects of cyclen (a 12-membered 

tetraazamacrocycle) and cyclam (a 14-membered tetraazamacrocycle) on Zn(II) and Cu(II) induced Aβ 

aggregation.133 In this study, the authors observed the ability of cyclen and cyclam to dissolve Aβ 

aggregates and protect Aβ plaques from forming in the presence of Cu(II) and Zn(II). Additionally, both 

cyclen and cyclam exhibited the ability to inhibit the production of H2O2 induced by metal-amyloid 

aggregation.133 These results show the ability of cyclen and cyclam to act as potential therapeutic agents 

for AD and are encouraging for the development of additional metal sequestration strategies for the 

treatment of neurodegenerative disorders (Figure 2.2). Indeed, several other groups have adapted cyclen 

and cyclam to even further enhance their therapeutic abilities.138, 149, 154 Modifications include the addition 

of tunable R groups attached to the nitrogen atoms.138, 149, 154 By strategically choosing R groups 
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researchers have developed bimodal therapeutic agents. The macrocyclic core (which includes the 

nitrogen donor atoms) acts as a metal chelator to sequester aberrant metal ions, but addition of tunable 

R groups instills synergistic properties to the macrocycle to further combat neurodegeneration.78, 82-83, 157 

Pendant arms that increase the lipophilicity or antioxidant properties of the macrocycle can be added via 

simple alkylation and acylation reactions.78, 82-83, 149, 157-158 Unfortunately, derivatization of macrocyclic 

nitrogen atoms can lead to reduced reactivity or metal binding ability, thus decreasing the applicability of 

N-based modified azamacrocycles.159  

2.1.3. Using a rational design approach to design L1 

Inspired by the work of Guo and coworkers, the Green group developed a series 

tetraazamacrocyclic ligands for the multimodal treatment of AD.133 The initial design, synthesis, and 

analysis of the macrocyclic pyridinophane L1 (and eventually L2 and L3) was completed by colleagues 

Kimberly Lincoln, Paulina Gonzalez, and collaborators.55-56, 72-73 L1, also known as pyclen (a  tetraaza 

macrocyclic pyridinophane), was repurposed using a rational design approach and contains a 12-

membered tetraazamacrocyclic ring with an additional pyridine moiety (Figure 2.3).4, 72-73 L1 combines the 

metal binding affinity of cyclen with the built-in antioxidant functionality of a pyridine ring to offer a 

bimodal molecule for the treatment of AD.4, 72-73 This ligand design was chosen for several reasons: (i) it is 

the backbone to the compound PCTA (Pyridine-Containing Triaza Macrocyclic TriAcetate) which is a well-

studied MRI contrast agent4, 89, 160-161, (ii) it contains a 12-membered ring system similar to cyclen, which 

has a high binding affinity for Cu(II) and Zn(II)4, 133, and (iii) the pyridine ring contained within the ligand 

offers antioxidant functionality.4, 162  

 
Figure 2.3. L1 and metal chelating ligands studied by the Green group.4, 73 
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Initially, several key features of L1 were compared with cyclen, cyclam, and EDTA, which are all 

known chelating ligands (Figure 2.3). When biological metal ions such as Cu(II) and Zn(II) bind to Aβ they 

can form insoluble aggregated plaques, which are a hallmark of AD.4, 72-73 Amyloid (Aβ) aggregation can be 

followed spectroscopically using turbidity83, 132-133, 149, 157, 163-164 and tyrosine fluorescence132, 165-168 studies.4, 

73 These methods were used to investigate the ability of the metal chelators (listed above) to dissociate 

and prevent amyloid aggregation by sequestering metal ions within Aβ plaques. Results of both turbidity 

and tyrosine fluorescence studies indicated that L1, cyclen, cyclam, and EDTA all possess the ability to 

dissolve amyloid aggregates and prevent formation of aggregates when co-incubated with amyloid.4, 73 

 In addition to Aβ aggregation, oxidative stress, caused by increased levels of ROS, has also been 

implicated in AD.4, 73 L1 was designed to have an increased antioxidant capacity compared to other 

chelating agents such as cyclen; this additional antioxidant capacity was tested using several relevant 

assays. The ABTS decolorization assay is a spectroscopic method that can be used to measure the 

antioxidant capability of a molecule (ABTS = 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid).80, 169-

170 The ability of a compound to quench the ABTS•+ radical (monitored spectroscopically) is often 

normalized against Trolox, which is a well-known antioxidant.80, 169-170 When performed by the Green 

group, this assay showed that L1 was able to quench the ABTS•+ radical more effectively than cyclen or 

cyclam.73 Because cyclen and cyclam both lack a pyridine moiety, it was concluded that the enhanced 

antioxidant capability of L1 was due to the presence of the pyridine ring; confirming the importance of 

the presence of the pyridine group within the molecule. 

As stated previously, increased oxidative stress is implicated in the pathology of AD. One of the 

proposed pathways for producing ROS involves the redox cycling of metal ions such as Cu(II).73 A good 

model for redox cycling in the brain, where high levels of oxygen and ascorbate are present, is the Cu-

ascorbate redox system (Scheme 2.1).73, 171-172 This redox cycling model was used to determine if chelating 

ligands, such as L1, could halt Cu based redox cycling under aerobic conditions. To quantify the ability of 



41 
 

L1 to halt Cu based redox cycling a CCA (Coumarin-3-carboxylic acid) assay was used.73, 171-172 In the 

presence of hydroxyl radicals, CCA is converted into fluorescent 7-hydroxy-CCA.73, 171-172 The change in 

fluorescence intensity of 7-hydroxy-CCA can be used to quantify a ligands ability to halt redox cycling.73, 

171-172 Studies performed by the Green group indicated that both L1 and cyclam are capable of completely 

halting copper-based redox cycling by metal complexation.73 

 
Scheme 2.1. Redox cycling of copper in the presence of oxygen and ascorbate to produce hydroxyl 
radicals.73, 171 
 

2.1.4. Using a rational design approach to design L2 and L3 

In initial studies, L1 exhibited the ability to disrupt metal-induced Aβ plaques, quench ROS species, 

and protect cells against ROS induced cell death.73 Given the success of these studies, L1 was modified to 

improve its neurotherapeutic abilities. Due to the increasing interest in the role that oxidative stress play 

in the development of AD, the Green group set out to further enhance the antioxidant capabilities of L1.72 

As discussed previously, making modifications to the nitrogen atoms of azamacrocyclic ligands is an easy 

way to add multimodal functionality to potential therapeutic agents.149, 154 Although, this strategy can lead 

to a decrease in ligand reactivity and metal binding ability.159 In contrast to other cyclen or cyclam based 

therapeutic agents, L1 contains a pyridine ring that can easily be modified in the C3 (para) or C4 (meta) 

positions.72 Additional substituents can be added to the pyridine ring without altering the chelating ability 

of the core nitrogen atoms.4, 72 The pyridine ring within L1 was converted to a pyridol ring, with a hydroxyl 

moiety in the para  position, to yield L2 (Figure 2.4).4, 72 Pyridols are known to react with hydroxyl radicals 

via addition at the C2 or C4 position.173 The products of these reactions are similar to tannins, which are 

known antioxidants.174 It was hypothesized that the addition of the hydroxyl functional group on the 
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pyridine ring of L2 would further enhance the antioxidant capabilities exhibited by L1.4, 72 Several different 

studies were conducted by the Green group to test the enhanced radical scavenging/antioxidant ability 

of L2 vs. L1.72 

To test the radical scavenging ability of L2 a DPPH (2,2-diphenyl-1-picrylhydrazyl) radical 

quenching assay was used.72, 132, 149, 175 DPPH is a stable radical with a maximum absorbance at 520 nm. 

When the DPPH radical is quenched by a radical scavenger the color of the solution changes from purple 

to yellow and this change can be measured spectroscopically.72, 175 Although both L1 and L2 exhibit the 

ability to reduce free radicals, L2 displayed a greater radical reducing ability at higher concentrations.72 

These results led to the conclusion that the enhanced radical reducing ability exhibited by L2 was due to 

the pyridol ring, because this feature is absent in L1.72 Furthermore, a CCA assay was performed with L1 

and L2; both ligands exhibited the ability to halt the redox cycling of copper.72 

 
Figure 2.4. L1-L3 ligands synthesized and studied by the Green group.55-56, 72-73 

 
L2 was made by adding a hydroxyl group in the para position of the pyridine ring contained in 

L1.55, 72 In addition to L2, another congener was synthesized. L3 was made by adding a hydroxyl group in 

the meta position of the pyridine ring contained in L1 (Figure 2.4).56 Originally, L1 and L2 were synthesized 

as potential therapeutic agents for the treatment of AD; studies pertaining to their therapeutic abilities 

are discussed above. L3 was synthesized to investigate how changing the position of hydroxyl group, from 

para (L2) to meta (L3), would affect the antioxidant activity of the pyridol system. Another DPPH radical 

scavenging assay was used to determine the radical scavenging abilities of L1-L3.56 Once again it was 
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observed that pyridol ring contained in L2 and L3 engendered these ligands with enhanced antioxidant 

capabilities compared to L1.56, 72 It was also observed that both L2 and L3 exhibited equivalent radical 

scavenging abilities.56 Finally, studies were conducted to determine if the electronic nature of L2 and L3 

could be distinguished from one another. Ligand-metal complexes were made using Ni(II), Cu(II), and Zn(II) 

and these were subsequently analyzed using spectroscopic and electrochemical methods.55-56  

2.1.5. Synthetic methodology for L1-L3 

In chapter 1 (section 1.4.1), two overarching categories for the synthesis of azamacrocyclic ligands 

were discussed. The direct or non-templated synthesis of macrocycles involves cyclization using 

conventional organic reactions without dependence on a metal ion.1, 3 In contrast, the metal-directed or 

metal-templated synthesis of macrocycles involves a metal ion acting as a ‘template’ to generate a cyclic 

product.1, 3 When developing the methodology for the synthesis of L1-L3 both synthetic routes (direct and 

metal-directed) were tested.4 After extensive of experimentation, it was determined that the direct 

method worked best for the isolation of the ligands L1-L3.4 

Kimberly Lincoln and coworkers developed the synthetic pathways for the preparation of L1-L3 

by adapting the Richman-Atkins method and several other published procedures.4, 55-56, 72-73, 176 These 

ligands can be isolated in good yields using a variation of the Richman-Atkins synthetic method, which 

involves the 1:1 condensation of a nosyl-protected amine with a dihalide molecule to yield a cyclic 

product.3, 48, 50 Traditionally, the Richman-Atkins method utilizes tosyl groups to protect the nitrogen 

atoms in the amine, but the conditions needed to remove the tosyl groups are harsh (involving 

concentrated sulfuric acid).48, 176 A slight variation to this method involves the use of nosyl protected 

groups, which can be removed under much milder conditions.53-54, 57-58, 176 In subsequent years, the Green 

group has made slight modifications to optimize these procedures. 
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Scheme 2.2. General methodology for the synthesis of L1-L3; (Ns = Nosyl).4, 54-57, 59, 176-182 
 

The first step for producing L1-L3 involves the 1:1 condensation of a nosyl protected amine with 

the corresponding dihalide (synthetic methodology for both the nosyl protection and dihalide synthesis 

can be found in the experimental section of this chapter).4, 54-57, 59, 176 First, the nosyl protected amine is 

deprotonated with a weak inorganic base, K2CO3, followed by dropwise addition of the halide to initiate 

the condensation reaction to yield a cyclic product (Scheme 2.2).54-55 After stirring for several days, the 

nosyl protected macrocycle is obtained in good yields (typically 80-90%).55 Following the cyclization step, 

the nosyl groups are removed using the strong base KOH and thiophenol (Scheme 2.2); this forms 

potassium thiolate which acts a nucleophile to perform a nucleophilic substitution on the nosyl groups.55, 

176, 181 The nosyl groups are eliminated from the macrocycle and SO2 is evolved in the process.181 In the 

subsequent work-up, the free macrocycle is acidified with hydrochloric acid and thereby isolated as the 

HCl salt (with yields of 60-70%).4 The removal of the nosyl groups is the last step in the synthesis of L1, 

but L2 and L3 both require an additional step to remove the benzyl protecting group on the pyridine ring. 

The deprotection of benzyl is achieved by a palladium-catalyzed hydrogenation to yield L2 or L3 in good  

yields (typically 90%; Scheme 2.2).176 

2.2. A rational design approach to L4: a novel bis-pyridol-based tetraazamacrocycle 

Pyridol-based L2 and L3 both exhibited enhanced radical scavenging abilities compared to their 

pyridine-based congener, L1.56 Given the success of antioxidant studies with L2 and L3, an additional 

pyridol moiety was added to L2 to even further enhance its radical scavenging abilities, resulting in the 
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bis-pyridol-based tetraazamacrocycle L4 (Figure 2.5). It was hypothesized that doubling the pyridol 

moieties would result in an increase the radical scavenging ability and antioxidant capabilities of the 

molecule (L4) thus increasing potency and lowering the effective dosage. To test this hypothesis, several 

relevant assays have been performed with L4, including the CCA redox cycling assay and DPPH radical 

quenching assay; both of which have previously been utilized to determine the antioxidant capabilities of 

L1-L3.72-73 Cell studies performed with L4 give insight into the possible therapeutic window of this 

molecule for the treatment of neurodegenerative disorders. In addition to these assays and cell studies, 

L4 has been complexed to several biologically relevant metals (Cu(II) and Zn(II)) associated with the 

development of AD. These complexes were characterized using X-ray diffraction (XRD), nuclear magnetic 

resonance (NMR), mass spectrometry (MS), UV-visible spectroscopy (UV-vis), and cyclic voltammetry (CV). 

Finally, pH-potentiometric titrations were performed with L4 to determine the protonation and stability 

constants, which were compared to generation 1 ligands L1-L3. 

 
Figure 2.5. Rational design approach of L4, based off successes of L1 and L2. 
 

2.3. Synthetic methodology for L4 

L1-L3 were synthesized using a variation of the Richman-Atkins synthesis in which traditional tosyl 

protecting groups are replaced with nosyl protecting groups followed by deprotection with thiophenol 

and subsequent acidification to obtain the ligands as hydrochloride salts.4, 48, 54-57, 59, 176-182 A slightly 

different variation of the Richman-Atkins synthesis was used to obtain L4 in moderate to good yields. The 
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first step in the synthesis of L4 involves the simultaneous formation of a cyclized and tosyl-protected 

tetraazamacrocycle (2.14) (Scheme 2.3). Following the cyclization step the ligand is deprotected and 

acidified to yield L4 as a hydrochloride salt (Scheme 2.3). 

 
Scheme 2.3. Synthetic methodology for the isolation of L4. 
 

The cyclization of novel molecule L4 is accomplished using a procedure originally published by 

Bottino et al. that describes the one-pot 1:1 condensation of tosylamide monosodium (TsNHNa) with a 

dihalide molecule to produce a symmetrical N-tosyl aza macrocycle.183 Before the cyclization step, TsNHNa 

is generated by reacting p-toluenesulfonylamide (TsNH2) with sodium ethoxide (NaOEt) in absolute 

ethanol.183-185 The electron-withdrawing tosyl protecting group in TsNH2 serves two roles: (i) it enhances 

the acidity of the hydrogen atoms, and (ii) it protects the nitrogen atoms from substitution by electrophilic 

reagents.183 Once the TsNHNa is generated, 2 equivalents are combined with the corresponding dihalide 

molecule in DMF under reflux conditions to produce the cyclized and tosyl-protected product (2.14).183-

186 In the case of L4, the dihalide is the same one utilized in the synthesis of L2, (2.7). DMF is used as the 

solvent because it helps to minimize side reactions and oligomerization.184 Additionally, the amount of 

TsNHNa used (2 equivalents) in the synthesis is crucial, because TsNHNa is acting as both the nitrogen 

source and as the base.183-184 This cyclization reaction can be visualized by proceeding through a 

monoalkylated-intermediate followed by self-condensation in the presence of excess TsNHNa, which acts 

as a base, to yield the desired macrocyclic product (Scheme 2.4).184 
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Scheme 2.4. Cyclization reaction with 2 equivalents of TsNHNa resulting in macrocycle formation.184 
 

The protected macrocycle (2.14) was characterized using X-ray crystallography. Crystallizations of 

the protected macrocycle were carried out in a DMF/CH3OH mixture yielding X-ray quality crystals of 

(2.14), respectively. The solid state structure of (2.14) offered insights into its confirmation compared to 

other pyridinophanes.184-185, 187 
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Scheme 2.5. Solid state structure of (2.14); the asymmetric and grown structure are pictured above 
(hydrogen atoms have been omitted for clarity). 
 

Off-white needle-like crystals of (2.14) suitable for X-ray analysis were obtained from solvent 

diffusion of DMF and CH3OH. The asymmetric unit of (2.14) consists of half of the macrocyclic molecule; 

the remaining half of the macrocycle can be visualized by symmetry generation (Scheme 2.5). The 

resulting structure of (2.14) is derived from a tetragonal I41/a system (Table 2.1). In the solid state (2.14) 

crystallizes in a syn chair-chair conformation where the tosyl-protected nitrogen atoms are oriented 

away/outward from the macrocyclic ring (Figure 2.6).184-185, 187 Three common conformations of 

macrocyclic pyridinophanes (and their corresponding metal complexes) have been observed in solution 

and in the solid state: syn chair-chair, syn boat-chair, and syn boat-boat (Figure 2.6).184-185, 187 The three 

conformers arise from the CH2NCH2 bridges flipping between the boat and chair conformations.187 In 

solution there is a conformational equilibrium between the three conformers, but in the solid state one 

conformation is generally preferred.187 The syn chair-chair conformation is the lowest energy conformer 

and has been observed for several other free/uncoordinated macrocyclic pyridinophane derivatives in the 

solid state, including (2.14).184-185, 187 Additionally, this conformation is most likely adopted by the 

protected macrocycle (2.14) due to the steric bulk of the tosyl and benzyl protecting groups present within 

the molecule. 
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Figure 2.6. Common conformations of pyridinophanes and the solid state conformation of (2.14). 
 

The second step in the synthesis of L4 involves the deprotection of (2.14). For L1-L3 precursors 

(2.3, 2.8, and 2.12; see Scheme 2.2) deprotection is performed in two separate steps. First, the nosyl 

groups are removed using KOH and thiophenol. After removal of the nosyl groups and acidification of the 

deprotected ligand, the benzyl group is removed using a palladium-catalyzed hydrogenation. This 

methodology works well for obtaining the hydrochloride salts of L1-L3 in good yields. A slightly different 

route must be taken to deprotect (2.14) due to the presence of tosyl-protecting groups. The deprotection 

of both the benzyl and tosyl groups is accomplished in one-step by using a naphthalene-catalyzed 

lithiation (Scheme 2.4).176, 188 The lithium naphthalenide radical is generated by combining lithium metal 

and naphthalene in THF; upon agitation the dark green radical species is formed. (2.14) is added dropwise 

to the radical containing solution at -78 oC and stirred overnight. The reaction mixture is then hydrolyzed 

and followed by an acid work-up to isolate L4 as the hydrochloride salt. Elemental analysis of the white 

solid indicates a composition of L4•3HCl•CH3OH•H2O (MW = 406.75). 

2.4. Protonation and stability constants of L4 with various divalent transition metals 

2.4.1. An introduction to equilibrium constants 

 The equilibrium constant (K) for a chemical reaction is the reaction quotient related to the 

concentrations or activities of chemical species at equilibrium.189 This constant can be defined as the ratio 
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of the product of the activities a for the reaction products (raised to the appropriate power), to the 

product of the activities of the reaction reactants (raised to the appropriate power).189 Equation [2.3] 

shows how K is related to the reaction quotient; a, b, c, and d are stoichiometric coefficients of the solution 

species A, B, C, and D, respectively.189  

aA     +     bB       ↔       cC     +       dD                 Keq= 
Cac

 × Dad

Aaa
 × Bab      [2.3] 

The equilibrium constant is directly related to the Gibbs free energies (ΔGo) of the products and reactants 

in their standard states through equation [1.1].189 K is therefore a measure of the difference between the 

reactivities of the reactants vs. the products.189  

 Determining the activities (a, shown in equation [2.3]) of complex ionic species is an intricate and 

time-consuming process, which is sometimes disregarded by scientists.189 Many early determinations of 

equilibrium constants were filled with discrepancies due to inconsistencies in ionic strength.1 A solution 

to this problem was discovered in 1905, when Grossman utilized a non-reacting electrolyte (KNO3) to keep 

the ionic strength constant.189-190 However, the concept of maintaining constant ionic strength was not 

formally introduced until 1921 by Lewis et al.189, 191 Since the formal introduction of constant ionic strength 

in 1921, it has become common practice to measure the equilibrium constants of various coordination 

compounds at constant ionic strength (maintained by a non-reactive supporting electrolyte) and 

temperature.189 Concentrations parallel the activities of ionic solutes when the ionic strength is controlled 

by a non-reactive (spectator) electrolyte (such as NaCl or KNO3) present in large excess compared to the 

ionic species under investigation. Therefore, at constant ionic strength the equilibrium constant can be 

expressed by equation [2.4]. 

aA     +     bB       ↔       cC     +       dD  Keq= 
[C]c[D]d

[A]a[B]b    [2.4] 
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There are many different types of equilibrium constants, including: association constants, 

dissociation constants, stability constants, binding constants, formation constants, protonation constants, 

etc. Generally, for ligands and corresponding coordination complexes researchers are concerned with 

observing the protonation and complex formation equilibria.189 The most commonly used expressions for 

reporting results of protonation and complex formation equilibria in the current literature are: stepwise 

protonation constants for the ligand and either overall metal complex formation constants (also known 

as stability constants) or stepwise formation constants for the coordination complex.189 Stability constants 

of metal complex formation are often used to measure the affinity of a ligand for a metal ion (in 

solution).189 In other words, these stability constants can serve as an indication for the success (or failure) 

of a ligand design.189 

2.4.2. Relevant equations for the expression of the protonation and stability constants of L4 

The protonation and stability constants of L4 (and related ligands) will be described in terms of 

Lewis acids (hydrogen ions and metal ions) and Lewis bases (ligands). Two different types of constants will 

used to describe the protonation and complex formation equilibria, stepwise constants (K) and overall 

constants (β).189 L4 is represented as L in the following equilibrium expressions. In solution and in the 

absence of metal ions, L4 can be modulated between five different species: H4L2+, H3L+, H2L, HL-, and L2-, 

based on pH. The five-different species are related by four successive stepwise protonation constants, 

which are represented by equations [2.5]-[2.8]. Additionally, the stepwise protonation constants (KH) are 

related to the overall protonation constants (β) through equations [2.13]-[2.16], where the overall 

protonation constants are the cumulative product of the stepwise protonation constants in equations 

[2.9]-[2.12].  

The complex formation equilibria can be expressed in a similar manner to the protonation 

equilibria. For the metal complexes that form with L4 up to five different species are possible: ML, MHL+, 

MH2L2+, and MH3L3+ (where M represents a divalent metal ion); although not all species listed above are 
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experimentally observed for each type of metal. The five-different species are related by four successive 

stepwise formation/protonation constants, which are represented by equations [2.17]-[2.20]. The 

stepwise formation/protonation constants (KM and KH) are related to the overall formation/protonation 

constants (β) through equations [2.25]-[2.28], where the overall formation/protonation constants are the 

cumulative product of the stepwise formation/protonation constants in equations [2.21]-[2.24]. It should 

be noted that some of the species appearing in equations [2.5]-[2.8] and [2.17]-[2.20] are not present (not 

formed) within the system over various pH ranges (or in the absence of a metal ion), but a complete set 

of equations [2.5]-[2.28] are necessary to describe the equilibria in the pH range where hydrogen ion 

concentrations are measured.189 In addition to the species listed within the equations [2.5]-[2.28], there 

can also be H+, M2+, and OH- ions present within the solution.189  
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2.4.3. Determination of protonation constants for L4 

The step-wise protonation constants, log Kn
H (n=1, 2, 3, or 4), of L4 as defined in equations [2.5]-

[2.8] were determined by pH-potentiometric titrations at constant ionic strength (I) and temperature (I = 

0.15 M NaCl, 25 oC) (Figure 2.7). The results are compiled in table 2.2  along with the protonation constants 

of L1-L3 (previously determined by collaborator Gyula Tircsó)192 and other relevant ligands from literature 

(cyclen).192-193 L1-L3 contain three secondary amines in the macrocyclic core and one tertiary amine in the 

pyridine/pyridol moieties. In contrast, L4 contains two secondary amines in the macrocyclic core and two 

tertiary amines in the pyridol moieties. For L1-L4 all the amines can undergo protonation equilibria. 

Furthermore, ligands L2-L4 also contain hydroxyl groups (on the para or meta positions of the pyridine 
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ring) which can undergo protonation equilibria. The protonation constants of L1-L3 were all previously 

determined by pH-potentiometric titrations (in collaboration with Gyula Tircsó), while the protonation 

constants for L4 were only recently acquired. Determination of the protonation constants and speciation 

curves (L4 only) for L1-L4 gave insights into ligand structural differences and optimization of metal 

complexation conditions (i.e. which pH is optimum for metal complexation to occur). 

 
Figure 2.7. pH-potentiometric titration curve of a solution containing 1.897 mM of H4L4

2+ titrated with 
99.78 mM NaOH (I = 0.15 M NaCl, T = 25 oC) over pH range 1.6 – 12.0. (H4L4

2+ represents fully protonated 
L4). 
 

 
(a) from ref. 192; (b) assigned to the deprotonation of the phenolic OH; (c) 194 = 0.15 M NaClO4 from ref. 
193; (x) species not observed. 
 

 Three protonation constants (log KH) were determined for L1 at 10.62, 8.01, and 1.73; which are 

assigned to the protonations of one secondary amine within the macrocyclic ring (trans to the pyridine 

ring) followed by the protonation of the nitrogen atom within the pyridine ring and then the other  
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secondary amine (cis to the pyridine ring) (Scheme 2.6).192 The last protonation constant for L1 was lower 

than the experimental limit (at > 1.73).192  Four protonation constants were measured for L2-L4 (Scheme 

2.6). With the addition of each pyridol moiety (one pyridol moiety for L2 and L3; two pyridol moieties for 

L4) the ligands exhibited a marked increase in the values measured for log K1
H and log K2

H compared to 

L1.192 This indicates that the presence of a hydroxyl group on the pyridine ring increases the basicity of 

the ligands. An increase in ligand basicity can be used to predict the formation of thermodynamically 

stable metal-complexes.194 L4 is the most basic ligand due to the presence of two hydroxyl groups, 

followed by L2, then L3. For L2 and L3 the third protonation event is assigned as the protonation of the 

oxygen atom on the pyridol ring (Scheme 2.5).192 In contrast, the first and second protonation event for 

L4 are tentatively assigned as the  protonation of the oxygen atoms on both pyridol rings (Scheme 2.6).189 

Although, more titration data is necessary to make concrete protonation assignments for L4. 

 

Scheme 2.6. Protonation events for ligands L1-L4 based on pH-potentiometric titrations.192 
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Finally, a species distribution diagram was generated, by co-worker Kristóf Póta, for L4 (Figure 2.8, 

where L4 = L4). Species distribution diagrams are a good tool for visualizing species present in solution and 

their concentrations as a function of pH.189 As the pH is varied from 0 – 14 the solution components change 

from majority H4L4
2+ (at pH = 0 – 3), to H3L4

+ (at pH = 4), to H2L4 (at pH = 5 – 9), to HL4
- (at pH = 10 – 12), 

and finally  L4
2- (at pH = 13 – 14) (Figure 2.8).  

 
Figure 2.8. Species distribution diagram for 10.00 mM L4 at I = 0.15 M NaCl and 25.0 oC. 

 
2.4.4. Determination of formation (stability) constants for L4 

As previously stated, the applications of tetraaza macrocyclic ligands and their corresponding 

metal complexes is broad, from catalysis, to diagnostics and therapeutics. To assess the thermodynamic 

stability and applicability of L1-L4, the metal binding constants were determined for biologically and/or 

catalytically relevant metal ions including: Mg(II), Ca(II), Mn(II), Ni(II), Cu(II), and Zn(II).192 The results of 

these studies, shown in table 2.3, indicate that metal ion preference is modulated by the presence and 

position of the hydroxyl moiety on the pyridine ring of the macrocycle.192 The stability constants of L1-L3 

were all previously determined by pH-potentiometric titrations192, while the stability constants for L4 were 

recently acquired (pH-potentiometric titration of L4 in the presence of Zn(II) is shown in figure 2.9).  
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(*) all values in table reported as log β (a) from ref. 195; (b) from ref. 196; (c) from ref. 197; (d) from ref. 198; 
(e) determined using competition titration; (f) determined using direct UV-vis titration; (g) from ref. 199; 
(h) the titration data for these systems indicate formation of [ML2] type complexes at high pH when the 

ligand is present in excess; (−) species not measured; (x) species not observed; (ǂ) species could not be 
measured accurately using pH-potentiometric techniques. 
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 Potentiometric titrations were used to measure the formation (stability) constants of L2-L4 with 

alkaline earth metals Mg(II) and Ca(II) (Table 2.3). The formation constants (log βML) for Ca(II), were 

determined to be 4.17(3) for L2, 4.46(1) for L3, and 4.81(5) for L4.192 For all three ligands (L2-L4) the 

formation constants for Ca(II) were largely increased from cyclen (log βML = 3.12).192, 196 The increase in 

formation constants is consistent with an increase in ligand rigidity; L2 and L3 both contain one pyridol 

moiety, while L4 contains two pyridol moieties and has the highest formation constant. 

 Formation constants were also determined with several catalytically and biologically relevant 

transition metals: Mn(II), Co(II), Ni(II), Cu(II), and Zn(II) (Table 2.3). Complexation with L1-L4 was observed 

for all transition metals tested, lending validity to the ligand design for use as metal chelating 

neurotherapeutic agents. Table 2.3 provides a full comparison of formation (stability) constants 

determined for L2-L4 as well as values reported in the literature for L1 and cyclen.  When comparing the 

formation constants between each ligand some general trends were observed and will be discussed in the 

following paragraph.  

For L2 and L3, the formation constants observed with several different metals are different 

between the two ligands; this supports previous studies indicating that the position of the hydroxyl moiety 

on the pyridine ring provides differences to the donor character of each ligand (meta- vs. para-hydroxy). 

Additionally, the formation constants of both L2 and L3 with different transition metals are observed to 

follow the Irving-Williams series (Table 2.3). The Irving-Williams series refers to the relative stabilities of 

complexes formed with divalent first-row transition metal ions.200 In this series the stabilities of transition 

metal complexes generally increases across the period to a maximum stability at copper: Mn(II) < Fe(II) < 

Co(II) < Ni(II) < Cu(II) > Zn(II).200 The formation constants of L2 and L3 with Mn(II), Ni(II), Cu(II), and Zn(II) 

are observed to generally follow the trend discussed above; the largest formation constant is Cu(II), 

followed by Zn(II), Ni(II), and finally Mn(II) (Table 2.3) (the order of Mn(II) and Ni(II) are flipped for L2). 

Finally, L4 was complexed with the transition metals: Co(II), Mn(II), and Zn(II) (Table 2.3). The formation 
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constants were largest for Co(II) followed by Zn(II), then Mn(II). The order of these stability constants may 

offer insight to the size of the macrocyclic cavity of L4. Since the formation constant with Co(II) was largest 

it can be hypothesized that this metal ion has the best fit within the macrocyclic cavity. Most importantly 

though, stable transition metal complexes are formed with L4 in aqueous solutions. This is particularly 

encouraging for Zn(II), which is involved in the pathogenesis of AD. The pH-potentiometric titration curve 

of L4 in the presence of Zn(II) ions is shown below in figure 2.8. 

 
Figure 2.9. pH-potentiometric titration curve of a solution containing 2.041 mM H4L4

2+ in the presence of 
1.975 mM Zn(II) (I = 0.15 M NaCl, T = 25 oC); titrated with a 0.09978 M standardized NaOH solution. 
 
 

Finally, a species distribution diagram was generated, by co-worker Kristóf Póta, for the pH-

potentiometric titration of L4 (where L4 = L4) in the presence of Zn(II) (Figure 2.10). As the pH is varied 

from 0 – 14 the solution components change from a majority of uncomplexed Zn(II) (at pH = 1), to ZnH3L4
3+ 

(at pH = 1.5 – 2.5), to ZnH2L4
2+ (at pH = 3 – 6), to ZnHL4

+ (at pH = 6.5 – 7), and finally ZnL4 (at pH = 7 – 9). 
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Figure 2.10. Species distribution diagram for 10.00 mM Zn(II) and 10.00 mM L4 at I = 0.15 M NaCl and 25.0 
oC. 
 
2.5. L4 complexes with biologically relevant transition metals, Cu(II) and Zn(II) 

2.5.1. Complexation of L4 with Cu(II) and Zn(II) 

After performing pH-potentiometric titrations determine to the protonation and stability 

constants L4 was complexed with two biologically relevant metals, Cu(II) and Zn(II). As discussed earlier, 

there are three common conformations of macrocyclic pyridinophanes (like L4) observed in solution and 

in the solid state: syn chair-chair, syn boat-chair, and syn boat-boat (Figure 2.6); although, there is a 

conformational equilibrium between all three forms in solution 184-185, 187 The lone pairs on each of the 

nitrogen atoms are oriented very differently in each conformer (Figure 2.11).185, 187, 201 For example, in the 

syn chair-chair conformation two of the four nitrogen lone pairs are oriented away from the macrocyclic 

cavity (Figure 2.10). Contrastingly, in the syn boat-boat conformation all four of the nitrogen lone pairs 

are oriented toward the macrocyclic cavity. When complexation with a metal ion occurs, this conformer 

is adopted, because all the nitrogen atom lone pairs are oriented in the same direction toward the 

macrocyclic cavity. The resulting metal complex also adopts a syn boat-boat conformation, as shown in 

figure 2.11.185 
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Figure 2.11. Orientations of nitrogen atom lone pairs in common pyridinophane conformers and example 
of metal-ligand complex in the syn boat-boat orientation (for L4, R = OH and X = Cl).184-185, 201 
 

Complexation reactions of L4 with Cu(II) and Zn(II) were performed in water using methodology 

previously reported by the Green group (Scheme 2.7).56 The first step in the complexation reaction is to 

dissolve the ligand in a small amount of water and adjust the pH to around 6 -7. L4 is isolated as the 

hydrochloride salt and upon dissolution the major species present is fully protonated (H4L4
2+); therefore, 

the pH must be adjusted to deprotonate the nitrogen atoms, so they can bind to a metal ion. As shown in 

the distribution diagram of L4 (Figure 2.8), the major species present in solution between the pH of 6 and 

7 is the neutral doubly deprotonated species H2L4, which is ideal for complexation. After the pH 

adjustment, one equivalent of the corresponding metal perchlorate salt (Zn(ClO4)2 or Cu(ClO4)2) was added 

dropwise to the ligand solution. Upon addition of the Cu(II) salt the solution color changed from pale 

yellow to light blue. In contrast, no color change occurred upon the addition of the Zn(II) salt. These 

solutions stirred for several hours to ensure complete complexation. After filtration and drying, the crude 

solids were dissolved in a minimal amount of CH3OH. Water was added to the CH3OH solution until only 

salts were left undissolved; these solutions were then filtered and set out for crystallizations via slow 

evaporation. After several days more salts precipitated out of solution, these were subsequently removed 

by filtration and the solutions were set out for slow evaporation crystallization again. After several cycles 

of filtering the solution and setting it out for slow evaporation, X-ray quality crystals of both the Cu(II) and 
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Zn(II) ligand complex developed. The metal complexes exist as dimeric species in the solid state; 

[L4CuIICl]2[Cl]2 (L4Cu) exists as a light-green block-like crystalline species and [L4ZnIICl]2[Cl]2 (L4Zn) exists 

as a light-yellow block-like crystalline species. Both L4Cu and L4Zn were confirmed using mass 

spectrometry and X-ray diffraction. Additionally, the crystalline material of L4Cu was characterized using 

UV-visible spectroscopy and cyclic voltammetry and the crystalline material of L4Zn was characterized 

using 1H NMR. 

 
Scheme 2.7. Complexation reaction of L4 with Cu(II) and Zn(II). 

 
2.5.2. Solid state structures of L4Cu and L4Zn 

Light-green crystals of L4Cu and light-yellow crystals of L4Zn were evaluated using X-ray 

diffraction and the data provided resulted in the structures shown in figure 2.12. The solid state structures 

of both L4Cu and L4Zn are structurally analogous, despite the difference in metal centers. In each 

complex, two separate L4 molecules are bound to two metal ions (either Cu(II) or Zn(II)) in a cis-fashion, 

each with two pyridol-based nitrogen atoms bound in the equatorial plane and two nitrogen atoms bound 

in the axial plane. The coordination environment is completed by two bridging chloride ions (μ-Cl2) bound 

in a cis-fashion, which connect the two-separate metal-bound L4 complexes (Figure 2.12). Each dimeric 

complex contains two 5-5-5-5 ring structures (for each metal-bound L4); this is a typical coordination 

environment adopted by 12-membered tetraaza macrocyclic complexes. Both L4Cu and L4Zn were 

modeled in the monoclinic P21/c space group (Table 2.4). Interestingly, the asymmetric unit of each 
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complex contains only one half of the dimeric structure; therefore, the second half of the dimeric 

complexes are symmetry generated (Figure 2.12). 

 
 

 
Figure 2.12. Asymmetric units and symmetry generated solid state structures of L4Cu and L4Zn. 
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The solid state structures of L4Cu and L4Zn were compared with the solid state structures of 

related tetraazamacrocyclic complexes previously published by the Green group (L1Cu, L2Cu, L3Cu, L1Zn, 

L2Zn, and L3Zn) (Figure 2.13).56 Upon comparison of this series of pyridine and pyridol-based 

tetraazamacrocyclic metal complexes, some interesting similarities and differences were observed. The 

most obvious difference between L1-L3Cu/L1-L3Zn and L4Cu/L4Zn is that both L4Cu and L4Zn crystallize 

as dimeric structures in the solid state, while L1-L3Cu and L1-L3Zn are monomeric in the solid state (Figure 

2.13). Additionally, L1-L3Cu/L1-L3Zn all contain 5-coordinate metal centers, whereas L4Cu and L4Zn both 

contain 6-coordinate metal centers. It is hypothesized that the different coordination geometries 

associated with L1-L3Cu/L1-L3Zn vs. L4Cu/L4Zn are related to the completely symmetric nature of L4 and 

its corresponding metal complexes. L4Cu/L4Zn crystallize and pack differently than the metal complexes 

of L1-L3, presumably because they are more symmetric than L1-L3Cu/L1-L3Zn. For instance, metal 

complexes with L4 are symmetric with respect to the axial and equatorial planes, whereas metal 

complexes with L1-L3 are only symmetric with respect to the equatorial plane.  

 

 
Figure 2.13. Solid state structure of L1-L4Cu and L1-L4Zn (Hydrogen atoms have been omitted for 
clarity).55-56 (CCDC #s L1Cu: 101808; L2Cu: 950045; L3Cu: 911993; L1Zn: 628572; L2Zn: 950047; L3Zn: 
947495) 
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Additional comparisons can be made between the bond lengths and angles of L1-L3Cu/L1-L3Zn 

vs. L4Cu/L4Zn (Tables 2.5, 2.6). Most of the bond lengths for complexes L1-L4Cu/L1-L4Zn follow the 

expected periodic trends, increasing from Cu(II) and Zn(II). It is interesting to note that M-N bonds 

between the pyridine or pyridol nitrogen atom and the metal center (M(1)-N(4) for L1-L4 and additional 

M(1)-N(2) bond for L4) are the shortest M-N bonds within the complexes. This is due to the additional 

electron density from the pyridine or pyridol ring stabilizing the bonding interactions, thus shortening 

those bond distances. Additionally, a very pronounced difference between the axial and equatorial M-N 

bond lengths is observed for both L4Cu and L4Zn. In both complexes the M(1)-Nax(1)/M(1)-Nax(3) bond 

lengths are significantly longer (by 0.16 to 0.30 Å) than the corresponding M(1)-Neq(2)/M(1)-Neq(4). The 

difference can be explained once again by the placement of the two pyridol rings. Both equatorial nitrogen 

atoms (N(2) and N(4)) are part of the pyridol ring systems. The additional electron density provided by the 

pyridol ring stabilizes the bonding interactions between the metal and nitrogen atom and these bonds are 

significantly shorter than the corresponding axial M-N bonds. Moreover, in L4Cu the differences between 

the M-Nax and M-Neq bond distances is even more pronounced due to Jahn-Teller distortion. Cu(II) is a d9 

ion and in an octahedral complex the two degenerate eg orbitals are unequally occupied by three 

electrons, leading to a doubly degenerate electronic ground state. Jahn-Teller distortions arise due to the 

degenerate eg orbitals being unequally occupied by electrons. Often complexes distort along the z-axis 

(oriented along M(1)-N(1) and M(1)-N(3) in complex L4Cu), which removes electronic degeneracies and 

lowers the overall energy of the complex. The physical manifestation of the Jahn-Teller effect is the 

lengthening of axial bond distances vs. equatorial bond distances. Therefore, the lengthening of bond M-

Nax bond distances within complex L4Cu is enhanced compared to L4Zn because of Jahn-Teller distortion 

experienced by the Cu(II) d9 metal ion.  

 

 



66 
 

 

 

Finally, after observing selected bond angles within complexes L1-L4Cu and L1-L4Zn several more 

comparisons can be made. As discussed previously, the metal complexes of L1-L3 have a different 

geometry than those made with L4. L1-L3Cu/L1-L3-Zn are all 5-coordinate with respect to the metal 

center, while L4Cu/L4Zn are 6-coordinate octahedral complexes. Obviously, the change in coordinate 

geometry results in differences between bond angles; most notably the equatorial bond angles: N(2)-

M(1)-Cl(1), N(4)-M(1)-Cl(1), and N(4)-M(1)-N(2) (Table 2.6). In complexes L4Cu/L4Zn these equatorial 

bond angles have little deviation from octahedral geometry (180o and 90o), whereas in complexes L1-

L3Cu/L1-L3Zn these angles align more to trigonal bipyramidal/square pyramidal geometries (120o and 90o) 

(Table 2.6). Another interesting observation can be made about the bond angles with respect to the 

different metal centers present within the complexes and is most easily observed when looking at the 

N(1)-M(1)-N(3) bond angles. In complexes L1-L4Cu the N(1)-M(1)-N(3) bond angles are all slightly larger 

(2.24-14.07o larger) than the same angle in the corresponding L1-L4Zn complexes. The difference in bond 

angles agrees with periodic trends, with metal ion size increasing from Cu(II) to Zn(II). In L1-L4Zn the larger 

Zn(II) ions sits farther outside the macrocyclic cavity than the corresponding Cu(II) complexes L1-L4Cu. 
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The solid state structures of L4Cu and L4Zn offer insight into the coordination geometry of these 

unique complexes compared to structurally similar complexes such as L1-L3Cu and L1-L3Zn. Additionally, 

the solid state structures offer absolute proof that L4 can easily bind to biologically relevant metal ions, 

such as Zn(II) and Cu(II). Chelation of these metal ions is essential if L4 is to be used as a therapeutic agent 

for neurodegenerative diseases. Finally, the X-ray quality crystals utilized to determine the solid state 

structure of L4Cu and L4Zn were analyzed using additional characterization methods to further 

understand these metal complexes, this will be discussed in the following sections. 

2.5.3. Electronic spectrum of L4Cu in aqueous and organic solvents 

 After obtaining the solid state structure of L4Cu using X-ray diffraction, the crystals were dissolved 

in both H2O and DMF to investigate the electronic spectrum of L4Cu. In water, the solution is light blue 

with one absorbance band observed at 758 nm and an extinction coefficient of 22.66 M-1 cm-1. 

Contrastingly, in DMF the solution is light yellow-green with one absorbance band at 873 nm and an 

extinction coefficient of 48.61 M-1 cm-1 (Figure 2.14). Generally, Cu(II) complexes are blue or green.30, 202 
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The observed blue or green color of these complexes is due to d-d transitions incorporated into a single 

absorption band in the 600-900 nm region.30, 202 This single broad absorption band encompasses several 

overlapping transitions, but actual assignments are difficult to make.30 The three components can 

generally be assigned as the transitions from the d(xy), d(z2), or d(xz)/d(yz) pair to the σ anti-bonding half-

filled d(x2-y2) orbital.202 The order of the transitions is situational and dependent on the axial metal-ligand 

interaction.202 Commonly the molar intensities (or extinction coefficients) vary from 20 – 50 M-1 cm-1 for 

symmetric molecules to several hundred M-1 cm-1 for nonsymmetric molecules. Therefore, for L4Cu 

absorbance bands in two different solvents are assigned to the d-d transitions of Cu(II), with the 

understanding that the single absorbance band encompasses the overlapping transitions discussed above. 

Additionally, a slight difference in the absorption maxima was observed in the two different solvents, 

indicating solvent dependent behavior (Figure 2.14). This may be due to the dimeric species breaking 

apart in solution and weakly coordinating to the solvent molecules.  

 
Figure 2.14. The electronic spectra of L4Cu in H2O (pH = 5.00) and DMF. Molar Absorptivity: [λmax/nm (ε/M-

1 cm-1)] in H2O: 758 (23); in DMF: 873 (49). 
 

2.5.4. Electrochemistry of L4Cu 

Cyclic voltammetry was used to characterize the redox behavior of L4Cu in solution. The 

electrochemical activity of L4Cu was studied in DMF with 0.1 M tetrabutylammonium perchlorate as the 

supporting electrolyte and the system was referenced to the Fc/Fc+ redox couple; these conditions have 
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previously been utilized by the Green group to study similar ligand-Cu(II) complexes.55-56, 72 Two redox 

events (reduction and oxidation) were observed for this complex when scanning from cathodic to anodic 

potentials (Figure 2.15, solid trace). Investigation into the two redox events revealed that they are related; 

the oxidation event only appears after the reduction event has occurred (Figure 2.15, dashed trace). 

Although the two events are related, the oxidation and reduction events are considered irreversible based 

on a separation of roughly 1.30 V (Table 2.7, Figure 2.15). It is hypothesized that in solution the dimeric 

complex breaks apart into separate [L4CuIICl]+ species; therefore, the cathodic event (= -816 mV) is 

assigned as the reduction of Cu(II) to Cu(I) and the anodic event (= 47 mV) is assigned as the oxidation of 

Cu(I) to Cu(II). Reduction of the metal center from Cu(II) → Cu(I) could result in the loss of cis-bound ligand 

(Cl-) in a weakly coordinating solvent, such as DMF.203 Upon reversal of the scan directions the resulting 

Cu(I) 4-coordinate complex is re-oxidized to Cu(II) at much higher potentials and the 5-coordintate Cu(II) 

complex is reformed in quick succession.203 The presence of a single Cu(II/I) couple supports the 

hypothesis that the dimers break apart upon solvation. Additionally, similar redox events are observed for 

L1Cu, L2Cu, and L3Cu with a Cu(II)/Cu(I) at comparable potentials (Table 2.8). The Cu(II) complexes with 

L1-L3 are 5-coordinate, thus further supporting the hypothesis that L4Cu breaks apart in solution. 

 
Figure 2.15. Cyclic voltammogram recorded in 3.0 mL of DMF containing 3 mg L4Cu + 0.1 M TBAP with a 
glassy carbon working electrode, Ag wire quasi-reference electrode, and a platinum wire auxiliary 
electrode. Arrow indicates direction of scans, all scans performed at 100 mV/s. 
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When the Epc value for L4Cu is compared to Cu(II) complexes previously synthesized by the Green 

group (L1Cu, L2Cu, and L3Cu), some interesting trends are observed (Table 2.8). Generally, the more 

negative the Epc potential, the more electron density the ligand donates to the Cu(II) metal center. Based 

on this correlation the electron donating capacity (Epc potentials only) of the ligands is L2 > L3 > L1 > L4. 

This may seem surprising since L4 has double the pyridol moieties of any other ligand and is thus expected 

to be a stronger donor; however, inspection of the structure provides insight. The two pyridol rings of L4 

may be interacting with one another (Figure 2.16). We postulate that this interaction is responsible for 

L4Cu’s more positive Epc potential. L4 is a 12-membered macrocycle so it must bind to the Cu(II) metal in 

a cis-folded fashion; which could allow the pyridol rings within L4 to interact with one another. It is 

hypothesized that if these two rings interact through interactions more of the electron density stays 

within the pyridol rings and less electron density is donated to the Cu(II) center, compared to macrocycles 

containing one pyridine or pyridol ring. Thus, the Epc for L4Cu is the most positive when compared to L1Cu-

L3Cu due to structural interactions within the ring itself. 

 

 
 

 
 

 

 

 

 

 

 

*GC electrode; 2 mM complex + 0.1 M TBAP in DMF;  
Epc values referenced to Fc/Fc+ couple 

 
 

Figure 2.16. Measured distances 
between pyridol ring planes in L4Cu. 
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2.5.5. 1H NMR spectrum of L4Zn 

Due to the diamagnetic nature of the Zn(II) metal ion, ligand complexes containing Zn(II) were not 

characterized using UV-visible spectroscopy or cyclic voltammetry. Zn(II) complexes are not expected to 

exhibit d-d transitions due to the complete filling of the t2g and eg orbitals; they do not undergo any redox 

activity for the same reason. Although Zn(II) ligand complexes cannot be characterized using these 

traditional techniques adopted for analyzing transition metal complexes, they can be characterized using 

NMR, due to the diamagnetic nature of Zn(II). In addition to mass spectrometry and X-ray diffraction, L4Zn 

was also characterized with 1H NMR. The 1H NMR spectrum of L4 contains only two resonances due to the 

absolute symmetry of the molecule (Figure 2.17). Contrastingly, when L4 is complexed to Zn(II), more 

resonances appear, and splitting is observed. In solution, the L4Zn complex adopts a cis-folded geometry 

which causes resonance splitting, assignments have been made in figure 2.18. The Zn(II) ion locks the 

ligand into a cis-folded orientation, thus making the H-atoms on the bridging ethyl groups, non-equivalent. 

The differences between the two spectra offer more evidence to the complexation of the biologically 

relevant metal ion Zn(II). 

 
Figure 2.17. 1H NMR spectrum of L4 in D2O. 
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Figure 2.18. 1H NMR of L4Zn in D2O.  

2.6. Biological assays with L4 

 When designing L4 it was hypothesized that by doubling the pyridol moieties present within the 

molecule this would further enhance the radical scavenging abilities exhibited by L2. As noted in section 

2.1.2. earlier in this chapter, increasing the radical scavenging abilities is desirable for a potential 

neurotherapeutic agent designed to combat ROS in the brain. Following the full characterization of L4 and 

the corresponding metal complexes L4Cu and L4Zn, two relevant assays were performed on L4 to evaluate 

antioxidant activity: the DPPH radical quenching assay and the CCA redox cycling assay. The results of both 

assays performed on L4 will be discussed in the following section. Additionally, assay results from L4 and 

L2 will be compared to determine the validity of the design hypothesis. 

2.6.1. DPPH radical quenching assay performed with L1, L2, and L4 

 The radical scavenging ability of L4 compared to L1-L2 was tested using a DPPH radical quenching 

assay. As discussed in section 2.1.4., DPPH is a stable radical with a maximum absorbance at 520 nm.4, 72, 

149, 175 When a radical scavenging molecule is added to a solution of DPPH the radical is quenched, leading 
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to a decrease in the absorption maximum and a corresponding color change from purple to yellow 

(Scheme 2.7).4, 72, 149, 175 The depletion of the absorbance band at 520 nm is directly related to the reduction 

in DPPH radical concentration (Scheme 2.8).4  

Typically, when performing the DPPH assay a well-known antioxidant molecule is used as a 

positive control; in this study BHT (dibutylhydroxytoluene) was utilized.4, 72 Recently, the DPPH radical 

quenching assay was performed on BHT, L1, L2, and L4; at concentration ranging from 0.060 μM to 500 

μM (Figure 2.19). The results indicate that at higher μM concentrations (starting at 31.25 μM) L4 exhibits 

an enhanced radical-scavenging ability compared to both L1 and L2. In fact, at very high μM 

concentrations (250 and 500 μM) the radical-scavenging ability of L4 is comparable to BHT. The results of 

the DPPH radical quenching assay provide evidence to support the hypothesis that doubling the pyridol 

moieties on L4 leads to enhanced radical scavenging abilities compared to L2. 

 

 
Scheme 2.8. Mechanism of the DPPH radical quenching assay and corresponding color change associated 
with reduction of the DPPH radical. 
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Figure 2.19. DPPH radical quenching assay showing the antioxidant character of L1, L2, and L4 compared 
to the standard antioxidant BHT (n = 3). 
 

2.6.2. CCA redox cycling assay performed with L2 and L4 

 In section 2.1.3., the implications of the redox cycling of metal ions such as Cu(II) and Zn(II) were 

discussed.72 ROS can be produced by the redox cycling of such metal ions. The overproduction of ROS is 

hypothesized to lead to the development of neurodegenerative diseases.93, 116, 132, 204 A good model for 

redox cycling in the brain is the Cu-ascorbate redox system (Scheme 2.1).72, 171-172 This system has been 

used by the Green group and others, in recent publications, to determine if chelating ligands, such as L1 

and L2, can halt the Cu based redox cycling under aerobic conditions.72, 171-172 One way to quantify this is 

to use the CCA redox cycling assay.171 In this assay, CCA is stoichiometrically converted to the fluorescent 

7-hydroxy-CCA species in the presence of hydroxyl radicals generated by copper in the presence of 

ascorbate and oxygen.171-172 The CCA assay was recently performed on L2 and L4 and redox cycle halting 

abilities of the two chelating ligands were compared.  
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 Figure 2.20 shows the results of the CCA redox cycling assay performed with L2 and L4. The 

addition of a full equivalent of L2 or L4 (vs. Cu(II) concentration) results in almost complete inhibition of 

CCA conversion to fluorescent 7-hydroxy-CCA (Figure 2.20). The addition of ½ equivalents of L2 or L4 result 

in a marked decrease in fluorescence compared to the negative control (shown in the graph inset); the 

stoichiometric decrease in fluorescence is thereby attributed to the chelation of Cu(II) ions. Interestingly, 

the results shown in figure 2.20 indicate that L4 is slightly better than L2 at halting the redox cycling of 

Cu(II) and ascorbate. This enhanced ability of L4 to halt redox cycling is most likely due to the additional 

pyridol moiety, which may quench hydroxyl radicals produced during redox cycling.  Most importantly, 

both L2 and L4 exhibit the ability to halt the redox cycling of Cu(II) and ascorbate in an aerobic 

environment making both these molecules good candidates for use as future neurotherapeutic agents to 

combat the production of excess ROS in the brain. 

 
Figure 2.20. Fluorescence intensity of 7-hydroxy-CCA after incubation of CCA [100 μM] and ascorbate [300 
μM] with Cu(II) [10 μM]. Compound L2 [5 μM; 10 μM] and L4 [5 μM; 10 μM] were combined prior to 
addition of ascorbate. No fluorescence was observed with CCA co-incubated with samples of: (1) 
ascorbate [300 μM] only or (2) Cu(II) [10 μM]. All solutions except CuSO4•6H2O (MilliQ water only) were 
dissolved and diluted in 7.4 pH 1X KH2PO4/NaCl buffer containing Desferal [1 μM]. Final volume = 3 mL. (n 
= 3) 
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2.7. The therapeutic window of L4 

L4 was designed to be utilized as a therapeutic agent for the treatment of neurogenerative 

diseases. In the previous section radical scavenger and redox focused assays were performed to 

determine the antioxidant capacity of L4. Additionally, because L4 is a potential therapeutic agent, it is 

important to understand how this molecule impacts the viability of cells. To accomplish this, cell studies 

were conducted to establish the cell toxicity and therapeutic window for L4 as well as L2, for comparison. 

The cell studies were performed by Olivia Kinsinger at TCU. Two different cell lines were used in these 

studies, HT22 (mouse hippocampal, neuronal) and MCF-7 (breast cancer, for comparison). For the HT22 

cell line, L4 was observed to be toxic in the low mM range, with an EC50 value of 2.200 mM±0.006, meaning 

that the therapeutic window for L4 is in the nM to low μM range, respectively (Figure 2.21). Similar results 

were observed for the for the MCF-7 cell line, both L2 and L4 were shown to be toxic in the low mM range, 

with EC50 values of 8.374±0.01 mM (L2) and 1.714±0.01 mM (L4), respectively (Figure 2.21). Additionally, 

the therapeutic window for both L2 and L4 is in the μM range for the MCF-7 cell line, respectively. These 

results suggest that the observed toxicity is not cell line specific and that the addition of the pyridol moiety 

to L4 renders little change to the biological tolerance of pyridine containing macrocycles. 

 
Figure 2.21. (a) Cell survival vs. log conc. of MCF-7 cells dosed with L2 or L4; (b) cell survival vs. log conc. 
of HT22 cells dosed with L2 or L4. (Cell studies performed by Olivia Kinsinger) 
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2.8. Conclusions 

L4 was designed to enhance the antioxidant abilities exhibited by L2 by adding another pyridol 

moiety. It was hypothesized that doubling the pyridol moieties would result in an increase in the radical 

scavenging and antioxidant capabilities of L4 compared to L2. This novel bis-pyridol-based 

tetraazamacrocycle was synthesized using a variation of the Richman-Atkins synthesis for making 

symmetrical N-tosyl aza macrocycles. The first step in the two-step synthesis of L4 involves simultaneous 

cyclization and protection of nitrogen and oxygen atoms with tosyl and benzyl groups, respectively. The 

cyclization step is then followed by a single deprotection step in which both the tosyl and benzyl groups 

are removed using a naphthalene-catalyzed lithiation. 

Following the complete synthesis of L4, its protonation and stability constants were determined 

by pH-potentiometric titrations; four protonation steps were observed. Additionally, L4 forms stable 

metal complexes with several biologically relevant metals, including Zn(II). Solid state structures of L4Cu 

and L4Zn confirmed metal complexation. In the solid state, the complexes of L4Cu and L4Zn crystallize as 

dimeric species with two metal-complexed ligands connected through a μ-Cl2 bridge. L4Cu was also 

characterized with UV-visible spectroscopy and cyclic voltammetry; both techniques offered insight into 

the electronic properties of the Cu(II) metal center. Contrastingly, L4Zn was characterized with 1H NMR 

and XRD analysis due to the diamagnetic nature of the Zn(II) ion.  

Finally, the enhanced antioxidant capacity of L4 was probed with several relevant assays: the 

DPPH radical quenching assay and the CCA redox cycling assay. The results of the DPPH assay are 

consistent with the hypothesis that the two pyridol moieties contained within L4 offer enhanced radical 

scavenging abilities compared to L2. The ability of L4 to halt the redox cycling of Cu(II) with ascorbate was 

also confirmed using the CCA assay. A decrease in the fluorescence of 7-hydroxy-CCA was observed upon 

addition of both ½ eq. and 1 eq. of L4. Finally, the therapeutic window for L4 was also determined to be 
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in the μM range for both MCF-7 and HT22 cells. Altogether, these results validate the rational design 

hypothesis of L4. 

2.9. Experimental (methods and materials) 

Caution! Perchlorate salts are explosive and should be handled with care; such compounds should 

never be heated as solids. All chemical reagents were purchased from either Millipore Sigma or Alfa Aesar 

and used without further purification. The 12-membered tetraazamacrocycles L1, L2, L3, and L4 were 

isolated as the hydrochloride salts prior to metal ion complexation in accordance with standard practices. 

The yields reported for L4Cu and L4Zn were calculated based on elemental analysis results; each reaction 

was carried out in H2O. Elemental analyses were performed by Canadian Microanalytical Services Ltd.  

2.9.1 Physical measurements 

 ESI mass spectral analysis were obtained on an Agilent 1200 series 6224 TOF LC/MS spectrometer 

at 175 V (positive ESI scan) in H2O, CH3OH, CHCl3, or CH2Cl2. 1H NMR and 13C NMR spectra were carried out 

in deuterated solvents at 25 oC. All spectra reported were obtained on a Bruker Avance III (400 MHz) High 

Performance Digital NMR Spectrometer. Electronic absorption spectra were collected between 190 nm 

and 1100 nm using an 8453 UV-vis spectrophotometer (Agilent) and a 3-mL quartz cuvette with a path 

length of 1.0 cm. Molar extinction coefficients were calculated utilizing the Beer-Lambert law (A = εbc). 

2.9.2. Preparation of 1,4,7-tris(2-nitrobenzyesulfonyl)1,4,7,triazaheptane (2.1): 

 
Scheme 2.E1. Protection of triethylamine with nosyl groups. 
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Synthesis of 1,4,7-tris(2-nitrobenzenesulfonyl)-1,4,7-triazaheptane (2.1): 

A sample of 2-nitrobenzenesulfonyl chloride (25.00 g, 112 mmol) was dissolved in 

dichloromethane (125 mL) and put under N2. Diethylenetriamine (3.80 mL, 35 mmol) and triethylamine 

(17.00 mL, 122 mmol) were dissolved in dichloromethane (100 mL) and added dropwise, over 1 h, via 

addition funnel to the protecting group. The reaction stirred under an N2 atmosphere until a white solid 

precipitated out of the dichloromethane. Upon observing the white solid, chloroform (150 mL) was added 

to the reaction mixture and this was placed in the refrigerator for several hours. After cooling, the reaction 

mixture was filtered using reduced pressure and washed with chloroform (3 x 50 mL). The product (2.1) 

was isolated as a pure white solid. Yield: 15.00 g (65%).  1H NMR (400 MHz, DMSO, 23 oC): δ = 7.98-7.86 

(m, 12H), δ = 3.37 (t, 4H), δ = 3.06 (t, 4H); 13C NMR (101 MHz, DMSO, 23 oC): δ = 148.0, 135.2, 134.6, 132.9, 

129.9, 125.1, 48.5, 41.8. ESI-MS (m/z): Found: 659.0513 [M+H]+ (100%) Theoretical: 659.0536 [M+H]+ 

(100%).4, 54, 57, 176 

2.9.3. Preparation of 1,4,7,10-tetraaza-2,6-pyridinophane (L1) 

 
Scheme 2.E2. Macro-cyclization and nosyl group removal for L1. 
 

Synthesis of 4,7,10-tris(2-nitrobenzenesulfonyl)-1,4,7,10-tetraaza-2,6-pyridinophane (2.3): 

A sample of 2,6-bis(chloromethyl)pyridine (2.2) (2.99 g, 17 mmol) was dissolved in CH3CN (80 mL). 

This solution was added drop-wise, via addition funnel, to an off-white solution of (2.1) (11.3g, 17 mmol) 

and K2CO3 (7.09 g, 51 mmol) in CH3CN (200 mL), under reflux conditions (100 °C) and under nitrogen. The 

reaction mixture stirred under reflux conditions for 24 h and under nitrogen, to allow maximum 

cyclization. The solvent of the resulting bright yellow solution was subsequently removed under reduced 
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pressure. The chalky residue was rinsed with water (4 x 50 mL) and filtered using reduced pressure. The 

resulting pale-yellow solid was then rinsed further with CH3CN (1 x 15 mL), CH3OH (3 x 15 mL), and diethyl 

ether (3 x 15 mL), in that order. Finally, the solid was dried on a Schlenk line to afford (2.3) as a pale-yellow 

solid. Yield: 11.7 g (90 %). 1H NMR (400 MHz, DMSO, 22 °C): δ = 8.07-7.35 (m, 12H), δ = 7.35-7.34 (d, 3H), 

δ = 4.62 (s, 4H), δ = 3.76, (s, 4H), δ = 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 [M+H]+ (100%), Theoretical: 762.0958 [M+H]+.4, 55, 59 

Synthesis of 1,4,7,10-tetraaza-2,6-pyridinophane trishydrochloride (L1): 

KOH (3.54 g, 63 mmol) was dissolved in a minimum amount of water and added, along with CH3CN 

(100 mL) to a one-neck reaction flask. The flask was covered with a septum and thiophenol (6.40 mL, 54 

mmol) was cautiously added, via syringe, to the stirred solution. Finally, (2.3) (11.7 g, 16 mmol) was added 

all at once to the flask. After the addition of (2.3), the reaction mixture was put under N2, heated to 60°C, 

and left to stir overnight. 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 

extracted with diethyl-ether (3 x 50 mL) until the organic layer was no longer colored. Next, the aqueous 

layer was basified to pH 14 using solid KOH. The solvent was removed using reduced pressure. The 

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

filtered, and the solvent was removed under reduced pressure to yield dark yellow oil. To this oil, CH3CN 

(50 mL), concentrated HCl (5 mL), and diethyl-ether (60 mL) were added to give a yellow powdery 

precipitate. This precipitate was filtered off and then immediately boiled in absolute ethanol (50 mL). 

Upon cooling the solution was filtered to afford L1 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]+.4, 55 
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2.9.4. Preparation of 1,4,7,10-tetraaza-2,6-pyridinophane-14-ol trishydrochloride (L2): 

 
Scheme 2.E3. Synthesis of alkyl halide precursor for macro-cyclization of L2. 
 

Synthesis of diethyl-4-hydroxypyridine-2,6-dicarboxylate (2.4): 

A sample of chelidamic acid (5.0 g, 27 mmol) was dissolved in absolute EtOH (200 mL) in a one-

neck reaction flask. The flask was covered with a septum and put on ice; thionyl chloride (4.00 mL, 55 

mmol) was added cautiously, via syringe, to the stirred solution. The ice bath was removed, and the 

reaction stirred under reflux conditions for 4 h. The solvent was removed using reduced pressure. The 

resulting clear pale-yellow oil was rinsed with toluene (2 x 100 mL), each time the toluene was removed 

under reduced pressure. To the resulting oil, H2O (30 mL) and diethyl ether (30 mL) were added and this 

mixture was shaken vigorously until a white powder developed between the two solvent layers. The 

resulting mixture was filtered and rinsed with diethyl ether (3 x 25 mL) to afford (2.4) as a white crystalline 

powder. Yield: 4.76 g (73%). 1H NMR (400 MHz, CDCl3, 25 oC, TMS): δ = 9.20 (s, 1H), 7.34 (s, 2H), 4.51-4.46 

(q, 4H), 1.46-1.43 (t, 6H); 13C NMR (101 MHz, CDCl3, 25 oC) δ = 162.5, 119.0, 63.2, 14.1.4, 180 

Synthesis of diethyl-4-(benzyloxy)pyridine-2,6-dicarboxylate (2.5): 

A sample of compound (2.4) (4.76 g, 20 mmol) was dissolved in CH3CN (200 mL) followed by 

sequential addition of K2CO3 (5.5 g, 40 mmol) and benzyl bromide (2.6 mL, 22 mmol). This reaction mixture 

was put under inert atmosphere and stirred under reflux conditions for 12 h. The reaction was cooled to 

room temperature and filtered to remove the inorganic salts. The supernatant was evaporated to dryness 

under reduced pressure. The resulting colorless oil was re-crystallized from hot hexanes (100 mL) to afford 

(2.5) as a white powder. Yield 5.9 g (90%). 1H NMR (400 MHz, CDCl3, 25 oC, TMS): δ = 7.88 (s, 2H), 7.46-

7.28 (m, 5H), 5.25 (s, 2H), 4.50-4.48 (q, 4H), 1.49-1.46 (t, 6H); 13C (101 MHz, CDCl3, 25 oC): δ = 166.6, 614.7, 

150.3, 134.8, 128.9, 128.8, 127.8, 114.7, 70.8, 62.5, 14.21.4, 180 
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Synthesis of 4-(benzyloxy)-2,6-bis(hydroxymethyl)pyridine (2.6):  

A sample of compound (2.5) (5.86 g, 18 mmol) was dissolved in absolute EtOH (500 mL) and NaBH4 

(3.44 g, 90 mmol) was added portionwise. The mixture was heated to 40 oC and stirred for 24 h. After 

reaction completion, the mixture was quenched with H2O and the pH of the solution was adjusted to 1 

with concentrated HCl. The resulting solution was filtered, and the supernatant was evaporated to dryness 

under reduced pressure. The resulting solid was re-dissolved in absolute EtOH (100 mL), dried with 

Na2SO4, and filtered. The supernatant was evaporated to dryness under reduced pressure to afford (2.6) 

as a tacky white solid. Yield: 3.75 g (86%). 1H NMR (400 MHz, DMSO, 24 oC): δ = 7.46-7.41 (m, 5H), 7.00 (s, 

2H), 5.47 (br, 2H), 5.23 (s, 2H), 4.50 (s, 4H); 13C (101 MHz, DMSO, 24 oC): δ = 171.1, 158.7, 135.1, 129.2, 

128.8, 108.9, 72.0, 59.6.4, 178 

Synthesis of 4-benzyloxy-2,6-bis(chloromethyl)pyridine (2.7): 

A sample of (2.6) (3.74 g, 15 mmol) was dissolved in THF (30 mL) in a one-neck reaction flask. The 

flask was covered with a septum and put on ice; thionyl chloride (3.6 mL, 50 mmol) was added cautiously, 

via syringe, to the stirred solution. The ice bath was removed, and the reaction stirred under reflux 

conditions for 4 h. The reaction mixture was neutralized with a saturated solution of NaHCO3. The 

neutralized solution was evaporated to dryness under reduced pressure. The resulting crusty brown solid 

was dissolved in chloroform (150 mL) and this mixture was filtered using reduced pressure. The 

supernatant was dried over Na2SO4 and subsequently filtered. The resulting clear brown solution was 

evaporated to dryness under reduced pressure to afford (2.7) as a light brown solid. Yield 3.10 g (72%). 1H 

NMR (400 MHz, CDCl3, 25 oC, TMS): δ = 7.45-7.44 (m, 5H), 7.06 (s, 2H), 5.17 (s, 2H), 4.63 (s, 4H); 13C NMR 

(101 MHz, CDCl3, 25 oC): δ = 166.6, 158.1, 135.3, 128.8, 128.6, 127.7, 108,.8, 70.24, 46.47.4, 179 
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Scheme 2.E4. Macro-cyclization and nosyl group removal for L2. 

Synthesis of 14-benzyloxy-4,7,10-tris(2-nitrobenzenesulfonyl)-1,4,7,10-tetraaza-2,6-pyridinophane 
(2.8): 

A solution of (2.7) (3.00 g, 11 mmol) in anhydrous DMF (90 mL) was added dropwise, under N2, to 

a stirred solution of (2.1) (7.00 g, 11 mmol) and K2CO3 (4.50 g, 33 mmol) in anhydrous DMF (200 mL) at 

100 oC. The resulting dark yellow-brown solution was stirred under N2 at 100 oC for 48 h. The solvent was 

removed under reduced pressure to give a dark yellow-orange powder. The resulting solid was dissolved 

in dichloromethane, this solution was filtered using reduced pressure. The yellow filtrate was 

subsequently washed with 0.1 M NaOH (4 x 50 mL), H2O (2 x 100 mL), and diethyl ether (2 x 100 mL) to 

afford (2.8) as a pale-yellow powder. Yield: 7.26 g (80%). 1H NMR (400 MHz, DMSO, 23 oC): δ = 8.01-7.94 

(m, 12H), 7.46-7.41 (m, 5H), 7.01 (s, 2H), 5.19 (s, 2H), 4.55 (s, 4H), 3.76 (t, 4H), 3.52 (t, 4H); 13C (101 MHz, 

DMSO, 25 oC): 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 [M+H]+ (100%). Theoretical: 868.1377 [M+H]+.4, 56, 59 

Synthesis of 14-benzyloxy-1,4,7,10-tetraaza-2,6-pyridinophane trishydrochloride (2.9): 

KOH (1.77 g, 33 mmol) was dissolved in a minimum amount of water and added, along with 

anhydrous DMF (100 mL) to a one-neck reaction flask. The flask was covered with a septum and 

thiophenol (3.40 mL, 32 mmol) was cautiously added, via syringe, to the stirred solution. Finally, (2.8) 

(6.83 g, 8 mmol) was added all at once to the flask. After the addition of (2.8), the reaction mixture was 

put under N2, heated to 80 oC, and left to stir overnight. The solvent was removed under reduced pressure 

to give a yellow oily residue. This oily residue was dissolved in a mixture of 1.0 M HCl and concentrated 

HCl (250 mL, ratio of 3:1). The acidic solution was extracted with diethyl ether (3 x 50 mL) until the organic 



84 
 

layer was no longer colored. Next, the aqueous layer was basified to pH 14 using solid KOH. The solvent 

was removed using reduced pressure to give a light-yellow solid. This solid was dissolved in 

dichloromethane (200 mL) and dried with Na2SO4. The resulting solution was filtered using reduced 

pressure and the filtrate was evaporated to dryness under reduced pressure. A dark yellow-orange oily 

substance was isolated. This oil was made solid by adding a specific ratio of CH3CN, concentrated HCl, and 

diethyl ether. This mixture was filtered and (2.9) was isolated as a dark yellow powder. Yield: 2.60 g, (79%). 

1H NMR (400 MHz, D2O, 23 oC): δ = 7.37-7.33 (m, 5H), 7.09 (s, 2H), 5.17 (s, 2H), 4.49 (s, 4H), 3.51-3.46 (q, 

8H); 13C (101 MHz, D2O, 25 oC): δ = 167.2, 151.6, 135.2, 129.0, 128.8, 128.0, 110.6, 70.7, 49.11, 44.2, 43.3. 

ESI-MS (m/z): Found: 313.2569 [M+H]+ (100%), Theoretical: 313.2028 [M+H]+.4, 56, 59 

Synthesis of 1,4,7,10-tetraaza-2,6-pyridinophane-14-ol trishydrochloride (L2):  

A sample of compound (2.9) (2.57 g, 6 mmol) was dissolved in H2O (100 mL) and filtered. To the 

filtered solution solid PdO (0.75 g, 6 mmol) was added. This suspension was exposed to H2(g) (50 psi) using 

a Parr hydrogenator system for 24 h. The resulting clear solution was filtered and evaporated to dryness 

under reduced pressure, an off-white solid resulted. This solid was further treated with a small amount of 

absolute ethanol (20 mL), concentrated HCl (2 mL), and diethyl ether (40 mL). The product precipitated 

out of this solution and the reaction mixture was filtered to afford L2 as a pure white powder. Yield: 1.74 

g (87%). 1H NMR (400 MHz, D2O, 25 oC): δ = 6.89 (s, 2H), 4.44 (s, 4H), 3.34-3.37 (m, 4H), 3.30-3.29 (m, 4H); 

13C (101 MHz, D2O, 25 oC): δ = 166.2, 151.5, 111.4, 48.9, 44.0, 43.2. ESI-MS (m/z): Found: 223.1834 [L2+H]+ 

(100%), Theoretical: 223.1559 [L2+H]+.4, 56, 182 

2.9.5. Preparation of 1,4,7,10-tetraaza-2,6-pyridinophane-13-ol trishydrochloride (L3): 

 

 
Scheme 2.E5. Synthesis of alkyl halide precursor for macro-cyclization of L3. 
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Synthesis of 2-benzyloxy-2,6(hydroxymethyl)pyridine (2.10): 

A sample of 3-hydroxy-2,6-bis(hydroxymethyl)pyridine hydrochloride (5.00 g, 26 mmol) was 

dissolved in CH3CN (200 mL), followed by subsequent addition of K2CO3 (10.85 g, 79 mmol) and benzyl 

bromide (3.42 mL, 29 mmol). The reaction mixture was stirred under reflux conditions in an inert 

atmosphere for 12 h. The reaction mixture was cooled and filtered to remove the inorganic salts. The 

supernatant was evaporated to dryness under reduced pressure. The resulting oil was recrystallized from 

hot hexanes (100 mL) to afford (2.10) as a white powder. Yield: 6.39 g (99%). 1H NMR (400 MHz, CDCl3, 25 

oC, TMS): δ = 7.42-7.36 (m, 5H), 7.31-7.28 (d, 2H), 5.15 (s, 2H), 4.88 (s, 2H), 4.76 (s, 2H); 13C (101 MHz, 

DMSO, 25 oC): δ = 152.5, 150.9, 148.6, 137.3, 128.9, 128.3, 127.8, 120.4, 120.2, 69.8, 64.1, 60.2.4, 56-57 

Synthesis of 2-benzyloxy-2,6-bis(chloromethyl)pyridine (2.11): 

A sample of (2.10) (6.39 g, 26 mmol) was dissolved in THF (40 mL) in a one-neck reaction flask. 

The flask was covered with a septum and put on ice; thionyl chloride (5.8 mL, 80 mmol) was added 

cautiously, via syringe, to the stirred solution. The ice bath was removed, and the reaction stirred under 

reflux conditions for 4 h. The reaction mixture was neutralized with a saturated solution of NaHCO3. The 

neutralized solution was evaporated to dryness under reduced pressure. The resulting crusty brown solid 

was dissolved in chloroform (200 mL) and this mixture was filtered using reduced pressure. The 

supernatant was dried over Na2SO4 and subsequently filtered. The resulting clear brown solution was 

evaporated to dryness under reduced pressure to afford (2.11) as a light brown solid. Yield: 6.02 g (82%). 

1H NMR (400 MHz, CDCl3, 24 oC, TMS): δ = 7.48-7.41 (m, 5H), 7.30 (s, 2H), 5.21 (s, 2H), 4.82 (s, 2H),              

4.68 (s, 2H); 13C NMR (101 MHz, CDCl3, 23 oC): δ = 152.5, 147.9, 145.9, 135.7, 128.8, 128.4, 127.2, 124.1, 

120.3, 70.4, 46.3, 42.3.4, 179 
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Scheme 2.E6. Macro-cyclization and nosyl group removal for L3. 

Synthesis of 13-benzyloxy-4,7,10-tris(2-nitrobenzenesulfonyl)-tetraaza-2,6-pyridinophane (2.12): 

A solution of (2.11) (3.00 g, 11 mmol) in CH3CN (100 mL) was added dropwise, under N2, to a 

stirred solution of (2.1) (7.00 g, 11 mmol) and K2CO3 (4.40 g, 33 mmol) in CH3CN (250 mL) at 90 oC. The 

resulting dark yellow solution was stirred under N2 under reflux conditions for 48 h. The solvent was 

removed under reduced pressure to give a dark yellow-orange foamy solid. This solid was dissolved in 

dichloromethane and dried over Na2SO4. This mixture was filtered under reduced pressure. The clear dark 

orange-brown supernatant was evaporated to dryness under reduced pressure to give a foamy yellow 

solid. The solid was dissolved in an equal parts mixture of hot absolute ethanol and hot ethyl acetate 

(combined 150 mL), this mixture was left to stir for several hours. After several hours of stirring a powdery 

yellow solid had developed in the flask, this mixture was filtered and (2.12) was isolated as bright yellow 

powder. Yield: 7.56 g (82%). 1H NMR (400 MHz, DMSO, 23 oC): δ = 7.97-7.88 (m, 12H), 7.61-7.58 (d, 2H), 

7.43-7.33 (m, 5H), 5.20 (s, 2H), 4.69 (s, 2H), 4.53 (s, 2H), 4.36 (s, 2H), 3.53 (s, 2H), 3.46-3.43 (m, 4H). ESI-

MS (m/z): Found: 867.9835 [M+H]+ (100%), Theoretical: 867.1298 [M+H]+.4, 59 

Synthesis of 13-benzyloxy-1,4,7,10-tetraaza-2,6-pyridinophane trishydrochloride (2.13): 

KOH (1.90 g, 35 mmol) was dissolved in a minimum amount of water and added, along with CH3CN 

(250 mL) to a one-neck reaction flask. The flask was covered with a septum and thiophenol (3.48 mL, 30 

mmol) was cautiously added, via syringe, to the stirred solution. Finally, (2.12) (7.35 g, 8 mmol) was added 

all at once to the flask. After the addition of (2.12), the reaction mixture was put under N2, heated to 60oC, 

and left to stir overnight. The solvent was removed under reduced pressure to give a yellow oily residue. 
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This oily residue was dissolved in a mixture of 1.0 M HCl and concentrated HCl (250 mL, ratio of 3:1). The 

acidic solution was extracted with diethyl ether (3 x 50 mL) until the organic layer was no longer colored. 

Next, the aqueous layer was basified to pH 14 using solid KOH. The solvent was removed using reduced 

pressure to give a bright yellow solid. This solid was dissolved in dichloromethane (200 mL) and dried with 

Na2SO4. The resulting solution was filtered using reduced pressure and the filtrate was evaporated to 

dryness under reduced pressure. A dark yellow-orange oily substance was isolated. This oil was made solid 

by adding a specific ratio of hot absolute EtOH, concentrated HCl, and diethyl ether. This mixture was 

filtered and (2.13) was isolated as a dark yellow powder. Yield: 2.63 g (74%). 1H NMR (400 MHz, D2O, 25 

oC): δ = 7.63-7.60 (d, 1H), 7.46-7.37 (m, 6H), 5.23 (s, 2H), 4.53 (s, 2H), 4.48 (s, 2H), 3.31-3.10 (m, 8H). ESI-

MS (m/z): Found: 313.2089 [M+H]+ (100%), Theoretical: 313.2028 [M+H]+.4, 56, 59 

Synthesis of 1,4,7,10-tetraaza-2,6-pyridinophane-13-ol trishydrochloride (L3): 

A sample of compound (2.13) (2.63 g, 6 mmol) was dissolved in H2O (100 mL) and filtered. To the 

filtered solution solid PdO (0.76 g, 6 mmol) was added. This suspension was exposed to H2(g) (50 psi) using 

a Parr hydrogenator system for 24 h. The resulting clear solution was filtered and evaporated to dryness 

under reduced pressure, an off-white solid resulted. This solid was further treated with a small amount of 

absolute ethanol (20 mL), concentrated HCl (2 mL), and diethyl ether (40 mL). The product precipitated 

out of this solution and the reaction mixture was filtered to afford L3 as a pure white powder. Yield: 1.92 

g (93%). 1H NMR (400 MHz, D2O, 23  oC): δ = 7.38 (s, 2H), 4.51 (s, 2H), 4.45 (s, 2H), 3.39-3.22 (m, 8H); 13C 

NMR (101 MHz, D2O, 25 oC): 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]+.4, 182 
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2.9.6. Preparation of 1,4,11,13-tetraaza-bis(2,6-pyridinophane)-8,17-ol (L4) 

Synthesis of tosylamide monosodium salt (TsNHNa): 

 

 
Scheme 2.E7. Preparation of TsNHNa salt.183, 185 
 

TsNHNa was prepared according to literature procedures.183, 185 Under reflux conditions solid p-

toluenesulfonamide (60.0 g, 35 mmol) was added to freshly prepared NaOEt (23.8 g, 35 mmol) in absolute 

EtOH (400 mL). This mixture was stirred under reflux conditions for 2 h then cooled. The insoluble TsNHNa 

salt was collected via vacuum filtration and subsequently washed with absolute EtOH. The isolated white 

solid (TsNHNa) was dried in vacuo to give >90% yield. The tosylamide monosodium salt was used without 

further purification and can be stored indefinitely.183, 185 

Synthesis of protected 8,17-benzyloxy-4,13-bis-(p-toluenesulfonyl)-1,4,11,13-tetraaza-bis(2,6-

pyridinophane) (2.14): 

 
Scheme 2.E8. Synthetic methodology for the preparation of cyclized/protected L4. 

1 equivalent of TsNHNa (1.93 g, 10 mmol) was dissolved in 200 mL of DMF, put under N2, and 

heated to 80oC. (2.7) (2.82 g, 10 mmol) was dissolved in 50 mL of DMF and added dropwise to the above 

solution via addition funnel. Upon complete addition of TsNHNa, the reaction mixture was stirred for 1 

hour. After 1 h, a second equivalent of TsNHNa (1.93 g, 10 mmol) was added (as a solid) to the reaction 

all at once. The reaction stirred for an additional 12 h at 80oC and under N2. Upon reaction completion, 
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the solvent was pumped off under reduced pressure. Toluene was added to help azeotrope the mixture. 

When about 5 mL of the solvent remained an excess of cold methanol was added; (2.14) precipitated out 

as an off-white powder. This mixture was placed in the refrigerator for 12 h. Afterwards, the mixture was 

vacuum filtered and the collected solid was washed with cold methanol. (2.14) was isolated as an off-

white powder (3.11 g, 4 mmol, 40% yield).183-185 Crystals suitable for X-ray analysis were obtained via 

solvent diffusion of DMF and CH3OH. 

Synthesis of 1,4,11,13-tetraaza-bis(2,6-pyridinophane)-8,17-ol (L4): 

 
Scheme 2.E9. Synthetic methodology for the deprotection and isolation of L4. 
 

Lithium metal (1.3 g, 187 mmol) was cautiously weighed out and cut into small pieces to expose 

unoxidized Li metal. These small pieces of Li were added to a flask with 150 mL of dry THF. Naphthalene 

(3.0 g, 23 mmol) was weighed out and added all at once to the flask. To produce the lithium naphthalenide 

radical the solution was stirred and then sonicated until a dark green color developed, indicating 

formation of the radical species. The resulting dark green solution was cooled to -78oC in a dry ice/acetone 

bath. (2.14) (2.6 g, 3.4 mmol) was dissolved in 100 mL of THF to form a brown slurry. This slurry was added 

dropwise to the lithium naphthalenide solution in the flask. After complete addition of (2.14) the reaction 

mixture was allowed to come up to room temperature slowly, by letting the dry ice/acetone bath 

evaporate. The reaction was stirred at room temperature for 12 h. Afterwards the reaction mixture was 

placed on ice and hydrolyzed with water, a precipitate developed, and the solution was a light brown 

color. Upon quenching with water, a combination of 1 M and 6 M HCl was added to the reaction until 

there was no longer a discernable layer between the water and THF, and no additional color change was 
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observed. This aqueous solution was washed several times with diethyl ether. After extraction with diethyl 

ether the aqueous layer was evaporated under reduced pressure until about 15 mL of solution were 

present. The remaining yellow solution was transferred to a falcon tube and evaporated using a 

lyophilizer. The resulting semi-dry solid was dissolved in a minimal amount of methanol. To this solution 

an excess of ether and additional methanol was added until an off-white solid precipitated out of solution. 

This mixture was left stirring for several hours. The solution was vacuum filtered and the collected solid 

was washed with diethyl ether. L4 was isolated as an off-white solid and was characterized with 1H and 

13C NMR. Yield: 0.502 g (54%). 1H NMR (400 MHz, D2O, 25 oC): δ = 6.54 (s, 4H), 4.38 (s, 8H); 13C NMR (101 

MHz, D2O, 25oC): δ = 165.5, 151.3, 111.7, 52.1.188 Electronic absorption, λmax/nm (ε/M-1 cm-1); H2O: 255 

(4400,sh). Elemental Analysis for L4; L4•3HCl•H2O•CH3OH Found (Calculated): C, 41.51 (41.73); H, 5.64 

(5.84); N, 12.38 (12.98) %. 

2.9.7. Preparation of [L4CuIICl]2[Cl]2 (L4Cu) 

 L4 (42.5 mg, 0.123 mmol) was weighed out and dissolved in 5 mL of water to give a clear light-

yellow solution. The pH of the ligand solution was adjusted to 5.5 using a 1.0 M solution of KOH. 

Cu(ClO4)2•6 H2O (45.6 mg, 0.123 mmol) was subsequently weighed out and dissolved in 1 mL of H2O. The 

metal solution was slowly added dropwise to the pH adjusted ligand solution to initiate the metalation. 

Immediately the solution color changed from light yellow to light blue; this solution stirred at room 

temperature, open to air, for 12 h. The reaction mixture was subsequently pumped down under reduced 

pressure to afford a light green solid. The solid was dissolved in a minimum amount of CH3OH (1 mL) and 

a very small amount of H2O was added (0.8 mL). Any remaining salts left undissolved were filtered out of 

the solution; the filtered solution was set out for crystal growth. After several days more salts precipitated 

out of solution, these were subsequently removed by filtration and the solutions were set out for slow 

evaporation crystallization again. After several cycles of filtering the solution and setting it out for slow 

evaporation, light green X-ray quality crystals of L4Cu were isolated (15.1 mg, 0.017 mmol, 28% yield). 
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Electronic absorption, λmax/nm (ε/M-1 cm-1); H2O: 758 (23); DMF: 873 (49). Elemental Analysis for L4Cu; 

[L4CuIICl]2[Cl]2•3KCl•H2O•2CH3OH Found (Calculated): C, 32.09 (32.19); H, 3.57 (3.78); N, 10.44 (10.01) %. 

2.9.8. Preparation of [L4ZnIICl]2[Cl]2 (L4Zn) 

L4 (37.4 mg, 0.108 mmol) was weighed out and dissolved in 5 mL of water to give a clear-light 

yellow solution. The pH of the ligand solution was adjusted to 5.5 using a 1.0 M solution of KOH. 

Zn(ClO4)2•6 H2O (39.4 mg, 0.106 mmol) was subsequently weighed out and dissolved in 1 mL of H2O. The 

metal solution was slowly added dropwise to the pH adjusted ligand solution to initiate the metalation. 

No color change occurred upon addition of the Zn(II) salt; this solution stirred at room temperature, open 

to air, for 12 h. The reaction mixture was subsequently pumped down under reduced pressure to afford 

an off-white solid. The solid was dissolved in a minimum amount of CH3OH (1 mL) and a very small amount 

of H2O was added (0.4 mL). Any remaining salts left undissolved were filtered out of the solution; the 

filtered solution was set out for crystal growth. After several days more salts precipitated out of solution, 

these were subsequently removed by filtration and the solutions were set out for slow evaporation 

crystallization again. After several cycles of filtering the solution and setting it out for slow evaporation, 

pale yellow X-ray quality crystals of L4Zn were isolated (7.7 mg, 0.009 mmol, 16% yield). 1H NMR (400 

MHz, D2O, 25oC): δ = 6.44 (s, 4H), 4.60-4.68 (d, 2H), 4.31-4.27 (dd, 4H), 3.70-3.66 (dd, 4H). Elemental 

Analysis for L4Zn; [L4ZnIICl]2[Cl]2•KCl•CH3CN•4CH3OH Found (Calculated): C, 38.51 (38.49); H, 4.45 (4.85); 

N, 11.62 (11.88) %. 

2.9.9. X-ray crystallography 

 A Leica MZ 75 microscope was used to identify samples suitable for analysis. A Bruker APEX-II CCD 

diffractometer was employed for crystal screening, unit cell determination, and data collection; which 

was obtained at 100 K. The Bruker D8 goniometer was controlled using the APEX3 software suite, v1.205 

The samples were optically centered with the aid of video camera so that no translations were observed 
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as the crystal was rotated through all positions. The X-ray radiation employed was generated from a MoKα 

sealed X-ray tube (λ = 0.71076) with a potential of 50 kV and a current of 30 mA; fitted with a graphite 

monochromator in the parallel mode (175 mm collimator with 0.5 mm pinholes). 

2.9.9.1. [C42H40N4O6S2] (2.14) structure determination 

 Crystals of (2.14) suitable for X-ray analysis were obtained by solvent diffusion of DMF and CH3OH. 

Solvent diffusion of this solution at 4 oC afforded a translucent colorless crystal of (2.14), which was 

mounted on a 100 μm cryo-loop and used for X-ray crystallographic analysis. The crystal-to-detector 

distance was set to 50 mm, and the exposure time was 20 s per degree for all data sets at a scan width of 

0.5o. A total of 1,092 frames were collected, and the data collection was 99% complete. The frames were 

integrated with the Bruker SAINT Software package206 using a narrow frame algorithm. The integration of 

the data used a tetragonal unit cell yielding a total of 54,710 reflections to a maximum θ angle of 27.57o 

(0.77 Å resolution) of which 4,437 reflections were independent with the Rint = 37.0.%. Data were 

corrected for absorption effects using the multi-scan method SADABS.207 Using Olex2208 the structure was 

solved with the ShelXS209 structure solution program using Direct Methods and refined with the SHELXL210 

refinement package using Least Squares minimization. All hydrogen and non-hydrogen atoms were 

refined using anisotropic thermal parameters. The thermal ellipsoid molecular plots (50%) were produced 

using Olex2.208 

2.9.9.2. [L4CuIICl]2[Cl]2 (L4Cu) structure determination 

 Crystals of L4Cu suitable for X-ray analysis were obtained by dissolving several mg of light green 

powder of L4Cu in a mixture of CH3OH/H2O to provide a light green solution. Slow evaporation of this 

solution at room temperature afforded a translucent light green block-like crystal of L4Cu (0.279 x 0.160 

x 0.126 mm3), which was mounted on a 150 μm cryo-loop 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 
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at a scan width of 0.5o. A total of 2,180 frames were collected, and the data collection was 99% complete. 

The frames were integrated with the Bruker SAINT Software package206 using a narrow frame algorithm. 

The integration of the data used a monoclinic unit cell yielding a total of 45,954 reflections to a maximum 

θ angle of 30.13o (0.71 Å resolution) of which 5,217 reflections were independent with the Rint = 4.99%. 

Data were corrected for absorption effects using the multi-scan method SADABS.207 Using Olex2208 the 

structure was solved with the ShelXS209 structure solution program using Direct Methods and refined with 

the SHELXL210 refinement package using Least Squares minimization. All hydrogen and non-hydrogen 

atoms were refined using anisotropic thermal parameters. The thermal ellipsoid molecular plots (50%) 

were produced using Olex2.208 

2.9.9.3. [L4ZnIICl]2[Cl]2 (L4Zn) structure determination 

Crystals of L4Zn suitable for X-ray analysis were obtained by dissolving several mg of white powder 

of L4Zn in a mixture of CH3OH/H2O to provide a light-yellow solution. Slow evaporation of this solution at 

room temperature afforded a translucent light-yellow block-like crystal of L4Zn (0.469 x 0.244 x 0.176 

mm3), which was mounted on a 150 μm cryo-loop 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 0.5o. A total of 1,830 frames were collected, and the data collection was 100% complete. 

The frames were integrated with the Bruker SAINT Software package206 using a narrow frame algorithm. 

The integration of the data used a monoclinic unit cell yielding a total of 45,536 reflections to a maximum 

θ angle of 30.10o (0.71 Å resolution) of which 5,341 reflections were independent with the Rint = 2.85%. 

Data were corrected for absorption effects using the multi-scan method SADABS.207 Using Olex2208 the 

structure was solved with the ShelXS209 structure solution program using Direct Methods and refined with 

the SHELXL210 refinement package using Least Squares minimization. All hydrogen and non-hydrogen 

atoms were refined using anisotropic thermal parameters. The thermal ellipsoid molecular plots (50%) 

were produced using Olex2.208 
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2.9.10. Electrochemical measurements 

 Cyclic voltammetry (CV) was carried out with an EC Epsilon potentiostat (C-3 cell stand) purchased 

from BASi Analytical Instruments (West Lafayette, IN). A glassy carbon (GC) electrode from BASi (MF-

2012), 3 mm in diameter was polished on a white nylon pad (BASi MF-2058) with different sized diamond 

polishes (15, 6, 1 μm) to ensure a mirror-like finish. Between each measurement, the GC electrode was 

polished with the three diamond polishes. A three-electrode cell configuration was used with GC as the 

working electrode, an Ag wire (0.5 mm dia.) quasi reference electrode housed in a glass tube (7.5 cm x 5.7 

mm) with a Porous CoralPorTM tip, and a Pt wire (7.5 cm) as the counter electrode (BASi MW-1032). All 

solutions were bubbled with nitrogen gas for at least 15 min. prior to experimentation and were kept 

under a humidified nitrogen gas blanket. All potentials in this chapter are reported vs. Fc/Fc+ (E1/2 = 0 V). 

For each electrochemical analysis, 3.0 mg of each complex was dissolved in 3.0 mL of anhydrous DMF 

containing 0.1 M tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte. 

2.9.11. Equilibrium measurements 

 The chemicals (MCl2 salts) used in these studies were of the highest analytical grade obtained 

from Millipore Sigma, Alfa Aesar, or Strem Chemicals Inc. companies. The concentration of the stock 

solutions (≈50 mM) was determined by complexometric titration using a standardized Na2H2EDTA solution 

and appropriate indicators. Eriochrome Black T (CaCl2, MnCl2, and ZnCl2), xylenol orange (CoCl2), 4-(2-

pyridylazo)resorcinol (known as PAR) (CuCl2), and murexide (NiCl2).211 

 The pH-potentiometric titrations were carried out with a Metrohm 888 Titrando titration 

workstation, using a Metrohm 6.0234.100 combined electrode. The titrated solutions (6.00 mL) were 

thermostated at 25 oC, and samples were stirred and kept under an inert gas atmosphere (N2) to avoid 

the effect of CO2. The calibration of the electrode was performed using a two-point calibration with KH-

phthalate (pH = 4.005) and borax (pH = 9.177) buffers.  
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 The concentration of the H4L4
2+ (where L4 represents L4) was determined by pH-potentiometric 

titration. The protonation constants of L4
2- and the stability and protonation constants of Mn(II), Zn(II), 

Co(II), and Ca(II) complexes were also determined by pH-potentiometric titration. The metal-to-ligand 

concentration ratios were 1:1 (the concentration of the ligand was generally 2-3 mM). In the pH-

potentiometric titrations 200 – 360 mL:pH data pairs were recorded in the pH range of 1.6 – 12.0. The 

calculation of [H+] from the measured pH values was performed with the use of the method proposed by 

Irving et al.212 by titrating a 0.01 M HCl solution (I = 0.15 M NaCl) with a standardized NaOH solution. The 

differences between the measured (pHread) and calculated pH (- log [H+]) values were used to obtain the 

equilibrium H+ concentrations from the pH data obtained in the titrations. The ion product of water was 

determined from the same experiment in the pH range of 11.8-12.0. The protonation and stability 

constants were calculated from the titration data with the HYPERQUAD program.213 

 
Figure 2.E1. pH-potentiometric titration curves of L4 with and without the presence of an M(II) transition 
metal (Ca(II), Mn(II), Co(II), and Zn(II)). (I = 0.15 M NaCl, T = 25 oC).  
2.9.12. DPPH radical quenching assay 
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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, L4, or butylated hydroxytoluene (BHT) were dissolved 

in 10 mL of 95% EtOH, to an initial concentration of 5 mM and then diluted to 1 mM. Next, the stock 

solutions (1 mM) containing L1, L2, L4 and BHT (positive control) were diluted in a series with 95% EtOH 

to obtain working concentrations ranging from 1000 μL to 0.112 μL. The serial dilutions were done by 

taking 5 mL of the preceding sample and 5 mL of the 95% EtOH. The blank used was 1 mL absolute EtOH 

+ 1 mL 95% EtOH. Each final sample for analysis was prepared by mixing 2 mL of L1, L2, L4 or BHT with 2 

mL of the DPPH radical solution to obtain the final concentrations (500 μL, 250 μL, 125 μL, 62.5 μL, 31.25 

μL, 15.625 μL, 7.81 μL, 3.91 μL, 1.95 μL, 0.977 μL, 0.488 μL, 0.244 μL, 0.122 μL, and 0.061 μL). An aliquot 

of the DPPH stock solution (2 mL) was mixed with 95% EtOH (2 mL) and was used as a negative control. 

The samples were incubated in the dark for 24 h, at room temperature. For analysis, 1 mL of each sample 

and 1 mL of absolute ethanol were transferred to a 3-mL quartz cuvette, and the absorbance at 515 nm 

of each sample was measured on an 8453 UV-vis spectrophotometer (Agilent). Each experiment was 

performed in triplicate (n = 3). The final absorbance values 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. 

2.9.13. CCA redox cycling assay 

All solutions were prepared in KH2PO4/NaCl (1X) buffer containing Desferal [1 μM]171, 214 except 

CuSO4•6H2O, which was dissolved and diluted in Milli-Q water. Final sample volume = 3 mL. Each 

experiment was performed in triplicate (n = 3). Hydroxyl radical production was followed by measuring 

the conversion of CCA into 7-hydroxy-CCA (λex = 395 nm, λem = 450 nm). General order of addition: CCA 

[100 μM], molecule L2 or L4 (½ eq. = 5 μM; 1 eq. = 10 μM), or Cu(II) [10 μM], then ascorbate [300 μM]. 
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2.9.14. Cell studies 

 Mouse hippocampal cells (HT-22) and breast cancer cells (MCF-7) were grown in Dulbecco’s 

Modified Eagle’s Medium-high glucose (DMEM) supplemented in 10% fetal bovine serum (Sigma) and 

penicillin (10 μ/mL)/streptomycin (0.1 mg/mL) (Sigma), 2 mM glutamine (Sigma) and MEM non-essential 

amino acids (1x) (Sigma), at 37 oC, 5% CO2, 95% air. 

 Cytotoxicity studies were carried out using the MTT assay. Briefly, cells were plated at a density 

of 5000 cells per well in a 96 well tray. Following the overnight incubation, the cells were treated with the 

indicated concentrations of drug and further incubated for 16 hours under normal growing conditions. 

Following this, the medium and drug were removed and 100 μL per well of MTT (Thiazolyl Blue 

Tetrazolium Bromide, Sigma) was added at a concentration of 1 mg/mL in serum-free DMEM. Cells were 

incubated in this solution for 4 hours under normal growing conditions. Next, the MTT solution was 

removed and the precipitate generated was solubilized in 100 μL of 100% DMSO for 5 min., RT, whilst 

shaking. The absorbance was measured at 540 nm in an Omega FLUOstar microplate reader (BMG 

Labtech). Results are presented as the average of 8 replicates per concentration of drug. GraphPad Prism 

was used to calculate EC50 values and generate the graphs shown at the end of chapter 2. 
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Chapter 3: Spectroscopic and solid state evaluations of tetraazamacrocyclic 
cobalt complexes with parallels to the classic cobalt(II) chloride equilibrium 

 

3.1. Introduction 

From crown ethers to N-heterocyclic amines, macrocycles are integral to the field of coordination 

chemistry, and can bind to a multitude of transition metal ions.215 Along with having a variety of donor 

atoms, these ligands have a range of sizes. The smallest macrocycles have as few as 3 donor atoms forming 

rings with 9 atoms in the macrocycle, while larger macrocycles can have as many as 11 donor atoms 

forming rings with 33 atoms.215 However, more common examples are synthetic 12- to 16-membered 

rings which are often utilized to mimic biologically important and naturally occurring macrocycles, such 

as porphyrins and corrins. 5, 55, 215-219 The vast array of macrocyclic transition metal complexes have 

numerous potential uses; applications range from use as biomimetic models, therapeutic agents, and 

catalysts in various organic reactions.5, 55, 215-223 The kinetic and thermodynamic stabilities of these diverse 

ligands have played a large role in their popularity within the fields of inorganic and bioinorganic 

chemistry. Macrocyclic complexes exhibit enhanced kinetic and thermodynamic stability when compared 

to noncyclic analogues; Margerum and Cabbiness term this large increase in stability the macrocyclic 

effect. 31, 215, 217, 220, 223 The large number and inherent stability of complexes derived from macrocycles 

have made these ligands ubiquitous in the field of coordination chemistry, as described in chapter 1. 

 Transition metal ions incorporated in the Irving-Williams series, based on the increasing stability 

of metal complex formed, (Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II)) are particularly popular choices 

for forming macrocyclic metal complexes.200 The Green group has explored the complexes of Fe(III), Ni(II), 

Cu(II), and Zn(II) with 12-membered pyridine- and pyridol- containing tetraazamacrocycles; these 

complexes have been characterized and studied in depth.55-56, 62, 85-86 In continuation with the studies on 

macrocyclic complexes of first-row late transition metal ions, a fundamental characterization of 12-

membered pyridine-containing tetraaza macrocyclic cobalt(III) complexes has been conducted.62  
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Surprisingly, cobalt(III) complexes with 12-membered tetraazamacrocycles are not prevalent in 

the literature, but there are a few examples.220, 224-225 The majority of the chemical literature is dominated 

by 12-membered Co(II) tetraaza macrocyclic complexes or planar 14-membered Co(II)/Co(III) tetraaza 

macrocyclic complexes.5, 216, 219, 221-222, 226-227 Although examples of Co(III) tetraaza macrocyclic complexes 

are sparse, there are many Co(II)/Co(III) coordination complexes derived from monodentate and open 

chain chelates that are both historically significant and ubiquitous in chemical literature.225 Several 

examples include, historically significant ‘Werner’ complexes; the in-depth analysis of these Co(III) 

complexes by Alfred Werner (for whom they are named) led to the development of the field of 

coordination chemistry.29, 228 

3.1.1. Werner complexes: the foundation of coordination chemistry 

 Before the development of Werner’s coordination theory, inorganic chemists tried to explain 

bonding in coordination compounds using existing theories for organic molecules and salts.29 

Unfortunately, all other previously established theories fell short of explaining the bonding within 

coordination compounds. For an example complex, hexaamminecobalt(III) chloride ([Co(NH3)6]Cl3), some 

early theories only allowed three atoms to be attached to the Co(III) center due to its ‘valence’ (charge) 

of 3.29 Blomstrand and Jørgensen theorized that the nitrogen atoms could form chains and that the 

chloride ions bound directly to the Co(III) were more strongly bound than the chloride ions bonded to the 

nitrogen atoms; this theory is aptly named ‘Blomstrand’s Chain Theory’.29, 229-230 In contrast, Werner 

hypothesized that all six of the ammonia molecules were bound directly to the Co(III) center and that the 

chloride ions were bound more ‘loosely’ (which we now know are independent ions).29, 231-236 Table 3.1 

shows a comparison of the two theories for various cobalt complexes.29 Blomstrand’s chain theory 

predicts the dissociation of chloride ions attached to ammonia, but not those attached to cobalt.29, 229-230 

Similarly, Werner’s coordination theory consisted of two types of chloride ions; those attached directly to 

the Co(III) and the ‘other chlorides’, which were less firmly bound to permit dissociation. From table 3.1, 
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it can be observed that except for the last entry both theories predict the same number of ions upon 

dissociation. Werner and Jørgensen debated their two theories for years.29 Ultimately, their debate forced 

Werner to develop his theory more fully, because Jørgensen staunchly defended his chain theory.29  

 
         *The italicized chlorides dissociate in solution, according to the two theories.29 

Eventually, Werner proposed octahedral structures for such compounds as [Co(NH3)4Cl2]+ and 

[Co(en)2Cl2]+ (en = ethylenediamine) (Figure 3.1(a)).29, 228, 231-236 He synthesized many isomers of 

coordination compounds, such as green and violet isomers of [Co(en)2Cl2]+.29, 228 Werner claimed that 

within these two isomers of [Co(en)2Cl2]+ the chloride ions were arranged cis and trans to one another 

(Figure 3.1(a)).29 Jørgensen tried to offer alternative isomeric structures using his chain theory, but finally 

had to accept Werner’s coordination theory in 1907. Blomstrand and Jørgensen’s chain theory could not 

account for two different isomers with the same compound formula.29, 229-230 

 Although Werner had convinced Jørgensen of his coordination theory and the existence of 

optically active, carbon-free, coordination complexes, other chemists were weary to accept it.29 Some 

scientists suspected that the chirality of Werner’s isomeric complexes was due to undetected carbon 
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atoms.29 Finally, Werner was able to validate his hypothesis by separating a racemic mixture of 

[Co(Co(NH3)4(OH)2)3]Br6 into two optically active isomers (Figure 3.1(b)).29, 228 The definitive proof of an 

optically active coordination complex without the presence of carbon allowed Werner’s coordination 

theory to finally be accepted by the scientific community.29, 228  

 
Figure 3.1. (a) cis and trans isomers of Werner complexes; (b) Werner’s carbon-free optically active 
compound.29, 228 
 

Werner’s study of Co(III) complexes ultimately led to the development modern coordination 

chemistry.29, 228, 231-236 He proposed that in a coordination compound up to six ligands could be attached 

to the metal center, forming an octahedron; this was in opposition to Blomstrand and Jørgensen’s 

previously established chain theory.229-230 Some slight updates to Werner’s coordination theory have been 

applied, but ultimately his theory of coordination compounds is still in use today. 

3.1.2. Illustration of Le Châtelier’s Principle using the classic CoCl2 equilibrium 

 When new macrocycles are synthesized, the complexes formed with Co(II)/Co(III) ions can be 

compared to classic coordination compounds, (such as the Co(III) Werner complexes described above) in 

order to delineate the observed reactivity.225 A specific example of a classic Co(II) coordination complex 

(in contrast to the Co(III) containing Werner complexes) is the equilibrium between pink cobalt(II) 

hexahydrate and blue cobalt(II) tetrachloride (Scheme 3.1); this well-characterized demonstration is often 

used to illustrate Le Châtelier’s Principle.237-243 Le Châtelier’s Principle states that when a chemical system 
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at equilibrium is disturbed, the system shifts in a direction to minimize the disturbance.244 This principle 

is visualized by the introduction of different ‘disturbances’ that cause a shift between two different 

colored Co(II) species in aqueous solution. When CoCl2 is dissolved in water, it forms cobalt(II) hexahydrate 

([Co(H2O)6]2+), which is characteristically pink-red in color. Pink cobalt(II) hexahydrate can be converted 

into cobalt(II) tetrachloride ([CoCl4]2-) (which is characteristically dark-blue) by shifting the equilibrium to 

the favor Co(II) tetrachloride formation. The equilibrium between these two species can easily be shifted 

by changing concentration, temperature, solvent, etc. For example, addition of excess chloride ions (in 

the form of HCl) to an aqueous solution of [Co(H2O)6]2+ ions shifts the equilibrium to the right, forming 

blue [CoCl4]2- ions. The stark color difference of the pink [Co(H2O)6]2+ vs. blue [CoCl4]2- allows for easy 

visualization of the equilibrium shift between the two species, which is why this reaction has been utilized 

frequently to demonstrate Le Châtelier’s Principle. 

 
Scheme 3.1. Equilibrium reaction between cobalt(II) hexahydrate and cobalt(II) tetrachloride used to 
demonstrate Le Châtelier’s Principle.237, 239-243, 245 
 

3.1.3. Macrocyclic Co(III) complexes with parallels to the classic CoCl2 equilibrium 

 Through solid state and spectroscopic methods, the characterization of the 12-membered 

tetraaza macrocyclic Co(III) compounds, provided solution behavior like the classic CoCl2 equilibrium 

demonstration. The color change in organic vs. aqueous solvents, as well as the presence of a cobalt metal 

center, led to the examination of the classic CoCl2 equilibrium to determine if there were any parallels to 

the Green group ligand systems.237-243  
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 Electronic absorption spectra of CoCl2 in both water and DMF lead to an important parallel that 

helped to confirm our system was undergoing a similar equilibrium in these two solvents. Electronic 

absorption spectroscopy and X-ray diffraction measurements were obtained to further investigate this 

phenomenon. Through this work, it was observed that solvent choice could be used to produce two 

derivatives of L1Co, L2Co, and L3Co (L1Co1/L1Co2; L2Co1/L2Co2; L3Co1/L3Co2). Depending on solvent 

choice one of the cis-bound ligands of complex (L1Co, L2Co, or L3Co) changes (Cl- or DMF) as well as the 

overall complex charge (+1 or +2) and counter-ion ([ClO4]- or [CoCl4]2-). The spectroscopic and solid state 

characteristics of these systems and the parallels to the classic CoCl2 demonstration used to illustrate Le 

Châtelier’s principle will be discussed. 

 In addition to fundamental characterization, ion exchange reactions were performed on L1Co, 

L2Co, and L3Co. Chloride ions present when the ligand is isolated as an HCl salt were exchanged using 

AgBF4, to prevent formation of a [CoCl4]2- counter-ion during metalation. Upon isolation, the ion-

exchanged cobalt complexes L1Co3, L2Co3, and L3Co3 were tested as catalysts in several C-C coupling 

reactions. 

3.2. Synthesis of L1Co, L2Co, and L3Co and equilibrium behavior in organic and aqueous solvents 

 Complexation between cobalt(II) perchlorate hexahydrate and the hydrochloride salt of L1, L2, L3 

in DMF yielded [L1CoIIIClX]n+ (L1Co), [L2CoIIIClX]n+ (L2Co), and [L3CoIIIClX]n+ (L3Co) (X = Cl- or DMF; n = 1 or 

2) (Scheme 3.2). Upon addition of the ligand to the stirred Co(ClO4)2•6H2O solution, the color changed 

immediately from bright pink to deep blue (Figure 3.2). After reaction completion, L1Co, L2Co, and L3Co 

were isolated as light blue or purple solids. In order to characterize these ligand-cobalt complexes, L1Co, 

L2Co, and L3Co were dissolved in several different solvents, including DMF and water. Upon complex 

dissolution in DMF, the solutions remained blue in color. Conversely, when the complexes were dissolved 

in water, the resulting solutions were pink. The observed color changes suggested the cobalt coordination 
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was modified in DMF vs. H2O solutions. Electronic absorption spectroscopy was utilized to further 

investigate this phenomenon in solution.  

 
Scheme 3.2. Synthesis of L1Co, L2Co, and L3Co; equilibrium of L1Co1/L1Co2, L2Co1/L2Co2, and 
L3Co1/L3Co2 in aqueous and organic solvents (L1: R = H, R’ = H; L2: R = OH, R’ = H; L3: R = H, R’ = OH). 
 

 
Figure 3.2. Images of the complexation reaction of Co(II) + ligand in DMF. Co(ClO4)2 is bright pink when 
dissolved in DMF, upon addition of L1, L2, or L3 the solution color changes to deep blue (L1: R = H, R’ = 
H; L2: R = OH, R’ = H; L3: R = H, R’ = OH). 
 

3.3. Electronic absorption spectroscopy of L1Co, L2Co, and L3Co  

 The electronic absorption spectra of L1Co, L2Co, and L3Co were measured in DMF and H2O to 

investigate the color changes observed upon complex dissolution (Figure 3.3). The following discussion 

focuses on (L1Co), but similar results were obtained for (L2Co) and (L3Co) (Figure 3.3).  A comparison of 

the spectra in DMF vs. H2O confirmed that cobalt coordination was dependent upon the nature of the 

solvent (i.e. organic vs. aqueous). For instance, in H2O, the solution of (L1Co) is bright pink and contains 

two absorbance bands at 376 and 535 nm (Figure 3.4(b), Table 3.2). When L1Co is dissolved in H2O the 

solution is bright pink and it exists as L1Co1 ([L1CoIIICl2][ClO4]) and cobalt(II) hexahydrate. Whereas, when 
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L1Co is dissolved in DMF the solution is deep blue and it exists as L1Co2 ([L1CoIIICl(DMF)][CoIICl4]). The 

following spectroscopic results support these assignments.  

 
Figure 3.3. Comparison of the electronic absorption spectra of (a) L1Co1, L2Co1, and L3Co1 with (b) L1Co2, 
L2Co2, and L3Co2 in water vs. DMF. The observed species in (a) and (b) are noted in (c) and (d), 
respectively (L1: R = H, R’ = H; L2: R = OH, R’ = H; L3: R = H, R’ = OH). 
 

Most known octahedral cobalt(III) complexes are diamagnetic and have a ground state of 1A1g. 

The visible absorption spectra of these octahedral cobalt(III) complexes consist of two spin allowed 

transitions, 1A1g → 1T1g and 1A1g → 1T2g.30, 202, 246-247 In a perfectly symmetric octahedral complex [CoIIIX6], 

there is no splitting observed in the 1A1g → 1T1g transition, but in asymmetric octahedral complexes 

[CoIIIX4Y2] there can be splitting of the 1T1g state.30 The magnitude of 1T1g splitting is dependent upon the 

nature of [CoIIIX4Y2], which can exist in both the cis and trans configurations.30 Trans-[CoIIIX4Y2] complexes 

have large splitting in the 1T1g state, resulting in an electronic absorption spectrum with three absorbance 

bands.30, 202 In contrast, cis-[CoIIIX4Y2] complexes have a lesser degree of splitting in the 1T1g state, resulting 

in only two observed absorbance bands, with one absorbance band being slightly asymmetric in shape.30, 

202  L1Co1 has a geometry consistent with a cis-[CoIIIX4Y2] complex. In water, the absorption band at 376 

nm is assigned to the higher energy transition, 1A1g → 1T2g. The absorption band observed at 535 nm is 

assigned to the lower energy transition, 1A1g → 1T1g. 
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In DMF, the solution of L1Co2 is deep blue with a shoulder at 380 nm, and two absorbance bands 

at 535 and 680 nm. The lower energy absorbance at 680 nm has multiple shoulders due to spin-orbit 

coupling (Figure 3.4(b), Table 3.2). The absorbance bands at 380 nm and 535 nm can once again be 

assigned to the transitions 1A1g → 1T2g and 1A1g → 1T1g, respectively, of the octahedral diamagnetic Co(III) 

complex. Upon careful examination of the additional absorbance band (680 nm), it was determined that 

it resembled the spectrum of a cobalt(II) chloride species in solution.238, 243 The electronic absorption 

spectrum of cobalt(II) chloride hexahydrate was obtained under the same experimental conditions (Figure 

3.4(a)) because of this intriguing similarity of the absorbance band to L1Co2 in DMF solution. It is 

established that cobalt(II) chloride dissolved in H2O, or aqueous solvents, exists as the complex ion, 

cobalt(II) hexahydrate. Alternatively, when cobalt(II) chloride is dissolved in DMF (or organic solvents) it 

exists as cobalt(II) tetrachloride. Expectedly, the cobalt(II) chloride dissolved in DMF exhibited a complex 

absorbance band at 680 nm; this solution behavior is consistent with a cobalt(II) tetrachloride ion present 

in solution238, 243; this absorbance band is in agreement with the higher energy band observed in the 

spectrum of the deep blue DMF solution containing L1Co2. 

 

 
Figure 3.4.  Comparison of the electronic absorption spectra of (a) CoCl2 and (b) L1Co1 and L1Co2 in DMF 
vs. water. The conversion process observed for (a) and (b) are noted in (c) and (d), respectively. 
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The cobalt(II) tetrachloride ion has been well characterized using electronic absorption 

spectroscopy.30, 202, 238, 246-247 Because this complex has a tetrahedral geometry, with no center of 

symmetry, the absorption transitions are able to overcome LaPorte selection rules, resulting in very 

intense absorbance bands when compared to the octahedral cobalt(II) hexahydrate complex.29 Assigning 

transitions for cobalt(II) tetrachloride can be somewhat difficult. In the visible region, the absorbance 

band that encompasses 680 nm can be assigned to the highest energy transition 4A2 → 4T1(P).30, 202, 247 This 

absorbance band is very complex, (containing multiple shoulders and peaks) due to other transitions to 

doublet excited states that occur in the same region of wavelengths.30, 202 

Based on the parallel between the electronic absorption spectra of CoCl2 and L1Co it was 

postulated that the DMF solution (Figure 3.4(b)) contained L1Co2 with [CoIICl4]2- and the H2O solution 

contained L1Co1 with [CoII(OH2)6]2+.  EPR methods were in agreement with a 4-coordinate Co(II) in DMF 

and six coordinate Co(II) in water as well (Figure 3.E1). Solid state methods were employed to verify this 

hypothesis and determine the exact nature of the cobalt coordination sphere. 

3.4. Solid state evaluation of L1Co1, L2Co1, L3Co1, and L1Co2 

 Following spectroscopic evaluation, crystallizations of L1Co, L2Co, and L3Co were carried out 

separately in H2O and DMF yielding X-ray quality crystals of L1Co (L1Co1 and L1Co2), L2Co (L2Co1), and 

L3Co (L3Co1), respectively (Figure 3.5). Although there were multiple attempts to grow crystals of L2Co 

and L3Co in both H2O in DMF, only crystals of L2Co and L3Co grown from H2O were suitable for XRD 

analysis. Two crystal growth methods were used in order to continue the investigation of how solvent 

type changed cobalt coordination. Through evaluation of the solid state structure, the exact nature of the 

cobalt coordination sphere was identified. 
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Pink crystals of L1Co1, L2Co1, and L3Co1 suitable for X-ray analysis were obtained by dissolving 

L1Co, L2Co, and L3Co in H2O followed by slow evaporation at room temperature.  As shown in figure 

3.5(a), compounds L1Co1, L2Co1, and L3Co1 provide a Co(III) ion coordinated in a pseudo-octahedral 

geometry.  The Co(III) cation is ligated by four N-donors derived from L1, L2, or L3 and two cis-bound 

chloride ions completing the six-coordinate system. The cationic species [L1CoIIICl2]+ and [L3CoIIICl2]+ are 

balanced by anionic [ClO4]- counter-ions. Conversely, the cationic species [L2CoIIICl2]+ is balanced by two 

different anionic species; [ClO4]- and Cl- serve as counter-ions to two separate cationic species. The 

asymmetric unit of L1Co1 consists of three independent [L1CoIIICl2][ClO4] species, the asymmetric unit of 

L2Co1 consists of two independent [L2CoIIICl2][ClO4] and [L2CoIIICl2][Cl] species, and the asymmetric unit 

of L3Co1 consists of one independent [L3CoIIICl2][ClO4] species. Analysis of the solid state structure of 
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L1Co1 revealed that orientations of the three [ClO4]- counter-ions relative to the cationic species 

[L1CoIIICl2]+ were slightly different, but that bond lengths and angles were similar between all three species 

and varied by less than 0.006 Å and 0.78o. Therefore, one representative unit of the cationic [L1CoIIICl2]+ 

species’ bond lengths and angles are reported (Table 3.4). Additionally, the two independent cationic 

species of L2Co1 differed only slightly, the bond lengths and angles varied by less than 0.0132 Å and 0.79o; 

therefore, one representative unit of the cationic [L2CoIIICl2]+ species’ bond lengths and angles are also 

reported in table 3.4. The resulting structures for L1Co1, L2Co1, and L3Co1 are derived from a monoclinic 

P21/c system. 

Alternatively, deep-blue crystals of L1Co2 suitable for X-ray analysis were obtained via vapor 

diffusion of diethyl ether into DMF (Figure 3.5(b)). The asymmetric unit of L1Co2 consisted of one 

independent [L1CoIIICl(DMF)][CoIICl4] species. The resulting structure was derived from an orthorhombic 

Pbca system. L1Co2 also has a pseudo-octahedral geometry; the cobalt(III) ion is ligated by four N-donors 

of (L1), a cis-bound chloride ion, and a cis-bound DMF molecule, resulting in a six-coordinate complex. In 

contrast to L1Co1, L2Co1, and L3Co1, the cationic species [L1CoIIICl(DMF)]2+ is balanced by an anionic 

[CoIICl4]2- counter-ion. The second cobalt metal center present in the counter-ion is Co(II). It is this 

[CoIICl4]2- anionic coordination complex that is responsible for the solvent dependent-equilibrium behavior 

of L1Co in solution. 

The [L1CoIIIClX]n+ (X = Cl- or DMF, n = 1 or 2) units of L1Co1, L2Co1, L3Co1 and L1Co2 show little 

deviation in the cobalt(III) coordination environment. It is interesting to note that the Co(III)-N bonds 

between the pyridine or pyridol nitrogen atom and the Co(III) metal center (Co(1)-N(4)) are the shortest 

Co(III)-N bonds within the complexes (Table 3.4). This is due to the additional electron density from the 

pyridine or pyridol ring stabilizing the bonding interactions, thus shortening those bond distances. 

Additionally, if the Co(1)-N(4) bond length is compared for only L1Co1, L2Co1, and L3Co1 an interesting 

trend is observed. L1Co1 has the shortest Co(1)-N(4) bond length (1.856 Å), followed by L2Co1 (1.858 Å) 
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and then L3Co1 (1.864 Å). This suggests that addition of the hydroxyl group on the pyridine ring weakens 

the bonding interaction between N(4) and Co(1) slightly. Moreover, the hydroxyl group in the meta 

position (L3Co1) weakens the bonding interaction between N(4) and Co(1) more than the hydroxyl group 

in the para position (L2Co1). When comparing the Co(1)-Cl(1) bond distances another interesting 

observation can be made; the Co(1)-Cl(1) distance decreases from 2.2823 Å, to 2.2765 Å, followed by 

2.2680 Å, and 2.2412 Å in L1Co1, L2Co1, L3Co1 and L1Co2. This is consistent with the change in Cl- vs. 

DMF donors to the Co(III) center. The bond angles change very little (Table 3.4) between L1Co1, L2Co1, 

L3Co1, and L1Co2.  
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Complexes with a similar coordination environment to L1Co1, L2Co1, L3Co1 and L1Co2 are limited 

in number.220, 224-225 One particular Co(III) complex synthesized by Hubin et al. (denoted 3.1)225 offered 

connectivity parallels to complexes L1Co1, L2Co1, L3Co1, and L1Co2. 3.1 is a 12-membered ethylene 

cross-bridged macrocycle bound to a Co(III) ion and is shown in figure 3.6. This complex, like L1Co1, L2Co1, 

L3Co1, and L1Co2, is a 5-5-5-5 ring structure with Co(III) ligated by four N-donors, as well as two cis-bound 

species to complete the octahedron. When comparing L1Co1, L2Co1, L3Co1 and L1Co2 with 3.1, some 

distinguished differences in bond angles were noted, specifically when comparing axial vs. equatorial 

bond angles (Table 3.4). In L1Co1, L2Co1, L3Co1, and L1Co2 the N(3)-Co(1)-N(1) bond angles are 165.25o, 

164.14o, 165.48o, and 165.33o, but in 3.1 the N(3)-Co(1)-N(1) bond angle is 168.80o. This axial bond angle 

in 3.1 is much more linear than L1Co1, L2Co1, L3Co1, and L1Co2 (Figure 3.6, Table 3.4).225 The equatorial 

bond angles N(4)-Co(1)-N(2) in L1Co1, L2Co1, L3Co1, and L1Co2 are 93.40o, 94.75o, 94.66o, and 94.56o, 

respectively, while this same bond angle is only 87.24o in 3.1 (Figure 3.6, Table 3.4) 225. Inspecting the axial 

and equatorial bond angles of these structures revealed that L1Co1, L2Co1, L3Co1, and L1Co2 give rise to 

delineation from octahedral geometry in the axial coordination, whereas 3.1 modifies the equatorial 

Co(III) interactions. The slight difference in axial and equatorial bond angles is due to the structures of the 

two ligands. L1, L2, and L3 are 12-membered pyridine- and pyridol-containing tetraazamacrocycles; the 

presence of the pyridine or pyridol ring constrains the axial N(3)-Co(1)-N(1) bond angle causing more 

deviation from linearity in L1Co1, L2Co1, L3Co1, and L1Co1 than in 3.1. In contrast, 3.1 contains a 12-

membered ethylene cross-bridged tetraazamacrocycle; this ethylene cross-bridge restrains the equatorial 

N(4)-Co(1)-N(2) bond angle in 3.1 compared to L1Co1, L2Co1, L3Co1, and L1Co2.  
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Figure 3.6. Comparison of solid state structure of L1Co1, L2Co1, L3Co1, L1Co2, and 3.1 (hydrogen atoms 
have been omitted for clarity).225 (3.1 CCDC #: 199072) 
 

3.5. Equilibrium behavior of L1Co, L2Co, and L3Co 

When dissolved in DMF, or organic solvents, L1Co, L2Co, and L3Co exist as L1Co2, L2Co2, and 

L3Co2 ([L1-3CoIIICl(DMF)][CoIICl4]), but when dissolved in H2O, or aqueous solvents, they exist as L1Co1, 

L2Co1, and L3Co1 ([L1-3CoIIICl2][ClO4]). One important observation is that the solid state structure of 

L1Co2 contains cobalt in two different oxidation states, (II) and (III); whereas, the solid state structure of 

L1Co1 contains only cobalt(III).  This indicates that L1Co (and L2Co/L3Co based on the electronic spectra) 

remains intact throughout. Although in the solid state L1Co1, L2Co1, and L3Co1 contain only one cobalt 

ion, when L1Co1, L2Co1, or L3Co1 are in solution there is another source of cobalt ions present, in the 

form of [CoII(OH2)6]2+. This complex ion is not observed in the solid state, because it does not balance the 

charge of the ligand-cobalt complex [L1-3CoIIICl2]+, instead [ClO4]- is observed as the anionic counter-ion 

(Scheme 3.2). Upon realizing that along with the ligand-cobalt complex, cobalt(II) tetrachloride was 

present in DMF and cobalt(II) hexahydrate was present in H2O, it was made obvious how the solution 

behavior of these macrocyclic ligand complexes incorporates the classic cobalt(II) chloride equilibrium. 

This was further confirmed when the spectra of L1Co2 and cobalt(II) chloride were obtained in 

concentrated HCl and compared (Figure 3.7). Although neither complex was dissolved in an organic 

solvent, both exhibited the characteristic cobalt(II) tetrachloride absorbance bands. Because chloride ions 

were present in such excess the equilibrium was shifted from cobalt(II) hexahydrate to cobalt(II) 

tetrachloride. The same complex ions present in this classic demonstration, were also present in within 

the coordination sphere of the cobalt-macrocyclic ligand complexes (Scheme 3.2).There are several 
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instances reported in literature where ligand-cobalt complexes have changed color drastically upon 

dissolution, but never before has this unique equilibrium been thoroughly investigated in the depth 

described here. 225 

  
Figure 3.7. Comparison of the electronic absorption spectra of (a) CoCl2 and (b) L1Co2 in concentrated 
hydrochloric acid; both contain the anionic species [CoIICl4]2-. 
 

3.6. Electrochemistry of L1Co, L2Co, and L3Co 

 In addition to X-ray crystallography, complexes L1Co, L2Co, and L3Co were characterized using 

cyclic voltammetry. Analyses were performed in DMF solutions meaning the complexes were present as 

L1Co2, L2Co2, and L3Co2. Two waves (oxidation and reduction) were observed for each complex when 

scanning from cathodic to anodic potentials (Figure 3.8). When the scan direction was reversed from 

anodic to cathodic potentials no oxidation event was observed indicating that the two redox events are 

related. Although the two events are related, the oxidation and reduction of the complex are irreversible 

(slow electron transfer) based on the separations of roughly 1.00 V (Table 3.5, Figure 3.8). Reduction of 

the metal center from Co(III) → Co(II) (-0.959 to -1.05 V for L1Co2-L3Co2) could result in the loss of cis-

bound ligands in a weakly coordinating solvent, like DMF, thus producing CoCl2.203 Upon reversal of the 

scan directions the Co(II) 4-coordinate complex (resulting from loss of ligands upon cobalt reduction) is 

re-oxidized to Co(III), at much higher potentials and the 6-coordinate Co(III) complex is reformed in quick 

succession.203 In addition, based on the E1/2 values for each complex, the order of stability of the Co(III) 
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species is L2Co2 (-0.552 V) > L3Co2 (-0.489 V) > L1Co2 (-0.423 V), with L2Co2 being the most negative 

(Table 3.5, Figure 3.8). This data indicates that L2 is the most electron donating ligand and stabilizes the 

Co(III) species to the greatest degree. The findings of the electrochemical analysis of complexes L1Co2, 

L2Co2, and L3Co2 agree with previously reported conclusions related to the donor capacity of L1-L3 from 

studies of other ligand-metal complexes.56 

 
Figure 3.8. Cyclic voltammograms recording in 10 mL of DMF containing 10 mg (L1Co, L2Co, or L3Co; 0.01 
mmol) + 0.1 TBAP with a glassy carbon working electrode, Ag wire quasi-reference electrode, and 
platinum wire auxilary electrode. All voltammograms were referenced to Fc/Fc+ (E1/2 = 0.00 V). Arrows 
indicated direction of scans performed at 100 mV/s; (a) scanning from cathodic to anodic potentials and 
(b) scanning from anodic to cathodic potentials. 
 
 

 

3.7. Ion exchange reactions with L1Co, L2Co, and L3Co 

 In order for L1Co, L2Co, and L3Co to be considered for catalytic chemistry, ion exchanges with 

silver tetrafluoroborate were performed to prepare complexes without [CoIICl4]2-. To accomplish this, ion-

exchange reactions were performed with the ligand salt sans metal. Chloride ions present upon ligand 

synthesis were exchanged for tetrafluoroborate ions via precipitation and filtration of AgCl. Upon 

metathesis of the ligand, complexation was achieved using cobalt(II) perchlorate hexahydrate as 

described in section 3.2. A color change from pink to red was observed as an indication of ligand 
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complexation with cobalt. Complexation of the ligand with cobalt(III) was confirmed using UV-visible 

spectroscopy (Figure 3.9) and elemental analysis. The electronic spectra of L1Co, L2Co, and L3Co are the 

same in both H2O and DMF, confirming that [CoCl4]2- ions are not present within the coordination sphere 

(Figure 3.9). Based on these characterization techniques it is hypothesized that in solution L1Co, L2Co, 

and L3Co exist as L1Co3, L2Co3, and L3Co3 ([L1CoIIICl(DMF)][BF4]2, [L2CoIIICl(DMF)][BF4]2, 

[L3CoIIICl(DMF)][BF4]2) (Scheme 3.3). 

 
Scheme 3.3. Metathesis reaction with AgBF4 and subsequent complexation reaction to form L1Co3, 
L2Co3, and L3Co3 (L1: R = H, R’ = H; L2 R = OH, R’ = H; L3: R = H; R’ = OH). 
 

 
Figure 3.9. Electronic absorption spectra of L1Co3, L2Co3, and L3Co3 in (a) H2O and (b) DMF. No 
characteristic [CoCl4]2- absorbance band is present. 
 

3.8. Exploration of catalytic activity  

3.8.1. Michael-Addition C-C coupling  

 Upon performing metathesis reactions to exchange the counter-ion of the ligand-cobalt 

complexes (i.e. the second cobalt metal center) several catalysis reactions were tested using L1Co3, 

L2Co3, and L3Co3. Gladyz and coworkers have utilized modified Werner complexes (containing Co(III)) for 
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the enantioselective Michael-Addition reaction between various nitro-olefins and malonate esters 

(Scheme 3.4).248 The rational for utilizing the ligand-cobalt complexes synthesized in the Green group was 

that the cobalt was in the same oxidation state and a similar ligand environment to the modified Werner 

complexes.248 Upon investigation into to the catalytic ability of L1Co3, L2Co3, and L3Co3 it was discovered 

that the Michael-Addition reaction proceeds without catalyst present, which was not indicated in the 

literature (Table 3.E1.).248 Yields suitable for enantiomeric selectivity testing (enantiomeric excess) were 

not obtained so this investigation was halted in favor of exploring other potential catalytic reactions. 

 
Scheme 3.4. Michael-Addition C-C coupling reaction between nitrostyrene and dimethyl malonate.248 
 
3.8.2. Suzuki-Miyaura type C-C coupling 

Yu et al. have shown that Suzuki-Miyaura type C-C coupling can be achieved with the use of 

tetraazamacrocycles and iron salts as catalysts.249 The Green group has investigated the catalyst ability of 

ligand-iron(III) complexes on this reaction, with varying degrees of success.85-86 Out of curiosity, the 

catalyst ability of the ligand-cobalt complexes was also tested on the C-C coupling between phenylboronic 

acid and pyridine to yield phenylpyridine (Scheme 3.5). Unfortunately, no product was detected via 1H 

NMR with or without the presence of ligand-cobalt catalyst (Table 3.E2). These results and those from 

colleague, Samantha Brewer, indicate that the metal choice (Fe) and ligand should be considerations for 

the catalysis described.  

 
Scheme 3.5. Suzuki-Miyaura type catalyzed C-C coupling reaction.249 
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3.9. Conclusions 

 
Figure 3.10. (a) L1Co isolated as a blue powder; (b) L1Co dissolved in H2O exists as L1Co1; (c) L1Co 
dissolved in DMF exists as L1Co2 (this solvent dependent behavior is also observed for L2Co and L3Co). 
 

Various spectroscopic and solid state techniques were used to identify the coordination of the L1-

L3 cobalt complexes. In different solvents, ions bound to the Co(III) center, and counter-ions underwent 

a unique equilibrium (Scheme 3.2). When dissolved in DMF, complexes L1Co, L2Co, and L3Co are observed 

as L1Co2, L2Co2, or L3Co2 with two cobalt metal centers: one Co(III) metal center bound to L1, L2, or L3, 

Cl-, and DMF and the other metal center (Co(II)) bound to four chlorides ([L1CoIIICl(DMF)][CoIICl4], 

[L2CoIIICl(DMF)][CoIICl4], [L3CoIIICl(DMF)][CoIICl4]) (Scheme 3.2, Figure 3.3, 3.10). This [CoIICl4]2- species 

serves as the counter-ion. In contrast, when complexes L1Co, L2Co, and L3Co are dissolved in water, they 

exist as L1Co1, L2Co1, or L3Co1 consisting of a Co(III) metal center bound to L1, L2, or L3 and two cis-

chloride ions with a perchlorate or chloride counter-ion to balance the complex charge ([L1CoIIICl2][ClO4], 

[L2CoIIICl2][ClO4], [L3CoIIICl2][ClO4]) (Scheme 3.2, Figure 3.3, 3.10). Investigation of this phenomenon 

utilizing electronic absorption spectroscopy and solid state methods showed that this ligand cobalt 

complex parallels the behavior of the classic cobalt(II) chloride equilibrium. The electrochemistry of these 

complexes was also explored; CV experiments revealed two related redox events, a reduction of Co(III) to 

Co(II) followed by subsequent re-oxidation to Co(III) (Figure 3.8). Additionally, ion-exchange reactions 

were performed, to isolate a macrocyclic Co(III) metal complex without the presence of [Co IICl4]2- ions in 

the coordination sphere (Scheme 3.3, Figure 3.9). Metathesis reactions with AgBF4 and subsequent 

metalation reactions led to the isolate of L1Co3, L2Co3, and L3Co3 ([L1CoIIICl(DMF)][BF4]2, 
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[L2CoIIICl(DMF)][BF4]2, and [L3CoIIICl(DMF)][BF4]2). Finally, complexes L1Co3, L2Co3, and L3Co3 were 

tested as catalysts in several C-C coupling reactions (Michael-Addition (Scheme 3.4) and Suzuki-Miyaura 

type (Scheme 3.5)), but no catalytic abilities were observed. 

3.10. Experimental (methods and materials) 

Caution! Perchlorate salts are explosive and should be handled with care; such compounds should 

never be heated as solids. All chemical reagents were purchased from either Millipore Sigma or Alfa Aesar 

and used without further purification. The 12-membered tetraazamacrocycles L1, L2, and L3 were isolated 

as the hydrochloride salts prior to metal ion complexation in accordance with standard practices 

(syntheses are reported in the experimental section of chapter 2). The yields reported for L1Co, L2Co, and 

L3Co ([L1CoIIIClX]n+,[L2CoIIIClX]n+,[L3CoIIIClX]n+  X = Cl- or DMF, n = 1 or 2) were calculated from an average 

of three trials and based on elemental analysis results; each reaction was carried out in DMF. Additionally, 

the yields for L1Co3, L2Co3, and L3Co3 ([L1CoIIICl(DMF)][BF4]2, [L2CoIIICl(DMF)][BF4]2, 

[L3CoIIICl(DMF)][BF4]2) were calculated based on elemental analysis results as well; each of these 

metathesis reactions was carried out in H2O. Elemental analyses were performed by Canadian 

Microanalytical Services Ltd.  

3.10.1. Physical measurements 

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

were obtained on a Bruker Avance III (400 MHz) High Performance Digital NMR Spectrometer. Electronic 

absorption spectra were collected between 190 nm and 1100 nm using an 8453 UV-vis 

spectrophotometer (Agilent) and a 3-mL quartz cuvette with a path length of 1.0 cm. Molar extinction 

coefficients were calculated utilizing the Beer-Lambert law (A = εbc). 
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3.10.2. Preparation of [L1CoIIIClX]n+ (L1Co) 

 Cobalt(II) perchlorate hexahydrate (89.0 mg, 0.243 mmol) was dissolved in 10 mL of DMF, 

resulting in a bright pink solution. Subsequently, L1 (100 mg, 0.317 mmol) was added in one portion. The 

solution color changed immediately from bright pink to deep blue (Figure 3.2) upon addition of L1. This 

reaction mixture stirred at room temperature for 24 h. The resulting deep blue solution was filtered 

through a 0.45 μm filter syringe to remove excess unreacted ligand. Excess diethyl ether was added to the 

filtered solution, causing a deep blue powder to precipitate out of solution. The powder and diethyl ether 

mixture was transferred to Eppendorf tube(s) and centrifuged for 5 min. at 4000 rpm. The supernatant 

was decanted, and more diethyl ether was added to the blue powder in the Eppendorf tube; this process 

was repeated four to six times to remove traces of the solvent DMF. Finally, the blue powder, along with 

a small amount of diethyl ether, was transferred to a 6-mL vial and dried by vacuum on a Schlenk line to 

afford L1Co as a light blue solid (106 mg, 0.122 mmol, 39% yield). Crystals of L1Co1 suitable for X-ray 

analysis were obtained via slow evaporation of water at room temperature and crystals of L1Co2 suitable 

for X-ray analysis were obtained via vapor diffusion of diethyl ether into DMF. Electronic absorption 

λmax/nm (ε/M-1 cm-1); water: 376 (144), 535 (133); DMF: 380 (318), 535 (320), 680 (886). Elemental Analysis 

for L1Co; [L1CoCl:DMF][CoCl4]•2HCl•3DMF Found (Calculated): C, 31.89 (31.87); H, 4.57 (5.58); N, 12.78 

(12.93); O 7.95 (7.38) %. 

3.10.3. Preparation of [L2CoIIIClX]n+ (L2Co) 

Compound L2Co was prepared in a similar manner to that described above for L1Co. Compound 

L2Co was isolated as a light blue solid (113 mg, 0.135 mmol, 45% yield). Although a crystallization mixture 

was set-up, no crystals of L2Co2 were obtained. Crystals of L2Co1 suitable for X-ray analysis were obtained 

via slow evaporation of water at room temperature. Electronic absorption, λmax/nm (ε/M-1 cm-1); water: 

376 (236), 535 (182); DMF: 380 (278), 545 (230), 680 (308). Elemental Analysis for L2Co; 
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[L2CoCl:DMF][CoCl4]•HCl•2H2O•HClO4•DMF Found (Calculated): C, 25.33 (24.41); H, 4.00 (4.58); N, 9.45 

(10.05); O, 17.22 (17.21) %. 

3.10.4. Preparation of [L3CoIIIClX]n+ (L3Co) 

 Cobalt(II) perchlorate hexahydrate (85.0 mg, 0.232 mmol) was dissolved in 10 mL of DMF, 

resulting in a bright pink solution. Subsequently, 100 mg of L3 (100 mg, 0.302 mmol) was added in one 

portion. The solution color changed immediately from bright pink to deep blue upon addition of L3. This 

reaction mixture stirred at room temperature for 24 h. The resulting indigo solution was filtered through 

a 0.45 μm filter syringe to remove excess unreacted ligand. Upon filtration the DMF, solvent was removed 

under reduced pressure. Toluene was added to aid in solvent removal. Excess diethyl ether and ethanol 

were added to the resulting deep purple oil; this mixture was stirred overnight, at which time a purple 

precipitate had formed. The powder and diethyl ether/ethanol mixture was transferred to Eppendorf 

tube(s) and centrifuged for 5 min. at 4000 rpm. The supernatant was decanted and additional diethyl 

ether (10 mL) was added to the purple powder in the Eppendorf tubes; this process was repeated several 

times to remove traces of ethanol and DMF. Finally, the purple powder along with a small amount of 

diethyl ether was transferred to a 6 mL vial and dried by vacuum on a Schlenk line to afford L3Co as a pale 

purple solid. (111 mg, 0.108 mmol, 36% yield). Although a crystallization mixture was set-up, no crystals 

of L3Co2 were obtained. Crystals of L3Co1 suitable for X-ray analysis were obtained via slow evaporation 

of water at room temperature. Electronic Absorption λmax/nm (ε/M-1 cm-1); water: 510 (291); DMF: 510 

(674), 680 (772). Elemental Analysis for L3Co; [L3CoCl:DMF][CoCl4]•HCl•2H2O•HClO4•EtOH•3DMF Found 

(Calculated): C, 29.16 (29.19); H, 4.53 (5.68); N, 11.66 (10.89); O 18.96 (18.66) %. 
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3.10.5. Preparation of [L1CoIIICl(DMF)][BF4]2 (L1Co3) 

 L1 (200 mg, 0.630 mmol) was dissolved in ~20 mL of H2O, resulting in a clear pale-yellow solution. 

Subsequently, AgBF4 (444 mg, 2.33 mmol) was added in one portion, which resulted in the immediate 

precipitation of AgCl. The solution, now cloudy, was shielded from light (to prevent AgCl photo-

degradation) and stirred open to air at room temperature for 24 h. The resulting opaque white mixture 

was filtered through a 0.2 μm filter syringe to remove AgCl. Upon filtration the H2O was removed under 

reduced pressure. To the resulting yellow oily residue diethyl ether and absolute ethanol were added; this 

mixture was stirred for 12 h. The oily residue was now a flaky off-white powder. The powder and diethyl 

ether/ethanol mixture was transferred to Eppendorf tube(s) and centrifuged for 5 min. at 4000 rpm. The 

supernatant was decanted and additional diethyl ether (10 mL) was added to the off-white powder in the 

Eppendorf tubes; this process was repeated several times to remove traces of ethanol. Finally, the off-

white powder along with a small amount of diethyl ether was transferred to a 6 mL vial and dried by 

vacuum on a Schlenk line to afford L1•3HBF4 (298 mg, 0.71 mg, quantitative). 

 Cobalt(II) perchlorate hexahydrate (59.9 mg, 0.164 mmol) was dissolved in 10 mL of DMF, 

resulting in a bright pink solution. Subsequently, 100 mg of L1•3HBF4 (100 mg, 0.213 mmol) was added in 

one portion. There was no immediate color change of the solution. This reaction mixture stirred at room 

temperature for 24 h. The resulting red solution was filtered through a 0.45 μm filter syringe to remove 

excess unreacted ligand. Upon filtration the DMF solvent was removed under reduced pressure. Toluene 

was added to aid in solvent removal. Excess diethyl ether and ethanol were added to the resulting deep 

red oil; this mixture was stirred overnight, at which time a bright red powder had formed. The powder 

and diethyl ether/ethanol mixture was transferred to Eppendorf tube(s) and centrifuged for 5 min. at 

4000 rpm. The supernatant was decanted and additional diethyl ether (10 mL) was added to the red 

powder in the Eppendorf tubes; this process was repeated several times to remove traces of ethanol and 

DMF. Finally, the red powder along with a small amount of diethyl ether was transferred to a 6 mL vial 
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and dried by vacuum on a Schlenk line to afford L1Co3 as a pale red solid (104 mg, 0.116 mmol, 53%). 

Crystallizations of L1Co3 were set up in both DMF and water, but no crystals suitable for X-ray analysis 

were obtained. Electronic Absorption λmax/nm (ε/M-1 cm-1); water: 505 (313); DMF: 516 (436). Elemental 

Analysis for L1Co3; [L1CoCl:DMF][BF4]2•H2O•HClO4•HBF4•3DMF Found (Calculated): C, 27.39 (26.70); H, 

4.36 (4.82); N, 11.16 (10.90); Co 7.08 (6.55) %. 

3.10.6. Preparation of [L2CoIIICl(DMF)][BF4]2 (L2Co3) 

Compound L2Co3 was prepared in a similar manner to that described above for L1Co3. Compound 

L2Co3 was isolated as a light red solid (95 mg, 0.119 mmol, 56% yield). Electronic Absorption λmax/nm 

(ε/M-1 cm-1); water: 518 (256); DMF: 525 (302). Crystallizations of L2Co3 were set up in both DMF and 

water, but no crystals suitable for X-ray analysis were obtained. Elemental Analysis for L2Co3; 

[L2CoCl:DMF][BF4]2•HBF4•AgCl Found (Calculated): C, 20.78 (21.16); H, 3.26 (3.30); N, 8.54 (8.81); Co 7.55 

(7.42) %. 

3.10.7. Preparation of [L3CoIIICl(DMF)][BF4]2 (L3Co3) 

Compound L3Co3 was prepared in a similar manner to that described above for L1Co3 and L2Co3. 

Compound L3Co3 was isolated as a light red solid (105.2 mg, 0.117 mmol, 63% yield). Crystallizations of 

L3Co3 were set up in both DMF and water, but no crystals suitable for X-ray analysis were obtained. 

Electronic Absorption λmax/nm (ε/M-1 cm-1); water: 510 (337); DMF: 506 (446). Elemental Analysis for 

L3Co3 [L3CoCl:DMF][BF4]2•HClO4•HBF4•3DMF Found (Calculated): C, 27.59 (26.76); H, 4.26 (4.60); N, 

11.01 (10.92); Co 6.49 (6.56) %. 

3.10.8. X-ray crystallography 

 A Leica MZ 75 microscope was used to identify samples suitable for analysis. A Bruker APEX-II CCD 

diffractometer was employed for crystal screening, unit cell determination, and data collection; which 

was obtained at 100 K. The Bruker D8 goniometer was controlled using the either the APEX2 software 
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suite (v2014.11-0)250 or the APEX3 software suite (v1).205 The samples were optically centered with the 

aid of video camera so that no translations were observed as the crystal was rotated through all positions. 

The X-ray radiation employed was generated from a MoKα sealed X-ray tube (λ = 0.71076) with a potential 

of 50 kV and a current of 30 mA; fitted with a graphite monochromator in the parallel mode (175 mm 

collimator with 0.5 mm pinholes).  

3.10.8.1. [L1CoIIICl2]3[ClO4]3 (L1Co1) structure determination 
 

Crystals of L1Co1 suitable for X-ray analysis were obtained by dissolving several mg of the blue 

powder of L1Co in H2O to provide a pink solution. Slow evaporation, of this solution, at room temperature 

afforded a translucent dark red-pink plate-like crystal of L1Co1 (0.101 x 0.262 x 0.303 mm3) which was 

mounted on a 0.5 mm cryo-loop 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 

0.5o. A total of 1304 frames were collected, and the data collection was 99.8% complete. The frames were 

integrated with the Bruker SAINT Software package250 using a narrow frame algorithm. The integration of 

the data using a monoclinic unit cell yielded a total of 139,761 reflections to a maximum θ angle of 38.63o 

(0.57 Å resolution) of which 26,110 were independent with the R int = 6.72%. Data were corrected for 

absorption effects using the multi-scan method SADABS.207 Structural refinements were performed with 

XShell (v. 6.3.1) by the full-matrix least-squares method.251 All hydrogen and non-hydrogen atoms were 

refined using anisotropic thermal parameters. Two of the Co(III) metal centers in the asymmetric unit 

were disorder over two positions, demonstrating a 50/50 ratio between the components. The thermal 

ellipsoid molecular plots (50%) were produced using Olex2.252  

3.10.8.2. [L2CoIIICl2]2[ClO4][Cl] (L2Co1) structure determination 

 Crystals of L2Co1 suitable for X-ray analysis were obtained by dissolving several mg of the blue 

powder of L2Co in H2O to provide a pink solution. Slow evaporation, of this solution, at room temperature 

afforded a translucent dark red-pink block-like crystal of L2Co1 (0.54 x 0.33 x 0.10 mm3) which was 
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mounted on a 0.5 mm cryo-loop 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 

0.5o. X-ray diffraction data was collected using a Bruker APEXII single crystal X-ray diffractometer.  

Reflections were collected at 100(2) K using Mo Kα1 radiation ( = 0.71073 Å) using a data collection 

strategy determined by APEXII. Inspection of the collected diffraction images demonstrated the sample 

to be twinned.  Using CrysAlisPRO, the data were processed as a four-component twin once the unit cell 

was determined by analysis of systematic absences from the experimental images.  Data reduction and 

final twin refinement were also achieved using CryAlisPRO.253  Multi-scan absorption corrections were 

performed using the SCALE3 ABSPACK scaling algorithm implemented within CrysAlisPRO.253 The structure 

was solved via direct methods using ShelXT254, refined using ShelXL255 in the Olex2 graphical user 

interface252 and had its space groups unambiguously verified via PLATON.256  Fourier recycling of the 

reflection data for L2Co1 resulted in the identification of electron density peaks attributable to at least 

five highly-disordered water molecules present in solvent accessible voids of 538 Å3 that could not be 

satisfactorily modeled.  The data was treated using the SQUEEZE routine in PLATON and then refined on 

F2 to acceptable levels.257  The final structural refinement included anisotropic temperature factors on all 

non-hydrogen atoms.  All hydrogen atoms were attached via the riding model at calculated positions using 

appropriate HFIX commands.  The chlorine anion present in the asymmetric unit was disordered over two 

positions, demonstrating a 70/30 ratio between the components. The thermal ellipsoid molecular plots 

(50%) were produced using Olex2.252 

3.8.10.3. [L3CoIIICl2][ClO4] (L3Co1) structure determination 

Crystals of L3Co1 suitable for X-ray analysis were obtained by dissolving several mg of blue 

powder of L3Co in H2O to provide a pink solution. Slow evaporation of this solution at room temperature 

afforded a translucent dark purple-pink block-like crystal of L3Co1 (0.176 x 0.077 x 0.073 mm3), which was 

mounted on a 75 μm cryo-loop and used for X-ray crystallographic analysis. The crystal-to-detector 
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distance was set to 50 mm, and the exposure time was 10 s per degree for all data sets at a scan width of 

0.5o. A total of 1,824 frames were collected, and the data collection was 100% complete. The frames were 

integrated with the Bruker SAINT Software package206 using a narrow frame algorithm. The integration of 

the data used a monoclinic unit cell yielding a total of 43,444 reflections to a maximum θ angle of 30.11o 

(0.71 Å resolution) of which 4,742 reflections were independent with the R int = 10.66%. Data were 

corrected for absorption effects using the multi-scan method SADABS.207 Using Olex2208 the structure was 

solved with the ShelXS209 structure solution program using Direct Methods and refined with the SHELXL210 

refinement package using Least Squares minimization. All hydrogen and non-hydrogen atoms were 

refined using anisotropic thermal parameters. The chlorine (Cl(1)) bound to the metal center present in 

the asymmetric unit was disordered over two positions, demonstrating a 50/50 ratio between the 

components. Additionally, the perchlorate anion present in the asymmetric unit was disorder over two 

positions, demonstrating a 50/50 ratio (for 2 O atoms) and 80/20 (for 2 O atoms) ratio between the 

components. The thermal ellipsoid molecular plots (50%) were produced using Olex2.208  

3.10.8.4. [L1CoIIICl(DMF)][CoIICl4] (L1Co2) structure determination 

Crystals of L1Co2 suitable for X-ray analysis were obtained via vapor diffusion of diethyl ether into 

DMF. An intense dark blue-purple plate-like crystal of L1Co2 (0.086 x 0.272 x 0.464 mm3) was mounted 

on a 0.5 mm cryo-loop 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 0.5o. A total 

of 772 frames were collected, and the data collection was 99.6% complete. The frames were integrated 

with the Bruker SAINT Software package 250 using a narrow frame algorithm. The integration of the data 

using a monoclinic unit cell yielded a total of 59,090 reflections to a maximum θ angle of 35.06o (0.62 Å 

resolution) of which 9,867 were independent with the Rint = 4.26%. Data were corrected for absorption 

effects using the multi-scan method SADABS.207 Structural refinements were performed with XShell (v. 

6.3.1) by the full-matrix least-squares method.251 All hydrogen and non-hydrogen atoms were refined 
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using anisotropic thermal parameters. The thermal ellipsoid molecular plots (50%) were produced using 

Olex2.252 

3.10.9. Electrochemical measurements 

Cyclic voltammetry (CV) was carried out with an EC Epsilon potentiostat (C-3 cell stand) purchased 

from BASi Analytical Instruments (West Lafayette, IN). A glassy carbon (GC) electrode from BASi (MF-

2012), 3 mm in diameter was polished on a white nylon pad (BASi MF-2058) with different sized diamond 

polishes (15, 6, 1 μm) to ensure a mirror-like finish. Between each measurement, the GC electrode was 

polished with the three diamond polishes. A three-electrode cell configuration was used with GC as the 

working electrode, an Ag wire (0.5 mm dia.) quasi reference electrode housed in a glass tube (7.5 cm x 5.7 

mm) with a Porous CoralPorTM Tip, and a Pt wire (7.5 cm) as the counter electrode (BASi MW-1032). All 

solutions were bubbled with nitrogen gas for at least 15 min. prior to experimentation and were kept 

under a humidified nitrogen gas blanket. All potentials in this work are reported vs. Fc/Fc+ (E1/2 = 0 V). For 

electrochemical analysis, 10.0 mg of each complex was dissolved in 10 mL of anhydrous DMF containing 

0.1 M tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte. 

3.10.10. X-band EPR spectroscopy and quantitative simulations 

 X-band (9 GHz) EPR spectra were recorded on a Bruker EMX Plus spectrometer equipped with a 

bimodal resonator (Bruker model 4116DM). Low-temperature measurements were made using an Oxford 

ESR900 cryostat and an Oxford ITC 503 temperature controller. A modulation frequency of 100 kHz was 

used for all EPR spectra.  All experimental data used for spin-quantitation were collected under non-

saturating conditions.  Analysis of the EPR spectra utilized the general spin Hamiltonian,  

 H ̂= D (ŜZ
2
-

S(S+1)

3
) + E (ŜX

2
+ŜY

2
)  + βB∙g∙S + SAI  Equation [3.1]  

where D and E are the axial and rhombic zero-field splitting parameters and g is the g-tensor.258  Nuclear 

hyperfine interactions (A) are treated with second-order perturbation theory.  EPR spectra were simulated 
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and quantified using Spin Count (ver. 5.5.5749.20032), written by Professor M. P. Hendrich at Carnegie 

Mellon University.  The simulations were generated with consideration of all intensity factors, both 

theoretical and experimental, to allow concentration determination of species. The only unknown factor 

relating the spin concentration to signal intensity was an instrumental factor that depended on the 

microwave detection system. However, this was determined by the spin standard, Cu(EDTA), prepared 

from a copper atomic absorption standard solution purchased from Sigma–Aldrich. 

3.10.10.1 EPR results of L1Co in H2O and DMF (Carried out at UTA with Brad Pierce and co-workers) 

 As illustrated in figure 3.E1., below, EPR samples of L1Co were prepared in both water (L1Co1) 

(trace 1) and DMF (L1Co2) (trace 2) to complement electronic absorption results and verify the (II) 

oxidation state and coordination geometry of Co-coordination sphere.  The EPR spectrum of aqueous 

samples of L1Co1 (5 mM) is designated by trace 1.  This spectrum is consistent with a nearly axial S = 3/2 

spin state (E/D = 0.05) with observed g-values at 5.5 and 2.04.  The line width of this spectrum is 

dominated by both g-strain and unresolved hyperfine from the 59Co (I = 7/2) nucleus.  The simulation 

parameters (dashed line) for this species is typical of 5- or 6-coordinate Co(II).259-263  The temperature-

normalized signal intensity for 1 decreases with increasing temperature indicating that the ms = ±1/2 

doublet is the ground state within the S = 3/2 spin system.  The magnitude of the zero-field splitting 

parameter (D = 10 ± 3 cm-1) was determined by plotting the EPR signal intensity of this signal versus 1/T 

and fitting the data to a Boltzmann population distribution for a 2-level system.  The EPR simulation 

(dashed lines) for 1 shown in figure 3.E1. was calculated using this D-value.  For analytical purposes, all 

data was recorded under non-saturating conditions.   

An equivalent sample of L1Co2 (5 mM) prepared in DMF is shown in figure 3.E1. (trace 2).  Unlike 

the sample prepared in water, additional features are observed at g-values of 6.40, 5.33, 2.81, 2.04, and 

1.70.  Additionally, a multiline hyperfine splitting [8.3 mT, 230 MHz] is observed in within the 6.4 < g-value 

< 4.4 region.  These features are reasonably simulated (S2) by assuming contributions from two species (i 
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and ii) differing in their rhombicity (E/D-values) of 0.09 and 0.23, respectively.  While slightly more 

rhombic (E/D = 0.09 versus 0.05), the simulation parameters for (i) are like those obtained for S1.  

Therefore, it can be concluded that this species is also a 5- or 6-coordinate Co(II) center.  Alternatively, 

the increased rhombicity (E/D = 0.23) and resolved hyperfine of (ii) is more consistent with properties 

reported for tetrahedral Co(II) sites.258-263  

 
Figure 3.E1. 10 K X-band EPR spectra of L1-Co and in water (1) and DMF (2).  Quantitative simulations 
(dashed lines) for each spectrum are included for comparison.  Instrumental parameters: microwave 
frequency, 9.643 GHz; microwave power, 100 μW for each spectrum arc, 0.9 mT; temperature, 10 K. 
Simulation parameters for each 59Co(II) S = 3/2  (I = 7/2) site: S1, gx,y,z (2.01, 2.69, 2.15), σgx,y,z (0.09, 0.08, 
0.09), Aiso, (250 MHz), D = 10 ± 5 cm-1, E/D = 0.05; S2 (i), gx,y,z (2.38, 2.34, 2.17), σgx,y,z (0.05, 0.05, 0.05), 
Aiso, (250 MHz), D = 10 ± 5 cm-1, E/D = 0.09; (ii), gx,y,z (2.46, 2.48, 2.04), σgx,y,z (0.01, 0.02, 0.03), Aiso, (230 
MHz), D = 10 ± 5 cm-1, E/D = 0.23, 0.1 mT.  All simulations utilize a uniform line width (σB) of 0.1 mT. 
 

3.10.11. Michael-Addition C-C coupling248 

 An NMR tube was charged with catalyst (either L1Co3, L2Co3, or L3Co3) (8.99 mg (L1Co3), 7.95 

mg (L2Co3), 8.97 mg (L3Co3), 0.010 mmol, 0.1 equiv.), dimethyl malonate (13.8 μL, 0.120 mmol, 1.2 

equiv.), nitro-olefin (17.9 mg, 0.10 mmol, 1.0 equiv.) and Ph2SiMe2 (0.0020 mL, internal standard) in 
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acetonde-d6 (0.70 mL). An 1H NMR spectrum was recorded to measure the initial ratio of the nitroolefin 

to the standard. Et3N (14 μL, 0.0101 mmol, 1.0 equiv.) was added to the vessel and the reactions stirred 

at room temperature. The reaction was monitored by 1H NMR and TLC. The reaction mixture was filtered 

through glass wool and solvent was removed under reduced pressure. The resulting orange-yellow oil was 

taken up in dichloromethane. 

 

 

 

 
Figure 3.E2. Michael-Addition reaction sans catalyst monitored by 1H NMR; product formation is observed 
without catalyst present (at RT). 
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Figure 3.E3. GC-MS data for C-C coupling product of the Michael-Addition reaction (without catalyst). 

 
Figure 3.E4. Michael-Addition reaction with L1Co3 catalyst, monitored by 1H NMR. 

 
Figure 3.E5. GC-MS data for C-C coupling product of the Michael-Addition reaction with L1Co3 catalyst. 
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3.10.12. Suzuki-Miyaura type C-C coupling249 

A reflux tube equipped with a magnetic stir bar was charged with phenylboronic acid (24.4 mg, 

0.2 mmol, 1.0 equiv.), L1Co3 (8.9 mg, 0.010 mmol, 0.1 equiv.), pyridine (1 mL), and acetic acid (1 mL). The 

reaction vessel was placed in a 110 oC oil bath and stirred for 12 h. Afterwards, the reaction mixture was 

cooled to room temperature and diluted with ethyl acetate. The resulting solution was filtered through a 

pad of silica and concentrated in vacuo. This “crude product” was then characterized using 1H NMR. 

 

 
Figure 3.E6. 1H NMR spectra of control and catalyst reactions of Suzuki-Miyaura type C-C coupling. Starting 
materials were conserved with no product formation observed by 1H NMR. 
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Chapter 4: Synthesis and characterization of novel manganese  

monomers and dimers with tetraazamacrocyclic ligands 

 

4.1. Introduction 

Manganese can access many different oxidation states, from -3 up to +10 (+2, +4, and +7 are the 

most common oxidation states).264-265 This transition metal is used in a variety of different applications, 

because of its unique reactivity. Manganese can be utilized in practical applications such as metallurgy266, 

batteries267, and redox catalysis268, but it is also prevalent in nature.269 Because of the large range of 

oxidation states accessible to manganese, it is an ideal cofactor for a variety of metalloproteins with many 

diverse redox functions.265 Manganese plays an essential role in a multitude of biological systems and it 

can be found in numerous oxidation states and nuclearities within the active sites of metalloenzymes.270-

271 Examples of several manganese containing enzymes include, but are not limited to, superoxide 

dismutase, manganese catalase, and the oxygen-evolving complex within photosystem II. Superoxide 

dismutase (SOD) is a manganese containing enzyme that catalyzes the dismutation of superoxide into 

either oxygen or hydrogen peroxide.272 The antioxidant capacity of Mn-SOD is a vastly important defense 

against the superoxide radical, which is a by-product of the oxygen metabolism of living cells exposed to 

oxygen. The active site of Mn-SOD is composed of a mononuclear manganese center with trigonal 

bipyramidal coordination geometry.270, 273 Another important manganese containing enzyme, manganese 

catalase (Mn-catalase), catalyzes the disproportionation (or decomposition) of hydrogen peroxide, a 

reactive oxygen species, into water and molecular oxygen.270 The active site of Mn-catalase contains a 

dinuclear manganese center that is bridged by two oxygen atoms from water or hydroxide.270 Additionally, 

the dinuclear manganese center is also anchored by a bridging carboxylate from a glutamate residue.270 

Finally, the oxygen-evolving complex (OEC) within photosystem II (PSII) of green plants catalyzes the 
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oxidation of water during photosynthesis. The OEC active site is known to be composed of a tetranuclear 

manganese cluster, with several of the manganese atoms connected through μ-oxo bridges.270  

To understand and study the active sites of these manganese containing enzymes, scientists have 

developed small molecule mimics to elucidate key information such as: number of manganese ions 

present, spatial arrangement, coordination number, and oxidation states of manganese ions.274 For 

example, pentaazamacrocyclic ligands have been used to synthesize Mn(II) complexes that can serve as 

mimics for the active site of superoxide dismutase and multidentate nitrogen-containing ligands have 

been used to synthesize Mn(III,IV) complexes with di-μ-oxo bridges to mimic the OEC in PSII.275 In addition 

to SOD and OEC mimics, macrocyclic complexes with manganese in higher oxidation states (III, IV, etc.) 

have been shown to be useful for catalytic oxidation reactions.274  

Recently, the Green group has synthesized a small library of novel tetraazamacrocyclic manganese 

complexes with various oxidation states using pyclen (L1) (L1 = 1,4,7,10-tetraaza-2,6-pyridinophane), and 

two novel pyridol-containing tetraazamacrocycles (L2 and L3) (L2 = 1,4,7,10-tetraaza-2,6-pyridinophane-

14-ol), (L3 = 1,4,7,10-tetraaza-2,6-pyridinophane-13-ol). Two different sets of manganese complexes were 

synthesized, a set of Mn(III) mononuclear complexes and a set of Mn(III,IV) di-μ-oxo bridged dinuclear 

complexes. The two different types of complexes were synthesized by changing the order of addition of 

ligand and metal salt to a pH adjusted aqueous solution. In addition, the two types of complexes can be 

interconverted between one another. To our knowledge there is only one other report showing the 

synthesis of two different manganese complexes (a mononuclear Mn(III) complex and a dinuclear 

Mn(III,IV) complex) using the same macrocyclic ligand, within the same paper.276 The library of new 

complexes derived from L1-L3 was characterized using traditional inorganic techniques including, X-ray 

diffraction (XRD), UV-visible spectroscopy (UV-vis), cyclic voltammetry (CV), infrared spectroscopy (IR), 

electronic paramagnetic resonance (EPR), and elemental analysis.  
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Before discussing the synthesis and characterization of each novel macrocyclic complex 

performed by the Green group, a brief review of other Mn(III) macrocyclic mononuclear complexes and 

Mn(III,IV) μ-oxo bridged dinuclear complexes will be presented. Manganese can form a plethora of 

coordination complexes with a variety of ligand sets, but in this review, we wish to highlight the 

manganese complexes which parallel the coordination environment observed in our own complexes. This 

work will be divided into three main sections, the first section of this review will focus on the synthesis, 

characterization, and applications of macrocyclic Mn(III,IV) di-μ-oxo bridged dinuclear complexes; which 

have a rich history within the chemical literature. The second section of this review will focus on the 

synthesis, characterization, and applications of Mn(III) mononuclear complexes; which are much less 

prevalent in the chemical literature. Following the review of these two types of manganese coordination 

complexes, the third section will discuss the small library of manganese complexes synthesized by the 

Green group and reported for the first time herein.  As a disclaimer, this review is not comprehensive. We 

have discussed only manganese complexes relevant to our own studies. While many manganese 

complexes are covered within this review we apologize to the authors of works that were not included. 

General Notes: Complexes are labelled based on a combination of the year they were synthesized, what 

ligand they were synthesized with, and what type of complex was formed. For example, a Mn(III,IV) 

dinuclear complex with cyclam is labelled as a different number than a Mn(III) mononuclear complex with 

cyclam. Different letters after the number indicate different counterions associated with each complex; 

complexes 4.1a and 4.1b are both comprised of the bipy ligand, but the counterions for each complex are 

different. If a number is written in the text without a letter after it, this is referring to only the cation of 

the complex not including counterions or solvent molecules, 4.1 = [(bipy)4MnIII,IV
2O2]3+. For several ligands, 

such as bispicen and tmpa, researchers synthesized ligand derivatives and made metal complexes with 

the derivatives, these are labelled with a decimal number after the main number, 4.3.1, 4.3.2, etc. 
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4.2. History of Mn(III,IV) di-μ-oxo bridged dimer complexes 

4.2.1. Photosystem II and water oxidation 

Photosynthesis, or light-driven water splitting, is one of the most important chemical processes 

in nature. Nearly all 21% of the O2 present in the Earth’s atmosphere is generated and maintained by this 

essential process.277-278 Several membranes and organelles within plants, algae, and cyanobacteria are 

responsible for performing the reactions (both light-dependent and light-independent) required for 

photosynthesis. These light-dependent reactions, which take place in the thylakoid membranes of green 

plants, are essentially carried out by four major protein complexes: photosystem II (PSII), cytochrome b6f 

complex, photosystem I (PSI), and ATP synthase.279 The first protein in this series, PSII, is essential, because 

it contains the oxygen-evolving complex (OEC) which is responsible for water oxidation in plants. Water 

oxidation is not only a critical step in the photosynthetic process, but also a hot pursuit to understand and 

mimic among many researchers. The conversion of water into oxygen is an energy intensive process that 

nature has perfected over millions of years of evolution. 

 

Scheme 4.1. Water splitting redox reactions (water oxidation + proton reduction) 
 

Water oxidation, when paired with proton reduction results in the water splitting redox reaction 

(Scheme 4.1). If a synthetic water oxidation catalyst (WOC) was combined with a hydrogen evolution 

catalyst (HEC) and a photosensitizer, scientists could build a device capable of artificial photosynthesis. A 

device that performs light-driven water splitting has the potential to revolutionize the energy industry. 

One such device could offer the ability to transform solar radiation into usable energy, in the form of 

hydrogen.280 Hydrogen could be utilized as an alternative fuel or even as a means reduce the greenhouse 

gas, carbon dioxide.280 Unfortunately, one of the largest obstacles for building such a device is finding an 
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efficient WOC. Water oxidation is sometimes referred to as the bottleneck of the water splitting redox 

reaction, because it (1) requires coupling of 4 e- and H+ transfers, (2) has a high activation energy, and (3) 

requires formation of an O=O bond.281-283 Scientists are currently trying to overcome the bottleneck of 

water splitting to make it a worthwhile endeavor for solar energy storage; the search for the ideal WOC 

is well underway.280  

Fortunately, nature has already designed a highly efficient WOC. The OEC located in PSII performs 

water oxidation in green plants. This highly efficient WOC has a turnover number (TON) of 180,000 

molecules of O2 per site and a turnover frequency (TOF) of 100-400 s-1; it is by far the most efficient and 

robust WOC known to date.284 If scientists can mimic the structure of the OEC using small molecular 

models, this could offer the ability to effectively oxidize water on command.  

4.2.2. The oxygen evolving complex (OEC) 

The OEC in PSII has been studied by numerous scientists attempting to elucidate the structure of 

this highly efficient water-oxidation catalyst. During the last century scientists often disagreed about the 

predicted structure of the OEC. In 1970, Joliot and Kok established a theory, known today as the Kok cycle, 

that the OEC exists in 5 different oxidation states (S0 – S4).285-287 Some of the first evidence for multiple 

manganese atoms in different oxidation states came from low temperature EPR measurements derived 

from work related to the Kok cycle. In the stable S2 state, the OEC exhibited a multiline EPR signal, due in 

part to an exchange coupled multinuclear manganese structure.285, 287-289 Additionally, EXAFS data of the 

OEC in both the S1 and S2 states indicated Mn—Mn distances of 2.7 Å.285, 287, 289 These pieces of evidence, 

along with several other observations, seemed to be diagnostic of a di-μ-oxo bridged manganese cluster 

within the OEC.285 In 1993, Yachandra et al. proposed a model for the OEC in PSII based upon the 

culmination of gathered evidence suggesting multiple manganese centers connected through oxo-bridges 

(Scheme 4.2(a)).287, 289 Not all scientists agreed with the proposed model, based on differing 

interpretations of the data relating to the S states.287  
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Scheme 4.2. (a) Proposed model of OEC published in 1994287, 289 (b) Crystal structure of OEC at resolution 
of 1.9 Å, published in 2011.290 
 

A huge step toward determining the structure of the OEC came in 1998, when Rhee et al. 

published a crystal structure of PSII fragments at a resolution of 8 Å.291 This initial crystal structure of 

inactive PSII fragments was followed by an influx of PSII crystal structures from 2000 up to 2011. Each 

newly solved PSII structure offered a higher resolution than what was previously reported, with some 

structures only differing by 0.1 Å .289-298 Finally, in 2011, Umena et al. reported the crystal structure of PSII 

contained within the thermophilic cyanobacteria Thermosynechococcus vulcanus at a resolution of 1.9 Å, 

the highest reported resolution of PSII reported to date.290 At this resolution, the electron densities of four 

manganese atoms and a single calcium atom were distinguishable. Additionally, five oxygen atoms that 

serve as oxo-bridges linking the five metal atoms were identified. The arrangement of the metal and 

oxygen atoms within the OEC gives rise to a cubane-like structure (Mn3CaO4). Three manganese atoms 

and a calcium atom are in four corners of the cubane. The fourth manganese atom is not within the cubane 

structure but linked to it through a di-μ-oxo bridge. Umena et al. describe the structure of the OEC as a 

“distorted chair” with the cubane serving as the seat base and the isolated manganese atom and oxygen 

as the chair back (Scheme 4.2(b)).290 

Until recently the complete structure of the OEC had not been determined, but early data 

gathered on PSII, using EXAFS and EPR, indicated a di-μ-oxo bridged manganese complex contained within 

the OEC. Many researchers believed that the OEC contained a “dimer” of dimers.265 Based on this early 

evidence, small molecule di-μ-oxo bridged manganese dimers have been produced to mimic the structure 

of the OEC. There is a rich history of these dimers within the chemical literature.299-306 While these di-μ-
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oxo bridged manganese dimers may be rudimentary they still offer the ability to catalyze water oxidation. 

The following section will discuss the synthesis, characterization, and applications of these historically 

significant Mn(III,IV) dimers (refer to schemes 4.3 and 4.4 for the range of ligands utilized and resulting 

complexes). 

4.2.3. Schemes and tables related to historic Mn(III,IV) dimer complexes 

 
Scheme 4.3. Parent ligands for Mn(III,IV) dimer complexes. 
 

 

 
Scheme 4.4. Historically significant di-μ-oxo bridged Mn(III,IV) dimers. 
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*Solid state structure has been reported in literature. 1: ref. 299; 2: ref. 299, 302; 3: ref. 300; 4: ref. 307; 5: ref. 
301, 307; 6: ref. 302; 7: ref. 308; 8: ref. 303; 9: ref. 309; 10: ref. 268; 11: ref. 306; 12: ref. 270, 310; 13: ref. 305; 14: ref. 
265, 304; 15: ref. 311; 16: ref. 311; 17: ref. 312; 18: ref. 304; 19: ref. 313; 20: ref. 313; 21: ref. 314; 22: ref. 315; 23: ref. 
276. 
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*Contains two Mn2O2 species within asymmetric unit, both Mn—Mn distances are reported. 1: ref. 300;        
2: ref. 307; 3: ref. 301, 307; 4: ref. 303; 5: ref. 268; 6: ref. 270; 7: ref. 305; 8: ref. 265; 9: ref. 311; 10: ref. 311; 11: ref. 313; 
12: ref. 314; 13: ref. 315.  
 
 

 
1: ref. 302; 2: ref. 302; 3: ref. 305; 4: ref. 304; 5: ref. 304; 6: ref. 276. 
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1: ref. 302; 2: ref. 307; 3: ref. 302; 4: ref. 309; 5: ref. 306; 6: ref. 305; 7: ref. 265, 304; 8: ref. 311; 9: ref. 304; 10: ref. 313; 
11: ref. 276 
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1: ref. 299, 302; 2: ref. 301, 307; 3: ref. 302; 4: ref. 303; 5: ref. 309; 6: ref. 268; 7: ref. 306; 8: ref. 305; 9: ref. 265, 304; 10: 
ref. 304, 313; 11: ref. 276. 
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4.2.4. Bipy and phen Mn(III,IV) dimers 

As shown in Scheme 4.5, the first di-μ-oxo bridged manganese dimer [(bipy)4MnIII,IV
2O2][S2O8]1.5

 

(4.1a) (bipy = 2,2-bipyridine) (Schemes 4.3, 4.4, 4.5; Table 4.1) was chemically synthesized in 1960 by 

Nyholm and Turco by adding molten bipy and solid K2S2O8 (an oxidizing agent) to a suspension of  

MnSO4•4H
2
O in warm water.299 The product, which was isolated as large greenish-black crystals was 

postulated to contain two manganese centers in different high valent oxidation states (III, IV).299 In 

addition to the synthesis of 4.1a which contained a persulfate counterion, Nyholm and Turco also 

performed a metathesis reaction to obtain the corresponding perchlorate [(bipy)4MnIII,IV
2O2][ClO4]3•2H

2
O 

(4.1b) (Table 4.1). Later, in 1972 Plaksin et al. chemically synthesized a similar di-μ-oxo bridged manganese 

dimer containing bipy ligands [(bipy)4MnIII,IV
2O2][ClO4]3 (4.1c) (Table 4.1).300 They reported the solid state 

structure for the novel bimetallic complex 4.1c and confirmed the manganese centers were in two 

different oxidation states (III, IV) based on bond lengths and the significant Jahn-Teller distortion exhibited 

by the Mn(III) atom.300 The Mn—Mn bond distance reported for 4.1c was 2.716 Å (Table 4.2), which is 

similar to the Mn—Mn bond distance observed in the OEC (2.7 Å).300 

In 1977, Cooper and Calvin were able to chemically synthesize another di-μ-oxo bridged 

manganese dimer [(phen)4MnIII,IV
2O2][ClO4]3•CH3COCH3 (4.2b) (phen = 1,10-phenanthroline) (Schemes 

4.3, 4.4, 4.5; Table 4.1) which was originally synthesized by Uson as [(phen)4MnIII,IV
2O2][PF6]3•CH3CN (4.2a), 

in 1976 (Table 4.1).301-302 The green powder (4.2b) was synthesized by adding KMnO4 (an oxidizing agent) 

in H2O, dropwise, to a solution of Mn(OAc)2•4H
2
O and phen.302 In addition to synthesizing the new phen 

Mn(III,IV) dimer, Cooper and Calvin examined both 4.1b and 4.2b using IR, CV, and UV-vis, (Table(s) 4.3, 

4.4; Schemes 4.5, 4.6).302 These characterization techniques offered insight into how the two manganese 

centers were interacting in solution. Cooper and Calvin utilized IR and isotopic substitution to identify the 

Mn2O2 vibration mode. Prior to recrystallization in H2
18O a stretching frequency of 688 cm-1 was observed 

for the bipy dimer (Table 4.3), but upon recrystallization in H2
18O at 80oC a new band (shoulder) appeared 
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at 676 cm-1.302 The stretching frequencies of 688 cm-1 (4.1b) and 686 cm-1 (4.2b) were assigned as the 

vibrational modes of the Mn2O2 core; no other bands were shifted.302 Additionally, based on the electronic 

spectra and previously obtained crystal structure of 4.1b, Cooper and Calvin concluded that both 4.1b and 

4.2b were Class II compounds in the classification scheme of Robin and Day for mixed valent 

compounds.302, 316 Class II compounds have weak interactions between the metal ions, meaning that in 

addition to the typical absorbances observed from each metal ion, the electronic spectrum also exhibits 

a new absorption due to a photon-driven electron transfer (intervalence transfer or IT) between the metal 

ions.302, 316 In contrast, Class I compounds have almost no interaction between the metal ions and Class III 

compounds are considered fully delocalized and resonance stabilized compounds.302, 316 The electronic 

spectra for both 4.1b and 4.2b exhibited absorbance bands at 525, 555, and 684 nm.302 Cooper and Calvin 

assigned the 525 and 555 nm absorbance bands as d-d bands, based on small extinction coefficient values; 

the 684 nm absorbance band had been previously assigned as a ligand to metal charge transfer band 

(LMCT) from the oxygen to the Mn(III) metal center.302, 317 This lower energy band was later reassigned by 

Suzuki et al. as the ligand to metal charge transfer from the oxygen to the Mn(IV) metal center.306 In 

addition to these absorbance bands, an 830 nm shoulder off of the 684 nm absorbance band was 

observed; this would later be identified as an IT band by Stebler et al.307 Cooper and Calvin also 

investigated 4.1b and 4.2b using CV. For both complexes, they observed two redox events, a reversible 

anodic wave corresponding the oxidation of MnIII,IV/MnIV,IV (E1/2 = 1.49 V vs. NHE for 4.1b and E1/2 = 1.50 V 

vs. NHE for 4.2b) (Table 4.4, Scheme 4.6) and a reversible cathodic wave corresponding to the reduction 

of  MnIII,IV/MnIII,III (E1/2 = 0.53 V vs. NHE for 4.1b and E1/2 = 0.58 V vs. NHE for 4.2b) (Table 4.4, Scheme 

4.6).302 The following year, in 1978, Cooper and Calvin published EPR investigations of 4.1b and 4.2b which 

exhibited a 16-line spectrum at 18 K and average g values of 2.003.318 The small g anisotropy suggested 

that the ground state of the Mn(III) (d4) ion was high-spin.318 Subsequent, EPR studies on 4.1b and 4.2b 

confirmed that the manganese ions were inequivalent in solution. 
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Although the initial synthesis of 4.2a was reported in 1976 (Scheme 4.5, Table 4.1), a complete 

solid state structure of a phen Mn(III,IV) dimer was not published until 1986. Stebler et al. reported the 

crystal structure for a [(phen)4MnIII,IV
2O2][PF6]3•CH3CN (4.2a) complex with static disorder between the 

two manganese centers.307 The measured bond distance between the Mn—Mn atoms was 2.700 Å (100 

K) and 2.695 Å (200 K) (Table 4.2). At both temperatures, the bond distances are slightly shorter than the 

Mn—Mn distance in 4.1c or 4.1d but still comparable to Mn—Mn distances found in the OEC.307  In 

addition to the solid state structure, Stebler et al. also performed UV-vis, and CV measurements on 4.2a.307 

The electronic spectrum and cyclic voltammogram of the newly synthesized phen dimer were remarkably 

similar to those previously reported by Cooper and Calvin (Tables 4.4, 4.5; Scheme 4.6). After the initial 

reports in the 1970s and 1980s regarding the synthesis and characterization of novel phen Mn(III,IV) 

dimers another report in 1994, focused on a new and improved synthesis.308 Manchanda et al. reported 

a different method for obtaining a phen Mn(III,IV) dimer [(phen)4MnIII,IV
2O2][ClO4]3•2C2H3O2 

•2H2O (4.2c) 

and subsequently reported the crystal structure of this newly synthesized complex. Unlike the crystal 

structure reported by Stebler et al. for 4.2a, which contained static disorder between the two manganese 

centers, Manchanda et al. obtained data that showed crystallographically distinct Mn(III) and Mn(IV) ions 

and  a  Mn—Mn bond distance of 2.711 Å (Table 4.2).308 

4.2.4.1. Catalytic ability of bipy and phen Mn(III,IV) dimers 

After synthesis and extensive characterization of complexes 4.1 and 4.2 (remember that 4.1 and 

4.2 refer to the cation of the Mn(III,IV) complex only, shown in scheme 4.4); several groups investigated 

the catalytic abilities of these novel complexes. The first activity report by Gref et al., in 1984 showed that 

the redox couples of complexes 4.1 and 4.2 (Scheme 4.4) could catalyze the anodic oxidation of benzyl 

ethers and benzyl alcohols with high selectivity.319 Later in 1986 and for the first time, Ramaraj et al. 

reported evidence of complexes 4.1 and 4.2 performing water oxidiation.320 They found that when the di-

μ-oxo bridged manganese dimers were suspended heterogeneously in water, with the presence of a 
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chemical oxidant (CeIV) these complexes could oxidize water; as evidenced by the visible formation of 

oxygen bubbles.320 In contrast, when complexes 4.1 or 4.2 were completely dissolved in water (i.e. in a 

homogeneous solution), addition of CeIV resulted in no oxygen formation, as confirmed by analysis of the 

gas phase above the solution.320 Additional investigation of this heterogenous water oxidation revealed 

that stirring the reaction mixture lead to more O2 formation and that the pH of the solution did not affect 

the water oxidation process.320 Ramaraj et al. also found that complex 4.1 was a more efficient catalyst 

than complex 4.2; which was consistent with complex 4.1 being easier to oxidize, as evidenced by CV.320 

This was the first report of water oxidation by Mn(III,IV) dimer complexes, and the first confirmation of 

their heterogenous water oxidation ability. 

The year following this initial report, Ramaraj et al. published an additional report on the 

investigation of complex 4.1 adsorbed onto clay and its water oxidation ability as a heterogeneous 

catalyst.321 The heterogeneous catalyst was prepared by mixing complex 4.1 with Kaolin clay in water. 

Findings for this heterogeneous catalyst were similar to what was observed previously by Ramaraj et al. 

When complex 4.1 was adsorbed onto clay, O2 bubbles formed on the surface of the clay in the presence 

of CeIV.321 Ramaraj et al. did observe decomposition of complex 4.1 if too much catalyst was adsorbed 

onto the clay surface; increase of complex 4.1 on the clay surface lead to an increase in oxygen evolution, 

but once a certain threshold was reached decomposition was observed. The decomposition product, 

MnO4
-, was detected by UV-vis analysis of the solution after catalysis.321 Overall, the findings of this second 

report by Ramaraj et al. complimented what had been discovered in the original report.320 Following the 

discovery that di-μ-oxo bridged manganese dimers had the potential to act as water oxidation catalysts, 

there was a large increase in the number of publications dedicated to manganese dimers in the late 

1980s.265, 268, 303-305, 322-323 
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4.2.5. Bispicen Mn(III,IV) dimers 

 After the discovery, synthesis, and characterization of the novel di-μ-oxo bridged manganese 

dimer complexes with phen and bipy ligands more groups began to synthesize Mn(III,IV) dimers with 

different multidentate nitrogen containing ligands. In 1987, Collins et al. synthesized a novel bispicen 

dimer complex [(bispicen)2MnIII,IV
2O2][ClO4]3•3H

2
O (4.3a) (bispicen = N,N’-bis(2-pyridylmethyl)-1,2-

diaminoethane) (Schemes 4.3, 4.4, 4.5; Table 4.1) by combining MnCl2•4H2O, bispicen•4HCl, sodium 

bicarbonate, and hydrogen peroxide.303 As shown in scheme 4.4, complex 4.3a deviated from the 

previously synthesized complexes 4.1 and 4.2 based on number of ligands comprising the complex. Both 

4.1 and 4.2 contained four individual bidentate ligands (two ligands bound to each individual manganese 

atom), whereas 4.3 contained two individual tetradentate ligands (one ligand bound to each individual 

manganese atom). Collins et al. obtained a solid state structure of the bispicen dimer as well as CV 

measurements.303 Within the solid state structure of 4.3a, the Mn—Mn bond distance in the bispicen 

dimer was measured to be 2.659 Å; this distance was considerably shorter than the Mn—Mn bond 

distances of complex 4.1a/4.1d (2.716 Å) and 4.2a (2.700 Å) (table 4.2).303 Additionally, the CV of the 

bispicen dimer 4.3a in both water and acetonitrile showed two quasi-reversible redox events, similar to 

4.1 and 4.2, these corresponded to the quasi-reversible anodic oxidation of MnIII,IV/MnIV,IV (E1/2 = 0.99 V 

vs. NHE in water; E1/2 = 1.51 vs. NHE in acetonitrile) and the quasi-reversible cathodic reduction of 

MnIII,IV/MnIII,III (E1/2 = 0.38 vs. NHE in water; E1/2 = 0.34 vs. NHE in acetonitrile) (Table 4.5).303 In contrast to 

the previously synthesized dimers, Collins et al. found 4.3a was easier to oxidize to the Mn(IV,IV) form, 

based on more negative anodic waves of 4.3a compared to either complex 4.1 or 4.2.303  

 In 1990, Goodson et al. synthesized another bispicen dimer [(bispicen)2MnIII,IV
2O2][ClO4]3 (4.3b) 

(Table 4.1) and performed additional characterization techniques.309 They acquired the electronic 

spectrum, additional CV measurements, and EPR measurements for this bispicen complex (Tables 4.4, 4.5; 

Scheme 4.6). The electronic spectrum of 4.3b was similar to complexes 4.1 and 4.2, with absorbance 
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bands at 386, 432, 655, and 805 nm (Table 4.4). The CV measurements obtained by Goodson et al. were 

congruent to those taken initially by Collins et al. Two quasi-reversible waves were observed for the 

complex corresponding to the reduction and oxidation of the Mn(III,IV) dimer (E1/2 = 0.99 V vs. NHE 

(oxidation); E1/2 = 0.39 V vs. NHE (reduction) in water) (Table 4.5, Scheme 4.6).309 EPR studies of 4.3b 

exhibited a 16-line hyperfine pattern, which was now assigned as two antiferromagnetically coupled 

manganese ions. 

1: ref. 303; 2: ref. 309; 3: ref. 324; 4: ref. 325; 5: ref. 326. 
 

 
Scheme 4.7. Bispicen and derivatized ligands. 
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The following year, in 1991, Goodson et al. published an additional report describing the synthesis 

and characterization of a library of bispicen derived di-μ-oxo bridged manganese dimers (4.3.1a-4.3.5a) 

(Table 4.6, Scheme 4.7).324 The complexes were synthesized utilizing a similar approach to Collins et al.303 

As stated in the report, the goal for synthesizing this library of bispicen derived dimers was to bring about 

stereochemical and electronic changes to the manganese centers.324 Spectroscopic (UV-vis) and 

electrochemical (CV) characterization methods were utilized in the attempt to analyze each complex’s 

ability to serve as a redox catalyst. Goodson et al. observed only small changes in the redox potentials of 

the bispicen derivative complexes compared to the original bispicen complex with maximum shifts in 

redox potentials of 49 mV.324 

 Yet another bispicen derivative complex was reported in 1998, by Horner et al. 

[(N,Nbispicen)2MnIII,IV
2O2][ClO4]3•CH3CN (4.3.6a) (Table 4.6, Scheme 4.7).325 Although technically an 

isomer of bispicen, N,Nbispicen is a tripodal ligand that is similar to ligands such as tmpa (tmpa = tris(2-

methylpyridyl)amine) or tren (tren = tris(2-aminoethyl)amine).325 Horner et al. found an unusual feature 

of this novel N,Nbispicen dimer. The crystal structure of complex 4.3.6a indicated that the N,Nbispicen 

ligands were in the cis configuration relative to the Mn2O2 core, meaning that the two primary amino 

groups from the ligand were situated on the same side of the Mn2O2 plane. Technically, this meant that 

both a cis and trans di-μ-oxo bridged manganese dimer could be synthesized, although only the cis isomer 

was isolated. Despite this interesting feature the characterization of complex 4.3.6a was quite similar to 

previously reported bispicen derivatives.325 

Almost 20 years after the original synthesis of a bispicen Mn(III,IV) dimer, Hureau et al. reported 

a method for electrochemically converting Mn(II) monomer complexes into Mn(III,IV) dimers (4.3.7a and 

4.3.8a) (Table 4.6, Scheme 4.7).326 It should be noted that prior to 2005 every di-μ-oxo bridged manganese 

dimer was chemically synthesized. In the presence of 2,6-dimethylpyridine and the absence of chloride 

ions, cis[(mep)MnIICl2] and cis[(mpp)MnIICl2] were electrochemically oxidized to [(mep)2MnIII,IV
2O2]3+ 
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(4.3.7a) and [(mpp)2MnIII,IV
2O2]3+ (4.3.8a) using bulk electrolysis.326 Hureau et al. noted that in the absence 

of base no such Mn(III,IV) dimer complexes were observed after bulk electrolysis. It was hypothesized the 

2,6-dimethylpyridine acted to neutralize the protons generated by the formation of the oxo bridges, which 

originated from the water molecules, thus facilitating formation of the Mn(III,IV) dimer in solution.326 The 

newly synthesized species were confirmed with EPR, CV, UV-vis, and XRD (complex 4.3.8a only). Each 

characterization method exhibited characteristic signs of a Mn(III,IV) dimer in solution. This was the first 

report of electrochemically synthesized di-μ-oxo bridged manganese dimers to date. 

4.2.6. Tmpa Mn(III,IV) dimers 

Tris(2-methylpyridyl)amine) or tmpa is a popular choice for use in biomimetic complexes because 

it is easily synthesized and exhibits a versatile coordination chemistry.270, 327 In 1988, both Suzuki et al. and 

Towle et al. independently synthesized two tmpa dimers. Complex 4.4a 

([(tmpa)2MnIII,IV
2O2][S2O6]3/2•7H2O) was synthesized by Towle et al. and complex 4.4b 

([(tmpa)2MnIII,IV
2O2][ClO4]3•3 H2O)was synthesized by Suzuki et al. (tmpa = tris(2-methylpyridyl)amine) 

(Schemes 4.3, 4, 4.5; Table 4.1).268, 306 The two tmpa dimers were also only composed of two tetradentate 

ligands (one tmpa ligand bound to each individual manganese atom), similar to complex 4.3.268, 306 Both 

groups synthesized the tmpa Mn(III,IV) dimer complexes in a similar manner by combining an Mn(II) salt, 

MnSO4•H2O, (for Towle et al.) or Mn(ClO4)2•6H2O (for Suzuki et al.) with the ligand and adding H2O2.268, 306 

Suzuki et al. performed CV, UV-vis, EPR, and tested for catalytic activity. Additionally, Towle et al. were 

also able to obtain the solid state structure through single crystal X-ray diffraction, and additional CV 

measurements for the determination of the complex’s ability to serve as an electroactive redox catalyst.268 

Cyclic voltammograms performed by Suzuki et al. (in CH3CN) revealed two independent sets of reversible 

redox events. The couple that occurred at lower potentials was assigned as the reduction of MnIII,IV/MnIII,III 

(E1/2 = 0.48 V vs. NHE) (Table 4.5, Scheme 4.6) whereas the higher potential wave was assigned to the 

oxidation of MnIII,IV/MnIV,IV (E1/2 = 1.28 V vs. NHE) (Table 4.5, Scheme 4.6).306 The electronic spectrum once 
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again revealed similar bands to previously established di-μ-oxo bridged manganese dimers. Absorbance 

bands were found at 442, 562, and 658 nm. Unlike complexes 4.1 and 4.2, complex 4.4b did not exhibit a 

shoulder near 830 nm, which had previously been assigned as an IT band (Table 4.4).306 Suzuki et al. 

hypothesized this was because the degree of delocalization within 4.4b was smaller than either 4.1 or 

4.2.306 The EPR spectrum exhibited the classic 16-line hyperfine pattern which was expected for an 

antiferromagnetically coupled Mn(III,IV) dimer with two inequivalent manganese ions.306 The water 

oxidation ability of complex 4.4b was tested in similar conditions to Ramaraj et al., but no water oxidation 

occurred with this complex. Towle et al. obtained the solid state structure of the tmpa dimer 4.4a and the 

Mn—Mn bond distance was measured to be 2.643 Å, which was considerably shorter than previously 

synthesized di-μ-oxo bridged manganese dimers (Table 4.2).268 Additionally, the cyclic voltammogram 

revealed a quasi-reversible oxidation wave corresponding to MnIII,IV/MnIV,IV (E1/2 = 1.14 V vs. NHE) (Table 

4.5, Scheme 4.6) and an irreversible reduction from MnIII,IV/MnIII,III (Epeak = 0.44 V vs. NHE) (Table 4.5, 

Scheme 4.6).268 Towle et al. hypothesized that because of the presence of a dithionate ion the reduction 

was not reversible, unlike the tmpa complex 4.4b, synthesized by Suzuki et al.268, 306  

 

1: ref. 268; 2: ref. 306; 3: ref. 328; 4: ref. 327. 
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Scheme 4.8. Tmpa and derivatized ligands. 

Following the independent reports by Towle and Suzuki et al. regarding the synthesis and 

characterization of novel Mn(III,IV) tmpa dimers, Oki et al. built upon the work of a report related to the 

synthesis and characterization of Mn(III,IV) dimers with several different tmpa derivatives. Their goal was 

to synthesize a library of chemically altered tmpa Mn(III,IV) complexes to modify the stereochemical and 

electronic properties of the metal centers.328 Complexes 4.4.1a-4.4.4a (Table 4.7, Scheme 4.8) were 

synthesized in a similar manner to Towle et al.268 Oki et al. characterized the complexes using UV-vis, CV, 

EPR and XRD (for complex 4.4.1a only). All methods confirmed the presence of an Mn2O2 core and were 

similar to those obtained for previous tmpa Mn(III,IV) complexes.268, 306 When examining the redox 

potentials of the chemically modified Mn(III,IV) tmpa derived complexes, the authors noted that 

substitution within the alkyl arms of the ligand had little impact on the redox potentials, but any 

substitution at the 6-position of the pyridine ring caused a significant shift (greater than 200 mV) in redox 

potentials.328 Upon complete characterization of the modified tmpa Mn(III,IV) dimer complexes Oki et al. 

investigated each dimer’s ability to catalyze the epoxidation of cyclohexene by iodosobenzene; this had 

been an area of intense research with Mn(III) mononuclear complexes as noted in the report. All the 

complexes tested (4.4.1a, 4.4.3a, and 4.4.4a) exhibited preferential catalytic activity toward the 

epoxidation of cyclohexene.328 In addition, when a methyl group was introduced at the 6-position of the 
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pyridyl ring, a significant increase in the yield of epoxide was observed.328 Other groups have also 

investigated the effects of steric substitution on structural, spectroscopic, and electronic properties of  

Mn(III,IV) complexes with tmpa derived ligands.329 

Many studies to date have utilized tmpa and tmpa derived ligands because they are versatile and 

easily modified. In 2000, Schindler et al. made modifications to the parent tmpa ligand by increasing the 

arm lengths of the alkyl chains connected to the pyridine units. Tmpa, the parent ligand utilized in many 

biomimetic models, contains three methylpyridyl moieties attached to a central nitrogen atom (Table 4.7, 

Scheme 4.8). Pmea, a derivative of the parent tmpa ligand, contains two methyl pyridyl moieties and one 

ethylpyridyl moiety attached to the central nitrogen (Scheme 4.8); Mn(III,IV) dimer complexes with this 

ligand have been well characterized by others (Table 4.7) .328 Pmap and tepa are also derivatives of the 

parent tmpa ligand, but manganese complexes with these two ligands had not been synthesized to 

date.327 Pmap contains two ethylpyridyl moieties and one methylpyridyl moiety attached to a central 

nitrogen and tepa contains three ethylpyridyl moieties attached to central nitrogen (Table 4.7, Scheme 

4.8).   Increasing arm length of the alkyl chains leads to an increase in the size of the chelate rings attached 

to the metal center which was postulated to favor lower oxidation states for the metal ions attached, i.e. 

Mn(III,III) complexes. Schindler et al; therefore, investigated the potential to form high valent Mn(III,IV) 

complexes with increased alkyl chain lengths, using the pmap and tepa ligands. An Mn(III,IV) dimer 

complex was successfully synthesized with the pmap ligand by reacting Mn(ClO4)2, pmap, and hydrogen 

peroxide yielding [(pmap)2MnIII,IV
2O2][ClO4]3•CH3CN (4.4.5a) (Table 4.7).327 The complex structure was 

confirmed by X-ray diffraction. Schindler et al. observed a considerable change in Mn—Mn bond lengths 

between the three different Mn(III,IV) dimers: complex 4.4a (2.643 Å)268, complex 4.4.1a (2.693 Å)328, and 

complex 4.4.5a (2.738 Å).327 The increasing Mn—Mn bond distances directly correlate to the increase in 

chelate ring size within the Mn(III,IV) dimer complexes.327 Complex 4.4.5a was also characterized utilizing 

traditional methods which served as confirmation of the presence of an Mn(III,IV) dimer.327 However, 
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attempts to synthesize a Mn(III,IV) dimer with the tepa were unsuccessful. Schindler et al. postulated that 

the Mn—Mn distance was too large for a μ-oxo bridge to form.327 

In 2007, Shin et al. synthesized a [(tmpa)2Mn2(μ-Cl)2]2+ dimer to model chloride-inhibited 

superoxidized Mn-catalase.270 In the superoxidized Mn(III,IV) oxidation state Mn-catalase is catalytically 

inactive. The H2O2 dismutation activity was tested against several other manganese containing complexes, 

including a [(tmpa)MnIICl2]2+ monomer and a [(tmpa)2MnIII,IV
2O2][ClO4]3 dimer (4.4c). The core complex 

[(tmpa)2MnIII,IV
2O2]3+ (4.4) had been previously prepared by others, but Shin et al. were able to synthesize 

complex 4.4c using slightly different methodology.268, 322 They found that catalytic activity of the 

conversion of H2O2 to O2 was observed with all three complexes, [(tmpa)2Mn2(μ-Cl)2]2+, [(tmpa)MnCl2]2+, 

[(tmpa)2MnIII,IV
2O2]3+ (4.4c).270 Although synthesis of a Mn(III,IV) tmpa dimer was not the focus of the 

report, it was included in this section, because of the modified [(tmpa)2MnIII,IV
2O2][ClO4]3 synthesis and 

investigation into its ability to catalyze H2O2 disproportionation. Shin et al. followed up this work by an 

investigation of the conversion of  [(tmpa)2Mn2(μ-Cl)2]2+ to [(tmpa)2MnIII,IV
2O2]3+ by adding stoichiometric 

amounts of H2O2 and subsequent catalysis of H2O2 disproportionation.330 

In 2014, Yatabe et al. developed a model for the water-oxidation and recovery systems of the 

OEC. They began by synthesizing an Mn(III,III) [(tmpa)2MnIII,III
2O2]2+ dimer. They subsequently reduced this 

Mn(III,III) dimer by photo-irradiation with DTBBQ (3,5-di-t-butyl-1,2-benzoquinone) and NEt3 

(triethylamine) which formed an Mn(II)-semiquinonato complex ([MnII(tmpa)(DTBSQ)]+) (DTBSQ = 3,5-di-

t-butyl-1,2-semiquinonato).310 When the Mn(II)-semiquinonato complex was exposed to O2 the Mn(III,III) 

[(tmpa)2MnIII,III
2O2]2+ dimer was regenerated. Yatabe et al. hypothesized that the cycle between the 

Mn(III,III) [(tmpa)2MnIII,III
2O2]2+ dimer and Mn(II)-semiquinonato complexes would potentially be a good 

model for the photo-damaged OEC, based on several biological studies suggesting that the photodamaged 

OEC contains reduced Mn(II). In addition, Yatabe et al. also synthesized a Mn(III,IV) tmpa dimer based on 

the procedures described by both Towle et al. and Suzuki et al.268, 310, 322 This complex was one of several 



158 
 

di-μ-oxo bridged manganese dimers synthesized to model the water-oxidation of the OEC.310 Along with 

the Mn(III,IV) dimer [(tmpa)2MnIII,IV
2O2][ClO4]3

 (4.4c), the group also synthesized the previously discussed 

Mn(III,III) dimer [(tmpa)2MnIII,III
2O2]2+, and a Mn(IV,IV) [(tmpa)2MnIV,IV

2O2]4+ dimer.310 UV-vis, and EPR were 

utilized to characterize each different complex. In addition to performing characterization, Yatabe et al. 

adsorbed the Mn(III,III), Mn(III,IV), and Mn(IV,IV) complexes onto clay and tested for the ability to 

heterogeneously oxidize water using cerium ammonium nitrate as a chemical oxidant. All three dimer 

complexes catalytically evolved O2 from H2O, albeit in very modest amounts (turnover numbers ranging 

from 1.9-2.6 over 500 s).310 The O2 formation gradually plateaued due to the formation of MnO4
-, which 

was confirmed with UV-vis spectroscopy.310 Ultimately the various manganese complexes Yatabe et al. 

synthesized and studied individually were brought together to form a tandem reaction, modelling the 

photoinhibition, recovery, and water-oxidation that takes place within the OEC.310 

4.2.7. Tren Mn(III,IV) dimer 

Another group, Hagen et al., synthesized a novel di-μ-oxo bridged manganese dimer in 1988. This 

dimer was synthesized with tren ligands, [(tren)2MnIII,IV
2O2][CF3SO3]3•EtOH (4.5a) (tren = tris(2-

aminoethyl)amine) (Schemes 4.3, 4.4, 4.5; Table 4.1) and was the first complex to be isolated with a ligand 

that did not contain pyridine moieties. Complex 4.5a was synthesized by exposing a mixture of 

Mn(CF3SO3)2•CH3CN, tren, and CH3CN to air for two hours, which resulted in a green solution that 

eventually turned brown.305 Interestingly, this may be the first time that an external oxidant was not 

utilized to form the Mn(III,IV) dimer complex in a report. Hagen et al. characterized this complex using 

XRD, IR, UV-vis, CV, and EPR; which had become standard for the characterization of these di-μ-oxo 

bridged manganese dimers (Table 4.2, 4.3, 4.4, 4.5). The complex crystalized as 

[(tren)2MnIII,IV
2O2][CF3SO3]3•EtOH (4.5a) and the Mn—Mn distance was found to be 2.679 Å (Table 4.1, 

4.2). This bond distance was intermediate compared to its predecessors: shorter than both complexes 4.1 

and 2, but longer that Mn—Mn distance found in complexes 4.3 and 4.4. IR revealed a Mn2O2 vibration at 
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694 cm-1 which was the highest vibrational frequency recorded to date for these di-μ-oxo bridged 

manganese dimers. The electronic spectrum of this tren complex in CH3CN revealed maxima at 380, 

428(sh), 526(sh), 548, 590, 638, and 680 nm.305 Unlike 4.1 and 4.2, there was no broad band observed at 

800 nm in the electronic spectrum of the tren complex, this might suggest the degree of delocalization 

between the two metal ions was lesser than either complex 4.1 or 4.2.305, 322 Additionally, the cyclic 

voltammogram revealed two quasi-reversible redox couples corresponding to reduction of MnIII,IV/MnIII,III 

(E1/2 = 0.68 V vs. NHE) and oxidation of MnIII,IV/MnIV,IV (E1/2 = 1.42 V vs. NHE). Interestingly, the values of 

these redox couples were significantly higher than either complex 4.1 or 4.2, meaning that complex 4.5a 

was easier to oxidize in solution.305 EPR of 4.5a revealed the expected 16-line pattern.305 

4.2.8. Cyclam and cyclen Mn(III,IV) dimers 

In addition to the already summarized open chain ligand complexes, Brewer et al. synthesized 

two novel macrocyclic di-μ-oxo bridged manganese dimers in 1988.304 One dimer was composed of two 

cyclam ligands (cyclam = 1,4,8,11-tetraazacyclotetradecane) [(cyclam)2MnIII,IV
2O2][ClO4]3•2H2O (4.6a) 

(Schemes 4.3, 4.4, 4.5; Table 4.1); the other dimer was composed of two cyclen ligands (cyclen = 1,4,7,10-

tetraazacyclododecane) [(cyclen)2MnIII,IV
2O2][ClO4]3•2H2O (4.7a) (Schemes 4.3, 4.4, 4.5; Table 4.1). These 

two novel Mn(III,IV) dimer complexes were synthesized by air oxidation of aqueous solutions containing 

the ligand (either cyclen or cyclam) and Mn(ClO4)2.304 Cyclam is a 14-membered macrocyclic ligand and 

cyclen is a 12-membered macrocyclic ligand. Although both cyclen and cyclam metalate in the same 

fashion (through the 4 nitrogen atoms contained in the backbone) the different cavity size of the 12- vs. 

14-membered rings bring about slightly different characteristics for each metal complex. Brewer et al. 

characterized these novel complexes using IR, UV-vis, CV, and EPR; the techniques being standard in 

analysis of any novel di-μ-oxo bridged manganese dimer synthesized. The IR spectrum showed bands in 

the region now expected for an Mn2O2 vibration. 4.6a showed a band at 680 cm-1, in contrast 4.7a showed 

a band at 689 cm-1. Similarly, the UV-visible spectrum for both complexes were slightly different. Complex 
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4.6a exhibited absorbance bands at 550 and 650 nm (in water) and complex 4.7a exhibited absorbance 

bands at 556, 650, and 740 nm (in water). No doubt that the slightly different electronic spectra are a 

result of the slight difference in ligand geometries. Additionally, both complex 4.6a and 4.7a exhibit two 

redox events, a reduction corresponding to MnIII,IV/MnIII,III (cyclam E1/2 = 0.24 V vs. NHE; cyclen E1/2 = 0.39 

V vs. NHE) and an oxidation corresponding to MnIII,IV/MnIV,IV (cyclam E1/2 = 1.24 V vs. NHE; cyclen E1/2 = 

1.14 V vs. NHE) although, the E1/2 values for each complex were very different (Table 4.5, Scheme 4.6). 

Based on the observed E1/2 values for both Mn(III,IV) dimers, the cyclen complex 4.7a is both easier to 

oxidize and easier to reduce than the cyclam dimer 4.6a.304 Brewer et al. hypothesized that the 

electrochemical properties of each Mn(III,IV) dimer were influenced by steric factors, including the ability 

for the cyclam macrocycle to better accommodate the manganese metal center.304 Along with performing 

a complete characterization of the novel Mn(III,IV) dimers, Brewer et al. also investigated the catalytic 

ability of complex 4.6a. Although the original electrochemical characterization of complex 4.6a took place 

in rigorously dried acetonitrile, upon addition of water to the solution (1.5% v/v water-acetonitrile) the 

oxidative peak current (ip
a) for the wave at 1.24 V (vs. NHE) increased markedly. To confirm this increase 

in oxidative peak current was indeed a result of complex 4.6a, a CV was run with the mixed solvents in 

the absence of complex 4.6a; no redox events were observed in the region. The observed peak current 

was much larger than what was expected for a one-electron oxidation of complex 4.6a, therefore the 

authors concluded that this increase in the oxidative peak current was consistent with water oxidation in 

the chemical step at the electrode surface.304 

A solid state structure for complex 4.6a was reported a year later in 1989, by the same group.323 

The Mn—Mn bond distance was measured to be 2.731 Å (Table 4.2). Additionally, Brewer et al. gathered 

evidence suggesting that water was the source of the bridging oxygens contained within the Mn2O2 core, 

which had not been established to date. Until this point, most Mn(III,IV) dimer complexes were 

synthesized using external oxidants, such as K2S2O8, KMnO4, or H2O2 which could act as oxygen donors.265 
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By electrochemically synthesizing complex 4.6a Brewer et al. were provided with evidence that H2O was 

the source of the bridging oxygen atoms. An acetonitrile solution was prepared which contained 2% by 

volume water, 1 equivalent of Mn(CF3SO3)2, 1 equivalent of cyclam, and 0.1 M TBAPF6.265 Brewer et al. 

then deaerated the solution and applied a potential; they observed that the colorless solution developed 

a green color over 2 h, and the electronic spectrum of the solution was characteristic of an Mn(III,IV) 

dimer.265 In the solution, the only available source for the oxo bridges was the water; thus, the authors 

concluded that H2O was the source of the oxo bridges within the Mn2O2 core. In addition to confirming 

the source of the oxo bridges, Brewer et al. characterized complex 4.6a using spectroelectrochemistry, IR, 

CV, and EPR. A strong band was observed at 679 cm-1 in the IR spectrum of 4.6a which has been attributed 

to the Mn2O2 core by many other groups. When the synthesis of complex 4.6a was performed in 18O-

labelled water this band was split into two weaker peaks (681 cm-1 and 679 cm-1) thus confirming the 679 

cm-1 band was due to the vibration of the Mn2O2 core; Cooper and Calvin observed the same behavior 

with complex 4.1b.265, 302 

The following year (1990) two additional Mn(III,IV) cyclam dimer structures were reported by 

Goodson et al. [(cyclam)2MnIII,IV
2O2][Br]3•4H2O (4.6b) and [(cyclam)2MnIII,IV

2O2][S2O6]1.37[S2O3]0.13 (4.6c) 

(Table 4.1).311 Complex 4.6b was measured to have an Mn—Mn bond distance of 2.741 Å and complex 

4.6c was measured to have Mn—Mn bond distances of 2.729 and 2.738 Å (with the crystal having two 

independent dimers within the unit cell) (Table 4.2).311 It wasn’t until 1992 that a solid state structure of 

a Mn(III,IV) cyclen dimer was reported by Goodson et al., [(cyclen)2MnIII,IV
2O2][Cl]3•LiCl•5 H2O (4.7b)  

(Table 4.1).313 The Mn—Mn bond distance in the cyclen complex was measured to be 2.694 Å, much 

smaller compared to the Mn(III,IV) cyclam complexes (Table 4.2). The shorter Mn—Mn bond distance 

within the cyclen complex is consistent with the different ring sizes of cyclam and cyclen. Cyclam, a 14-

membered ring, is larger, allowing for a better fit within the macrocyclic cavity for the manganese ion, 

whereas, cyclen, a 12-membered ring, has a smaller cavity size which is not as accommodating to the size 
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of the manganese ion. Hence, the manganese ions sit more out of plane in the complex 4.7, and “closer 

together” than in the cyclam complex. UV-vis, CV, and IR also revealed slight differences between the two 

complexes (Tables 4.3, 4.4, 4.5; Scheme 4.6).  

Several other groups synthesized Mn(III,IV) cyclen and cyclam dimers in the early 2000s.331-333  In 

2014, Nakamori et al. reported the synthesis of a monomeric Mn(II)-semiquinonato complex as a model 

for elucidating the function of the OEC in PSII.312 This Mn(II)-semiquinonato complex was synthesized by 

the reaction of an Mn(III,IV) cyclam dimer[(cyclam)2MnIII,IV
2O2][ClO4]3 (4.6d) with p-hydroquinone (Table 

4.1). Complex 4.6d could be regenerated by oxygenating the Mn(II)-semiquinonato complex. Nakamori et 

al. conducted several in depth isotopic labeling studies on the source of the oxo bridges when the Mn(II)-

semiquinonato complex was oxygenated to complex 4.6d. In one experiment, they utilized 18O2 as an 

oxidation source instead of 16O2, ESI-MS results indicated that two 18O atoms (from the 18O2) were 

incorporated into the μ-oxo bridge within complex 4.6d.312 Nakamori et al. also performed a cross-over 

experiment in which they carried out the oxygenation process using 50% 16O2 and 50% 18O2, ESI-MS results 

showed that complexes with cores consisting of Mn2
16O2, Mn2

16O18O, and Mn2
18O2 were formed in a 1:2:1 

ratio.312 Finally, complexes of 4.6d were exchanged for H2O oxygen atoms, which was confirmed by 

additional isotopic labelling experiments using H2
18O. When an excess amount of H2

18O was added to 

complex 4.6d in CH3CN the 16O atoms incorporated into the μ-oxo bridge were exchanged for 18O atoms 

derived from the H2
18O.312  Evidence from the isotopic labelling studies lead Nakamori et al. to contradict 

what Brewer et al. had hypothesized about the source of the bridging oxygens.265, 312 Nakamori et al. 

stated that the source of the bridging oxygen atoms within Mn(III,IV) dimer complexes originated with O2, 

not H2O as was previously thought.265, 312 Although it was noted that because of the fast exchange of the 

oxo ligands with H2O oxygen atoms this was an easy assignment for Brewer et al. to make. 
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4.2.9. Terpy Mn(III,IV) dimers 

 In 1999, Limburg et al. developed a model complex for the O—O bond formation that takes place 

in the OEC of PSII.314 It was the first reported di-μ-oxo bridged Mn(III,IV) dimer that served as a structural 

model of the OEC by catalytically forming O—O bonds.314, 334  Previously it had been postulated that an 

Mn=O species was formed as an intermediate during photosynthetic water oxidation; the terminal oxo 

ligand within the OEC was thought to be formed by the abstraction of O atoms from a water molecule 

bound to an manganese ion.314 Therefore, Limburg et al. designed and synthesized a model di-μ-oxo 

bridged Mn(III,IV) dimer with available sites for solvent coordination that provided a place for the 

formation of an Mn=O intermediate.314 [(H2O)2(terpy)2MnIII,IV
2O2][NO3]3•6H2O (4.8a) (Schemes 4.4, 4.5; 

Table 4.1) was synthesized by reacting potassium peroxomonosulfate (K oxone) with Mn(II) or Mn(III) 

complexes containing the terpy ligand (terpy = 2,2:6’,2”-terpyridine) (Scheme 4.3).314 Limburg et al. 

obtained a crystal structure of the complex and observed an Mn—Mn bond distance of 2.723 Å (Table 

4.2).314 Of course, the most notable feature of complex 4.8a were the exchangeable aqua ligands 

coordinated to each of the manganese ions (Scheme 4.4); this unique configuration was a result of using 

meridionally coordinating terpy ligands. Upon adding complex 4.8a to an aqueous solution of sodium 

hypochlorite Limburg et al. observed O2 formation with an initial rate of 12 ± 2 mol/h per mole of complex 

4.8a.314 Limburg et al. followed the O2 evolution by using 18O labeling and subsequent analysis with mass 

spectrometry, their findings were consistent with a mechanism involving a Mn=O intermediate. The 

catalytic reaction stopped after complex 4.8a was completely disproportionated to permanganate over 

several hours; Limburg et al. followed the formation of MnO4
- by UV-vis and observed isosbestic points at 

497 and 583 nm.314 Based on the gathered evidence Limburg et al. proposed a reaction mechanism for 

the formation of O2 by the reaction of complex 4.8a with sodium hypochlorite. Several years after the 

initial report of this novel Mn(III,IV) dimer 4.8a Limburg et al. published a paper comparing the 

mechanisms of O2-evolving reactions of 4.8a, potassium oxone, and hypochlorite.334 



164 
 

 Following the original synthesis of complex 4.8a, Yagi et al. reported the ability of the complex to 

evolve O2 when adsorbed onto clay.335 Whereas Limburg et al. designed and synthesized a homogeneous 

water oxidation catalyst with complex 4.8a, Yagi et al. modified complex 4.8a by adsorbing onto clay, thus 

making it a heterogenous water oxidation catalyst. Before complex 4.8a was adsorbed onto clay, Yagi et 

al. tested its water oxidation ability using CeIV (cerium ammonium nitrate) as an oxidant; no O2 evolution 

was observed using this oxidant. This finding contrasted with what Limburg et al. had previously reported 

regarding O2 evolution being observed using 4.8a and sodium hypochlorite or potassium 

peroxymonosulfate as oxidants. Conversely, when Yagi et al. adsorbed complex 4.8a onto Kaolin or 

Montmorillonite clay and CeIV was added to the aqueous suspension, a significant amount of O2 was 

produced, at a turnover number of 13.5±1.1.335 Yagi et al. conducted 18O-labeling experiments to 

determine an oxygen atom source for the O2 evolution; the labelling experiments revealed that the O2 

evolved was derived exclusively from water, thus confirming water oxidation.335 To further investigate a 

potential mechanism for the catalytic water oxidation, the authors characterized the 4.8a/clay mixture. 

The diffuse reflectance spectrum of 4.8a/clay seemed to indicate an Mn(IV,IV) species rather than an 

Mn(III,IV) species, meaning that upon adsorption onto the clay complex 4.8a was most likely oxidized to 

Mn(IV,IV). In addition to confirming the oxidation state of complex 4.8a when adsorbed onto clay, Yagi et 

al. evaluated the mechanism of O2 evolution by comparing two different complexes, 4.8a and 4.1 (recall 

a [(bipy)4MnIII,IV
2O2]3+ complex). Complex 4.1 was comparable to complex 4.8a but contained no terminal 

water ligands attached to the metal centers. Analysis of each complex’s initial O2 evolution rates (νO2 

mol/s) suggested that the terminal water ligands were involved in the catalytic water oxidation of complex 

4.8a.335 Following this report of the first heterogeneous water oxidation catalyst utilizing an Mn(III,IV) 

terpy complex, other groups reported additional studies with Mn(III,IV) dimers adsorbed onto clay with 

the ability to catalyze water oxidation.336 
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4.2.10. Additional macrocyclic Mn(III,IV) dimers with pyclen and isocyclam 

After the burst of research articles surrounding the synthesis of novel di-μ-oxo bridged 

manganese dimers, the number of articles published on these Mn(III,IV) complexes diminished slightly 

during the late 1990s and onward. In 2008, a crystal structure of a pyclen di-μ-oxo bridged manganese 

dimer [(pyclen)2MnIII,IV
2O2][Cl]3•6H2O (4.9a) (Schemes 4.4, 4.5; Table 4.1) was deposited onto the 

Cambridge crystallographic database (CCDC #: 675326) by Alcock et al.315 Pyclen is a congener of cyclen 

that contains a pyridine ring within the macrocycle (pyclen = 1,4,7,10-tetraaza-2,6-pyridinophane) 

(Scheme 4.3). However, no further attempts to characterize this Mn(III,IV) complex or compare it to the 

other previously synthesized macrocyclic di-μ-oxo bridged manganese dimers were carried out. The Green 

group successfully replicated the pyclen Mn(III,IV) dimer and were able to fully characterize and compare 

the complex to previously synthesized dimers. 

In 2012, Tomczyk et al. reported the synthesis of two novel manganese complexes with the 

macrocycle isocyclam, one was a di-μ-oxo bridged dinuclear complex and one was a Mn(III) mononuclear 

complex (isocyclam = 1,4,7,11-tetraazacyclotetradecane) (Scheme 4.3).276 This appears to be one of the 

only reports where both a Mn(III) mononuclear complex and Mn(III,IV) dinuclear complex were obtained 

within the same publication, aside from this work.  

One of the aims of the report by Tomczyk et al. was to investigate whether a macrocyclic ligand 

(isocyclam) with lower symmetry than cyclam could form similar dinuclear complexes. They were able to 

synthesize an Mn(III,IV) dinuclear complex, [(isocyclam)2MnIII,IV
2O2][ClO4]3•2H2O (4.10a) (Table 4.1), by 

adding a solution of Mn(ClO4)2•6H2O in ethanol, dropwise to a solution of isocyclam. The mixture was 

stirred and left open to the air for several days, upon which dark green crystals of complex 4.10a were 

isolated. Tomczyk et al. used UV-vis, IR, and CV to confirm the presence of complex 4.10a, after synthesis. 

UV-vis of complex 4.10a was taken in water; the spectrum exhibited several absorption bands at 548, 562, 

and 652 nm (Table 4.4). The absorbance band at 548 nm was attributed to the d-d transition of a Mn(III) 



166 
 

ion within a mixed-valence complex. In addition, the absorbance band at 562 nm corresponded to the d-

d transition of the Mn(IV) ion, and the absorbance band at 652 nm was a characteristic feature of a LMCT 

from oxo→Mn(IV) (as previously assigned by others).276, 306 Tomcyzk et al. also observed a broad 

absorption band of low energy in the visible and near IR range; they concluded that this was due to 

intervalence transfer between the Mn(III) and Mn(IV) ions. The IR spectrum of complex 4.10a exhibited a 

strong band at 684 nm-1, which corresponded to the vibration of the Mn2O2 core (Table 4.3).276 CV 

measurements of complex 4.10a revealed two quasi-reversible redox couples, although both were 

somewhat ill-defined. The first redox couple corresponded to the reversible reduction of Mn III,IV/MnIII,III 

(E1/2 = 0.29 V vs. NHE) and the second redox couple corresponded to the reversible oxidation of 

MnIII,IV/MnIV,IV (E1/2 = 1.09 V vs. NHE) (Table 4.5, Scheme 4.6).276 These values are slightly more negative 

compared to the redox couples of previously synthesized Mn(III,IV) cyclam dimers, which may indicate 

that complex 4.10a is easier to oxidize than complexes with cyclam. 

4.3. History of mononuclear Mn(III) complexes 

The biomimetic complexes synthesized with macrocyclic ligands and Mn(II) are numerous in the 

chemical literature, because such complexes can be utilized to model the structure and function of 

superoxide dismutase. However, Mn(III) macrocyclic complexes are much less prevalent, especially 

mononuclear complexes. Upon oxidation of manganese to higher valencies, the complexes tend to 

disproportionate to the thermodynamically stable MnO2 species.337-338 This thermodynamic sink often 

limits the ability to isolate stable coordination complexes with high valent manganese, especially in 

aqueous media.337 Despite this, there are a few examples of mononuclear Mn(III) macrocyclic complexes 

within the chemical literature. Several of these complexes were designed to mimic the OEC within PSII. 

Before details about the actual structure of the OEC were discovered, it was clear that high valent 

manganese in the (III) and (IV) oxidation states was present within the OEC.274, 338-339 With this knowledge, 

several groups designed mononuclear Mn(III) macrocyclic complexes to mimic the OEC. In addition to the 
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pursuit of biomimetic structures, Mn(III) macrocyclic complexes were found to be useful in catalytic 

oxidation reactions.339 The pursuit of oxidation catalysts, lead to the synthesis of several Mn(III) complexes 

using cyclam and derivatives.   

4.3.1. Description of tetraazamacrocyclic ligands discussed 

The complexes covered in portion of the chapter consist of several different tetraazamacrocyclic 

ligands, cyclal (cyclal = 1,4,8,12-tetraazacyclopentadecane), cyclam (and derivatives), and cyclen (and 

derivatives). Although many other types of nitrogen containing ligands exist these ligands were the most 

pertinent to Mn(III) complexes related to our interests and the focus of this review.  Cyclal is a 15-

membered macrocyclic ligand, cyclam is a 14-membered macrocyclic ligand, and cyclen is a 12-membered 

macrocyclic ligand. Although cyclal, cyclam, and cyclen metalate in the same fashion (through 4 nitrogen 

atoms contained in the backbone) the different cavity size of the 15- vs. 14- vs. 12-membered rings bring 

about slightly different characteristics for each metal complex. Typically, cyclal and cyclam coordinate the 

metals in a planar/trans fashion, because the macrocyclic cavities are large enough to accommodate 

metal ions. In contrast, cyclen coordinates to metals in a folded/cis fashion, because the macrocyclic cavity 

is not quite large enough to fit the entire metal ion.  
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*Solid state structure reported in literature. ^Indicates complex is in the cis- geometry, all others are in 
the trans- geometry. 1: ref. 339; 2: ref. 338; 3: ref. 340; 4: ref. 338; 5: ref. 341; 6: ref. 341-342; 7: ref. 341; 8: ref. 343; 
9: ref. 338; 10: ref. 342; 11: ref. 274, 342; 12: ref. 342; 13: ref. 274; 14: ref. 344; 15: ref. 343; 16: ref. 345; 17: ref. 346; 
18: ref. 337;     19: ref. 276. 
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Scheme 4.9. Tetraazamacrocyclic ligands described in table 4.8. 

4.3.2. Mn(III) mononuclear complexes with tetraazamacrocycles 

 Examples of the first Mn(III) monomeric complexes with cyclam were reported in the mid-

1970s.339-340 Initially, these complexes were investigated to show how manipulation of the cyclam 

backbone brought about different properties to each Mn(III) complex. Bryan et al. published back-to-back 

reports on several Mn(III) complexes with hexamethyl cyclam derivatives, meso-5,5,7,12,12,14-

hexamethyl-1,4,8,11,-tetraazacyclotetradecane (tet a) and rac-5,7,7,12,12,14-hexamethyl-1,4,8,11-

tetrazacyclotetradecane (tet b) (Scheme 4.9).338-340 [MnIII(tet a)Cl2][PF6] (4.13a), [MnIII(tet a)Cl2][BF4] 

(4.13b), [MnIII(tet a)Br2][PF6] (4.13c), [MnIII(tet a)(NCS)2][NCS] (4.13d), [MnIII(tet a)Cl2][Cl]•3H2O (4.13e), 

[MnIII(tet b)Cl2][PF6] (4.14a), and [MnIII(tet b)Br2][PF6] (4.14b) (Table 4.8) were all synthesized in a similar 

manner, by first making the corresponding Mn(II) complexes with each ligand and subsequently reacting 

each with an oxidizing agent such as NOPF6 or NOBF4 to obtain the desired Mn(III) complexes (4.13a-e and 
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4.14a-b). In addition to the original Mn(III) complexes reported as PF6
- or BF4

- salts, Bryan et al. also 

conducted metathesis reactions to obtain corresponding NCS-, Cl-, and Br- complexes. Each complex was 

six-coordinate, with Mn(III) coordinated to the four nitrogen atoms from the ligand and two trans axial 

ligands (which vary depending on the synthetic route), giving the complex an octahedral geometry. The 

manganese within the complexes was metalated in a planar fashion, consisting of two six-membered 

chelate rings and two five-membered chelate rings (5-6-5-6 coordination). The six-membered rings 

adopted a chair confirmation and the two five-membered chelate rings adopted two different 

enantiomeric confirmations, λ and α.339-340 It was noted that these Mn(III) complexes could withstand large 

pH changes compared to the Mn(II) counterparts.339-340 

Following the synthesis of Mn(III) complexes with hexamethyl cyclam derivatives, Chan et al. 

reported Mn(III) mononuclear complexes with cyclam, in 1976 (Scheme 4.9, Table 4.8).341 In their report, 

Chan et al. stated that because of the excess methyl substitutions present in the complexes synthesized 

previously by Bryan et al., there were concerns with serious steric effects.341 Therefore, the authors 

synthesized mononuclear Mn(III) complexes with the unsubstituted/unsaturated cyclam ligand, forming 

complexes [MnIII(cyclam)Cl2][Cl] (4.15a), [MnIII(cyclam)Br2][Br] (4.15b), [MnIII(cyclam)(NCS)2][NCS] (4.15c), 

and [MnIII(cyclam)(N3)2[ClO4] (4.15d) (Table 4.8). Complexes 4.15a-4.15d were obtained by bubbling air 

through solutions containing equimolar amounts of ligand and metal salt. The magnetic moments (μeff) of 

samples derived from these methods indicated that Mn(III) was high spin within the cyclam complexes.341 

 In 1977, Bryan et al. synthesized additional Mn(III) complexes, this time with cyclam and cyclal; 

this was the first time a Mn(III) cyclal complex had been reported (Table 4.8, Scheme 4.9).343 Bryan et al. 

followed similar methods for metalation as they did in previous reports; combining equimolar amounts 

of ligand and metal salt, then adding an oxidizing agent (i.e. bromine or chlorine) to obtain the Mn(III) 

complexes, [MnIII(cyclam)Br2][PF6] (4.15e), [MnIII(cyclam)Cl2][BF4] (4.15f), and [MnIII(cyclal)Br2][PF6] 

(4.16a) (Table 4.8). The absorption spectra of each Mn(III) complex was obtained in both acetonitrile and 
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the solid state. Based on these spectral results and previous work by Busch et al., the authors concluded 

that the cyclam ligand provided a better match of “hole size” or cavity size for the Mn(III) radius than the 

cyclal ligand.218, 343 

 It wasn’t until 1987 that a crystal structure of a Mn(III) hexamethyl cyclam complex 

([MnIII(teta)Cl2][Cl]•1.5H2O (4.13f) was published by Hambley et al.338 Three different complexes were 

synthesized by the group, [MnIII(cyclam)Cl2][CF3SO3] (4.15g), [MnIII(teta)Cl2][Cl]•1.5H2O (4.13f), and 

[Mn(tetb)Cl2][Cl]•4H2O (4.14c) (Table 4.8). The crystal structure of 4.13f shows the geometry of the Mn(III) 

is close to octahedral, with the tet a ligand coordinated to four equatorial sites and chloride ions 

coordinated in trans axial sites. Similar to a previously report complex by Bryan et al.,339-340 the five-

membered chelate rings adopted skewed conformations and the six-membered chelate rings adopted 

distorted chair geometries. Bond distances for this complex, particularly Mn—N and Mn—Cl are shorter 

than bond lengths observed in non-macrocyclic ligand complexes.347 The observed Mn—N bond distances 

were 2.074 Å and 2.043 Å, whereas the Mn—Cl bond distance was 2.549 Å.338 In addition to the crystal 

structure, Hambley et al. reported CV measurements for each of the three complexes synthesized. Each 

complex exhibited a MnIII/MnII couple at slightly different potentials (4.15g E1/2 = 0.087 V vs. NHE; 4.13f 

E1/2 = 0.317 V vs. NHE; 4.14c E1/2 = -1.403 V vs. NHE).338 

 After the initial reports describing the synthesis and characterization of monomeric Mn(III) cyclam 

complexes, other groups modified the ligands to obtain desired reactivity. In 1991, Kimura et al. modified 

cyclam by appending an imidazole moiety onto the ligand (Scheme 4.9).346 This was explored to test if a 

Mn(III) cyclam complex could parallel the catalytic activity of previously studied Mn(III) porphyrin 

complexes toward olefin epoxidations. Additionally, the Mn(III) cyclam complex was tested for activation 

by a proximal donor, such as imidazole. Two different imidazole modified Mn(III) cyclam complexes were 

synthesized, [MnIII(imcyclam)(ClO4)][ClO4]2 (4.17a) and [MnIII(imcyclam)Cl][ClO4]2 (4.17b) (Table 4.8).346 

The electronic spectra of complex 4.17a was consistent with other reported Mn(III) complexes in 
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tetragonally distorted environments, with a LMCT band at 268 nm and a d-d band at 350 nm in water.346 

The crystal structure of complex 4.17b was also reported.; Mn(III) was bound in a square planar fashion 

by the cyclam ligand with the proximal imidazole and chloride ion bound in axial positions. The average 

equatorial Mn—N bond distance was 2.06 Å, but the axial Mn—N bond distance (from the imidazole 

group) was 2.277 Å.346 The difference in bond lengths between axial and equatorial sites is consistent with 

Jahn-Teller distortion for a high-spin d4 Mn(III) ion. Kimura et al. conducted CV measurements of complex 

4.17a and found that at scan rates of 500 mV/s a quasi-reversible redox event was observed (E1/2 = 0.3312 

V vs. NHE) corresponding to MnIII/MnII.346 Additionally, Kimura et al. tested the catalytic ability of complex 

4.15a for olefin epoxidations. The addition of the proximal imidazole onto the cyclam complex increased 

the catalytic turnover, similar to porphyrins previously tested.346, 348 

 In the same year Daugherty et al. synthesized seven new cyclam Mn(III) mononuclear complexes, 

with a variety of axial ligands and counterions: [MnIII(cyclam)Br2][Br] (4.15b), [MnIII(cyclam)(NCS)2][NCS] 

(4.15c), [MnIII(cyclam)(NO3)2][NO3] (4.15h), [MnIII(cyclam)Cl2][NO3] (4.15i), [MnIII(cyclam)Cl2][Cl]•5H2O 

(4.15j), [MnIII(cyclam)(CN)2][ClO4] (4.15k), and [MnIII(cyclam)Br2][Br]•H2O (4.15l) (Table 4.8).342 All but one 

of the complexes were isolated in the trans configuration. Cis-[MnIII(cyclam)Br2][Br]•H2O (4.15l) was 

produced by adding a small amount of HBr to the previously reported/synthesized dimeric compound 

[(cyclam)2MnIII,IV
2O2]Br3•5H2O (4.6b).311 When HBr was added to the dinuclear complex the green crystals 

immediately turned dark red, unfortunately complex 4.15l was unstable in all solvents.342 Daugherty et al. 

also reported crystal structures for complexes 4.15b, 4.15c, 4.15h, and 4.15i. Which all exhibited roughly 

trans octahedral geometry around each Mn(III) center. The magnetic properties of all the complexes, 

except one, were consistent with high-spin d4 Mn(III) ions. Complex 4.15k, which contained two trans-

cyano groups coordinated to Mn(III), had magnetic properties consist with a low-spin d4 Mn(III) ion. 

 Several years later (in 1998), Létumier et al. published a detailed report on the cis-trans 

isomerization of two Mn(III) mononuclear cyclam complexes.274 Although there had already been many 
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reports on trans-cyclam Mn(III) complexes, cis-cyclam Mn(III) complexes were relatively rare in the 

chemical literature. Létumier et al. utilized a one-pot synthesis to obtain both the trans and cis isomer 

complexes. First, MnCl2 was added to a solution of cyclam in methanol. The solvent was evaporated to 

one-fourth volume and filtered. The precipitate was identified as the trans-Mn(III) complex 

[MnIII(cyclam)Cl2][Cl]•5H2O (4.15j) (Table 4.8). The filtrate contained the di-μ-oxo bridged Mn(III,IV) dimer 

complex [(cyclam)2MnIII,IV
2O2]3+ (4.6), concentrated HCl was added to this mixture to give a red precipitate 

which was the cis-Mn(III) complex [MnII(cyclam)Cl2][Cl]•0.33CH3OH (4.15m) (Table 4.8). Létumier et al. 

observed a drastic color change upon addition of the concentrated HCl, as the solution of the dinuclear 

Mn(III,IV) complex changed from olive green to red. It was also noted that upon addition of the HCl, which 

seemed to break apart the μ-oxo bridges within the dinuclear complex, the complex maintained its cis 

arrangement. Létumier et al. also observed that the cis complex was converted irreversibly to the trans-

Mn(III) complex upon dissolution in aqueous media. Although there were numerous attempts to grow 

crystalline material of complex 4.15m, only the crystal structure of complex 4.15j is reported. Mn—N and 

Mn—Cl bond distances are similar to those reported previously in the literature.338, 342, 346 In addition to 

synthesizing these two complexes, Létumier et al. conducted CV measurements and observed the cis-

trans isomerization electrochemically. Starting with complex 4.15m an irreversible reduction of the trans-

Mn(III) isomer to Mn(II) (trans-MnIII/trans-MnII) was observed in the CV. Only after the complex was 

reduced to Mn(II) did another redox wave appear, which corresponded to the reversible oxidation of a 

cis-Mn(II) complex (cis-MnII/cis-MnIII). 

 It wasn’t until 2001, that a crystal structure of a cis-Mn(III) mononuclear complex was reported. 

Hubin et al. reported several crystal structures for cis-Mn(III) mononuclear complexes.337 These 

complexes, which were synthesized with ethylene cross-bridged macrocycles, exhibit coordination 

chemistry most like the Mn(III) complexes synthesized by the Green group. Hubin et al. synthesized 

several different ethylene cross-bridged macrocycles etcyclam and etcyclen (etcyclam = 4,11-dimethyl-
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1,4,8,11-tetraazabicyclo[6.6.2]hexadecane; etcyclen = 4,10-dimethyl-1,4,7,10-

tetraazabicyclo[5.5.2]tetradecane) (Scheme 4.9) with the intent to form kinetically stable, mononuclear 

metal complexes in high valent states.337 Initial attempts at synthesizing Mn(III) complexes in aprotic or 

protic solvents with hydrated metal salts were unsuccessful; therefore, Hubin et al. prepared anhydrous 

Mn(II) complexes with the  ligands, Mn(etcyclam)Cl2 and Mn(etcyclen)Cl2. To form the corresponding 

Mn(III) complexes, Mn(etcyclam)Cl2 or Mn(etcyclen)Cl2 in methanol with NH4PF6 was prepared and Br2 was 

added as an oxidizing agent. This procedure yielded complexes [MnIII(etcyclam)Cl2][PF6] (4.18a) and 

[MnIII(etcyclen)Cl2[PF6] (4.19a) (Table 4.8). Hubin et al. also performed a metathesis reaction to obtain 

complex [MnIII(etcyclam)(N3)2][PF6] (4.18b) and additional modified procedures to obtain complexes 

[MnIII(etcyclam)(OH)(OAc)][PF6] (4.18c) and [MnIII(etcyclam)(OMe)2][PF6] (4.18d) (Table 4.8). Additionally, 

crystal structures for all the complexes listed above (4.18a-d and 4.19a) were obtained by Hubin et al. 

(Table 4.8). 

 All the cis-Mn(III) complexes (4.18a-d and 4.19a) adopted a pseudo-octahedral geometry with the 

ligand occupying two axial and two cis equatorial sites. The two adjacent sites not occupied by the ligand 

were left open to be occupied by chloride, azide, hydroxide, acetoxy, or methoxy (depending on the 

complex). Although most of the complexes were formed with cyclam derived ligands, which typically 

adopt a trans geometry when metalated, the short ethylene cross-bridge within the macrocycle forced 

each complex to adopt a folded conformation. Within each complex Jahn-Teller distortion were observed 

based on the large difference in bond distances between Mn—Nax and Mn—Neq. In complex 4.19a the 

Mn—Nax bond distances were reported to be 2.202 and 2.211 Å, whereas the Mn—Neq bond distances 

were reported to be 2.087 and 2.111 Å, the difference between the bond distances is over 0.1 Å.337 

Complex 4.19a also exhibited distortions between Mn—Nax and Mn—Neq bond distances, although to a 

slightly lesser extent (difference of less than 0.09 Å between the two bond distances). 
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 Hubin et al. not only obtained crystal structures for the newly synthesized cis-Mn(III) complexes, 

but they also conducted UV-vis, and CV experiments to further explore the nature of these new 

complexes. Both complex 4.18a and 4.19a exhibited several charge transfer bands in solution (λmax = 220, 

297 nm (4.18a); 219, 294 nm (4.19a)), as well as a d-d band (λmax = 534 nm (4.18a); 530 nm (4.19a)) (Table 

4.9).337 CV measurements revealed two quasi-reversible redox events for both complex 4.18a and 4.19a. 

The first redox event, which occurred at more negative potentials corresponded to the quasi-reversible 

reduction of MnIII/MnII (E1/2 = 0.582 V vs. NHE (4.18a); E1/2 = 0.400 V vs. NHE (4.19a)).337 The second of the 

two reversible events corresponded to the quasi-reversible oxidation of MnIII/MnIV (E1/2 = 1.343 V vs. NHE 

(4.18a); E1/2 = 1.177 V vs. NHE (4.19a)).337 Hubin et al. noted that the smaller macrocyclic complex 4.19a 

was easier to oxidize, based on the shift in potentials. They hypothesized that this was because the smaller 

cavity size fit the smaller oxidized manganese ion better. The authors also characterized additional 

complexes 4.18b-d using the same techniques, the results were like those obtained for complexes 4.18a 

and 4.19a. 

 More cyclam Mn(III) complexes were synthesized in 2005. Mossin et al. synthesized six additional 

trans-Mn(III) complexes [MnIII(cyclam)(OH2)2][CF3SO3]3•H2O (4.15n), [MnIII(cyclam)I2][I] (4.15o), 

[MnIII(cyclam)(ONO)2][ClO4] (4.15p), [MnIII(cyclam)(OClO3)2][ClO4] (4.15q), 

[MnIII(cyclam)(CH3COO)(CH3COOH)][ClO4]2 (4.15r), and [MnIII(cyclam)(N3)2][CF3SO3] (4.15s) (Table 4.8). 

Crystal structures were obtained for five out of the six complexes (4.15n-r). All five of the complexes were 

high spin and in the trans configuration, which is the most energetically favorable conformation for cyclam 

metal complexes. Axial bond distances of Mn—Xax (X = O, I) differed widely, depending on the attached 

ion (OH2, I-, ONO-, OClO3
-, CH3COO-, or CH3COOH). In contrast, the Mn—Neq bond distances were relatively 

similar between all the complexes, 2.03±0.01 Å. 

 As previously discussed in the earlier chapter covering Mn(III,IV) dinuclear complexes, Tomczyk et 

al. reported the synthesis of two novel manganese complexes with the macrocycle isocyclam (Scheme 
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4.9), in 2012, one was a di-μ-oxo bridged dinuclear complex and one was a Mn(III) mononuclear complex. 

In this section, the Mn(III) mononuclear complex will be discussed. Tomczyk et al. synthesized trans-

[MnIII(isocyclam)Cl2][Cl]•2H2O (4.20a) (Table 4.8) by addition of MnCl2•4H2O in ethanol, to a solution of 

isocyclam. Upon complete addition of the metal salt and after stirring for 1.5 h, concentrated HCl was 

added to the solution; this resulted in a red solid which quickly turned into a clear green precipitate 

(complex 4.20a). Tomczyk et al. theorized that the red precipitate was a cis-[MnIII(isocyclam)Cl2][Cl] 

complex, but unfortunately this unstable complex only persisted in solution for about 30 s before it was 

converted to stable trans-[MnIII(isocyclam)Cl2][Cl]•2H2O (4.20a). UV-visible spectroscopy was utilized to 

confirm the presence of a Mn(III) mononuclear complex. In aqueous solution, three absorbance bands 

were observed at 274, 382, and 696 nm. The absorbance bands at 382 and 696 nm confirmed the trans 

nature of the complex and correspond to the d-d transitions of Mn(III) in a weak ligand field. The 

absorbance band at 274 nm, which had a higher molar absorptivity, was evidence of a LMCT from the 

ligand nitrogen to Mn(III). It is interesting to note that the molar absorptivity of the d-d transitions 

observed for complex 4.20a were slightly higher compared to other cyclam complexes (4.15g); this is 

caused by the lower symmetry of the isocyclam complex versus the cyclam complexes.  

4.4. Novel library of high valent manganese complexes derived from pyridine- and pyridol-based 
tetraazamacrocyclic ligands 

 

Herein, a small library of manganese tetraazamacrocyclic complexes derived from L1-L3 is 

reported. As stated earlier in the report, two types of complexes were synthesized from this ligand library, 

a Mn(III) mononuclear complex and an Mn(III,IV) dinuclear complex. Each complex has been characterized 

and will be compared to other similar complexes found within the chemical literature. One unique feature 

of these complexes, particularly in the Mn(III) mononuclear complexes, is that the tetraazamacrocycle 

utilized is a 12-membered ring. This forces the manganese ion to metalate in a cis fashion, because the 

macrocyclic ring is not large enough to accommodate the entire metal ion. Only one other Mn(III) 
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tetraazamacrocyclic complex with a 12-membered ring has been reported to date.337 Almost all the Mn(III) 

tetraazamacrocyclic complexes reported in the literature contain cyclam (or variations) metalated in a 

trans planar fashion. Due to a lack of cis-Mn(III) mononuclear complexes akin to those reported herein, 

several comparisons will be made to trans-Mn(III) mononuclear complexes in the literature.  

In contrast, Mn(III,IV) dinuclear complexes are prevalent in the chemical literature, because of 

their history as molecular mimics for the OEC. However, pyridol- containing macrocyclic Mn(III,IV) dimer 

complexes (such as the ones reported here) have not been reported, to date. A pyridine-containing 

macrocyclic Mn(III,IV) dimer (4.9a) was deposited by Alcock et al. in the CCDC database, but no attempts 

to characterize this complex were made. Therefore, the three Mn(III,IV) dimer complexes with L1-L3 are 

reported in this chapter, with comparisons to historically significant Mn(III,IV) dimers in the literature.  

4.4.1. Synthesis of novel Mn(III) monomers and Mn(III,IV) dimers 

 

Scheme 4.10. Different methods for synthesis and isolation of Mn(III) monomers vs. Mn(III,IV) dimers. 

 

 Two different types of high valent manganese complexes with tetraazamacrocyclic ligands were 

synthesized by slight modification of a traditional metalation procedure.56 As previously reported by the 

Green group, metal complexes with L1-L3 are best formed by dissolving the ligand in a small amount of 

water, adjusting to basic pH values, and then adding the corresponding metal perchlorate salt. Typically, 

the pH of the solution drops upon metalation and a drastic color change occurs. The cis-Mn(III) complexes 
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with L1-L3 were formed using this traditional method with a pH adjustment to 8 prior to addition of the 

metal salt (Scheme 4.10). Initially, no stark color change occurred, but after several hours (and overnight) 

the solution darkened to a deep brown color. After filtration and drying, the crude solid was dissolved in 

CH3CN to separate the salts formed during pH adjustment from the metal complex. Upon filtration of the 

pink (or red) CH3CN solution and drying, the clean cis-Mn(III) products were isolated as pink/red/beige 

solids [L1MnIIICl2][ClO4] (L1Mn2), [L2MnIIICl2][ClO4] (L2Mn2), and [L3MnIIICl2][ClO4] (L3Mn2), respectively 

(Table 4.8, Scheme 4.10). These powders were re-dissolved in CH3CN, filtered, and set out for 

crystallization via slow-evaporation. X-ray quality crystals of complex L1Mn2 were obtained using this 

method. No materials suitable for XRD were isolated for complexes L2Mn2 and L3Mn2. The cis geometry 

of these complexes was confirmed with UV-visible spectroscopy, and the solid state structure of complex 

L1Mn2. In addition to UV-visible spectroscopy, and X-ray diffraction, each complex was also 

electrochemically characterized using CV. 

 It is interesting to note that complexes L1Mn2-L3Mn2 were synthesized with MnII(ClO4)2, but no 

outside oxidants were used to oxidize the Mn(II) to Mn(III) within the metal complexes. Several previous 

reports of the synthesis of mononuclear macrocyclic Mn(III) complexes utilized oxidizing agents, such as 

NOBF4 or Br2, to convert divalent manganese to trivalent manganese within the complex.337, 339-340 

However, at least one group, Chan et al. used only atmosphere to aid in manganese oxidation, by bubbling 

air through solutions of ligand and metal salt.341 Based on the slow darkening of the ligand/metal salt 

solution that was observed the oxidation from Mn(II) to Mn(III) is a gradual process. Although atmosphere 

certainly aided in the oxidation divalent manganese, another possibility is the ClO4
- ions present within 

the solution. ClO4
- ions are known oxidizers and could certainly have aided in oxidizing the manganese 

within the metalation solutions. 

 Complexes L1Mn2-L3Mn2 were synthesized separately from the di-μ-oxo bridged Mn(III,IV) 

dinuclear complexes described herein. Within the literature, Mn(III) mononuclear complexes are typically 
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synthesized one of two ways: (1) synthesis of the Mn(II) complex followed by addition of an oxidizing 

agent to obtain the corresponding Mn(III) complex337, 339-340, or (2) breaking apart a Mn(III,IV) dimer 

complex with acid.274, 276, 342 The latter method, was used successfully by several groups to obtain cis-

Mn(III) complexes.274, 276, 342  Reports describe that upon addition of acid (such as HCl or HBr) to a green 

solution of a dimeric Mn(III,IV) complex the color changes to red, which is characteristic of the presence 

of a cis-Mn(III) complex.274, 276, 342 Although this synthetic method was not employed to synthesize 

complexes 21-L3Mn2, a similar behavior was observed when acid was added to Mn(III,IV) dimers 

synthesized by the Green group. 

 A slight modification to the traditional metalation procedure was made to synthesize the di-μ-oxo 

bridged manganese(III,IV) dinuclear complexes. Instead of dissolving the ligand, adjusting the pH, and 

then adding the metal salt, both the ligand and Mn(ClO4)2 were dissolved at the same time followed by 

adjustment of the pH to 8 (Scheme 4.10). The resulting solution gradually darkened over several hours 

and turned a deep green color, which is characteristic of Mn(III,IV) dimers.337, 349 The solution was filtered, 

dried, and the crude solid was taken up in CH3CN, as previously described. The CH3CN solution was dark 

green and the solids resulting from evaporation of the CH3CN were similarly colored, 

[(L1)2MnIII,IV
2O2][ClO4]3 (L1Mn1) and [(L2)2MnIII,IV

2O2][ClO4] (L2Mn1) (Table 4.1). Both the isolated powders 

of L1Mn1 and L2Mn1 were dissolved in water, filtered, and X-ray quality crystals of L1Mn1 and L2Mn1 

were obtained by slow evaporation. Characterization of these complexes was achieved using UV-vis, IR, 

XRD, CV, and EPR spectroscopy. Unfortunately, the Mn(III,IV) complex with L3 (L3Mn1) was not isolable 

utilizing the method described above. Repeated synthesis and crystallization attempts resulted only in 

isolation of a brown powder that is most likely MnO2.337-338 In fact, the only evidence of the existence of 

[(L3)2MnIII,IV
2O2]3+ (L3Mn1) is found upon dissolution of complex L3Mn2 ([L3MnIIICl2][ClO4]) in water, as 

evidenced by UV-visible spectroscopy. However, this behavior is not unique to just the L3 complex; all the 

cis-Mn(III) complexes (L1Mn2-L3Mn2) exhibit this feature.  
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 When complexes L1Mn2-L3Mn2 are dissolved in CH3CN or other organic solvents they exist as the 

cis-Mn(III) mononuclear complexes, but upon dissolution in water they are converted to di-μ-oxo bridged 

manganese(III,IV) dinuclear complexes L1Mn1, L2Mn1, and L3Mn1, which is confirmed by the 

characteristic deep green color of each solution. This behavior has been observed before by others, Hubin 

et al. describe the air oxidation of a cross-bridged macrocyclic Mn(II) complex which resulted in the 

characteristic deep green solution evidencing formation of an oxo-bridged dimer.349  

 4.4.2. UV-visible spectroscopy of Mn(III) monomers and Mn(III,IV) dimers 

 UV-visible spectroscopy was utilized to characterize complexes L1Mn2-L3Mn2 and to confirm the 

unique cis configuration of each complex. As stated previously, relatively few examples of cis-Mn(III) 

mononuclear complexes exist in the chemical literature. In fact, only one other group obtained the 

electronic spectra of a cis-Mn(III) complex similar to complexes L1Mn2-L3Mn2 (Table 4.9).337 Complexes 

L1Mn2-L3Mn2 were dissolved in CH3CN, each solution exhibiting the characteristic red/pink color of cis-

Mn(III) mononuclear complexes. For each complex, two absorbance bands were observed at ~370 and 

~527 nm (averaged between the three complexes L1Mn2-L3Mn2) (Table 4.9, Figure 4.1). The higher 

energy absorbance band at ~370 nm is most likely a LMCT. The lower energy band at ~527 nm is a d-d 

band. The characteristic red/pink color of the solution can be attributed to this absorbance band.30 The d-

d band observed at this wavelength is confirmatory of a high-spin Mn(III) complex, and is assigned as the 

only spin-allowed transition, 5Eg → 5T2g, expected within the visible region of this electronic spectrum.30, 

202 Hubin et al. observed similar absorbance bands for complexes 4.18a and 4.19a, but no formal 

assignments were made in their report.337 
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1: ref. 337. 
 

 
Figure 4.1. Electronic spectra of cis-Mn(III) complexes of L1Mn2, L2Mn2, and L3Mn2. 
 

In contrast to cis-Mn(III) mononuclear complexes, Mn(III,IV) dimeric complexes are prevalent in 

the chemical literature and there are many electronic spectra to compare with complexes L1Mn1, L2Mn1, 

and L3Mn1 (Table 4.4). Complexes L1Mn1, L2Mn1, and L3Mn1 were dissolved in water and each 

complexes’ electronic spectrum exhibits absorbance bands that are characteristic of di-μ-oxo bridged 

Mn(III,IV) dimers (Table 4.4, Figure 4.2). The first, highest energy, feature of the electronic spectra is a 

ligand-to-metal charge transfer (LMCT) at 382 nm (for all three complexes L1Mn1, L2Mn1, and L3Mn1) 

which has been well documented by others.305, 309, 313 Although this particular absorbance band is not 

present within every Mn(III,IV) dimer complex reported, it is present in complexes 4.3b (with bispicen),  

4.5a (with tren), and 4.7b (with cyclen).305, 309, 313 The next feature of the electronic spectrum is a sharp 
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absorbance band at 555 nm (Table 4.4, Figure 4.2). This absorbance band corresponds to the d-d transition 

of the Mn(III) ion within the complex. Every previously reported Mn(III,IV) dimer has this feature in the 

electronic spectrum, with the band often observed from 548-561 nm.265, 276, 302, 304-307, 309, 311, 313 The next 

lower energy feature in the spectrum is a broad absorbance band at ~660 nm (averaged for complexes 

L1Mn1, L2Mn1, and L3Mn1) and is assigned as a ligand-to-metal charge transfer band from the oxo-bridge 

to the Mn(IV) ion within the complex (Table 4.4, Figure 4.2). This band was previously mis-assigned as a 

LMCT from the oxo-bridge to the Mn(III) ion in complexes 4.1b and 4.2b, but was later correctly re-

assigned, in 1988.306, 317 Finally, tailing into the near-IR region a small shoulder is observed at ~800 nm (for 

all three complexes L1Mn1, L2Mn1, and L3Mn1) (Table 4.4, Figure 4.2). This shoulder corresponds to an 

intervalence transfer between the two metal ions. As such, complexes L1Mn1, L2Mn1, and L3Mn1 can be 

categorized as Class II complexes, based on the classification scheme of Robin and Day.316 Class II 

compounds have electronic spectra that exhibit typical absorbance bands expected for each metal ion, as 

well as some new features that arise from the weak interactions between the two metal ions.316 Many 

previously synthesized Mn(III,IV) dimers exhibit this same IT band, although several notable complexes 

such as complex 4.4b, do not. Suzuki et al. stated that the absence of an IT band suggested that complex 

4.4b had a lesser degree of delocalization between the two metal centers.306 

 
Figure 4.2. Electronic spectra of di-μ-oxo bridged Mn(III,IV) complexes L1Mn1, L2Mn1, and L3Mn1. 
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4.4.3. Solid state structures of Mn(III) monomer and Mn(III,IV) dimers. 

 
Figure 4.3. Solid state structures of complexes L1Mn1, L2Mn1, and L1Mn2 (hydrogen atoms have been 
omitted for clarity). 
 
 

Three solid state structures were obtained for L1Mn1, L2Mn1, and L1Mn2 (Figure 4.3). Pink blade-

like crystals of L1Mn2 were evaluated by X-ray diffraction and provided data that resulted in the structure 

shown in figures 4.3 and 4.4. The macrocycle, L1 (pyclen), is bound to the Mn(III) ion in a cis-fashion, with 

two nitrogen atoms bound in the equatorial plane and two nitrogen atoms bound in the axial plan. The 

coordination environment is completed by two chloride ions bound in a cis-fashion (Figure 4.3, 4.4). The 

resulting complex is a 5-5-5-5 ring structure. The distances within the complex are typical for a Mn(III) 

high-spin complex. Jahn-Teller distortion is observed (and expected) due to the d4 Mn(III) ion present 

within the complex. The axial bond distances of Mn(1)—Nax(1) and Mn(1)—Nax(3), 2.247 and 2.241 Å, are 

significantly longer than the equatorial bond distances of Mn(1)—Neq(2) and Mn(1)—Neq(4), 2.076 and 

2.059 Å, differing by almost 0.2 Å (0.1765 Å actual) (Table 4.10).  The axial elongation observed in complex 

L1Mn2 has been observed in other Mn(III) complexes, as well.337 For instance, complex 4.19a, a 12-

membered ethylene-cross bridged macrocyclic Mn(III) complex, synthesized by Hubin et al., also exhibits 

Jahn-Teller distortions, although to a lesser extent than complex L1Mn2 (Table 4.10, Figure 4.4).The 

observed axial bond distances of Mn(1)—Nax(1) (2.211 Å) and Mn(1)—Nax(3) (2.202 Å) differ by only about 

~0.1 Å (0.1075 Å actual) from the equatorial bond distances of Mn(1)-Neq(2) (2.111 Å) and Mn(1)—Neq(4) 

(2.087 Å) (Table 4.10).  
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Figure 4.4. Comparison of the solid state structures of L1Mn2 and 4.19a.337 

In addition to differences in elongation of the axial bond distances, there are some distinguishing 

differences in the bond angles of complexes 4.19a and L1Mn2, specifically when comparing axial vs. 

equatorial bond angles (Table 4.11). In L1Mn2 the axial bond angle N(1)-Mn(1)-N(3) is 149.22o, whereas, 

in 4.19a the N(1)-Mn(1)-N(3) bond angle is 155.01o. The axial bond angle in complex L1Mn2 is about 5o 

smaller than the same angle in 4.19a. In contrast, the inverse is observed when comparing the equatorial 

bond angles of each complex. For L1Mn2 the equatorial bond angle N(2)-Mn(1)-N(4) is 87.33o, but for 

4.19a the N(2)-Mn(1)-N(4) bond angle is 82.73o, making the equatorial bond angle of L1Mn2 about 5o 

larger than the same angle in 4.19a. Both differences between equatorial and axial angles of complexes 

L1Mn2 and 4.19a can be explained by a slight difference in the structure of the two ligands. Complex 

L1Mn2 gives rise to delineation from octahedral geometry in the axial coordination, whereas complex 

4.19a modifies the equatorial Mn(III) interactions. The presence of the pyridine ring, within the 12-

membered L1 macrocycle, constrains the axial bond angle N(1)-Mn(1)-N(3) causing more deviation from 

linearity in complex L1Mn2 than is observed in complex 4.19a. In contrast, complex 4.19a contains a 12-

membered ethylene cross-bridged tetraazamacrocycle. The ethylene cross-bridge constrains the 

equatorial bond angle N(2)-Mn(1)-N(4) more in complex 4.19a than compared to complex L1Mn2. 
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Solid state structures of the Mn di-μ-oxo bridged complexes L1Mn1 and L2Mn1 were also 

explored. Crystallizations of both complex L1Mn1 and L2Mn1 were carried out in H2O. Slow evaporation 

of deep green aqueous solutions afforded block-like dark green/black crystals of L1Mn1 and L2Mn1. 

Although multiple attempts were made to crystallize complex L3Mn1 no crystals suitable for X-ray analysis 

were obtained. Both complexes consist of the ligand (either L1 or L2) bound in a cis-fashion to a 

manganese ion, bridged to another ligand-bound manganese ion through a di-μ-oxo bridge (Figure 4.3).  

The crystal structure of the L1 Mn(III,IV) dimer complex has been previously deposited into the 

Cambridge crystallographic database (CCDC #:675326) and will be referred to as complex 4.9a 

([(pyclen)2MnIII,IV
2O2][Cl]3•6H2O) (Table 4.1) . There are several interesting differences when comparing 

4.9a and L1Mn1, although they share the Mn di-μ-oxo core structure. Complex 4.9a was modeled in the 

monoclinic Cm space group, while complex L1Mn1 was modeled in the monoclinic C2/c space group. As 

such, the asymmetric units of the two complexes are very different. L1Mn1 contains the entire Mn(III,IV) 

dimer in the asymmetric unit, whereas 4.9a contains only half of each ligand bound to manganese ions, 

(Scheme 4.11). The overall data of complex L1Mn1 is better than complex 4.9a.  

 
Scheme 4.11. Asymmetric units and symmetry generated dimers for the solid state structure of 4.9a, 
L1Mn1, L2Mn1 (Hydrogen atoms omitted for clarity). (4.19a CCDC #: 675326) 

 

Complexes L1Mn1 (with L1) and L2Mn1 (with L2), are both Mn(III,IV) di-μ-oxo bridged dinuclear 

complexes, but the crystal structure of each complex is unique. Complex L1Mn1 and L2Mn1 crystallize in 
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different space groups, as stated previously L1Mn1 was modeled in the monoclinic C2/c space group; 

whereas, complex L2Mn1 was modeled in the monoclinic P21 space group. The asymmetric unit of L1Mn1 

contains the entire Mn(III,IV) dimer molecule. In contrast, the asymmetric unit of L2Mn1 only contains 

one-half of the dinuclear complex and one bridging-oxygen atom; therefore, the second half of the 

complex is symmetry generated (Scheme 4.11). Because the asymmetric unit of L1Mn1 contains the entire 

molecule, the crystal structure contains two crystallographic distinct manganese centers, whereas the 

crystal structure of L2Mn1 contains two crystallographically equivalent manganese centers. The 

crystallographic equivalence of the two manganese centers in complex L2Mn1 does not necessarily mean 

that the manganese ions are identical in nature (i.e. the same charge), it is merely a consequence of how 

the system crystallizes in the solid state. In fact, UV-visible spectroscopy and EPR spectroscopy of complex 

L2Mn1 confirm that the complex contains two inequivalent manganese centers ((III) and (IV)). Several 

other previously reported Mn(III,IV) dimer complexes crystallize in a similar manner with two 

crystallographically equivalent metal centers.307 

Evidence for two crystallographically distinct metal centers within complex L1Mn1 can be found 

by observing the Mn—N bond lengths of Mn(1) vs. Mn(2). Mn(1) is a d3 Mn(IV) ion and the axial and 

equatorial bond distances surrounding the metal ion are relatively similar to one another (Mn IV—Nax = 

2.086 and 2.090 Å; MnIV—Neq = 2.091 and 1.991 Å). In contrast, Mn(2) is a d4 Mn(III) ion that experiences 

Jahn-Teller distortions; this can be observed in the lengthening of the MnIII—Nax bond distances (2.266 

and 2.246 Å) vs. the MnIII—Neq distances (2.110 and 2.058 Å). In addition, the Mn—O bond distances are 

different for each metal center, indicating an inequivalence of charge (Table 4.10). Contrastingly, the 

Mn—N and Mn—O bond distances in complex L2Mn1 are of intermediate length between an Mn(III) and 

Mn(IV) ion (Table 4.10). A small indication of Jahn-Teller distortion is observed between the axial and 

equatorial bound nitrogen atoms (Mn—Nax = 2.195 and 2.185 Å; Mn—Neq = 2.104 and 2.00 Å), but the 

distortion is much less pronounced compared to complex L1Mn1. 
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For many years, the bond distance of greatest interest within Mn(III,IV) complexes was the 

distance between the two di-μ-oxo bridged Mn—Mn atoms. Early studies of the OEC within PSII using 

EXAFS indicated an Mn—Mn bond length of 2.7 Å.285, 287-289 Complexes L1Mn1 and L2Mn1 exhibit Mn—

Mn bounds lengths of 2.712 and 2.709 Å, respectively. Compared to several other Mn(III,IV) dimers, the 

lengths observed in these complexes are intermediate in range (Table 4.2). For example, the Mn—Mn 

distance within complex 4.4c (2.643 Å) with tmpa ligands, was the shortest Mn—Mn bond distance 

recorded to date vs. complex 4.6b (2.741 Å) with cyclam ligands, which is the greatest Mn—Mn bond 

distance reported to date (Table 4.2). 
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4.4.4. Electrochemical studies of Mn(III) monomers and Mn(III,IV) dimers 

 Cyclic voltammograms of complexes L1Mn2-L3Mn2 in CH3CN offer insight into the stability of 

these unique cis-Mn(III) complexes. For all three complexes a quasi-reversible redox wave was observed 

and has been assigned to the MnIII/ MnIV couple (Figure 4.5, Table 4.14). The E1/2 values will not be 

compared to determine the relative electrochemical stability of each complex, because of the quasi-

reversible nature of each couple. Based on the observed Epc values for each complex, the order of stability 

of the Mn(III) species is L2Mn2 (841 mV vs. NHE) > L1Mn2 (852 mV vs. NHE) > L3Mn2 (856 mV vs. NHE), 

L2Mn2 being the most negative (Table 4.14, Figure 4.5). This data indicates that L2 is the most electron 

donating ligand and stabilizes the Mn(III) species to the greatest degree. The findings of the 

electrochemical analysis of complexes L1Mn2-L3Mn2 agree with previously reported conclusions related 

to donor capacity of L1-L3 from studies of other ligand-metal complexes.56 
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Figure 4.5. Cyclic voltammograms of cis-Mn(III) complexes L1Mn2, L2Mn2, L3Mn2. CV recording in 10.0 
mL of DMF containing 10 mg complex + 0.1 M TBAP with a glassy carbon working electrode, Ag wire quasi-
reference electrode, and a platinum wire auxiliary electrode. 
 

Additionally, the cyclic voltammograms of complexes L1Mn2-L3Mn2 can be compared with other 

cis-Mn(III) complexes. Hubin et al. obtained electrochemical measurements on a complex similar to those 

described here. As stated previously, complex 4.19a is a rare cis-Mn(III) mononuclear complex that 

contains a 12-membered ethylene-cross bridged macrocycle. The electrochemistry of this complex 

consists of two redox couples, a MnIII/MnII couple (E1/2 = 400 mV vs. NHE) and a MnIV/MnIII couple (E1/2 = 

1177 mV vs. NHE). The lack of an MnIII/MnII couple in the CV of L1Mn2-L3Mn2 is an obvious difference 

compared to complex 4.19a. It is hypothesized that the Mn(II) oxidation state is not stabilized by the 

macrocyclic ligands (L1-L3), therefore no MnIII/MnII couple is observed. However, the CV of complex 4.19a 

and complexes 21-L3Mn2 both exhibit a MnIII/MnIV couple. This anodic couple appears at much higher 

redox potentials for complex 4.19a (E1/2 = 1177 mV vs. NHE) than for complexes L1Mn2-L3Mn2 (E1/2 = 948, 

962, 912 mV vs. NHE), suggesting that the manganese ions in complexes L1Mn2-L3Mn2 are much easier 

to oxidize than complex 4.19a. 
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 The cyclic voltammograms of complexes L1Mn1 (in H2O and CH3CN) and L2Mn1 (in CH3CN) offer 

insight into the stabilities of the Mn(III,IV) dimeric complexes synthesized to date. Historically, most 

Mn(III,IV) dimeric complexes with nitrogen-containing ligands exhibit two quasi-reversible redox events, 

one at more cathodic potentials that corresponds to a MnIII,IV/MnIII,III couple and another at more anodic 

potentials that corresponds to a MnIII,IV/MnIV,IV  couple (Table 4.5, Scheme 4.6) 265, 268, 276, 299, 301-307, 309, 313 

The Mn(III,IV) dimeric complexes L1Mn1 and L2Mn1 exhibit electrochemical behavior that can be 

compared to other Mn(III,IV) dimers in the chemical literature. Complex L1Mn1 exhibits solvent 

dependent redox behavior. In CH3CN, complex L1Mn1 exhibits a quasi-reversible redox couple that 

corresponds to the quasi-reversible reduction of MnIII,IV/MnIII,III (E1/2 = 0.700 V vs. NHE). In contrast, when 

complex L1Mn1 is dissolved in H2O only an irreversible reduction to Mn(III,III) is observed (Epc = 0.440 V 

vs. NHE). Irreversibility of the reduction of MnIII,IV/MnIII,III has been observed before by others.268 When 

compared to other Mn(III,IV) dimeric complexes in the chemical literature the  MnIII,IV/MnIII,III couple of 

complex L1Mn1 (in CH3CN) exhibits the most positive redox potential published to date. 265, 268, 276, 299, 301-

307, 309, 313 Another unique aspect related to the redox behavior of L1Mn1 is that no MnIII,IV/MnIV,IV redox 

couple was observed. If the potential of the MnIII,IV/MnIII,III redox event is shifted to very positive redox 

potentials then it would be expected that the MnIII,IV/MnIV,IV couple would also be shifted to higher redox 

potentials. Therefore, it is hypothesized that no anodic couple is observed because it is shifted to 

potentials outside the solvent window allowed by CH3CN and H2O experiments.  In contrast, the 

electrochemical behavior of complex L2Mn1 exhibits a quasi-reversible redox wave that corresponds to 

the MnIII,IV/MnIV,IV couple (E1/2 = 0.85 V vs. NHE) and an irreversible reduction which is assigned as the 

reduction of MnIII,IV to MnIII,III (Epc = 0.35 V vs. NHE). To the best of our knowledge, the anodic redox wave 

of complex L2Mn1 is the most negative E1/2 reported to date (Table 4.5, Scheme 4.6). Electrochemical 

analysis of L2Mn1 was not conducted in CH3CN, due to a lack of solubility. Electrochemical analysis was 

also attempted on complex L3Mn1 as well. As discussed earlier, when complex L3Mn2 is dissolved in H2O 
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it is converted to L3Mn1. No redox waves were observed possibly because they are shifted to potentials 

that were outside the solvent window.  

 
Figure 4.6. Cyclic voltammograms of Mn(III,IV) dimer complexes L1Mn1, L2Mn1. CV recorded in 3.0 mL of 
H2O containing 3 mg complex + 0.1 M NaClO4 with a glassy carbon working electrode, Ag/AgCl reference 
electrode, and a platinum wire auxiliary electrode. 
 

4.4.5. Infrared spectroscopy of Mn(III,IV) dimers 

IR spectroscopy was used to study complexes L1Mn1 and L2Mn1. In the chemical literature, IR 

spectroscopy was utilized to monitor the Mn2O2 core vibrational modes. Generally, the Mn2O2 has been 

observed at an average value of 686 cm-1 (Table 4.3).276, 302, 304-305 A Mn2O2 vibrational mode is observed 

for both L1Mn1 (~676 cm-1) and L2Mn1 (~676 cm-1). The Mn2O2 stretching frequency for complexes 

L1Mn1 and L2Mn1 is shifted to lower wavenumbers compared to previously synthesized Mn(III,IV) 

dimeric complexes, which is consistent with previous data indicating that L1 and L2 are stronger electron 

donors than the other ligands utilized in the chemical literature. 
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4.4.6. Conclusions 

A small library of high-valent manganese complexes was synthesized from L1-L3 by slight 

modification of metalation procedures in the current literature.56 When an Mn(II) salt was added to a pH 

adjusted solution of ligand, cis-Mn(III) monomeric complexes resulted (L1Mn2, L2Mn2, and L3Mn2). In 

contrast, when an Mn(II) salt and ligand were dissolved together and then the pH was adjusted a di-μ-oxo 

bridged Mn(III,IV) dimeric complex resulted (L1Mn1 and L2Mn1). X-ray quality crystals of L1Mn1, L2Mn1, 

and L1Mn2 validated connectivity within the complexes. The crystal structure of complex L1Mn1 is 

consistent with a high-spin Mn(III) ion; Jahn-Teller distortion is observed with the Mn—Nax bond distances. 

The crystal structures of complexes L1Mn1 and L2Mn1 confirmed the presence of a di- μ-oxo bridged 

Mn(III,IV) dimer, although the two different complexes crystallize in different space groups.  In addition 

to X-ray diffraction, complexes were also characterized using UV-vis, IR, CV, and EPR spectroscopy. The 

electronic spectra of complexes L1Mn2-L3Mn2 confirmed the presence of a high-spin Mn(III) metal 

center; each spectrum exhibited only one spin-allowed transition in the visible region corresponding to 

5Eg → 5T2g.30  In contrast, the electronic spectra of complexes L1Mn1, L2Mn1, and L3Mn1 exhibited 

multiple absorbance bands; each band having been previously confirmed in the chemical literature.302, 304-

305, 307, 313 Electrochemical studies of both the monomeric and dimeric complexes offered insight into the 

redox behavior of each complex. Complexes L1Mn2-L3Mn2 all exhibited a redox event corresponding to 

the quasi-reversible oxidation of MnIII/MnIV.304 Whereas, complexes L1Mn1 and L2Mn1 exhibited slightly 

different redox behavior that was comparable to electrochemical studies conducted by others. Complexes 

L1Mn2-L3Mn2 are particularly unique because they are only the 2nd and 3rd examples of cis-Mn(III) 

macrocyclic complexes that have been reported in the chemical literature to date. Most previously 

synthesized Mn(III) macrocyclic complexes reported were isolated as the trans isomers. Complexes 

L1Mn1, L2Mn1, and L3Mn1 were also compared to a group of historically significant Mn(III,IV) dimers.  
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4.5. Experimental (methods and materials) 

Caution! Perchlorate salts are explosive and should be handled with care; such compounds should 

never be heated as solids. All chemical reagents were purchased from either Millipore Sigma or Alfa Aesar 

and used without further purification. The 12-membered tetraazamacrocycles L1, L2, and L3 were isolated 

as the hydrochloride salts prior to metal ion complexation in accordance with standard practices; 

synthetic procedures are described in chapter 2. The yields reported for L1Mn1, L2Mn1, L1Mn2, L2Mn2, 

and L3Mn2 were calculated based on solid state structures or elemental analysis results; each reaction 

was carried out in H2O. Elemental analyses were performed by Canadian Microanalytical Services Ltd.  

4.5.1. Physical measurements 

Electronic absorption spectra were collected between 190 nm and 1100 nm using an 8453 UV-vis 

spectrophotometer (Agilent) and a 3-mL quartz cuvette with a path length of 1.0 cm. Molar extinction 

coefficients were calculated utilizing the Beer-Lambert law (A = εbc). Infrared spectra were collected using 

an ATR Pro One attachment on a JASCO FT-IR 4600 spectrometer. 

4.5.2. Preparation of [L1MnO]2[ClO4]3 (L1Mn1)  

L1 (100 mg, 0.317 mmol) and Mn(ClO4)2 (80 mg, 0.317 mmol) were dissolved in 12 mL of H2O. The 

pH of this solution was adjusted to 8 with a dilute solution of KOH. The resulting mixture was stirred at 

room temperature for 12 h; the solution color gradually darkened from pale yellow to dark brown to deep 

forest green. After 12 h, this green solution was filtered and pumped down under reduced pressure to 

afford a dark green/brown solid. The resulting solid was taken up in CH3CN (20 mL) and stirred, open to 

air, for 12 h. The resulting solution, which was a dark green color, was filtered. The supernatant was 

pumped down under reduced pressure to afford a dark green powder. (90.0 mg, 0.097 mmol, 60% yield). 

The dark green powder was dissolved in H2O and filtered, slow evaporation of the aqueous solution 

yielded X-ray quality crystals. Electronic absorption, λmax/nm (ε/M-1 cm-1); H2O: 382 (652), 555(181), 665 
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(211), 800 (sh). Elemental Analysis for L1Mn1; [L1MnO]2[ClO4]3•5H2O Found (Calculated): C, 28.37 (28.03); 

H, 4.53 (4.92); N, 11.86 (11.88) %.  

4.5.3. Preparation of [L2MnO]2[ClO4]2 (L2Mn1) 

This complex was synthesized in a similar manner to L1Mn1 (instead of L1, L2 was used). A dark 

green powder was isolated (60.0 mg, 0.073 mmol, 48% yield). The green powder was dissolved in H2O, 

slow evaporation of the aqueous solution yielded X-ray quality crystals (it should be noted that the oxygen 

atoms of the coordinated L2 ligand were deprotonated in the solid state structure). Electronic absorption, 

λmax/nm (ε/M-1 cm-1); H2O: 382 (536), 554(119), 658 (107), 800 (sh). Elemental Analysis for L2Mn1; 

[L2MnO]2[ClO4]•2H2O•4CH3OH•HCl•KCl Found (Calculated): C, 32.23 (32.56); H, 5.63 (5.78); N, 11.66 

(11.68) %.  

4.5.4. Preparation of [L1MnCl2][ClO4] (L1Mn2) 

 L1 (100 mg, 0.317 mmol) was dissolved in 12 mL of H2O. The pH of this solution was adjusted to 8 

with a dilute solution of KOH. Mn(ClO4)2 (80 mg, 0.317 mmol) was then added to the pH adjusted solution. 

This mixture was stirred at room temperature for 12 h; the solution color gradually darkened from pale 

yellow to dark brown. After 12 h, this brown solution was filtered and pumped down under reduced 

pressure to afford a dark brown/red tinged solid. The resulting solid was taken up in CH3CN (20 mL) and 

stirred, open to air, for 12 h. The resulting solution, which was red-pink, was filtered. The supernatant was 

pumped down under reduced pressure to afford a pale pink-red powder. (40.2 mg, 0.085 mmol, 57% 

yield). The bright pink-red powder was dissolved in CH3CN and filtered, slow evaporation of the CH3CN 

solution yielded X-ray quality crystals. Electronic absorption, λmax/nm (ε/M-1 cm-1); CH3CN: 370 (sh, 153), 

525 (46). Elemental Analysis for L1Mn2; [L1MnCl2][ClO4]•2H2O Found (Calculated): C, 28.10 (28.25); H, 

3.70 (4.74); N, 11.73 (11.98) % 
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4.5.5. Preparation of [L2MnCl2][ClO4] (L2Mn2) 

 This complex was synthesized in a similar manner to L1Mn2 (instead of L1, L2 was used). A dark 

red powder was isolated (85.0 mg, 0.114 mmol, 75% yield). Electronic absorption, λmax/nm (ε/M-1 cm-1); 

CH3CN: 360 (sh, 361), 530 (56). Elemental Analysis for L2Mn2; [L2MnCl2][ClO4]•MnCl2•2MnO2 Found 

(Calculated): C, 17.74 (17.68); H, 2.42 (2.43); N, 7.41 (7.50) %. 

4.5.6. Preparation of [L3MnCl2][ClO4] (L3Mn2) 

 This complex was synthesized in a similar manner to L1Mn2 (instead of L1, L3 was used). A pale 

pink-brown powder was isolated (130 mg, 0.086 mmol, 57% yield). Electronic absorption, λmax/nm (ε/M-1 

cm-1); CH3CN: 380 (sh, 58), 525 (16). Elemental Analysis for L3Mn2; 

[L3MnCl2][ClO4]•2MnCl2•3MnO2•2Mn(ClO4)2 Found (Calculated): C, 17.74 (17.68); H, 2.42 (2.43); N, 7.41 

(7.50) %. 

4.5.7. X-ray crystallography 

 A Leica MZ 75 microscope was used to identify samples suitable for analysis. A Bruker APEX-II CCD 

diffractometer was employed for crystal screening, unit cell determination, and data collection; which 

was obtained at 100 K. The Bruker D8 goniometer was controlled using the APEX2 software suite, 

v2014.11-0.250 The samples were optically centered with the aid of video camera so that no translations 

were observed as the crystal was rotated through all positions. The X-ray radiation employed was 

generated from a MoKα sealed X-ray tube (λ = 0.71076) with a potential of 50 kV and a current of 30 mA; 

fitted with a graphite monochromator in the parallel mode (175 mm collimator with 0.5 mm pinholes). 

4.5.7.1. [L1MnO]2[ClO4]3 (L1Mn1) structure determination 

 Crystals of L1Mn1 suitable for X-ray analysis were obtained by dissolving several mg of dark green 

powder of L1Mn1 in H2O to provide a dark green solution. Slow evaporation of this solution at room 
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temperature afforded an opaque dark green block-like crystal of L1Mn1 (0.273 x 0.175 x 0.067 mm3), 

which was mounted on a 100 μm cryo-loop 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 0.5o. A total of 1,104 frames were collected, and the data collection was 100% complete. The 

frames were integrated with the Bruker SAINT Software package206 using a narrow frame algorithm. The 

integration of the data used a monoclinic unit cell yielding a total of 33,419 reflections to a maximum θ 

angle of 33.24o (0.65 Å resolution) of which 13,522 reflections were independent with the Rint = 4.35%. 

Data were corrected for absorption effects using the multi-scan method SADABS.207 Using Olex2208 the 

structure was solved with the ShelXS209 structure solution program using Direct Methods and refined with 

the SHELXL210 refinement package using Least Squares minimization. All hydrogen and non-hydrogen 

atoms were refined using anisotropic thermal parameters. The thermal ellipsoid molecular plots (50%) 

were produced using Olex2.208 

4.5.7.2. [L2MnO]2[ClO4]2 (L2Mn1) structure determination 

 Crystals of L2Mn1 suitable for X-ray analysis were obtained by dissolving several mg of dark green 

powder of L2Mn1 in H2O to provide a dark green solution. Slow evaporation of this solution at room 

temperature afforded an opaque dark green block-like crystal of L2Mn1 (0.457 x 0.289 x 0.274 mm3), 

which was mounted on a 200 μm cryo-loop 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 0.5o. A total of 1,852 frames were collected, and the data collection was 100% complete. The 

frames were integrated with the Bruker SAINT Software package206 using a narrow frame algorithm. The 

integration of the data used a monoclinic unit cell yielding a total of 41,977 reflections to a maximum θ 

angle of 30.15o (0.71 Å resolution) of which 4,682 reflections were independent with the Rint = 2.37%. Data 

were corrected for absorption effects using the multi-scan method SADABS.207 Using Olex2208 the 

structure was solved with the ShelXS209 structure solution program using Direct Methods and refined with 
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the SHELXL210 refinement package using Least Squares minimization. All hydrogen and non-hydrogen 

atoms were refined using anisotropic thermal parameters. The thermal ellipsoid molecular plots (50%) 

were produced using Olex2.208  

4.5.7.3. [L1MnCl2][ClO4] (L1Mn2) structure determination 

 Crystals of L1Mn2 suitable for X-ray analysis were obtained by dissolving several mg of pink 

powder of L1Mn2 in H2O to provide a dark pink solution. Slow evaporation of this solution at room 

temperature afforded a translucent bright pink plate-like crystal of L1Mn2 (0.362 x 0.078 x 0.052 mm3), 

which was mounted on a 75 μm cryo-loop 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 0.5o. A total of 1,104 frames were collected, and the data collection was 100% complete. The 

frames were integrated with the Bruker SAINT Software package206 using a narrow frame algorithm. The 

integration of the data used a monoclinic unit cell yielding a total of 28,307 reflections to a maximum θ 

angle of 30.12o (0.71 Å resolution) of which 4,963 reflections were independent with the Rint = 8.29%. Data 

were corrected for absorption effects using the multi-scan method SADABS.207 Using Olex2208 the 

structure was solved with the ShelXS209 structure solution program using Direct Methods and refined with 

the SHELXL210 refinement package using Least Squares minimization. All hydrogen and non-hydrogen 

atoms were refined using anisotropic thermal parameters. The thermal ellipsoid molecular plots (50%) 

were produced using Olex2.208  

4.5.8. Electrochemical measurements 

 Cyclic voltammetry (CV) was carried out with an EC Epsilon potentiostat (C-3 cell stand) purchased 

from BASi Analytical Instruments (West Lafayette, IN). A glassy carbon (GC) electrode from BASi (MF-

2012), 3 mm in diameter was polished on a white nylon pad (BASi MF-2058) with different sized diamond 

polishes (15, 6, 1 μm) to ensure a mirror-like finish. Between each measurement, the GC electrode was 

polished with the three diamond polishes. For electrochemical analysis of L1Mn1 and L2Mn1, a three-
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electrode cell configuration was used with GC as the working electrode, an Ag/AgCl reference electrode, 

and a Pt wire (7.5 cm) as the counter electrode (BASi MW-1032). For electrochemical analysis of L1Mn2, 

L2Mn2, and L3Mn2, a three-electrode cell configuration was used with GC as the working electrode, an 

Ag wire (0.5 mm dia.) quasi reference electrode housed in a glass tube (7.5 cm x 5.7 mm) with a Porous 

CoralPorTM tip, and a Pt wire (7.5 cm) as the counter electrode (BASi MW-1032). All solutions were bubbled 

with nitrogen gas for at least 15 min. prior to experimentation and were kept under a humidified nitrogen 

gas blanket. L1Mn1 and L2Mn1 potentials are reported vs. Ag/AgCl (E1/2 = 0 V); whereas, L1Mn2, L2Mn2, 

and L3Mn2 potentials are reported vs. Cp* (E1/2 = 0 V). For each electrochemical analysis, the 

concentration was 1 mg analyte per 1 mL solvent (varying from 1.5 mL up to 10.0 mL). L1Mn1 and L2Mn1 

were dissolved in H2O containing 0.1 M NaClO4 as the supporting electrolyte. L1Mn2, L2Mn2, and L3Mn2 

were dissolved in anhydrous CH3CN containing 0.1 M tetrabutylammonium perchlorate (TBAP) as the 

supporting electrolyte. 

Equations used to convert between references350  

E(NHE) = E(Cp*) + 0.366 V 

E(NHE) = E(SCE) + 0.2412 V 

E(NHE) = E(Ag/AgCl) + 0.197 V 

E(SCE) = E(Ag/AgCl) – 0.045 V 

E(SCE) = E(Ag/Ag+) + 0.35 V 

E(SCE) = E(NHE) – 0.241 V  
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Chapter 5: Synthesis, characterization, and applications of a novel 30-membered 
pyridine/piperazine-based decaazamacrocycle (L5) 

 

5.1. Introduction 

 The novel 30-membered decaazamacrocycle (L5) discussed in the following chapter was originally 

designed as an Mn(II)-based imaging agent. Considering this, the introduction portion of this chapter will 

briefly discuss: (i) background information on imaging agents (such as MRI contrast agents); (ii) why there 

is a need for transition metal-based contrast agents; (iii) current approaches to designing Mn(II)-based 

imaging agents; and (iv) the design rational for a rigid Mn(II)-based imaging agent proposed by the Green 

group. Following the introduction, the synthesis and characterization of the proposed novel macrocyclic 

Mn(II)-based imaging agent will be discussed, which had some unexpected results. Finally, metalation 

attempts of L5 with Cu(II) ions as well as the protonation and stability constants of L5 will be discussed. 

5.1.1. Magnetic resonance imaging (MRI) and use of contrast agents (CA) 

 Magnetic resonance imaging (MRI) is a very powerful diagnostic tool used in clinical medicine.91 

It has a wide range of applications in medical diagnosis including (but not limited to): neuroimaging, 

cardiovascular imaging, musculoskeletal imaging, and hepatobiliary imaging. Contrast agents are 

sometimes used, because of the inherently low sensitivity of MRI.91 In fact, 40% of MRI examinations are 

carried out with the use of a contrast agent.91 Currently, most clinically approved contrast agents utilize 

the paramagnetic Gd(III) ion, which has 7 unpaired electrons. Paramagnetic metal ions help to enhance 

the longitudinal (1/T1) relaxation of water protons within body tissues, which results in a positive contrast 

in T1 weighted magnetic resonance images.90-91 Contrast agent efficiency can be described by its proton 

relaxivity (r1), in which proton relaxivity (r1) is defined as the paramagnetic enhancement of the 

longitudinal relaxation rate of water protons in 1 mM solution of a particular contrast agent.90-91 The 

proton relaxivity originates from inner- and outer-sphere mechanisms.90-91, 351 Inner-sphere relaxivity is 

influenced by the number water molecules directly coordinated to the contrast agent (hydration number, 
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q), the water exchange rate (kex), residence time (τM; τM = 1/kex), the rotational correlation time (τR), and 

the electron spin relaxation (Tie, i =1,2).90-91 Additionally, the inner-sphere relaxivity is linearly proportional 

to the number of coordinated water molecules.91 The water molecules present in the first coordination 

sphere of a paramagnetic ion (such as Gd(III)) exchange with surrounding water molecules, which 

transmits the paramagnetic effect of the metal ion to the bulk of the solution.91 In contrast, the outer-

sphere relaxivity  originates from random translational diffusion of water molecules near the 

paramagnetic metal ion.91 

5.1.2. Alternatives to the paramagnetic Gd(III) metal ion. 

 Gd(III)-based contrast agents represent the majority of CAs used in a clinical setting.89-91, 352 Gd(III) 

offers the advantage of being highly paramagnetic, which is necessary to give rise to the contrast for 

MRI.352 Unfortunately, there are also some disadvantages to using Gd(III)-based contrast agents. 

Gadolinium, a rare earth metal, is relatively expensive (GdCl3 $585/25 g, Millipore Sigma).352 Additionally, 

gadolinium salts are highly toxic.352 Although Gd(III) used within CAs is bound tightly to chelating ligands 

that prevent leaching within the body, there are increasing concerns about the safety of these contrast 

agents.352 Nephrogenic systemic fibrosis (NSF) is a systemic disorder that involves fibrosis of the skin, 

joints, eyes, and internal organs.353 Evidence suggests that this disorder is caused by exposure to Gd(III) 

used in Gd(III)-based CAs in patients with kidney disease or dysfunction and it is thought to affect around 

5% of patients who receive Gd(III)-based CAs.352-353 Patients with kidney disease retain these CAs and the 

Gd(III) bound to the chelates slowly leaches from the ligand framework into tissues causing Gd(III) 

deposition and severe damage to internal organs.352-353 These concerns have prompted multiple 

government organizations to fund research to find alternatives to Gd(III)-based CAs.354-359 

 Although Gd(III) is highly paramagnetic and currently dominates the field of metal-based CAs, 

there are other alternatives to this expensive, rare earth metal. One very promising alternative to Gd(III) 

is the paramagnetic transition metal ion Mn(II).90-91, 352, 360-363 Mn(II) has 5 unpaired electrons and a slow 
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electronic relaxation rate.90-91 Complexes with Mn(II) generally have water exchange rates allowing for 

higher relativities to be obtained, which can be a limiting factor for Gd(III)-based complexes.90-91 

Moreover, Mn(II) is earth-abundant and relatively cheap (MnCl2 $42.25/100 g, Millipore Sigma) compared 

to the rare-earth metal, gadolinium. 

 In addition to the advantages discussed above, Mn(II) is also a biogenic element.90-91, 360, 362 For 

example, Mn(II) is an essential cofactor in several enzymes such as superoxide dismutase (SOD)364 and 

glutamine synthetase.90-91, 360, 362, 365 Mn(II) also competes with Ca(II) in many biological processes, because 

it is similarly sized to Ca(II).90-91, 366 This allows for detection of calcium influx and distribution within the 

central nervous system using a technique called manganese enhanced magnetic resonance imaging 

(MEMRI).90-91, 361, 366-367 MEMRI utilizes free Mn(II) to trace neuronal pathways and provide detailed 

monitoring of brain and/or heart structures.90-91, 361, 366 Unfortunately, the concentrations of Mn(II) salts 

necessary for sufficient contrast (matching Gd(III) systems) are toxic, thus limiting this method to animal 

studies.90-91 In the brain for example, high concentrations of free Mn(II) can lead to manganism (or 

manganese poisoning), which resembles Parkinson’s disease. 

 Currently, there is only one Mn(II)-based CA utilized as a clinical diagnostic tool. [Mn(DPDP)]4- 

(DPDP6- = N,N’-dipryidoxylethylenediamine-N,N’-diacetate-5,5’-bis(phosphate)) (Figure 5.1(a)) is used in 

liver and cardiac imaging.363, 368 Technically, the relaxation effect (contrast) in vivo is due to the free Mn(II) 

released from the complex, because the complex itself has no coordinated water molecules (to give inner-

sphere relaxivity).90-91 Indeed, the presence of the DPDP6- ligand is only necessary to ensure the Mn(II) 

ions are released slowly, to prevent the toxicity observed from use of Mn(II) salts.90-91 
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Figure 5.1. (a) Ligand framework for only clinically approved Mn(II)-based contrast agent; (b) Common 
ligand frameworks used in Gd(III)-based contrast agents.88, 90-91 
 

5.1.3. Previously designed ligand frameworks for Mn(II)-based contrast agents 

 The development of MEMRI and use of [Mn(DPDP)]4- as a CA offer a proof-of-concept for 

applicability of Mn(II) ions as paramagnetic ions, but research on Mn(II)-based contrast agents has far to 

come. Designing proper ligand frameworks for housing Mn(II) ions is critical. Key features of Mn(II) 

complexes must include: (i) high thermodynamic/redox stability; (ii) high kinetic inertness; and (iii) the 

presence of water molecule(s) directly coordinated to Mn(II).90-91, 352 High stability and kinetic inertness of 

Mn(II)-based CAs are essential for safe in vivo use. There is a lack of ligand-field stabilization energy 

associated with these metal ions because of the electron configuration of high-spin Mn(II) (d5).90-91 The 

lack of ligand-field stabilization energy and the smaller charge of Mn(II) ions result in complexes with lower 

thermodynamic stability compared to other transition metal ions or Gd(III) complexes.90-91 Although most 

noncyclic Mn(II) coordination complexes are technically considered kinetically labile, there have been 

recent studies conducted with the Mn(II) complexes of NOTA and DOTA (Figure 5.1(b)) that show these 

complexes are kinetically inert.88, 90  

Regrettably, high complex stability and kinetic inertness are often at odds with the necessity for 

inner-sphere water molecules bound directly to the Mn(II) ion, which are necessary to increase the inner-

sphere relaxivity (contrast). These contradictory requirements for Mn(II)-based CAs offer a significant 

challenge to designing an ideal ligand framework. 

 Mn(II) complexes that have been studied previously, for contrast application, were formed with 

polydentate ligands originally designed for Gd(III), including: EDTA4-,369-372 DTPA5-,371, 373 NOTA3-,374 and 
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DOTA4-375-376 (Figure 5.1(b)). Each of these complexes exhibit low inner-sphere relaxivities and only EDTA 

contains a water molecule bound to the Mn(II) ion.90-91 Ideally, the appropriate ligand would form a bis-

hydrated Mn(II) complex with adequate thermodynamic stability, but this offers a serious design 

challenge.  

 Recently, Éva Tóth and coworkers have designed and synthesized a family of novel macrocyclic 

ligand frameworks that form bis-hydrated Mn(II) complexes (Figure 5.2).87-88, 90-91 These researchers drew 

inspiration from extensively studied SOD mimics for designing ligand frameworks.91 While studying these 

new ligands, Tóth and coworkers developed some conclusions: (i) Mn(II) tends to prefer nitrogen donor 

atoms over oxygen donor atoms; (ii) Mn(II) complex stability increases with the size of the macrocyclic 

cavity (9 → 15-membered); (iii) an increase in ligand basicity leads to an increase in complex stability 

compared to previously designed ligands; (iv) the presence of a pyridine ring rigidifies the complex and 

increases complex stability; and (v) the relaxivity of the complexes evaluated is higher than typical low-

molecular-weight Gd(III) complexes.90 Although this family of macrocyclic ligands form stable Mn(II) 

complexes with remarkably high relaxivities, they are far from optimal.352 Tóth and coworkers observed 

that variation of macrocycle size and the nature of donor atoms or pendant arms lead to significant 

modification of thermodynamic stability, redox potential, kinetic inertness, and hydration number of the 

Mn(II) complex.90 Unfortunately, these parameters could not be optimized simultaneously; meaning that 

improvement of one parameter often came at the detriment of another parameter.90 Tóth and coworkers 

suggested that future research should focus on the development of more rigid complexes to be used as 

highly stable and efficient Mn(II)-based CAs.90 
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Figure 5.2. Ligand frameworks designed by Tóth and coworkers for Mn(II)-based contrast agents (names 
have previously been used in literature).88, 90-91 
 

5.1.4. Designing an ultra-rigid ligand framework for Mn(II)-based contrast agents 

 Based on the suggestions made by Tóth and coworkers and in collaboration with Gyula Tircsó at 

the University of Debrecen in Hungary, the Green group designed several novel ultra-rigid ligand 

frameworks for use as Mn(II)-based contrast agents (Figure 5.3). Each ligand, in addition to pyridine, 

incorporates either a phenyl ring or piperazine ring to maximize ligand rigidity. Tóth and coworkers 

hypothesized that by increasing the rigidity of the ligand frameworks, an increase in the kinetic inertness 

of the corresponding Mn(II) complexes would be observed. The ligand frameworks collaboratively 

designed by the Green and Tircsó groups would offer increased rigidity (and theoretically increased kinetic 

inertness) while keeping the thermodynamic stability and relaxivity of the complexes large enough to be 

utilized as future Mn(II)-based contrast agents. 

 
Figure 5.3. Novel ultra-rigid pentaazamacrocyclic ligand frameworks for Mn(II)-based contrast agents. 
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5.2. Synthesis of a novel 30-membered decaazamacrocycle (L5) 

 The following discussion will focus on 15-anePyN5Pip, the other remaining ligands are the 

synthetic focus of colleague Kristof Póta. Following the design of the three novel ultra-rigid 

pentaazamacrocycles (shown above in figure 5.3), a synthetic procedure for obtaining 15-anePyN5Pip was 

proposed. As discussed in chapter 1 (section 1.4.) there are two different methods for synthesizing 

macrocyclic ligands, non-metal templated and metal-templated. The direct/non-templated method 

involves cyclization of the ligand using conventional organic reactions without dependence on a metal 

ion.1, 3 A representative example for the non-templated synthesis of macrocycles is the Richman-Atkins 

method, described in chapter 1, section 1.4.1 (Schemes 1.2 and 1.3).48 In contrast, metal-directed/metal-

templated reactions utilize a metal ion to generate a cyclic product; the metal ion acts as a ‘template’ for 

the cyclization reaction to occur (Scheme 1.4).1, 3 Typically, for smaller macrocycles that cannot fully 

encompass a metal ion (such as 12-membered macrocycles L1-L4) the direct/non-templated methodology 

is adopted; whereas, for larger macrocycles the metal-directed/metal-templated method can be used. 

Therefore, because the proposed 15-anePyN5Pip ligand is a 15-membered pentaazamacrocycle, a metal-

templated synthetic method was applied.  

 Tóth and coworkers recently reported the synthesis of 15-pyN5 and 15-pyN3O2 using a metal-

templated method, the synthetic scheme is pictured in scheme 5.1(a). In this metal-templated synthesis 

a Mn(II) ion was complexed to a Schiff base derived from 2,6-pyridinedicarboxaldehyde and an 

aminoether. The Mn(II) Schiff base complex, which is not isolated, is then simultaneously reduced and de-

metalated to yield the saturated macrocyclic complex 15-pyN3O2. The Green group, including visiting 

scholar Kristof Póta, adopted a similar strategy for the synthesis of 15-anePyN5Pip.The starting materials 

necessary for the proposed synthesis of 15-anePyN5Pip (2,6-pyridinedicarboxaldehyde (5.1) and 1,4-bis(2-

aminoethyl)piperazine (5.3)) were prepared according to literature procedures (Schemes 5.E1, 5.E2, 

5.E3).91, 377-381 (5.3) was added dropwise to a solution of (5.1) and MnCl2 in CH3OH and refluxed for several 
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hours to form the Mn(II) Schiff base complex. This imine complex was then reduced and de-metalated 

using NaBH4 to yield a cyclized product. Scheme 5.1 depicts the predicted Mn(II) Schiff base and cyclic 

ligand product (15-anePyN5Pip). 

 
Scheme 5.1. (a) Synthesis of 15-anePyN3O2 published by Tóth and coworkers.91 (b) Predicted intermediate 
and products of the template reaction with (5.1), (5.3), and Mn(II).   
 

Characterization of the cyclized product with NMR (1H and 13C) and MS appeared to indicate 

formation of the predicted 15-membered pentaazamacrocycle (15-anePyN5Pip), the MS and NMR spectra 

are shown above in figure 5.4. Additionally, X-ray quality crystals of the cyclic product were obtained from 

the slow evaporation of chloroform. These crystals were analyzed using X-ray diffraction and the solid 

state structure offered some unexpected results that seemed to contradict the MS and NMR spectra. 

Based on the solid state structure it was determined that 15-anePyN5Pip had not been synthesized. 

Instead, what had been isolated was a dimeric congener of 15-anePyN5Pip, which is a completely 

symmetric 30-membered decaazamacrocylic ligand (L5). The asymmetric unit of L5 consists of half of the 

molecule; the remaining half of the molecule can be visualized by symmetry generation (Figure 5.5). The 

resulting structure of L5 is derived from a triclinic PĪ system (Table 5.1). Additionally, to confirm the crystal 

that was initially isolated was not just a small side-product from the reaction, several different crystals 

from the same batch were analyzed with XRD. All the crystals analyzed gave the same dimeric congener 

(L5), confirming that the bulk of the crystals were all L5. 
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Figure 5.4. (a) Mass spectrum of predicted 15-anePyN5Pip; (b) 1H NMR spectrum of predicted 15-
anePyN5Pip with resonance assignments; (c) 13C NMR spectrum of predicted 15-anePyN5Pip with 
resonance assignments. 
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Figure 5.5. Solid state structure of L5; the asymmetric unit and grown structure are pictured above 
(hydrogen atoms have been omitted for clarity). 
 

 
 
Based on the unexpected XRD results, re-analysis of the NMR and MS data, thus ensued. The 

highly symmetric nature of L5 yielded the original misinterpretation. Based on the XRD analysis, amended 

assignments, shown in figure 5.6(a), (b), and (c), were obtained. Additionally, the window of the MS 

spectrum, in subsequent MS experiments, was expanded to account for the dimeric nature of L5 (MW: 

550.80 g/mol). The re-assigned MS and NMR spectra are shown below. The 276.26 m/z signal, observed 
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in both figure 5.4(a) and 5.6(a) is consistent with [M + 2H]2+; whereas, the 551.54 m/z signal observed in 

figure 5.6(a) consistent with [M + H]+. Considering the evidence provided by XRD, NMR, and MS 

spectroscopy, a new reaction scheme was proposed for the synthesis of L5 (Scheme 5.7). 

 
Figure 5.6. (a) Mass spectrum of L5; (b) 1H NMR spectrum of L5 with resonance assignments; (c) 13C 
NMR spectrum of L5 with resonance assignments. 



212 
 

 
Scheme 5.2. Mn(II) Schiff base complex and resulting product (L5) from the template reaction between 
(5.1) and (5.3). 
 
 The following discussion will analyze the reasoning for the formation of L5 versus the expected 

15-membered macrocycle. When Tóth and coworkers synthesized 15-anePyN3O2 the Mn(II) ion 

coordinated to donor atoms and pre-organized the intermediates into a conformation that resulted in the 

desired cyclic product (Scheme 5.1(a)).91 No rigidifying ring was incorporated into the aminoether, which 

allowed it to adopt a conformation favorable for the isolation of 15-anePyN3O2.91 In contrast, the amine 

used by the Green group (5.3), contained a rigidifying piperazine ring. Therefore, the difference between 

the predicted 15-anePyN5Pip structure and the actual structure of L5 can be explained by the 

conformations adopted by the piperazine ring. 6-membered rings such as piperazine (or cyclohexane) can 

exist in four distinct conformations: chair, half-chair, twist-boat, and boat.382-384 Of these four conformers, 

the chair conformation is the most thermodynamically favorable, followed by (in order of increasing 

energy) the twist-boat, boat, and half-chair conformers (Figure 5.7).382-384 In solution there is a 

conformational equilibrium between the four conformers where the molecule is rapidly interconverting 

between all its forms and inverting (Figure 5.7).382-383  

 It was predicted that the presence of a templating metal ion (such as Mn(II)) would allow the 

piperazine-containing amine (5.3) to adopt the boat conformation necessary to form a mononuclear 

Mn(II) Schiff base complex, and ultimately produce the 15-membered pentaazamacrocycle 15-

anePyN5Pip (Scheme 5.1(b)). In this case, a 1:1 condensation between one di-aldehyde (5.1) molecule and 

one piperazine-containing amine molecule (5.3) was hypothesized.  In reality, the piperazine-containing 
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amine (5.3) adopts the thermodynamically favorable chair conformation, thus resulting in a 2:2 

condensation between (5.3) and (5.1) and the formation of a dimeric Mn(II) Schiff base complex (Scheme 

5.2).  Upon reduction and demetallation of the dimeric Mn(II) Schiff base complex, the 30-membered 

decaazamacrocycle (L5) is isolated (Scheme 5.2).   

 
Figure 5.7. Conformational changes of piperazine in solution eventually leading to inversion, which is 
reminiscent of cyclohexane. (R = H for piperazine; R = CH2CH2NH2 for (5.3)) 382-384 
 

5.2.1. Procedure modifications for the attempted isolation of 15-anePyN5Pip  

Although L5 is a unique ligand that may be utilized for applications other than Mn(II)-based 

contrast agents, continued effort was put forth to try and isolate the originally designed 15-anePyN5Pip 

ligand. The template reaction was performed several times with slight variations in the reaction conditions 

to favor the formation of 15-anePyN5Pip vs. the dimeric L5. Modifications to the procedure included: (i) 

changing the order of addition of the starting materials; (ii) varying the temperature of the reaction; and 

(iii) replacing the original templating Mn(II) ion with a Zn(II) metal ion (Figure 5.8).  
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Scheme 5.3. (a) Original starting material order of addition, resulting in isolation of L5; (b) Hypothesized 
isolation of 15-anePyN5Pip upon reversal of starting material order of addition. 
 
 

In the original procedure, the amine was added dropwise to a solution of the di-aldehyde and 

MnCl2 in CH3OH. When the di-aldehyde and Mn(II) salt are combined, a weak coordination complex results 

from the Mn(II) ion binding to the carbonyl oxygen atoms (Scheme 5.3(a)). It was hypothesized that if the 

order of addition was reversed and the di-aldehyde was added to a solution of the amine and MnCl2, this 

may result in the desired cyclic product. The Mn(II) ion could potentially coordinate to the amine forcing 

it into the boat conformation necessary for the isolation of 15-anePyN5Pip (Scheme 5.3(b)). In addition, 

the original templating reaction was performed under reflux conditions. It was also postulated that 

lowering the temperature of the reaction may favor the formation of 15-anePyN5Pip. Finally, in the last 

modification to the original procedure, the MnCl2 salt was replaced with ZnCl2 (Figure 5.8). Zn(II) ions have 

a slightly smaller ionic radius than Mn(II) ions and it was hypothesized that reducing the size of the 

templating metal ion could result in isolation of 15-anePyN5Pip. Unfortunately, after performing the 

synthesis with all the modifications listed above no 15-anePyN5Pip ligand was isolated. Instead, L5 was 

synthesized with varying yields (Figure 5.8). Despite the lack of success isolating 15-anePyN5Pip, it was 

determined that the conditions utilized for reaction #3 (Figure 5.8) gave the best yield for L5. In this 
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optimization run, the di-aldehyde (5.1) was added dropwise to a solution of the amine (5.3) and MnCl2. 

This mixture was stirred at room temperature, overnight. Following this, NaBH4 was added on ice and the 

reaction stirred at room temperature for an additional twelve hours. After the reaction workup the ‘crude’ 

product was sufficiently pure, based on NMR analysis, that no column was needed; this resulted in the 

isolation of 330 mg of clean L5 (41% yield). 

 
 
Figure 5.8. Modifications to reaction conditions of metal-template synthetic procedure for L5. 
 

5.3. Overview of large macrocyclic and/or piperazine-containing ligands 

   The isolation of a 30-membered decaazamacrocycle was unexpected, but this novel ligand has 

many potential applications. In this section, applications for large polyazamacrocycles such as L5 will be 

discussed. For the purpose of this brief overview, a large polyazamacrocycle is defined as a cyclic ligand 

containing at least 18-members and 6 donor nitrogen atoms. In addition to discussing applications of large 

polyazamacrocycles, a brief survey of piperazine-containing macrocycles and corresponding metal 

complexes will be presented. 
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5.3.1. Applications of large polyazamacrocycles 

 In recent years, large polyazamacrocyclic ligands have garnered attention because of their ability 

to form mononuclear/dinuclear metal complexes and act as hosts for organic anions and cations.385 

Numerous reviews have described the design, synthesis, and applications of large polyazamacrocyclic 

ligands.386-387 Within the chemical literature, large polyazamacrocycles and corresponding metal 

complexes are mainly used for three applications including: (i) structural/functional models of  active sites 

within bimetallic metalloenzymes (both homonuclear and heteronuclear); (ii) catalysts; and (iii) molecular 

recognition of cations and anions.386-404 Figure 5.9, below, shows some representative examples of large 

polyazamacrocycles. The denticities of these ligands range from hexadentate to octadentate and the ring 

sizes range from 18- to 26-membered. Additionally, some of these macrocyclic ligands only form 

mononuclear metal complexes (5.4, 5.7, 5.9, and 5.10)405-408; whereas others are able to bind two 

transition metal ions (5.8, 5.14, and 5.15).385, 388, 393, 396-397, 409 Moreover, ligands such as 5.7 and 5.9 can be 

modified with pendant arms so that dinuclear complexes can be obtained.404, 410 In the following section(s) 

these representative ligands and corresponding metal complexes will be discussed in relation to the three 

applications stated above. 

 
Figure 5.9. Selected large polyazamacrocyclic ligands.385, 388, 393, 396, 399-400, 402-406, 408-413 
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5.3.1.1. Large polyazamacrocycles as metalloenzyme models 

 The idea of utilizing macrocyclic metal complexes as models for metalloenzymes can be traced 

back to the inception of the field of macrocyclic chemistry, when metalloporphyrins were used to model 

the active sites of hemoglobin, cobalamin, and chlorophyll (see chapter 1, section 1.2.1).1, 3-4, 6 Many 

metalloenzyme models can only incorporate one metal ion within the macrocyclic cavity, but there are 

numerous metalloenzymes with bimetallic active sites.6, 392, 396 Dinuclear metalloenzyme active sites can 

be homo- or heteronuclear and common examples include: FeNi carbon monoxide dehydrogenase, CuZn 

superoxide dismutase, FeCu cytochrome c oxidase, FeZn purple acid phosphatase, urease, dopamine β-

monooxygenase, and peptidylglycine α-hydroxylating monooxygenase.6, 391-393, 396-397 Large 

polyazamacrocycles offer the ability to bind multiple metal ions within a macrocyclic cavity, thus making 

these ligands ideal for use as models for metalloenzyme bimetallic active sites.386-388, 391-393, 396 

 Ligands 5.14 and 5.15 (Figure 5.9) have both been utilized as metalloenzyme models to study the 

structure and function of bimetallic active sites.388, 393, 396-397 5.14 and its congeners were complexed with 

Ni(II) and Fe(II) in an effort to elucidate more structural and mechanistic information about the active site 

of NiFe carbon monoxide dehydrogenase.393, 397 The unique hexadentate ligand 5.14 was designed with 

two different metal binding moieties; the amide nitrogen groups bind the Ni(II) ion while the lower 

triamine portion binds Fe(II).393, 397 Additionally, the two metal ions are linked through a hydroxy bridge 

which further mimics the active site of NiFe carbon monoxide dehydrogenase.393, 397 5.15 was complexed 

to Zn(II) to gain structural insight into the active site of several Zn(II) containing metalloenzymes.388 

Moreover, by varying the metal to ligand ratio both mononuclear and dinuclear Zn(II) complexes were 

isolated.388   

5.3.1.2. Large polyazamacrocycles as catalysts 

 Large polyazamacrocycles are useful frameworks for stabilizing dinuclear or even polynuclear 

metal complexes; the ligand framework allows for well-defined metal-metal distances, which is very 
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important to catalyst design.394 The preparation of complexes with two metal ions separated by distances 

of 3-6 Å  is of particular interest in catalytic design.386 At these distances, the metal ions should not directly 

interact, but a large polyazamacrocycle can bind/interact with both metal ions simultaneously.386 It has 

been shown that pairs of metal ions within a suitable distance of one another or with the appropriate 

ligand framework can give rise to chemical reactivity that is better or different than two isolated metal 

centers.386 In contrast, ligand frameworks can also be designed so that metal ions are close enough to 

interact with one another.387 If the two metals are paramagnetic, interaction could lead to ferromagnetic 

or antiferromagnetic coupling and unique chemical reactivity exhibited by the dinuclear metal complex.387 

Several of the selected large polyazamacrocyclic metal complexes have been explored for catalytic 

properties, such as 5.14.391, 396 Homonuclear mixed-valent copper and heteronuclear complexes (CuPd 

and CuPt) with 5.14 were recently synthesized in an effort to design new oxidation catalysts and gain 

mechanistic insights into oxidation catalysis.396 

5.3.1.3. Large polyazamacrocycles as anion receptors 

 The design and synthesis of macrocyclic ligands for the recognition of anionic species has led to 

the development of ‘anion coordination chemistry’.399 This interdisciplinary field has overarching 

applications due to the chemical and biological importance of anions.399, 403 Polyfunctional anions, which 

are anionic species with several different types of binding sites, are challenging recognition targets 

because they require polyfunctional receptors.399 Receptors that can bind and recognize polyfunctional 

anions are not readily available and can often be a challenge to design and synthesize.399 A majority of the 

large polyazamacrocyclic ligands pictured above were designed as anion receptors including: 5.4-5.8, 5.10, 

5.11-5.12, and 5.16.399-400, 402-403, 406, 410, 413 Nitrogen containing macrocycles are ideal for use as anion 

receptors. When these polyazamacrocycles are protonated, the positively charged ammonium groups can 

bind inorganic, organic, and biological anions via coulombic forces, hydrogen bonding and other weak 
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interactions.402-403 In the following paragraph(s), specific applications of anion recognition will be 

discussed. 

  Ligands 5.11, 5.12, and 5.13 were designed as polyfunctional receptors to detect and bind 

pyridinedicarboxylic acid derivatives (H2PDC).399 Detection and recognition of pyridinedicarboxylic acids is 

an important analytical issue due to the potential use of Bacillus anthracis spores as a biological warfare 

agent.399 2,6-pyridinedicarboxylic acid (H2(2,6-PDC)) is a major component of Bacillus anthracis and is also 

considered diagnostic for the presence of these bacterial spores; therefore, many analytical methods 

based on detection of this molecule have been developed.399 5.11, 5.12, and 5.13 form highly protonated 

species in solution that can bind the anionic forms of H2PDCs through the formation of salt bridges and 

hydrogen bonds.399  

 Ligand 5.16 was designed as a carboxylate anion receptor.403 Carboxylate anions are important to 

organic, environmental, and biological processes.403 For example, carboxylate functions of enzymes are 

critical components of many biological processes.403 Carboxylate’s role in biology makes it a relevant 

candidate for anion recognition. In this study, several features of the dicopper(II) complex of 5.16 were 

evaluated, such as the host-guest binding interactions with various biologically relevant dicarboxylate 

anions of different sizes and flexibilities.403 

5.3.2. Azamacrocyclic piperazine-containing ligands and corresponding metal complexes 

 The use of piperazine rings within the macrocyclic ligand designed by the Green group gave some 

unexpected results when a dimeric 30-membered decaazamacrocycle (L5) was isolated, instead of the 

hypothesized 15-membered pentaazamacrocycle. It was established in section 5.2, that the 

thermodynamically favored chair conformation of the piperazine rings within the macrocyclic structure 

were responsible for the formation of a dimeric ligand. In an effort to understand more about the nature 

of this ligand and its ability to complex metal ions a brief survey of the chemical literature was conducted. 

It was discovered that piperazine moieties have been utilized in a variety of different macrocyclic ligand 
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frameworks, with varying degrees of success. Therefore, this section will give a brief overview of other 

piperazine-containing macrocyclic ligands and metal complexes found within the chemical literature. 

5.3.2.1. A piperazine-containing macrocycle similar to 15-anePyN5Pip 

 One of the most interesting and structurally relevant sets of ligands was designed and synthesized 

by Alcock et al. in 1988, shown below in figure 5.10.414 Interestingly, this macrocycle only differs from the 

ligand designed by the Green group (15-anePyN5Pip, Figure 5.3) by one -CH2- unit. 5.18 was designed with 

a rigidifying piperazine to prevent the macrocycle from folding upon metalation in order to study the size 

match selectivity of azamacrocycles.414 5.18 was synthesized using high dilution conditions and  by slow 

addition of the reagents, dropwise over 12 h.414 These conditions are typically used in a non-direct 

synthesis to achieve 1:1 condensation and to prevent polymerization or oligomerization of the starting 

materials.1, 3 Additionally, the synthesis of 5.18 was also attempted using the Richman-Atkins cyclization 

(described in chapter 1, section 1.4.1), which only requires moderate to low dilution conditions.1, 3, 48 This 

later synthetic strategy did not yield 5.18; instead, a large octaazamacrocycle (shown in figure 5.10) was 

isolated due to the piperazine’s preference to exist in the chair conformation.414  

 The question remains, how was 5.18 (which is structurally similar to 15-anePyN5Pip) isolated, 

while synthetic attempts to isolate 15-anePyN5Pip proved futile? Although these two ligands are 

structurally similar, the presence of the extra -CH2- unit in 5.18 makes a significant difference. The longer 

alkyl chains present within the amine (1,4-bis(3’-aminopropyl)piperazine) allow for a 1:1 condensation to 

occur to yield the desired product. The piperazine moiety within the amine still adopts a chair 

conformation, but because the amine arms are longer, no dimerization occurs. Additionally, 5.18 was 

synthesized with high dilution conditions and slow addition; whereas the attempted synthesis of 15-

anePyN5Pip was conducted using metal-templating techniques.91, 414 Non-templated vs. templated 

synthetic methodology could also make a difference in the products isolated.   
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Figure 5.10. Ligand set and metal complex designed and synthesized by Alcock et al.414 
 

 The solid state structure of the free ligand 5.18 confirmed that the piperazine moiety exists in the 

thermodynamically favored chair conformation in the solid state (Figure 5.10).414 Alcock et al. also 

complexed 5.18 to several metal ions (Ni(II), Cu(II), and Zn(II)) in an attempt to elucidate the binding 

nature of the piperazine ring.  X-ray quality crystals of the Ni(II) complex were analyzed and the solid state 

structure revealed that the piperazine ring within 5.18 adopts the boat conformation necessary to bind in 

a bidentate fashion to the Ni(II) ion.414 In the chair conformation the lone pairs on the nitrogen atoms are 

oriented trans to one another (Figure 5.11).384, 414-415 In contrast, in the boat conformation, the lone pairs 

on the nitrogen atoms are oriented cis to one another allowing for bidentate chelation of a metal ion 

(Figure 5.11).384, 414-415 This phenomenon has also been observed in other small piperazine-containing 

azamacrocycles.416-420 Typically, for relatively small (5 nitrogen atom donors or less) and flexible 

azamacrocycles, the piperazine ring adopts the thermodynamically stable chair conformation within the 

free ligand, but upon complexation to a metal ion the piperazine moiety adopts the less favored boat 

conformation, in order to bind the metal ion. 

 
Figure 5.11. Positions of nitrogen atom lone pairs dependent on the conformation of piperazine.384, 415 
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5.3.2.2. Piperazine-containing macrocycles similar to L5 

 5.18 is an example of an azamacrocyclic ligand that contains only one piperazine ring, but there 

are other examples in the literature where two piperazine rings are incorporated into a macrocyclic ligand, 

similar to L5. 5.10 and 5.17, shown in figure 5.9, are examples of dimeric piperazine-containing 

azamacrocyclic ligands.400, 411, 413  

5.17 was reported in 1980 by Fronczek et al.411 This hexaazamacrocyclic dimer was originally 

designed as a tetradentate chelating agent for transition metal ions.411 The authors envisioned the 

piperazine rings adopting the boat conformation necessary for all four piperazine nitrogen atoms to bind 

to a metal ion, thus forming a stable metal complex.411 In reality, the piperazine rings prefer the more 

favored chair conformation in the solid state (Figure 5.12).411 Complexation of 5.17 with CoCl2 was 

attempted, but no stable metal complex was formed.  Treatment of 5.17 with CoCl2• 6H2O led to the 

diprotonation of 5.17, in which the acid responsible is most likely a hexaaquocobalt(II) complex 

([CoII(H2O)6]2+).411 The diprotonated ligand then crystallized out of solution with a cobalt(II) tetrachloride 

counterion ([CoIICl4]2-) (Figure 5.12).411 The lack of complexation of 5.17 with metal ions is due to the trans 

orientation of the lone pairs on the piperazine nitrogen atoms (Figure 5.11).384, 411, 415 The lone pairs are 

oppositely oriented because of the favored chair conformation adopted by the piperazine rings within the 

macrocycle. Moreover, 5.17 is a relatively inflexible ligand, which does not allow the piperazine rings to 

rotate or change orientation to bind metal ions.411  

 
Figure 5.12. Hexaazamacrocyclic ligand 5.17 and related solid state structures.411 
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5.10 is another azamacrocyclic piperazine dimer found within the chemical literature. This ligand 

and corresponding mononuclear Cu(I) complex was reported by two different groups in the early 1990s 

(Rissanen et al. in 1994 and Fronczek et al. in 1996).400, 413 5.10 was designed as a potential receptor for 

ions or uncharged organic molecules.413 The piperazine rings were incorporated into the macrocycle 

because of the ability to act as both donors and spacers in large molecules.413 Similar to 5.17, the solid 

state structure of 5.10 indicated that the piperazine rings adopt the thermodynamically favored chair 

conformation in the solid state.400, 413 The ligand was then complexed with Cu(I) to yield a mononuclear 

Cu(I) complex (Figure 5.13).400, 413 Remarkably, upon protonation, one of the piperazine rings rotates 

180o.400, 413 This rotation results in one lone pair being oriented into the macrocyclic cavity. Due to the 

rotation of one of the piperazine rings, three nitrogen atom lone pairs are oriented toward the macrocyclic 

cavity; one lone pair from the pyridine nitrogen atom and one lone pair from the each piperazine nitrogen 

atom (totaling two pairs). The orientation of the lone pairs is favorable for metal complexation, thus when 

this ligand is combined with a Cu(I) (or Cu(II)) salt, complexation occurs.400, 413 Interestingly, although the 

two groups obtained the same Cu(I) complex, one group started with a Cu(II) salt (CuIICl2) and the other 

started with a Cu(I) salt (CuICl).400, 413 Although it was stated by Fronczek et al., that the chemistry of Cu(II) 

reduction to Cu(I) upon complexation to 5.10 was not well understood.400 

 

 
Figure 5.13. Ligand 5.10 and related solid state structures.400, 413 
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5.4. Complexation studies of L5 with Cu(II) 

 Large polyazamacrocycles and corresponding metal complexes can be used for many different 

applications, such as biomimetic models, catalysts, and anion receptors. These unique ligands can form 

both mononuclear and dinuclear metal complexes, which is dependent upon the ligand design and 

reaction conditions. Copper was chosen to initially test the metal complexation ability of L5, because it 

typically forms the most stable complexes when compared to the other first-row transition metals (as 

predicted by the Irving-Williams series). As discussed in a previous chapter, the Irving-Williams series 

refers to the relative stabilities of complexes formed with divalent first-row transition metal ions.200 In this 

series the stabilities of transition metal complexes generally increases across the period to a maximum 

stability at copper: Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II).200 

 Complexation reactions of L5 with Cu(II) were performed in water using methodology previously 

reported by the Green group.56 The first step in the complexation reaction is the dissolution of L5 in a 

small amount of water and adjustment of the pH to around 6. After the pH adjustment, two equivalents 

of Cu(ClO4)2 were added dropwise to the ligand solution. Immediately upon addition of the blue Cu(II) salt, 

the solution color changed from pale yellow to blue-green; this solution stirred at room temperature 

overnight with no further color change. The following day, the solution was filtered and evaporated to 

yield a green powder. This green powder was then dissolved in CH3OH, filtered, and evaporated to 

dryness. The resulting light green powder was dissolved in water and analyzed by mass spectrometry to 

validate complexation of the Cu(II) ion(s) and to determine if a mononuclear or dinuclear complex had 

resulted (the mass spectrum is shown in figure 5.14). As indicated by the mass spectrum, several different 

positively charged molecular fragments result upon ionization. It should be noted that assignments for 

the m/z base peaks were validated using an isotope distribution calculator to model the isotopic envelope; 

each experimentally determined isotopic distribution matches up with the predicted isotopic distribution 

(found vs. theoretical isotopic distribution diagrams are shown in the experimental section at the end of 
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this chapter). Interestingly, some molecular fragments consist of ligand only (highlighted in red), some 

fragments consist of ligand and one Cu(II) ion (highlighted in blue), and some fragments consist of ligand 

and two Cu(II) ions (highlighted in green). Most importantly, the mass spectrum does indicate that at least 

some of the analyzed sample consists of a potentially dinuclear L5-Cu(II) complex. 

 

 
Figure 5.14. Mass spectrum of L5 complexation reaction with 2 equivalents of Cu(II).  

 

 After initial analysis with MS, the light green powder was dissolved in water and set aside for 

crystallization via slow evaporation. Unfortunately, after multiple attempts to grow X-ray quality crystals, 

no crystalline material was isolated. It was hypothesized that the light green powder isolated during the 

complexation of L5 with 2 equivalents of Cu(II) consisted of multiple species such as: salt(s), mononuclear 

L5Cu, and dinuclear L5Cu. 
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5.5. Protonation and stability constants of L5 with various divalent transition metals 

 In order to analyze the solution behavior of L5, the protonation and stability constants were 

determined using pH-potentiometric titrations. The potentiometric titrations and data fittings were 

performed by collaborator Gyula Tircsó in Hungary. Ultimately, these measurements offered insight into 

determining better metalation conditions to isolate both mononuclear and dinuclear metal complexes of 

L5. A brief overview of stability constants was previously discussed in chapter 2, section 2.4.1. 

5.5.1. Relevant equations for the expression of the protonation and stability constants of L4 

Like L4, the protonation and stability constants of L5 will be described in terms of Lewis acids and 

Lewis bases. Two different types of constants will used to describe the protonation and complex formation 

equilibria, stepwise constants (K) and overall constants (β).189 L5 is represented as L in the following 

equilibrium expressions. In solution and in the absence of metal ions, L5 can be modulated between seven 

different species: H6L6+, H5L5+, H4L4+, H3L3+, H2L2+, and HL+, based on solution pH. The seven-different 

species are related by six successive stepwise protonation constants, which are represented by equations 

[5.1]-[5.6]. Additionally, the stepwise protonation constants (KH) are related to the overall protonation 

constants (β) through equations [5.7]-[5.12], where the overall protonation constants are the cumulative 

product of the stepwise protonation constants in equations [5.13]-[5.18]. 
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The complex formation equilibria can be expressed in a similar manner to the protonation 

equilibria. Due to the ability of L5 to bind two metal ions the equations used to describe this system are 

more complex and numerous. Additionally, complexes of L5 (with certain metal ions) exhibit the ability to 

undergo hydrolysis reactions leading to the formation of several different ligand/metal-hydroxy species. 

In terms of metal and ligand (not including possible hydroxy species) nine different species are possible: 

ML2+, MHL3+, MH2L4+, MH3L5+, MH4L6+, M2L4+, M2HL5+, and M2H2L6+ (where M represents a divalent metal 

ion); although not all species listed above are experimentally observed for each type of metal. The nine-

different species are related by eight successive stepwise formation/protonation constants, which are 

represented by equations [5.19]-[5.23] and [5.34]-[5.36]. The stepwise formation/protonation constants 

(KM and KH) are related to the overall formation/protonation constants (β) through equations [5.24]-[5.28] 
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and [5.37]-[5.39], where the overall formation/protonation constants are the cumulative product of the 

stepwise formation/protonation constants in equations [5.29]-[5.33] and [5.40]-[5.42]. It should be noted 

that some of the species appearing in equations [5.1]-[5.6], [5.19]-[5.23], and [5.34]-[5.36] are not 

observed (not formed) within the system over various pH ranges (or in the absence of a metal ion), but a 

complete set of equations [5.1]-[5.42] are necessary to describe the equilibria in the pH range where 

hydrogen ion concentrations are measured.189 In addition to the species listed within the equations [5.1]-

[5.42], there can also be H+, M2+, and OH- ions present within the solution.189 
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5.5.2. Determination of protonation constants for L5 

 The step-wise protonation constants, log Kn
H (n= 1, 2, 3, 4, 5, or 6), of L5 as defined in equations 

[5.1]-[5.6] were determined by pH-potentiometric titrations at constant ionic strength (I) and temperature 

(I = 0.15 M NaCl, 25 oC) (Figure 5.15). The results are compiled in table 5.2; L5 contains four secondary 

amines in the macrocyclic core and four tertiary amines within the pyridine and piperazine moieties. 

Interestingly, L5 is observed to undergo only six (experimentally measurable) protonation equilibria, 

despite the ten amine groups present within the macrocycle. This is constant with the elemental analysis 

of L5 which indicates the presence of 6 HCl molecules when L5 is isolated as a hydrochloride salt L5•6HCl; 

see experimental section for complete elemental analysis of L5). 
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Figure 5.15. pH-potentiometric titration curve of H6L6+ titrated with NaOH (I = 0.15 M NaCl, T = 25 oC) over 
pH range 2.0 – 12.0. (H6L6+ represents the fully protonated L5). 
 

 Concrete assignments of the six protonation constants cannot be made without additional 

experimentation (such as UV-vis and/or NMR titrations), but speciation approximations can be made. 

Interestingly, the protonation constants seem to be ‘grouped’ together with two events occurring 

between pH 8-9, another two occurring between pH 7-8, and the final two occurring between pH 4-5. It 

can be postulated that the three ‘groups’ of protonation constants could be assigned to different types of 

amine groups within the ligand (i.e. secondary vs. tertiary amine groups). For visualization purposes only, 

a protonation scheme was generated for the six protonation events observed upon titrations with NaOH 

(Scheme 5.3). The occurrence of six protonation events is promising result for L5 to be used as a potential 

anion receptor. As discussed in section 5.3.1.3. good anion receptors have many protonation events that 

allow for amine nitrogens to become positively charged; the positively charged amine moieties can then 

bind anions via coulombic forces, hydrogen bonding and other weak interactions.402-403  
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Scheme 5.4. Proposed protonation sequence of L5 (for visualization purposes only). 

 Additionally, the protonation constants determined for L5 were compared to several of the large 

macrocycles described in section 5.3 (Figure 5.9). Table 5.3 is a compilation of the protonation constants 

from several large polyazamacrocycles. It was noted that L5 had the lowest logK1
H value compared to the 

other polyazamacrocycles, meaning that it is the least basic ligand. An increase in ligand basicity is often 

used to predict the formation of thermodynamically stable metal-complexes.194 Therefore, it is predicted 

(based on the pKas) that L5 will form the least stable metal complexes compared to the other 

polyazamacrocycles compiled in table 5.3. 

 
(a) This work; I = 0.15 M NaCl; (b) from ref.406; I = 0.2 M KCl; (c) from ref.406; I = 0.2 M NaClO4; (d) from 
ref.409; (e) from ref.402, I = 0.10 M KNO3; (-) species no observed. 
 

5.5.3. Determination of stability (formation) constants for L5 with various divalent transition metal ions 

As previously stated, the applications of large polyazamacrocyclic ligands and their corresponding 

metal complexes include use as biomimetic models, catalyst, and anion receptors. To assess the 
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thermodynamic stability and applicability of L5, the metal binding constants were determined for 

biologically and/or catalytically relevant metal ions including: Mn(II), Fe(II), Cu(II), and Zn(II). pH-

potentiometric titrations were carried out with one or two equivalents of the metals listed above (Figures 

5.16, 5.17). As expected, the Cu(II) formed the most stable complex with the ligand (and the most stable 

dinuclear complex) compared to any other metal ion tested. The formation of dinuclear complexes with 

L5 and Cu(II) can be seen by comparing the titration curves obtained at 1:1 and 1:2 metal-to-ligand ratio 

(Figure 5.17). The stability constants resulting from the pH-potentiometric titration of L5 with different 

transition metals are shown in table 5.4.  

 

 

 
Figure 5.16. pH-potentiometric titration of solutions containing 1:1 equivalents of H6L6+ in the presence 
of M(II) (I = 0.15 M NaCl, T = 25 oC). (M(II) is a divalent transition metal ion; M(II) was introduced in the 
form of a MCl2 stock solution). *For Mn(II) and Fe(II) the titrations were halted due to formation of metal 
hydroxide species. 
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Figure 5.17. pH-potentiometric titration of solutions containing 1:1 and 1:2 equivalents of H6L6+ in the 
presence of Cu(II) (I = 0.15 M NaCl, T = 25 oC). Cu(II) was introduced in the form of a CuCl2 stock solution.  
 
 
 

 
(*) log MH-1L , log MH-12 , log M2H-1L , and *log M2H-12 are the stability consants for ML(OH), ML(OH)2, 
M2L(OH), and M2L(OH)2 species, respectively; these species are ternary hydroxo complexes generated in 
situ hydrolysis reactions. 
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From the stability/protonation constants compiled in table 5.4, some observations and 

conclusions can be made about the complexation of L5 with various transition metal ions. It was observed 

that the 1:1 stability constants follow the Irving-Williams series (Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > 

Zn(II)).200 The 1:1 complex of L5 with Cu(II) is the most stable, followed by the Zn(II), Fe(II), and Mn(II) 

complexes (Figure 5.18). Another noteworthy observation is that the stability constants of L5 are all 

relatively small, especially for a macrocyclic ligand. In fact, the stability constants for L5 are significantly 

smaller than those for L1-L4 (Table 2.3). The stability constants of L5 were also compared to several of the 

large macrocycles described in section 5.3 (Figure 5.9). Table 5.3 is a compilation of the stability constants 

from several large polyazamacrocycles. L5 is a 30-membered decaazamacrocycle, 5.4 and 5.7 are 18-

membered hexaazamacrocycles, and 5.16 is a 26-membered hexaazamacrocycle. Interestingly, the 

smaller membered macrocycles (18-membered) have much larger 1:1 stability constants than their larger 

counterparts. In contrast, the larger 26-membered macrocycle (5.16) has stability constants (1:1 and 2:1) 

that are comparable to L5. The larger polyazamacrocycles do not bind metal ions as well as smaller 

macrocyclic ligands; this may be because of a mismatch between the size of the macrocyclic cavity and 

metal ion radius. Additionally, the decrease in stability constants may also be a consequence of the larger 

steric energy required for conformational reorganization of the macrocyclic cavity to complex metal 

ions.402  

 
Figure 5.18. Plot of the first stability constants for 1:1 complex of L5 with M(II) ions. Log KML values follow 
the Irving-Williams series (Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II)).200 
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(a) This work; I = 0.15 M NaCl; (b) from ref.406; I = 0.2 M KCl; (c) from ref.406; I = 0.2 M NaClO4; (d) from 

ref.402, I = 0.10 M KNO3; (x) species no observed; (-) not measured. (log MH-1L , log MH-12 , log M2H-1L , and 

*log M2H-12 are the stability consants for ML(OH), ML(OH)2, M2L(OH), and M2L(OH)2 species, respectively; 
these species are generated during a hydrolysis reaction.) 
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Finally, in addition to the titrations performed one and two equivalents of Cu(II) (Figure 5.17), 

species distribution diagrams were generated (by collaborator Gyula Tircsó) for the two different 

stiochiometric amounts of Cu(II) with L5 (Figures 5.19, 5.20). The first of the two species distribution 

diagrams (Figure 5.19) shows the species in solution when both Cu(II) and L5 are present in a 1:1 ratio (2 

mM L5 and 2 mM Cu(II)). It is observed that there are many different species in solution over a range of 

pH values, including several hydroxy species and very small amounts of a protonated dinuclear L5Cu 

complex. As pH is varied from 2 – 12, the solution components change from a majority of uncomplexed 

Cu(II) (at pH = 2), to CuH4L (at pH = 2 – 4), to CuH2L (at pH = 5 – 7), to CuL(OH) (at pH = 9 – 12). The second 

species distribution diagram (Figure 5.20) shows the species in solution when Cu(II) and L5 are present in 

a 2:1 ratio (4 mM Cu(II) and 2 mM L5).  

The second species distribution diagram is much less complex than the first diagram. As pH is 

varied from 2 – 12, the solution components change from a majority of uncomplexed Cu(II) (at pH = 2), to 

CuH4L (at pH = 3), to Cu2HL (at pH = 4 – 5), to Cu2L (at pH = 6 – 9), to Cu2L(OH)2 (at pH = 10 – 12). The 

presence of a Cu2L(OH)2 species could be hypothesized to contain an OH bridge. Moreover, the species 

distribution diagram is in agreement with experimental data pertaining to a dinuclear complex of L5 with 

Cu(II). According to the species distribution curve a dinuclear Cu2L complex is observed around pH 6; this 

is the same pH that the complexation reaction of L5 with Cu(II) was adjusted to promote metalation 

(discussed in the previous section) and in fact a dinuclear complex was observed in the mass spectrum 

(Figure 5.14). 
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Figure 5.19. Species distribution diagram for the L5:Cu2+:H+ system ([Cu2+] = [L5]  = 2.0 mM; pK30 = L5). 

 

 
Figure 5.20. Species distribution diagram for the L5:Cu2+:H+ system ([Cu2+] = 4.0 mM, [L5] = 2.0 mM; pK30 

= L5). 

 



238 
 

5.6. Conclusions 

L5 was originally designed as a novel ultra-rigid Mn(II)-based contrast agent, 15-anePyN5Pip. 

Increased rigidity was postulated to increase the kinetic inertness while keeping the thermodynamic 

stability and relaxivity of the corresponding complexes high enough to be utilized as future Mn(II)-based 

contrast agents. The ligand framework design was supposed to incorporate a rigidifying piperazine ring 

into a 15-membered pentaazamacrocycle. However, synthetic methodology utilizing templating Mn(II) 

and Zn(II) ions yielded a novel, dimeric 30-membered decaazamacrocycle. Due to the completely 

symmetric nature of L5, a solid state structure of the ligand offered the only direct confirmation of ‘dimer’ 

formation. Dimerization of the ligand occurred because of the thermodynamically preferred chair 

conformation adopted by the piperazine rings within the macrocyclic framework (Scheme 5.2, Figure 5.7). 

Several different modifications were made to the procedure to isolate 15-anePyN5Pip, attempts were 

unsuccessful, but increased yields and purity were obtained. 

Through a brief review of the literature, it was determined that large polyazamacrocycles, such 

as L5 can be used as biomimetic models, catalysts, and anion receptors. Therefore, L5 was combined with 

Cu(II) to generate a mononuclear and/or dinuclear metal complex. Isolation of X-ray quality crystals 

proved unfruitful, but analysis with MS showed L5 complexation to two Cu(II) ions. Additionally, 

protonation and stability constants were determined for L5 with several divalent transition metal ions. 

L5 undergoes six protonation events in solution and forms very weak complexes with the metal 

ions tested. This is most likely due to the size of the macrocycle and presence of rigidifying piperazine 

rings in the preferred chair conformation. Because the lone pairs on the nitrogen atoms are oriented trans 

from one another, this does not promote complexation with metal ions. Revisiting the solid state structure 

of L5 offers insight into the orientation of the nitrogen atom lone pairs within the ligand framework (Figure 

5.21). As shown in figure 5.21, the lone pairs on many of the nitrogen atoms are not oriented toward the 

macrocyclic cavity, thus making complexation with a metal ion difficult. The ligand must undergo a 
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conformational reorientation of the macrocyclic cavity to undergo complexation, but due to the presence 

of rigidifying piperazine rings this is somewhat difficult. This may explain why L5 forms such weak 

complexes with metal ions; it is too large and too rigid. Even though L5 only weakly coordinates metal 

ions, it has the potential to be an excellent anion receptor, due to its highly charged nature upon 

protonation. The ability for L5 to bind biologically relevant anions will be investigated in the future. 

 
Figure 5.21. Solid state structure of L5, showing preferred chair conformation of piperazine rings and 
trans orientation of nitrogen atom lone pairs. (Hydrogen atoms have been omitted for clarity) 
  

5.7. Experimental (materials and methods) 

 All chemical reagents were purchased from either Millipore Sigma or Alfa Aesar and used without 

further purification. The yield reported for L5 were calculated based on elemental analysis results. 

Elemental analyses were performed by Canadian Microanalytical Services Ltd. 

5.7.1. Physical measurements 

ESI mass spectral analysis were obtained on an Agilent 1200 series 6224 TOF LC/MS spectrometer 

at 175 V (positive ESI scan) in H2O, CH3OH, CHCl3, or CH2Cl2. 1H NMR and 13C NMR spectra were carried out 
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in deuterated solvents at 25 oC. All spectra reported were obtained on a Bruker Avance III (400 MHz) High 

Performance Digital NMR Spectrometer.  

5.7.2. Preparation of L5 

 
Scheme 5.E1. Synthesis of (5.1) using activated MnO2. 

Synthesis of 2,6-pyridinedicarboxaldehyde (5.1): 

Activated MnO2 was prepared by heating overnight at 110 °C. An excess of MnO2 (21.272 g, 0.245 

mol) and 2,6-bis(hydroxymethyl)pyridine (2.0585 g, 14.8 mmol) were refluxed with stirring for 5 h in CHCl3 

(100 mL). The oxide residue was separated from the solution by vacuum filtration and the black solid was 

rinsed with chloroform (4 x 20 mL). Solvent was removed from the solution by rotary evaporation, and 

then the crude product was purified by flash chromatography (SiO2, CH2Cl2, Rf = 0.4). (5.1) was isolated as 

a white solid and was characterized with 1H NMR. Yield: 0.753 g (38%). 1H NMR (400 MHz, CDCl3, 25 oC): δ 

= 10.81 (s, 2H), 8.19-8.17 (d, 2H), 8.09-8.07 (t, 1H).91, 378-380 

 

 
Scheme 5.E2. Synthesis of piperazine-based amine precursor (5.3) for cyclization. 

Synthesis of 1,4-bis(ethanenitrile)piperazine (5.2): 

 Anhydrous sodium carbonate, Na2CO3 (10.6 g, 0.10 mol) was added, in a single portion, to a 

solution of piperazine (2.15 g, 25 mmol) and chloroacetonitrile (4.53 g, 60 mmol) in absolute ethanol (100 

mL). The whole mixture was then stirred under reflux conditions (80oC) for 4 h. The hot mixture was 

filtered, and the insoluble part was washed with hot absolute ethanol and filtered again. The combined 
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filtrate was condensed to 20 mL and then cooled on ice. (5.2) crystallized from the solution as white 

needles and was characterized with 1H NMR. Yield: 3.47 g (85%). 1H NMR (400 MHz, CDCl3, 25 oC): δ = 3.54 

(s, 4H), 2.68 (s, 8H). 13C NMR (101 MHz, CDCl3, 25 oC): δ = 114.4, 51.2, 45.8.377, 381 

Synthesis of 1,4-bis(2-aminoethyl)piperazine (5.3): 

 LiAlH4 (3.23 g, 86 mmol) was cautiously weighed out in the hood and added portionwise to 120 

mL of THF, which had been flushed with N2. (5.2) (3.00 g, 18 mmol) was dissolved in 120 mL of THF and 

added dropwise via addition funnel to the reaction mixture. Upon complete addition of (5.2), the addition 

funnel was replaced with a condenser and the reaction was stirred under reflux conditions (65 oC) for 4 h. 

Afterwards the reaction mixture was cooled on ice and was cautiously quenched with 3.0 mL of H2O, 3.0 

mL of 15% NaOH, and 9.0 mL of H2O (in that order). The white precipitate that developed was vacuum 

filtered and washed with several portions of diethyl ether (4 x 50 mL). The resulting filtrate was pumped 

down under reduced pressure to yield (5.3) as an off-white viscous yellow oil, which was characterized 

with 1H and 13C NMR. Yield 1.81 g (57%). 1H NMR (400 MHz, CDCl3, 25 oC, TMS): δ = 2.78-2.75 (t, 4H), 2.46-

2.39 (br+t, 12H). 13C (101 MHz, CDCl3, 25 oC): δ = 61.1, 53.3, 38.7.377 

 

 

 
Scheme 5.E3. Template synthesis of L5 ligand using MnCl2. 
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Synthesis of L5: 

 (5.3) (0.246 g, 1.465 mmol) and MnCl2•4H2O (0.291 g, 1.466 mmol) were dissolved in dry CH3OH 

(25 mL). The solution of (5.1) (0.198 g, 1.460 mmol) in dry CH3OH (15 mL) was added dropwise over 15 

min. The reaction mixture was stirred under N2 at room temperature, overnight. After cooling to 0 oC, 

NaBH4 (0.763 g, 19.750 mmol) was added portionwise. The solution was left stirring overnight at RT. Water 

(15 mL) was slowly added, inducing the precipitation of Mn(OH)2 (which started to oxidize) and this 

suspension was stirred at RT for 1 h. CH3OH and 10 mL of H2O were removed in vacuo, and the remaining 

aqueous phase was vacuum filtered and rinsed with H2O (3 x 25 mL). NaOH pellets were added to the 

filtrate, enough to make the solution 1 M and pH 14. The resulting basic solution was filtered again to get 

rid of additional Mn(OH)2 that had formed upon basification. The resulting basic aqueous phase was 

extracted with CH2Cl (9 x 25 mL). After these first extractions the aqueous phase was reduced in volume 

in vacuo. Following evaporation of part of the aqueous phase additional extractions were performed with 

CH2Cl (6 x 25 mL). The organic layer was dried with anhydrous Na2SO4 and the solvent was evaporated 

under reduced pressure to give L5 as a yellow-white solid. L5 was characterized with 1H and 13C NMR. 

Yield: 0.330 g (41%). 1H NMR (400 MHz, CDCl3, 25 oC): δ = 7.58-7.54 (t, 2 H), 7.10-7.09 (d, 4H), 3.88 (s, 8H), 

2.75-2.72 (t, 8H), 2.57-2.52 (t, 8H), 2.49 (br s, 16H), 2.18 (br s, 9NH). 13C NMR (101 MHz, CDCl3, 25 oC): δ = 

159.1, 136.7, 120.8, 58.1, 55.0, 53.4, 45.9. ESI-MS (m/z): Found: 551.5393 (100%) [L5+H]+, Theoretical: 

551.4298 [L5+H]+. Elemental Analysis for L5 (basic); L5•1.5H2O Found (Calculated): C, 62.36 (62.36); H, 

9.05 (9.25); N, 23.32 (24.24) %. Elemental Analysis for L5 (acidic); L5•6HCl•2NaCl•3H2O Found 

(Calculated): C, 38.66 (38.31); H, 6.82 (6.65); N, 14.54 (14.89). 
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Figure 5.E1. MS of L5 with assignments and zoomed in isotopic envelopes of [L5+2H+]2+ and [L5+H+]+. 
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5.7.3. X-ray crystallography 

 A Leica MZ 75 microscope was used to identify samples suitable for analysis. A Bruker APEX-II CCD 

diffractometer was employed for crystal screening, unit cell determination, and data collection; which 

was obtained at 100 K. The Bruker D8 goniometer was controlled using the APEX3 software suite, v1.205 

The samples were optically centered with the aid of video camera so that no translations were observed 

as the crystal was rotated through all positions. The X-ray radiation employed was generated from a MoKα 

sealed X-ray tube (λ = 0.71076) with a potential of 50 kV and a current of 30 mA; fitted with a graphite 

monochromator in the parallel mode (175 mm collimator with 0.5 mm pinholes). 

5.7.3.1. [C30H50N10] (L5) structure determination 

Crystals of L5 suitable for X-ray analysis were obtained by dissolving several mg of off-white 

powder of L5 in CH3Cl to provide a light-yellow solution. Slow evaporation of this solution at room 

temperature afforded a translucent light-yellow block-like crystal of L5 (0.274 x 0.190 x 0.073 mm3), which 

was mounted on a 75 μm cryo-loop 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 

0.5o. A total of 2,928 frames were collected, and the data collection was 100% complete. The frames were 

integrated with the Bruker SAINT Software package206 using a narrow frame algorithm. The integration of 

the data used a triclinic unit cell yielding a total of 49,846 reflections to a maximum θ angle of 30.14o (0.71 

Å resolution) of which 6,071 reflections were independent with the Rint = 5.40%. Data were corrected for 

absorption effects using the multi-scan method SADABS.207 Using Olex2208 the structure was solved with 

the ShelXS209 structure solution program using Direct Methods and refined with the SHELXL210 refinement 

package using Least Squares minimization. All hydrogen and non-hydrogen atoms were refined using 

anisotropic thermal parameters. The thermal ellipsoid molecular plots (50%) were produced using 

Olex2.208 
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5.7.4. Preparation of L5Cu* 

*Note: the solid isolated in this synthesis was not characterized with anything other than MS, due to the 

presence of both mononuclear and dinuclear Cu(II) species. Attempts to grow crystals of the complexes 

also failed because of the presence of multiple species. 

 L5 (20.0 mg, 0.036 mmol) was dissolved in H2O (5 mL) and the pH was adjusted to 6.0 with dilute 

HCl (0.1 M) (as the pH of the solution dropped, the ligand became more soluble). 2 equivalents of 

Cu(ClO4)2•6H2O (27.0 mg, 0.073 mmol) were dissolved in a small amount of H2O (1 mL) and added 

dropwise to the ligand solution. Upon addition of the Cu(II) salt the solution color changed from light 

yellow to teal blue and the pH dropped to 2.4. This solution was stirred at RT, overnight. The H2O was 

evaporated to yield a green powder. The green powder was dissolved in CH3OH and subsequently filtered 

and evaporated to yield a bright green solid. A small amount of this solid was dissolved in H2O and 

analyzed using MS. The rest of the green solid was dissolved in H2O and set aside for crystal growth via 

slow evaporation. No X-ray quality crystals were isolated, and no yield is presented for this reaction due 

to the presence of mixed species. ESI-MS (m/z) Found (Theoretical): 337.1849 [L5+2Cu2+-2H+]2+ (337.14 

[L5+2Cu2+-2H+]2+); 373.1645 [L5+2Cu2++2Cl-]2+ and [½L5+Cu2++Cl-]+ (373.11 [L5+2Cu2++2Cl-]2+ and 

[½L5+Cu2++Cl-]+); 551.4992 [L5+H+]+ (551.81 [L5+H+]+); 613.4256 [L5+Cu2+-H+]+ (613.34 [L5+Cu2+-H+]+); 

648.3986 [L5+Cu2++Cl-]+ (648.79 [L5+Cu2++Cl-]+); 783.2740 [L5+2Cu2++3Cl-]+ (783.27 [L5+2Cu2++3Cl-]+); 

847.2587 [L5+2Cu2++2Cl-+ClO4
-]+ (847.23 [L5+2Cu2++2Cl-+ClO4

-]+). 
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Figure 5.E2. Overall MS spectrum of L5Cu dissolved in H2O (originally shown as figure 5.14). 
 
 
 

 
Figure 5.E3. Found vs. theoretical isotopic distribution of [L5+2Cu2+-2H+]2+ fragment.  
 



247 
 

 
Figure 5.E4. Found vs. theoretical isotopic distribution of [L5+2Cu2++2Cl-]2+ and [½L5+Cu2++Cl-]+ fragments.  
 

 

 

 
Figure 5.E5. Found theoretical isotopic distribution of [L5+Cu2+-H+]+ fragment.  
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Figure 5.E6. Found vs. theoretical isotopic distribution of [L5+Cu2++Cl-]+ fragment. 

 

 

 

 
Figure 5.E7. Found vs. theoretical isotopic distribution of [L5+2Cu2++3Cl-]+ fragment. 



249 
 

 
Figure 5.E8. Found vs. theoretical isotopic distribution of [L5+2Cu2++2Cl-+ClO4

-]+ fragment. 

 
5.7.5. Equilibrium measurements 

The chemicals (MCl2 salts) used in these studies were of the highest analytical grade obtained 

from Millipore Sigma, Alfa Aesar, or Strem Chemicals Inc. companies. The concentration of the stock 

solutions (≈50 mM) was determined by complexometric titration using a standardized Na2H2EDTA solution 

and appropriate indicators. Eriochrome Black T (MnCl2, and ZnCl2), 4-(2-pyridylazo)resorcinol (known as 

PAR) (CuCl2).211 

 The pH-potentiometric titrations were carried out with a Metrohm 888 Titrando titration 

workstation, using a Metrohm 6.0233.100 combined electrode. The titrated solutions (6.00 mL) were 

thermostated at 25 oC, and samples were stirred and kept under an inert gas atmosphere (N2) to avoid 

the effect of CO2. The calibration of the electrode was performed using a two-point calibration with KH-

phthalate (pH = 4.005) and borax (pH = 9.177) buffers.  

 The concentration of the H6L5
6+ (where L5 represents L5) was determined by pH-potentiometric 

titration. The protonation constants of L5, the stability and protonation constants of Mn(II), Fe(II), Cu(II), 
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and Zn(II) complexes were also determined by pH-potentiometric titration. The metal-to-ligand 

concentration ratios were 1:1 for Mn(II), Fe(II), Cu(II), and Zn(II) (the concentration of the ligand was 

generally 2-3 mM). Additionally, the metal-to-ligand concentration ratio for Cu(II) was 2:1 (the 

concentration of the ligand was generally 2-3 mM). In the pH-potentiometric titrations 50 – 410 mL:pH 

data pairs were recorded in the pH range of 1.8 – 12.0. The calculation of [H+] from the measured pH 

values was performed with the use of the method proposed by Irving et al.212 by titrating a 0.1 M HCl 

solution (I = 0.15 M NaCl) with a standardized NaOH solution. The differences between the measured 

(pHread) and calculated pH (- log [H+]) values were used to obtain the equilibrium H+ concentrations from 

the pH data obtained in the titrations. The ion product of water was determined from the same 

experiment in the pH range of 11.8-12.0. The protonation and stability constants were calculated from 

the titration data with the PSEQUAD program.421  

 

 
Figure 5.E9. pH-potentiometric titration curves of L5 with and without the presence of 1 equiv. of 
transition metal M(II) (M(II) = Mn(II), Fe(II), Cu(II), or Zn(II)). (I = 0.15 M NaCl, T = 25 oC). Titrations in the 
presence of Mn(II) and Fe(II) were halted upon precipitation of metal-hydroxide species. 
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Figure 5.E10. pH-potentiometric titration curve of L5 with and without the presence of 1 or 2 equiv. of 
Cu(II). (I = 0.15 M NaCl, T = 25 oC). 
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Chapter 6: Conclusions 

 Macrocycles represent a broad family of unique ligands that can be utilized across many different 

chemical fields.  Although macrocycles have many of the same attributes as their noncyclic counterparts, 

these ligands have exceptional coordination behavior (such as the macrocyclic effect) that places them in 

a unique ligand class.1 Researchers have long studied the unique structural, kinetic, thermodynamic, 

spectral, and electrochemical properties of macrocycles and their corresponding macrocyclic complexes.1, 

4, 56, 62-63 These molecules can be utilized for various applications across many different fields, from use a 

biomimetic models, to catalysts, to therapeutic and diagnostic agents. 

 
Figure 6.1. Macrocyclic ligands synthesized by the Green group.55-56, 62, 72-73, 85-86, 422 

 This work describes azamacrocycles and their corresponding transition metal complexes 

synthesized by the Green group (Figure 6.1). The first generation of ligands, 12-membered pyridine- and 

pyridol-based tetraazamacrocycles (L1-L3), were synthesized and complexed with first-row transition 

metals, including: Mn(III,IV), Fe(III), Co(III), Ni(II), Cu(II), and Zn(II).55-56, 62, 72-73, 85-86 The L1-L3 macrocyclic 

complexes with Co(III) and Mn(III,IV) are described in chapters 3 and 4; whereas the complexes with Fe(III), 

Ni(II), Cu(II), and Zn(II) have been described and published elsewhere (coworker Samantha Brewer studied 

the Fe(III) complexes; coworker Kimberly Lincoln studied the Ni(II), Cu(II), and Zn(II) complexes).55-56, 72-73, 

85-86 Chapter 2 and 5 report new macrocyclic ligands and the corresponding metal complexes synthesized 

by the Green group. The following discussion will focus on the broad conclusions from each study and 

highlight potential areas of future work. 
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 The ligand-cobalt complexes L1Co, L2Co, and L3Co were prepared and characterized using X-ray 

crystallography, UV-visible spectroscopy, and cyclic voltammetry. These complexes exhibit equilibrium 

behavior that parallels the classic CoCl2 equilibrium. In water, L1Co, L2Co, and L3Co exist as [L1-

3CoIIICl2][ClO4] (L1Co1, L2Co1, and L3Co1), but in DMF they exist as [L1-3CoIIICl(DMF)][CoIICl4] (L1Co2, 

L2Co2, and L3Co2). Ion exchange reactions were performed to eliminate the [CoIICl4]2- counterions and 

the resulting complexes [L1-3CoIIICl(DMF)][BF4]2 (L1Co3, L2Co3, and L3Co3) were tested for catalytic 

abilities with several C-C coupling reactions. Results indicated that L1Co3, L2Co3, and L3Co3 were not 

suitable catalysts for the reactions tested. Future studies with these ligand-cobalt complexes will focus on 

finding a suitable reaction to test the catalytic ability of these complexes. 

 Two different types of ligand-manganese complexes with L1-L3 were synthesized:  a series of 

monomeric Mn(III) complexes (L1Mn2, L2Mn2, and L3Mn2; [L1-3MnIIICl2][ClO4]) and a series of dimeric 

di-μ-oxo bridged Mn(III,IV) complexes (L1Mn1, L2Mn1, and L3Mn3; [(L1-3)2MnIII,IV
2O2][ClO4]3). These 

manganese complexes were characterized using traditional inorganic spectroscopic techniques. 

Additionally, these two sets of complexes were compared to structurally similar manganese complexes 

within the chemical literature. Di- μ-oxo bridged Mn(III,IV) complexes have historically been used to model 

the active site of photosystem II in plants and as water oxidation catalysts. Currently, the monomeric 

Mn(III) complexes L1Mn2, L2Mn2, and L3Mn2 are being screened as oxidative catalysts in the two 

reactions shown in schemes 6.1 and 6.2, below. The two reactions represent two main classes of oxidation 

with great potential utility: oxygen atom transfer and hydrogen atom abstraction.423-425 ‘Greener’ catalysts 

(such as earth abundant transition metal complexes with manganese) may offer an alternative to 

expensive rare metal complexes that are typically utilized as catalysts.423-428  These catalytic studies are 

being conducted collaboratively with Tim Hubin at Southwestern Oklahoma State University.  
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Scheme 6.1. Oxygen atom transfer catalytic reaction to be studied with Mn(III) complexes.423 

 
Scheme 6.2. Hydrogen atom abstraction catalytic reaction to be studied with Mn(III) complexes.423 
 

 The second generation of ligands designed and synthesized by the Green group (L4 and L5; shown 

in figure 6.1) are discussed in chapters 2 (L4) and 5 (L5). L4 encompasses two pyridol moieties within a 

tetraazamacrocyclic ring. The rationale behind this ligand design was to further enhance the antioxidant 

capacity exhibited by L2 by doubling the pyridol moieties present within the molecule. L4 was complexed 

to Cu(II) and Zn(II) and these metal complexes were characterized using X-ray crystallography and UV-

visible spectroscopy. Protonation and stability constants of L4 were obtained using pH-potentiometric 

titrations. Finally, several antioxidant assays and cell studies were performed with L4 to determine its 

antioxidant capacity and therapeutic window. In the future, L4 will be complexed with the remaining first-

row transition metals (Co(III), Fe(III), Ni(II), and Mn(III)) previously studied by the Green group, to complete 

the series. These complexes will be characterized and compared to the Cu(II) and Zn(II) complexes with 

L4, reported in this document. Furthermore, more assays (such as the ABTS radical scavenging assay) and 

cell studies (with relevant cell lines) will be conducted with L4 to continue to probe its use as a therapeutic 

agent. Eventually, L4 will be used in animal studies. In addition, the catalytic activity of L4 complexed to 

various transition metals will be tested. Pyridinophanes similar to L4 (only differing in R groups) have been 

utilized for a variety of catalytic reactions from water oxidation with Mn(II) to C-C bond formation with 
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Ni(III) (Figure 6.2).429-437 These types of reactions will be pursued for testing the catalytic ability of L4 

transition metal complexes in the near future. 

 
Figure 6.2. Pyridinophane-metal complexes that have been tested as catalysts in a variety of different 
reactions; the ligand framework and metal-binding modalities are similar to L4.429-437  

 

Finally, L5 was originally designed as an ultra-rigid ligand framework to be utilized as a Mn(II)-

based contrast agent. Due to the presence of piperazine the ligand was isolated as a dimeric 

decaazamacrocycle (L5), which was confirmed with X-ray crystallography. pH-potentiometric titrations 

with L5 indicate that it forms very weak complexes with transition metal ions. Additionally, potentiometric 

measurements also indicate that L5 undergoes six protonation events in solution. The large number of 

protonation events indicate that L5 may be an excellent anion receptor. Anion receptors are typically large 

polyazamacrocylic rings that interact with anions (biological, inorganic, or organic) via electrostatic 

interactions and hydrogen bonding.388, 390, 399-404 Future work with this ligand will focus on finding an 

acceptable relevant target anion to detect in solution. 
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Appendix 

 

 
 
 
 

 
 

Scheme A1. Naming scheme for pyridine- and pyridol-based tetraazamacrocycles L1-L4.  
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Table A1. Crystal data, intensity collections, and structure refinement parameters for L1Co1, L2Co1, L3Co1, and L1Co2 

Complex L1Co1 L2Co1 L3Co1 L1Co2 

Simplified formula [L1CoIIICl2]3[ClO4]3 [L2CoIIICl2]2[ClO4][Cl] [L3CoIIICl2][ClO4] [L1CoIIICl(DMF)][CoIICl4] 

Empirical formula  C33H54Cl9Co3N12O12 C22H36Cl6Co2N8O6 C11H18Cl3CoN4O5.22 C14H25Cl5Co2N5O 

Formula weight 1306.72 839.16 455.05 574.50 

Temperature/K 100.0 100.0 100.0 100.0 

Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic 

Space group P21/c P21/c P21/c Pbca 

a/Å 6.9187(9) 6.8468(4) 6.8377(3) 13.042(2) 

b/Å 26.505(4) 18.3028(13) 13.1085(7) 16.735(3) 

c/Å 25.212(3) 28.2684(17) 17.9970(9) 20.520(4) 

α/° 90 90 90 90 

β/° 94.664(4) 94.762(5) 91.150(2) 90 

γ/° 90 90 90 90 

Volume/Å3 4608.1(10) 3530.2(4) 1612.78(14) 4478.7(14) 

Z 4 4 4 8 

ρcalcg/cm3 1.884 1.5788 1.874 1.704 

μ/mm-1 1.664 1.441 1.595 2.093 

F(000) 2664.0 1718.9 927.0 2328.0 

Crystal size/mm3 0.303 × 0.262 × 0.101 0.165 × 0.144 × 0.084 0.176 × 0.077 × 0.073 0.464 × 0.272 × 0.086 

Radiation Mo Kα  
(λ = 0.71073) 

Mo Kα 
 (λ = 0.71073) 

Mo Kα 
 (λ = 0.71073) 

Mo Kα  
(λ = 0.71073) 

2Θ range for data collection/° 5.754 to 77.27 4.68 to 50.5 6.616 to 60.216 6.116 to 70.13 

Index ranges -12 ≤ h ≤ 11 
 -46 ≤ k ≤ 46  
-44 ≤ l ≤ 38 

-8 ≤ h ≤ 8 
 -23 ≤ k ≤ 23 
 -36 ≤ l ≤ 36 

-9 ≤ h ≤ 9 
 -18 ≤ k ≤ 18 
 -25 ≤ l ≤ 25 

-21 ≤ h ≤ 20 
 -26 ≤ k ≤ 26 
 -33 ≤ l ≤ 33 

Reflections collected 139761 46094 43444 59090 

Independent reflections 26110  
[Rint = 0.0672]  

[Rsigma = 0.0588] 

5883  
[Rint = 0.0801]  

[Rsigma = 0.0884] 

4742  
[Rint = 0.1066] 

 [Rsigma = 0.0880] 

9867  
[Rint = 0.0426] 

 [Rsigma = 0.0323] 

Data/restraints/parameters 26110/0/630 5883/0/401 4742/0/271 9867/0/258 

Goodness-of-fit on F2 1.078 1.063 1.041 1.046 

Final R indexes [I>=2σ (I)] R1 = 0.0869 
 wR2 = 0.2028 

R1 = 0.0529 
 wR2 = 0.1595 

R1 = 0.0588 
 wR2 = 0.0951 

R1 = 0.0329 
 wR2 = 0.0673 

Final R indexes [all data] R1 = 0.1325 
 wR2 = 0.2255 

R1 = 0.0727 
 wR2 = 0.1652 

R1 = 0.1184 
 wR2 = 0.1116 

R1 = 0.0542 
 wR2 = 0.0746 

Largest diff. peak/hole / e Å-3 4.58/-1.44 1.17/-1.27 0.83/-0.57 0.99/-0.40 

 

Table A2. Bond lengths (Å) for [L1CoIIICl2]3[ClO4]3
 (L1Co1). 

Atom Atom Length/Å Atom Atom Length/Å 

C1 C2 1.382(4) C31 N10 1.465(5) 

C1 C11 1.502(4) C32 N11 1.502(4) 

C1 N4 1.350(4) C33 N11 1.488(5) 

C2 C3 1.391(5) Cl1 Co1 2.2820(8) 

C3 C4 1.390(5) Cl2 Co1 2.2478(8) 

C4 C5 1.389(4) Cl3 O1 1.417(3) 

C5 C6 1.502(5) Cl3 O2 1.441(4) 

C5 N4 1.339(4) Cl3 O3 1.431(3) 

C6 N1 1.497(4) Cl3 O4 1.446(3) 

C7 C8 1.520(5) Cl4 Co2 2.3019(18) 

C7 N1 1.495(4) Cl4 Co4 2.261(2) 

C8 N2 1.466(4) Cl5 Co2 2.2828(18) 

C9 C10 1.508(5) Cl5 Co4 2.204(2) 

C9 N2 1.469(4) Cl6 O5 1.429(3) 

C10 N3 1.502(4) Cl6 O6 1.437(3) 

C11 N3 1.491(4) Cl6 O7 1.448(3) 

C12 C13 1.392(5) Cl6 O8 1.425(3) 

C12 C22 1.486(5) Cl7 Co3 2.327(2) 

C12 N8 1.351(4) Cl7 Co5 2.229(3) 

C13 C14 1.378(6) Cl8 Co3 2.207(3) 

C14 C15 1.383(6) Cl8 Co5 2.316(3) 

C15 C16 1.393(5) Cl9 O9 1.444(3) 

C16 C17 1.503(5) Cl9 O10 1.434(4) 
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C16 N8 1.339(4) Cl9 O11 1.430(3) 

C17 N5 1.497(5) Cl9 O12 1.448(4) 

C18 C19 1.504(5) Co3 N9 2.034(4) 

C18 N5 1.501(4) Co3 N10 1.889(4) 

C19 N6 1.467(5) Co3 N11 1.947(4) 

C20 C21 1.519(5) Co3 N12 1.908(4) 

C20 N6 1.468(5) Co1 N1 1.992(2) 

C21 N7 1.493(4) Co1 N2 1.945(3) 

C22 N7 1.491(5) Co1 N3 1.982(3) 

C23 C24 1.373(5) Co1 N4 1.855(2) 

C23 C33 1.489(5) Co2 N5 2.070(3) 

C23 N12 1.352(4) Co2 N6 1.936(3) 

C24 C25 1.385(6) Co2 N7 1.905(3) 

C25 C26 1.383(6) Co2 N8 1.823(3) 

C26 C27 1.398(5) N5 Co4 1.896(3) 

C27 C28 1.501(5) N6 Co4 1.980(4) 

C27 N12 1.336(4) N7 Co4 2.105(3) 

C28 N9 1.510(5) N8 Co4 1.908(3) 

C29 C30 1.516(5) N9 Co5 1.952(4) 

C29 N9 1.495(4) N10 Co5 1.992(4) 

C30 N10 1.463(4) N11 Co5 2.027(4) 

C31 C32 1.513(5) N12 Co5 1.797(4) 

 

Table A3. Bond angles (o) for [L1CoIIICl2]3[ClO4]3
 (L1Co1). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

C2 C1 C11 125.0(3) N6 Co2 Cl5 87.61(11) 

N4 C1 C2 120.3(3) N6 Co2 N5 83.74(13) 

N4 C1 C11 114.3(3) N7 Co2 Cl4 96.12(11) 

C1 C2 C3 118.1(3) N7 Co2 Cl5 96.12(11) 

C4 C3 C2 120.5(3) N7 Co2 N5 166.93(15) 

C5 C4 C3 118.9(3) N7 Co2 N6 88.26(14) 

C4 C5 C6 126.5(3) N8 Co2 Cl4 87.98(11) 

N4 C5 C4 119.5(3) N8 Co2 Cl5 175.69(13) 

N4 C5 C6 113.8(3) N8 Co2 N5 83.06(14) 

N1 C6 C5 110.7(2) N8 Co2 N6 95.02(14) 

N1 C7 C8 107.5(2) N8 Co2 N7 87.39(14) 

N2 C8 C7 104.5(3) C6 N1 Co1 109.52(18) 

N2 C9 C10 104.4(3) C7 N1 C6 111.9(3) 

N3 C10 C9 107.6(2) C7 N1 Co1 106.81(19) 

N3 C11 C1 109.7(2) C8 N2 C9 118.2(3) 

C13 C12 C22 124.9(3) C8 N2 Co1 110.58(19) 

N8 C12 C13 120.4(3) C9 N2 Co1 110.6(2) 

N8 C12 C22 114.5(3) C10 N3 Co1 107.90(19) 

C14 C13 C12 118.2(4) C11 N3 C10 112.3(3) 

C13 C14 C15 120.9(3) C11 N3 Co1 109.09(18) 

C14 C15 C16 118.7(4) C1 N4 Co1 117.6(2) 

C15 C16 C17 126.3(3) C5 N4 C1 122.5(3) 

N8 C16 C15 120.0(4) C5 N4 Co1 119.3(2) 

N8 C16 C17 113.5(3) C17 N5 C18 112.3(3) 

N5 C17 C16 110.5(3) C17 N5 Co2 108.0(2) 

N5 C18 C19 107.9(3) C17 N5 Co4 110.3(2) 

N6 C19 C18 105.1(3) C18 N5 Co2 106.5(2) 

N6 C20 C21 104.6(3) C18 N5 Co4 107.5(2) 

N7 C21 C20 107.6(3) Co4 N5 Co2 3.48(10) 

C12 C22 N7 110.1(3) C19 N6 C20 118.8(3) 

C24 C23 C33 124.9(3) C19 N6 Co2 111.9(2) 

N12 C23 C24 120.5(3) C19 N6 Co4 107.9(2) 

N12 C23 C33 114.4(3) C20 N6 Co2 107.6(2) 

C23 C24 C25 118.3(3) C20 N6 Co4 113.7(2) 

C26 C25 C24 120.6(3) Co2 N6 Co4 6.07(8) 

C25 C26 C27 119.1(3) C21 N7 Co2 107.0(2) 

C26 C27 C28 126.7(3) C21 N7 Co4 107.3(2) 
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N12 C27 C26 118.9(3) C22 N7 C21 111.7(3) 

N12 C27 C28 114.3(3) C22 N7 Co2 109.5(2) 

C27 C28 N9 110.7(3) C22 N7 Co4 111.0(2) 

N9 C29 C30 107.3(2) Co2 N7 Co4 1.99(10) 

N10 C30 C29 104.7(3) C12 N8 Co2 116.1(2) 

N10 C31 C32 103.8(3) C12 N8 Co4 121.7(2) 

N11 C32 C31 107.7(3) C16 N8 C12 121.7(3) 

N11 C33 C23 110.3(3) C16 N8 Co2 121.9(2) 

O1 Cl3 O2 110.8(3) C16 N8 Co4 116.0(2) 

O1 Cl3 O3 111.6(2) Co2 N8 Co4 5.97(9) 

O1 Cl3 O4 109.8(2) C28 N9 Co3 111.1(2) 

O2 Cl3 O4 107.1(3) C28 N9 Co5 107.7(2) 

O3 Cl3 O2 107.8(2) C29 N9 C28 111.5(3) 

O3 Cl3 O4 109.7(2) C29 N9 Co3 104.4(2) 

Co4 Cl4 Co2 5.22(7) C29 N9 Co5 108.2(2) 

Co4 Cl5 Co2 5.02(7) Co5 N9 Co3 4.21(12) 

O5 Cl6 O6 109.1(2) C30 N10 C31 118.2(3) 

O5 Cl6 O7 110.71(19) C30 N10 Co3 112.6(2) 

O6 Cl6 O7 108.7(2) C30 N10 Co5 109.3(2) 

O8 Cl6 O5 109.9(2) C31 N10 Co3 110.7(2) 

O8 Cl6 O6 109.2(3) C31 N10 Co5 111.4(2) 

O8 Cl6 O7 109.2(2) Co3 N10 Co5 3.90(14) 

Co5 Cl7 Co3 3.42(12) C32 N11 Co3 106.5(2) 

Co3 Cl8 Co5 3.24(12) C32 N11 Co5 109.8(2) 

O9 Cl9 O12 109.7(2) C33 N11 C32 112.1(3) 

O10 Cl9 O9 111.2(2) C33 N11 Co3 110.7(2) 

O10 Cl9 O12 106.8(3) C33 N11 Co5 106.6(2) 

O11 Cl9 O9 109.4(2) Co3 N11 Co5 4.25(13) 

O11 Cl9 O10 110.2(3) C23 N12 Co3 116.4(2) 

O11 Cl9 O12 109.6(3) C23 N12 Co5 118.6(3) 

Cl8 Co3 Cl7 89.67(10) C27 N12 C23 122.5(3) 

N9 Co3 Cl7 93.04(12) C27 N12 Co3 120.5(2) 

N9 Co3 Cl8 96.62(13) C27 N12 Co5 117.8(2) 

N10 Co3 Cl7 178.50(17) Co5 N12 Co3 3.90(14) 

N10 Co3 Cl8 91.32(13) Cl5 Co4 Cl4 92.23(8) 

N10 Co3 N9 85.73(15) N5 Co4 Cl4 98.63(12) 

N10 Co3 N11 87.03(15) N5 Co4 Cl5 101.61(13) 

N10 Co3 N12 93.41(17) N5 Co4 N6 87.31(15) 

N11 Co3 Cl7 93.96(13) N5 Co4 N7 161.57(17) 

N11 Co3 Cl8 97.30(14) N5 Co4 N8 85.74(15) 

N11 Co3 N9 164.44(19) N6 Co4 Cl4 173.64(13) 

N12 Co3 Cl7 85.57(11) N6 Co4 Cl5 88.79(12) 

N12 Co3 Cl8 175.06(15) N6 Co4 N7 81.74(13) 

N12 Co3 N9 82.33(15) N7 Co4 Cl4 91.93(11) 

N12 Co3 N11 84.37(16) N7 Co4 Cl5 92.97(11) 

Cl2 Co1 Cl1 90.51(3) N8 Co4 Cl4 87.19(11) 

N1 Co1 Cl1 94.25(8) N8 Co4 Cl5 172.62(12) 

N1 Co1 Cl2 95.99(8) N8 Co4 N6 91.00(15) 

N2 Co1 Cl1 178.85(9) N8 Co4 N7 79.71(13) 

N2 Co1 Cl2 88.40(8) Cl7 Co5 Cl8 89.43(10) 

N2 Co1 N1 85.49(11) N9 Co5 Cl7 98.43(13) 

N2 Co1 N3 85.01(11) N9 Co5 Cl8 95.53(14) 

N3 Co1 Cl1 95.46(8) N9 Co5 N10 85.23(16) 

N3 Co1 Cl2 94.99(8) N9 Co5 N11 164.9(2) 

N3 Co1 N1 165.25(11) N10 Co5 Cl7 174.14(16) 

N4 Co1 Cl1 87.69(8) N10 Co5 Cl8 85.65(12) 

N4 Co1 Cl2 178.19(8) N10 Co5 N11 82.19(15) 

N4 Co1 N1 84.39(11) N11 Co5 Cl7 94.80(14) 

N4 Co1 N2 93.40(11) N11 Co5 Cl8 91.74(13) 

N4 Co1 N3 84.94(11) N12 Co5 Cl7 91.22(13) 

Cl5 Co2 Cl4 89.15(6) N12 Co5 Cl8 176.72(18) 

N5 Co2 Cl4 92.44(10) N12 Co5 N9 87.56(16) 

N5 Co2 Cl5 93.85(11) N12 Co5 N10 93.51(17) 
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N6 Co2 Cl4 174.81(13) N12 Co5 N11 85.00(17) 

 

Table A4. Bond lengths (Å) for [L1CoIIICl(DMF)][CoIICl4]  (L1Co2). 

Atom Atom Length/Å Atom Atom Length/Å 

C1 N4 1.3417(18) C11 N3 1.4971(19) 

C1 C2 1.380(2) C12 O1 1.2609(17) 

C1 C11 1.496(2) C12 N5 1.3049(18) 

C2 C3 1.385(2) C13 N5 1.4553(19) 

C3 C4 1.387(2) C14 N5 1.462(2) 

C4 C5 1.380(2) Cl1 Co1 2.2411(5) 

C5 N4 1.3424(17) Cl2 Co2 2.2745(5) 

C5 C6 1.494(2) Cl3 Co2 2.2687(5) 

C6 N1 1.4967(18) Cl4 Co2 2.2942(5) 

C7 N1 1.4921(18) Cl5 Co2 2.2862(5) 

C7 C8 1.516(2) Co1 N4 1.8536(11) 

C8 N2 1.4749(18) Co1 O1 1.9250(10) 

C9 N2 1.4741(18) Co1 N2 1.9326(12) 

C9 C10 1.514(2) Co1 N1 1.9703(12) 

C10 N3 1.4984(19) Co1 N3 1.9882(12) 

 

Table A5.  Bond Angles (o) for [L1CoIIICl(DMF)][CoIICl4]  (L1Co2). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

N4 C1 C2 120.29(13) O1 Co1 Cl1 92.66(3) 

N4 C1 C11 113.36(12) N2 Co1 Cl1 176.97(4) 

C2 C1 C11 125.99(13) N1 Co1 Cl1 94.33(4) 

C1 C2 C3 118.39(14) N3 Co1 Cl1 95.02(4) 

C2 C3 C4 120.54(14) Cl3 Co2 Cl2 109.550(17) 

C5 C4 C3 118.60(14) Cl3 Co2 Cl5 111.076(16) 

N4 C5 C4 120.06(13) Cl2 Co2 Cl5 108.181(17) 

N4 C5 C6 114.23(12) Cl3 Co2 Cl4 108.54(2) 

C4 C5 C6 125.49(13) Cl2 Co2 Cl4 106.791(17) 

C5 C6 N1 110.36(11) Cl5 Co2 Cl4 112.588(16) 

N1 C7 C8 107.20(11) C7 N1 C6 112.36(11) 

N2 C8 C7 104.56(11) C7 N1 Co1 107.03(8) 

N2 C9 C10 104.36(11) C6 N1 Co1 110.24(9) 

N3 C10 C9 108.40(11) C9 N2 C8 118.23(11) 

C1 C11 N3 109.90(11) C9 N2 Co1 110.43(9) 

O1 C12 N5 122.24(13) C8 N2 Co1 110.88(9) 

N4 Co1 O1 176.29(5) C11 N3 C10 113.25(12) 

N4 Co1 N2 94.56(5) C11 N3 Co1 108.27(9) 

O1 Co1 N2 84.32(5) C10 N3 Co1 107.83(9) 

N4 Co1 N1 84.78(5) C1 N4 C5 122.04(12) 

O1 Co1 N1 91.61(5) C1 N4 Co1 118.79(9) 

N2 Co1 N1 85.80(5) C5 N4 Co1 118.67(10) 

N4 Co1 N3 84.19(5) C12 N5 C13 121.27(13) 

O1 Co1 N3 99.22(5) C12 N5 C14 121.90(12) 

N2 Co1 N3 85.46(5) C13 N5 C14 116.68(13) 

N1 Co1 N3 165.33(5) C12 O1 Co1 126.29(9) 

N4 Co1 Cl1 88.46(4)     

 

Table A6. Bond lengths (Å) for [L2CoIIICl2]2[ClO4][Cl] (L2Co1). 

Atom Atom Length/Å Atom Atom Length/Å 

Co1 Cl2 2.2765(13) N8 C20 1.495(6) 

Co1 Cl1 2.2470(13) N5 C21 1.338(6) 

Co1 N2 1.978(4) N5 C14 1.337(6) 

Co1 N1 1.858(4) N6 C15 1.503(6) 

Co1 N3 1.946(4) N6 C16 1.499(6) 

Co1 N4 1.995(4) N3 C7 1.482(6) 

Co2 Cl4 2.2549(14) N3 C6 1.464(6) 

Co2 Cl3 2.2449(14) N4 C9 1.514(6) 
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Co2 N7 1.949(4) N4 C8 1.498(6) 

Co2 N8 2.002(4) C10 C11 1.393(7) 

Co2 N5 1.872(4) C10 C9 1.471(7) 

Co2 N6 1.963(4) C11 C1 1.393(7) 

Cl5 O4 1.437(4) C5 C6 1.503(7) 

Cl5 O3 1.452(4) C13 C14 1.356(7) 

Cl5 O5 1.443(4) C13 C12 1.395(8) 

Cl5 O6 1.432(4) C21 C22 1.399(7) 

O1 C1 1.336(6) C21 C20 1.503(7) 

N2 C5 1.497(6) C14 C15 1.499(7) 

N2 C4 1.501(6) C4 C3 1.508(7) 

O2 C12 1.327(6) C12 C22 1.392(7) 

N1 C10 1.370(6) C1 C2 1.390(7) 

N1 C3 1.340(6) C19 C18 1.511(7) 

N7 C17 1.481(6) C3 C2 1.364(7) 

N7 C18 1.468(6) C8 C7 1.493(7) 

N8 C19 1.500(6) C17 C16 1.508(7) 

 

Table A7. Bond angles (o) for [L2CoIIICl2]2[ClO4][Cl] (L2Co1). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

Cl1 Co1 Cl2 89.58(5) C20 N8 C19 111.7(4) 

N2 Co1 Cl2 95.72(12) C21 N5 Co2 119.0(3) 

N2 Co1 Cl1 96.04(12) C14 N5 Co2 118.7(4) 

N1 Co1 Cl2 89.05(12) C14 N5 C21 122.3(5) 

N1 Co1 Cl1 178.60(12) C15 N6 Co2 109.3(3) 

N1 Co1 N2 83.77(17) C16 N6 Co2 108.5(3) 

N3 Co1 Cl2 178.14(13) C16 N6 C15 112.2(4) 

N3 Co1 Cl1 88.61(13) C7 N3 Co1 109.9(3) 

N3 Co1 N2 84.95(17) C6 N3 Co1 110.6(3) 

N3 Co1 N1 92.75(17) C6 N3 C7 118.5(4) 

N4 Co1 Cl2 94.38(12) C9 N4 Co1 108.7(3) 

N4 Co1 Cl1 96.23(12) C8 N4 Co1 107.4(3) 

N4 Co1 N2 164.14(16) C8 N4 C9 111.7(4) 

N4 Co1 N1 84.20(17) C11 C10 N1 118.4(5) 

N4 Co1 N3 85.34(17) C9 C10 N1 113.8(4) 

Cl3 Co2 Cl4 91.14(5) C9 C10 C11 127.7(5) 

N7 Co2 Cl4 178.42(13) C1 C11 C10 119.8(5) 

N7 Co2 Cl3 87.31(12) C6 C5 N2 106.7(4) 

N8 Co2 Cl4 94.97(12) C12 C13 C14 119.2(5) 

N8 Co2 Cl3 96.73(12) C22 C21 N5 120.0(5) 

N8 Co2 N7 85.57(17) C20 C21 N5 114.0(4) 

N5 Co2 Cl4 88.84(13) C20 C21 C22 125.9(5) 

N5 Co2 Cl3 179.18(14) C13 C14 N5 120.5(5) 

N5 Co2 N7 92.70(17) C15 C14 N5 113.1(5) 

N5 Co2 N8 84.09(17) C15 C14 C13 126.2(5) 

N6 Co2 Cl4 94.41(13) C3 C4 N2 109.7(4) 

N6 Co2 Cl3 94.86(13) C13 C12 O2 117.3(5) 

N6 Co2 N7 85.37(18) C22 C12 O2 122.7(5) 

N6 Co2 N8 164.92(17) C22 C12 C13 120.0(5) 

N6 Co2 N5 84.32(18) C11 C1 O1 117.6(5) 

O3 Cl5 O4 109.6(2) C2 C1 O1 122.6(5) 

O5 Cl5 O4 108.0(2) C2 C1 C11 119.8(5) 

O5 Cl5 O3 108.9(2) C18 C19 N8 107.7(4) 

O6 Cl5 O4 110.8(2) C12 C22 C21 117.8(5) 

O6 Cl5 O3 109.2(2) C4 C3 N1 112.7(4) 

O6 Cl5 O5 110.3(2) C2 C3 N1 121.9(5) 

C5 N2 Co1 108.0(3) C2 C3 C4 125.3(5) 

C4 N2 Co1 110.3(3) C10 C9 N4 109.8(4) 

C4 N2 C5 111.4(4) C14 C15 N6 109.8(4) 

C10 N1 Co1 118.4(3) C7 C8 N4 108.5(4) 

C3 N1 Co1 120.2(3) C16 C17 N7 104.6(4) 

C3 N1 C10 121.3(4) C8 C7 N3 104.9(4) 
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C17 N7 Co2 109.8(3) C5 C6 N3 105.6(4) 

C18 N7 Co2 110.2(3) C21 C20 N8 110.2(4) 

C18 N7 C17 119.3(4) C3 C2 C1 118.5(5) 

C19 N8 Co2 106.2(3) C17 C16 N6 106.9(4) 

C20 N8 Co2 109.5(3) C19 C18 N7 104.9(4) 

 

Table A8. Bond lengths (Å) for [L3CoIIICl2][ClO4] (L3Co1). 

Atom Atom Length/Å Atom Atom Length/Å 

Co1 Cl1 2.268(7) C4 C5 1.384(5) 

Co1 Cl2 2.2333(9) C3 C2 1.384(5) 

Co1 N4 1.865(3) O1 C2 1.352(4) 

Co1 N3 1.968(3) N4 C5 1.341(4) 

Co1 N2 1.935(3) N4 C1 1.339(4) 

Co1 N1 1.963(3) N3 C11 1.495(4) 

Co1 Cl3 2.298(7) N3 C10 1.490(5) 

Cl4 O4 1.389(3) N2 C9 1.473(4) 

Cl4 O7 1.556(5) N2 C8 1.472(4) 

Cl4 O5 1.437(5) N1 C7 1.487(5) 

Cl4 O9 1.606(7) N1 C6 1.500(5) 

Cl4 O2 1.327(7) C5 C6 1.500(5) 

Cl4 O3 1.325(5) C2 C1 1.379(5) 

Cl4 O6 1.515(18) C1 C11 1.490(5) 

Cl4 O8 1.32(2) C10 C9 1.505(5) 

C4 C3 1.386(5) C8 C7 1.510(5) 

 

Table A9. Bond angles (o) for [L3CoIIICl2][ClO4] (L3Co1). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

Cl2 Co1 Cl1 90.02(18) O8 Cl4 O6 112(3) 

N4 Co1 Cl1 87.50(19) C5 C4 C3 119.3(3) 

N4 Co1 Cl2 177.48(9) C2 C3 C4 119.7(3) 

N4 Co1 N3 84.39(12) C5 N4 Co1 118.7(2) 

N4 Co1 N2 94.66(12) C1 N4 Co1 117.9(2) 

N4 Co1 N1 84.71(12) C1 N4 C5 122.6(3) 

N4 Co1 Cl3 86.13(19) C11 N3 Co1 110.2(2) 

N3 Co1 Cl1 89.42(13) C10 N3 Co1 107.5(2) 

N3 Co1 Cl2 96.05(9) C10 N3 C11 111.8(3) 

N3 Co1 Cl3 99.99(13) C9 N2 Co1 110.2(2) 

N2 Co1 Cl1 174.12(13) C8 N2 Co1 110.1(2) 

N2 Co1 Cl2 87.85(9) C8 N2 C9 118.9(3) 

N2 Co1 N3 85.35(12) C7 N1 Co1 107.4(2) 

N2 Co1 N1 86.00(12) C7 N1 C6 112.7(3) 

N2 Co1 Cl3 174.65(13) C6 N1 Co1 109.8(2) 

N1 Co1 Cl1 99.66(13) C4 C5 C6 126.8(3) 

N1 Co1 Cl2 95.26(9) N4 C5 C4 119.3(3) 

N1 Co1 N3 165.48(12) N4 C5 C6 113.5(3) 

N1 Co1 Cl3 88.82(13) O1 C2 C3 125.2(3) 

O4 Cl4 O7 98.6(3) O1 C2 C1 115.7(3) 

O4 Cl4 O5 110.7(3) C1 C2 C3 119.1(3) 

O5 Cl4 O7 100.5(5) N4 C1 C2 119.9(3) 

O2 Cl4 O9 103.0(6) N4 C1 C11 114.8(3) 

O2 Cl4 O6 77.7(11) C2 C1 C11 125.0(3) 

O3 Cl4 O4 119.8(4) C1 C11 N3 109.9(3) 

O3 Cl4 O7 107.8(5) N3 C10 C9 107.6(3) 

O3 Cl4 O5 115.9(5) N2 C9 C10 103.7(3) 

O6 Cl4 O9 116.7(8) N2 C8 C7 104.8(3) 

O8 Cl4 O9 113.8(10) N1 C7 C8 107.8(3) 

O8 Cl4 O2 129(3) C5 C6 N1 110.6(3) 
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Table A10. Crystal data, intensity collections, and structure refinement parameters for L1Mn1, L1Mn2, and L2Mn1 

Complex L1Mn1 L1Mn2 L2Mn1 

Simplified formula [(L1)2MnIII,IV
2O2][ClO4]3•4H2O [L1MnIIICl2][ClO4] [(L2)2MnIII,IV

2O2][ClO4]•6H2O 

Empirical formula C22H44Cl3Mn2N8O18 C11H18Cl3MnN4O4 C11H22.2Cl0.5MnN4O6.94 

Formula weight 924.88 431.58 394.25 

Temperature/K 100.0(2) 100.0(2) 100.0(2) 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21 P21/c C2/c 

a/Å 10.1199(6) 7.0070(4) 16.8774(6) 

b/Å 16.2239(10) 12.7983(7) 11.4034(6) 

c/Å 11.8583(8) 18.8563(11) 16.7065(6) 

α/° 90 90 90 

β/° 114.402(2) 90.618(2) 99.844(2) 

γ/° 90 90 90 

Volume/Å3 1773.02(19) 1690.89(17) 3168.0(2) 

Z 2 4 8 

ρcalcg/cm3 1.732 1.695 1.653 

μ/mm-1 1.026 1.277 0.960 

F(000) 954.0 880.0 1642.0 

Crystal size/mm3 0.273 × 0.175 × 0.067 0.362 × 0.078 × 0.052 0.457 × 0.289 × 0.274 

Radiation Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.28 to 66.48 6.36 to 60.24 6.256 to 60.298 

Index ranges -15 ≤ h ≤ 15 
 -24 ≤ k ≤ 24 
-18 ≤ l ≤ 18 

-9 ≤ h ≤ 9 
 -18 ≤ k ≤ 18 
 -26 ≤ l ≤ 26 

-23 ≤ h ≤ 23 
 -16 ≤ k ≤ 16 
 -23 ≤ l ≤ 23 

Reflections collected 33419 28307 41977 

Independent reflections 13522 
 [Rint = 0.0435, Rsigma = 0.0791] 

4963 
 [Rint = 0.0829, Rsigma = 0.0804] 

4682  
[Rint = 0.0237, Rsigma = 0.0123] 

Data/restraints/parameters 13522/1/490 4963/0/208 4682/0/265 

Goodness-of-fit on F2 0.991 1.063 1.100 

Final R indexes [I>=2σ (I)] R1 = 0.0499, wR2 = 0.0970 R1 = 0.0520, wR2 = 0.0894 R1 = 0.0362, wR2 = 0.0937 

Final R indexes [all data] R1 = 0.0829, wR2 = 0.1087 R1 = 0.1045, wR2 = 0.1039 R1 = 0.0390, wR2 = 0.0956 

Largest diff. peak/hole / e Å-3 1.31/-0.49 1.25/-0.55 0.60/-0.93 

 

Table A11. Bond lengths (Å) for [L1MnIIICl2][ClO4] (L1Mn2). 

Atom Atom Length/Å Atom Atom Length/Å 

Mn1 N4 2.059(2) N3 C10 1.477(4) 

Mn1 N2 2.076(2) N2 C9 1.483(4) 

Mn1 N3 2.241(3) N2 C8 1.486(4) 

Mn1 N1 2.247(2) N1 C6 1.464(4) 

Mn1 Cl1 2.2483(9) N1 C7 1.488(4) 

Mn1 Cl2 2.2496(9) C5 C4 1.378(4) 

Cl3 O3 1.421(2) C5 C6 1.508(4) 

Cl3 O1 1.431(3) C4 C3 1.383(5) 

Cl3 O2 1.445(2) C3 C2 1.380(5) 

Cl3 O4 1.445(2) C2 C1 1.384(4) 

N4 C1 1.342(4) C1 C11 1.502(4) 

N4 C5 1.344(4) C10 C9 1.509(4) 

N3 C11 1.475(4) C8 C7 1.508(4) 

 

Table A12. Bond angles (o) for [L1MnIIICl2][ClO4] (L1Mn2). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

N4 Mn1 N2 87.33(10) C11 N3 C10 113.7(2) 

N4 Mn1 N3 77.58(10) C11 N3 Mn1 110.33(19) 

N2 Mn1 N3 80.81(9) C10 N3 Mn1 104.67(18) 

N4 Mn1 N1 77.56(9) C9 N2 C8 113.9(2) 

N2 Mn1 N1 80.18(9) C9 N2 Mn1 111.50(18) 

N3 Mn1 N1 149.22(9) C8 N2 Mn1 111.89(18) 

N4 Mn1 Cl1 87.67(7) C6 N1 C7 114.2(2) 

N2 Mn1 Cl1 174.76(8) C6 N1 Mn1 108.95(18) 

N3 Mn1 Cl1 99.62(7) C7 N1 Mn1 105.84(18) 
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N1 Mn1 Cl1 97.22(7) N4 C5 C4 120.3(3) 

N4 Mn1 Cl2 175.09(7) N4 C5 C6 117.0(3) 

N2 Mn1 Cl2 88.60(7) C4 C5 C6 122.7(3) 

N3 Mn1 Cl2 99.06(7) C5 C4 C3 119.2(3) 

N1 Mn1 Cl2 104.44(7) C2 C3 C4 119.8(3) 

Cl1 Mn1 Cl2 96.48(3) C3 C2 C1 119.2(3) 

O3 Cl3 O1 110.49(17) N4 C1 C2 120.0(3) 

O3 Cl3 O2 109.56(16) N4 C1 C11 117.5(3) 

O1 Cl3 O2 108.97(17) C2 C1 C11 122.4(3) 

O3 Cl3 O4 109.71(15) N3 C11 C1 112.6(3) 

O1 Cl3 O4 109.86(15) N3 C10 C9 109.1(2) 

O2 Cl3 O4 108.21(14) N2 C9 C10 108.5(2) 

C1 N4 C5 121.6(3) N2 C8 C7 107.5(2) 

C1 N4 Mn1 119.2(2) N1 C7 C8 109.5(2) 

C5 N4 Mn1 118.5(2) N1 C6 C5 112.8(3) 

 

Table A13. Bond lengths (Å) for [(L1)2MnIII,IV
2O2][ClO4]3 (L1Mn1). 

Atom Atom Length/Å Atom Atom Length/Å 

C1 N4 1.344(5) C20 C21 1.522(6) 

C1 C2 1.379(6) C21 N7 1.482(5) 

C1 C11 1.501(6) C22 N7 1.480(5) 

C2 C3 1.395(6) Cl1 O3 1.430(3) 

C3 C4 1.390(6) Cl1 O4 1.434(3) 

C4 C5 1.385(5) Cl1 O5 1.446(3) 

C5 N4 1.342(5) Cl1 O6 1.450(3) 

C5 C6 1.499(6) Cl2 O13 1.427(4) 

C6 N1 1.488(5) Cl2 O14 1.429(3) 

C7 N1 1.502(5) Cl2 O11 1.436(3) 

C7 C8 1.511(6) Cl2 O12 1.454(4) 

C8 N2 1.483(5) Cl3 O9 1.433(3) 

C9 N2 1.466(5) Cl3 O8 1.440(3) 

C9 C10 1.512(6) Cl3 O7 1.445(3) 

C10 N3 1.503(5) Cl3 O10 1.452(3) 

C11 N3 1.496(5) Mn1 O2 1.800(2) 

C12 N8 1.344(5) Mn1 O1 1.809(2) 

C12 C13 1.385(5) Mn1 N4 1.997(3) 

C12 C22 1.510(6) Mn1 N1 2.086(3) 

C13 C14 1.389(6) Mn1 N3 2.090(3) 

C14 C15 1.388(6) Mn1 N2 2.091(3) 

C15 C16 1.380(5) Mn1 Mn2 2.7115(7) 

C16 N8 1.344(5) Mn2 O2 1.849(2) 

C16 C17 1.507(6) Mn2 O1 1.861(2) 

C17 N5 1.483(5) Mn2 N8 2.058(3) 

C18 N5 1.477(5) Mn2 N6 2.110(3) 

C18 C19 1.516(6) Mn2 N5 2.249(3) 

C19 N6 1.501(5) Mn2 N7 2.266(3) 

C20 N6 1.473(5)    

 

Table A14. Bond angles (o) for [(L1)2MnIII,IV
2O2][ClO4]3 (L1Mn1). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

N4 C1 C2 120.3(4) O2 Mn1 N2 91.37(11) 

N4 C1 C11 114.5(3) O1 Mn1 N2 176.48(12) 

C2 C1 C11 125.1(4) N4 Mn1 N2 89.60(11) 

C1 C2 C3 119.0(4) N1 Mn1 N2 81.90(13) 

C4 C3 C2 120.0(3) N3 Mn1 N2 81.49(13) 

C5 C4 C3 118.3(4) O2 Mn1 Mn2 42.71(8) 

N4 C5 C4 120.9(4) O1 Mn1 Mn2 43.10(7) 

N4 C5 C6 114.2(3) N4 Mn1 Mn2 136.30(8) 

C4 C5 C6 124.8(4) N1 Mn1 Mn2 104.42(10) 

N1 C6 C5 111.2(3) N3 Mn1 Mn2 101.66(10) 

N1 C7 C8 108.9(3) N2 Mn1 Mn2 134.04(8) 
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N2 C8 C7 105.9(3) O2 Mn2 O1 82.96(10) 

N2 C9 C10 106.5(3) O2 Mn2 N8 93.27(11) 

N3 C10 C9 107.9(3) O1 Mn2 N8 176.21(11) 

N3 C11 C1 110.7(3) O2 Mn2 N6 178.14(12) 

N8 C12 C13 120.6(4) O1 Mn2 N6 95.38(11) 

N8 C12 C22 116.6(3) N8 Mn2 N6 88.39(11) 

C13 C12 C22 122.7(4) O2 Mn2 N5 100.86(13) 

C12 C13 C14 119.4(4) O1 Mn2 N5 102.96(13) 

C15 C14 C13 119.0(3) N8 Mn2 N5 77.98(13) 

C16 C15 C14 119.3(4) N6 Mn2 N5 80.29(14) 

N8 C16 C15 121.0(4) O2 Mn2 N7 99.97(13) 

N8 C16 C17 116.3(3) O1 Mn2 N7 102.99(13) 

C15 C16 C17 122.7(4) N8 Mn2 N7 77.32(13) 

N5 C17 C16 113.0(3) N6 Mn2 N7 79.57(14) 

N5 C18 C19 109.8(3) N5 Mn2 N7 148.37(11) 

N6 C19 C18 108.2(3) O2 Mn2 Mn1 41.32(7) 

N6 C20 C21 109.1(3) O1 Mn2 Mn1 41.64(8) 

N7 C21 C20 109.8(3) N8 Mn2 Mn1 134.58(8) 

N7 C22 C12 112.0(3) N6 Mn2 Mn1 137.01(8) 

O3 Cl1 O4 109.7(2) N5 Mn2 Mn1 105.97(9) 

O3 Cl1 O5 110.6(2) N7 Mn2 Mn1 105.40(9) 

O4 Cl1 O5 110.11(19) C6 N1 C7 113.0(3) 

O3 Cl1 O6 109.2(2) C6 N1 Mn1 109.6(2) 

O4 Cl1 O6 108.4(2) C7 N1 Mn1 108.5(2) 

O5 Cl1 O6 108.78(19) C9 N2 C8 116.0(3) 

O13 Cl2 O14 108.9(2) C9 N2 Mn1 110.9(2) 

O13 Cl2 O11 110.8(2) C8 N2 Mn1 109.9(2) 

O14 Cl2 O11 108.8(2) C11 N3 C10 113.4(3) 

O13 Cl2 O12 110.8(2) C11 N3 Mn1 111.3(2) 

O14 Cl2 O12 108.7(2) C10 N3 Mn1 107.8(2) 

O11 Cl2 O12 108.8(2) C5 N4 C1 121.5(3) 

O9 Cl3 O8 110.75(19) C5 N4 Mn1 118.7(3) 

O9 Cl3 O7 110.82(18) C1 N4 Mn1 119.7(3) 

O8 Cl3 O7 109.39(19) C18 N5 C17 114.4(3) 

O9 Cl3 O10 109.97(19) C18 N5 Mn2 106.2(2) 

O8 Cl3 O10 108.4(2) C17 N5 Mn2 108.5(2) 

O7 Cl3 O10 107.44(19) C20 N6 C19 112.2(2) 

O2 Mn1 O1 85.81(11) C20 N6 Mn2 112.0(3) 

O2 Mn1 N4 178.96(12) C19 N6 Mn2 111.1(2) 

O1 Mn1 N4 93.20(11) C22 N7 C21 114.6(3) 

O2 Mn1 N1 100.36(14) C22 N7 Mn2 108.2(2) 

O1 Mn1 N1 100.68(14) C21 N7 Mn2 107.0(2) 

N4 Mn1 N1 80.16(14) C12 N8 C16 120.7(3) 

O2 Mn1 N3 100.11(14) C12 N8 Mn2 119.6(3) 

O1 Mn1 N3 96.90(14) C16 N8 Mn2 119.7(3) 

N4 Mn1 N3 79.65(14) Mn1 O1 Mn2 95.26(11) 

N1 Mn1 N3 153.83(11) Mn1 O2 Mn2 95.97(11) 

 

Table A15. Bond lengths (Å) for [(L2)2MnIII,IV
2O2][ClO4] (L2Mn1). 

Atom Atom Length/Å Atom Atom Length/Å 

Mn1 Mn11 2.7094(4) C8 C7 1.515(2) 

Mn1 O11 1.8301(11) C6 C5 1.500(2) 

Mn1 O1 1.8337(12) C1 C11 1.510(2) 

Mn1 N2 2.1044(13) C10 C9 1.510(2) 

Mn1 N1 2.1929(15) Cl1 O52 1.385(4) 

Mn1 N4 2.0072(12) Cl1 O5 1.385(4) 

Mn1 N3 2.1853(15) Cl1 O6 1.441(5) 

C2 C1 1.376(2) Cl1 O62 1.441(5) 

C2 C3 1.422(2) Cl1 O4 1.514(5) 

C4 C5 1.368(2) Cl1 O42 1.514(5) 

C4 C3 1.422(2) Cl1 O3 1.447(5) 

O2 C3 1.2921(18) Cl1 O32 1.447(5) 
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O1 Mn11 1.8300(11) O5 O6 1.616(7) 

N2 C8 1.4791(19) O5 O4 1.711(6) 

N2 C9 1.479(2) O5 O32 1.598(7) 

N1 C7 1.485(2) O6 O42 1.695(8) 

N1 C6 1.480(2) O6 O3 1.613(7) 

N4 C5 1.3547(19) O4 O62 1.695(8) 

N4 C1 1.3517(18) O4 O3 1.801(9) 

N3 C11 1.486(2) O3 O52 1.598(7) 

N3 C10 1.487(2)    

(1) 1/2-X,1/2-Y,2-Z   (2) 1/2-X,3/2-Y,-Z 

 

Table A16. Bond angles (o) for [(L2)2MnIII,IV
2O2][ClO4] (L2Mn1). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

O1 Mn1 Mn11 42.26(3) O5 Cl1 O62 110.3(3) 

O11 Mn1 Mn11 42.36(4) O5 Cl1 O6 69.7(3) 

O11 Mn1 O1 84.62(5) O52 Cl1 O6 110.3(3) 

O11 Mn1 N2 91.98(5) O52 Cl1 O62 69.7(3) 

O1 Mn1 N2 176.60(5) O5 Cl1 O4 72.2(2) 

O11 Mn1 N1 102.17(5) O52 Cl1 O42 72.2(2) 

O1 Mn1 N1 99.89(5) O52 Cl1 O4 107.8(2) 

O1 Mn1 N4 94.56(5) O5 Cl1 O42 107.8(2) 

O11 Mn1 N4 179.08(5) O52 Cl1 O32 111.3(3) 

O11 Mn1 N3 101.48(5) O5 Cl1 O3 111.3(3) 

O1 Mn1 N3 99.81(5) O5 Cl1 O32 68.7(3) 

N2 Mn1 Mn11 134.34(4) O52 Cl1 O3 68.7(3) 

N2 Mn1 N1 80.79(5) O62 Cl1 O6 180.00(16) 

N2 Mn1 N3 80.85(5) O6 Cl1 O42 70.0(4) 

N1 Mn1 Mn11 104.99(4) O6 Cl1 O4 110.0(4) 

N4 Mn1 Mn11 136.82(4) O62 Cl1 O42 110.0(4) 

N4 Mn1 N2 88.84(5) O62 Cl1 O4 70.0(4) 

N4 Mn1 N1 78.37(5) O6 Cl1 O3 67.9(3) 

N4 Mn1 N3 78.24(5) O6 Cl1 O32 112.1(3) 

N3 Mn1 Mn11 104.46(4) O62 Cl1 O3 112.1(3) 

N3 Mn1 N1 150.40(5) O62 Cl1 O32 67.9(3) 

C1 C2 C3 120.17(13) O4 Cl1 O42 180.0 

C5 C4 C3 120.22(14) O3 Cl1 O42 105.1(4) 

Mn11 O1 Mn1 95.38(5) O32 Cl1 O42 74.9(4) 

C8 N2 Mn1 110.38(9) O32 Cl1 O4 105.1(4) 

C8 N2 C9 113.97(12) O3 Cl1 O4 74.9(4) 

C9 N2 Mn1 111.11(9) O3 Cl1 O32 180.0 

C7 N1 Mn1 108.09(10) Cl1 O5 O6 56.8(2) 

C6 N1 Mn1 107.24(9) Cl1 O5 O4 57.4(2) 

C6 N1 C7 114.01(14) Cl1 O5 O32 57.5(2) 

C5 N4 Mn1 119.42(9) O6 O5 O4 93.4(4) 

C1 N4 Mn1 121.65(10) O32 O5 O6 96.4(3) 

C1 N4 C5 118.93(13) O32 O5 O4 90.4(3) 

C11 N3 Mn1 111.00(10) Cl1 O6 O5 53.5(2) 

C11 N3 C10 113.41(14) Cl1 O6 O42 57.0(3) 

C10 N3 Mn1 105.72(10) Cl1 O6 O3 56.2(2) 

N2 C8 C7 107.99(13) O5 O6 O42 90.1(4) 

N1 C7 C8 110.90(12) O3 O6 O5 92.8(4) 

N1 C6 C5 111.32(13) O3 O6 O42 90.5(3) 

C4 C5 C6 123.11(14) Cl1 O4 O5 50.4(2) 

N4 C5 C4 122.38(13) Cl1 O4 O62 53.0(3) 

N4 C5 C6 114.49(13) Cl1 O4 O3 50.9(3) 

C2 C1 C11 123.36(13) O5 O4 O3 83.5(4) 

N4 C1 C2 122.10(14) O62 O4 O5 85.9(3) 

N4 C1 C11 114.45(13) O62 O4 O3 86.4(4) 

N3 C11 C1 111.74(13) Cl1 O3 O52 53.8(3) 

N3 C10 C9 108.62(13) Cl1 O3 O6 55.9(2) 

N2 C9 C10 108.09(13) Cl1 O3 O4 54.2(3) 

C2 C3 C4 116.11(13) O52 O3 O6 92.5(3) 
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O2 C3 C2 122.24(14) O52 O3 O4 86.9(4) 

O2 C3 C4 121.63(15) O6 O3 O4 90.2(4) 

O52 Cl1 O5 180.0     

(1) 1/2-X,1/2-Y,2-Z   (2) 1/2-X,3/2-Y,-Z 

 
 

Table A17. Crystal data, intensity collections, and structure refinement parameters for (2.14) 

Complex (2.14) 

Empirical formula C21H20N2O3S 

Formula weight 380.45 

Temperature/K 99.97 

Crystal system Tetragonal 

Space group I41/a 

a/Å 21.742(2) 

b/Å 21.742(2) 

c/Å 16.3228(19) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 7715.8(19) 

Z 16 

ρcalcg/cm3 1.310 

μ/mm-1 0.191 

F(000) 3200.0 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.15 to 55.136 

Index ranges -23 ≤ h ≤ 28, -28 ≤ k ≤ 27, -21 ≤ l ≤ 21 

Reflections collected 54710 

Independent reflections 4437 [Rint = 0.3703, Rsigma = 0.2501] 

Data/restraints/parameters 4437/0/245 

Goodness-of-fit on F2 1.071 

Final R indexes [I>=2σ (I)] R1 = 0.1263, wR2 = 0.1621 

Final R indexes [all data] R1 = 0.2975, wR2 = 0.2042 

Largest diff. peak/hole / e Å-3 0.40/-0.28 

 

Table A18. Bond lengths (Å) for (2.14). 

Atom Atom Length/Å Atom Atom Length/Å 

S1 O2 1.433(4) C8 C9 1.397(7) 

S1 O3 1.429(3) C8 C211 1.378(7) 

S1 N1 1.644(4) C9 C10 1.356(7) 

S1 C12 1.747(6) C10 C11 1.517(7) 

O1 C7 1.428(6) C19 C20 1.505(7) 

O1 C8 1.355(7) C20 N21 1.345(6) 

N1 C11 1.487(6) C20 C21 1.373(7) 

N1 C19 1.489(6) C21 C81 1.378(7) 

N2 C10 1.348(6) C1 C2 1.386(10) 

N2 C201 1.345(6) C12 C18 1.401(7) 

C3 C4 1.354(10) C12 C13 1.392(7) 

C3 C2 1.346(10) C18 C17 1.377(8) 

C4 C5 1.414(10) C17 C15 1.382(8) 

C5 C6 1.385(8) C15 C14 1.397(7) 

C6 C7 1.502(8) C15 C16 1.500(8) 

C6 C1 1.359(9) C14 C13 1.370(7) 

(1) 2-X,1/2-Y,+Z 

 

Table A19. Bond angles (o) for (2.14). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

O2 S1 N1 106.7(2) N2 C10 C9 123.5(5) 

O2 S1 C12 108.6(2) N2 C10 C11 114.6(5) 

O3 S1 O2 118.6(2) C9 C10 C11 121.8(5) 

O3 S1 N1 106.5(2) N1 C11 C10 110.8(4) 
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O3 S1 C12 108.7(2) N1 C19 C20 113.1(4) 

N1 S1 C12 107.2(2) N21 C20 C19 113.9(5) 

C8 O1 C7 120.1(4) N21 C20 C21 123.6(5) 

C11 N1 S1 114.6(3) C21 C20 C19 122.5(5) 

C11 N1 C19 114.5(4) C20 C21 C81 118.7(5) 

C19 N1 S1 114.1(3) C6 C1 C2 122.5(7) 

C201 N2 C10 116.6(5) C3 C2 C1 117.8(8) 

C2 C3 C4 122.5(8) C18 C12 S1 120.6(5) 

C3 C4 C5 119.4(7) C13 C12 S1 120.7(4) 

C6 C5 C4 118.7(7) C13 C12 C18 118.7(6) 

C5 C6 C7 120.1(7) C17 C18 C12 119.7(6) 

C1 C6 C5 119.0(7) C18 C17 C15 122.3(6) 

C1 C6 C7 120.6(6) C17 C15 C14 117.2(6) 

O1 C7 C6 106.2(5) C17 C15 C16 121.8(6) 

O1 C8 C9 115.4(5) C14 C15 C16 121.0(6) 

O1 C8 C211 126.1(5) C13 C14 C15 121.8(6) 

C211 C8 C9 118.4(6) C14 C13 C12 120.3(5) 

C10 C9 C8 119.1(5)     

(1) 2-X,1/2-Y,+Z 

 

Table A20. Crystal data, intensity collections, and structure refinement parameters for L4Cu and L4Zn 

Complex L4Cu L4Zn 

Simplified formula [(L4)2CuII
2Cl2][Cl]2•CH3OH [(L4)2ZnII

2Cl2][Cl]2•CH3OH 

Empirical formula C15H20Cl2CuN4O3  C15H20Cl2N4O3Zn  

Formula weight 438.79  440.62  

Temperature/K 293.15  293.15  

Crystal system Monoclinic  Monoclinic  

Space group P21/c  P21/c  

a/Å 11.375(7)  11.346(5)  

b/Å 12.294(7)  12.280(5)  

c/Å 12.815(8)  13.065(5)  

α/° 90  90  

β/° 90.49(2)  92.509(13)  

γ/° 90  90  

Volume/Å3 1792.2(18)  1818.6(12)  

Z 4  4  

ρcalcg/cm3 1.626  1.609  

μ/mm-1 1.539  1.667  

F(000) 900.0  904.0  

Crystal size/mm3 0.279 × 0.16 × 0.126  0.469 × 0.244 × 0.176  

Radiation MoKα (λ = 0.71076)  MoKα (λ = 0.71076)  

2Θ range for data collection/° 5.808 to 60.268  5.886 to 60.198  

Index ranges 
-15 ≤ h ≤ 16 
 -17 ≤ k ≤ 17 
 -18 ≤ l ≤ 18  

-15 ≤ h ≤ 16 
 -17 ≤ k ≤ 17 
 -18 ≤ l ≤ 18  

Reflections collected 45954  45536  

Independent reflections 
5217 

 [Rint = 0.0499, Rsigma = 0.0350]  
5341  

[Rint = 0.0285, Rsigma = 0.0173]  

Data/restraints/parameters 5217/0/236  5341/0/230  

Goodness-of-fit on F2 1.169  1.096  

Final R indexes [I>=2σ (I)] R1 = 0.0517, wR2 = 0.0891  R1 = 0.0259, wR2 = 0.0511  

Final R indexes [all data] R1 = 0.0656, wR2 = 0.0944  R1 = 0.0307, wR2 = 0.0530  

Largest diff. peak/hole / e Å-3 0.62/-0.56  0.46/-0.29  

 

Table A23. Bond lengths (Å) for [(L4)2CuII
2Cl2][Cl]2 (L4Cu). 

Atom Atom Length/Å Atom Atom Length/Å 

Cu1 Cl1 2.3152(14) N1 C6 1.467(4) 

Cu1 Cl11 2.3347(12) O1 C3 1.346(3) 

Cu1 N4 2.010(2) O3 C15 1.419(4) 

Cu1 N3 2.309(3) C1 C14 1.512(4) 

Cu1 N2 2.007(3) C1 C2 1.378(4) 
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Cu1 N1 2.313(3) C13 C12 1.507(4) 

Cl1 Cu11 2.3347(12) C12 C11 1.385(4) 

O2 C10 1.336(3) C8 C7 1.513(4) 

N4 C1 1.343(3) C8 C9 1.382(4) 

N4 C5 1.341(4) C6 C5 1.513(4) 

N3 C14 1.466(4) C5 C4 1.381(4) 

N3 C13 1.463(4) C4 C3 1.389(4) 

N2 C12 1.343(3) C3 C2 1.402(4) 

N2 C8 1.346(3) C9 C10 1.395(4) 

N1 C7 1.471(4) C10 C11 1.395(4) 

(1) -X,1-Y,2-Z 

 

Table A24. Bond angles (o) for [(L4)2CuII
2Cl2][Cl]2 (L4Cu). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

Cl1 Cu1 Cl11 87.82(3) C6 N1 C7 115.3(2) 

N4 Cu1 Cl11 177.65(7) N4 C1 C14 115.4(2) 

N4 Cu1 Cl1 94.18(7) N4 C1 C2 122.0(3) 

N4 Cu1 N3 78.95(9) C2 C1 C14 122.6(2) 

N4 Cu1 N1 78.76(10) N3 C14 C1 111.3(2) 

N3 Cu1 Cl11 102.03(7) N3 C13 C12 113.4(2) 

N3 Cu1 Cl1 97.30(7) N2 C12 C13 117.8(2) 

N3 Cu1 N1 149.36(8) N2 C12 C11 120.9(3) 

N2 Cu1 Cl1 176.23(7) C11 C12 C13 121.3(2) 

N2 Cu1 Cl11 93.63(7) N2 C8 C7 116.0(2) 

N2 Cu1 N4 84.45(9) N2 C8 C9 122.1(3) 

N2 Cu1 N3 78.99(9) C9 C8 C7 121.9(2) 

N2 Cu1 N1 78.17(9) N1 C7 C8 111.6(2) 

N1 Cu1 Cl1 105.04(7) N1 C6 C5 112.9(2) 

N1 Cu1 Cl11 99.54(7) N4 C5 C6 116.8(2) 

Cu1 Cl1 Cu11 92.18(3) N4 C5 C4 121.6(3) 

C1 N4 Cu1 118.14(18) C4 C5 C6 121.7(2) 

C5 N4 Cu1 119.71(19) C5 C4 C3 119.0(3) 

C5 N4 C1 119.9(2) O1 C3 C4 118.0(3) 

C14 N3 Cu1 102.68(16) O1 C3 C2 122.7(3) 

C13 N3 Cu1 107.03(17) C4 C3 C2 119.2(3) 

C13 N3 C14 114.7(2) C1 C2 C3 118.3(3) 

C12 N2 Cu1 119.46(19) C8 C9 C10 118.3(3) 

C12 N2 C8 120.0(2) O2 C10 C9 123.9(3) 

C8 N2 Cu1 119.54(18) O2 C10 C11 117.0(3) 

C7 N1 Cu1 104.17(17) C9 C10 C11 119.1(3) 

C6 N1 Cu1 106.58(17) C12 C11 C10 119.4(3) 

(1) -X,1-Y,2-Z 

 

Table A25. Bond lengths (Å) for [(L4)2ZnII
2Cl2][Cl]2 (L4Zn). 

Atom Atom Length/Å Atom Atom Length/Å 

Zn1 Cl1 2.4022(8) O2 C10 1.3435(18) 

Zn1 Cl11 2.4258(8) C4 C5 1.3791(19) 

Zn1 N4 2.0866(13) C4 C3 1.399(2) 

Zn1 N1 2.2407(13) C5 C6 1.5159(19) 

Zn1 N3 2.2520(14) C1 C14 1.518(2) 

Zn1 N2 2.0899(14) C1 C2 1.382(2) 

Cl1 Zn11 2.4259(8) C8 C7 1.513(2) 

O1 C3 1.3476(17) C8 C9 1.383(2) 

N4 C5 1.3402(18) C3 C2 1.392(2) 

N4 C1 1.3362(18) C12 C13 1.517(2) 

N1 C6 1.4784(18) C12 C11 1.385(2) 

N1 C7 1.4785(19) C9 C10 1.394(2) 

N3 C13 1.4821(19) C11 C10 1.402(2) 

N3 C14 1.4783(19) O3 C152 1.415(2) 

N2 C8 1.3361(18) C15 O33 1.416(2) 

N2 C12 1.3369(18)    
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(1) 1-X,1-Y,2-Z   (2) -1+X,+Y,+Z   (3) 1+X,+Y,+Z 

 

Table A26. Bond angles (o) for [(L4)2ZnII
2Cl2][Cl]2 (L4Zn). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

Cl1 Zn1 Cl11 87.33(2) C12 N2 Zn1 118.88(9) 

N4 Zn1 Cl11 175.16(3) C5 C4 C3 117.95(13) 

N4 Zn1 Cl1 95.16(4) N4 C5 C4 122.08(13) 

N4 Zn1 N1 78.38(5) N4 C5 C6 114.15(12) 

N4 Zn1 N3 77.98(5) C4 C5 C6 123.76(12) 

N4 Zn1 N2 84.49(5) N1 C6 C5 110.72(11) 

N1 Zn1 Cl1 94.78(4) N4 C1 C14 115.05(12) 

N1 Zn1 Cl11 105.59(4) N4 C1 C2 121.76(13) 

N1 Zn1 N3 147.12(4) C2 C1 C14 123.18(12) 

N3 Zn1 Cl11 97.28(4) N2 C8 C7 116.04(12) 

N3 Zn1 Cl1 109.80(4) N2 C8 C9 121.41(13) 

N2 Zn1 Cl11 93.59(4) C9 C8 C7 122.54(13) 

N2 Zn1 Cl1 172.52(3) O1 C3 C4 122.50(13) 

N2 Zn1 N1 77.81(5) O1 C3 C2 117.81(13) 

N2 Zn1 N3 77.47(5) C2 C3 C4 119.66(13) 

Zn1 Cl1 Zn11 92.67(2) N2 C12 C13 114.49(12) 

C5 N4 Zn1 117.19(9) N2 C12 C11 121.84(13) 

C1 N4 Zn1 118.89(10) C11 C12 C13 123.67(13) 

C1 N4 C5 120.00(12) N1 C7 C8 112.43(11) 

C6 N1 Zn1 105.28(8) N3 C13 C12 111.66(12) 

C6 N1 C7 113.86(11) C8 C9 C10 118.73(13) 

C7 N1 Zn1 109.78(9) N3 C14 C1 112.34(11) 

C13 N3 Zn1 106.21(8) C1 C2 C3 118.38(13) 

C14 N3 Zn1 108.72(9) C12 C11 C10 117.97(14) 

C14 N3 C13 114.49(11) O2 C10 C9 116.72(14) 

C8 N2 Zn1 119.07(10) O2 C10 C11 123.90(15) 

C8 N2 C12 120.48(12) C9 C10 C11 119.34(13) 

(1) 1-X,1-Y,2-Z 

 

Table A27. Crystal data, intensity collections, and structure refinement parameters for L5. 

Complex L5 

Empirical formula C
8
H

13.5
Cl

2.01
N

2.5
  

Formula weight 216.06  

Temperature/K 100.03  

Crystal system triclinic  

Space group P-1  

a/Å 8.8978(4)  

b/Å 11.3086(5)  

c/Å 11.3231(5)  

α/° 71.129(2)  

β/° 72.654(2)  

γ/° 84.049(2)  

Volume/Å3 1029.05(8)  

Z 4  

ρcalcg/cm3 1.395  

μ/mm-1 0.588  

F(000) 453.0  

Crystal size/mm3 0.274 × 0.190 × 0.073 

Radiation MoKα (λ = 0.71073)  

2Θ range for data collection/° 5.738 to 60.284  

Index ranges -12 ≤ h ≤ 12, -15 ≤ k ≤ 15, -15 ≤ l ≤ 15  

Reflections collected 49846  

Independent reflections 6071 [R
int

 = 0.0540, R
sigma

 = 0.0417]  

Data/restraints/parameters 6071/0/256  

Goodness-of-fit on F2 1.044  

Final R indexes [I>=2σ (I)] R
1
 = 0.0858, wR

2
 = 0.2380  



271 
 

Final R indexes [all data] R
1
 = 0.1232, wR

2
 = 0.2679  

Largest diff. peak/hole / e Å-3 0.71/-2.08  

 

Table A28. Bond lengths (Å) for C30H50N10 (L5). 

Atom Atom Length/Å Atom Atom Length/Å 

Cl5 C16 1.823(13) C1 C151 1.510(4) 

Cl3 C16 1.753(4) C1 C2 1.392(5) 

N1 C1 1.338(4) C5 C6 1.518(5) 

N1 C5 1.338(4) C5 C4 1.385(5) 

N3 C9 1.459(4) C15 C11 1.509(4) 

N3 C10 1.465(4) C11 C10 1.512(5) 

N3 C8 1.463(4) C2 C3 1.378(5) 

N4 C11 1.468(4) C4 C3 1.397(5) 

N4 C12 1.466(4) C7 C8 1.518(5) 

N4 C13 1.465(5) C9 C12 1.505(5) 

N5 C15 1.456(4) C14 C13 1.512(5) 

N5 C14 1.455(4) C16 Cl4 1.57(3) 

N2 C6 1.464(4) C16 Cl2 1.758(4) 

N2 C7 1.463(4)    

(1) 1-X,2-Y,-Z 

 

Table A29. Bond angles (o) for C30H50N10 (L5). 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

C1 N1 C5 119.2(3) N2 C6 C5 114.2(3) 

C9 N3 C10 108.8(3) C3 C2 C1 118.3(3) 

C9 N3 C8 110.3(3) C5 C4 C3 118.2(3) 

C8 N3 C10 112.2(3) N2 C7 C8 109.4(3) 

C12 N4 C11 108.4(3) C2 C3 C4 119.7(3) 

C13 N4 C11 111.6(3) N3 C9 C12 111.5(3) 

C13 N4 C12 110.1(3) N3 C10 C11 110.6(3) 

C14 N5 C15 112.8(3) N5 C14 C13 110.2(3) 

C7 N2 C6 113.7(3) N3 C8 C7 112.4(3) 

N1 C1 C151 114.6(3) N4 C12 C9 110.9(3) 

N1 C1 C2 122.3(3) N4 C13 C14 112.5(3) 

C2 C1 C151 123.1(3) Cl3 C16 Cl5 112.0(4) 

N1 C5 C6 115.4(3) Cl3 C16 Cl2 108.9(2) 

N1 C5 C4 122.3(3) Cl4 C16 Cl3 102.6(19) 

C4 C5 C6 122.3(3) Cl4 C16 Cl2 115.9(18) 

N5 C15 C11 113.0(3) Cl2 C16 Cl5 108.8(3) 

N4 C11 C10 110.5(3)     

(1) 1-X,2-Y,-Z 
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ABSTRACT 

SYNTHESIS, CHARACTERIZATION, AND APPLICATIONS OF PYRIDINE- AND PYRIDOL-

BASED AZAMACROCYCLIC TRANSITION METAL COMPLEXES 
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Department of Chemistry and Biochemistry 
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Dissertation Advisor: Kayla N. Green, Associate Professor of Chemistry 
 

   The Green group has designed and synthesized a series of pyridine- and pyridol-based 

azamacrocycles, L1-L9 (Figure 1). Azamacrocycles are a unique class of ligands that form exceptionally 

stable complexes with transition metals, due to the macrocyclic effect.1-2 The corresponding metal 

complexes have exceptional structural, kinetic, thermodynamic, spectral, and electrochemical properties 

that have long been studied by researchers.2 Additionally, these macrocyclic metal complexes have a 

broad range of applications such as use as biomimetic models, catalysts, or therapeutic/diagnostic agents.  

 
Figure 1. Macrocyclic ligands synthesized by the Green group.3-7 

 This work presents the synthesis, characterization, and applications of L1-L5 (gen. 1 and 2) and 

corresponding transition metal complexes. Ligands L1-L3 were complexed to manganese and cobalt; 

these complexes were studied using traditional inorganic spectroscopic techniques. Ligand-cobalt 

complexes exhibit a unique solvent-dependent equilibrium behavior similar to the classic CoCl2 

equilibrium, which is often used to illustrate Le Châtelier’s Principle.8 The ligand-manganese complexes 

can be modulated between mononuclear or dinuclear depending on the pH of solution during synthesis. 

Mononuclear Mn(III) complexes offer the potential to be utilized as oxidation catalysts. Additionally, 



resulting dinuclear di-μ-oxo bridged complexes offer connectivity to historically significant biomimetic 

model complexes. Within the literature, Mn(III,IV) di-μ-oxo bridged dimers have traditionally been used 

to model the active site of the oxygen evolving complex (OEC) with photosystem II (PSII).9 

 L4, was designed to enhance the radical scavenging abilities exhibited by L2, by doubling the 

number of pyridol-rings present within the ligand. These pyridol-based macrocycles offer the potential to 

be used as therapeutics for the treatment of neurodegenerative disorders by combating reactive oxygen 

species and sequestering misregulated metal ions. After synthesizing L4, it was complexed to several 

biologically relevant metal ions, Cu(II) and Zn(II). Additionally, radical scavenging assays were performed, 

as well as cell studies to determine the therapeutic window of L4. 

 Finally, L5 was originally designed to be a rigid 15-membered pentaazamacrocycle for use as a 

Mn(II)-based contrast agent. Due to the presence of piperazine-rings, a 30-membered decaazamacrocyclic 

‘dimer’ was isolated instead. Although this ligand forms weak complexes with transition metal ions, it will 

be explored as a potential anion receptor in the future, due to its six protonation events. 
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