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CHAPTER 1. INTRODUCTION 

1.1 General introduction 

Macrocyclic compounds are defined as cyclic structures with a backbone of at least 

nine atoms.1 This class of molecules encompasses a wide range of natural products and they 

serve as a continuous inspiration for drug discovery and fundamental molecular design. A few 

well-known representatives include antibiotics valinomycin and gramicidin, macrolides 

nonactin and erythromycin, and plasmids.2 One of the most important subclass of these cyclic 

compounds is the polyazamacrocycles, which contain multiple nitrogen atoms as amines or 

imines in their backbone. Several biological processes are dependent on the metal complexes 

of N-based porphyrin, chlorin and corrin such as oxygen transfer, photosynthesis, and 

enzymatic methylation/demethylation.3 The first synthetic polyamine, cyclam was reported in 

1936, but these artificial macrocycles only started gaining traction after the invention of crown 

ethers and cryptands and the discovery of the template effect in the mid-1960s.4-7 

From these early scientific milestones, polyamines and their complexes have been 

extensively used in catalysis, however they made an even bigger impact in the field of medical 

imaging.8 Based on the global annual sales of contrast agents for magnetic resonance imaging 

(MRI), the market of gadolinium polyamino-polycarboxylates is worth close to $900 million.9 

In spite of this commercial success, there is still a lot of untapped potential in the world 

saturated cyclic polyamines. By building on the results of decades of scientific literature, the 

goal of my work was to investigate the applicability of pyridine containing 12-17-membered 

azamacrocyclic ligands, and their metal complexes as diagnostic or therapeutic agents. These 

compounds are often referred to as pyridinophanes in the relevant scientific literature. 
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1.2 Synthesis of macrocyclic molecules 

The breadth of applications for macrocyclic compounds has been made possible 

through improvements to the synthetic methods that allow for different ring sizes, metal-

coordinating atoms, and substitutions to the ring structure. The key step in their synthesis is 

the ring-closing reaction, which can be approached from multiple different angles. However, 

literature data shows that a few specific reactions dominate this list.2 Lactonization and 

lactamization reactions are some of the most common processes used for macrocyclizations.10 

The other rather frequently utilized strategy uses aliphatic and aromatic nucleophilic 

substitutions to build cyclic systems where the backbone contains ether, sulfide or amino 

functions.11 Of course, C-C bond forming reactions are unavoidable in the synthesis of 

complex natural products; the most widely utilized are the Wittig-reaction, ring-closing 

metathesis, intramolecular Diels-Alder reaction, and Pd-catalyzed cross coupling (e.g. Stille 

coupling).12-15 

 

Figure 1.1. Richman-Atkins synthesis of cyclen (4.1).16 

 

Favorably organized open-chained precursors can also be a driving force for high 

yielding cyclizations.17 Appropriately designed aliphatic precursors can often overcome the 

entropy and enthalpy changes of the macrocyclization step. In the case of polyazamacrocycles, 

the most widely utilized technique is the Richman-Atkins methodology, which can provide 
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excellent yields without high dilutions.16 The original reaction can be described as two 

consecutive nucleophilic substitutions between an α,ω-functionalized sulfonamide salt and an 

activated α,ω-alcohol (Figure 1.1). However, it must be mentioned that the presence of longer 

hydrocarbon spacers (n(C) > 3) between the amino functions lowers the contribution of the 

[1+1] cyclization to the overall reactions.16 Finally, template assisted macrocyclizations serve 

as an important alternative to intrinsic preorganization of the precursors. The most widespread 

templates are cations, anions, and various aromatic structures. Here, I would like to highlight 

the metal cation templated cyclization reactions, which have the longest historical background 

and are associated with the conceptual origin of supramolecular chemistry.5 In these reactions, 

the coordination of an acyclic compound to a metal cations leads to favorable preorganization 

required for desired 1+1 cyclization. One of the first examples of this method is the Ni(II) 

templated synthesis of cyclam, where the linear tetraamine chelates the transition metal and 

this complex can then react with glyoxal to form the condensed diimine product (Figure 1.2).18 

This first-row transition metal assisted strategy provides a suitable alternative to the Richman-

Atkins method for the synthesis of tetra-aza macrocycles where backbone contains more than 

12 atoms. Concrete examples are discussed in Section 1.3. 

 

Figure 1.2. Template synthesis of cyclam.18 
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1.3 A brief summary of N-modified pyridine containing aza-macrocycles – Synthesis and 

application 

The modification of the nitrogen atoms of the amino groups is one of the most common 

methods used to adjust the reactivity and applications of aza-macrocycles since they can be 

readily modified.19 The most common method is the alkylation of the secondary amines, which 

is usually a high yielding and robust reaction.20 Here, the focus of the discussion will be on a 

range of these compounds derived from modifications to the amines in the macrocycles of 

pyridine containing tetra-aza macrocyclic systems (e.g. pyclen analogues, Figure 1.3). The 

modifications discussed here range from substitutions to the N-atoms, different ring sizes, and 

changes to the pyridine ring within the macrocycle. These studies lay the foundation for the 

types of reactions that helped to inspire the design of the molecules discussed in Chapters 2-6. 

Of significance to several of the new molecules reported herein, careful protection and 

deprotection strategies were required for asymmetric substitutions. 

 

Figure 1.3. Structure of pyclen, a representative tetra-aza macrocyclic molecule. 

 

The substitution of the N-atom opposite to the pyridine ring of pyclen (described in 

Chapter 4 as 4.2) with a carboxylate or a phosphonate (Scheme 1.1) were synthesized with the 

intent to test their Mn(II) complexes and explore their potential as novel Gd(III)-free MRI 

contrast agents. The synthesis of both ligands used the Richman-Atkins method and 2,6-

bis(bromomethyl)pyridine as a source of the aromatic unit in the final product.21 The remaining 

half of macrocycles were prepared starting with diethylene triamine (DETA) and N-
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tosylaziridine, respectively. The nosyl (Ns) protecting group was used to produce the 

macrocycle with one carboxylic acid function. After the partial protection of DETA, the acetate 

pendant arm was introduced as tert-butyl bromoacetate (BrCOOtBu). The cyclization was 

carried out to obtain the corresponding macrocycle 1.1, which was subjected to deprotection 

of the amine and carboxylic acid functional groups using thiophenol and TFA, respectively, to 

obtain 1.2. 

A different strategy was applied to introduce phosphonate containing pendant, which 

constituted of the ring opening reaction of N-tosylaziridine with diethyl 

aminomethylphosphonate to yield the substituted and protected DETA analogue ready for the 

cyclization. The cyclization was performed to obtain 1.3, which was heated in cc. H2SO4 for 

90 min at 160 °C to remove the tosyl (Ts) groups and yield 1.4. The final macrocycles were 

produced on a scale of 0.5-3 g. In both molecules at physiological pH, 100% of Mn(II) was 

bound at a 1:1 metal : ligand ratio. However, the metal center was oxidized when exposed to 

air over several hours; the rate was significantly faster for Mn(II) complex of 1.4. Variable 

temperature and pressure 17O NMR measurements confirmed an associative mechanism of the 

water exchange for the hexacoordinate complex, along with the hydration number of q = 1.  

Though symmetric pyridinophane molecules and their derivatizations are more 

explored, asymmetric systems have also been reported. A 13-membered tetraaza macrocycle, 

1.5 (Scheme 1.2) and the daughter Ni(II) complex were synthesized to develop alternative 

oxidants to more traditional hydrocarbon-oxidizing agents like H2O2 and meta-

chloroperbenzoic acid (mCPBA) in order to increase the reactivity of the nickel species 

further.22 The ligand was prepared following a four-step synthetic route. After the selective 

protection of the terminal primary amine function of the N-(2-aminoethyl)-1,3-propanediamine 
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using phthalic anhydride, the secondary amine was methylated with formaldehyde 

(Eschweiler-Clarke reaction). 

Scheme 1.1. Synthesis of pyclen derivatives with N-functionalizations. 

 

The desired cyclization was achieved by mixing 2,6-pyridinedicarbonyl dichloride and 

the hydrazide deprotected amine under high-dilution conditions with poor yields (scale of 0.6 

g). The Ni(II) complex of 1.5 has been shown to react with mCPBA at low temperatures to 

form the Ni(III)-oxyl derivative, which was characterized spectroscopically. This species is 

kinetically competent to carry out oxidation of different substrates, such as olefins, sulfides, 
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and C-H bonds. A combination of experimental and theoretical results suggests that a 

heterolytic O-O bond cleavage occurs in the Ni-mCPBA adduct, which gives rise to the 

formation of the high-valent nickel-oxygen species. 

 

Scheme 1.2. Synthesis of an asymmetric PyN3 molecule. 

 

Several research groups studied 12- and 14-membered pyridinophanes bearing acetate 

pendant arms to chelate lanthanide ions (e.g. Eu(III)) for diagnostic purposes). The well-known 

PCTA ligand (1.6) (Scheme 1.3) has been synthesized by various groups.23-25 Siaugue and 

coworkers reported the synthesis using Ns protective groups for amine protection instead of 

commonly used Ts groups to eliminate the harsh conditions required for their deprotection 

after cyclization.19 This approach is different than the more frequently used approach involving 

Ts. The acetate pendant arms were introduced using chloroacetic acid as the alkylating agent. 

Subsequently, the properties of the Eu(III) complex were evaluated using UV-Vis 

spectroscopic and UV-induced luminescence methods. 
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Scheme 1.3. Synthesis of PCTA.  

 

Following up on this research, the length of the pendant arms was varied to study the 

effect of the longer pendant arm on the coordination properties of f-block elements. The length 

was varied by 1-2 methylene units resulting in three different macrocycles (Scheme 1.4). The 

first step in the production of the macrocycles bearing 1-2 propionate groups was the partial 

protection of diethylenetriamine, followed by the alkylation of the central amino function with 

either BrCH2COOtBu or tert-butyl acrylate (CH2CHCOOtBu). The subsequent cyclization was 

carried out to obtain 1.7-1.8 and deprotection strategies to obtain 1.9-1.10 were analogous to 

the original work. The pendant arms adjacent to pyridine in 1.7 and 1.8 were installed with 

CH2CHCOOtBu and BrCH2COOtBu, and the protecting groups were removed with HCl gas 

dissolved in diethyl ether to yield 1.11 and 1.12, respectively. The synthesis of the ligand 

bearing three propionate groups, 1.13 mimicked the preparation of PCTA, the only difference 

being the alkylating agent (the unsaturated acrylic acid instead α-halo carboxylic acid). 
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Scheme 1.4. Pyclen molecules containing various numbers of propionate groups.  

 

The same research group also synthesized other pyridine containing tetra-aza 

macrocycles, 1.14-1.18 (Scheme 1.5), bearing a larger ring size (14-membered) by the 

inclusion of two extra methylene moieties in the amine bridging units to test the effect of the 

size of the macrocyclic backbone in chelating abilities compared to the 12-membered 

precursor.26 The synthesis of the larger ring sized molecule, compared to the 12- and 13-

membered precursors, required that the synthetic strategy was changed from the traditional 

Richman-Atkins cyclization to simultaneous condensation between two aldehyde and primary 

amino functions using Cu(II) ions as a template. Using this method, 1.14 was obtained in 85% 

yield. It was then alkylated with acrylic acid to yield 1.15 or with 
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BrCH2COOtBu/CH2CHCOOtBu to obtain the corresponding tBu esters 1.16 and 1.17, and 

were further hydrolyzed using the previously mentioned conditions to yield 1.15 and 1.18. The 

stability constants of the lanthanide complexes of 1.15 were determined by spectroscopic 

methods. The acetate derivative 1.15 was able to form stable complexes with lanthanide cations 

(log K = 8.7-10.2) vs. log K (PCTA(Ln)) = 18.1-20.6, while no complexation occurred with 

the homologous propionate (1.18).27 

 

Scheme 1.5. Synthesis of 14 membered PyN3 macrocycles and N-substituted analogues. 

 

The catalytic properties of Fe(III) complexes of N,N′-dinosyl-N′′-benzyl-2,11-

diaza[3.3](2,6)pyridinophane (1.19) and N′′-benzyl-2,11-diaza[3.3](2,6)pyridinophane (1.20) 

(Scheme 1.6) were studied with the intent of controlling the selectivity of alkene oxidations 

with H2O2.
28 The synthesis of 1.20 used modified Richman-Atkins conditions, which includes 

the ring-opening reaction of sulfonamide protected aziridine, followed by a Richman-Atkins 

cyclization to obtain 1.19 and removal of sulfonamide protecting groups. Molecule 1.21 was 

prepared from the Ts protected pyclen, which was deprotected with cc. HBr in phenol/glacial 
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acetic acid mixture, followed by the benzylation in the presence of a non-nucleophilic amine 

base, N,N-diisopropylethylamine (DIPEA).  

 

Scheme 1.6. Selective benzyl substitutions on secondary amines on pyclen.  

 

The Fe(III)-complexes were obtained upon mixing the ligand with appropriate Fe(III)-

salts (FeCl3, Fe(OTf)3) (OTf = triflate) in MeCN. Depending on the anion, a completely 

reversed selectivity for alkene oxidations was observed. With OTf counterions, a selective 

dihydroxylation reaction took place; however, chlorides counterions resulted in the catalytic 

production of epoxide as the major product. The catalytic system proved to function with 

aromatic and aliphatic alkenes, as well as on internal or terminal double bonds in good yields 

with good to excellent selectivity. Moreover, the use of acetone as a solvent and H2O2 as the 

oxidant rendered it remarkably appealing. 

The first pyclen based ligand bearing two intra-ligand charge transfer transition 

antennae (Scheme 1.7) was synthesized for Eu(III) and Sm(III) complexation.29 In fact, the 

former presents excellent brightness in biphotonic imaging of T24-cells. To obtain this 



 

 

12 

 

macrocycle, the first step was to attach an acetate moiety to the primary amine of the 

macrocycle. To achieve this, pyclen was treated with diethyl-oxalate yielding 1.22, followed 

by an alkylation of the free N-atom with BrCH2COOtBu to obtain the desired macrocycle 1.23. 

This bicyclic system was converted (removal of the ethyl bridge) to 1.24 after refluxing the 

product in CH3OH in presence of H2SO4.
30 Next, the antennae were introduced to the molecule, 

followed by base promoted saponification to yield 1.25.31 This ligand contained two intra 

ligand charge transfer (ILCT) units and one acetate group on the bridging N-atoms. The Eu(III) 

and Sm(III) complexes were studied by UV-Vis spectroscopic and luminescence methods, as 

well as one- and two-photon bioimaging experiments with outstanding signal-to-noise ratio 

showing the staining of the cells with the complexes present at 5-10 x 10-6 mol L-1 

concentration. The bicyclic approach to produce asymmetric systems shown in this work has 

wide applicability in the production of metal chelators.30, 32 

Scheme 1.7. Synthesis of a pyclen based macrocycle bearing charge transfer antennae.  
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The 14-membered, symmetric PyN3 ligands 3,7,11,17-

tetraazabicyclo[11.3.l]heptadeca-1(17),13,15-triene, 1.26 and 7-methyl-3,7,11,17-

tetraazabicyclo-[11.3.l]heptadeca-1(17),13,15-triene, 1.27 (Scheme 1.8) were first synthesized 

in 1993, using Cu(II)-ions in a metal-templated cyclization, followed by a reduction with 

NaBH4 and subsequent removal of copper as its sulfide.33 The protonation and stability 

constants of several first-row divalent transition metal complexes derived from 1.26 and 1.27 

were determined, and the complexes were studied using spectroscopic methods.  

 

Scheme 1.8. Mono-N-functionalization of 14 membered PyN3 macrocycles.  

 

Analyses of the metal complexes of 1.26 and 1.27, respectively, using single crystal X-

ray diffractometry and computational studies (Figure 1.4) revealed that Cu(II) complexes 

adopted square planar geometry, while Ni(II) complexes formed square pyramidal geometry.34 

The introduction of pyridine into the macrocycle did not significantly affect the coordination 

in square-planar complexes compared to isocyclam. However, the pyridine ring is tilted (21.2°) 

relative to the N4 plane in the free macrocycle (1.26), as compared to the coplanar orientation 

of the pyridine ring in case of metal complexes. The nitrogen lone pair is oriented toward the 

metal in metal complexes for good overlap, which forces the co-planarity. 
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Figure 1.4. Thermal ellipsoid plots (50% probability) of 1.26 (left), [Cu(1.26)]2+ (middle), 

and [Ni(1.27)]+ (right); counterions are omitted for clarity. 

 

The bromide groups in 1.28-1.29 were substituted with a phenylacetylenic group to 

change the spectral properties of metal complexes due to its rigid, conjugated electron system. 

Takalo and Kanare made the transformation possible by first alkylating the secondary amines 

in the macrocycle with BrCH2COOtBu, followed by a Sonogashira reaction to substitute the 

bromide.35 TFA was used to hydrolyze the tBu esters to obtain macrocyclic tetraaza 

polycarboxylates, 1.30-1.31 (Scheme 1.9). 

Scheme 1.9. Synthesis of pyridine macrocycle containing phenylacetylenic group.  

 

Another important subgroup consists of mono-substituted pyridine containing 

macrocycles, where the pendant arm opposite to the aromatic ring can alternate between the 

on and off positions based on its coordination to the metal center.36 These compounds have 
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proven to act as efficient chelators forming pH responsive catalysts and imaging agents.8 The 

methods used for the synthesis of these 14-membered macrocycles 1.32 and 1.33 (Scheme 

1.10) employed a Ni(II) templated cyclization followed by reduction with NaBH4, and the 

removal of  nickel as its cyanide salt. The Fe(II) complexes 1.32-1.33 could efficiently catalyze 

the epoxidation of cyclooctene and 1-decene using H2O2 as an oxidant.37 

 

Scheme 1.10. Synthesis of mono-N-substituted 14-membered macrocycles.  

 

The pyclen derivative was synthesized starting from the mono-Boc-protection of tris(2-

aminoethyl)amine (TREN), followed by the nosylation of the remaining terminal amine 

functional groups to prepare it for the Richman-Atkins cyclization with 2,6-

bis(chloromethyl)pyridine (Scheme 1.11). The cyclized product 1.34 was reacted with 

thiophenol to remove the protecting groups and obtain 1.35. The pendant side-arms were 

introduced via a Mannich-type reaction as cyanomethyl groups yielding 1.36. The last step was 

the simultaneous deprotection of the amino group and hydrolysis of the nitrile functions to 

obtain PC2A-EA (1.37). The Mn(II) complex of 1.37 also took advantage of the protonation 

of the amino pendant arm. The pH-dependent coordination of the ethylamine moiety leads to 

pH responsive relaxivity in the biologically relevant range, while the PC2A-EA forms a 

kinetically inert chelate with relatively slow water exchange rate. 
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Scheme 1.11. Synthesis of 1.37. 

 

1.4 Coordination chemistry of macrocyclic compounds 

The coordinate or dative bond serves as the bedrock of coordination chemistry but 

unlike to standard covalent bonds the electrons are not mutually shared, they come from the 

donation of a pair of electrons from an orbital of one pillar atom. In most coordination 

compounds, the acceptor atoms are bonded to multiple electron pair donors at once, which can 

belong to the same molecule, ligand. These polydentate organic compounds exhibit a unique 

behavior called chelate effect; furthermore, a macrocyclic effect has been described in case of 

complexes formed with cyclic molecules. These effects have been determined as a result of 

empirical investigations and are discussed in detail the textbooks and journal articles.38-40 

The most important feature of polyamine macrocycles is their ability to form 

extraordinarily stable complexes with metal cations while doing this in a surprisingly selective 

way.41 The preference for certain metals in case of a single ligand is governed by 

thermodynamics but the formation process takes time, and it is described by kinetics. Thus, 
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thermodynamic stability describes the equilibrium state, while kinetic stability is a measure of 

the rate of change during the formation/dissociation leading to the equilibrium. In this 

dissertation, my main goal is to describe the behavior of the synthesized macrocycles at their 

equilibrium, rather than focus on the formation rate of their complexes with biologically 

relevant metal ions. 

Altogether, the synthetic studies set the foundation for Chapter 2-6. In Chapter 2, the 

synthesis and characterization of a 15-membered triaza-dioxa macrocycle is described with a 

focus on its applicability as an imaging agent. Chapter 3 builds on these findings and explores 

the configurational effects of the piperazine ring on [1+1] and [2+2] cyclocondensations. 

Chapters 4 and 5 incorporate the principles learned from the fundamental substitution reactions 

described here in Chapter 1 to afford the first molecules with functionalizations to the pyridine 

ring and asymmetric modifications to the amine N-atoms. These molecules were explored as 

proposed therapeutic agents for neurodegenerative diseases (i.e. interaction with biologically 

relevant metal ions, antioxidant activity, and therapeutic window). Finally, building on the 

coordination chemistry component of pyridinophanes, Chapter 6 details the effect of pyridine 

substitution in 12-membered tetra-aza macrocycles by looking at their protonation constants 

and affinity towards divalent metal ions.  
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CHAPTER 2. MANGANESE COMPLEX OF A RIGIDIFIED 15-MEMBERED 

MACROCYCLE 

 

2.1 Introduction 

As first shown by Pedersen, 15-membered macrocycles containing five heteroatoms 

have the ability to function as complexing agents.5 From this starting point, a large library of 

ligands bearing oxygen and nitrogen donor atoms have been synthesized and explored for a 

diverse range of applications.42-44 Crown- and aza-crown ethers have been proven to be 

efficient phase-transfer catalysts in organic reactions.45-48 Mn(II)-complexes of these ligands 

are also known as highly active and stable superoxide dismutase (MnSOD) or catalase 

(MnCAT) mimics.49-51 A less explored application is the use of the high-spin Mn(II) chelates 

as magnetic resonance imaging (MRI) contrast agents.52 

At present, about 40% of all MRI procedures use one of the six Gd(III)-based contrast 

agents (GBCAs) (Figure 2.1) that are commercially marketed and available in the US, Europe 

or Japan to diagnose tissue and vascular abnormalities.53 However, it is important to note that 

the use of some of the agents containing a linear ligand are suspended or restricted in Europe, 

and warnings have been issued by the United States Food and Drug Administration due to 

concerns about potential free gadolinium toxicity.54-56 It is now well-established that not all of 

the injected dose is eliminated, and the presence of gadolinium can cause a delayed onset toxic 

effect in some instances. The first association between MRI agents and a disease was made in 

2006, when patients with impaired renal function were diagnosed with nephrogenic systemic 

fibrosis (NSF).57, 58 More recently, a series of reports revealed long-term gadolinium retention 

in the central nervous system in the case of patients without renal impairment.59 
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Figure 2.1. Gd(III) complexes utilized in the clinics, their abbreviations, and trade names.53 

Manganese complexes have been proposed as possible alternatives for the GBCAs. The 

d5 Mn(II) ion is a very effective relaxation agent due to its preference for a high-spin (S = 5/2) 

electron configuration and a characteristically long longitudinal electron spin relaxation time.60 

However, the coordination number is limited to six or seven in aqueous chelates with Mn(II), 

compared to the Gd(III) coordination of number of nine, a typical value for later lanthanide 

metal ions. For the targeted imaging activity, the Mn(II) complexes must accommodate at least 

one water molecule in the first coordination sphere. Hence, hexadentate, open-chain ligands 

garnered increased interest in recent years as a means of replacing GBCAs.61, 62 The first stable 

Mn(II)-complex has recently reached the phase 1 clinical trial stage.63 

Several studies have shown that ligand rigidity may be a key feature to maintain an 

intact complex upon injection for imaging in vivo.62, 64-66 It was shown that the rigidification 
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of the backbone leads to a 150-250 fold increase in the kinetic inertness of the Mn(II)-

complexes of the trans-CDTA and PhDTA ligands compared to the EDTA congener (t1/2 at 25 

°C and pH = 7.4: 0.076 h (EDTA), 12.3 h (trans-CDTA), 19.1 h (PhDTA); Figure 2.2).61, 67 

Inclusion of a pyridine moiety into a macrocycle is an alternate approach to increase the 

resistance of these chelates toward proton assisted dissociation. It was shown that the 

dissociation half-life of the [Mn(PCTA)]- complex is more than five times higher compared to 

the [Mn(DO3A)]- (t1/2 at 25 °C and pH = 7.4: 5.9 × 104 h (PCTA), 1.1 × 104 h (DO3A)).68 The 

validity of this second method has already been successfully reported for 15-membered 

pentaaza-macrocycles: the [Mn(15-pyN5)]
2+ complex is predicted to remain intact during the 

course of an MRI experiment under physiological conditions.52 

Based on these reports, we set out to further decrease the flexibility of pentacoordinate 

chelators using the 15-membered macrocyclic base structure (15-aneN3O2) with the inclusion 

of both the pyridine (15-pyN3O2) and the ortho-phenylene units (Figure 2.2). Accordingly, the 

objective of the study was to synthesize and characterize the 15-pyN3O2Ph ligand and its 

transition metal complexes, with an emphasis on the Mn(II) complex. 
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Figure 2.2. Structure of ligands discussed in Chapter 2 

 

2.2 Rational ligand design and synthesis 

The synthesis of 15-pyN3O2Ph was achieved by convergent pathways (Scheme 2.1). 

The pyridine containing unit of 15-pyN3O2Ph, pyridine-2,6-dicarbaldehyde (2.2), was 

prepared from the commercially available 2,6-bis(hydroxymethyl)pyridine (2.1) through 

partial oxidation of the hydroxyl groups with MnO2 according to literature procedures.52, 69-71 

The other half of the macrocycle was prepared in a three step synthesis, which started with the 

protection of the amine functional group of commercially available 2-bromoethylamine (2.3) 
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as the carbamate. The tert-butyloxycarbonyl (Boc) protecting group was chosen because of its 

increased resistance to basic and nucleophile reagents as well as its ease of removal with close 

to quantitative yields.72 The reagent ratio was modified in the case of the amine protection to 

remove the excess Boc2O from the reaction mixture. The alkylation of the catechol (2.5) was 

based on the literature procedure.73 The work-up of this reaction was modified and, as a result, 

the pure mono- and bis-alkylated products could be separated utilizing the difference between 

their solubility in water at different pH values. The deprotection step was achieved with 

excellent yield (94%) but the free base form of the amine was necessary for the cyclization, 

which led to a slightly decreased yield of 78%. Mn(II) ions were used for cyclization of 2.2 

and 2.7 in a one-pot template synthesis; the reaction conditions to prepare the intermediate 

Schiff-base and subsequent reduction paralleled those described in previously published 

procedures for other triaza-dioxa macrocyclic systems (Scheme 2.1).52, 74 The final product 

was obtained in a 33% overall yield as a light-yellow solid after purification by column 

chromatography and connectivity was confirmed by 1H and 13C NMR, MS and elemental 

analysis. 

Scheme 2.1. Synthesis of 15-pyN3O2Ph. 

  
Conditions: (i) Boc2O, Et3N, CH2Cl2, rt, 18 h; (ii) K2CO3, MeCN, reflux, 24 h; (iii) step 1. 

AcCl, MeOH, rt, 24 h; step 2. NaOH(s), MeCN; (iv) MnO2, CHCl3, reflux, 5 h; (v) step 1. 

MnCl2, MeOH, reflux, 2 h; step 2. NaBH4, rt, 14 h; 3. H2O on air, rt, 1 h. 
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2.3 Solid state structures 

2.3.1 Crystal structures of the ligand 

Two different protonation states of the 15-pyN3O2Ph ligand were characterized by 

single crystal X-ray diffractometry. The base form ([15-pyN3O2Ph]0, Figure 2.3) possesses a 

near planar structure with a pseudo-C2 symmetry axis passing through carbon C16, nitrogen 

N1, and the center of the benzene ring (bonds C5-C10, C7-C8). A similar, but more 

emphasized symmetry element can be observed in the acid form (propeller like twist, best 

visulized from the top view – [H3(15-pyN3O2Ph)]3+, Figure 2.4), which is analogous to the 

structure of parent molecule ([H3(15-pyN3O2)]
3+).52 The proton on the pyridine nitrogen atom 

(N1) is hydrogen bonding with oxygen atoms O1 and O2 resulting in dN-O ~ 2.8 Å, which 

represent a drastic shrink in the macrocyclic cavity compared to the base form, where the same 

distances are around 4.2 Å. This structural change can help explain the observed nearly 

instantaneous dissociation of the Mn(II)-complex upon acidification. 

 

Figure 2.3. Molecular structure of 15-pyN3O2Ph (front and side view). The thermal ellipsoids 

are drawn with 50% probability. 
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Figure 2.4. Molecular structure of [H3(15-pyN3O2Ph)]3+ (front, top and side view). Hydrogen 

atoms, solvent molecules and counterions are omitted for clarity. The thermal ellipsoids are 

drawn with 50% probability. 

2.3.2 Solid state structure of the Mn(II)-complex 

The manganese complex was prepared by addition of MnCl2 to an aqueous solution of 

15-pyN3O2Ph. Materials suitable for X-ray diffraction analysis were obtained by evaporating 

MeOH solutions of the crude product. The solid state model has a composition of [Mn(15-

pyN3O2Ph)(H2O)2]Cl2; a Mn(II) ion can be found in the center of the planar macrocyclic cavity 

with three nitrogen and two oxygen atoms in the equatorial plane and two water molecules in 

the apical positions forming the pentagonal-bipyramidal coordination sphere (Figure 2.5). A 

seven coordinate Mn(II) ion has been observed with amino-polycarboxylate ligands like EDTA 

but this is only the second reported crystal structure with two water molecules in the first 

coordination sphere with a pentacoordinate macrocycle.75, 76 The Mn(II) complex of 15-

pyN3O2 and 15-pyN5 had two chlorides or one chloride and one water molecule, respectively.52 

Of course, these chlorides are replaced by water molecules in aqueous solution based on the 

17O experiments described below. The previously mentioned π-π stacking of the pyridine and 

phenylene moieties can be observed in the unit cell of the manganese complex, similarly to the 

free base form of the ligand. The only major difference is that the C2 symmetry of the free base 
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form was lost because the metal center forced the two secondary amines to reside on the same 

side of the plane determined by the pyridine ring (Figure 2.5). Four out of the five chelate rings 

in the complex have alternating δ/λ conformations starting from the pyridine nitrogen atom 

(δλ-δλ). The only exception is the 5-membered ring opposite to the pyridine, which is planar 

due to structural requirements of the phenylene group. All coordination bonds are within the 

expected range and are consistent with those reported in related structures (Table 2.1).50, 52, 76-78 

The Mn-N distances (2.34-2.35 Å) of [Mn(15-pyN3O2Ph)(H2O)2]Cl2 are slightly longer 

than the Mn-O bonds (2.14-2.21 Å) with either the oxygen atoms in the macrocycle or the 

water molecules. The bond angles between the neighboring donor atoms of the macrocycle 

and the central Mn(II) ion range from 70.6 to 74.5°, which is consistent with the theoretical 

value of 72° of the regular pentagon. Also, the regular trans-apical coordination is confirmed 

by the bond angle of 174.9° between the water molecules and the divalent center (Table A1.5). 

The Mn-O distances for the coordinated water molecules are slightly shorter than in complexes 

with similar pentacoordinate macrocycles (Table 2.1). A possible explanation for this result 

might be the increased planarity of the ligand, which is induced by the two aromatic systems 

on the opposite sides of the structure. 

Table 2.1. Selected interatomic distances (Å) found in the crystal structure of [Mn(15-

pyN3O2Ph)(H2O)2]Cl2 and other Mn(II)-complexes with pentacoordinate macrocycles. 

 
[Mn(15-aneN5) 

Cl2] 
a 

[Mn(15-Me2pyN5) 

(H2O)2]
2+ b 

[Mn(15-pyN3O2) 

(H2O)Cl]+ c 

[Mn(15-

pyN3O2Ph) 

(H2O)2]
2+ 

Mn-N1 2.26 2.278 2.229 2.340(4) 

Mn-N2 2.41 2.343 2.334 2.346(4) 

Mn-N3 2.45 2.352 2.300 2.339(4) 

Mn-O1 - - 2.250 2.167(3) 

Mn-O2 - - 2.305 2.208(3) 

Mn-O1w - 2.282 2.230 2.207(13) 

Mn-O2w - 2.241 - 2.141(16) 
a Ref. 77, b Ref. 76, c Ref. 52. 
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Figure 2.5. Molecular structure of the [Mn(15-pyN3O2Ph)(H2O)2]

2+ unit (front and side 

view). The thermal ellipsoids are drawn with 50% probability. Visual representation of the λ 

and δ chelate ring conformations. 

2.4 Equilibrium studies 

Stepwise protonation constants of 15-pyN3O2Ph as well as stability constants of its 

complexes with various alkaline earth and transition metal ions were determined by standard 

pH-potentiometric titrations (Table 2.2, Table 2.3). For these experiments, 0.15 M NaCl ionic 

strength was used to model the conditions present in bodily fluids. Two protonation events 

were found for 15-pyN3O2Ph that are attributed to subsequent protonation of the secondary 

amine nitrogen atoms. However, protonation of the pyridine nitrogen atom is outside of the 

limits of our experimental conditions. These results are in good agreement with previously 

reported values for 15-membered triaza-dioxa macrocycles.52, 79, 80 Comparison of the stepwise 

log Ki
H values (Table 2.2) shows that, with introduction of the pyridine moiety, the basicity of 

the adjacent secondary amine nitrogen atoms decreased only slightly (approx. 0.5 log units) 

due to the electron-withdrawing effect of the aromatic system compared to 15-aneN3O2. 
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However, the total basicity decreased noticeably because of the replacement of the amine 

nitrogen atoms with a pyridine unit. On the other hand, only negligible attenuation of the log 

Ki
H values and the basicity of the ligand is observed between 15-pyN3O2 and 15-pyN3O2Ph 

after the introduction of the phenylene group on the opposite side of the molecule. This 

difference is attributed to the electron withdrawing nature of the phenylene group compared to 

ethylene. The species distribution diagram for the 15-pyN3O2Ph can be found in the Appendix 

(Figure A1.181). 

Table 2.2. Stepwise protonation constants of 15-membered triaza-dioxa macrocycles (T = 

298 K, I = 0.15 M NaCl). 

  15-aneN3O2 15-pyN3O2 
c 15-pyN3O2Ph 

log K1
H 9.29a, 9.51b 8.82 8.53(3) 

log K2
H 8.50a, 8.47b 7.80 7.63(3) 

log K3
H 2.12a, 2.30b - - 

Σ log Ki
H 19.91a, 20.28b 16.62 16.16 

a Ref. 79 (I = 0.1 M NaNO3), 
b Ref. 80 (I = 0.1 M KNO3), 

c Ref. 

52 (I = 0.1 M Me4NCl). 

The values of the stability constants for the complexes of 15-pyN3O2Ph with a range 

of divalent alkaline-earth and first-row transition metal ions (Table 2.3) were determined using 

the same conditions as for the ligand titrations. The results show that 1:1 complexes form for 

each of the systems studied. The stability of the ternary hydroxo chelates could be calculated 

for almost all metal ions. The Irving-Williams’ order of stability is followed for all the 

transition metal ions with a maximum value for the Cu(II) complex.81 
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Table 2.3. Stability constants of complexes formed with divalent metal ions and 15-

membered triaza-dioxa macrocycles (T = 298 K, I = 0.15 M NaCl, charges in the equilibrium 

quotients were omitted for clarity). 

  Equilibrium quotient 15-aneN3O2 15-pyN3O2 d 15-pyN3O2Ph 

Mg(II) 
[ML]/([M][L]) - - 1.84(9) 

[ML]/([M(OH)L][H]) - - - 

Ca(II) 
[ML]/([M][L]) - 2.04 1.85(8) 

[ML]/([M(OH)L][H]) - 11.92 - 

Mn(II) 
[ML]/([M][L]) 6.63a 7.18 5.62(3) 

[ML]/([M(OH)L][H]) - 11.69 10.50(4) 

Fe(II) 
[ML]/([M][L]) 7.79a - 7.35(3) 

[ML]/([M(OH)L][H]) 9.1a - 10.78(5) 

Co(II)  
[ML]/([M][L]) 8.49a 9.48 7.65(4) 

[ML]/([M(OH)L][H]) - 11.80 - 

Cu(II) 

[ML]/([M][L]) 15.72a, 15.27b 13.91 13.97(2) 

[ML]/([M(OH)L][H]) 8.87a, -b 8.34 8.95(6) 

[M(OH)L]/([M(OH)2L][H]) - 12.57 - 

Zn(II) 
[ML]/([M][L]) 8.95a, 8.85b, 8.91c 8.58 7.70(3) 

[ML]/([M(OH)L][H]) -a,b, 8.85c 10.31 9.62(5) 
a Ref. 80 (I = 0.1 M KNO3), 

b Ref. 79 (I = 0.1 M NaNO3), 
c Ref. 82 (I = 0.1 M NaCl), d Ref. 52 (I 

= 0.1 M Me4NCl). 

A few important conclusions can be drawn from the comparison of the formation 

constants for the three 15-membered aza-oxa macrocycles (Figure 2.6). First, the effect of the 

pyridine moiety (15-pyN3O2) on the stability of Mn(II) and Co(II) complexes is overturned 

with the introduction of the second aromatic system to the macrocyclic framework (15-

pyN3O2Ph). The respective constants are 1.56 and 1.83 log units lower for the chelates formed 

with 15-pyN3O2Ph. This behavior is most likely due to the highly increased rigidity of the 

ligand, which causes a decrease in the entropy component of the binding configurational 
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entropy of the ligand. However, in case of the Cu(II) binding affinity this structural 

modification is not present, the value describing the strength of interaction is almost within the 

error of the experimental technique. Unfortunately, the rather small stability constant for the 

Mn(II) complex means that even by pH 8, only 95% of the cation is chelated by the macrocycle 

(Figure A1.190). Therefore, the addition the phenylene moiety has decreased the formation 

stability of the Mn(II) outside of the window of applicability for imaging studies thus 

represents a stopping point for consideration in future ligand design. 

 

Figure 2.6. Transition metal complex stabilities of the discussed ligands. 

2.5 1H-relaxometric studies 

Complex formation involving paramagnetic metal ions can be studied through 1H 

relaxometric method by following the longitudinal (T1) or transverse (T2) relaxation times (or 

r1p and r2p relaxivities) as a function of pH. The data obtained by the given technique might 

provide supporting data to the equilibrium model established for the fitting of the pH-

potentiometric data by comparing the species distribution curves calculated using stability 

constants determined by pH-potentiometry with the pH profile of the relaxivity. Such a profile 

was first obtained for a sample containing equimolar amounts of the metal ion and the ligand 
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(Figure A1.190). While the given profile confirmed the complex formation in the Mn(II) - 15-

pyN3O2Ph system, formation of the precipitate near pH 9.5 (corresponding to the precipitation 

of uncomplexed Mn(II)) narrows the pH-range available for the study. Thus, the titration of 

the sample was performed with an excess of the ligand to push the reaction towards full 

complexation. Hydroxyl-amine was added to the sample in parallel to overcome the oxidation 

of Mn(II). The normalized relaxivities and molar fraction of the species present in solution was 

calculated by using the pH-potentiometric measurements are plotted together as a function of 

pH on the graph depicted in Figure 2.7. The comparison of the curves indicate that the 

equilibrium model applied for the fitting of pH-potentiometric data describes the complex 

formation correctly. Formation of [Mn(15-pyN3O2Ph)]2+ starts only at pH 5.7 and it reaches a 

maximum only near pH 8.0 even with ligand excess applied. However, raising the pH above 

9.0 results in the formation of ternary hydrosol species. These results are consistent with the 

formation of relatively weak Mn(II) complex with the 15-pyN3O2Ph ligand, partially due to an 

excess of ligand rigidity. 

 
Figure 2.7. Species distribution diagram of the complex [Mn(15-pyN3O2Ph)]2+ calculated in 

the pH range of 4 to 11 (by using 1.0 mM of Mn(II) and 2.0 mM ligand; solid lines) and the 

plots of the 1/T1p (blue diamonds) and 1/T2p (green circles) values measured at 1.41 T and 0.15 

M NaCl at 298 K (charges are omitted for clarity). 
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Based on the information presented in Figure 2.7, the relaxivity of the [Mn(15-

pyN3O2Ph)]2+ complex was determined by plotting the 1/T1p values of samples as a function of 

complex concentration (Figure A1.207) at pH 8.12 (set by HEPES buffer). The relaxivity 

values were compared to data measured for structurally similar systems under the same 

conditions (). The relaxivity of the [Mn(15-pyN3O2Ph)]2+ complex (5.16 mM-1s-1 at 0.49 T 

(298 K)) is in the same range as those determined for 15-pyNxO5-x derivatives.52 This value is 

in agreement with the presence of more than one water molecule in the inner sphere of the 

Mn(II) center, which was validated by 17O NMR following the method proposed by Gale et 

al., as expected based on analogy of the Mn(II) complexes formed with the parent 15-pyN5 

and 15-pyN3O2 chelators.83 The relaxivity of [Mn(15-pyN3O2Ph)]2+ is larger than those 

reported for the FDA-approved Gd(III)-based contrast agents (for example Dotarem® in water 

r1p = 3.4 mM-1s-1 at 0.49 T (313 K) and 2.9 mM-1s-1 at 1.41 T (310 K)).84 It should also be to 

be noted that a r2p value of 11.72 mM-1s-1 (0.49 T) for the [Mn(15-pyN3O2Ph)]2+ complex, 

which is doubled at 1.41 T field, suggesting that the [Mn(15-pyN3O2Ph)]2+ can be an efficient 

T2 shortening agent. 
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Table 2.4. Relaxivities and best fit parameters obtained from the analysis of 17O NMR data 

for Mn(II) complexes of 15-pyN3O2Ph, 15-pyN3O2, 15-pyN5, ENOTA and 4-HET-CDTA. 

Parameter 15-pyN3O2Ph 15-pyN3O2 
a 15-pyN5 

a ENOTA b 
4-HET-

CDTA c 

r1p (mM-1s-1) 

at 0.49 T (298 K) d 
5.15 4.48 3.56 3.39 4.87 

r2p (mM-1s-1) 

at 0.49 T (298 K) d 
11.72 - - - - 

kex
298 (107 s–1) 0.64±0.05 0.38 6.9 5.5 17.6 

H‡ (kJ mol–1) 34±3 35.3 37.7 20.5 36.2 

S‡ (J mol–1K–1) -1±10 -1 +32 -28 +34 

AO/ (106 rad s–1) 43±14 38.6 38.6 32.7 40 

1/T1e
298 (107 s–1) 11±8 3.3 3.9 7.7 7 

a Ref. 52, b Ref. 85, c Ref. 86, d r1p and r2p are 4.49 and 25.69 mM-1s-1 at 1.41 T (298 K). 

2.6 17O NMR measurements 

In order to gain information on the water exchange rate (kex) of the Mn(II) complex, 

one of the most important physico-chemical parameters affecting the relaxivity of a 

paramagnetic metal complex, temperature dependent 17O NMR experiments were carried out. 

The transverse and longitudinal relaxation rates as well as the chemical shift of the 17O signal 

in the presence and absence of the paramagnetic agent can provide information on the kex, the 

rotational motion, the electronic parameters, while the chemical shift is correlated to the 

number of the water molecules (q) directly coordinated to the paramagnetic metal center. The 

relaxation rates (1/T1 and 1/T2) and chemical shifts (r) were measured for an aqueous 

solution of [Mn(15-pyN3O2Ph)]2+ and for a diamagnetic reference at 9.4 T. The T1 values 

showed negligible difference between the Mn(II) complex and the reference, and thus were 

not included in the calculations. For the fitting of the 1/T2r values and chemical shifts, the 

Swift-Connick equations were used by assuming a simple exponential behavior for the electron 

spin relaxation.87, 88 The plots of the experimental data together with the fitted curves are 
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depicted in Figure 2.8. The water exchange rate, kex
298, its activation enthalpy, H≠, the 

hyperfine coupling constant, AO/ħ, and 1/T1e
298 were calculated (the activation energy of 

electron spin relaxation was fixed to 1 kJ/mol). The hydration number was set to q = 2 based 

on analogy to the results published by Drahos et al. for the complexes [Mn(15-pyN3O2)]
2+ and 

[Mn(15-pyN5)]
2+.52 This assumption was confirmed by the transverse relaxation rates of the 

17O nucleus in the presence of the paramagnetic Mn(II) complex (q = 1.6 ± 0.2).83 

 

Figure 2.8. Reduced 17O transverse relaxation rates (squares) and chemical shifts (triangles) 

measured for the [Mn(15-pyN3O2Ph)]2+ complex (cMnL = 1.9 mM, pH = 8.12). The solid lines 

correspond to the best fit of the data. 

The reduced transverse 17O relaxation rates are in the slow water exchange regime at 

lower temperatures reaching a maximum at around 341 K (Figure A1.208 ). The kex value 

characterizing the water exchange of [Mn(15-pyN3O2Ph)]2+ is ca. 50% higher than that of 

[Mn(15-pyN3O2)]
2+ complex, and one order of magnitude lower than the value determined for 

the [Mn(15-pyN5)]
2+ chelate. Accepting the explanation given by Drahos et al., the strength of 

the hydrogen bond formed between the water proton and the O donors of the ligand affects the 

rate of the water exchange.52 The incorporation of the phenyl group into the macrocyclic 

backbone, increases the rigidity of the coordination cavity around the Mn(II) ion due to its 
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planar structure, which in turn has a significant impact on the length and strength of the 

hydrogen bonds involving the coordinated water molecules. This might be one of the 

explanations for the decreased water exchange rate of the complex and  is in agreement with 

the results obtained by X-ray crystallography which indicates a slight shortening of the Mn−Ow 

bonds in [Mn(15-pyN3O2Ph)]2+ in comparison with [Mn(15-Me2pyN5(H2O)2]
2+ and [Mn(15-

pyN3O2) (H2O)Cl]+.52, 76 The activation entropy for [Mn(15-pyN3O2Ph)]2+ is close to zero (S≠ 

= -1±10 J mol–1K–1) indicating that the water exchange occurs very likely via interchange 

mechanism. The six-coordinated Mn(II) complexes frequently go through associatively 

activated water exchange, while the seven-coordinated chelates often show dissociation-

activated process.85, 86 Similar behavior was observed for the [Mn(15-pyN3O2)]
2+ complex as 

well. 

2.7 Catalytic H2O2 Disproportionation 

Catalases are essential for living cells to protect them against oxidative stress. Their 

main function is catalyze the disproportionation of a toxic oxygen metabolite, hydrogen 

peroxide (H2O2), into molecular oxygen (O2) and water (H2O) before it gives rise to reactive 

oxygen species (ROS) like the hydroxyl radical (OH•).89 Most catalases are iron-heme based, 

but numerous living organisms utilize manganese based enzymes (e.g. MnCAT). Ligand 

features modulate the stability and activity of the manganese center towards hydrogen peroxide 

disproportionation, in particular aza-oxa-macrocyclic complexes of manganese have been 

studied as MnCAT models due to their high formation constants. Structural changes in the 

substituents of the macrocycle seem to have an effect in both the kinetic of the reaction and 

mechanism pathway, although the latter is still unclear.51 
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In order to investigate the effect of 15-pyN3O2Ph, H2O2 disproportionation reactions 

were carried out using a one-pot approach.90 The pH of the solution was selected based on the 

speciation curve, at pH 8 95% of the Mn(II) ions are chelated by the ligand (Figure A1.1). An 

O2 microsensor probe (Unisense, Denmark) inserted into a sealed pressure vessel, previously 

flushed with N2, was used to continuously measure partial pressure of O2 (PO2
) in mmHg every 

0.2 seconds. Addition of H2O2 resulted in oxygen evolution based on the formation of bubbles 

in the solution and a significant increase in PO2
 measured by the sensor. O2 evolution plateaued 

at 60 minutes. Control reactions were carried out with either the ligand or the metal by itself, 

which showed a small O2 evolution signal using the same conditions, validating the need for 

the metal complex in solution for catalysis to occur. 

The results were plotted as ΔPO2
 (mmHg) vs time (min) (Figure 2.9). The O2 pressure 

increased continuously after the injection of H2O2. The turnover frequency (TOF) was 

calculated at different times from the injection of H2O2 to 1, 10, 20 and 60 min (Table 2.5). At 

60 minutes, the TOF is lower than at 1 minute, which indicates that a plateau was reached. The 

turnover number (TON) was calculated for a reaction period of 60 minutes, since no significant 

increase of the signal was observed after this point. 

Table 2.5. ΔPO2, TON and TOF based on oxygen production from the decomposition of H2O2 

(150 mM) by Mn(II) complex of 15-pyN3O2Ph. 

ΔPO2 (mmHg) TON 

TOF (min-1) 

1 min 10 min 20 min 60 min 

67(4) 15(1) 0.4(1) 0.92(4) 0.61(7) 0.21(3) 
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Figure 2.9. O2 evolution from H2O2 disproportionation reaction catalyzed by [Mn(15-

pyN3O2Ph)]2+. Initial conditions: [Mn(II)] = 1.5 mM, [H2O2] = 150 mM, [Tris] = 50 mM. 

The yellow trace can be found under the green trace. 

Table 2.5 shows the ΔPO2
 for three different trials, turnover number (TON) and turnover 

frequencies at different times. Figure 2.9 shows the O2 evolution signal measured by the O2 

microsensor probe. Both ΔPO2
 and TON were calculated at the end of a reaction period of 60 

min, but a constant increase of the signal was observed, which could be attributed to the natural 

disproportionation of H2O2. To determine the rate of O2 evolution for TOF calculations 

different slopes were calculated at several times (1, 10, 20 and 60 minutes); in the first minute 

several bubbles form in the solution and slowly diffuse out of it, the rate keeps increasing for 

a few minutes and then starts to decrease at 60 minutes where the plateau is reached. After that, 

no more catalytic activity was observed. Overall, the results indicate that the complex is indeed 

a functional mimic of MnCAT but has limited activity under the studied conditions. 
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2.9 Conclusions 

In summary, it has been shown that the inclusion of a second aromatic ring into the 

backbone of a 15-membered macrocyclic system leads to a formation of a surprisingly flat 

manganese(II) complex. This structural feature plays a key role in increasing the longitudinal 

relaxivity (r1p) of the chelate compared to its parent molecule, due to the open axial positions 

around the seven-coordinate metal center. It must be mentioned, that [Mn(15-pyN3O2Ph)]2+ 

has a transverse relaxation rate of 11.72 mM-1 s-1 at 0.49 T (298 K), which is boosted to 25.69 

mM-1 s-1 at 0.41 T (298 K) suggesting that the complex might act as an efficient T2 shortening 

agent. These results are supported by a wide array of well-established experimental techniques 

(i.e. pH-potentiometric, XRD, 17O NMR and 1H relaxometric measurements). Unfortunately it 

has to be noted that an adverse effect of rigidification, the Mn(II) chelate is unsuitable for 

further investigations as contrast agent due to its labile nature under even mildly acidic 

conditions. However, we have demonstrated its activity as an H2O2 disproportionation catalyst, 

which creates new opportunities for MnCAT mimics with macrocyclic ligands. 
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF TWO PIPERAZINE 

CONTAINING MACROCYCLES AND THEIR TRANSITION METAL COMPLEXES 

3.1 Introduction 

In our pursuit to develop pentaaza macrocyclic ligands for Mn(II) complexation to 

afford new imaging agents for MRI procedures, we sought to incorporate a piperazine moiety 

into the backbone, opposite to the pyridine. Based on literature evidence, the manganese(II) 

chelate of the 15-pyN5 (Figure 2.2) has improved thermodynamic and kinetic properties 

compared to the dioxa congener, which indicated that it is necessary to have five N-atoms in 

the macrocyclic backbone to form stable complexes for imaging applications.52 In the previous 

chapter, I showed that incorporation of a phenylene group opposite of the pyridine ring resulted 

in an increased transverse relaxation rate for its complex formed with Mn(II). Another possible 

way to rigidify the backbone of the chelating ligand is to utilize the N-atom capability to bear 

three alkyl substituents, which was not an option in case of the dioxa macrocycle. The most 

convenient way to test this hypothesis was to introduce a fourth ethylene group connecting the 

heteroatoms opposite to the pyridine ring. 

 

Figure 3.1. Structure of macrocyclic ligands containing piperazine and pyridine moieties. 
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This structural change would make the N-atoms bridgeheads in the bicyclic system, 

where the smaller heterocycle is a piperazine. Upon the proposed structural modification, the 

ligand would experience a slight drop in basicity due to the switch from secondary to tertiary 

amines but would still be able to coordinate to the metal center located in the cavity of the 

macrocycle. This would, in turn, result in marginally lower stability constants but the rigidified 

backbone of the ligand would yield a significant increase in the kinetic inertness of the Mn(II) 

complex. The aforementioned piperazine structural motif can be found in other pyridine 

containing macrocycles with varying ring sizes (17-26 atoms). In the first two examples, the 

piperazines can be found in the thermodynamically favored chair conformation and thus their 

chelate forming ability is rather modest (3.a, 3.b), although the 18-membered ligand (3.b) 

formed a stable Cu(I) complex (Figure 3.1).91-93 However, reducing the number of these six-

membered rings from two to one, led to molecules (3.c, 3.4) capable of complex formation 

with divalent transition and main group metal ions (Figure 3.1).94, 95 

3.2 Synthesis of the two piperazine containing macrocycles 

The synthetic strategy to obtain the target 15-membered macrocycle (3.2m) was similar 

to the one discussed in Chapter 2: Mn(II) templated one-pot cyclization/imine formation 

followed by a reduction with NaBH4 to produce the desired product. The diamine (3.1) was 

synthesized by Hannah Johnston in a two-step procedure, starting with the alkylation of the 

commercially available piperazine using chloroacetonitrile, followed by the reduction of the 

nitriles to amines with LiAlH4.
96 The previously described cyclization method yielded a 

macrocyclic compound that was isolated and, based on the 1H and 13C NMR spectra and the 

m/z value associated with the parent ESI-MS+ peak, was identified as the desired product 

(3.2m, Scheme 3.1). Luckily, slow evaporation from the CHCl3 solution of the pure product 
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resulted in a formation of good-quality crystals suitable for single crystal XRD measurements. 

The results revealed that the macrocycle isolated was, in fact, a 30-membered dimer (3.2, 

Scheme 3.1) containing two pyridine and two piperazine rings. Several attempts have been 

made to modify the reaction conditions to synthesize the 15-membered macrocycle, including 

changing the order of addition (adding 2.2 to the mixture of MnCl2 and 3.1), switching the 

template metal ion (from Mn(II) to Zn(II)), and carrying out the condensation at room 

temperature.96 As a result of these efforts, higher yields were achieved but there was no 

indication that the 15-membered macrocycle formation was achieved. Thus, we can conclude 

that the thermodynamically favored chair conformation of the piperazine ring prevented the 

formation of a smaller macrocyclic ring system, which is discussed more extensively is Dr. 

Johnston’s dissertation.96 

Scheme 3.1. Synthesis of the two piperazine containing aza-macrocycles. 

 
These experiments were carried out in 2017, at which point there were two literature 

examples of a similar piperazine containing macrocyclic ligand, as previously mentioned.94, 95 
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The major difference between the target 15-membered aza-macrocycle (3.2m) and the now 

published structure (3.4) is that instead of ethylene, propylene chains are connecting the 

secondary amines to the piperazine ring.94, 95, 97 These two extra carbons provided the flexibility 

required for the monomeric macrocycle formation. Based on these results, our next goal was 

to synthesize 3.4, which incorporated a propylene linker between the coordinating N-atoms, 

and to assess the properties of its divalent transition metal complexes.  

The optimized, one-pot synthetic procedure to yield 3.4 was carried out using the 

commercially available 1,4-bis(3-aminopropyl)piperazine (3.3) with Mn(II) as a template; and 

it resulted in an increased yield of 56%, compared to the published values of 0.8% (over two 

steps: amidation of the dipicolinic acid, followed by a reduction with BH3•THF complex) and 

20% (template cyclocondensation).94, 95 It is important to mention that 3.4 was the focus of a 

recent report, where the authors have explored the late first-row transition metal (Mn(II), 

Fe(II), Co(II), Ni(II) and Pb(II)) complexes with a focus on their structure and magnetism.97 

As a result of this publication, our subsequent studies focused on characterization of the Cu(II) 

and Zn(II) complexes to fit within the series.  

3.3 Analysis of the ligands and their metal complexes 

3.3.1 Structural analysis of the ligands 

Similar to the previously published structure of the di-oxo analogue of 3.4, the 

piperazine ring adopts the thermodynamically favored chair conformation in both 3.2 and 3.4 

molecules (Figure 3.2).94 This structural constraint divides the macrocyclic cavity of 

[H2(3.2)]2+ into two semi-separated ‘pockets’. However, this is not the case in 3.4, which 

crystallized such that the N-atoms are all oriented for a single metal binding cavity despite the 

asymmetry induced by the chair conformation of the piperazine functionality. The clear 
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definition of a metal binding cavity in the solid state structure was a positive indicator for our 

original goal to synthesize ligands for Mn(II) complexation. 

 

Figure 3.2. Molecular structure of [H2(3.2)]2+ (left) and [H4(3.4)]4+ (right) emphasizing the 

conformation of the piperazine moieties in solid state. 

Although the chair conformation is the only observed conformation of the piperazine 

ring in the solid-state structure of these systems, 1H NMR spectra of the acid and base forms 

of 3.2 and 3.4 were used to describe their behavior in solution. The C-H protons of the 

piperazine ring are observed as a broad singlet in the base form (NMR sample in CDCl3 after 

column purification with NH3 modifier) of both 3.2 and 3.4 (2.49 and 2.61 ppm, respectively) 

(Figure A1.29 and Figure A1.33). Conversely, the acid form of 3.4 (H4(3.4)4+, pH < 1) displays 

two sets of resonances corresponding to four protons, assigned as equatorial and axial 

hydrogens (3.14 and 2.99 ppm, respectively) (Figure A1.36). These observations point to the 

fact that the energy barrier between the chair and boat conformations is not high enough to 

prevent their interconversion when the tertiary amines are present. However, the protonated 

quaternary ammonium ions raise the activation energy of the conformational change enough 

so that it is impeded at room temperature. 
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3.3.2 Structural analysis of the Cu(II)- and Zn(II)-complex of 3.4 

Several attempts were made by Hannah Johnston to obtain single crystals of Cu(II) 

complexes of 3.2 suitable for XRD analysis, but the formation of complex mixtures of both 

mono- and dinuclear Cu(II) complexes, suggested by MS analysis, prevented isolation of 

sample sufficiently pure to achieve this goal.96 Fortunately, the formation of multinuclear 

complexes was not observed to date for 3.4 with the recently published solid-state structures 

of its complexes with Mn(II), Fe(II), Co(II), Ni(II) and Pb(II).94, 95, 97 Too compliment this 

series, I was able to use slow evaporation of MeCN solutions of the Cu(II)- and Zn(II)-3.4 

complexes to obtain single crystals suitable for XRD analysis. The resulting models of the 

Cu(II) (Figure 3.3) and Zn(II) (Figure 3.4) chelates show an important divergence from the 

ligand solid-state structure. In the Cu(II) and Zn(II) bound congeners of 3.4, the piperazine 

ring is now observed in the boat conformation, with the coordinating electron pairs of the 

tertiary amino N-atoms positioned to interact with the metal center. Based on this result, which 

is also consistent with solid-state structures of previously published piperazine derived 

chelates, the more energetically stable geometry of the ring (chair conformation in the free 

ligand) is overcome by the structural requirements of the complex formation with divalent 

metal cations.94, 97 
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Figure 3.3. Molecular structure of the Δ-isomer of [Cu(3.4)]2+ (front and side view). 

Solvents, counterions and hydrogens have been removed for clarity. The thermal ellipsoids 

are drawn with 50% probability. 

 

Figure 3.4. Molecular structure of the [Zn(3.4)(H2O)]2+ and [Zn(3.4)(MeCN)]2+. Solvents, 

counterions and hydrogens have been removed for clarity. The thermal ellipsoids are drawn 

with 50% probability. 

In the solid state structure of [Cu(3.4)]2+, the Cu(II) ion has a coordination number 

(CN) of five, similar to the Ni(II) complex.94 In contrast, the Zn(II) congener is hexacoordinate, 

the unit cell contains the one complex with a water bound and another with MeCN, akin to the 

Fe(II) and Co(II)-complexes of 3.4. Both coordination spheres are heavily distorted, following 

the trend established for the other divalent transition metal complexes.97 The coordination 
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geometry of the Zn(II) chelate can be best described by as a trigonal prism, analogous to the 

Fe(II) and Co(II) complexes of 3.4, while the Cu(II) complex cannot be adequately described 

by any of the ideal polyhedra. The τ5 value for the latter is 0.18, which means that its 

coordination geometry resembles more of a square pyramid than a trigonal bipyramid.98 Also, 

this value is only slightly higher than the geometry index determined for the Ni(II)-3.4 (τ5 = 

0.13).97 Both Cu(II) and Zn(II) complexes are chiral, the asymmetric unit contains one of each 

isomer (Δ and Λ) (Figures 3.6 and 3.7). The Cu(II) complexes are, in essence, perfect mirror 

images of each other. However, the Δ-isomer of the Zn(II) complex has an oxygen of a water 

molecule as the sixth donor atom in the first coordination sphere, in contrast to the Λ-isomer, 

which is MeCN bound. 

The coordination sphere metrics (Table 3.1) for [Cu(3.4)]2+ and [Zn(3.4)]2+ also yield 

interesting insights regarding the bonding trends. For example, the bonds between the pyridine 

N-atom and the metal center are the shortest (Figure 3.5) for each metal studied to date. Upon 

examination of the first four, late first-row transition metal complexes, Drahos et al. concluded 

that the strength of the coordinative bonds between the tertiary amines (piperazine nitrogen 

atoms) and the metal center is greater than the interaction between secondary amines and the 

cation.97 After examining the Cu(II) and Zn(II) complexes, it is clear that their properties do 

not follow this previously established trend. The Cu(II)-secondary amine bond distances are 

more than 0.1 Å shorter compared to the distance between the piperazine nitrogen atoms and 

metal center. Also, the length of Zn(II)-N bonds deviate from this; while the strongest 

coordination is present between a tertiary amine and the metal center and the weakest is 

observable with one of the secondary amines. The values for the other two heteroatoms are 

flipped. If we look at the metal – heteroatom bond distances going from the d5 to d10 valence 
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electron shell, the distance between the metal center and the pyridine or secondary amine 

nitrogen atoms reaches a minimum with Cu(II), while the tertiary amines are located closest to 

the cation in the Ni(II) complex (Figure 3.5). This behavior has been previously reported for 

structurally similar chelates containing macrocyclic ligands.99, 100 

Table 3.1. Selected interatomic distances (Å) for the transition metal complexes of 3.4. *The 

values are averages of the Δ- and Λ-isomers. † from ref. 94, 97 

 Mn(II)† Fe(II)*,† Co(II)*,† Ni(II)*,† Cu(II)* Zn(II)* 

M-N1 (py) 2.213 2.132 2.091 2.020 1.954(1) 2.096(4) 

M-N2 (2°) 2.348 2.255 2.215 2.158 2.110(1) 2.233(4) 

M-N3 (3°) 2.316 2.269 2.253 2.087 2.225(1) 2.289(4) 

M-N4 (3°) 2.307 2.237 2.187 2.066 2.284(1) 2.157(4) 

M-N5 (2°) 2.359 2.300 2.283 2.182 2.130(1) 2.323(4) 

M-X1 2.435 2.218 2.186 - - 
2.170(3)-O 

2.281(4)-N 

M-X2 2.459 - - - - - 

 

 

Figure 3.5. Metal-nitrogen bond distances in the discussed transition metal complexes of 3.4. 

To describe the effect of the divalent cation size on the complex structure, Drahos et 

al. introduced the torsion angle, which quantifies the twist between two calculated least-square 

planes of chelate (one defined by the metal center, the pyridine and two piperazine nitrogen 
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atoms (green line); the second defined by the metal center, the pyridine and the two secondary 

amino groups (red line)) (Figure 3.6). The reduction of the ionic radii results in a lower 

coordination number for the metal centers and a simultaneous increase of the torsion angle 

(Figure 3.8 - left). Also, an almost linear correlation can be found when plotting the measured 

twist angles as a function of the effective ionic radii of the divalent transition metal ions (Figure 

3.8 - right).101 

 

Figure 3.6. Top-down view of the Δ- and Λ-isomers of [Cu(3.4)]2+ with torsion angles. 

Solvents, counterions and hydrogens are omitted for clarity. The thermal ellipsoids are drawn 

with 50% probability. 

 

Figure 3.7. Top-down view of the Δ- and Λ-isomers of [Zn(3.4)(X)]2+ (X = H2O or MeCN) 

with torsion angles. Solvents, counterions and hydrogens are omitted for clarity. The thermal 

ellipsoids are drawn with 50% probability. 
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Figure 3.8. Torsion angle of the transition metal complexes of 3.4 (left). Correlation between 

the torsion angles and the effective ionic radii of the divalent metal ions (right). 

3.4 Equilibrium studies of the ligands and their metal complexes 

To conclude the characterization of these piperazine containing macrocycles, the 

protonation constants of the two ligands (3.2 and 3.4) and the stability constants of their 

transition metal complexes have been determined using pH-potentiometric methods (described 

in Chapter 2; experimental details can be found in the Appendix). The dimer 3.2 has seven 

measurable protonation equilibrium steps and a total basicity of 41.86 (Table 3.2). The values 

are what is expected for aza-macrocyclic system of this size, the slight differences between 

protonation steps 1-2, 3-4 and 5-6 suggest that the addition of protons happens in an alternating 

fashion on the two halves of the ligand.41 The microscopic protonation constants cannot be 

determined without 1H NMR and/or UV-spectrophotometric studies but it can be stated with a 

high level of certainty that the first two steps involve two secondary amino groups.102 In 

general, the gas phase basicity of amines can be estimated by the number of electron donating 

substituents (alkyl groups – cation stabilization). However, in aqueous solutions the solvation 

energy counteracts the previous effect due to the hydrophobic nature of the same alkyl 
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functions. As a result, the secondary amines have the highest protonation constants in the 0-14 

pH window. 

Table 3.2. Stepwise protonation constants of 3.2 and 3.4 (T = 298 K, I = 0.15 M NaCl). 

  3.2 3.4 

log K1
H 8.75(6) 9.56(4) 

log K2
H 8.24(4) 8.14(6) 

log K3
H 7.75(5) 6.26(8) 

log K4
H 7.25(4) 0.51(10) 

log K5
H 4.71(8) - 

log K6
H 4.37(6) - 

log K7
H 0.75(15) - 

Σ log Ki
H 41.86 24.47 

 

In the case of 3.4, four protonation constants can be determined and the total basicity 

of the ligand is 24.47 (Table 3.2). The sequential addition of protons is presumed to start at a 

secondary amine and ends on one N-atom of the piperazine ring. Based on the solid-state 

structure of the fully protonated form of the ligand (Figure 3.2), the four extra H-atoms can be 

found on the secondary and tertiary amino groups; even at the lowest pH, the pyridine is still 

in its base form due to the high concentration of positive charges on the molecule.  

The transition metal complex stabilities of 3.2 have been determined by Tircsó et al. 

and are discussed in the Hannah Johnston’s PhD dissertation.96 The larger macrocyclic cavity 

size led to complex formation not only with a M:L = 1:1 but with a 2:1 ratio as well. Those 

results are discussed in detail in the reference, which is the main reason why only the ML 

stability constants are shown in Table 3.3 (for the sake of comparison with 3.4). 
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Table 3.3. Stability constants of complexes formed with divalent metal ions and the two 

piperazine containing macrocycles (T = 298 K, I = 0.15 M NaCl, charges in the equilibrium 

quotients were omitted for clarity). 

  Equilibrium quotient 3.296 3.4 

Mn(II) [ML]/([M][L]) 4.12 3.52(4) 

Fe(II) [ML]/([M][L]) 7.02 - 

Ni(II)  [ML]/([M][L]) - 5.06(12) 

Cu(II) 

[ML]/([M][L]) 14.45 12.73(2) 

[MHL]/([ML][H]) 8.32 4.60(5) 

[ML]/([M(OH)L][H]) 9.37 10.73(3) 

Zn(II) [ML]/([M][L]) 7.72 6.13(5) 

 

The formation constants of 3.4 were surprisingly low, the values for the Mg(II) and 

Ca(II) chelates could not have been determined since the metal-ligand titrations were identical 

to the data obtained for experiments containing only the ligand. Also, the lower transition metal 

stability constants (ranging between 3.52 and 6.13, on average one order of magnitude lower 

than the same values for 3.2) prevented the analysis of nearly all these complexes above pH 7-

8 (formation of metal-hydroxide precipitate instead ternary hydroxo chelates). The only 

exception was Cu(II), which has a stability constant more than double of the Zn(II) complex 

(the second highest value in the series). This shows that although Cu(II)-3.4 has distorted 

coordination geometry, the piperazine containing ligand has remarkably high selectivity for 

copper(II) over other first-row transition metal ions, beyond that anticipated using Irving-

Williams series.81 
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I would like to thank Hannah Johnston for the synthesis of the diamine precursor (3.1) 
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for 3.2, and Horst Puschmann for his help with the refinement of the Zn(II)-3.4 XRD structure. 

3.6 Conclusions 

In summary, it has been shown that the synthesis of 15-membered pentaaza 

macrocycle, where the nitrogen atoms opposite to the pyridine ring are part of a piperazine 

ring, is not possible using a divalent transition metal templated cyclocondensation due to the 

thermodynamically favored chair conformation. However, switching the ethylene to propylene 

arms affords a 17-membered monomer ligand (3.4). This macrocycle forms chiral complexes 

with Cu(II) and Zn(II), and based on the pH-potentiometric measurements it has a remarkably 

high selectivity for Cu(II) chelation over other late first-row transition metals. A possible 

alternate synthetic route to access the 15-membered target would start with the 

cyclocondensation of 2.1 and triethylenetetramine using Pb(II) as a template and NaBH4 as a 

reductant.103 Formation of the piperazine moiety then could be carried out using glyoxal and 

NaBH4 by trapping the six-membered ring with the reductive amination of the diiminium 

intermediates (Scheme 3.2).104 

Scheme 3.2. Proposed synthesis of 15-pyN5Pip. 
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CHAPTER 4. SYNTHESIS AND CHARACTERIZATION OF INDOLE 

FUNCTIONALIZED, THIRD GENERATION MACROCYCLIC LIGANDS TO TARGET 

OXIDATIVE STRESS. 

4.1 Introduction 

Alzheimer’s disease (AD) is the seventh leading cause of death in the United States 

with a current number of those living with AD dementia estimated to be 6.5 million as a result 

of the increase rise in numbers of the aging population.105, 106 The total national cost of caring 

for people living with Alzheimer’s and other dementias is projected to exceed $300 billion this 

year.106 These two numbers are expected to keep rising and are estimated to affect 13 million 

patients and pose a $1 trillion annual burden on the economy by 2050.106 To tackle this 

problem, it is increasingly important to understand the complex processes leading to cell 

dysfunction and death as it relates to AD to have a chance of developing not just successful 

symptom-reduction but disease-modifying pharmaceuticals.107 

Neurodegenerative diseases are usually considered as separate clinical entities 

targeting different regions of the central nervous system (CNS) with distinct pathologies. They 

are defined by the progressive loss of specific neuronal cell populations, but when considered 

on a molecular level, certain common features surface and include the formation of protein 

aggregates and oxidative stress.108 The latter is a result of unregulated production of reactive 

oxygen species (ROS), such as peroxides, nitric oxides, and hydroxyl radicals, which lead to 

oxidative damage and progression of the disease. Lipid peroxidation is one of the key pieces 

of evidence linking oxidative stress to disease pathologies. The radical attack on double bonds 

leads to a cascade of reactions increasing the concentration of breakdown products like 4-
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hydroxy-2,3-nonenal, which has been observed in patients diagnosed with Alzheimer's or 

Parkinson’s disease.109, 110 

Cells have developed self-defense mechanisms to protect against ROS imbalance using 

various enzymes such as superoxide dismutase (SOD), glutathione peroxidase and catalase.111, 

112 However, these pathways only deal with existing ROS and it is crucial to understand how 

they are generated in the body if we are to treat not only the symptoms but the root cause of 

connected diseases. Their formation is tied to the activation of molecular oxygen, since in its 

triplet state the reactions with organic molecules are spin-forbidden. To overcome this barrier 

nature uses metal ions that interact with molecular oxygen through Fenton and Haber-Weiss 

type reactions to generate free radicals, which are an intrinsic part of normal metabolism. 

However, disrupted metal homeostasis, which has been evidenced in aging mice and post-

mortem brains of AD patients, leads to an accumulation of these elements in the brain tissue 

and is linked to a variety of age-related neurodegenerative diseases.113, 114 

 
Figure 4.1 Structure of ligands previously studied in Dr. Green’s group. 

Pyridine containing tetra-aza macrocycles have been wide utilized as the core of metal 

binding molecules to obtain complexes with applications ranging from catalysis to magnetic 

resonance imaging.115-117 Our group and others have previously shown that polyamine 

molecules of this class present a potential as therapeutics for neurodegenerative diseases linked 
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to oxidative stress (Figure 4.1).118-121 The first generation of small antioxidant chelators 

focused on improving the efficiency by increasing the pyridol moieties going from 4.2 to 

4.4.119, 120 The next generation of molecules combined 4.1 with naturally occurring compounds 

that have been proven to neutralize ROS (i.e. lipoic acid and coumarin).122, 123 In this present 

work, we sought to combine these two approaches by attaching the antioxidant small molecule, 

C-3 substituted indole to 4.3, which is itself a radical scavenger.124, 125 

4.2 Design and synthesis 

The rational design process of the indole linked, pyridine containing tetra-aza 

macrocycles started with the analysis of 4.3 to find the potential bridgehead atom which would 

connect the macrocyclic backbone with the antioxidant fragment. The most synthetically 

straightforward way to attach indole to the parent molecule is to use either the N- or O-

heteroatoms. The secondary amines of 4.3 are mainly responsible for the observed high 

stability constants of complexes formed with late first-row divalent transition metal ions.126 To 

maintain this metal binding property, the first target molecule was the oxygen-linked indole 

substituted congener of 4.3, termed 4.25 henceforth. Retrosynthetic analysis revealed the main 

steps required to obtain the target compound 4.25 could be accomplished using commercially 

available, cheap materials ($0.5-3.0/g, Scheme 4.1). The first disconnection leads to two 

building blocks, where both the secondary amines and the indole N-atom are protected, while 

the end of the alkyl chain is activated (alkyl halide or activated hydroxyl function). The 

synthesis of an indole moiety that fulfills these requirements has recently been published.127 

This route starts with the reduction of indole-3-propionic acid using LiAlH4 in anhydrous THF, 

followed by an Appel reaction to obtain the alkyl bromide, and ends with the acetyl protection 
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of the pyrrole-like nitrogen atom using AcCl and TBA-HSO4 as a phase transfer catalyst in 

CH2Cl2 to afford 4.23. 

Scheme 4.1. Retrosynthetic analysis of the O-linked indole-macrocycle conjugate, 4.25. 

 

The macrocyclic component can be synthesized using the classic Richman-Atkins 

procedure with one major caveat, the tosyl group required replacement by another sulfonamide 

that can be removed under mild conditions after the cyclization.16 4.3 was synthesized using 

nosyl groups, but the indole antioxidant component would not be able to tolerate the strong 

nucleophile (thiophenolate) utilized for deprotection strategies.119, 128 Although it is known that 

tert-butoxycarbonyl and diethoxyphosphoryl groups can be used for this type of macrocycle 

formation, the indole moiety cannot withstand the acidic condition required for the 

deprotection (HCl in dioxane or TFA).129-131 However, β-trimethylsilylethanesulfonamides 

have been proven to be excellent substrates for polyazamacrocycle construction with yields 

comparable to tosyl- and nosylsulfonamide derivatives, while their fluoride assisted removal 

is compatible with our target molecule.132 For the pyridine containing building block, the O-

tosylates were chosen as the leaving group, since it is one of the top substrates used in 

Richman-Atkins cyclizations (alongside chlorides, bromides and O-mesylates).133 The 

hydroxyl function in the 4-position of the pyridine was protected as an acetal to ensure 
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excellent yields both during the installation and the removal, avoiding the rather costly removal 

of a benzyl protecting group used previously within our group.120, 134 

Scheme 4.2. Synthesis of 4.25. 

 

Using this rationale, the synthesis began with the esterification of chelidamic acid in 

anhydrous ethanol using SOCl2. It is important to mention that the purification of ethyl-ester 

had to be modified from previous reports to remove the dark brown impurity, which came from 

the commercial starting material and impeded the extractive work-up of the consecutive steps. 

Fortunately, flash chromatography using silica gel afforded the clean product (4.6). The 

protection of the hydroxyl function was carried out with dihydropyran and a catalytic amount 

of pyridinium p-toluenesulfonate (PPTS) in CH2Cl2 with excellent yield. The reduction of the 

ester groups was performed with NaBH4 in absolute ethanol, followed by the activation of the 

hydroxyls with TsCl in a vigorously stirred biphasic reaction (CH2Cl2/40% aq. KOH). 
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The sulfonamide (SES) protected diethylene triamine (4.14) was synthesized in three 

steps starting from vinyltrimethylsilane (4.10). The sulfonylation provided the sodium salt in 

excellent yield using tert-butyl perbenzoate as a radical initiator, and was scalable to 25 g.135 

The chlorination was carried out with PPh3 and SO2Cl2 to afford the sulfonyl chloride as a 

yellow oil.136 Unfortunately, even the optimized yield was only 39% for the sulfonamide 

formation, although the procedure was slightly adjusted (changing the reaction temperature 

from 0 °C to -20 °C for the first 30 minutes) to reduce the decomposition of the starting material 

and the rate of undesired side reactions.132 

To test the cyclization on a model substrate, 4.14 was reacted with the commercially 

available 2,6-bis(bromomethyl)pyridine (4.15) in DMF using K2CO3 as a base to produce the 

12-membered tetra-aza macrocycle with similar yield to the 14-membered analogue.132 The 

experienced lower yield compared to the tosyl-substrates can be explained with the less pre-

organized deprotonated sulfonamide that originates from the flexibility of the SES group. The 

referenced procedure used CsF in DMF and heated the reaction mixture at 95 °C for 24 hours, 

so we sought to find even milder conditions.132 1 M solution of TBAF in THF was chosen as 

the fluoride source, and this improved reagent led to an isolated yield of 89%. It is important 

to mention here that after looking at the author’s original 1H NMR spectra, all products 

containing at least one SES group share a similarity: the bulky substituents (sulfonyl-

chloride/sulfonamide and trimethylsilyl) of the 1,2-ethanes lead to characteristic second-order 

NMR spectra at high field. This phenomenon has previously been described in detail, and this 

source was used for the resonance assignment of the compounds listed in this work.137 

After confirming that the proposed method was successful with the model pyridine 

containing 12-membered azamacrocycle, 4.9 and 4.14 were cyclized in DMF using Cs2CO3 as 
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the base to attempt to increase the yields.138 The deprotection of the THP group was carried 

out using PPTS in CH2Cl2/MeOH solvent mixture with excellent yields. The 1H NMR 

spectrum of the purified 4.19 showed two resonances for every proton, which was a result of 

the keto-enol tautomers, which we have described extensively for similar congeners (Figure 

A1.69). To obtain a resolved spectrum suitable for assignment, 5 μL of TFA was added to the 

NMR sample to shift the equilibrium to the enol tautomer, which was used for resonance 

assignments (Figure A1.65). The alkylation of the hydroxyl function was performed using 4.23 

in acetone with K2CO3 as the base to take advantage of the same principle the Finkelstein 

reaction: the low solubility of the KBr drives the reaction to completion. The simultaneous 

removal of the SES and Ac protecting groups from 4.24 was carried out with excellent yield, 

using 20 equivalents of the mildly basic TBAF with reflux in THF for 1 hour to afford the HCl 

salt of the target compound. Following the discussed synthetic route, 4.25 was obtained with 

an overall 4.0% yield in 14 steps. 

While the O-linked analogue allows the integration of the antioxidant small molecule 

without altering the metal binding heteroatoms, by alkylating the oxygen atom, 4.25 might lose 

the radical scavenging activity which was a direct result of replacing the pyridine with a pyridol 

moiety (4.2 to 4.3).119 It was hypothesized that changing one of the secondary amines via 

alkylation would not drastically lower the metal binding affinity of the macrocyclic scaffold, 

and so the next target was the N-linked indole-macrocycle conjugate. The first disconnection 

in the retrosynthetic analysis was between the C and N-atoms connecting the macrocyclic core 

to antioxidant small molecule, the synthesis of which at this point has already been completed. 

To selectively alkylate one of the secondary amines, the other two N atoms and the hydroxyl 

function had to been protected. After careful investigation of the literature on the synthesis of 
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pyridine containing 12-membered tetra-aza macrocycles and by combining two recently 

published strategies, we were able to devise a straightforward route to obtain the target.32, 115 

Scheme 4.3. Synthesis of 4.36. 

 

The hydroxyl group on the pyridine was protected with a methyl group to allow the use 

of tosylated diethylene triamine for the Richman-Atkins cyclization, since their removal in a 

consecutive step required heating 4.31 in cc. H2SO4 at 100 °C for 4 hours. The ethyl ester of 

chelidamic acid (4.6) was methylated with MeI in MeCN, followed by the reduction with 

NaBH4 and tosylation of the hydroxyl groups with TsCl (but using THF instead of a solvent 

mixture). The cyclization afforded macrocycle 4.31 in excellent yield and the free base form 

of 4.32 was obtained using the previously mentioned conditions. The cross-bridge in 4.34 was 

introduced with diethyl oxalate in anhydrous MeOH with good yield, followed by an alkylation 

of the secondary amino group adjacent to the pyridine ring. The removal of the three protecting 

groups from the fully elaborated 4.35 was challenging due to the sensitivity of the indole 

moiety (e.g. polymerization under acidic conditions). Since it is known that the oxalate cross-
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bridge can be removed under basic conditions (NaOH in EtOH; see the synthesis of 4.37 in the 

Appendix), which would remove the more labile Ac group too, the deprotection of the 

hydroxyl group had to be identified first.139, 140 Several different mild conditions were tested 

on a model system (4-methoxypyridine) until the right conditions were found. Both the 

strongly nucleophilic DABCO and Lewis-acids (BBr3, AlCl3) failed (no reaction), however 

lithium tri-sec-butylborohydride (L-selectride) led to the desired product in good yield after 

only 2.5 hours (Scheme 4.4).141-146 Based on this result, 4.35 was refluxed in the presence of 

L-selectride in THF for 3 hours, and the crude product was stirred in 2 M NaOH to afford the 

fully deprotected target molecule. The applied orthogonal protection strategy led to the 4.36 as 

a white solid with an overall yield of 2.7% in 13 steps. 

Scheme 4.4. Various deprotection reactions carried out in attempt to demethylate the model 

system. 

 

4.3 Equilibrium studies 

Following the successful synthesis of the target compounds (4.25 and 4.36), the next 

step was to determine their physico-chemical properties crucial to their application as potential 

therapeutics. The stepwise protonation constants of 4.36 and the stability constants with 

divalent transition metal ions were determined by standard pH-potentiometric titrations (Table 
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4.1, Table 4.2). Similar to Chapters 2 and 3, these experiments were conducted using 0.15 M 

NaCl ionic strength to mimic physiological conditions. The titration experiments with 4.25 

were carried out as well but the protonation steps could not be modeled using the pH-

potentiometric results, most likely due to the decreased solubility above pH 7-8 and the 

dependence of the lower equilibrium constants on the more basic pKa values. Five protonation 

events were found for 4.36, the first four of which are almost identical (±0.36) to corresponding 

values determined for 4.3 (see Chapter 6 for more details, Table 4.1). This supported our 

hypothesis that a change of one secondary amine to a tertiary amine would not drastically affect 

the aqueous basicity of the ligand. The last step involves the addition of a proton to the pyridine 

nitrogen. 

Table 4.1. Stepwise protonation constants of 6.2, 4.3, 4.36 (T = 298 K, I = 0.15 M NaCl). 

  6.2 4.3 4.36 

log K1
H 10.32(2) 11.38(1) 11.57(2) 

log K2
H 8.00(3) 8.85(3) 8.67(6) 

log K3
H 1.75(4) 5.59(4) 5.23(7) 

log K4
H - 1.74(4) 1.69(7) 

log K5
H - - 1.71(7) 

Σ log Ki
H 20.07 27.56 28.87 

 

The stability constants for the Mn(II) and Zn(II) complexes formed with 4.25 could not 

be determined due to the aforementioned solubility issues and the lack of protonation 

constants. However, the titrations have been completed with both Mn(II), Cu(II) and Zn(II), 

which means that if the pKa values are found as a result of different method (e.g. 

chromatographic techniques) the stability constants can be calculated in the future. The 

formation of Cu(II)- and Zn(II)-4.25 complexes has been confirmed by HRMS data (Figures 
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A1.182 and A1.183) acquired from the solution that was used for the pH-potentiometric 

titrations (the pH of these solutions were set between 6-7 from 12, which was the stopping pH 

for the titrations). The binding constant for the Cu(II)-4.25 complex was determined using UV-

vis spectrophotometric method because the chelate is more than 90% formed at the starting pH 

of the titration (pH = 1.6, Figure 4.2). To calculate the equilibrium quotient for the complex 

formation, the protonation constants of 6.2 were used since the metal binding cavity is identical 

to 4.25. The obtained value is close to the methoxy analogue which is consistent with the 

addition of the indole moiety through the pyridol oxygen not altering the thermodynamics of 

the metal binding process. 

Table 4.2. Stability constants of complexes formed with divalent transition metal ions and 

6.2, 4.25, 4.3, 4.36 (T = 298 K, I = 0.15 M NaCl, charges in the equilibrium quotients were 

omitted for clarity). 

 Equilibrium quotient 6.2 4.25 4.3 a 4.36 

Mn(II) 

[ML]/([M][L]) 9.70(9) - 10.96(4) 10.35(6) 

[MHL]/([ML][H]) - - 6.40(7) 6.2(2) 

[ML]/([M(OH)L][H]) 9.5(2) - 10.18(6) 10.36(11) 

Cu(II) 

[ML]/([M][L]) 19.38(2) 19.821(3)* 19.16 >19 

[MHL]/([ML][H]) 1.42(1) - 6.63 5.53(14) 

[MH2L]/([MHL][H]) - - 2.59 - 

[ML]/([M(OH)L][H]) 9.05(4) - 10.61 9.80(11) 

[M(OH)L]/([M(OH)2L][H]) 12.31(4) - - 11.55(11) 

Zn(II) 

[ML]/([M][L]) 15.20(2) - 17.18 16.99(15) 

[MHL]/([ML][H]) 2.77(5) - 5.84 5.83(8) 

[MH2L]/([MHL][H]) - - 2.70 3.76(6) 

[ML]/([M(OH)L][H]) 8.37(5) - 8.26 8.52(19) 

[M(OH)L]/([M(OH)2L][H]) 12.62(6) - - 11.58(18) 
a Ref. 126, * Determined using UV-Vis spectrophotometric titrations. 
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Figure 4.2. The absorption spectra of the Cu(II)-4.25 complex at different proton 

concentrations ([4.25] = [Cu(II)] = 4.9 x 10-3 M, c(H+) = 0.03-1.00 M). 

The stability constants of the three studied transition metal complexes (Mn(II), Cu(II), 

and Zn(II)) formed with 4.36 were expected to be slightly lower compared to those determined 

for 4.3 due to the alkylation of the secondary amine nitrogen atom adjacent to the pyridine 

ring. As shown in Table 4.2, there is a 0.5 log K unit drop in case of the Mn(II) complex, 

however the decrease in Zn(II) stability is almost within the range of the error of the method. 

This validates that the parent molecule (4.3) can be functionalized through one of the secondary 

amines without causing drastic changes to the metal binding capability of these ligands. The 

Cu(II) binding of 4.36 was studied using pH-potentiometric titrations. Based on the observed 

color change to an intense blue upon mixing the metal (very faint blue) and ligand (clear) stock 

solutions at pH 1.6 (starting pH for the titration) the complex was fully formed. One 

protonation constant could be modeled for the [Cu(4.36)]2+ complex, and this event takes place 

on the hydroxyl/keto function in the 4-position of the pyridine ring based on comparison to the 

same studies with 4.3. Based on these results, the stability constant for the ML complex Cu(II)-

4.36 is higher than log K = 19; the exact value could be determined after UV-vis 
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spectrophotometric titrations at higher acid concentrations. Similarly to the studies with 4.25, 

the Zn(II) and Cu(II) solutions were acidified back between pH 6-7, and the complex formation 

was confirmed by HRMS (Figures A1.184 and A1.185). The absorbance spectra of Cu(II)-

4.36 was recorded in the visible spectrum with the λmax observed at 715 nm, a 20 nm 

hypsochromic shift compared to the Cu(II)-4.25 system. This broad absorption band can be 

assigned to the d-d transition of Cu(II). The magnitude of the blue-shift is close to what our 

group had previously found for the 4.2-4.3 molecules, and suggests extended π-conjugation as 

a result of the unfunctionalized hydroxyl group.147 Also, an almost 25% increase was observed 

when comparing the molar absorptivity of these two complexes (ε(Cu(II)-4.36) = 217 M-1 cm-

1 vs ε(Cu(II)-4.25) = 174 M-1 cm-1, Figure A1.200). 

4.4 Antioxidant/radical scavenging studies 

As previously discussed, an excess of reactive oxygen species has been correlated with 

various neurodegenerative diseases and thus serves as a target for studies aiming to develop 

antioxidant small molecules to combat oxidative stress.148 Therefore, the radical scavenging 

ability of 4.25 and 4.36 was determined using the established DPPH assay. Butylated 

hydroxytoluene (BHT), an efficient radical scavenger, served as a positive control. The two 

parent molecules 1H-indole-3-propanoic acid and 4.3 were included for comparison within the 

concentration range of 1-2000 μM.149 The BHT reference compound shows how quenching 

the DPPH radical leads to a color change in the sample from purple (λmax = 520 nm) to yellow 

(EC50 = 48 μM, top left, Figure 4.3). Under our experimental conditions (30 min incubation at 

room temperature) indole has shown almost no observable activity (EC50 = 20 mM, top right, 

Figure 4.3). 4.25 and 4.3 show closely identical scavenging capabilities, but it is important to 

mention that the colors in the samples containing the highest concentration of tested molecule 
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slightly differ (faint peach vs yellow, EC50 = 300 μM for 4.25 and 540 μM for 4.3, Figure 4.3). 

This indicates that having a free hydroxyl group can lead to the formation of other colored side 

products, which complicates the evaluation of the assay. Also, attaching the indole moiety to 

the macrocyclic scaffold made the small molecule component a better radical scavenger, since 

it was shown before that the removal of the hydroxyl function eliminates the antioxidant 

property of 4.3.119  

 
Figure 4.3. DPPH assay plates and the observed color gradient discussed in Chapter 4. 

Based on these results, we expected 4.36 to combine the activity of the parent 

molecules even more effectively than 4.25. The observed results however point to the contrary, 

the antioxidant response of 4.36 only starts at 300 μM, and after running the assay for 30 mins, 

the EC50 value found was to be 2.9 mM (Figure 4.4). However, this might be the result of the 
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intense orange color in the bottom image of Figure 4.3, which suggests that the colored side 

product formation is even more prevalent than in case of 4.3. To make sure that the established 

DPPH assay can be used for the testing of pyridol based macrocyclic systems, the visible 

spectrum needs to be monitored over time to make sure the side reaction does not influence 

the absorbance at 520 nm, and it is only indicative of the DPPH concentration in solution. An 

alternative solution is to switch to a different detection method which can selectively measure 

the amount of the DPPH radical, instead of looking at the absorbance of the reaction mixture 

(e.g using HPLC-UV methods).150 

 
Figure 4.4. DPPH radical quenching assay showing the antioxidant character of the studied 

macrocyclic ligands compared to BHT and indole. 
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4.5 Pharmacological potential 

To assess the pharmacological potential of molecules 4.25 and 4.36, three separate 

experiments were carried out: metabolic stability was tested in mouse microsomes; 

permeability was tested using the Caco-2 assay; and finally, the therapeutic window was 

explored using an MTT assay with FRDA fibroblast and BV-2 microglial cells as a model.151 

Metabolic stability is a major property evaluated during screening of molecular entities in 

preclinical development, since both oral bioavailability and the plasma half-life are closely 

related to this property.  

The redox reactions facilitated by cytochrome P450 and flavin monooxygenase 

enzymes are described as phase I metabolism and can be modeled using liver microsomes in 

the presence of NADPH-regenerating system.152 The method of substrate depletion was used 

to determine the in vitro half-life.153 As shown in Figure 4.5, both 4.25 and 4.36 are fairly 

stable with half-lives of 110 and 117 mins, respectively. Both compounds can be classified as 

low clearance entities based on the intrinsic clearance (Clint) value of 12.6 and 11.8 

μL/min/mg.154 These results are consistent with strong metabolic stability of the parent 4.3 and 

indicate that both sites of linkage are suitable for future target molecules.126 

 
Figure 4.5. Metabolic stability of 4.25 and 4.36 in mouse microsomes (phase I oxidation and 

reduction reactions). 
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The Caco-2 permeability assay uses an established method that measures the rate of 

flux of a compound across polarized Caco-2 cell monolayers and the data can be used to predict 

in vivo absorption of drug candidates.155 The transport of the molecules through the monolayer 

can be described by the permeability coefficient (Papp), which is calculated based on the 

permeation of the studied compound across the cells, the donor concentration at the start of the 

experiment and the surface of the monolayer. To have a chance of good oral absorption, a 

molecule needs to have a Papp (A-B) value at least 10-6.156 Of the tested compounds, 4.25 had a 

Papp = 8.9 x 10-8, while the same value is 3.0 x 10-6 for 4.36. This means that 4.25 is very poorly 

permeable and 4.36 shows modest permeability. This is most likely a result of the overall 

charge of the studied molecules at physiological pH. Based on the protonation constants of 4.2 

and 4.36, 4.25 would have a net charge of +2 while 4.36 only carries one positive charge due 

to the presence of the phenolic hydroxyl function. Recovery of the test compounds were greater 

than 85%, which indicates that they are not metabolized or trapped to an appreciable extent in 

the test system. Since the assay was bidirectional, the efflux ratio (= Papp (B-A) / Papp (A-B)) of the 

compounds could be determined: the result was 10 for 4.25 and 0.5 for 4.36. This means that 

only 4.25 is being effluxed by the means of active transport through the monolayer. 

Finally, cell toxicity studies were carried out to evaluate the potential for 4.25 to serve 

as a therapeutic agent and to establish a therapeutic window for further studies. FRDA 

fibroblast and BV-2 microglial cells were used as a model, and the IC50 value for the FRDA 

cells was found to be 60.4 μM, which was a disappointing result since 4.3 is better tolerated 

(no toxicity was observed up until 500 μM concentrations, Figure 4.6). The same trend was 

established for BV-2 cells as well; while 4.3 has an IC50 value of 94.1 μM, even the lowest 

concentration of 4.25 (40 μM) led to no cell survival. This observed higher toxicity is most 
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likely correlated with the experienced active efflux in the Caco-2 model, since this is one of 

the main mechanisms regulating how microorganisms eliminate toxic compounds (e.g. 

antibiotics, heavy metals, organic pollutants and neurotransmitters) from within the cell.157 

 
Figure 4.6. Cell survival versus logarithmic concentration of FRDA and BV-2 cells dosed 

with 4.3 and 4.25 between 0.001 and 5 mM. 
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4.7 Conclusions 

In summary, it has been shown for the first time that the parent molecule 4.3 can be 

functionalized with an antioxidant small molecule by alkylating either the hydroxyl group on 

the pyridine or the secondary amine adjacent to the pyridine ring. Using orthogonal protection 

strategies, the synthesis of 4.25 (14 steps, 4.0% yield) and 4.36 (13 steps, 2.7% yield) has been 

completed. The easily removable SES protecting group was used in the modified Richman-

Atkins cyclization of two novel 12-membered tetra-aza macrocycles, while the secondary 

amine N-atom could be selectively alkylated due to the presence of the oxalate cross-bridge. 

The final deprotection step of 4.36 involved the removal of a methyl, an acetyl and an oxalate 

protecting groups, and was realized with a nucleophilic deprotection with a bulky borohydride, 

followed by basic work-up with NaOH. 

The synthesis of the two target compounds were followed by the determination of their 

protonation and stability constants formed with biologically relevant divalent transition metal 

ions. Neither of the two tethering strategies impacted the metal binding ability of the 

macrocycles, which proves that for future antioxidant small molecule conjugates the synthetic 

route of 4.36 can be followed. The Cu(II) and Zn(II) complex formation was confirmed by 

HRMS in all four cases; also the Cu(II) chelates were characterized by UV-visible 

spectroscopy. 

To understand the radical scavenging ability and pharmacological potential of 4.25 and 

4.36, a series of four experiments were carried out. The DPPH radical quenching assay showed 

that the O-linked conjugate is slightly more efficient than the parent molecule 4.3. However, 

after the analysis of the N-linked analogue, there are still unanswered questions (e.g. Is the 30 

min runtime long enough for the DPPH assay?) and a limitation of the assay has been revealed 
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(the detection of the DPPH signal at 520 nm can be impeded by other colored components in 

the reaction). Both 4.25 and 4.36 were reasonably stable in mouse microsomes, they can be 

considered low clearance molecules. 4.36 showed better permeability in the Caco-2 assay, 

while 4.25 was shown to be effluxed through the monolayer according to our model, 

suggesting it is a substrate for a transport protein. This last observation can be, potentially, 

correlated with the higher toxicity of 4.25 in FRDA fibroblast and BV-2 microglial cells 

compared to 4.3. To better understand the experienced discrepancies, a thorough investigation 

of 6.2 should be top priority in the development of this family of antioxidant macrocycles. The 

radical scavenging assay might reveal that even the functionalized oxygen retains the activity 

first observed for 4.3. Also, cell viability tests of 6.2 could theoretically explain the 

unexpectedly high toxicity of 4.25. 
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CHAPTER 5. SYNTHESIS AND CHARACTERIZATION OF 8-HYDROXYQUINOLINE 

FUNCTIONALIZED, THIRD GENERATION MACROCYCLIC LIGAND TO TARGET 

OXIDATIVE STRESS 

5.1 Introduction 

As it was shown in Chapter 4, neurodegenerative diseases effect millions of people 

worldwide, and its treatment presents a monumental challenge to the scientific community. In 

this project, we decided to take a similar approach by combining 4.3 with a moiety, which had 

been exemplified in the literature and serves as a scaffold of drugs approved with various 

indications. The quinoline fragment can be found in various bioactive compounds ranging from 

antimicrobial, antiviral, antiparasitic to anticancer agents.158-161 The 8-hydroxyl substituted 

analogue (8-hydroxyquinoline, 8-HQ, oxine) is the most well-known derivative due its 

widespread use as a fungicide in agriculture and preservative in paper industries.162 The 

position of the hydroxyl function allows the formation of 5-membered chelate rings and this 

leads to a high binding affinity with late first-row transition metals (e.g. Cu2+, Zn2+).163 

A member of the 8-HQ compound family, clioquinol (5-chloro-7-iodo-8-

hydroxyquinoline, CQ) was first approved as an antibiotic, but it was later proved to prevent 

the formation of Aβ plaques in transgenic AD mouse model.164 Due to complications during 

the scale-up phase, 5.1 (PBT-2) has taken its place during clinical trials targeting mild AD but 

it failed to meet its Phase 2 primary endpoint of reducing amyloid deposition in the brain.165 

The fact that a quinazoline analogue of 5.1, ATH434 is currently in clinical trials (with an aim 

to treat Multiple System Atrophy) shows that this nitrogen containing bicyclic heterocycle still 

has pharmaceutical potential.166-168 
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In recent years, several research groups have attempted to utilize the metal binding 

capability of 8-HQ to inhibit metal-induced Aβ aggregation and ROS generation. Franz and 

coworkers have introduced 5.2, where the hydroxyl function was masked as a boronate ester 

which becomes active upon its reaction with H2O2.
169 The activated prochelator diminished the 

redox activity of Cu2+ reactivity to form ROS, while resolubilizing existing metal-associated 

aggregates. McDonagh and coworkers combined pyridine containing pendant arms with 

cyclen to inhibit Aβ aggregation and found that each compound was successful, with 5.3 

showing the greatest free radical scavenging activity.170 Based on these results the goal was to 

tether the 8-HQ moiety to the parent molecule (4.3) through a secondary amine to utilize the 

presence of two hydroxyl functions, which are hypothesized to synergistically enhance the 

radical scavenger/antioxidant activity of the macrocyclic ligand. 

 

Figure 5.1. Structure of 8-hydorxyquinoline containing molecules tested for the treatment of 

neurodegenerative diseases. 

5.2 Design and synthesis 

The design process for the synthesis of an 8-HQ linked 4.3 analogue benefitted from 

the results and optimized synthetic route developed for the synthesis 4.36. The length of the 

linker connecting the two units was chosen to offer the potential of a scorpionate-like binding 

of the pyridine nitrogen of the 8-HQ component by allowing the thermodynamically favored 

5-membered chelate ring formation with a bridgehead tertiary amine. The synthetic route 
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started with the protection of the hydroxyl function on the commercially available 2-methyl-

8-quinolinol ($0.5/g) using MeI as the methylating agent and K2CO3 as a base in acetone to 

afford 5.5.171 The radical bromination of 5.5 by NBS and AIBN as the radical initiator provided 

5.6 in 41% yield, while also producing three major side products which were separated during 

the column purification (2-(dibromomethyl)-8-methoxyquinoline, 5-bromo-2-(bromomethyl)-

8-methoxyquinoline, 5-bromo-8-methoxy-2-methylquinoline).172 The alkylation of 4.34 was 

carried out using the optimized procedure used for the synthesis of 4.35. The reaction was run 

until the complete consumption of the macrocyclic starting material was indicated by TLC. 

Scheme 5.1. Synthesis of 5.9. 

 

 

The deprotection of 5.7 was first attempted by refluxing it with 48% HBr in glacial 

AcOH, however only 35% of the 8-methoxyquinoline was demethylated while all the quinoline 

moiety was cleaved of the macrocyclic backbone to afford 4.3. This reactivity could be 

attributed to the quasi-benzylic position of the 8-HQ component: following the protonation of 

the tertiary amine, a nucleophilic attack by the bromide can lead to the formation of the 
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observed alkyl-bromide (5.6 and its demethylated analogue). As a next step a strong Lewis 

acid, BBr3 in CH2Cl2 was mixed with 5.7 to deprotect the two methyl groups but, unexpectedly, 

both methyl groups stayed intact in the isolated major product. The structure elucidation 

proved to be challenging since the 1H NMR spectrum exhibited one less proton resonance 

compared to the expected structure, with one extra singlet appearing more downfield than all 

other aromatic protons (Figures A1.159-165). Based on the NMR and the HRMS results, it is 

most likely that an intramolecular cyclocondensation led to a formation of a fused N-alkylated 

imidazole-pyridine system. Following another unsuccessful attempt, the demethylation of 8-

methoxy-2-methylquinoline (5.5) was attempted using three different conditions: refluxing 

with LiCl in DMF led to 75% conversion in a clean reaction; refluxing 5.5 with L-selectride in 

THF resulted in a complex product mixture; finally, heating the starting material with 15 eq. 

AlCl3 in toluene resulted in 80% isolated yield. With the optimized conditions in hand, 5.8 was 

obtained in good yield (74%) after refluxing 5.7 with AlCl3 for 1.5 hours, followed by an 

extractive work-up and an ether wash. 

The final step of the synthetic route (Scheme 5.1) was attempted using established 

acidic and alkaline methods but most likely due to the presence of the hydroxyl/keto function 

in the 4-position of the central pyridine ring, the cross-bridge removal was unsuccessful after 

refluxing 5.8 with H2SO4 in MeOH or with 10 M NaOH in EtOH.32, 140 However, 5.9 was 

successfully synthesized after refluxing the penultimate macrocycle (5.8) with a non-oxidizing 

acid, 2 M HCl.173 The above detailed strategy led to the 4xHCl salt form of 5.9 as a yellow 

solid with an overall yield of 3.2% in 12 steps (the yields are not optimized). 
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5.3 Equilibrium studies 

Following the synthesis of 5.9, its physico-chemical characterization was carried out. 

The stepwise protonation constants and stability constants of divalent transition metal 

complexes were determined by standard pH potentiometric and UV-vis spectrophotometric 

titrations (Table 5.1, Table 5.2). These experiments were performed using 0.15 M NaCl ionic 

strength to mimic physiological conditions. Similar to 4.36, five protonation events were found 

for 5.9 but the difference in their total basicity suggests that a completely different sequence is 

behind this increase. The addition of the 8-HQ moiety further elevated this value (4.2 < 4.3 < 

4.4 < 5.9) because the phenolic OH is isolated from the protonation events taking place on the 

macrocyclic scaffold. The results indicate that at pH 7.4 87% of the ligand can be found in its 

[H3(5.9)]+ form. Also, the isoelectric point of 5.9 (pI = 9.00) marks a significant improvement 

over 4.3 (pI = 10.31) which is good sign for drug candidates.172 

Table 5.1. Stepwise protonation constants of 4.3, 5.4 and 5.9 (T = 298 K, I = 0.15 M NaCl). 

 4.3 5.4 a 5.9 

log K1
H 11.38(1) 10.0 11.10(4) 

log K2
H 8.85(3) 5.8 9.77(9) 

log K3
H 5.59(4) - 8.22(15) 

log K4
H 1.74(4) - 4.28(14) 

log K5
H - - 2.26(8) 

Σ log Ki
H 27.56 15.8 35.63 

a Ref. 174. 

After the analysis of the stepwise constants of the building blocks (4.3 and 5.4), it was 

obvious that a more in-depth experiment was required to assign these macroscopic constants 

to microscopic events. The 1H NMR titration curve (Figure 5.2) shows the effect of the 

consecutive protonation steps on the basic sites of 5.9. Elemental analysis indicated that 5.9 
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was isolated as the tetrahydrochloride salt, which provided a starting point for the assignment. 

The first protonation occurs on the N-atom opposite to the pyridine, which is embedded in the 

macrocyclic backbone. The second step involves the phenolic OH function of the quinoline 

arm; followed by a shift of the most stable tautomer from deprotonated enol to keto on the 

pyridinophane unit (Figure 5.3). The addition of the fourth proton gives rise to significant 

changes in both the aliphatic and the aromatic resonances of 5.9, consistent with the 

protonation of the keto function and a concomitant rearrangement of H-atoms on the secondary 

amino N-atoms, which was previously reported for 4.2 by Costa.33 The last measured step takes 

place on the pyridine nitrogen of the 8-HQ moiety, since this event only effects the aromatic 

protons A and B. The sixth protonation occurs outside of our experimental window, but it most 

likely means the addition of a hydrogen to secondary amine, thus the first and the last 

protonation events within the pH range studied occur on the exact same atom. 

 

Figure 5.2. 1H NMR titration curves for 5.9 

The 1H NMR titration allowed the determination of the protonation constants in D2O: 

log K1(D) = 12.60(3), log K2(D) = 10.56(7), log K3(D) = 8.83(6), log K4(D) = 4.12(5), and log 
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K5(D) = 2.91(2). These values are in agreement with the equation for the correlation between 

protonation constants determined in H2O and D2O: pK(D) = 0.11 + 1.10pK(H).175 These results 

show that similar to 4.4, the neutral [H2(5.9)] species is observed in a zwitterionic form, akin 

to amino acids (Figure 5.3).120 Another interesting observation is that due to the highly 

asymmetric character of 5.9, all 14 protons could be independently assigned to resonances 

when plotting the results of the 1H NMR titration. Certain protonation steps can drastically 

affect this feature of the molecule, and it is clearly exemplified by the behavior of the pyridol 

proton shifts (F and G). 

 

 

Figure 5.3. Proposed protonation sequence and equilibrium distribution diagram for 5.9 (cL = 

2 mM, I = 0.15 M NaCl, T = 298 K). 
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The stability constants of the three studied metal complexes (Mn(II), Cu(II), and Zn(II)) 

formed with 5.9 were expected to be higher compared to those determined for 4.3 due to the 

presence of the two heteroatoms on the 8-HQ component. As shown in Table 5.2, the binding 

affinity towards all three metal ions have increased but this change is drastically different when 

we compare Mn(II) and Zn(II) stabilities to the Cu(II) stability. As it was shown in Chapter 3, 

Mn(II) has a tendency to favor hexacoordinate complexes with pyclen based ligands, while 

Cu(II) is usually observed when bound in a pentacoordinate fashion.96, 147 Also, the crystal 

structure of Zn(II)-5.3 complex reveals a coordination geometry resembling the Mn(II)-4.3 

complex where the metal is bound by six heteroatoms.170 Based on these results, it is 

hypothesized that 5.9 forms hexacoordinate complexes with Mn(II) and Zn(II) where the two 

heteroatoms of the 8-HQ moiety occupy the fifth and sixth coordination positions, and thus 

increases the stability constants by six orders of magnitude. Following the same logic, the 

significantly smaller stability constant increase (2.5 log K units) in case of Cu(II)-5.9 complex 

could be explained by the formation of a pentacoordinate complex, where the fifth coordination 

site is filled by the deprotonated oxygen of the 8-HQ. 
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Table 5.2. Stability constants of complexes formed with divalent transition metal ions, 4.3 

and 5.9 (T = 298 K, I = 0.15 M NaCl, charges in the equilibrium quotients were omitted for 

clarity). 

 Equilibrium quotient [4.3]- a [5.9]2-  

Mn(II) 

[ML]/([M][L]) 10.96(4) 17.51(10) 

[MHL]/([ML][H]) 6.40(7) 6.73(11) 

[MH2L]/([MHL][H]) - 5.65(4) 

[ML]/([M(OH)L][H]) 10.18(6) 10.91(12) 

[ML(OH)]/([ML(OH)2][H]) - 12.30(12) 

Cu(II) 

[ML]/([M][L]) 19.16 21.61(3) 

[MHL]/([ML][H]) 6.63 6.97(8) 

[MH2L]/([MHL][H]) 2.59 5.36(10) 

[ML]/([M(OH)L][H]) 10.61 11.96(2) 

[M(OH)L]/([M(OH)2L][H]) - - 

Zn(II) 

[ML]/([M][L]) 17.18 23.18(7) 

[MHL]/([ML][H]) 5.84 6.11(7) 

[MH2L]/([MHL][H]) 2.70 5.24(4) 

[MH3L]/([MH2L][H]) - 2.11(5) 

[ML]/([M(OH)L][H]) 8.26 11.73(8) 

[M(OH)L]/([M(OH)2L][H]) - 12.28(9) 
a Ref. 126, * Determined using UV-Vis spectrophotometric titrations. 

The increased ML stability observed for 5.9 with Mn(II) and Zn(II) being a result of 

their ability to form hexa-coordinate complexes is corroborated by the number of ternary 

hydroxo complexes formed with each metal (two for Mn(II) and Zn(II), one for Cu(II)), since 

the macrocyclic N-atoms are all coordinated to the metal center even at the most basic 

measured pH values. This coordination chemistry involving a varying number of coordinated 

donor atoms (5 or 6) ultimately leads to a trend in the stability constants of these transition 

metals which does not follow the Irving-Williams series.81 After the titrations, both the Zn(II) 
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and Cu(II) solutions were acidified back between pH 6-7, and the complex formation was 

confirmed by HRMS (Figures A1.187 and A1.188).  

 

Figure 5.4. The observed, pH dependent color change of Cu(II)-5.9 (aqueous solutions at pH 

3.308 (green), 9.809 (yellow), and MeCN solution (orange). 

The respective complexes formed between 5.9 and Mn(II), Cu(II), and Zn(II) exhibit 

at least two protonation constants, the first of which can be assigned to the protonation of the 

hydroxyl function on the 8-HQ moiety and the second one to the oxygen atom found in the 4-

position of the macrocyclic pyridine. These assignments were made based on the observed pKa 

increase for the HO function on the pyridine ring in case of ligand 4.3 (5.59 to 6.63) and the 

fact that the coordination of the phenolic hydroxyl group would lower the value (log K = 9.77) 

determined for the free ligand. This pH dependent coordination geometry gives rise to a distinct 

color change in case of the Cu(II) complex (Figure 5.4). At pH 3.3, the complex’s pendant arm 

is fully protonated and it is not coordinating to the metal center (‘off’ position), while at pH 

9.8 the ligand is fully deprotonated, and the fifth coordination position is occupied by the 

oxygen atom of the 8-HQ (‘on’ position) (Figure 5.5). Due to the protonation of the hydroxyl 

function of the 8-HQ value being this close to physiological pH, 5.9 might serve as a 

core/starting point for transition metal complexes with therapeutic or diagnostic applications. 



 

 

82 

 

The Cu(II)-5.9 complex was also synthesized after mixing Cu(ClO4)2 · 6H2O and [H4(5.9)]Cl4 

in dry MeOH, which was then evaporated and redissolved in MeCN to afford an orange 

solution similar to the basified aqueous solution. This suggests that in the absence of competing 

ligands (i.e. water), the penta-coordinate Cu(II)-5.9 complex can form without the addition of 

extra NaOH. 

 
Figure 5.5. Species distribution diagram for the Cu(II)-5.9 system (c(Cu2+) = c(5.9) = 2 mM). 

The absorbance spectra of Cu(II)-5.9 were recorded in the visible spectrum with the 

λmax observed at 802 nm (pH = 3.5, ε(Cu(II)-5.9) = 133 M-1 cm-1), a significant (~90 nm) 

bathochromic shift compared the copper complexes of 4.3 and 4.36 (Figure 5.6). This 

absorption band can be assigned to the d-d transition of Cu(II) and the observed shift most 

likely originates from the proximity of the extended delocalized π-electron system of the 8-HQ 

moiety and leads to the broadening of the band compared to the parent molecule. 

Unfortunately, the solubility of the complex prohibited the spectrophotometric titration above 

pH 5.5 at 6.7 mM concentrations, which means that the neutral form of Cu(II)-5.9 has 

significantly lower solubility in aqueous solutions. This is not completely surprising since the 
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complex has extended aromatic moieties and fewer donor atoms to form hydrogen bonds with 

water compared to its parent molecule, 4.3. 

 
Figure 5.6. The absorption spectra of the Cu(II)-5.9 complex at the different proton 

concentrations ([5.9] = [Cu(II)] = 6.7 x 10-3 M, c(H+) = 0.01-1.00 M). 

5.4 Antioxidant/radical scavenging studies 

Using the same approach described in Chapter 4, the radical scavenging ability of 5.9 

was determined using the established DPPH assay. The parent molecule 8-quinolinol (8-HQ) 

and 5.9 were studied in the concentration range of 1-2000 μM (Figure 5.7). In our experimental 

setup, 8-HQ showed moderate antioxidant activity (EC50 = 990 μM), while 5.9 (330 μM) 

presents a slight improvement over 4.3 (540 μM) and has almost identical activity to 4.25 (300 

μM) (Figure 5.8). This indicates that the incorporation of an extra phenol moiety increases the 

radical scavenging property of 4.3, but 5.9 is still lagging behind our benchmark compound 

(BHT). Compound 5.9 could theoretically be improved upon by taking structural cues from 

the reference molecule and alkylating C-7 of the 8-HQ moiety in order to stabilize the radical 

by sterically hindering its environment. 
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Figure 5.7. DPPH assay plates and the observed color gradient discussed in Chapter 5. 

 

Figure 5.8. DPPH radical quenching assay showing the antioxidant character of 5.9 

compared to BHT and 8-hydroxyquinoline. 

5.5 Pharmacological potential 

To assess the pharmacological potential of 5.9, three experiments were carried out: 

metabolic stability was tested in mouse microsomes; permeability was tested using Caco-2 

assay; and finally, the therapeutic window was investigated using MTT assay with BV-2 

microglial cells as a model.151 As described in Chapter 4, metabolic stability is a crucial 

property during preclinical screening of drug candidates. Unfortunately, 5.9 has limited 

stability under the testing conditions; its half-life is only 10 min and can be classified as a high 

clearance entity based on its intrinsic clearance (Clint) value of 140 μL/min/mg. This indicates 

that either the 8-HQ pendant arm or the linker length connecting the antioxidant moiety to the 

macrocyclic backbone is responsible for the undesired pharmacokinetic behavior since both 

4.3 and 4.36 are compounds with low clearance.  
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The Caco-2 permeability assay uses an established method that measures the rate of 

flux of a compound across polarized Caco-2 cell monolayers and this data can be used to 

predict in vivo absorption of drug candidates.155 The permeability coefficient – described in 

Chapter 4 – determined for 5.9 is Papp (A-B) = 4.9 x 10-7, which means that it is very poorly 

permeable through biological membranes. Recovery of the test compound was greater than 

85%, which indicates that it is not metabolized or trapped to an appreciable extent in the test 

system. 

Finally, cell viability studies were carried out to evaluate the potential for 5.9 to serve 

as a therapeutic agent and to establish a therapeutic window for further studies. BV-2 

microglial cells were used as a model, and the IC50 value was found to be 16.3 μM (Figure 

5.9). This means that 5.9 is less tolerable than the parent molecule (4.3, IC50 = 94.1 μM) but 

can be used in concentrations up to 6-8 μM in further cell studies. 

 

Figure 5.9. Cell survival versus logarithmic concentration of BV-2 cells dosed with 5.9 

between 5.9 nM and 2.7 mM. 
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in mouse microsomes. 

5.7 Conclusions 

In summary, it has been shown that following the synthetic strategy introduced in 

Chapter 4, 4.3 can be efficiently functionalized with the 8-HQ moiety. Using an orthogonal 

protection approach, 5.9 was synthesized in 12 steps with and overall yield of 3.2%. Both 

hydroxyl functions were protected using as a methyl ether, which allowed reactions to be 

carried out even under harsh conditions (100 °C in cc. H2SO4) in presence of the 4-pyridol 

moiety. Also, simultaneous removal of both methyl groups was possible using a Lewis-acid 

(AlCl3) by refluxing the mixture in toluene. The final deprotection step – amide cross-bridge 

removal - using HCl led to clean 5.9 without a need for complex purification. 

The synthesis of the target compound was followed by the determination of its 

protonation and stability constants formed with biologically relevant transition metal ions. The 

microscopic protonation constants (protonation sequence) of 5.9 were determined using a 

combination of pH potentiometric and 1H NMR titrations. The addition of the 8-HQ moiety 

led to significant binding affinity increase towards all three tested metal ions, especially in the 

cases of Mn(II) and Zn(II) which meant that opposite to the Irving-Williams series, 5.9 has the 

highest affinity towards Zn(II) over Cu(II). Also, the Cu(II) complex showed a pH dependent 

color change due to the on/off coordination of the 8-HQ pendant arm. This process is regulated 

by the protonation of the phenolic OH function close to physiological pH (pKa = 6.97). 

The radical scavenging ability and pharmacological potential of 5.9 was also 

investigated. The DPPH radical quenching assay showed that the addition of the 8-HQ arm 

improved the efficiency of the parent molecule (4.3). Unfortunately, 5.9 was not stable in the 
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mouse microsome model; and the Caco-2 assay revealed that it has only poor permeability 

through biological membranes. Finally, it was determined that the therapeutic window for 5.9 

can range up to 8 μM based on the cell viability measurements carried out with BV-2 microglial 

cells. In my opinion, follow up studies should focus on revealing the reasons for the high 

intrinsic clearance or tune the permeability of this macrocyclic chelator by reducing the number 

of H-bond donors or acceptors. This can easily be done by alkylating the remaining two 

secondary amines using Eschweiler-Clarke conditions (formic acid, formaldehyde), which 

could be carried out on the basified final product (5.9). The alkylation of the secondary amines 

would also help lower the pI and increase the log P value of future macrocycles which should 

get us closer to the desired property space.  
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CHAPTER 6. EFFECT OF 4-SUBSTITUTION ON 12-MEMBERED PYRIDINE 

CONTAINING TETRAAZA MACROCYCLES 

6.1 Introduction 

In the previous chapters, it was shown that nitrogen containing macrocycles have found 

use in a diverse array of fields from catalysis to medicinal applications as therapeutics and 

diagnostic agents.176 The kinetic stability of the metal complexes formed with 12-membered 

polyazamacrocycles is heavily influenced by the inclusion of the pyridine ring in the backbone 

of these molecules.68 This feature is crucial for the application of these complexes in 

diagnostics. However, the coordination geometry and electronics of the chelates used as the 

backbones for metal-based catalysts are what facilitate access to uncommon high oxidation 

states of the central metal ion while orienting the substrates in the cis position.115 It was shown 

that structural changes to the macrocyclic ligand (methylation, cross-bridging, ring size 

variation) can be used to tune the redox potential of the respective iron(III/II) complexes. This 

designed control of redox potential was then correlated to an optimal redox range for C-C cross 

coupling reactions that proceed through Fe(IV) catalytic intermediates.177 

 

Figure 6.1. Structure of molecules discussed in Chapter 6. 
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Alternative routes to control the redox behavior of metal complexes formed with 

pyridine containing azamacrocycles have not been explored to date outside of N-atom 

modification. To address this, a library of 4-substituted pyclen analogues were synthesized in 

the Green group (Figure 6.1).178 It is known that electron donating and electron withdrawing 

groups affect the reactivity of substituted aromatic compounds, and the extent of these 

modifications can best be described by the Hammett parameters (σ) which were determined by 

measuring the protonation constants of benzoic acids.179, 180 These σ values can frequently and 

successfully predict equilibrium and rate constants for reactions carried out in solution. There 

is also good correlation between σ and the pKa values determined for 4-substituted pyridines 

(Figure 6.2, Table A1.18).181  

 

Figure 6.2. Correlation between Hammett substituent parameters and protonation constants 

of 4-substituted pyridines.181 

Based on these fundamental results, our goal was to use physico-chemical methods to 

determine how 4-substitution of the pyridine ring in a 12-membered macrocyclic system 

affects their protonation constants and stability constants of the complexes formed with 

divalent alkaline earth and transition metal ions. The findings of these studies would allow 

chemists to incorporate the substitution of the pyridine ring in the process of rational ligand 

design to obtain novel and optimized metal complexes for organometallic catalysis and other 
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applications. As a part of the ongoing effort to find potential therapeutics that can target 

neurodegenerative diseases, the roster of the ligands studied was expanded by the addition of 

the tris-methylated analogues of 4.2 and 4.3 (6.7 and 6.8, respectively, Figure 6.1). 

6.2 Synthesis 

The majority of the molecules studied were synthesized in the Green Research Group 

according to published procedures.178, 182 The tris-methylated pyclen (6.7) was synthesized 

following the literature procedure with slight modifications (Scheme 6.1).183, 184 However, 6.8 

has only been synthesized in the Green Research Group, by combining the literature procedure 

for 4.3 with the Eschweiler-Clarke reaction conditions used for the methylation of 4.2.119, 184, 

185 Since this route uses stoichiometric amounts of PdO for deprotection of the benzyl group, 

the cost associated with the synthesis is remarkably high.120 To solve this problem, an easily 

removable alternative protecting group was identified. Fortunately, the THP protected 4.9 was 

available because of the synthesis of 4.25. After the cyclization step between 4.9 and 6.9, the 

protecting groups were simultaneously removed by stirring 6.10 in the presence of an excess 

of a strong nucleophile (thiophenolate). Both reactions provided the respective products in 

excellent yields, the Cost of Academic Methodology (CAM) analysis showed that this 

alternative route costs 90% less than the synthesis of 4.3 ($1,820 vs. $17,960/mol).120, 186  
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Scheme 6.1. Synthesis of 6.7 and 6.8. 

 

6.3 Equilibrium studies of 4-substituted pyclen analogues 

The protonation constants of the eight 4-substituted pyclen analogues (Figure 6.1) were 

determined using pH-potentiometric titrations. Each ligand contains three secondary amino 

groups and a pyridine N-atom that can all undergo protonation equilibria.33, 126 In addition to 

this, 4.3 also contains a hydroxyl group capable of pH dependent acid-base reactivity within 

our experimental window. Three protonation constants were determined for the majority of the 

ligands. The only exceptions were 4.3, which provided an extra equilibrium event due to the 

hydroxyl group, and 6.5, where the third equilibrium constant was too low to be modeled using 

the titration data gathered in the accessible experimental range (between pH 1.6 and 12) (Table 

6.1). The pKa values determined for 4.2 are in good agreement with the literature results, the 

small increase can be attributed to the different ionic strength used in our experimental setup.187 

After this validation of our method, the next step was the analysis of the total basicity (Σ log 

K) and the protonation constants assigned to the pyridine N atom (log K2) within the studied 
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ligand series to determine if a trend can be established. The second protonation constant was 

selected because this is most exposed to the substitution on the 4-position of the pyridine ring. 

Table 6.1. Stepwise protonation constants of the studied pyclen analogues (T = 298 K, I = 

0.15 M NaCl). 

 
6.1 

(NMe2) 

4.3 

(OH) 

6.2 

(OMe) 

4.2 

(H) 

6.3 

(I) 

6.4 

(Cl) 

6.5 

(CF3) 

6.6 

(CN) 

log K1
H 10.54(1) 11.38(1) 10.32(2) 11.37(1) 11.20(3) 10.50(2) 11.14(3) 10.60(3) 

log K2
H 8.27(3) 8.85(3) 8.00(3) 8.22(5) 7.86(9) 7.27(4) 7.47(9) 7.00(6) 

log K3
H 1.73(3) 5.59(4) 1.75(4) 1.61(5) 0.68(12) 1.37(4) - 0.85(6) 

log K4
H - 1.74(4) - - - - - - 

Σ log Ki
H 20.54 27.56 20.07 21.20 19.74 19.14 18.61 18.45 

As shown in Figure 6.3, the electron withdrawing groups have the same lowering effect 

on both thermodynamic constants (log K2 and Σ log K) of interest, while the two ligands studied 

with electron donating substituents do not affect either parameter when compared to 

unsubstituted 4.2. The resonance structure of pyridine can be used to explain the observed 

behavior (Figure 6.4). It is clear that there are fractional positive charges on the α- and γ-

carbons, that make pyridine and similar heterocycles electron-deficient or π-deficient 

systems.188 This electron deficiency can be mitigated by the electron donating effect of the 

dimethylamino and methoxy substituents in the 4-position, but this effect does not translate to 

electron density of the pyridine N-atom. However, the appropriately placed EWGs further 

decrease the fractional positive charge on the γ-carbon, which leads to a decrease of the 

fractional negative charge located on the nitrogen atom. Molecule 4.3 was not included in this 

comparison since the keto-enol tautomer equilibrium (i.e. 4-pyridol vs. 4-pyridone) makes it 

impossible to draw direct comparison between the measured protonation constants. 
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Nevertheless, we sought to determine the protonation sequence with the use of orthogonal 

techniques to potentiometric titrations: NMR spectroscopy and UV-vis spectrophotometry. 

 

Figure 6.3. Trends in protonation constants for the studied 4-substituted pyclen analogues. 

 

Figure 6.4. Structure of pyridine and resonance contributions (mesomeric structures).188 

The 1H NMR titration curve (Figure 6.5) shows the effect of the consecutive 

protonation steps on the basic sites of 4.3. The first protonation event occurs on the nitrogen 

atom opposite to the pyridine based on the shift in the resonances associated with protons c 

and d on the fully deprotonated form of [4.3]- observed with the first equivalent of acid. 

Assignment of the second protonation step must consider the most stable resonance structure 

of 4.3, which is marked with the green dashed lines in Figure 6.7. This keto-resonance form 

could be considered to have a formal double bond, thus placing significant electron density on 

C3 and C5 of the pyridine. Therefore, only subtle changes in the resonance of Ha are expected 

between [H(4.3)]0 → [H2(4.3)]+, as observed. Moreover, the chemical shifts attributed to Hb 

and Hc do not shift noticeably downfield at the pH values corresponding to the second 

protonation step. Such a shift would be expected if protonation of either amines adjacent to the 
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pyridine occurred concomitant to rearrangement of the proton from the nitrogen atom involved 

in the first step, which was previously reported for 4.2 by Costa (Figure 6.7).33 

 
Figure 6.5. pD dependent 1H resonance shifts measured for 4.3.126 

Furthermore, the observed bathochromic and hyperchromic shifts from pH 11 to pH 8 

in the 4.3 UV titrations point to the same changing/extending conjugated electron system 

(Figure 6.6). Addition of the third equivalent of acid (pD = 6.5–4.5) results in a drastic shift in 

resonance a and b indicates protonation of the O-atom, which would be expected for a keto–

enol rearrangement. Finally, the shift in resonances c and d are consistent with the proton 

rearrangement and subsequent re-protonation of the amine shown in Figure 6.7.33 

 
Figure 6.6. pH dependence of UV spectra in aqueous solution of 4.3 (c = 0.1 mM, pH varied 

between 1.683 and 10.835).126 
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The large increase in molar extinction coefficients between pH 4 and 7 (250-260 nm 

range, Figure 6.6) aligns well with the deprotonation of the hydroxyl group (log K = 5.59) and 

the consequent increase of electron delocalization in the 7-center 8-electron π-system. From 

pH 7 a slow decrease in absorbance can be observed which is caused by the deprotonation of 

the pyridine N-atom (log K = 8.85). These changes support the proposed protonation order 

shown in Figure 6.7. Finally, the equilibrium distribution curves calculated from the pH 

potentiometric titrations were plotted simultaneously with measured absorbance at 255 nm 

(Figure 6.8). The good overlap between the results obtained from independent methods also 

corroborates the findings best summarized in Figure 6.7. 
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Figure 6.7. Comparison of protonation constants for 4.2 (L1) and 4.3 (L2) and associated 

resonance structures for 4.3.126 

 
Figure 6.8. The equilibrium distribution curves calculated using the protonation constants 

obtained from pH-potentiometric titrations along with the molar extinction coefficients at 

255 nm from UV spectrophotometric titrations (cL = 2 mM, I = 0.15 M NaCl, T = 25 °C).126 
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Potentiometric titrations were carried out with alkaline earth metals (Mg2+, Ca2+) and 

the eight pyclen analogues (Table 6.2) as a means of assessing the thermodynamic stability 

and binding constants with biologically relevant metal ions. While open chain ligands often 

prefer Ca2+, the preference shifts to Mg2+ with the less flexible macrocyclic backbone.41 The 

difference is largely attributed to the cavity size of these 12-membered pyridinophane 

macrocycles providing a better match for Mg2+ (Ir = 0.72 Å) compared to Ca2+ (Ir = 1.00 Å).101 

This observation is consistent with 4.3 and other 12-membered tetra-aza macrocycles showing 

high affinity for first row transition metals like Cu2+ (Ir = 0.73 Å) that have ionic radii closer 

to Mg2+, which will be discussed below. 

Formation constants were also determined using potentiometric and/or UV-vis 

titrations for all eight macrocycles with four late first-row transition metal ions (Mn2+, Fe2+, 

Cu2+ and Zn2+) and are listed in Table 6.2. The formation of the Ni2+ complexes were too slow 

for evaluation but the complexes themselves are known.147 The formation constants of 4.2 with 

Cu2+ and Zn2+ have been previously described in a series of reports by others but the decision 

was made to determine these values using our experimental conditions  to rule out any 

deviations originating from the differences in the ionic strength.33, 189-191 Pyridine containing 

ligands (e.g. 4.2, 4.3) readily support octahedral, trigonal bipyramidal, and square pyramidal 

geometries but are less flexible than cyclen (4.1). Therefore, for metals that are stable in these 

geometries, the binding stability constants parallel the order of ligand basicity as observed with 

Mn2+, Fe2+ and Zn2+. 
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Table 6.2. Stability constants of complexes formed with divalent transition metal ions and the 

studied pyclen analogues (T = 298 K, I = 0.15 M NaCl, charges in the equilibrium quotients 

were omitted for clarity). 

  
Equilibrium 

quotient  

6.1 

(NMe2) 

4.3 a 

(OH) 

6.2 

(OMe) 

4.2 

(H) 

6.3 

(I) 

6.4 

(Cl) 

6.5 

(CF3) 

6.6 

(CN) 

Mg 
[ML]/([M][L]) 3.3(2) 4.96 4.0(1) 4.05(3) 4.30(6) 3.59(6) 3.75(9) 3.52(4) 

[MHL]/([ML][H]) - 8.57 - - - - - - 

Ca 
[ML]/([M][L]) - 4.17 4.0(1) 3.69(6) 3.18(7) 3.35(6) 3.32(7) 2.85(9) 

[MHL]/([ML][H]) - 9.49 - - - - - - 

Mn 

[ML]/([M][L]) 9.57(7) 10.96(4) 9.70(9) 10.11(4) 9.90(5) 8.65(1) 9.27(7) 8.36(2) 

[MHL]/([ML][H]) 5.8(3) 6.40(7) - - - - - - 

[ML]/([MLOH][H]) 10.34(10) 10.18(6) 9.5(2) 11.0(5) 10.6(3) 10.19(3) - 10.60(6) 

[ML2]/([M][L]2) - 15.70(15) - - - - - - 

Fe 

[ML]/([M][L]) 13.14(4) 14.10(5) 13.01(4) 14.02(5) 13.71(3) 12.53(2) 13.11(2) 12.26(2) 

[MHL]/([ML][H]) 4.34(10) 6.22(3) 3.97(10) 4.27(8) 3.99(7) 3.94(6) 3.89(6) 3.92(5) 

[MH2L]/([MHL][H]) - 3.75(14) - - - - - - 

[ML]/([MLOH][H]) 8.92(9) 8.95(7) 8.72(7) 9.51(11) 9.26(5) 9.20(4) 9.52(3) 9.29(3) 

[ML(OH)]/ 

([ML(OH)2][H]) 
- 11.59(7) 11.60(9) - 12.26(5) 12.54(6) - 12.47(6) 

Cu 

[ML]/([M][L]) 19.922(9) 19.16 19.38(2) 20.644(3) 19.030(3) 18.611(4) 18.771(7) 17.968(7) 

[MHL]/([ML][H]) 2.19(4) 6.63 1.42(1) 1.68(1) 0.83(9) 1.11(1) 1.12(3) 1.55(1) 

[MH2L]/([MHL][H]) 0.57(13) 2.59 - - - - - - 

[ML]/([MLOH][H]) 9.89(8) 10.61 9.05(4) 10.03(4) 9.70(8) 9.65(3) 9.63(5) 9.51(4) 

[ML(OH)]/ 

([ML(OH)2][H]) 
- - 12.31(4) - 12.03(8) 12.73(4) 12.39(5) 12.65(5) 

Zn 

[ML]/([M][L]) 17.09(16) 17.18 15.20(2) 16.65(5) 15.98(4) 14.51(3) 15.97(7) 14.38(6) 

[MHL]/([ML][H]) 3.74(7) 5.84 2.77(5) 3.62(3) 3.39(3) 3.22(4) 3.69(4) 3.60(4) 

[MH2L]/([MHL][H]) - 2.70 - - - - - - 

[ML]/([MLOH][H]) 8.1(3) 8.26 8.37(5) 8.30(10) 8.46(9) 8.74(8) 8.49(13) 8.63(11) 

[ML(OH)]/ 

([ML(OH)2][H]) 
- - 12.62(6) 12.08(10) 12.21(11) - 12.09(13) - 

a Ref. 126. 

Similar to the protonation constants in Figure 6.3, the stabilities of the studied 

complexes were summarized in a graphical format in Figure 6.9 to help identify any trends, 

not just within the ligand series but with the divalent metal ions as well. The ligands in Figure 

6.9 are listed starting with the pyclen analogue having the substituent with the largest 

Hammett-parameter (NMe2) on the left and the analogue with the lowest σ value (CN) on the 

right. First, it is clear that the Irving-Williams order of stability is followed for all the transition 
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metal ions, with a maximum value for the Cu(II) complexes.81 The stability constants for the 

first four macrocycles (R = NMe2, OH, OMe, and H) are quite similar, while a decreasing trend 

can be seen when considering the ligands bearing an EWG in the 4-position. This is the same 

tendency as we have seen with the protonation constants (Figure 6.3). 

 
Figure 6.9. Variation of stability constants (log KML) of the metal complexes of the studied 

ligands versus transition metal ions. 

Considering this, we can conclude that EDGs do not have a significant effect on the 

stability constants of transition metal complexes. This is consistent with the results observed 

for the pKa studies, which concluded that the electron density from 4-substitution was largely 

localized on the electron deficient α-carbon, which would not significantly impact the metal 

binding in the case of EDG. In addition, it was observed that EWGs can lower this 

thermodynamic value by 2-3 orders of magnitude which means that the range for the late first-

row transition metals nearly overlap (Cu(II): 20.6-18.0, Zn(II): 17.2-14.4, Fe(II): 14.1-12.3). 

This effect is most likely the result of the modulation of the electron density on the pyridine 

ring, which results in the weakening of the coordinative bond between the pyridine nitrogen 

and the metal center as the electron withdrawing ability of the substituent increases. This can 

be further supported when considering that substituents can affect the electron density in the 

aromatic system through two effects: field-inductive and resonance which operate through the 
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σ- and π-bonds, respectively.192 It appears that the pyridine system studied here is more 

susceptible to changes caused by electron withdrawing substituents where there is an 

interaction between the delocalized π-electron sextet and orbital perpendicular to the plane of 

the heteroaromatic ring (pz) on the atom connected to C4: Cl and CN, similar to the resonance 

effect, compared to CF3, which functions through induction only. This is also consistent with 

the studied EDGs having no significant effect on the stability of the metal complexes. They 

are electron donating by resonance but electron withdrawing by field-induction, and these two 

influences cancel each other out. Finally, it is important to look at the correlation between the 

studied substituents and the inductive Hammett constants (Figure 6.9).193 The observed 

protonation constants do not significantly change for groups having a σI value less than 0.3. 

However, EWGs decrease the log K2 value by more than 10 fold, and this effect is most 

pronounced in case of Cl and CN, as it was mentioned above. 

 
Figure 6.9. Correlation between the inductive Hammett parameters and the protonation 

constants assigned to the acid-base equilibrium of pyridine in the studied macrocycles. 

6.4 Equilibrium studies of tris-methylated ligands 

The protonation constants of the two tris-methylated ligands 6.7 and 6.8 were 

determined using pH potentiometric titrations (Table 6.3). As a result of the methylation, the 

total basicity of both ligands decreased significantly, similar to the number of detectable 
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protonation steps under our experimental conditions (pH 1.6-12.0). This phenomenon has been 

previously described for open-chain polyamines, but the macrocyclic backbone creates an 

opportunity for intramolecular hydrogen bonding which results in a high (>11) thermodynamic 

constants for the first equilibrium (log K1) similarly to the values determined for the reference 

compounds.194, 195 

Table 6.3. Stepwise protonation constants of tris-methylated pyclen analogues and their 

parent molecules (T = 298 K, I = 0.15 M NaCl). 

 4.2 6.7 4.3 6.8 

log K1 11.37(1) 11.25(2) 11.38(1) 11.38(7) 

log K2 8.22(5) 7.47(7) 8.85(3) 8.4(3) 

log K3 1.61(5) - 5.59(4) 5.0(4) 

log K4 - - 1.74(4) - 

Σ log Ki 21.20 18.72 27.56 24.7 

The protonation constants for 6.7 have been reported previously by García-Espana 

(10.88; 7.37) and our values are in good agreement with the published results (the small 

increase is caused by the different ionic strength, 0.15 M NaClO4 vs. 0.15 M NaCl).195 The 

acid-base behavior of 6.8 followed the trends observed for 6.7: (1) the methylation resulted in 

slightly attenuated basicity in the second and third protonation steps; (2) the fourth equilibrium 

is out of the experimental pH range. The protonation sequence is most likely identical to 4.3 

(Figure 6.7) with one minor difference: the third protonation gives rise to a reorganization of 

the hydrogens to afford a structure where the amines adjacent to the pyridine ring bear the 

positive charges. 

As a means of assessing the interaction between the methylated pyclen analogues and 

divalent transition metals, the thermodynamic stability of the Mn(II), Cu(II) and Zn(II) was 

determined by pH-potentiometric and UV-vis titrations. To confirm the formation of Cu(II) 
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and Zn(II) complexes, the solutions at the end of the pH-potentiometric titration were acidified 

back to between pH 6-7 and the samples were analyzed by HRMS (Figures A1.189-192). The 

results are consistent with compositions of [M(L)Cl]+, which parallel the Cu(II) and Zn(II) 

complexes isolated with 4.2 and 4.3.147 

Table 6.4. Stability constants of complexes formed with divalent transition metal ions and 

tris-methylated pyclen analogues and their parent molecules (T = 298 K, I = 0.15 M NaCl, 

charges in the equilibrium quotients were omitted for clarity). 

  4.2 6.7 4.3 6.8 

Mn(II) 

[ML]/([M][L]) 10.11(4) 9.47(14) 10.96(4) 10.32(17) 

[MHL]/([ML][H]) - - 6.40(7) - 

[ML]/([MLOH][H]) 11.0(5) 9.7(3) 10.18(6) 10.3(3) 

Cu(II) 

[ML]/([M][L]) 20.644(3)* 20.067(7)* 19.16 16.982(5)* 

[MHL]/([ML][H]) 1.68(1) - 6.63 5.26(3) 

[MH2L]/([MHL][H]) - - 2.59 - 

[ML]/([MLOH][H]) 10.03(4) 9.6(4) 10.61 9.74(9) 

[ML(OH)]/ 

([ML(OH)2][H]) 
- 11.1(3) - - 

Zn(II) 

[ML]/([M][L]) 16.65(5) 14.83(13) 17.18 13.71(15) 

[MHL]/([ML][H]) 3.62(3) - 5.84 5.16(16) 

[MH2L]/([MHL][H]) - - 2.70 - 

[ML]/([MLOH][H]) 8.30(10) 8.6(3) 8.26 8.7(2) 

[ML(OH)]/ 

([ML(OH)2][H]) 
12.08(10) 11.2(3) - 11.7(2) 

* Determined using UV-vis spectrophotometry. 

The stability constants for complexes formed with 4.2 and the Cu(II)-6.7 chelate have 

been reported before but the findings presented by García-Espana raised our suspicions that a 

methodological error was made when analyzing the alkylated pyclen ligand.33, 195 The primary 

indicator for concern results from comparing Cu(II)-pyclen stabilities to previously published 

results: 17.78 in 0.15 M NaClO4 vs. 20.14 in 0.10 M KNO3.
33, 195 Both perchlorate and nitrate 
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are non-coordinating anions so the measured formation constants should be almost identical. 

Delgado specifically mentions that the stability of Cu(II)-4.2 complex is too high to be 

determined by only using direct pH-potentiometric titrations, and we have also seen this effect 

in the hydroxylated analogues.33, 126 In spite of this, García-Espana only used direct pH-

potentiometric titrations to determine the formation constants of 4.2, 6.7 and a third pyclen 

analogue.195  

To determine thermodynamic constants for transition metal complexes with stabilities 

too high to form within the pH range of a pH-potentiometric titration (pH 1.6-12.0), two 

accepted and established methods can be used: (1) competition reaction using a secondary 

ligand with known Cu(II) stability, (2) direct UV-Vis spectrophotometric titration where 

higher acid concentrations are accessible. To reduce the number of variables, we decided to 

use the second method to analyze the interaction between Cu(II) ions and the 12-membered 

macrocycles (Figures 6.10 and 6.11). Our results for Cu(II)-pyclen are in good agreement for 

the values presented by Delgado, the small increase observed for 4.2 can be attributed to 

change of ionic strength (0.10 M KNO3 vs. 0.15 M NaCl).33 The absorbance spectra of Cu(II)-

6.7 and Cu(II)-6.8 were recorded in the visible spectrum with the λmax observed at 743 nm 

(ε(Cu(II)-6.7) = 232 M-1 cm-1) and 744 nm (ε(Cu(II)-6.8) = 210 M-1 cm-1), respectively. The 

observed broad absorption bands can be assigned as Cu-based d-d electronic transitions. The 

addition of the methyl substituents to the amino groups resulted in a bathochromic shift of the 

absorption maxima: 30 nm for 4.2 – 6.7 and 45 nm for the 4.3 – 6.8 pair. The changes in the 

UV-vis signal between methylated and non-methylated species points to a change in the 

electronic behavior of Cu(II) ion. This is consistent with significant shifts (>300 mV) of the 

Cu(II/I) redox couples of the methylated molecules compared to their parent congener.185 
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Figure 6.10. The absorption spectra of the Cu(II)-6.7 complex at the different proton 

concentrations ([6.7] = [Cu(II)] = 3.9 x 10-3 M, c(H+) = 0.025-1.00 M). 

 

 
Figure 6.11. The absorption spectra of the Cu(II)-6.8 complex at the different proton 

concentrations ([6.7] = [Cu(II)] = 3.9 x 10-3 M, c(H+) = 0.025-1.00 M). 

As the results show (Table 6.4), the alkylation of the secondary amines lowered the 

stability constants of all three studied transition metals, with the largest decrease observed in 

case of Zn(II). This trend is in line with the findings presented by García-Espana: reducing the 

number of H-bond donors (i.e. N-H) by adding hydrophobic substituents to the amines leads 

to lower thermodynamic constants.195 The larger decreases in the Zn(II) stability, compared to 

the other metal ions measured, going from 4.2 to 6.7 and 4.3 to 6.8 could be explained by steric 

effects. As shown before, both 4.2 and 4.3 form pentacoordinate complexes with Cu(II) and 

Zn(II) with their structure deviating between square-pyramidal and trigonal-bipyramidal.147 
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Although the solid-state structure of the Zn(II) complexes have not been characterized yet, 

Cu(II) forms five-coordinate chelates with alkylated ligands like 6.7 and 6.8.185, 195 For 

transition metals with d10 valence electron structure, the thermodynamically favored geometry 

is tetrahedral but the alkylated macrocyclic ligand provides a more rigid backbone and thus 

reinforcing the less favored square-pyramidal/trigonal-bipyramidal structure. This geometrical 

restraint is most likely the main cause of the more significant stability decrease for the Zn(II)-

complexes of 6.7 and 6.8. 
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6.6 Conclusions 

In summary, a thorough thermodynamic evaluation showed that the protonation 

constants of 12-membered pyridine containing macrocyclic ligands can be modulated by 

switching substituents in the pyridine ring. While EDGs do not have a significant effect on the 

acid-base equilibria, EWGs will lower both the total basicity of the pyclen analogues and the 

protonation constant associated with the pyridine nitrogen. This same trend is observed in case 

of the stability constants of complexes formed with divalent transition metal ions. These trends 

are mainly attributed to altered electron distribution of the pyridine ring. In addition, the 
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protonation sequence of 4.3 was determined based on pH-potentiometric, 1H NMR and UV-

vis spectrophotometric titrations and shows that this system undergoes multiple keto-enol 

tautomerization events. 

Furthermore, a new and significantly more cost-effective synthesis of 4.3 was 

implemented in the synthesis of 6.8. This alkylated 4.3 analogue, along with the tris-methylated 

pyclen (6.7) were characterized with regard to their protonation constants and coordination 

behavior exhibited with divalent transition metal ions. The results revealed that this structural 

modification led to a decrease of total basicity and the stability constants of their metal 

complexes; with the Zn(II) being the most negatively affected out of the studied ions. In my 

opinion, follow up studies should focus on the combination of the above presented findings to 

build a catalytic system (e.g. SOD mimic) where the metal ion is still safely chelated by the 

macrocycle, while its electronics are carefully tuned by selecting the right substituent for the 

pyridine and appropriately sized bulky alkyl groups for the amino groups. 
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CHAPTER 7. CONCLUSIONS 

As shown in this work, pyridine containing aza-macrocyclic ligands represent a broad 

and still emerging family of compounds that can be utilized for various applications. These 

include their use as diagnostic/therapeutic agents, catalyst, and biomimetic models. In Chapters 

2 and 3, the syntheses of three rigidified macrocycles were presented along with the detailed 

characterization of their transition metal complexes. The inclusion of a second aromatic ring 

into the backbone of a 15-membered macrocyclic system (2.8) led to a formation of a 

surprisingly flat Mn(II) complex. This structural feature plays a key role in increasing the 

longitudinal relaxivity (r1p) of the chelate compared to its parent molecule, due to the open 

axial positions around the seven-coordinate metal center. Unfortunately, the Mn(II) chelate is 

unsuitable for further investigations as a contrast agent due to its labile nature under even 

mildly acidic conditions, which is an adverse effect of rigidification. However, its activity as 

an H2O2 disproportionation catalyst was demonstrated, which creates new opportunities for 

MnCAT mimics with macrocyclic ligands. The study of the two piperazine containing 

macrocycles (3.2 and 3.4) revealed that the configurational effects can lead to [1+1] or [2+2] 

cyclocondensations depending on the length of the carbon linker in the α,ω-diamino building 

blocks. Also, it was shown that 3.4 exhibits remarkable selectivity for Cu(II) chelation over 

other late first-row transition metals. 

In Chapters 4 and 5, three novel pyridine containing 12-membered tetra-aza 

macrocycles have been introduced as potential therapeutics for neurodegenerative diseases. 

These compounds represent the third generation of antioxidant molecules synthesized in the 

Green Research Group: a combination of bioinspired small molecules with the radical 

scavenger hydroxylated pyclen parent chelator (4.3). The O-functionalized 4.25 showed 
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increased activity in the utilized DPPH assay compared to 4.3. Also, the asymmetric 4.36 

retained almost all of the parent compound’s transition metal binding affinity, which is going 

to be a key information for the follow up designs. Unfortunately, the unexpectedly high toxicity 

of 4.25 in BV-2 microglial cells precluded any further in vitro analysis, but the learnings have 

been applied in the synthesis of 8-HQ linked 4.3, 5.9. The investigation of the protonation 

behavior and coordination chemistry of this molecule evidenced a significant increase in its 

metal complex stabilities, with a clear preference for Zn(II). At the same time, the Cu(II) 

complex showed a pH-dependent color change close to physiological pH (pKa = 6.97), which 

can be attributed to the protonation of the phenolic OH group on the pendant arm. The DPPH 

radical quenching assay showed that the addition of the 8-HQ arm improved the efficiency of 

the parent molecule (4.3), but this came at a cost: contrary to the indole functionalized 

analogues, it was found to be unstable in the metabolic mouse microsome model. 

Finally, in Chapter 6, a comprehensive analysis of ten 12-membered aza-macrocyclic 

ligands was conducted to explore the thermodynamics of their protonation and complex 

formation as a function of the EDG/EWG character of the substituents placed on the 4-position 

of the pyridine ring. While EDGs do not have a significant effect on the acid-base equilibria, 

EWGs lowered both the total basicity of the pyclen analogues as well as the protonation 

constant associated with the pyridine nitrogen. This same trend is observed in case of the 

stability constants of complexes formed with divalent transition metal ions. These trends are 

mainly attributed to altered electron distribution of the pyridine ring. In addition, the 

protonation sequence of 4.3 was determined based on pH-potentiometric, 1H NMR and UV-

vis spectrophotometric titrations and shows that this system undergoes multiple keto-enol 

tautomerization events. Also, the N-methylation of the 4.2 and 4.3 parent compounds led to 
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results revealing lower total basicity and metal binding constants. In my opinion, follow up 

studies should focus on the combination of the above presented findings to build a catalytic 

system (e.g. SOD mimic) where the metal ion is still safely chelated by the macrocycle, while 

its electronics are carefully tuned by selecting the right substituent for the pyridine and 

appropriately sized bulky alkyl groups for the amino groups. 
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APPENDIX 

 

A1. Experimental section 

A1.1. General methods 

Pyridine-2,6-dicarbaldehyde (2.2)52, 69-71, tert-butyl(2-bromoethyl)carbamate (2.4)196, 

2.673 and 2.772 were prepared according to literature procedures (or slightly modified). Solvents 

and chemicals were purchased from commercial sources and used as received. NMR spectra 

were recorded on a Bruker Avance III 400 MHz High Performance Digital NMR Spectrometer 

at 298 K: 1H (400.1 MHz), TMS (internal) δ = 0.00 ppm; 13C (100.6 MHz), TMS (internal) δ 

= 0.00 ppm. Multiplicity of the signals is indicated as follows: s, singlet; d, doublet; t, triplet; 

q, quartet; m, multiplet; br, broad. Deuterated solvents (Aldrich: CDCl3, 99.8% D; Cambridge 

Isotope Laboratories: CD3OD, 99.8% D; DMSO-d6, 99.96% D) were used as received. Mass 

spectra were obtained on an Agilent 1200 series 6224 TOF LC/MS spectrometer equipped with 

an electro-spray ion source at 75 V (positive ion mode) or sent to Mass Spectrometry Facility 

at Louisiana State University (Agilent 6230 ESI TOF). Elemental analyses were carried out by 

Galbraith Laboratories, Inc. or Atlantic Microlab, Inc. 

A1.2. Synthesis 

 

2,6-Pyridinedicarboxaldehyde (2.2). Activated MnO2 was prepared by heating 

overnight at 110 °C. An excess of MnO2 (21.27 g, 0.245 mol) and 2,6-

bis(hydroxymethyl)pyridine (2.1) (2.06 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 in vacuo, and 
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then the crude product was purified by flash chromatography (SiO2, CH2Cl2, Rf = 0.4) to afford 

pyridine-2,6-dicarbaldehyde (2.2) as a white solid (0.753 g, 38%). 1H NMR (400 MHz, CDCl3) 

δ 10.18 (d, J = 0.8 Hz, 2H), 8.21-8.16 (m, 2H), 8.11-8.06 (m, 1H); 13C NMR (100.6 MHz, 

CDCl3) δ 192.4, 153.0, 138.4, 125.4; 1H NMR (400 MHz, DMSO-d6) δ 10.09 (d, J = 0.7 Hz, 

2H), 8.33-8.27 (m, 1H), 8.23-8.18 (m, 2H); 13C NMR (100.6 MHz, DMSO-d6) δ 192.8, 152.6, 

139.6, 125.8. 

 

Figure A1.1. 1H NMR spectrum of 2.2 in CDCl3. 
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Figure A1.2. 13C NMR spectrum of 2.2 in CDCl3. 

 

Figure A1.3. 1H NMR spectrum of 2.2 in DMSO-d6. 
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Figure A1.4. 13C NMR spectrum of 2.2 in DMSO-d6. 

 

 

tert-butyl-(2-bromoethyl)carbamate (2.4). Under N2 gas, a flame dried 250 mL flask 

was charged with Boc2O (5.01 g, 23.0 mmol) in CH2Cl2 (120 mL) at 0 °C. Commercially 

available 2-bromoethylamine hydrobromide (2.3) (7.0452 g, 34.4 mmol) was added in one 

portion at 0 °C, followed by the dropwise addition of triethylamine (6.5 mL, 47 mmol) over 

10 min. The reaction mixture was allowed to warm to rt and stirred for 18 h. The colorless 

reaction mixture was diluted with CH2Cl2 (250 mL) and washed with sat. aq. NH4Cl (2 x 70 

mL), sat. aq. NaHCO3 (2 x 70 mL), and then brine (2 x 70 mL). The combined organic layers 

were dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure to afford 

tert-butyl-(2-bromoethyl)carbamate (2.4) as a pale yellow oil (4.905 g, 95%). 1H NMR (400 
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MHz, CDCl3) δ 5.19 (br s, NH), 3.53 (q, J = 5.6 Hz, 2H), 3.45 (t, J = 5.5 Hz, 2H), 1.45 (s, 9H); 

13C NMR (100.6 MHz, CDCl3) δ 155.7, 79.7, 42.4, 32.6, 28.4. 

 

Figure A1.5. 1H NMR spectrum of 2.4 in CDCl3. 
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Figure A1.6. 13C NMR spectrum of 2.4 in CDCl3. 

 

di-tert-butyl-([1,2-phenylenebis(oxy)]bis[ethane-2,1-diyl])dicarbamate (2.6). A 

solution of catechol (2.5) (0.409 g, 3.71 mmol) in MeCN (10 mL) was charged with K2CO3 

(2.00 g, 14.5 mmol) and stirred at rt for 5 min under N2. The above reaction mixture was 

charged with 4 (2.17 g, 9.67 mmol) and refluxed for 24 h under inert atmosphere. The reaction 

mixture was diluted with H2O (70 mL) and extracted with EtOAc (3 x 70 mL). The combined 

organic layer was concentrated under reduced pressure and the residue was purified by column 

chromatography (SiO2, Hexanes:EtOAc = 2:1). The mixture of the bis and mono alkylated 

products (yellow oil) was stirred with 5% NaOH (100 mL) overnight to form a white 
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precipitate which was vacuum filtered and washed with H2O to afford di-tert-butyl-([1,2-

phenylenebis(oxy)]bis[ethane-2,1-diyl])dicarbamate (2.6) as a white solid (0.836 g, 57%). Rf 

= 0.18 (SiO2, Hexanes/EtOAc = 3:1); 1H NMR (400 MHz, CDCl3) δ 6.93 (s, 4H), 5.45 (br s, 

2x NH), 4.05 (t, J = 5.1 Hz, 4H), 3.52 (q, J = 5.0 Hz, 4H), 1.45 (s, 18H); 13C NMR (100 MHz, 

CDCl3) δ 156.0, 148.9, 122.4, 115.8, 79.6, 69.4, 40.3, 28.4. 

 

 

Figure A1.7. 1H NMR spectrum of 2.6 in CDCl3. 
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Figure A1.8. 13C NMR spectrum of 2.6 in CDCl3. 

 

Figure A1.9. DEPT-135 13C NMR spectrum of 2.6 in CDCl3. 
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Figure A1.10. 1H NMR spectrum of mono-2.6 in CDCl3. 

 

Figure A1.11. 13C NMR spectrum of mono-2.6 in CDCl3. 
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2,2’-[1,2-phenylenebis(oxy)]diethanamine (2.7). A methanolic HCl solution was 

prepared by adding AcCl (2.6 mL, 2.9 g, 37 mmol) to a 0 °C solution of dry MeOH (90 mL). 

This solution was added dropwise to 2.6 (1.80 g, 4.53 mmol) in 75 mL of MeOH at 0 °C, over 

25 minutes. The reaction mixture was allowed to warm to rt and it was stirred for 24 hours. 

After all the starting material had been consumed, based on TLC (SiO2, Hexanes:EtOAc = 

2:1), MeOH was removed in vacuo. The residual HCl was removed by dissolving the residue 

in MeOH and subsequent rotary evaporations (5 x 100 mL). The residual white solid was 

triturated with Et2O and the HCl salt was collected by filtration. To obtain the free base, the 

HCl salt was dissolved in H2O (30 mL) and the pH was set to 13 with solid NaOH, then the 

H2O was evaporated in vacuo. The solid was redissolved in MeCN, filtered, and the solvent 

was removed by rotary evaporation to afford 2,2’-[1,2-phenylenebis(oxy)]diethanamine (2.7) 

as a yellow oil (0.69 g, 78%). 1H NMR (400 MHz, CD3OD) δ 7.00-6.90 (m, 4H), 4.79 (s, 4 

NH), 4.02 (t, J = 5.4 Hz, 4H), 2.98 (t, J = 5.4 Hz, 4H); 13C NMR (100.6 MHz, CD3OD) δ 

150.4, 122.9, 115.9, 72.2, 42.0. 
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Figure A1.12. 1H NMR spectrum of 2.7 in CD3OD. 

 

Figure A1.13. 13C NMR spectrum of 2.7 in CD3OD. 
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cyclo(2,6-pyridinediylmethyleneiminoethyleneoxy-1,2-phenyleneoxyethyleneimino 

methylene) (15-pyN3O2Ph, 2.8). 2.7 (0.476 g, 3.52 mmol) and MnCl2 x 4H2O (0.697 g, 3.52 

mmol) were dissolved in dry MeOH (50 mL). A solution of 2.2 (0.691 g, 3.52 mmol) in dry 

MeOH (30 mL) was added dropwise over 15 min. The reaction mixture was refluxed for 2 h. 

After cooling to 0 °C, NaBH4 (1.81 g, 47.8 mmol) was added in small portions. The solution 

was left stirring overnight at rt. Water (40 mL) was slowly added, which induced the 

precipitation of Mn(OH)2 and immediate oxidation. The resulting suspension was stirred at rt 

for 1 h, then MeOH was removed in vacuo, and the remaining aqueous phase was filtered on 

a frit under vacuum. The brown precipitate, which formed upon quenching, was washed with 

CH2Cl2 (3 x 40 mL) and the aqueous phase was extracted with the CH2Cl2 (40 mL). The 

combined organic layer was dried with anhydrous Na2SO4 and the solvent was evaporated 

under reduced pressure. The crude product was purified by column chromatography (SiO2, 

EtOH/cc.NH3(aq.) = 100:1) and dried in vacuo at 50 °C to afford 15-pyN3O2Ph (2.8) as a light-

yellow solid (0.342 g, 33 %). Rf = 0.43 (SiO2, EtOH/cc.NH3(aq.) = 100:1); 1H NMR (400 MHz, 

CDCl3) δ 7.56 (t, J = 7.6 Hz, 1H), 7.05 (d, J = 7.6 Hz, 2H), 6.90 (s, 4H), 4.16 (t, J = 4.8 Hz, 

4H), 3.95 (s, 4H), 3.05 (t, J = 4.8 Hz, 4H). 13C NMR (100.6 MHz, CDCl3) δ 158.4, 149.0, 

136.7, 121.1, 120.4, 113.3, 68.4, 53.9, 49.0; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C17H22N3O2 300.1712; Found 300.1901; [M+Na]+ Calcd for C17H21N3NaO2 322.1531, Found 
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322.1585; Anal. Calcd for 2C17H21N3O2•2C2H5OH•HCl: C, 62.75; H, 7.62; N, 11.55. Found: 

C, 62.23; H, 7.40; N, 11.47. 

 

Figure A1.14. 1H NMR spectra of 15-pyN3O2Ph (2.8) in CDCl3. 



 

 

123 

 

 

Figure A1.15. 13C NMR spectrum of 15-pyN3O2Ph (2.8) in CDCl3. 

 

Figure A1.16. DEPT-135 13C NMR spectrum of 15-pyN3O2Ph (2.8) in CDCl3. 
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Figure A1.17. 1H-13C HSQC NMR spectrum of 15-pyN3O2Ph (2.8) in CDCl3. 

 

Figure A1.18. ESI–MS+ of 15-pyN3O2Ph (2.8). 

[M+H]+ 

[M+Na]+ 
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The 15-pyN3O2Ph ligand was originally part of a bigger research plan to develop new 

Mn(II) chelators for imaging, but unfortunately the synthesis of the other two structures were 

not realized. One of the proposed molecules cannot be isolated (15-pyN5Ph) due to the 

reactivity of the secondary amino groups adjacent to ortho-phenylene ring; our synthetic 

strategy to synthesize the piperazine containing macrocycle led to a 30-membered ring 

formation (see details in Chapter 3). Below are the experimental details for the reactions that 

have been carried out as an attempt to obtain 15-pyN5Ph. 

 

To a solution of ortho-phenylenediamine (2.9) (0.148 g, 1.37 mmol) in MeCN (20 mL), 

2.4 (0.603 g, 2.69 mmol), K2CO3 (0.463 g, 3.35 mmol) and KI (28.1 mg, 0.169 mmol) were 

added under N2, then the mixture was refluxed for 95 h. The solution was concentrated in 

vacuo, taken up in H2O (30 mL) and then extracted with CH2Cl2 (3 x 20 mL), dried over 

Na2SO4 and evaporated to dryness. The product mixture was first a red oil which darkened 

after exposure to air (oxidation and polymerization). 

 

o-Phenylene-N,N-bis-[2-(fluoren-9-yl)methyloxycarbonylaminoethanamide] (2.11).197 

N-(9-Fluorenylmethoxycarbonyl)glycine (2.10) (14.99 g, 50.4 mmol) and oxalyl chloride (4.6 

mL, 54 mmol) were added to anhydrous THF (220 mL) at 0 °C under N2 atmosphere. A 

catalytic quantity of DMF (0.38 mL, 5.0 mmol) was added and the mixture was stirred for 45 

min at rt. The solution was injected under N2 atmosphere into a mixture of o-phenylenediamine 
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(2.9) (2.27 g, 21.0 mmol), DIPEA (27.7 mL, 159 mmol) in anhydrous THF (220 mL). The 

resulting solution was stirred for 1 h at rt. After evaporation under reduced pressure, the residue 

was taken up in CH2Cl2 (600 mL) and the organic phase is washed with water (500 mL). The 

precipitate from the organic phase was filtered on a frit and rinsed with CH2Cl2 (150 mL) to 

afford o-Phenylene-N,N-bis-[2-(fluoren-9-yl)methyloxycarbonylaminoethanamide] (2.11) 

(13.57 g, 97 %) as an off-white solid.. 1H NMR (400 MHz, DMSO-d6) δ 9.34 (s, 2x NH), 7.88 

(d, J = 7.6 Hz, 4H), 7.74-7.66 (m, 6H), 7.59-7.54 (m, 2H), 7.40 (t, J = 7.5 Hz, 4H), 7.19-7.15 

(m, 2H), 4.32 (d, J = 7.0 Hz, 4H), 4.23 (t, 6.9 Hz, 2H), 3.87 (d, J = 5.6 Hz, 4H); 13C NMR (100 

MHz, DMSO-d6) δ 168.4, 156.7, 143.8, 140.7, 130.2, 127.6, 127.1, 125.2, 125.1, 124.6, 120.1, 

65.9, 46.6, 44.1. 

 

Figure A1.19. 1H NMR spectrum of 2.11 in DMSO-d6. 
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Figure A1.20. 13C NMR spectrum of 2.11 in DMSO-d6. 

 

Figure A1.21. DEPT-135 13C NMR spectrum of 2.11 in DMSO-d6. 



 

 

128 

 

 

o-Phenylene-N,N’-bis(2-aminoethanamide) (2.12).197 2.11 (1.26 g, 1.90 mmol) and 

piperidine (8.5 mL, 86 mmol) were mixed in anhydrous DMF (40 mL). The solution was 

stirred at reflux for 30 min under N2. The solution was evaporated to dryness and the residue 

was taken up in diethyl ether (20 mL). The solution was washed with water (120 mL) and the 

aqueous phase was evaporated to dryness. The residue was redissolved in water and the 

solution evaporated to dryness. The residue was purified by column chromatography (SiO2, 

EtOH/cc. NH3(aq) = 15:1) and dried in vacuo to afford o-Phenylene-N,N’-bis(2-

aminoethanamide) (2.12) (0.32 g, 75%) as a white solid. Rf = 0.28 (EtOH/cc.NH3 (aq.) = 15:1); 

1H NMR (400 MHz, CD3OD) δ 7.60-7.57 (m, 2H), 7.22-7.18 (m, 2H), 4.89 (br s, 4 NH), 3.43 

(s, 4H); 13C NMR (100 MHz, CD3OD) δ 174.4, 131.7, 127.1, 126.0, 45.7. 
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Figure A1.22. 1H NMR spectrum of 2.12 in CD3OD. 

 

Figure A1.23. 13C NMR spectrum of 2.12 in CD3OD. 
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Figure A1.24. DEPT-135 13C NMR spectrum of 2.12 in CD3OD. 

 

o-Phenylene-N,N-bis(ethylenediamine) (2.13). To a three-necked flask equipped with 

an addition funnel and condenser, 2.12 (1.08 g, 4.87 mmol) was added. The flask was flushed 

with N2 and 48 mL of anhydrous THF was added. The mixture was stirred for 30 min at rt. To 

this solution was added dropwise 48 mL of 1.0 M BH3 x THF in THF (48 mmol) at 0 °C. The 

solution was stirred for 30 min at 0 °C and then warmed to reflux and refluxed for 24 h. The 

solution was cooled and the excess borane was quenched by the slow addition of H2O until the 

evolution of gas ceased. The solvent was removed under reduced pressure and the residue 

taken up in 50 mL of 6 M HC1. The resulting solution was refluxed for 1 h. The solvent was 
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removed and the residue was taken up in 25 mL EtOH (at -10 °C). The precipitate was filtered 

on a frit, dried under reduced pressure and taken up in 100 mL of 5 M NaOH solution. The 

product was extracted from the aqueous phase with CH2Cl2 (3 x 100 mL). The organic phase 

was dried over MgSO4, filtered, and evaporated under reduced pressure to afford o-Phenylene-

N,N-bis(ethylenediamine) (2.13) (0.536 g, 57%) as alight yellow oil. 1H NMR (400 MHz, 

CDCl3) δ 6.81-6.78 (m, 2H), 6.70-6.68 (m, 2H), 3.73 (br s, 2 NH), 3.18 (t, J = 6.0 Hz, 4H), 

3.00 (t, J = 6.0 Hz, 4H), 1.49 (br s, 4 NH); 13C NMR (100 MHz, CDCl3) δ 137.4, 119.2, 111.7, 

47.0, 41.3. 

 

Figure A1.25. 1H NMR spectrum of 2.13 in CDCl3. 
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Figure A1.26. 13C NMR spectrum of 2.13 in CDCl3. 

 

15-pyN5Ph. 2.13 (0.240 g, 1.47 mmol) and MnCl2 x 4H2O (0.291 g, 1.47 mmol) were 

dissolved in dry MeOH (30 mL). The solution of 2.2 (0.289 g, 1.47 mmol) in dry MeOH (30 

mL) was added dropwise over 15 min. The reaction mixture was refluxed for 6 h. After cooling 

to 0 °C, NaBH4 (0.745 g, 19.7 mmol) was added portionwise. The solution was left stirring 

overnight at rt for 14 hours. Water (30 mL) was slowly added, inducing precipitation of 

Mn(OH)2 (which started to oxidize) and this suspension was stirred at rt for 1 h. MeOH was 

removed in vacuo, and the remaining aqueous phase was filtered on a frit under vacuum. The 

solid was washed with CH2Cl2 (3 x 30 mL) and the aqueous phase was extracted with the 
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CH2Cl2. The organic layer was dried with anhydrous Na2SO4 and the solvent was evaporated 

under reduced pressure. No major product formed due to the oxidation and polymerization of 

the amine starting material. 

After the successful synthesis of 15-pyN3O2Ph, the commercially available 2,6-

diacetylpyridine was used to prepare the demethylated version; but the diastereomers were not 

isolated due to the low thermodynamic stability of the Mn(II)-15-pyN3O2Ph complex. 

 

15-pyN3O2Ph-Me2 (2.15).52, 74 2,6-Diacetylpyridine (2.14) (0.240 g, 1.47 mmol) and 

MnCl2 x 4H2O (0.292 g, 1.48 mmol) were dissolved in anhydrous MeOH (30 mL) under N2. 

A solution of 2.7 (0.289 g, 1.47 mmol) in anhydrous MeOH (45 mL) was added dropwise over 

25 min. The dark orange reaction mixture was refluxed for 6 h, as a result of which the solution 

turned dark red. After cooling to 0°C, NaBH4 (1.02 g, 26.9 mmol) was added portionwise. The 

reaction was left stirring overnight at rt. Water (30 mL) was then slowly added, inducing 

precipitation of Mn(OH)2 (which started to oxidize) and this dark brown suspension was stirred 

at rt for 1 h. MeOH was removed in vacuo, and the remaining aqueous phase was filtered under 

vacuum. The solid was washed with CH2Cl2 (3 x 30 mL) and the aqueous phase was extracted 

with the CH2Cl2. The organic layer was dried with Na2SO4 and the solvent was evaporated 

under reduced pressure. The crude product was purified by column chromatography (SiO2, 

EtOH/cc.NH3(aq.) 200:1) to afford 15-pyN3O2Ph-Me2 (2.15) (0.346 g, 72%) as a pink solid. 

Rf = 0.76 (EtOH/cc.NH3(aq.) = 200:1); isomer (1) - 1H NMR (400 MHz, CDCl3) δ 7.61 (t, J = 
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7.6 Hz, 1H), 7.11 (d, J = 7.8 Hz, 2H), 6.88 (s, 4H), 4.21-4.14 (m, 2H), 4.07-4.00 (m, 2 H), 3.88 

(q, J = 6.7 Hz, 2H), 3.04-2.87 (m, 4H), 1.46 (d, J = 6.7 Hz, 6H); 13C NMR (100 MHz, CDCl3) 

δ 163.0, 149.2, 136.9, 121.2, 119.0, 113.7, 68.9, 57.8, 47.3, 20.4; isomer (2) - 1H NMR (400 

MHz, CDCl3) δ 7.56 (t, J = 7.5 Hz, 1H), 7.04 (d, J = 7.6 Hz, 2H), 6.86 (d, J = 2.0 Hz, 4H), 

4.21-4.14 (m, 2H), 4.07-4.00 (m, 2 H), 3.81 (q, J = 6.7 Hz, 2H), 3.04-2.87 (m, 4H), 1.42 (d, J 

= 6.6 Hz, 6H); MS (ESI, m/z): calcd for C19H26N3O2 [M+H]+ 328.2025, found 328.2074. 

 

Figure A1.27. 1H NMR spectrum of 2.15 in CDCl3. 
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Figure A1.28. 13C NMR spectrum of 2.15 in CDCl3. 

 

(3.2).52 2.2 (0.396 g, 2.93 mmol) and MnCl2 x 4 H2O (0.580 g, 2.93 mmol) were 

dissolved in dry MeOH (50 mL). The solution of 1,4-bis(2-aminoethyl)piperazine (3.1) (0.505 

g, 2.93 mmol) in dry MeOH (30 mL) was added dropwise over 15 min. The reaction mixture 

was refluxed for 2 h. After cooling to 0 °C, NaBH4 (1.49 g, 39.5 mmol) was added portionwise. 

The solution was left stirring overnight at rt. Water (30 mL) was slowly added, inducing 

precipitation of Mn(OH)2 (which started to oxidize) and this suspension was stirred at rt for 1 

h. MeOH and 20 mL of H2O were removed in vacuo, and the remaining aqueous phase was 
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vacuum filtered. The solid was washed with CH2Cl2 (3 x 30 mL), and the aqueous phase was 

extracted with the CH2Cl2. The organic layer was dried with anhydrous Na2SO4 and the solvent 

was evaporated under reduced pressure. The crude product was purified by column 

chromatography (SiO2, EtOH/cc.NH3(aq.) 10:1) and dried in vacuo at 50°C to afford 3.2 (0.208 

g, 26%) as an off-white solid. Rf = 0.39 (EtOH/cc.NH3(aq.) 10:1); 1H NMR (400 MHz, CDCl3) 

δ 7.56 (t, J = 7.6 Hz, 2H), 7.10 (d, J = 7.7 Hz, 4H), 3.88 (s, 8H), 2.74 (t, J = 6.2 Hz, 8H), 2.57 

(t, J = 6.1 Hz, 8H), 2.49 (br s, 16H), 2.18 (br s, 9 NH); 13C NMR (100 MHz, CDCl3) δ 159.1, 

136.7, 120.8, 58.1, 55.0, 53.4, 45.9; MS (ESI, m/z): calcd. for C30H51N10 [M+H]+ 551.4298, 

found 551.5393. 

 

Figure A1.29. 1H NMR spectrum of 3.2 in CDCl3. 
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Figure A1.30. 13C NMR spectrum of 3.2 in CDCl3. 

 

Figure A1.31. 1H-13C HSQC spectrum of 3.2 in CDCl3. 
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Figure A1.32. ESI-MS+ of 3.2. 

  

3.4.52, 95 1,4-Bis(3-aminopropyl)piperazine (3.3) (1.64 mL, 7.95 mmol) and MnCl2 x 4 

H2O (1.57 g, 7.95 mmol) were dissolved in dry MeOH (120 mL). A solution of 2,6-

pyridinecarboxaldehyde (2.2) (1.07 g, 7.95 mmol) in dry MeOH (80 mL) was added dropwise 

over 30 min. The reaction mixture was refluxed for 2 h. After cooling to 0 °C, NaBH4 (3.03 g, 

80 mmol) was added portionwise. The solution was left stirring overnight at rt. Water (90 mL) 

was slowly added, inducing precipitation of Mn(OH)2 (which started to oxidize) and this 

suspension was stirred at rt for 1 h. MeOH was removed in vacuo, and the remaining aqueous 

phase was filtered on a frit under vacuum. The solid was washed with CH2Cl2 (3 x 90 mL), 

and the aqueous phase was extracted with the CH2Cl2. The organic layer was dried over 
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anhydrous Na2SO4 and the solvent was evaporated under reduced pressure. The crude product 

was purified by column chromatography (SiO2, EtOH/cc.NH3(aq.) = 15:1) and dried in vacuo at 

50°C to afford 3.4 (1.37 g, 57%) as a tan solid. Rf = 0.32 (EtOH/cc.NH3(aq.) = 15:1); 1H NMR 

(400 MHz, CDCl3) δ 7.58 (t, J = 7.6 Hz, 1H), 7.15 (d, J = 7.7 Hz, 2H), 3.84 (s, 4H), 2.84 (t, J 

= 6.0 Hz, 4H), 2.73 (t, J = 5.4 Hz, 4H), 2.61 (br s, 8H), 1.76 (quintet, J = 5.4 Hz, 4H); 13C 

NMR (100 MHz, CDCl3) δ 159.1, 136.9, 121.1, 57.5, 55.7, 52.0, 50.7, 25.5; 1H NMR (400 

MHz, D2O) δ 7.96 (t, J = 7.8 Hz, 1H), 7.57 (d, J = 7.8 Hz, 2H), 4.45 (s, 4H), 3.42 (t, J = 7.2 

Hz, 4H), 3.34-3.25 (m, 4H), 3.17-3.11 (m, 4H), 3.03-2.93 (m, 4H), 2.18-2.09 (m, 4H); MS 

(ESI/Q-TOF) m/z: [M+H]+ Calcd for C17H30N5 304.25; Found 304.40; Anal. Calcd for 

C51H109Cl14N15O52 (3x3.4, 12xHClO4, 4xH2O, 2xHCl): C, 27.09; H, 4.86; N, 9.29; Found: C, 

27.06; H, 4.86; N, 9.42. 

 

Figure A1.33. 1H NMR spectrum of 3.4 in CDCl3. 
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Figure A1.34. 13C NMR spectrum of 3.4 in CDCl3. 
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Figure A1.35. 1H-13C HSQC spectrum of 3.4 in CDCl3. 

 

Figure A1.36. 1H NMR spectrum of 3.4 in D2O. 

  

Figure A1.37. ESI-MS+ of 3.4. 
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Diethyl chelidamate (4.6).119 SOCl2 (27.3 mL, 374 mmol) was added dropwise via an 

addition funnel to a suspension of chelidamic acid monohydrate (4.5) (10.0 g, 49.7 mmol) in 

absolute EtOH (100 mL) at 0 °C. The resulting mixture was warmed to room temperature, then 

heated at reflux for 6 h. Subsequently, the solvent was removed under reduced pressure and 

water (25 mL) was added to the crude product at 0 °C. The mixture was neutralized with 10% 

aqueous Na2CO3 (10 mL) and 50% aqueous EtOH (10 mL). The precipitate was filtered, 

washed with water, and purified using flash chromatography on SiO2 with CH2Cl2 to afford 

4.6 (8.92 g, 75%) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.42 (br s, 2H), 4.46 (q, 

J = 7.1 Hz, 4H), 1.42 (t, J = 7.2 Hz, 6H). 
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Figure A1.38. 1H NMR spectrum of 4.6 in CDCl3. 

 

4.7.198 A mixture of diethyl chelidamate (4.6) (3.95 g, 16.5 mmol), 2,3-dihydropyrane 

(6.2 mL, 68 mmol), and pyridinium p-toluenesulfonate (PPTS) (0.43 g, 1.7 mmol) in CH2Cl2 

(50 mL) was refluxed for 16 h. The reaction mixture was washed with 5% NaCl (2 x 15 mL) 

and then with water (15 mL) and dried over anhydrous Na2SO4. The CH2Cl2 was evaporated 

to give a yellowish oil, which was purified by column chromatography (SiO2, CH2Cl2:EtOAc 

= 15:1 with 1% Et3N) to afford 4.7 (6.08 g, 90%) as a white solid. Rf = 0.24 (SiO2, 

CH2Cl2:EtOAc = 15:1 with 1% Et3N); 1H NMR (400 MHz, CDCl3) δ 7.91 (s, 2H), 5.68 (t, J = 

2.7 Hz, 1H), 4.47 (q, J = 7.1 Hz, 4H), 3.78 (td, J = 11.4, 2.7 Hz, 1H), 3.71-3.64 (m, 1H), 2.04-

1.89 (m, 3H), 1.80-1.59 (m, 3H), 1.45 (t, J = 7.1 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 

165.1, 164.7, 150.1, 115.9, 96.4, 62.4, 62.1, 29.6, 24.8, 18.0, 14.2. 
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Figure A1.39. 1H NMR spectrum of 4.7 in CDCl3. 

 

Figure A1.40. 13C NMR spectrum of 4.7 in CDCl3. 
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4.8.134 A suspension of 4.7 (4.35 g, 13.5 mmol) in absolute EtOH (45 mL) was stirred 

and cooled in an ice bath. To this suspension was added NaBH4 (2.70 g, 71.4 mol) in portions. 

The mixture was stirred for 1 h at 0 °C, for 2 h at 25 °C, and refluxed for 14 h. The solvent 

was evaporated to give a waxy solid. Acetone (60 mL) was added to the residue and the mixture 

was refluxed for 1 h. After the solvent was evaporated, an aqueous K2CO3 solution (16 g in 

water (45 mL)) was added to the residue and the mixture was refluxed for 2 h. The solvent was 

concentrated and brine (16 mL) was added to the residue. The mixture was extracted with 

CHCl3 (3 x 45 mL). The combined layers were dried over anhydrous Na2SO4 and concentrated 

to give a yellow solid. The crude product was placed under vacuum overnight (the mixture 

solidified). The solid was suspended in acetone at -80 °C and filtered (white solid, around 50% 

of the theoretical yield). After evaporation of acetone, the mixture was purified by column 

chromatography (SiO2, CHCl3:EtOH = 9:1 with 1% Et3N) to afford the 4.8 (2.67 g, 83%) as a 

white solid. Rf = 0.2 (SiO2, CHCl3:EtOH = 9:1 with 1% Et3N); 1H NMR (400 MHz, CDCl3) δ 

6.85 (s, 2H), 5.55 (t, J = 2.9 Hz, 1H), 4.70 (s, 4H), 3.79 (td, J = 11.0, 3.0 Hz, 1H), 3.63 (dtd, J 

= 11.0, 4.0, 1.4 Hz, 1H), 3.51 (br s, 2H), 2.03-1.82 (m, 3H), 1.74-1.56 (m, 3H); 13C NMR (100 

MHz, CDCl3) δ 164.6, 160.7, 107.3, 95.8, 64.4, 62.0, 29.8, 24.9, 18.2. 
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Figure A1.41. 1H NMR spectrum of 4.8 in CDCl3. 

 

Figure A1.42. 13C NMR spectrum of 4.8 in CDCl3. 
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Figure A1.43. 1H-13C HMBC NMR spectrum of 4.8 in CDCl3. 

 

4.9.41, 134, 199 4.8 (1.77 g, 7.40 mmol) was stirred in a mixture of DCM and 40% aqueous 

KOH solution (35 mL of each) at 0 °C and tosyl chloride (3.11 g, 16.3 mmol) was added in 

one portion. The reaction mixture was stirred for one h at 0 °C then at room temperature until 

silica gel TLC using 1:4 MeOH:Toluene as an eluent showed complete conversion of the 

starting materials and only one main spot for the product. The mixture was washed into a 

separatory funnel with water and DCM (70 mL of each), and the resulting mixture was shaken 

well and separated. The aqueous phase was shaken with DCM (3 x 70 mL). The combined 

organic phase was dried over anhydrous Na2SO4, filtered and the solvent was removed under 

reduced pressure. The residue was sonicated with pure, dry MeOH, filtered and dried under 
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vacuum to afford 4.9 (3.88 g, 85%) as a white solid. Rf = 0.70 (SiO2, MeOH:Toluene=1:4); 1H 

NMR (400 MHz, CDCl3) δ 7.82-7.78 (m, 4H), 7.35-7.30 (m, 4H), 6.96 (s, 2H), 5.49 (t, J = 2.8 

Hz, 1H), 4.98 (s. 4H), 3.73 (td, J = 11.0, 3.0 Hz, 1H), 3.65-3.59 (m, 1H), 2.44 (s, 6H), 2.01-

1.81 (m, 3H), 1.78-1.54 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 164.9, 155.0, 145.1, 132.7, 

129.9, 128.1, 109.4, 95.9, 71.3, 61.9, 29.7, 24.9, 21.7, 18.1. 

 

Figure A1.44. 1H NMR spectrum of 4.9 in CDCl3. 
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Figure A1.45. 13C NMR spectrum of 4.9 in CDCl3. 

 

SES-ONa (4.11).135 To a 500-mL, three-neck round-bottom flask flushed with N2 and 

equipped with a magnetic stirring bar was added vinyltrimethylsilane (4.10) (38 mL, 260 

mmol), MeOH (100 mL), and tert-butyl perbenzoate (0.99 mL, 5.2 mmol). To this solution is 

added a solution of NaHSO3 (34.3 g, 330 mmol) in water (100 mL). The flask was equipped 

with a thermometer and reflux condenser, and the resulting suspension was heated in an oil 

bath at 50 °C under argon for 72 h. The suspension was concentrated under reduced pressure 

and then azeotropic removal of the residual water with MeOH (2 x 35 mL). MeOH (300 mL) 

was added to the resulting white solid, and the resulting suspension was stirred vigorously for 

10 min. The mixture was filtered through a pad of Celite into a 500-mL, round-bottom flask, 
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and the filtrate was concentrated in vacuo. The filter cake was resuspended in 300 mL of 

MeOH and stirred vigorously for 10 min, filtered into the vessel containing the original filtrate, 

and further concentrated. The preceding operations were repeated on the filter cake. After the 

final evaporation of the combined filtrates, the resulting white solid was dried at 100 °C for 12 

h to afford 4.11 (45.21g, 95% - acid form) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 

3.36 (br s, 1H), 2.32 (AA’XX’, JAA’ = 14.2 Hz, JXX’ = 13.5 Hz, JAX’ = 13.8 Hz, JAX = 4.0 Hz, 

2H), 0.82 (AA’XX’, JAA’ = 14.2 Hz, JXX’ = 13.6 Hz, JAX’ = 13.8 Hz, JAX = 4.0 Hz, 2H), -0.02 

(s, 9H);13C NMR (100 MHz, DMSO-d6) δ 46.5, 11.9, -1.7. 

 

 

Figure A1.46. 1H NMR spectrum of 4.11 in DMSO-d6. 
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Figure A1.47. 13C NMR spectrum of 4.11 in DMSO-d6. 

 

SES-Cl (4.12).200 SO2Cl2 (4.6 mL, 57 mmol) was added dropwise via syringe over 6 

min to a solution of PPh3 (13.5 g, 51.5 mmol) in CH2Cl2 (20 mL) at 0 °C. After stirring at this 

temperature for 10 min, 4.11 (5.69 g, 27.9 mmol) was added in 12 portions over 6 min. After 

an additional 20 min at 0 °C, the ice bath was removed and the resulting yellow suspension 

was allowed to stir vigorously at rt for 19 h. The solvent was evaporated under reduced 

pressure, then hexanes (80 mL) were added and vigorously stirred for 50 min. The suspension 

was diluted with hexanes (80 mL) and filtered through a 5.5-cm pad of silica gel, pre-packed 

with hexanes in a 7.3-cm diameter column. The filter cake was washed with a solution of 5% 

diethyl ether in hexanes (800 mL) and the filtrate was concentrated under reduced pressure to 

yield a yellow oil. The product was placed in the freezer for 14 h, then the frozen product was 
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placed under vacuum for 1 h to remove the rest of the solvents to afford 4.12 (4.48 g, 80%) as 

a yellow oil. 1H NMR (400 MHz, CDCl3) δ 3.61 (AA’XX’, JAA’ = JXX’ = 13.8 Hz, JAX’ = 14.3 

Hz, JAX = 3.9 Hz, 2H), 1.31 (AA’XX’, JAA’ = JXX’ = 13.8 Hz, JAX’ = 14.3 Hz, JAX = 3.9 Hz, 

2H), 0.12 (s, 9H);13C NMR (100 MHz, CDCl3) δ 63.5, 12.0, -1.9. 

 

Figure A1.48. 1H NMR spectrum of 4.11 in DMSO-d6. 
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Figure A1.49. 13C NMR spectrum of 4.11 in DMSO-d6. 

 

SES3-DETA (4.14).132 Diethylenetriamine (4.13) (0.60 mL, 5.51 mmol) and Et3N (4.6 

mL, 33 mmol) were combined in CH2Cl2 (15 mL) and cooled to -20 °C (NaCl-ice). A solution 

of SES-Cl (4.12) (4.97 g, 24.8 mmol) in CH2Cl2 (15 mL) was added dropwise. The reaction 

mixture was stirred at -20 °C for 30 min, then at 0 °C for 2.5 h and then poured into 0.1 M HCl 

solution (50 mL). The resulting aqueous solution was extracted with CH2Cl2 (3 x 40 mL). The 

combined organic extracts were washed with brine (50 mL), dried over Na2SO4, and 

concentrated under reduced pressure. The residue was purified by chromatography (SiO2, 

CH2Cl2:EtOAc = 9:1) to afford 4.14 (1.29 g, 39%) as a white solid. Rf = 0.5 (SiO2, 
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CH2Cl2:EtOAc = 9:1); 1H NMR (400 MHz, CDCl3) δ 5.11 (t, J = 6.1 Hz, 2H), 3.48-3.41 (m, 

4H), 3.39-3.32 (m, 4H), 3.06-2.94 (m, 6H), 1.06-0.98 (m, 6H), 0.05 (s, 9H), 0.05 (s, 18H); 13C 

NMR (100 MHz, CDCl3) δ 50.0, 48.8, 47.4, 42.5, 10.4, 10.0, -2.0. 

 

Figure A1.50. 1H NMR spectrum of 4.14 in CDCl3. 
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Figure A1.51. 13C NMR spectrum of 4.14 in CDCl3. 

 

Figure A1.52. 1H-13C HSQC NMR spectrum of 4.14 in CDCl3. 
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4.16. 4.14 (319.0 mg, 0.54 mmol) and K2CO3 (260 mg, 1.9 mmol) were suspended in 

anhydrous DMF (10 mL). A solution of 2,6-bis(bromomethyl)-pyridine (4.15) (144 mg, 0.543 

mmol) in anhydrous DMF (3 mL) was added dropwise and the reaction mixture was stirred at 

room temperature for 21 h. The solvent was removed under reduced pressure, and the residue 

was transferred to a separatory funnel with CH2Cl2 and water (100-100 mL), then the aqueous 

solution was extracted with CH2Cl2 (3 x 50 mL). The combined organic extracts were washed 

with brine (100 mL), dried over anhydrous Na2SO4, and concentrated under reduced pressure. 

The crude product was purified using column chromatography (SiO2, CH2Cl2/EtOAc = 30:1) 

to yield 4.16 (225.8 mg, 58%) as a white solid. Rf = 0.55 (CH2Cl2/EtOAc = 30:1); 1H NMR 

(400 MHz, CDCl3) δ 7.82 (t, J = 7.7 Hz, 1H), 7.49 (d, J = 7.7 Hz, 2H), 4.51 (s, 4H), 3.55 (t, J 

= 7.2 Hz, 4H), 3.04 (br s, 4H), 2.98 (AA’XX’, JAA’ = JXX’, JAX’ = 14.2 Hz, JAX = 3.8 Hz, 4H), 

2.81 (AA’XX’, JAA’ = JXX’, JAX’ = 14.2 Hz, JAX = 3.8 Hz, 2H), 1.03 (AA’XX’, JAA’ = JXX’, JAX’ 

= 14.2 Hz, JAX = 3.8 Hz, 4H), 0.91 (AA’XX’, JAA’ = JXX’, JAX’ = 14.2 Hz, JAX = 3.8 Hz, 2H), 

0.08 (s, 18H), 0.01 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 155.7, 139.1, 123.9, 55.3, 49.9, 

48.6, 47.2, 10.3, 10.12, -1.9, -2.0; MS (ESI, m/z): calcd. for C26H55N4O6S3Si3 [M+H]+ 699.26, 

found 699.12. 
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Figure A1.53. 1H NMR spectrum of 4.16 in CDCl3. 

 

Figure A1.54. 13C NMR spectrum of 4.16 in CDCl3. 
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Figure A1.55. 1H-13C HSQC spectrum of 4.16 in CDCl3. 

 

Figure A1.56. 1H-13C HMBC spectrum of 4.16 in CDCl3. 
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Figure A1.57. ESI-HRMS of 4.16. 

 

Pyclen (4.17). 4.16 (210 mg, 0.30 mmol) was dissolved in THF (6 mL) and 1.0 M 

TBAF in THF was added (6 mL, 6 mmol) and refluxed for 22 h. The solvents were removed 

under reduced pressure and the resulting yellow oil was taken up in 1 M HCl (100 mL) and 

washed with CH2Cl2 (3 x 50 mL). The aqueous phase was concentrated in vacuo, the residue 

was taken up in abs. EtOH, cooled in the freezer, and the light yellow precipitate was filtered 

on the fritted funnel. The solid was washed with CH2Cl2 (3 x 10 mL) to afford 4.17 (84.5 mg, 
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89%) as a faint yellow powder. 1H NMR (400 MHz, D2O) δ 7.97 (t, J = 7.8 Hz, 1H), 7.50 (d, 

J = 7.8 Hz, 2H), 4.62 (s, 4H), 3.43-3.37 (m, 4H), 3.32-3.26 (m, 4H). 

 

Figure A1.58. 1H NMR spectrum of 4.17 in D2O. 

 

 

4.18. 4.14 (0.378 g, 0.634 mmol) and Cs2CO3 (0.62 g, 1.9 mmol) were combined in 

DMF (10 mL). A solution of 4.9 (0.347 g, 0.634 mmol) in DMF (10 mL) was added dropwise. 
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The reaction mixture was stirred at room temperature for 48 h. The solvent was removed in 

vacuo, and the residue was transferred to a separatory funnel with CH2Cl2 and water (20-20 

mL). The aqueous solution was extracted with CH2Cl2 (3 x 20 mL). The combined organic 

extracts were washed with brine (20 mL), dried over Na2SO4, and concentrated under reduced 

pressure. The yellow oil was purified by column chromatography (SiO2, CH2Cl2:EtOAc = 20:1 

with 1% Et3N) to afford 4.18 (0.32 g, 63%) as a white solid. Rf = 0.8 (SiO2, CH2Cl2:EtOAc = 

20:1 with 1% Et3N); 1H NMR (400 MHz, CDCl3) δ 7.10 (s, 2H), 5.57 (t, J = 2.8 Hz, 1H), 4.50-

4.42 (m, 4H), 3.77 (td, J = 11.0, 2.8 Hz, 1H), 3.68-3.60 (m, 1H), 3.59-3.45 (m, 4H), 3.21-3.08 

(m, 4H), 2.97 (AA’XX’, JAA’ = JXX’, JAX’ = 14.2 Hz, JAX = 3.8 Hz, 4H), 2.82 (AA’XX’, JAA’ = 

JXX’, JAX’ = 14.1 Hz, JAX = 3.9 Hz, 2H), 2.03-1.83 (m, 3H), 1.80-1.61 (m, 3H), 1.03 (AA’XX’, 

JAA’ = JXX’, JAX’ = 14.2 Hz, JAX = 3.8 Hz, 4H), 0.92 (AA’XX’, JAA’ = JXX’, JAX’ = 14.1 Hz, JAX 

= 3.9 Hz, 2H), 0.07 (s, 18H), 0.01 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 165.4, 157.1, 111.7, 

96.1, 62.2, 55.4, 49.4, 48.5, 47.4, 47.2, 29.7, 24.8, 18.2, 10.3, 10.2, -2.0; HRMS (ESI/Q-TOF) 

m/z: [M+Na]+ Calcd for C31H62N4NaO8S3Si3 821.2935; Found 821.2930; Anal. Calcd for 

3C31H62N4O8S3Si3 x EtOAc: C, 46.86; H, 7.87; N, 6.76. Found: C, 46.99; H, 7.72; N, 6.81. 
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Figure A1.59. 1H NMR spectrum of 4.18 in CDCl3. 
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Figure A1.60. 1H-1H TOCSY NMR spectrum of 4.18 in CDCl3. 
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Figure A1.61. 1H-1H NOESY NMR spectrum of 4.18 in CDCl3. 
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Figure A1.62. 13C NMR spectrum of 4.18 in CDCl3. 

 

Figure A1.63. 1H-13C HSQC NMR spectrum of 4.18 in CDCl3. 
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Figure A1.64. ESI-HRMS of 4.18. 

 

4.19. 4.18 (1.55 g, 1.94 mmol) was dissolved in a mixture of CH2Cl2 and MeOH (75-

75 mL). PPTS (0.488 g, 1.94 mmol) was added in one portion and the resulting solution was 

refluxed under N2 for 18 h. The solvents were evaporated under reduced pressure and the 

resulting colorless oil was washed into a separatory funnel with CH2Cl2 (100 mL). The organic 

phase was washed with of water:brine mixture (1:1, 250 mL). The aqueous phase was then 

extracted with CH2Cl2 (2 x 100 mL). The organic fractions were combined, dried over Na2SO4, 

then the solvent was evaporated under reduced pressure. The resulting off-white foamy solid 
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was purified by column chromatography (SiO2, CH2Cl2:EtOAc = 2:1) yielding a colorless oil 

which solidified under vacuum overnight to afford 4.19 (1.30 g, 94%) as a white solid. Rf = 

0.63 (SiO2, CH2Cl2:EtOAc = 2:1); 1H NMR (400 MHz, CDCl3, TFA modifier) δ 7.19 (s, 2H), 

4.72 (s, 4H), 3.79-3.70 (m, 4H), 3.57-3.47 (m, 4H), 3.10 (AA’XX’, JAA’ = JXX’ = 14.3 Hz, JAX’ 

= 14.2 Hz, JAX = 3.8 Hz, 4H), 2.87 (AA’XX’, JAA’ = JXX’, JAX’ = 13.9 Hz, JAX = 3.8 Hz, 2H), 

1.05 (AA’XX’, JAA’ = JXX’, JAX’ = 14.2 Hz, JAX = 3.8 Hz, 4H), 0.93 (AA’XX’, JAA’ = JXX’, JAX’ 

= 14.1 Hz, JAX = 3.9 Hz, 2H), 0.07 (s, 18H), 0.04 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 

173.2, 150.8, 111.1, 56.0, 52.6, 45.9, 41.4, 9.6, 8.8, -2.1, -2.2; HRMS (ESI/Q-TOF) m/z: 

[M+H]+ Calcd for C26H55N4O7S3Si3 715.2541; Found 715.2538; Anal. Calcd for 

C26H54N4O7S3Si3: C, 43.66; H, 7.61; N, 7.83. Found: C, 43.67; H, 7.71; N, 7.73. 

 
Figure A1.65. 1H NMR spectrum of 4.19 in CDCl3. 
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Figure A1.66. 13C NMR spectrum of 4.19 in CDCl3. 

 

Figure A1.67. 1H-13C HSQC NMR spectrum of 4.19 in CDCl3. 
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Figure A1.68. ESI-HRMS of 4.19. 

 

Figure A1.69. Keto-enol tautomers of 4.19. 
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warmed to room temperature then stirred for another 2 h. The reaction was quenched at 0 °C 

by careful addition of water (0.75 mL), then 10% NaOH (0.75 mL), and finally water (2.2 mL). 

The resulting slurry was stirred at room temperature for 30 min, then MgSO4 was added. The 

resulting precipitate was filtered on a pad of Celite, the pad was washed with Et2O and the 

solvent was removed under reduced pressure to afford 4.21 (96%, based on 1H NMR) as a tan 

oil. 1H NMR (400 MHz, CDCl3) δ 8.20 (br s, 1H), 7.62-7.57 (m, 1H), 7.30 (dt, J = 8.0, 0.9 Hz, 

1H), 7.17 (td, J = 7.6, 1.1 Hz, 1H), 7.10 (td, J = 7.6, 1.1 Hz, 1H), 6.92-6.90 (m, 1H), 3.68 (t, J 

= 6.4 Hz, 2H), 2.86-2.80 (m, 2H), 2.01 (br s, 1 NH), 2.00-1.92 (m, 2H); 13C NMR (100 MHz, 

CDCl3) δ 136.4, 127.4, 121.8, 121.4, 119.0, 118.8, 115.7, 111.2, 62.5, 32.9, 21.3. 

 

Figure A1.69. 1H NMR spectrum of 4.21 in CDCl3. 
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Figure A1.70. 13C NMR spectrum of 4.21 in CDCl3. 

 

Figure A1.71. 1H-13C HSQC NMR spectrum of 4.21 in CDCl3. 
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4.22.127 The crude 4.21 (6.53 mmol) and CBr4 (2.60 g, 7.83 mmol) were diluted in 

CH2Cl2 (60 mL) and PPh3 (2.05 g, 7.83 mmol) was added by portions to the solution. The 

reaction was stirred at room temperature for 4 h and the solvent was removed under reduced 

pressure. The mixture was filtered on a silica pad, eluted with a mixture of Hexane/EtOAc 

(9:1) and the filtrate was concentrated in vacuo to afford crude 4.22 as a light yellow oil. 1H 

NMR (400 MHz, CDCl3) δ 7.94 (br s, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.36 (dt, J = 8.1, 0.8 Hz, 

1H), 7.20 (td, J = 7.0, 1.1 Hz, 1H), 7.12 (td, J = 7.0, 1.0 Hz, 1H), 7.04-7.01 (m, 1H), 3.44 (t, J 

= 6.5 Hz, 2H), 2.94 (td, J= 7.1, 0.6 Hz, 2H), 2.24 (tt, J = 7.1, 6.5 Hz, 2H); 13C NMR (100 MHz, 

CDCl3) δ 136.3, 127.3, 122.0, 121.7, 119.3, 118.8, 114.6, 111.1, 33.8, 32.8, 23.3. 

 

Figure A1.72. 1H NMR spectrum of 4.22 in CDCl3. 



 

 

173 

 

 

Figure A1.73. 13C NMR spectrum of 4.22 in CDCl3. 

 

Figure A1.74. 1H-13C HSQC NMR spectrum of 4.22 in CDCl3. 
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4.23.127 To a solution of the crude 4.22 (6.53 mmol) in dry CH2Cl2 (50 mL) were 

successively added TBAHSO4 (220 mg, 0.65 mmol) and fresh, finely powdered NaOH (1.31 

g, 32.7 mmol). The resulting solution was stirred for 15 minutes and AcCl (1.4 ml, 19.6 mmol) 

was added dropwise over 15 minutes. The resulting slurry was vigorously stirred for 2 h and 

quenched by addition of water (50 mL). The organic layer was separated and the aqueous layer 

was extracted with CH2Cl2 (2 x 50 mL). Combined organic layers were washed with brine (50 

mL), dried over MgSO4, filtered and concentrated. Purification using column chromatography 

(SiO2, toluene) afforded 4.23 (0.97 g, 53% over 3 steps) to a white solid. Rf = 0.28 (SiO2, 

toluene); 1H NMR (400 MHz, CDCl3) δ 8.43 (br s, 1H), 7.56-7.52 (m, 1H), 7.37 (td, J = 7.7, 

1.2 Hz, 1H), 7.30 (td, J = 7.5, 1.1 Hz, 1H), 7.25 (br s, 1H), 3.47 (t, J = 6.4 Hz, 2H), 2.90 (td, , 

J = 7.3, 0.8 Hz, 2H), 2.63 (s, 3H), 2.30-2.22 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 168.4, 

136.0, 130.3, 125.4, 123.5, 122.3, 121.1, 118.8, 116.7, 33.3, 31.8, 24.1, 23.2. 
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Figure A1.75. 1H NMR spectrum of 4.23 in CDCl3. 

 

Figure A1.76. 1H-1H COSY NMR spectrum of 4.23 in CDCl3. 
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Figure A1.77. 13C NMR spectrum of 4.23 in CDCl3. 

 

Figure A1.78. 1H-13C HSQC NMR spectrum of 4.23 in CDCl3. 
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4.24. K2CO3 (0.22 g, 1.6 mmol), 4.19 (0.57 g, 0.80 mmol), and 4.23 (0.29 g, 1.04 mmol) 

in acetone (25 mL) were refluxed for 27 h. The mixture was concentrated under reduced 

pressure and the resulting white foamy solid was partitioned between CH2Cl2 and H2O (25-25 

mL). The aqueous layer was extracted with CH2Cl2 (3 x 15 mL). The combined organic layers 

were washed with brine (20 mL), dried over Na2SO4, and concentrated in vacuo. Purification 

using gradient column chromatography (SiO2, CH2Cl2 to CH2Cl2:EtOAc = 10:1 to 25:1) 

afforded 4.24 (0.69 g, 95%) as an off-white solid. Rf = 0.27 (SiO2, CH2Cl2:EtOAc = 25:1); 1H 

NMR (400 MHz, CD2Cl2) δ 8.39 (d, J = 7.6 Hz, 1H), 7.58-7.55 (m, 1H), 7.34 (td, J = 7.7 Hz, 

1.4 Hz, 1H), 7.28 (td, J = 7.4, 1.2 Hz, 1H), 7.27 (br s, 1H), 6.95 (s, 2H), 4.42 (s, 4H), 4.15 (t, 

J = 6.1 Hz, 2H), 3.48 (t, J = 7.2 Hz, 4H), 3.18-3.07 (m, 4H), 2.97 (AA’XX’, JAA’ = JXX’, JAX’ 

= 14.2 Hz, JAX = 3.8 Hz, 4H), 2.92 (t, J = 7.5 Hz, 2H), 2.82 (AA’XX’, JAA’ = JXX’ = 14.7 Hz, 

JAX’ = 14.3 Hz, JAX = 3.8 Hz, 2H), 2.59 (s, 3H), 2.28-2.20 (m, 2H), 1.02 (AA’XX’, JAA’ = JXX’ 

= 14.4 Hz, JAX’ = 14.2 Hz, JAX = 3.8 Hz, 4H), 0.92 (AA’XX’, JAA’ = JXX’ = 14.4 Hz, JAX’ = 

14.2 Hz, JAX = 3.8 Hz, 2H), 0.08 (s, 18H), 0.02 (s, 9H); 13C NMR (100 MHz, CD2Cl2) δ 168.9, 

167.7, 157.7, 136.4, 130.9, 125.5, 123.7, 122.7, 121.9, 119.3, 116.9, 110.4, 68.1, 55.7, 49.2, 

48.8, 48.2, 47.5, 28.8, 24.3, 21.6, 10.6, 10.5, -1.9; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd 
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for C39H68N5O8S3Si3 914.3538; Found 914.3537; Anal. Calcd for C39H67N5O8S3Si3: C, 51.23; 

H, 7.39; N, 7.66. Found: C, 51.07; H, 7.35; N, 7.56. 

 

Figure A1.79. 1H NMR spectrum of 4.24 in CD2Cl2. 
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Figure A1.80. 1H-1H COSY NMR spectrum of 4.24 in CD2Cl2. 

 

Figure A1.81. 13C NMR spectrum of 4.24 in CD2Cl2. 
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Figure A1.82. 1H-13C HSQC NMR spectrum of 4.24 in CD2Cl2. 

 

Figure A1.83. 1H-13C HMBC NMR spectrum of 4.24 in CD2Cl2. 
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Figure A1.84. ESI-HRMS of 4.24. 

 

 

4.25. 4.24 (0.86 g, 0.94 mmol) was dissolved in THF (20 mL), 1.0 M TBAF in THF 

(18.8 mL, 18.8 mmol) was added and the solution was refluxed for 1 h. The reaction mixture 

was concentrated to dryness under reduced pressure, the yellow oil was dissolved in 1 M HCl 

(50 mL) and the aqueous phase was extracted with CH2Cl2 (6 x 50 mL). The aqueous phase 

was evaporated in vacuo, the tan residue was taken up in dry MeCN/Et2O (10/40 mL) and the 

tan precipitate was filtered on a medium fritted funnel and dried under vacuum overnight to 

afford 4.25 (0.437 g, 95%) as a tan solid. 1H NMR (400 MHz, D2O) δ 7.49 (d, J = 7.8 Hz, 1H), 

7.34 (d, J = 8.2 Hz, 1H), 7.12-7.06 (m, 2H), 6.94 (t, J = 7.5 Hz, 1H), 6.79 (s, 2H), 4.32 (s, 4H), 
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4.07 (t, J = 6.1 Hz, 2H), 3.33-3.19 (m, 8H), 2.82 (t, J = 7.0 Hz, 2H), 2.13-2.04 (m, 2H); 13C 

NMR (100 MHz, D2O) δ 167.5, 151.2, 136.2, 126.8, 123.0, 121.7, 118.9, 118.6, 114.0, 111.7, 

110.3, 68.4, 48.9, 44.0, 43.2, 28.2, 20.4; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C22H30N5O 380.2450; Found 380.2452; Anal. Calcd for C22H38Cl3N5O4 (4.25 x 3HCl x 3H2O): 

C, 48.67; H, 7.05; N, 12.90. Found: C, 49.03; H, 6.70; N, 12.81. 

 

Figure A1.85. 1H NMR spectrum of 4.25 in D2O. 
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Figure A1.86. 1H-1H COSY NMR spectrum of 4.25 in D2O. 

 

Figure A1.87. 13C NMR spectrum of 4.25 in D2O. 
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Figure A1.88. 1H-13C HSQC NMR spectrum of 4.25 in D2O. 

 

Figure A1.89. 1H-13C HMBC NMR spectrum of 4.25 in D2O. 
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Figure A1.90. ESI-HRMS of 4.25. 

 

4.26.115 4.6 (5.59 g, 23.3 mmol) was dissolved in MeCN (50 mL) and K2CO3 (4.84 g, 

35.0 mmol) was added to the solution. Then, methyl iodide (2.18 mL, 35.0 mmol) was added 

and the mixture was refluxed under N2 atmosphere for 24 h. The reaction mixture was cooled 

to room temperature and water (50 mL) was then added. The mixture was concentrated under 

reduced pressure and the aqueous layer was extracted with CH2Cl2 (3 x 70 mL). Organic layers 

were dried over Na2SO4 and concentrated in vacuo to afford 4.26 (3.95 g, 67%) as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 7.80 (s, 2H), 4.48 (q, J = 7.1 Hz, 4H), 3.98 (s, 3H), 1.46 

(t, J = 7.1 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 167.5, 164.8, 150.2, 114.0, 62.4, 56.0, 14.2. 
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Figure A1.91. 1H NMR spectrum of 4.26 in CDCl3. 

 

Figure A1.92. 13C NMR spectrum of 4.26 in CDCl3. 
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Figure A1.93. 1H-13C HSQC NMR spectrum of 4.26 in CDCl3. 

 

4.27.115 A suspension of 4.26 (4.57 g, 18.0 mmol) in EtOH (60 mL) was stirred and 

cooled in an ice bath. To this suspension was added NaBH4 (2.52 g, 66.6 mol) in portions. The 

mixture was stirred at 0 °C for 1 h, then at 25 °C for 2 h and refluxed for 24 h. The solvent was 

removed under vacuum and saturated solution of NaHCO3 was added (60 mL). The reaction 

mixture was refluxed for an additional 2 h and the aqueous layer was extracted with EtOAc (3 

x 60 mL), dried over Na2SO4, and concentrated under vacuum to afford 4.27 (2.58 g, 85%) as 

a white solid. 1H NMR (400 MHz, CD3OD) δ 7.00 (s, 2H), 4.64 (s, 4H), 3.92 (s, 3H). 
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Figure A1.94. 1H NMR spectrum of 4.27 in CD3OD. 

 

4.28.201 4.27 (2.58 g, 15.3 mmol) was suspended in THF (35 mL) and a solution of 

NaOH (1.84 g, 45.9 mmol) in H2O (35 mL) was added and stirred at 0 °C for 30 min. A solution 

of TsCl (5.89 g, 30.9 mmol) in THF (70 mL) was added dropwise at 0 °C. The reaction mixture 

was then allowed to warm to room temperature and stirred for 30 h. H2O (70 mL) was added 

to the reaction and then extracted with CHCl3 (3 x 140 mL). The organic fractions were 

combined and washed with H2O (280 mL), followed by sat. NaCl (140 mL) and then dried 

over Na2SO4. After the evaporation of the solvent, dry MeOH was added and the suspension 

was sonicated for 5 min, cooled to 20 °C and filtered to afford 4.28 (5.83 g, 80%) as a white 



 

 

189 

 

solid. Rf = 0.56 (SiO2, toluene/MeOH = 4:1); 1H NMR (400 MHz, CDCl3) δ 7.82-7.78 (m, 

4H), 7.35-7.30 (m, 4H), 6.81 (s, 2H), 4.99 (s, 4H), 3.82 (s, 3H), 2.44 (s, 6H). 

 

Figure A1.95. 1H NMR spectrum of 4.28 in CDCl3. 

 

Ts3-DETA (4.30).202 Diethylene triamine (4.29) (9.21 g, 89.3 mmol) was dissolved in 

water (55 mL). NaOH powder (10.7 g, 0.268 mol) was added, and the temperature was kept 

below 40 °C. Et2O (55 mL) was added, and the reaction mixture was stirred vigorously. TsCl 

(51.1 g, 0.268 mol) was added while the flask was cooled to 0 °C and then stirred for 2 h. The 

white precipitate was filtered and washed with Et2O (110 mL). Recrystallisation from MeOH 

afforded 4.30 (35.23 g, 70%) as a white solid. 1H NMR (400 MHz, DMOS-d6) δ 7.70-7.63 (m, 
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6H), 7.56-7.52 (m, 2H), 7.42-7.35 (m, 6H), 3.34 (s, 2NH), 3.04-2.98 (m, 4H), 2.83-2.76 (m, 

4H), 2.39 (s, 6H), 2.38 (s, 3H). 

 

Figure A1.96. 1H NMR spectrum of 4.30 in DMSO-d6. 

 

4.31. 4.30 (5.71 g, 10.1 mmol) and Cs2CO3 (13.2 g, 40.4 mmol) were combined in 

DMF (110 mL). A solution of 4.28 (4.82 g, 10.1 mmol) in DMF (50 mL) was added dropwise. 

The reaction mixture was stirred at room temperature for 24 h. The solvent was removed in 

vacuo and dried under Schlenk-vacuum overnight. The solid was transferred to a separatory 

funnel with H2O and CHCl3 (150-150 mL), then the aqueous phase was washed with CHCl3 
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(2 x 150 mL). The combined organic layers were washed with sat. NaCl (140 mL), dried over 

Na2SO4 and the solvent was evaporated under reduced pressure. The crude product was 

purified using column chromatography (SiO2, CH2Cl2:acetone = 40:1) to afford 4.31 (6.50 g, 

92%) as a white foamy solid. Rf = 0.40 (SiO2, CH2Cl2:acetone = 40:1); 1H NMR (400 MHz, 

CDCl3) δ 7.72 (d, J = 8.2 Hz, 4H), 7.67 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.0 Hz, 4H), 7.29 (d, 

J = 8.0 Hz, 2H), 6.91 (s, 2H), 4.22 (br s, 4H), 3.85 (s, 3H), 3.32 (t, J = 7.2 Hz, 4H), 2.78 (br s, 

4H), 2.45 (s, 6H), 2.42 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 167.9, 156.7, 143.8, 143.5, 

135.9, 135.2, 130.0, 129.8, 127.2, 127.1, 110.3, 55.6, 55.0, 50.3, 47.3, 21.6, 21.5. 

 

Figure A1.97. 1H NMR spectrum of 4.31 in CDCl3. 
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Figure A1.98. 1H-1H COSY NMR spectrum of 4.31 in CDCl3. 
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Figure A1.99. 13C NMR spectrum of 4.31 in CDCl3. 

 

Figure A1.100. 1H-13C HSQC NMR spectrum of 4.31 in CDCl3. 

 

4.32.115 A solution of 4.31 (3.00 g, 4.29 mmol) in cc. H2SO4 (30 mL) was stirred at 100 

°C for 4 h in a 250 mL round-bottom flask. The dark brown solution was cooled to room 

temperature, placed in an ice-bath, 75 mL of DI H2O was added and the mixture was 

neutralized with an excess of 40% NaOH aqueous solution (~80 mL). The aqueous phase was 

extracted with CHCl3 (3 x 150 mL), the combined organic phases were dried with Na2SO4 and 

the solvent was evaporated under vacuum. The crude product was resuspended in 5 M NaOH, 
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concentrated under reduced pressure, and dried under vacuum overnight. The residue was 

taken up MeCN, stirred for 4 h at rt, filtered, concentrated to dryness to afford 4.32 (0.90 g, 

89%) as a yellow viscous oil. 1H NMR (400 MHz, CDCl3) δ 6.54 (s, 2H), 3.90 (br s, 4H), 3.84 

(s, 3H), 2.72 (t, J = 5.2 Hz, 4H), 2.29-2.23 (m, 4H). 

 

Figure A1.101. 1H NMR spectrum of 4.32 in CDCl3. 

 

4.34. A solution of diethyloxalate (4.33) (520 μL, 3.8 mmol) in dry MeOH (15 mL) 

was added dropwise to a solution of 4.32 (0.90 g, 3.8 mmol) in dry MeOH (25 mL). The 

reaction mixture was stirred at room temperature for 48 h, then a second batch of diethyloxalate 
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(155 μL, 167 mg, 1.14 mmol) was added. The reaction was stirred at 50 °C for 24 h, then the 

solvent was evaporated under reduced pressure. The crude product was purified using column 

chromatography (SiO2, EtOH:cc.NH3 = 50:1) to afford 4.34 (0.89 g, 81%) as a white foamy 

solid. Rf = 0.17 (SiO2, EtOH:cc.NH3 = 50:1); 1H NMR (400 MHz, CDCl3) δ 6.59 (d, J = 1.8 

Hz, 1H), 6.51 (d, J = 1.7 Hz, 1H), 5.63 (d, J = 16.3 Hz, 1H), 4.72 (ddd, J = 14.1, 11.5, 2.6 Hz, 

1H), 4.02 (d, J = 16.5 Hz, 1H), 3.98 (d, J = 17.2 Hz, 1H), 3.88-3.79 (m, 1H), 3.82 (s, 3H), 3.68 

(d, J = 17.3 Hz, 1H), 3.52 (ddd, J = 12.3, 11.6, 4.6 Hz, 1H), 3.26 (ddd, J = 14.0, 4.4, 4.4 Hz, 

1H), 3.15 (ddd, J = 12.4, 4.3, 4.3 Hz, 1H), 3.06 (ddd, J = 12.2, 3.1, 3.1 Hz, 1H), 2.87 (ddd, J = 

14.1, 3.3, 2.5 Hz, 1H), 2.77 (ddd, J = 11.8, 11.2, 2.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 

166.9, 163.4, 161.7, 161.6, 155.6, 106.5, 16.3, 56.3, 55.3, 53.4, 48.3, 48.2, 45.1, 44.7; HRMS 

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C14H18N4NaO3 313.1277; Found 313.1282; Anal. Calcd 

for C43H57Cl3N12O10 (3 x 4.34 x CHCl3 x H2O): C, 51.22; H, 5.70; N, 16.67. Found: C, 51.60; 

H, 6.07; N, 16.81. 
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Figure A1.102. 1H NMR spectrum of 4.34 in CDCl3. 
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Figure A1.103. 1H-1H COSY NMR spectrum of 4.34 in CDCl3. 
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Figure A1.104. 1H-1H NOESY NMR spectrum of 4.34 in CDCl3. 



 

 

199 

 

 

Figure A1.105. 1H-1H TOCSY NMR spectrum of 4.34 in CDCl3. 
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Figure A1.106. 13C NMR spectrum of 4.34 in CDCl3. 

 

Figure A1.107. 1H-13C HSQC NMR spectrum of 4.34 in CDCl3. 



 

 

201 

 

 

Figure A1.108. 1H-13C HMBC NMR spectrum of 4.34 in CDCl3. 

 

 

Figure A1.109. ESI-HRMS of 4.34. 
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4.35. 4.23 (0.53 g, 1.9 mmol) was added to a solution of 4.34 (0.42 g, 1.4 mmol) in 

acetone (50 mL) in the presence of K2CO3 (0.61 g, 4.4 mmol) and the mixture was refluxed 

for 90 h. The solvent was evaporated under reduced pressure and the yellowish foamy solid 

was transferred to a separatory funnel with CH2Cl2-H2O mixture (100-100 mL). The aqueous 

phase was washed with CH2Cl2 (2 x 100 mL), then the organic fractions were combined and 

washed with sat. NaCl solution (100 mL), dried over Na2SO4, and the solvent was evaporated 

under reduced pressure. The crude product was purified by column chromatography (SiO2, 

CHCl3:EtOH = 20:1). The colorless oil was dissolved in CHCl3, which was then evaporated to 

afford 4.35 (0.67 g, 94%) as a white solid. Rf = 0.22 (SiO2, CHCl3:EtOH = 20:1); 1H NMR 

(400 MHz, CDCl3) δ 8.41 (br s, 1H), 7.42 (d, J = 7.5 Hz, 1H), 7.35-7.30 (m, 2H), 7.24 (td, J = 

7.7, 1.0 Hz, 1H), 6.56 (d, J = 1.8 Hz, 1H), 6.40 (d, J = 1.8 Hz, 1H), 5.56 (d, J = 16.4 Hz, 1H), 

4.47-4.40 (m, 1H), 4.32-4.19 (m, 1H), 4.01 (d, J = 16.4 Hz, 1H), 3.98 (td, J = 13.9, 4.4 Hz, 

1H), 3.79 (d, J ~ 15 Hz, 1H), 3.77 (s, 3H), 3.60 (d, J = 16.0 Hz, 1H), 3.15 (dd, J = 14.6, 4 Hz, 

1H), 3.02-2.83 (m, 3H), 2.81-2.60 (m, 3H), 2.63 (s, 3H), 2.60 (t, J = 7.5 Hz, 2H), 1.92-1.71 

(m, 2H); 13C NMR (100 MHz, CDCl3) δ 168.8, 166.9, 163.1, 161.6, 160.7, 156.1, 135.9, 130.8, 

125.0, 123.2, 122.6, 122.3, 118.8, 116.6, 106.4, 105.1, 61.8, 57.3, 55.3, 55.2, 54.5, 47.6, 47.0, 

45.5, 26.9, 24.1, 22.5; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C27H32N5O4 490.2454; 

Found 490.2453; Anal. Calcd for C82H96Cl3N15O13 (3 x 4.35 x CHCl3 x H2O): C, 61.32; H, 

6.02; N, 13.08. Found: C, 60.96; H, 6.05; N, 12.81.  
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Figure A1.110. 1H NMR spectrum of 4.35 in CDCl3. 
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Figure A1.111. 1H-1H COSY NMR spectrum of 4.35 in CDCl3. 
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Figure A1.112. 13C NMR spectrum of 4.35 in CDCl3. 

 

Figure A1.113. 1H-13C HSQC NMR spectrum of 4.35 in CDCl3. 
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Figure A1.114. 1H-13C HMBC NMR spectrum of 4.35 in CDCl3. 

 

Figure A1.115. ESI-HRMS of 4.35. 
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4.36. To 4.35 (0.44 g, 0.90 mmol) was added L-selectride (1 M in THF, 14 mL, 14 

mmol) under inert atmosphere. After being refluxed for 3 h, the reaction mixture was quenched 

with MeOH (20 mL) and the solvents were evaporated in vacuo. 2 M NaOH (25 mL) was 

added to the solid residue and the solution was vigorously stirred for 2 h at room temperature. 

The solution was extracted with CHCl3:isopropanol = 3:1 (6 x 30 mL) and the aqueous phase 

was filtered to afford 4.36 (116.3 mg, 34%) as a white solid. 1H NMR (400 MHz, CD3OD) δ 

7.56 (d, J = 7.8 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.09 (td, J = 8.0, 1.0 Hz, 1H), 7.06 (s, 1H), 

7.00 (td, J = 7.9, 0.9 Hz, 1H), 6.27-6.23 (m , 2H), 3.76 (br s, 2H), 3.64 (br s, 2H), 2.87-2.73 

(m, 6H), 2.50-2.44 (m, 2H), 2.37 (br s, 2H), 2.20-2.14 (m, 2H), 2.08-1.98 (m, 2H); 13C NMR 

(100 MHz, CD3OD) δ 177.7, 157.2, 155.8, 136.8, 127.4, 121.4, 120.8, 117.99, 117.98, 114.6, 

112.7, 111.5, 110.8, 59.1, 56.1, 52.9, 51.7, 49.0, 46.8, 45.7, 26.6, 22.7; HRMS (ESI/Q-TOF) 

m/z: [M+H]+ Calcd for C22H30N5O 380.2445; Found 380.2450; Anal. Calcd for 

C47H66Cl2N10Na2O3 (2 x 4.36 + isopropanol + 2 x NaCl): C, 60.31; H, 7.11; N, 14.96. Found: 

C, 60.19; H, 6.92; N, 15.08. 
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Figure A1.116. 1H NMR spectrum of 4.36 in CD3OD. 
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Figure A1.117. 1H-1H COSY NMR spectrum of 4.36 in CD3OD. 
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Figure A1.118. 1H-1H NOESY NMR spectrum of 4.36 in CD3OD. 
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Figure A1.119. 13C NMR spectrum of 4.36 in CD3OD. 

 

Figure A1.120. 1H-13C HSQC NMR spectrum of 4.36 in CD3OD. 
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Figure A1.121. 1H-13C HMBC NMR spectrum of 4.36 in CD3OD. 

 

Figure A1.122. ESI-HRMS of 4.36. 
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4.37. 4.35 (51.2 mg, 0.105 mmol) was dissolved in EtOH (10 mL), then 10 M NaOH 

(15 mL) was added and the mixture was refluxed for 26 h. The reaction mixture was 

concentrated under reduced pressure, diluted with H2O (50 mL), and extracted with DCM (4 

x 20 mL), dried over Na2SO4 and solvent was evaporated in vacuo. The crude product was 

purified using column chromatography (neutral Al2O3, CH2Cl2:MeOH = 15:1) to afford 4.37 

(35 mg, 80%) as a colorless oil. Rf = 0.30 (neutral Al2O3, CH2Cl2:MeOH = 15:1); 1H NMR 

(400 MHz, CDCl3) δ 8.75 (br s, 1H), 7.41 (d, J = 7.9 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.13-

7.07 (m, 2H), 7.01 (td, J = 7.8, 0.9 Hz, 1H), 6.52-6.49 (m, 2H), 3.93 (br s, 2H), 3.82 (s, 3H), 

3.66 (s, 2H), 3.29-3.22 (m, 2H), 2.94-2.88 (m, 2H), 2.88-2.82 (m, 2H), 2.82-2.76 (m, 2H), 2.70 

(t, J = 6.7 Hz, 2H), 2.62 (t, J = 7.1 Hz, 2H), 1.81 (q, J = 6.9 Hz, 2H); 13C NMR (100 MHz, 

CDCl3) δ 166.8, 162.8, 161.6, 136.4, 127.4, 122.8, 121.3, 118.6, 118.5, 114.8, 111.4, 106.1, 

105.1, 58.2, 56.7, 55.4, 53.0, 52.7, 46.8, 46.7, 46.2, 27.6, 22.1. 
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Figure A1.123. 1H NMR spectrum of 4.37 in CDCl3. 
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Figure A1.124. 1H-1H COSY NMR spectrum of 4.37 in CDCl3. 
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Figure A1.125. 13C NMR spectrum of 4.37 in CDCl3. 

 

Figure A1.126. 1H-13C HSQC NMR spectrum of 4.37 in CDCl3. 
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Figure A1.127. 1H-13C HMBC NMR spectrum of 4.37 in CDCl3. 

 
8-Methoxy-2-methylquinoline (5.5).171 A solution of MeI (2.50 mL, 40.2 mmol) in 

acetone (20 mL) was added to a stirred solution of K2CO3 (19.8 g, 143 mmol) and 5.4 (4.00 g, 

25.1 mmol) in acetone (60 mL). After the addition, the mixture was stirred under dark at room 

temperature for 14 h, followed by filtering on a medium fritted funnel. After partial 

concentration under reduced pressure, the resulting filtrate was poured into ice water with 

vigorous stirring. The resulting solid precipitate was filtered, washed with water, and dried to 

give 5.5 (2.81 g, 65%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.4 Hz, 1H), 

7.44-7.28 (m, 3H), 7.04 (dd, J = 7.5, 1.3 Hz, 1H), 4.08 (s, 3H), 2.80 (s, 3H); 13C NMR (100 

MHz, CDCl3) δ 158.2, 154.8, 139.6, 136.2, 127.6, 125.7, 122.6, 119.4, 107.6, 56.0, 25.7. 
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Figure A1.128. 1H NMR spectrum of 5.5 in CDCl3. 
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Figure A1.129. 1H-1H COSY NMR spectrum of 5.5 in CDCl3. 



 

 

220 

 

 
Figure A1.130. 13C NMR spectrum of 5.5 in CDCl3. 

 
Figure A1.131. 1H-13C HSQC NMR spectrum of 5.5 in CDCl3. 
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Figure A1.132. 1H-13C HMBC NMR spectrum of 5.5 in CDCl3. 

 

2-Bromomethyl-8-methoxyquinoline (5.6)172 A mixture of 5.5 (0.82 g, 4.7 mmol) and 

NBS (0.84 g, 4.7 mmol) in CCl4 (100 mL) was refluxed and AIBN (0.04 g, 0.24 mmol) was 

added into the above solution. After the reaction mixture was refluxed for an additional 3 h, 

and then it was cooled to 10 °C. The reaction mixture was filtered, and the organic solvent was 

removed under reduced pressure. The crude product was purified by chromatography (SiO2, 

CH2Cl2:EtOAc = 30:1) to afford 5.6 (0.48 g, 41%) as a pink solid. Rf = 0.65 (SiO2, 

CH2Cl2:EtOAc = 30:1); 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.5 Hz, 1H), 7.65 (d, J = 

8.5 Hz, 1H), 7.48 (t, J = 8.0 Hz, 1H), 7.39 (d, J = 8.2 Hz, 1H), 7.08 (d, J = 7.7 Hz, 1H), 4.80 
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(s, 2H), 4.10 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 155.9, 155.2, 139.1, 137.3, 128.5, 127.3, 

122.0, 119.4, 108.2, 56.2, 34.8. 

 
Figure A1.133. 1H NMR spectrum of 5.6 in CDCl3. 
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Figure A1.134. 1H-1H COSY NMR spectrum of 5.6 in CDCl3. 
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Figure A1.135. 13C NMR spectrum of 5.6 in CDCl3. 

 
Figure A1.136. 1H-13C HSQC NMR spectrum of 5.6 in CDCl3. 
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Figure A1.137. 1H-13C HMBC NMR spectrum of 5.6 in CDCl3. 

 
5.7. 5.6 (0.44 mg, 1.7 mmol) was added to a solution of 4.43 (0.48 g, 1.6 mmol) in 

acetone (50 mL) in the presence of K2CO3 (0.7 g, 5 mmol) and the mixture was refluxed for 

110 h. The solvent was evaporated under reduced pressure and the residue was transferred to 

a separatory funnel with CH2Cl2-H2O mixture (100-100 mL). The aqueous phase was washed 

with CH2Cl2 (2 x 100 mL), then the organic fractions were combined and washed with sat. 

NaCl solution (100 mL), dried over Na2SO4, and the solvent was evaporated under reduced 

pressure. The crude product was purified by column chromatography (SiO2, CHCl3:EtOH = 
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25:1) to afford 5.7 (0.73 g, 96%) as a white solid. Rf = 0.10 (SiO2, CHCl3:EtOH = 25:1); 1H 

NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.6 Hz, 1H), 7.80 (d, J = 8.6 Hz, 1H), 7.38 (t, J = 7.9 

Hz, 1H), 7.31 (dd, J = 8.2, 1.2 Hz, 1H), 7.00 (dd, J = 7.6, 1.1 Hz, 1H), 6.52 (d, J = 1.9 Hz, 1H), 

6.12 (d, J = 1.9 Hz, 1H), 5.60 (d, J = 16.1 Hz, 1H), 4.77 (t, J = 4.8 Hz, 1H), 4.37 (d, J = 14.1 

Hz, 1H), 4.08 (s, 3H), 4.09-3.98 (m, 1H), 4.04 (d, J = 14.6 Hz, 1H), 4.00 (d, J =16.5 Hz, 1H), 

3.86-3.71 (m, 1H), 3.76 (d, J = 16.1 Hz, 1H), 3.61 (d, J = 16.1 Hz, 1H), 3.61 (s, 3H), 3.27-3.20 

(m, 1H), 3.05-2.87 (m, 3H), 2.77 (td, J = 14.0, 3.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 

166.6, 163.7, 161.1, 160.8, 159.6, 156.2, 154.9, 139.1, 136.9, 128.8, 125.8, 122.4, 119.7, 107.2, 

106.1, 106.0, 61.3, 60.3, 57.3, 56.0, 55.0, 53.7, 46.7, 45.4, 45.1; HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ Calcd for C25H27N5NaO4 484.1961; Found 484.1963; Anal. Calcd for 

C101H109Cl3N20O16 (4 x 5.7 + CHCl3): C, 61.72; H, 5.59; N, 14.25. Found: C, 61.54; H, 5.74; 

N, 13.96. 

 
Figure A1.138. 1H NMR spectrum of 5.7 in CDCl3. 
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Figure A1.139. 1H-1H COSY NMR spectrum of 5.7 in CDCl3. 
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Figure A1.140. 1H-1H NOESY NMR spectrum of 5.7 in CDCl3. 
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Figure A1.141. 13C NMR spectrum of 5.7 in CDCl3. 

 
Figure A1.142. 1H-13C HSQC NMR spectrum of 5.7 in CDCl3. 
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Figure A1.143. 1H-13C HMBC NMR spectrum of 5.7 in CDCl3. 

 
Figure A1.144. ESI-HRMS of 5.7. 

  

[M+Na]+ 
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5.8. 5.7 (0.41 g, 0.89 mmol) and AlCl3 (1.80 g, 13.5 mmol) was dissolved in 20 mL of 

anhydrous toluene and refluxed for 1.5 h. After cooling to rt, sat. NaHCO3 (40 mL) was added 

and the aqueous solution was washed with CHCl3:isopropanol = 3:1 (40 mL) until no more 

UV active component came out of the aqueous phase, and the solvents were dried over Na2SO4, 

and evaporated under reduced pressure. The crude product was washed with Et2O (200 mL) to 

afford 5.8 (0.28 g, 74%) as a light brown solid. Rf = 0.24 (neutral Al2O3, CH2Cl2:MeOH = 

20:1); 1H NMR (400 MHz, CDCl3) δ 8.97 (br s, 1H), 8.52 (br s, 1H), 8.24 (d, J = 8.4 Hz, 1H), 

7.63 (d, J = 8.4 Hz, 1H), 7.44 (t, J = 7.9 Hz, 1H), 7.34 (d, J = 7.7 Hz, 1H), 7.20 (d, J = 7.4 Hz, 

1H), 6.22 (s, 1H), 6.16 (s, 1H), 5.58 (d, J = 15.0 Hz, 1H), 4.96-4.85 (m, 1H), 4.39 (d, J = 13.2 

Hz, 1H), 3.99 (td, J = 14.0, 4.2 Hz, 1H), 3.76 (d, J = 13.2 Hz, 1H), 3.68 (d, J = 15.0 Hz, 1H), 

3.61 (d, J = 15.0 Hz, 1H), 3.39 (dd, J = 14.7, 3.9 Hz, 1H), 3.20 (d, J = 15.1 Hz, 1H), 3.00 (td, 

J = 12.6, 7.6 Hz, 1H), 2.94-2.82 (m, 2H), 2.77-2.64 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 

180.2, 163.4, 160.3, 155.4, 152.3, 148.8, 145.3, 138.2, 137.8, 128.0, 127.8, 122.3, 118.1, 116.8, 

116.0, 111.4, 59.7, 54.6, 50.6, 50.5, 44.4, 43.6, 42.0; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd 

for C23H24N5O4 434.1828; Found 434.1833. 
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Figure A1.145. 1H NMR spectrum of 5.8 in CDCl3. 
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Figure A1.146. 1H-1H COSY NMR spectrum of 5.8 in CDCl3. 
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Figure A1.147. 1H-1H NOESY NMR spectrum of 5.8 in CDCl3. 



 

 

235 

 

 
Figure A1.148. 13C NMR spectrum of 5.8 in CDCl3. 

 
Figure A1.149. 1H-13C HSQC NMR spectrum of 5.8 in CDCl3. 
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Figure A1.150. 1H-13C HMBC NMR spectrum of 5.8 in CDCl3. 

 
Figure A1.151. ESI-HRMS of 5.8. 

  

[M+H]+ 
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5.9. A solution of 5.8 (0.28 g, 0.65 mmol) in 2 M HCl (30 mL) was refluxed for 14 

hours. The reaction mixture was filtered and then evaporated under reduced pressure, followed 

by crashing the yellow solid out with MeOH/acetone solvent mixture. The precipitate was 

filtered and dried under Schlenk-vacuum to afford 5.9 (0.27 g, 79%) as a yellow solid. 1H NMR 

(400 MHz, D2O, pD = 2) δ 8.81 (d, J = 8.3 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.64-7.53 (m, 

2H), 7.30 (d, J = 6.8 Hz, 1H), 6.49 (s, 1H), 6.08 (s, 1H), 4.50 (s, 2H), 4.45 (s, 2H), 3.80 (s, 

2H), 3.64 (s, 2H), 3.54-3.43 (m, 2H), 3.28-3.14 (m, 4H); 13C NMR (100 MHz, D2O, pD = 2) δ 

165.1, 160.2, 154.5, 152.6, 147.1, 146.4, 130.6, 129.3, 128.4, 122.8, 119.5, 117.0, 109.2, 58.3, 

57.1, 52.2, 49.7, 45.5, 45.0, 43.2; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C21H26N5O2 

380.2087; Found 380.2093; Anal. Calcd for C49H74Cl9N10NaO7 (2 x 5.9 + 8 x HCl + 2 x 

acetone + NaCl + MeOH): C, 46.81; H, 5.93; N, 11.14. Found: C, 46.44; H, 5.86; N, 10.99. 
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Figure A1.152. 1H NMR spectrum of 5.9 in D2O. 
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Figure A1.153. 1H-1H COSY NMR spectrum of 5.9 in D2O. 
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Figure A1.154. 1H-1H NOESY NMR spectrum of 5.9 in D2O. 
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Figure A1.155. 13C NMR spectrum of 5.9 in D2O. 

 
Figure A1.156. 13C DEPT-135 NMR spectrum of 5.9 in D2O. 
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Figure A1.157. 1H-13C HSQC NMR spectrum of 5.9 in D2O. 

 
Figure A1.158. ESI-HRMS of 5.9. 

[M+H]+ 
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5.10. 5.7 (20 mg, 0.043 mmol) dissolved in CH2Cl2 (1 mL) and was cooled to -40 ºC. 

BBr3 solution (0.40 mL, 1.0 M in CH2Cl2) was added dropwise into the reaction mixture, which 

was then allowed to warm to room temperature for 24 h with stirring. The reaction mixture 

was treated with 2 mL of sat. NaHCO3, extracted with CHCl3:isopropanol 3:1 (6 x 10 mL). 

The combined organic layers were dried over Na2SO4 and concentrated under reduced 

pressure. The crude product was purified by column chromatography (neutral Al2O3, 

CH2Cl2:MeOH = 100:1 – 10:1) to afford 5.10 (0.01 g, ~50%). Rf = 0.5 (neutral Al2O3, 

CH2Cl2:MeOH = 10:1); 1H NMR (400 MHz, CD2Cl2) δ 8.49 (s, 1H), 7.91 (d, J = 8.3 Hz, 1H), 

7.50 (d, J = 8.0 Hz, 1H), 7.29 (dd, J = 8.2, 0.8 Hz, 1H), 7.16 (d, J = 7.7 Hz, 1H), 6.94 (d, J = 

8.3 Hz, 1H), 6.46 (t, J = 1.6 Hz, 1H), 6.14 (d, J = 2.0 Hz, 1H), 5.68-5.61 (m, 1H), 4.66 (td, J = 

13.5, 2.8 Hz, 1H), 4.50 (d, J = 15.6 Hz, 1H), 4.29 (d, J = 15.7 Hz, 1H), 4.18 (s, 3H), 4.17-4.04 

(m, 2H), 3.89-3.81 (m, 2H), 3.64 (s, 3H), 3.63-3.52 (m, 2H), 3.50-3.40 (m, 1H), 3.11 (dd, J = 

14.5, 5.2 Hz, 1H); 13C NMR (100 MHz, CD2Cl2) δ 161.9, 156.9, 155.5, 154.7, 137.8, 136.9, 

132.1, 130.9, 128.7, 127.8, 122.5, 119.4, 116.4, 112.3, 109.2, 91.9, 61.0, 59.0, 58.4, 56.8, 56.4, 

52.8, 51.3, 48.7; HRMS (ESI/Q-TOF) m/z: [M]+ Calcd for C25H26N5O3 444.2030; Found 

444.2044. 
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Figure A1.159. 1H NMR spectrum of 5.10 in CD2Cl2. 
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Figure A1.160. 1H-1H COSY NMR spectrum of 5.10 in CD2Cl2. 
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Figure A1.161. 1H-1H NOESY NMR spectrum of 5.10 in CD2Cl2. 
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Figure A1.162. 13C NMR spectrum of 5.10 in CD2Cl2. 

 
Figure A1.163. 1H-13C HSQC NMR spectrum of 5.10 in CD2Cl2. 
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Figure A1.164. 1H-13C HMBC NMR spectrum of 5.10 in CD2Cl2. 

 
Figure A1.165. ESI-HRMS of 5.10. 

  

[M]+ 
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6.10. A solution of 4.9 (1.22 g, 2.23 mmol) in anhydrous DMF (30 mL) was added 

dropwise to the mixture of 6.9 (1.47 g, 2.23 mmol) and Cs2CO3 (2.91 g, 8.92 mmol) in 

anhydrous DMF (30 mL). The mixture was stirred at rt for 14 h, then the solvent was 

evaporated under reduced pressure. The residue was taken up in H2O-CH2Cl2 (50-50 mL), and 

the aqueous phase was washed with CH2Cl2 (2 x 50 mL). The combined organic fractions were 

washed with brine, dried over Na2SO4, and concentrated in vacuo. The resulting orange oil was 

dissolved in EtOAc and concentrated under reduced pressure to afford a yellow solid, which 

was washed with 0.1 M NaOH, water and Et2O (100 mL each) and dried under Schlenk-

vacuum overnight to give 6.10 (1.81 g, 94%) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 

8.11-8.06 (m, 2H), 8.05-8.01 (m, 1H), 7.78-7.66 (m, 8H), 7.64-7.60 (m, 1H), 7.11 (s, 2H), 5.55 

(t, J = 2.8 Hz, 1H), 4.54 (s, 4H), 3.77 (td, J = 10.5, 2.6 Hz, 1H), 3.68-3.61 (m, 1H), 3.59-3.23 

(m, 8H), 2.03-1.83 (m, 3H), 1.77-1.53 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 165.6, 156.3, 

148.1, 147.8, 133.9, 133.8, 132.6, 132.2, 132.1, 132.0, 131.4, 131.0, 124.4, 124.2, 112.1, 96.2, 

62.3, 54.7, 46.1, 29.7, 24.8, 18.3; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C34H35KN7O14S3 900.1041; Found 900.1051; Anal. Calcd for C38H43N7O16S3 (6.10 + EtOAc): 

C, 48.04; H, 4.56; N, 10.32. Found: C, 47.94; H, 4.48; N, 10.73. 
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Figure A1.166. 1H NMR spectrum of 6.10 in CDCl3. 

 

Figure A1.167. 1H-1H COSY NMR spectrum of 6.10 in CDCl3. 
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Figure A1.168. 13C NMR spectrum of 6.10 in CDCl3. 

 

Figure A1.169. 1H-13C HSQC NMR spectrum of 6.10 in CDCl3. 
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Figure A1.170. 1H-13C HMBC NMR spectrum of 6.10 in CDCl3. 

 

Figure A1.171. ESI-HRMS of 6.10. 

[M+K]+ 
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6.11. Thiophenol (0.86 mL, 8.3 mmol) was added to a suspension of 6.10 (1.79 g, 2.08 

mmol) and Cs2CO3 (6.78 g, 20.8 mmol) in DMF (25 mL). The mixture was stirred at room 

temperature under N2 for 18 h. The solvent was evaporated under reduced pressure and the 

resulting oil was taken up in 1.0 M HCl (100 mL) and extracted with CH2Cl2 (3 x 50 mL). The 

pH of the aqueous phase was adjusted to 12 using NaOH powder and the alkaline solution was 

extracted with chloroform (3 x 60 ml). The aqueous solution was concentrated under reduced 

pressure, then the yellow solid was taken up in dry MeOH and filtered. The filtrate was then 

concentrated and the HCl salt form of 4.3 was precipitated with cc. HCl (2 mL), MeOH (5 mL) 

and Et2O (50 mL) as a white solid (0.65 g, 95%). 1H NMR (400 MHz, D2O, pH ~ 0) δ 6.81 (s, 

2H), 4.38 (s, 4H), 3.17-3.12 (m, 4H), 3.00-2.96 (m, 4H). 
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Figure A1.172. 1H NMR spectrum of 4.3 in D2O. 

 

6.8. Formaldehyde (37%, 1.5 mL, 20 mmol) and formic acid (88%, 0.9 mL, 20 mmol) 

was slowly added to 4.3 (0.34 g, 1.0 mmol) in an ice bath over 10 mins, and stirring over 1 

hour at rt. The mixture was then heated at 110 °C for 3 h. The solution was allowed to cool to 

room temperature and the pH was adjusted with 30% NaOH solution (20 mL) and the mixture 

was washed with CHCl3:isopropanol (4:1) mixture (4 x 40 mL). The organic phases were 

combined, dried over Na2SO4, and evaporated under reduced pressure. The crude product was 
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purified using column chromatography (Al2O3, DCM:MeOH = 20:1 to 5:1) to afford 6.8 (0.19 

g, 70%) as a yellow solid. Rf = 0.28 (Al2O3, CH2Cl2:MeOH = 20:1); 1H NMR (400 MHz, D2O, 

pH ~ 14) δ 6.22 (s, 2H), 3.59 (s, 4H), 2.66-2.58 (m, 4H), 2.51 (t, J = 5.1 Hz, 4H), 2.36 (s, 3H), 

2.31 (s, 6H); 13C NMR (100 MHz, D2O, pH ~ 14) δ 179.1, 152.1, 113.8, 57.2, 54.8, 52.5, 44.3, 

39.3; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C14H25N4O 265.2028; Found 265.2028; 

Anal. Calcd for C43H76N12O4 (3 x 6.8 + MeOH): C, 62.59; H, 9.28; N, 20.37. Found: C, 62.60; 

H, 9.09; N, 20.40. 

 
Figure A1.173. 1H NMR spectrum of 6.8 in D2O. 
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Figure A1.174. 1H-1H COSY NMR spectrum of 6.8 in D2O. 
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Figure A1.175. 13C NMR spectrum of 6.8 in D2O. 

 
Figure A1.176. 1H-13C HSQC NMR spectrum of 6.8 in D2O. 
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Figure A1.177. 1H-13C HMBC NMR spectrum of 6.8 in D2O.  

 

Figure A1.178. ESI-HRMS of 6.8. 

A1.3. Crystal structure determination 

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 

[M+H]+ 
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data collection; which was obtained at 100 K. The Bruker D8 goniometer was controlled using 

the APEX3 software suite.203 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 Mo Kα sealed X-ray tube (λ = 0.71076 Å) 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). 

Single crystals of 15-pyN3O2Ph (2.8) were obtained by slow evaporation of a CH3OH 

solution. Low quality single crystals of the perchlorate salt of 15-pyN3O2Ph (2.8) were 

obtained by slow evaporation of the aqueous ligand solution, which was acidified by two drops 

of HClO4 (70%). The manganese complex solution was prepared by mixing the aqueous 

solutions of 15-pyN3O2Ph (2.8) (cL = 17 mM) and Mn(II) chloride (cMn = 50 mM) in a Mn/L 

molar ratio of 1:1.02. The solution was evaporated under reduced pressure and the residue was 

dissolved in EtOH and filtered through a syringe filter (0.45 μm PTFE membrane). Colorless 

single crystals suitable for the X-ray diffraction analysis were prepared by slow evaporation of 

the EtOH solution at room temperature. 
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Table A1.1. Experimental data for 15-pyN3O2Ph and its Mn(II) complex. 

Compound  15-pyN3O2Ph•2H2O [Mn(15-pyN3O2Ph)(H2O)2]Cl2  

Empirical formula  C17H25N3O4  C17H25Cl2MnN3O4   

Formula weight  335.20  461.24   

Temperature/K  106.08  100.05   

Unit cell  orthorhombic  monoclinic   

Space group  Pca21  P21/c   

a/Å  4.8199(2)  8.7523(6)   

b/Å  18.2683(8)  12.2427(8)   

c/Å  19.2079(8)  9.6783(6)   

α/°  90  90   

β/°  90  104.169(3)   

γ/°  90  90   

Volume/Å3  1691.28(12)  1005.50(11)   

Z  4  2   

ρcalcg/cm3  1.3163  1.523   

μ/mm-1  0.095  0.950   

F(000)  719.6  478.0   

Crystal size/mm3  0.465 × 0.226 × 0.185  0.261 × 0.277 × 0.103   

Radiation  Mo Kα (λ = 0.71073)  Mo Kα (λ = 0.71073)   

2Θ range for data collection/°  6.16 to 60.34  6.54 to 59.994   

Index ranges  
-6 ≤ h ≤ 6, -25 ≤ k ≤ 25, 

-27 ≤ l ≤ 27  

-12 ≤ h ≤ 12, -17 ≤ k ≤ 17, 

-13 ≤ l ≤ 13  

 

Reflections collected  53888  18140   

Independent reflections  
4981 [Rint = 0.0639, 

Rsigma = 0.0499]  

2546 [Rint = 0.0218, 

Rsigma = 0.0143]  

 

Data/restraints/parameters  4981/52/394  2546/0/225   

Goodness-of-fit on F2  1.081  1.185   

Final R indexes [I>=2σ (I)]  R1 = 0.0559, wR2 = 0.0821  R1 = 0.0475, wR2 = 0.0958   

Final R indexes [all data]  R1 = 0.0882, wR2 = 0.0896  R1 = 0.0479, wR2 = 0.0960   

Largest diff. peak/hole / e Å-3  0.39/-0.40  0.43/-1.18   
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Table A1.2. Bond lengths for 15-pyN3O2Ph. 

Atom Atom Length/Å  Atom Atom Length/Å 

O2 C17 1.430(3)  O1aa C4aa 1.311(15) 

O2 C1 1.355(4)  O1aa C0ba 1.435(13) 

O1 C6 1.362(3)  O0aa C9aa 1.416(11) 

O1 C7 1.425(4)  O0aa C4ba 1.321(12) 

N3 C15 1.461(3)  N1aa C8aa 1.354(11) 

N3 C16 1.480(4)  N1aa C6ba 1.382(19) 

N1 C9 1.466(3)  N2aa C3aa 1.458(12) 

N1 C8 1.489(5)  N2aa C7ba 1.41(2) 

C9 C10 1.517(4)  N0aa C5aa 1.488(13) 

C12 C13 1.386(5)  N0aa C2ba 1.35(3) 

C12 C11 1.402(7)  C3aa C6ba 1.55(2) 

C13 C14 1.389(4)  C4aa C4ba 1.360(17) 

C14 C15 1.522(4)  C4aa C19 1.33(3) 

C14 N2 1.347(3)  C5aa C8aa 1.545(19) 

C16 C17 1.510(5)  C9aa C7ba 1.434(19) 

C1 C2 1.384(5)  C0ba C2ba 1.424(19) 

C1 C6 1.421(6)  C4ba C6aa 1.37(2) 

C2 C3 1.396(4)  C8aa C1ba 1.373(15) 

C3 C4 1.375(4)  C1ba C3ba 1.364(16) 

C4 C5 1.395(5)  C3ba C5ba 1.342(14) 

C6 C5 1.389(5)  C5ba C6ba 1.353(18) 

C7 C8 1.536(6)  C7aa C6aa 1.391(15) 

C10 N2 1.337(4)  C7aa C1a 1.400(15) 

C10 C11 1.380(5)  C19 C1a 1.377(19) 
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Table A1.3. Bond Angles for 15-pyN3O2Ph. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C1 O2 C17 117.8(3)  C4ba O0aa C9aa 121.3(9) 

C7 O1 C6 117.3(2)  C6ba N1aa C8aa 115.3(11) 

C16 N3 C15 111.8(2)  C7ba N2aa C3aa 116.4(9) 

C8 N1 C9 110.6(3)  C2ba N0aa C5aa 118.2(12) 

C10 C9 N1 113.2(2)  C6ba C3aa N2aa 120.1(10) 

C11 C12 C13 118.4(3)  C4ba C4aa O1aa 116.3(13) 

C14 C13 C12 119.2(3)  C19 C4aa O1aa 126.2(15) 

C15 C14 C13 121.4(3)  C19 C4aa C4ba 117.4(15) 

N2 C14 C13 122.2(3)  C8aa C5aa N0aa 111.5(12) 

N2 C14 C15 116.42(19)  C7ba C9aa O0aa 107.5(11) 

C14 C15 N3 113.44(17)  C2ba C0ba O1aa 103.8(14) 

C17 C16 N3 111.2(3)  C0ba C2ba N0aa 119(2) 

C16 C17 O2 106.3(2)  C4aa C4ba O0aa 116.7(13) 

C2 C1 O2 126.6(4)  C6aa C4ba O0aa 124.4(12) 

C6 C1 O2 114.5(3)  C6aa C4ba C4aa 118.9(12) 

C6 C1 C2 118.9(3)  C9aa C7ba N2aa 113.8(13) 

C3 C2 C1 120.4(4)  C5aa C8aa N1aa 118.5(10) 

C4 C3 C2 120.4(3)  C1ba C8aa N1aa 120.1(11) 

C5 C4 C3 120.5(3)  C1ba C8aa C5aa 121.3(12) 

C1 C6 O1 115.0(3)  C3ba C1ba C8aa 122.2(15) 

C5 C6 O1 124.8(3)  C5ba C3ba C1ba 119.3(13) 

C5 C6 C1 120.2(3)  C6ba C5ba C3ba 117.5(17) 

C8 C7 O1 106.6(3)  C3aa C6ba N1aa 108.1(13) 

C7 C8 N1 108.4(4)  C5ba C6ba N1aa 125.7(19) 

N2 C10 C9 117.3(2)  C5ba C6ba C3aa 125.8(17) 

C11 C10 C9 119.7(4)  C1a C7aa C6aa 118.5(13) 

C11 C10 N2 122.9(4)  C7aa C6aa C4ba 122.6(15) 

C10 N2 C14 118.5(2)  C1a C19 C4aa 128(2) 

C10 C11 C12 118.8(4)  C19 C1a C7aa 114.4(14) 

C0ba O1aa C4aa 123.0(9)  C6 C5 C4 119.6(4) 
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Table A1.4. Bond Lengths for [Mn(15-pyN3O2Ph)(H2O)2]Cl2. 

Atom Atom Length/Å  Atom Atom Length/Å 

Mn1 O2 2.208(3)  C5 C10 1.3900 

Mn1 N3 2.339(4)  C5 O1 1.367(5) 

Mn1 N1 2.340(4)  C11 C12 1.505(9) 

Mn1 O1 2.167(3)  N3 C12 1.439(8) 

Mn1 N2 2.346(4)  N1 C14 1.322(7) 

Mn1 O1W 2.207(13)  N1 C1 1.335(8) 

Mn1 O2W 2.141(16)  C15 C16 1.402(14) 

C13 N3 1.447(8)  C15 C14 1.405(12) 

C13 C14 1.554(11)  C16 C17 1.407(13) 

O2 C10 1.358(5)  C17 C1 1.358(12) 

O2 C11 1.430(7)  C1 C2 1.551(11) 

C9 C8 1.3900  C2 N2 1.462(8) 

C9 C10 1.3900  C4 O1 1.432(7) 

C8 C7 1.3900  C4 C3 1.520(9) 

C7 C6 1.3900  C3 N2 1.444(8) 

C6 C5 1.3900     
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Table A1.5. Bond Angles for [Mn(15-pyN3O2Ph)]Cl2•2H2O. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

O2 Mn1 N3 74.11(14)  C6 C7 C8 120.0 

O2 Mn1 N1 143.25(13)  C5 C6 C7 120.0 

O2 Mn1 N2 146.18(14)  C6 C5 C10 120.0 

N3 Mn1 N1 70.67(16)  O1 C5 C6 124.0(4) 

N3 Mn1 N2 138.14(16)  O1 C5 C10 116.0(4) 

N1 Mn1 N2 70.56(15)  O2 C10 C9 124.3(4) 

O1 Mn1 O2 72.20(12)  O2 C10 C5 115.7(4) 

O1 Mn1 N3 146.04(14)  C5 C10 C9 120.0 

O1 Mn1 N1 143.20(13)  O2 C11 C12 108.8(5) 

O1 Mn1 N2 74.52(14)  C13 N3 Mn1 116.6(4) 

O1 Mn1 O1W1 91.9(4)  C12 N3 Mn1 109.0(3) 

O1 Mn1 O1W 88.1(4)  C12 N3 C13 115.3(5) 

O1W1 Mn1 O2 85.0(3)  N3 C12 C11 111.8(5) 

O1W Mn1 O2 95.0(3)  C14 N1 Mn1 119.4(4) 

O1W Mn1 N3 98.9(4)  C14 N1 C1 118.9(6) 

O1W1 Mn1 N3 81.1(4)  C1 N1 Mn1 121.6(5) 

O1W1 Mn1 N1 99.4(3)  C16 C15 C14 116.7(8) 

O1W Mn1 N1 80.6(3)  C15 C16 C17 119.4(6) 

O1W Mn1 N2 89.8(3)  C1 C17 C16 118.2(7) 

O1W1 Mn1 N2 90.2(3)  N1 C14 C13 117.5(6) 

O1W Mn1 O1W1 180.0  N1 C14 C15 123.2(7) 

O2W Mn1 O2 90.0(4)  C15 C14 C13 119.3(7) 

O2W Mn1 N3 83.5(5)  N1 C1 C17 123.5(8) 

O2W Mn1 N1 96.1(4)  N1 C1 C2 113.7(7) 

O2W Mn1 O1 92.3(5)  C17 C1 C2 122.6(8) 

O2W Mn1 N2 85.5(4)  N2 C2 C1 113.3(6) 

O2W Mn1 O1W1 5.1(7)  O1 C4 C3 107.9(4) 

O2W Mn1 O1W 174.9(7)  C5 O1 Mn1 116.9(3) 

N3 C13 C14 110.5(6)  C5 O1 C4 119.6(4) 

C10 O2 Mn1 115.4(3)  C4 O1 Mn1 117.9(3) 

C10 O2 C11 119.5(4)  N2 C3 C4 110.1(5) 

C11 O2 Mn1 117.0(3)  C2 N2 Mn1 114.5(4) 

C8 C9 C10 120.0  C3 N2 Mn1 106.4(3) 

C7 C8 C9 120.0  C3 N2 C2 112.4(5) 
11-X,1-Y,1-Z 
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Single crystals of 3.2 were obtained by slow evaporation of a CHCl3 solution. 

Table A1.6. Experimental data for [H2(3.2)]Cl2 x CHCl3. 

Compound 3.2 

Empirical formula  C8H13.5Cl2.01N2.5  

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 × 0.19 × 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 [Rint = 0.0540, Rsigma = 0.0417]  

Data/restraints/parameters  6071/0/256  

Goodness-of-fit on F2  1.044  

Final R indexes [I>=2σ (I)]  R1 = 0.0858, wR2 = 0.2380  

Final R indexes [all data]  R1 = 0.1232, wR2 = 0.2679  

Largest diff. peak/hole / e Å-3  0.71/-2.08  
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Table A1.7. Bond lengths for [H2(3.2)]Cl2 x CHCl3. 

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)     

11-X,2-Y,-Z 

Table A1.8. Bond angles for [H2(3.2)]Cl2 x CHCl3. 

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)      

11-X,2-Y,-Z 
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Single crystals of the perchlorate salt of 3.4 were obtained by slow evaporation of the 

aqueous ligand solution, which was acidified by a few drops of HClO4 (70%). 

Table A1.9. Experimental data for the acid form of 3.4. 

Compound [H4(3.4)](ClO4)4 x H2O 

Empirical formula  C17H35Cl4N5O17  

Formula weight  723.30  

Temperature/K  99.99  

Crystal system  triclinic  

Space group  P-1  

a/Å  9.2692(9)  

b/Å  10.0257(10)  

c/Å  15.5616(15)  

α/°  99.295(3)  

β/°  95.951(3)  

γ/°  99.281(3)  

Volume/Å3  1395.9(2)  

Z  2  

ρcalcg/cm3  1.721  

μ/mm-1  0.513  

F(000)  752.0  

Crystal size/mm3  0.248 × 0.207 × 0.084  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  5.352 to 60  

Index ranges  -13 ≤ h ≤ 13, -14 ≤ k ≤ 14, -21 ≤ l ≤ 21  

Reflections collected  214286  

Independent reflections  7905 [Rint = 0.0285, Rsigma = 0.0085]  

Data/restraints/parameters  7905/0/391  

Goodness-of-fit on F2  1.069  

Final R indexes [I>=2σ (I)]  R1 = 0.0248, wR2 = 0.0643  

Final R indexes [all data]  R1 = 0.0261, wR2 = 0.0658  

Largest diff. peak/hole / e Å-3  0.49/-0.46  
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Table A1.10. Bond length for [H4(3.4)](ClO4)4 x H2O. 

Atom Atom Length/Å  Atom Atom Length/Å 

Cl1 O11 1.4250(9)  N2 C12 1.3445(12) 

Cl1 O9 1.4549(8)  N3 C10 1.4997(12) 

Cl1 O12 1.4338(9)  N3 C17 1.5093(12) 

Cl1 O10 1.4352(9)  N3 C18 1.4998(12) 

Cl2 O15 1.4330(8)  C1 C10 1.5129(13) 

Cl2 O13 1.4510(8)  C2 C3 1.5222(13) 

Cl2 O14 1.4441(8)  C3 C4 1.5274(13) 

Cl2 O16 1.4474(8)  C4 N15 1.5164(12) 

Cl3 O5 1.4421(9)  N15 C6 1.5076(12) 

Cl3 O7 1.4397(7)  C6 C7 1.5073(13) 

Cl3 O8 1.4411(8)  C7 C8 1.3958(13) 

Cl3 O6 1.4450(8)  C8 C9 1.3876(14) 

Cl4 O4 1.4336(8)  C9 C11 1.3938(14) 

Cl4 O2 1.4510(8)  C11 C12 1.3927(13) 

Cl4 O1 1.4441(8)  C12 C13 1.5070(13) 

Cl4 O3 1.4393(8)  C13 N14 1.5101(13) 

N1 C1 1.5087(13)  N14 C15 1.4997(12) 

N1 C2 1.5101(12)  C15 C16 1.5214(13) 

N1 C19 1.5106(12)  C16 C17 1.5236(13) 

N2 C7 1.3426(12)  C18 C19 1.5161(13) 
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Table A1.11. Bond angles for [H4(3.4)](ClO4)4 x H2O. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

O11 Cl1 O9 109.48(6)  C7 N2 C12 117.45(8) 

O11 Cl1 O12 111.04(7)  C10 N3 C17 111.50(7) 

O11 Cl1 O10 109.95(6)  C10 N3 C18 112.73(7) 

O12 Cl1 O9 109.01(5)  C18 N3 C17 111.60(7) 

O12 Cl1 O10 108.92(7)  N1 C1 C10 110.73(7) 

O10 Cl1 O9 108.39(5)  N1 C2 C3 112.72(8) 

O15 Cl2 O13 109.38(5)  C2 C3 C4 112.15(8) 

O15 Cl2 O14 110.32(5)  N15 C4 C3 113.55(8) 

O15 Cl2 O16 109.79(5)  C6 N15 C4 115.62(8) 

O14 Cl2 O13 109.29(5)  C7 C6 N15 110.33(7) 

O14 Cl2 O16 109.24(5)  N2 C7 C6 115.59(8) 

O16 Cl2 O13 108.80(5)  N2 C7 C8 123.34(9) 

O5 Cl3 O6 109.73(6)  C8 C7 C6 121.07(9) 

O7 Cl3 O5 109.15(5)  C9 C8 C7 118.51(9) 

O7 Cl3 O8 109.65(5)  C8 C9 C11 118.87(9) 

O7 Cl3 O6 109.99(5)  N3 C10 C1 111.20(8) 

O8 Cl3 O5 108.99(6)  C12 C11 C9 118.56(9) 

O8 Cl3 O6 109.31(5)  N2 C12 C11 123.23(9) 

O4 Cl4 O2 109.69(5)  N2 C12 C13 116.63(8) 

O4 Cl4 O1 109.52(6)  C11 C12 C13 120.09(8) 

O4 Cl4 O3 109.91(6)  C12 C13 N14 112.36(8) 

O1 Cl4 O2 107.88(5)  C15 N14 C13 115.28(8) 

O3 Cl4 O2 109.84(5)  N14 C15 C16 110.74(8) 

O3 Cl4 O1 109.97(6)  C15 C16 C17 108.29(8) 

C1 N1 C2 115.10(7)  N3 C17 C16 113.21(7) 

C1 N1 C19 107.59(7)  N3 C18 C19 111.53(8) 

C2 N1 C19 111.25(7)  N1 C19 C18 110.91(7) 

 

The copper and zinc complex solutions were prepared by mixing the Cu(ClO4)2 x 6H2O 

(67.3 mg, 0.182 mmol) or Zn(ClO4)2 x 6H2O (69.5 mg, 0.187 mmol) with 3.4 (for Cu(II) - 56.8 

mg, 0.187 mmol; for Zn(II) – 55.6 mg, 0.183 mmol) in dry MeOH (4 mL). Blue or tan 

precipitate formed instantaneously, and the suspension were stirred for 5 minutes then the 

solids were vacuum filtered and dried. In the next step, the solids were dissolved in dry MeCN 
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(4 mL) to afford dark blue and faint yellow solutions, which were then filtered through syringe 

filters (0.45 μm PTFE membrane). Blue and colorless single crystals suitable for X-ray 

diffraction analysis were obtained by slow evaporation of the MeCN solutions at room 

temperature. Analytical data for Cu(II) - 3.4 complex: MS (ESI/Q-TOF) m/z: [M]+ Calcd for 

C17H29N5Cu 366.1719; Found 366.1704; Anal. Calcd for C17H29Cl2N5O8 ([Cu(3.4)](ClO4)2): 

C, 36.08; H, 5.17; N, 12.38; Found: C, 36.16; H, 5.31; N, 12.21. 

 

Figure A1.179. Synthesis of Cu(II)- and Zn(II)-complexes of 3.4. 

Table A1.12. Experimental data for the Cu(II) complex of 3.4. 

Compound [Cu(3.4)](ClO4)2 

Empirical formula  C68H116Cl8Cu4N20O32  

Formula weight  2263.56  

Temperature/K  100.0  

Crystal system  triclinic  

Space group  P-1  

a/Å  8.0355(16)  

b/Å  14.496(3)  

c/Å  19.410(4)  

α/°  91.590(9)  

β/°  89.944(8)  

γ/°  89.948(8)  

Volume/Å3  2260.1(8)  

Z  1  
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ρcalcg/cm3  1.663  

μ/mm-1  1.258  

F(000)  1172.0  

Crystal size/mm3  0.444 × 0.314 × 0.17  

Radiation  MoKα (λ = 0.71076)  

2Θ range for data collection/°  5.486 to 59.996  

Index ranges  -11 ≤ h ≤ 11, -20 ≤ k ≤ 20, -27 ≤ l ≤ 27  

Reflections collected  200132  

Independent reflections  13180 [Rint = 0.0610, Rsigma = 0.0276]  

Data/restraints/parameters  13180/18/715  

Goodness-of-fit on F2  1.106  

Final R indexes [I>=2σ (I)]  R1 = 0.0291, wR2 = 0.0724  

Final R indexes [all data]  R1 = 0.0323, wR2 = 0.0766  

Largest diff. peak/hole / e Å-3  0.59/-0.56  

 

  



 

 

272 

 

Table A1.13. Bond lengths for [Cu(3.4)](ClO4)2. 

Atom Atom Length/Å  Atom Atom Length/Å 

Cu1 N2 2.1098(12)  C19 C25 1.518(2) 

Cu1 N4 1.9532(12)  C21 C37 1.520(2) 

Cu1 N8 2.1297(12)  C22 C36 1.518(2) 

Cu1 N11 2.2830(14)  C23 C28 1.534(2) 

Cu1 N13 2.2247(14)  C24 C29 1.532(2) 

Cu2 N1 2.1101(12)  C25 C44 1.524(2) 

Cu2 N3 1.9541(12)  C26 C43 1.522(2) 

Cu2 N7 2.1301(12)  C30 C37 1.522(2) 

Cu2 N12 2.2855(14)  C31 C52 1.538(2) 

Cu2 N17 2.2244(14)  C33 C49 1.387(3) 

N1 C14 1.4885(19)  C34 C51 1.386(3) 

N1 C15 1.4975(18)  C35 C50 1.538(2) 

N2 C16 1.4890(19)  C36 C40 1.524(2) 

N2 C19 1.4969(18)  C46 C51 1.389(3) 

N3 C5 1.3384(17)  C47 C49 1.390(3) 

N3 C10 1.3422(17)  Cl3 O38 1.450(5) 

N4 C6 1.3387(17)  Cl3 O54 1.420(6) 

N4 C9 1.3425(17)  Cl3 O56 1.443(4) 

C5 C14 1.497(2)  Cl3 O59 1.436(5) 

C5 C46 1.393(2)  Cl3 O38A 1.433(15) 

C6 C16 1.499(2)  Cl3 O54A 1.443(13) 

C6 C47 1.393(2)  Cl3 O56A 1.417(11) 

N7 C18 1.4885(18)  Cl3 O59A 1.426(12) 

N7 C21 1.4998(18)  Cl4 O41 1.447(6) 

N8 C20 1.4872(18)  Cl4 O53 1.421(6) 

N8 C22 1.5000(18)  Cl4 O58 1.443(5) 

C9 C20 1.497(2)  Cl4 O60 1.438(5) 

C9 C33 1.386(2)  Cl4 O41A 1.433(14) 

C10 C18 1.496(2)  Cl4 O53A 1.439(13) 

C10 C34 1.387(2)  Cl4 O58A 1.419(11) 

N11 C29 1.4772(19)  Cl4 O60A 1.425(12) 

N11 C31 1.4888(19)  Cl5 O27 1.4456(12) 

N11 C40 1.471(2)  Cl5 O39 1.4448(13) 

N12 C28 1.4775(19)  Cl5 O48 1.4439(13) 

N12 C30 1.473(2)  Cl5 O57 1.4285(15) 

N12 C35 1.4866(19)  Cl6 O32 1.445(7) 
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Atom Atom Length/Å  Atom Atom Length/Å 

N13 C24 1.4925(19)  Cl6 O42 1.448(7) 

N13 C44 1.474(2)  Cl6 O45 1.441(6) 

N13 C52 1.4749(19)  Cl6 O55 1.421(7) 

C15 C26 1.521(2)  Cl6A O32A 1.431(9) 

N17 C23 1.4916(19)  Cl6A O42A 1.440(11) 

N17 C43 1.474(2)  Cl6A O45A 1.445(11) 

N17 C50 1.4729(19)  Cl6A O55A 1.434(11) 
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Table A1.14. Bond angles for [Cu(3.4)](ClO4)2. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

N2 Cu1 N8 159.13(5)  C43 N17 C23 111.38(12) 

N2 Cu1 N11 116.57(5)  C50 N17 Cu2 101.68(9) 

N2 Cu1 N13 83.18(5)  C50 N17 C23 106.66(12) 

N4 Cu1 N2 79.73(5)  C50 N17 C43 111.40(12) 

N4 Cu1 N8 79.42(5)  N7 C18 C10 108.84(11) 

N4 Cu1 N11 144.88(5)  N2 C19 C25 114.67(12) 

N4 Cu1 N13 148.41(5)  N8 C20 C9 108.84(11) 

N8 Cu1 N11 80.87(5)  N7 C21 C37 114.86(12) 

N8 Cu1 N13 115.70(5)  N8 C22 C36 114.78(12) 

N13 Cu1 N11 66.71(5)  N17 C23 C28 108.82(12) 

N1 Cu2 N7 159.11(5)  N13 C24 C29 108.72(12) 

N1 Cu2 N12 116.62(5)  C19 C25 C44 116.05(13) 

N1 Cu2 N17 83.10(5)  C15 C26 C43 115.96(13) 

N3 Cu2 N1 79.73(5)  N12 C28 C23 107.17(12) 

N3 Cu2 N7 79.39(5)  N11 C29 C24 107.22(12) 

N3 Cu2 N12 144.87(5)  N12 C30 C37 112.25(12) 

N3 Cu2 N17 148.36(5)  N11 C31 C52 108.45(12) 

N7 Cu2 N12 80.85(5)  C9 C33 C49 118.45(15) 

N7 Cu2 N17 115.79(5)  C51 C34 C10 118.36(15) 

N17 Cu2 N12 66.77(5)  N12 C35 C50 108.50(12) 

C14 N1 Cu2 108.12(8)  C22 C36 C40 115.21(12) 

C14 N1 C15 109.26(11)  C21 C37 C30 115.30(12) 

C15 N1 Cu2 109.38(8)  N11 C40 C36 112.21(12) 

C16 N2 Cu1 108.19(8)  N17 C43 C26 112.66(13) 

C16 N2 C19 109.32(11)  N13 C44 C25 112.51(13) 

C19 N2 Cu1 109.24(8)  C51 C46 C5 118.40(15) 

C5 N3 Cu2 119.30(9)  C49 C47 C6 118.26(15) 

C5 N3 C10 121.43(12)  C33 C49 C47 120.34(14) 

C10 N3 Cu2 119.22(9)  N17 C50 C35 107.59(12) 

C6 N4 Cu1 119.38(9)  C34 C51 C46 120.36(14) 

C6 N4 C9 121.37(12)  N13 C52 C31 107.46(12) 

C9 N4 Cu1 119.20(9)  O54 Cl3 O38 109.6(7) 

N3 C5 C14 114.53(12)  O54 Cl3 O56 111.5(5) 

N3 C5 C46 120.57(14)  O54 Cl3 O59 109.6(6) 

C46 C5 C14 124.84(13)  O56 Cl3 O38 108.8(6) 

N4 C6 C16 114.48(12)  O59 Cl3 O38 109.0(5) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

N4 C6 C47 120.72(14)  O59 Cl3 O56 108.2(3) 

C47 C6 C16 124.74(13)  O38A Cl3 O54A 112.5(18) 

C18 N7 Cu2 107.00(8)  O56A Cl3 O38A 110.8(16) 

C18 N7 C21 109.46(11)  O56A Cl3 O54A 105.7(15) 

C21 N7 Cu2 109.84(8)  O56A Cl3 O59A 110.4(8) 

C20 N8 Cu1 107.03(8)  O59A Cl3 O38A 107.9(13) 

C20 N8 C22 109.33(11)  O59A Cl3 O54A 109.7(14) 

C22 N8 Cu1 109.75(8)  O53 Cl4 O41 110.4(9) 

N4 C9 C20 114.27(12)  O53 Cl4 O58 111.1(5) 

N4 C9 C33 120.85(14)  O53 Cl4 O60 109.8(7) 

C33 C9 C20 124.87(13)  O58 Cl4 O41 108.5(7) 

N3 C10 C18 114.27(12)  O60 Cl4 O41 108.9(6) 

N3 C10 C34 120.86(14)  O60 Cl4 O58 108.0(4) 

C34 C10 C18 124.87(13)  O41A Cl4 O53A 110.2(19) 

C29 N11 Cu1 99.89(9)  O58A Cl4 O41A 111.1(15) 

C29 N11 C31 107.50(12)  O58A Cl4 O53A 107.6(12) 

C31 N11 Cu1 106.03(9)  O58A Cl4 O60A 110.8(8) 

C40 N11 Cu1 119.43(9)  O60A Cl4 O41A 108.1(14) 

C40 N11 C29 111.47(12)  O60A Cl4 O53A 109.0(15) 

C40 N11 C31 111.43(12)  O39 Cl5 O27 109.56(8) 

C28 N12 Cu2 99.91(9)  O48 Cl5 O27 108.44(8) 

C28 N12 C35 107.40(12)  O48 Cl5 O39 109.01(8) 

C30 N12 Cu2 119.50(9)  O57 Cl5 O27 109.75(9) 

C30 N12 C28 111.55(12)  O57 Cl5 O39 109.62(9) 

C30 N12 C35 111.44(12)  O57 Cl5 O48 110.44(10) 

C35 N12 Cu2 105.93(9)  O32 Cl6 O42 106.9(7) 

C24 N13 Cu1 106.88(9)  O45 Cl6 O32 108.2(6) 

C44 N13 Cu1 117.84(9)  O45 Cl6 O42 109.4(7) 

C44 N13 C24 111.36(12)  O55 Cl6 O32 110.1(7) 

C44 N13 C52 111.28(12)  O55 Cl6 O42 110.0(7) 

C52 N13 Cu1 101.74(9)  O55 Cl6 O45 112.0(7) 

C52 N13 C24 106.84(12)  O32A Cl6A O42A 113.6(12) 

N1 C14 C5 109.80(11)  O32A Cl6A O45A 109.4(10) 

N1 C15 C26 114.50(12)  O32A Cl6A O55A 110.3(11) 

N2 C16 C6 109.76(11)  O42A Cl6A O45A 107.7(13) 

C23 N17 Cu2 106.94(9)  O55A Cl6A O42A 108.8(13) 

C43 N17 Cu2 117.85(9)  O55A Cl6A O45A 106.8(12) 



 

 

276 

 

Table A1.15. Experimental data for the Zn(II) complex of 3.4. 

Compound [Zn(3.4)](ClO4)2 x 2MeCN x H2O 

Empirical formula  C12.67H22Cl1.33N4O5.67Zn0.67  

Formula weight  411.85  

Temperature/K  100.00  

Crystal system  monoclinic  

Space group  P21/n  

a/Å  13.1961(7)  

b/Å  11.0354(5)  

c/Å  35.3895(17)  

α/°  90  

β/°  96.4557(13)  

γ/°  90  

Volume/Å3  5120.9(4)  

Z  12  

ρcalcg/cm3  1.603  

μ/mm-1  1.226  

F(000)  2568.0  

Crystal size/mm3  0.566 × 0.486 × 0.224  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  4.824 to 54.998  

Index ranges  -17 ≤ h ≤ 17, -14 ≤ k ≤ 14, -45 ≤ l ≤ 45  

Reflections collected  123265  

Independent reflections  11688 [Rint = 0.0324, Rsigma = 0.0194]  

Data/restraints/parameters  11688/0/727  

Goodness-of-fit on F2  1.410  

Final R indexes [I>=2σ (I)]  R1 = 0.0637, wR2 = 0.1476  

Final R indexes [all data]  R1 = 0.0639, wR2 = 0.1477  

Largest diff. peak/hole / e Å-3  0.49/-0.55  
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Table A1.16. Bond length for [Zn(3.4)](ClO4)2 x 2MeCN x H2O. 

Atom Atom Length/Å  Atom Atom Length/Å 

Zn1 N3 2.161(3)  N9 C1S 1.479(6) 

Zn1 N4 2.245(3)  N10 C1D 1.479(6) 

Zn1 N5 2.268(3)  N10 C1L 1.465(6) 

Zn1 N2 2.095(3)  N10 C1Q 1.475(6) 

Zn1 N11 2.315(3)  N11 C11 1.466(5) 

Zn1 N14 2.281(4)  N11 C1H 1.483(5) 

Zn2 O7 2.170(3)  N6 C10 1.336(6) 

Zn2 N9 2.331(4)  N6 C13 1.339(5) 

Zn2 N10 2.310(4)  N13 C1E 1.472(6) 

Zn2 N6 2.098(4)  N13 C1P 1.500(6) 

Zn2 N13 2.221(4)  N8 C1F 1.492(6) 

Zn2 N8 2.154(4)  N8 C1G 1.490(6) 

Cl3 O12 1.450(8)  N8 C1T 1.500(6) 

Cl3 O13 1.355(7)  C3 C11 1.509(6) 

Cl3 O15 1.482(7)  C3 C1N 1.379(6) 

Cl3 O12A 1.490(9)  C2 C1C 1.531(6) 

Cl3 O13A 1.421(9)  C6 C16 1.506(6) 

Cl3 O15A 1.334(8)  C7 C8 1.532(6) 

Cl3 O14 1.441(3)  C9 C1B 1.527(6) 

Cl4 O9 1.431(3)  C10 C19 1.509(6) 

Cl4 O10 1.449(3)  C10 C1I 1.378(6) 

Cl4 O8 1.440(4)  C13 C1A 1.388(7) 

Cl4 O11 1.431(4)  C13 C1E 1.503(7) 

Cl O1 1.428(3)  N14 C18 1.138(6) 

Cl O3 1.443(4)  C16 C1M 1.391(6) 

Cl O4 1.442(4)  C18 C1K 1.456(6) 

Cl O5 1.454(4)  C1A C1U 1.382(7) 

Cl1 O2 1.31(4)  C1B C1H 1.513(6) 

Cl1 O6 1.437(19)  C1D C1G 1.534(7) 

Cl1 O16 1.451(18)  C1F C1L 1.540(8) 

Cl1 O17 1.510(15)  C1I C1U 1.396(7) 

N3 C2 1.492(5)  C1M C1X 1.380(7) 

N3 C4 1.503(5)  C1N C1X 1.390(7) 

N3 C9 1.485(5)  C1P C5 1.520(8) 

N4 C6 1.484(5)  C1Q C5 1.531(8) 

N4 C8 1.493(5)  C1S C1W 1.520(7) 
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Atom Atom Length/Å  Atom Atom Length/Å 

N5 C 1.473(5)  C1T C1W 1.518(6) 

N5 C1 1.471(5)  C1Z C20 1.448(8) 

N5 C1C 1.488(5)  C1Z N1 1.139(8) 

N2 C3 1.344(6)  O16A Cl1A 1.40(3) 

N2 C16 1.342(5)  Cl1A O6A 1.41(2) 

C C7 1.528(6)  Cl1A O2A 1.61(5) 

C1 C4 1.547(6)  Cl1A O17 1.374(19) 

N9 C19 1.473(5)     

Table A1.17. Bond angles for [Zn(3.4)](ClO4)2 x 2MeCN x H2O. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

N3 Zn1 N4 113.39(13)  C16 N2 C3 119.7(4) 

N3 Zn1 N5 68.40(12)  N5 C C7 112.9(3) 

N3 Zn1 N11 83.86(12)  N5 C1 C4 107.6(3) 

N3 Zn1 N14 126.69(13)  C19 N9 Zn2 105.9(3) 

N4 Zn1 N5 79.75(12)  C19 N9 C1S 109.9(4) 

N4 Zn1 N11 150.61(12)  C1S N9 Zn2 111.3(3) 

N4 Zn1 N14 103.97(13)  C1D N10 Zn2 107.6(3) 

N5 Zn1 N11 129.59(12)  C1L N10 Zn2 98.8(3) 

N5 Zn1 N14 83.13(13)  C1L N10 C1D 106.2(4) 

N2 Zn1 N3 134.82(13)  C1L N10 C1Q 112.9(4) 

N2 Zn1 N4 76.37(13)  C1Q N10 Zn2 118.3(3) 

N2 Zn1 N5 152.27(13)  C1Q N10 C1D 111.7(4) 

N2 Zn1 N11 74.78(13)  C11 N11 Zn1 105.8(2) 

N2 Zn1 N14 89.13(13)  C11 N11 C1H 110.0(3) 

N14 Zn1 N11 81.15(13)  C1H N11 Zn1 111.7(3) 

O7 Zn2 N9 83.64(13)  C10 N6 Zn2 120.9(3) 

O7 Zn2 N10 83.02(13)  C10 N6 C13 119.9(4) 

O7 Zn2 N13 102.32(14)  C13 N6 Zn2 119.0(3) 

N10 Zn2 N9 130.45(14)  C1E N13 Zn2 110.1(3) 

N6 Zn2 O7 89.01(13)  C1E N13 C1P 112.4(4) 

N6 Zn2 N9 74.00(13)  C1P N13 Zn2 108.7(3) 

N6 Zn2 N10 152.69(14)  C1F N8 Zn2 103.4(3) 

N6 Zn2 N13 76.98(14)  C1F N8 C1T 111.7(4) 

N6 Zn2 N8 135.30(14)  C1G N8 Zn2 106.1(3) 

N13 Zn2 N9 150.27(14)  C1G N8 C1F 107.0(4) 

N13 Zn2 N10 79.28(15)  C1G N8 C1T 107.1(3) 

N8 Zn2 O7 127.33(13)  C1T N8 Zn2 120.8(3) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

N8 Zn2 N9 84.23(14)  N2 C3 C11 114.8(4) 

N8 Zn2 N10 67.33(15)  N2 C3 C1N 122.0(4) 

N8 Zn2 N13 112.85(15)  C1N C3 C11 123.2(4) 

O12 Cl3 O15 104.3(6)  N3 C2 C1C 108.2(3) 

O13 Cl3 O12 109.9(6)  N3 C4 C1 108.9(3) 

O13 Cl3 O15 111.3(6)  N4 C6 C16 111.6(3) 

O13 Cl3 O14 112.9(4)  C C7 C8 116.1(4) 

O13A Cl3 O12A 104.1(9)  N4 C8 C7 112.1(3) 

O13A Cl3 O14 109.0(4)  N3 C9 C1B 114.0(3) 

O15A Cl3 O12A 110.6(8)  N6 C10 C19 114.8(4) 

O15A Cl3 O13A 113.5(7)  N6 C10 C1I 122.5(4) 

O15A Cl3 O14 113.9(5)  C1I C10 C19 122.6(4) 

O14 Cl3 O12 110.8(4)  N11 C11 C3 111.1(3) 

O14 Cl3 O15 107.3(4)  N6 C13 C1A 121.1(4) 

O14 Cl3 O12A 105.0(4)  N6 C13 C1E 115.9(4) 

O9 Cl4 O10 109.9(2)  C1A C13 C1E 122.9(4) 

O9 Cl4 O8 108.9(2)  C18 N14 Zn1 173.3(4) 

O9 Cl4 O11 109.6(3)  N2 C16 C6 116.0(4) 

O8 Cl4 O10 109.3(2)  N2 C16 C1M 121.3(4) 

O11 Cl4 O10 109.0(3)  C1M C16 C6 122.7(4) 

O11 Cl4 O8 110.2(3)  N14 C18 C1K 179.5(5) 

O1 Cl O3 109.9(2)  N9 C19 C10 110.9(3) 

O1 Cl O4 110.4(2)  C1U C1A C13 119.0(4) 

O1 Cl O5 108.4(2)  C1H C1B C9 115.3(4) 

O3 Cl O5 109.2(3)  N5 C1C C2 108.4(3) 

O4 Cl O3 109.8(2)  N10 C1D C1G 107.9(4) 

O4 Cl O5 109.0(3)  N13 C1E C13 111.8(3) 

O2 Cl1 O6 107.5(18)  N8 C1F C1L 109.3(4) 

O2 Cl1 O16 109(2)  N8 C1G C1D 108.6(3) 

O2 Cl1 O17 113.1(16)  N11 C1H C1B 112.0(3) 

O6 Cl1 O16 107.8(14)  C10 C1I C1U 117.8(4) 

O6 Cl1 O17 110.1(10)  N10 C1L C1F 107.5(4) 

O16 Cl1 O17 109.6(11)  C1X C1M C16 118.6(4) 

C2 N3 Zn1 103.1(2)  C3 C1N C1X 118.2(4) 

C2 N3 C4 107.2(3)  N13 C1P C5 112.6(4) 

C4 N3 Zn1 104.5(2)  N10 C1Q C5 112.5(4) 

C9 N3 Zn1 122.7(3)  N9 C1S C1W 111.3(4) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C9 N3 C2 108.0(3)  N8 C1T C1W 115.4(4) 

C9 N3 C4 110.3(3)  C1A C1U C1I 119.7(4) 

C6 N4 Zn1 110.4(2)  C1T C1W C1S 114.9(4) 

C6 N4 C8 111.8(3)  C1M C1X C1N 120.0(4) 

C8 N4 Zn1 106.6(2)  C1P C5 C1Q 116.5(4) 

C N5 Zn1 119.0(3)  N1 C1Z C20 178.6(6) 

C N5 C1C 111.7(3)  O16A Cl1A O6A 113.1(18) 

C1 N5 Zn1 99.5(2)  O16A Cl1A O2A 114(2) 

C1 N5 C 112.8(3)  O6A Cl1A O2A 110(2) 

C1 N5 C1C 105.9(3)  O17 Cl1A O16A 106.4(15) 

C1C N5 Zn1 106.6(2)  O17 Cl1A O6A 110.7(13) 

C3 N2 Zn1 120.0(3)  O17 Cl1A O2A 102.4(18) 

C16 N2 Zn1 120.2(3)      

 

A1.4. Potentiometric measurements 

The MgCl2, CaCl2, MnCl2, FeCl2, CuCl2 and ZnCl2 stock solutions were prepared from 

analytical grade chemicals and their concentrations were determined by complexometric 

titrations with standardized Na2H2EDTA and eriochrome black-T (EBT) indicator for MgCl2 

and CaCl2, EBT indicator in the presence of ascorbic acid and triethanol-amine for MnCl2, 

thiosalicylic acid indicator in the presence of ascorbic acid and pyridine for FeCl2, PAR 

indicator in the presence of NH4OAc for CuCl2, and EBT indicator in the presence pH 10 

NH3/NH4Cl buffer for ZnCl2. The concentration of the ligand stock solution was determined 

by pH-potentiometric titration. The protonation constants were calculated with the following 

setup: ~0.2 M carbonate free NaOH titrant with ~2 mM ligand solution at an initial volume of 

6 mL. Titrations were performed at 25.0 ± 0.1 °C and an ionic strength of I = 0.15 M NaCl to 

model the background present in body fluids. An inert atmosphere was provided by a constant 

passage of dry N2 through the sample. The protonation constants of the ligands (log Ki
H) are 

defined as: 
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where i = 1, 2, 3 and the [Hi-1L
(i-1)+] and [H+] are the equilibrium concentrations of the ligand 

in different protonation states and hydrogen ions, respectively. The potentiometric titrations 

were carried out with a Metrohm 888 Titrando workstation and a Metrohm 6.0234.100 

combined electrode in the pH range of 2.0-11.8. For the calibration of the microelectrode, KH-

phtalate (pH = 4.008)204 and borate (pH = 9.177)205 buffer standards were used and the [H+] 

were calculated from the measured pH values by applying the method proposed by Irving206: 

a solution of approximately 0.02 M HCl was titrated with 0.2 M NaOH solution (I = 0.15 M 

NaCl) and the differences between the measured and calculated pH values (pH < 2.2) were 

used to calculate the [H+] from the pH values measured in the ligand titrations. The 

experimental points above pH 11 for the acid-base titration were utilized to determine the ionic 

product of water (pKw ~ 13.8) in case of our experimental setup. PSEQUAD software was used 

to calculate the equilibrium constants.207  

The protonation constants of the 15-pyN3O2Ph, 3.2, 3.4, 4.35 ligands were determined 

by titrating the ligand solution (acidified with a known volume of standard HCl solution) with 

0.2 M NaOH at 0.15 M NaCl ionic strength in 1.6-12.0 pH range. The log Ki
H values were 

calculated from 100-560 V(mL)-pH data pairs. To determine the stability constants of the 

complexes formed with different metal ions, potentiometric titrations were carried out at 1:1 

metal-to-ligand molar ratio, with 2% ligand excess to prevent the hydrolysis of the metal ions, 

allowing one minute for the equilibration to occur (the number of data pairs were between 70-

190). 
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Figure A1.180. Measured and calculated pH values obtained for 15-pyN3O2Ph ligand. 

 

Figure A1.181. Species distribution diagram of 15-pyN3O2Ph (cL = 2 mM, I = 0.15 M NaCl, T 

= 298 K). 
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Figure A1.182. Measured and calculated pH values obtained for the Mg(II)-15-pyN3O2Ph 

system. 

 
Figure A1.183. Measured and calculated pH values obtained for the Ca(II)-15-pyN3O2Ph 

system. 
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Figure A1.184. Measured and calculated pH values obtained for the Mn(II)-15-pyN3O2Ph 

system. 

 
Figure A1.185. Measured and calculated pH values obtained for the Fe(II)-15-pyN3O2Ph 

system. 
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Figure A1.186. Measured and calculated pH values obtained for the Co(II)-15-pyN3O2Ph 

system. 

 
Figure A1.187. Measured and calculated pH values obtained for the Cu(II)-15-pyN3O2Ph 

system. 
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Figure A1.188. Measured and calculated pH values obtained for the Zn(II)-15-pyN3O2Ph 

system 
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Figure A1.189. Exerts from the output file used in the calculation of the protonation constants 

of 15-pyN3O2Ph ligand. 

 

In the first three images of the Figure A1.189, the input data is displayed: NaOH 

concentration in the burette, number of data sets (or the number of separate titrations), data 

pairs of added base volumes with pH readings, then finally a matrix used in the fitting 

procedure with the initial values given in column F1 of the third image. The fourth image 

shows the actual fitting steps, which uses the method of least squares. The main output results 

are the overall equilibrium constants with their standard deviations and a fitting parameter, 

which describes the goodness of the fit. In the 5th, 6th and 7th pictures a few additional details 

are given, including the calculated pH values and the calculated concentration of each species 

present in the model; a simple distribution diagram showing the speciation curves; and finally, 

the deviation of the calculated pH values from the measured points. 
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Figure A1.190. Species distribution diagram of the complex [Mn(15-pyN3O2Ph)]2+ calculated 

in the pH range of 4 to 11 (by using 1.030 mM of Mn(II) and 1.49 mM ligand; plain lines) and 

the plots of the 1/T1 values measured at 0.49 T and 0.15 M NaCl at 298 K. 

 
Figure A1.191. Measured and calculated pH values obtained for 3.2 ligand. 
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Figure A1.192. Measured and calculated pH values obtained for 3.4 ligand. 

 
Figure A1.193. Measured and calculated pH values obtained for 4.36 ligand. 
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Figure A1.194. Measured and calculated pH values obtained for 5.9 ligand. 

 
Figure A1.195. Measured and calculated pH values obtained for the Cu(II)-5.9 system. 
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Figure A1.196. ESI HRMS of Cu(II)-4.25. 

 

Figure A1.197. ESI HRMS of Zn(II)-4.25. 

 

Figure A1.198. ESI HRMS of Cu(II)-4.36. 

[Cu(4.25)Cl]+ 

Calcd. – 477.1351 
Found – 477.1363 

[Zn(4.25)Cl]+ 

Calcd. – 478.1347 
Found – 478.1361 

[Cu(4.36)Cl]+ 

Calcd. – 477.1351 
Found – 477.1367 
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Figure A1.199. ESI HRMS of Zn(II)-4.36. 

 

Figure A1.200. The absorption spectra for the Cu(II)-4.36 complex ([4.36] = [Cu(II)] = 1.1 x 

10-3 M). 

[Zn(4.36)Cl]+ 

Calcd. – 478.1347 
Found – 478.1360 



 

 

296 

 

 

Figure A1.201. ESI HRMS of Cu(II)-5.9. 

 

Figure A1.202. ESI HRMS of Zn(II)-5.9. 

  

Figure A1.203. ESI HRMS of Cu(II)-6.7. 

 

[CuH(5.9)]+ 

Calcd. – 441.1221 

Found – 441.1232 

[ZnH(5.9)]+ 

Calcd. – 442.1216 

Found – 442.1230 

[Cu(6.7)Cl]+ 

Calcd. – 346.0980 

Found – 346.0997 
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Figure A1.204. ESI HRMS of Zn(II)-6.7. 

 

Figure A1.205. ESI HRMS of Cu(II)-6.8. 

 

Figure A1.206. ESI HRMS of Zn(II)-6.8. 

  

[Zn(6.7)Cl]+ 

Calcd. – 347.0975 

Found – 347.0989 

[Cu(6.8)Cl]+ 

Calcd. – 362.0929 

Found – 362.0945 

[Zn(6.8)Cl]+ 

Calcd. – 363.0925 

Found – 363.0935 
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Table A1.18. Hammett parameters and protonation constants determined for 4-substituted 

pyridines.181 

 σp pKa pyN 

Me2N -0.83 9.68 

MeHN -0.70 9.65 

NH2 -0.66 9.11 

MeO -0.27 6.47 

EtO -0.24 6.67 

Me -0.17 6.00 

Et -0.15 5.87 

iPr -0.15 6.02 

vinyl -0.04 5.62 

H 0.00 5.23 

I 0.18 4.02 

Cl 0.23 3.83 

Br 0.23 3.71 

NH2C(O) 0.36 3.61 

CF3 0.54 1.34 

CN 0.66 1.90 

NO2 0.78 1.23 

 

A1.5. 1H-relaxometric studies 

Measurements of longitudinal (T1) and transversal (T2) relaxation times were 

performed by Gyula Tircsó and his group using a Bruker Minispec MQ-20 and MQ-60 NMR 

Analyzers working at 0.49 T (corresponding to 20 MHz proton Larmor frequency) and 1.41 T 

(corresponding to 60 MHz proton Larmor frequency), respectively. The temperature of the 

sample holder was set (25.0  0.2°C) and controlled with the use of a circulating water bath. 

The T1 values were determined with the inversion recovery method (180°x – τ – 90°x) by 

averaging 4-6 data points obtained at 10 different τ delay values. The transverse relaxation 

times (T2) were measured by using the Carr-Purcell-Meiboom-Gill sequence (CPMG) by 
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averaging again 4-6 identical data points.208 The normalized relaxivities (r1p and r2p) were 

calculated form the relaxation times (T1 and T2) using the following equation, where rwater is 

0.372: 

𝑟ip=

1

Ti
-×rwater

cML
 , i = 1, 2 (E-A1.5.1) 

The r1p and r2p relaxivities of the complex were determined by using batch samples 

(lying in the concentration range of 0.5-2.0 mM) prepared under nitrogen atmosphere having 

the ligand present at a 1.8 fold excess in the presence of 5 equivalents of hydroxyl-amine 

reducing agent (to prevent the oxidation of the Mn(II)). The pH in these samples was kept 

constant at pH = 8.12 with the use of HEPES buffer (I = 0.15 M NaCl, T = 298 K). By relying 

on the species distribution curves under these conditions, only one Mn(II) ion containing 

species is present in solution which is the [Mn(15-pyN3O2Ph)]2+ complex. To confirm the 

complex formation and its pH range, a sample containing 1 mM of the ligand and Mn(II) (Vtot 

= 6 mL) was titrated with NaOH under N2 protected atmosphere and the 1/T1,2p data were 

collected in the pH range of 4.5-11.0. 
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Figure A1.207. Plots of the 1H longitudinal and transverse relaxation rates versus Mn(II) 

complex concentration recorded at 0.49 T (top) and 1.41 T (bottom), 298 K and pH = 8.12. r1p 

and r2p data can be determined from the slopes of the linear fits (as shown on the figures).  
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A1.6. 17O-NMR studies 

Longitudinal (1/T1) and transverse (1/T2) relaxation rates and chemical shifts of an 

aqueous solution of the Mn(II) complex (pH = 8.12, at 1.9 mM concentration) and of a 

diamagnetic reference (HClO4 acidified water, pH = 3.3) were measured in the temperature 

range 273–348 K using a Bruker Avance 400 (9.4 T, 54.2 MHz) spectrometer by Gyula Tircsó 

and his group. In order to avoid the oxidation of the Mn(II) ion in the complex hydroxyl-amine 

was added to the sample (at 10 mM concentration). The temperature was determined according 

to previous calibration routines by means of ethylene glycol as standard.209 1/T1 and 1/T2 values 

were determined by the inversion−recovery and the Carr-Purcell-Meiboom-Gill spin-echo 

technique, respectively.208 The 17O-NMR technique for accessing water exchange rates has 

been described previously.210 To avoid susceptibility corrections of the chemical shifts, a glass 

sphere fitted into a 10 mm NMR tube was used during the measurements. To increase the 

sensitivity of 17O-NMR measurements, 17O enriched water (10% H2
17O, CortecNet) was added 

to the solutions to reach a 2% enrichment. The fit of the 17O-NMR data was performed using 

Micromath Scientist calculation program via least squares fitting procedure. 

Equations used for the fitting of 17O NMR data 

17O NMR data have been fitted according to the Swift and Connick equations.87, 88 The 

reduced transverse 17O relaxation rates, 1/T2r, have been calculated from the measured 

relaxation rates 1/T2 of the paramagnetic solutions and from the relaxation rates 1/T2A of the 

diamagnetic reference: 

1 1 1 1 1
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   (E-A1.6.1) 

m is determined by the hyperfine or scalar coupling constant, AO/ , where B represents the 

magnetic field, S is the electron spin and gL is the isotropic Landé g factor (Equation (E-

A1.6.2)). 
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The 17O transverse relaxation rate is mainly determined by the scalar contribution, 

1/T2sc, and it is given by Equation (E-A1.6.3). 
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The exchange rate, kex, (or inverse binding time,m) of the inner sphere water molecule 

is assumed to obey the Eyring equation (Equation (E-A1.6.5)) where S‡ and H‡ are the 

entropy and enthalpy of activation for the exchange, and 298kex is the exchange rate at 298.15 

K. 

















−


=







 

−


==
TR

HTk

RT

H

R

S

h

Tk
k

1

15.298

1
exp

15.298
exp

1 ‡298

ex

‡‡

B
ex

m
 (E-A1.6.5) 

For the fit of the 17O T2 data, we used an exponential function to treat the temperature 

dependency of 1/T1e: 
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Calculation of the q using the method proposed by Gale et al.  
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Figure A1.208. Plots of transverse relaxivity of 17O (r2°, black circles) as a function of 

temperature for the [Mn(15-pyN3O2Ph)]2+ chelate at 9.4 T. The solid line represents a 

Lorentzian fit of the data to determine the maximum value ( O

2maxr = 828.9 mM–1s–1, pH = 8.12). 

The calculated value of the q was found to be 1.6 ± 0.2. 

A1.7. Reaction of Mn(II) Complex with H2O2 and Quantification of O2 Evolution 

The reactions were performed in a sealed pressure vessel (15 mL) equipped with a 

stirring bar and a 3-way manifold valve by David Freire. Two of the lines (PTFE tubing) were 

connected to the cell: one was used for N2 and the other to inject the aliquot of H2O2. The 

pressure vessel was sealed using a PEEK (polyether ether ketone) bushing connected to 

threaded fittings (IDEX Health and Science) for custom sealing between the gas tubing, 

microsensor and reaction vessel. The pressured of the vessel was kept at 1 atm using a snorkel 

line with minimal loss of headspace during the catalytic studies. The sensor was calibrated 

using N2 and air (0 mmHg and 159 mmHg) under atmospheric pressure. The metal complex 

was prepared in aqueous solution at pH 8 using stock solutions of 15-pyN3O2Ph, buffer, and 

MnCl2. At pH 8, 95% of the Mn(II) ions are chelated by the ligand. 
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Tris(hydroxymethyl)aminomethane buffer was used to maintain the desired pH during the 

experiments. The metal complex was prepared by mixing the corresponding amount of the 

stock solution of ligand, buffer and MnCl2 in a vial to achieve the targeted concentration for 

the H2O2 disproportionation studies ([15-pyN3O2Ph] = 2.04 mM; [buffer] = 50 mM; [Mn(II)] 

= 2 mM). The vessel was loaded with 1.5 mL of the catalyst and pressurized with N2 gas prior 

to every measurement. The electrode signal was read continuously and measured every 0.2 

seconds until a steady signal was obtained for 2 minutes, then 0.5 mL of H2O2 solution was 

injected ([H2O2] = 600 mM, [buffer] = 50 mM). The signal was recorded as ΔPO2
vs time until 

a plateau was achieved. The initial concentrations of the species before starting the reaction 

were: [15-pyN3O2Ph] = 1.54 mM, [Mn(II)] = 1.5 mM, [H2O2] = 150 mM. 

A1.8. DPPH assay to assess radical scavenging ability. 

A stock solution of DPPH was prepared by dissolving 17.8 mg in 300 mL of MeOH 

(150 μM). A solid sample of the tested molecules were dissolved in MeOH (stock 

concentration 5 mM). Next, the sample solutions were prepared in 7 mL vials by diluting the 

stock solutions (5 mM) with MeOH to various concentrations (1−2000 μM, 1 mL). Next, each 

working sample was prepared by mixing 100 μL of one of the prepared samples with 100 μL 

of the DPPH stock directly in the 96-well plate to a final concentration ranging from 1 to 2000 

μM. A separate well plate was used for each sample, and each concentration was analyzed in 

triplicate (n = 3). An aliquot of the DPPH stock solution (100 μL) was mixed with MeOH (100 

μL) and used as a negative control for each sample. The samples were incubated in the dark 

for 30 min at room temperature. For analysis, each well plate was run using the BMG Labtech 

FLUOstar Omega UV/vis absorbance spectrophotometer microplate reader, and the 

absorbance at 516 nm of each sample was measured. Finally, the precent radical quenched was 
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determined by utilizing the absorbance of each sample and the absorbance of the negative 

control (E-A1.8.1). EC50 values were modeled from this data using GraphPad Prism 9. 

  (E-A1.8.1) 

Table A1.19. Statistical analysis from the DPPH assay of BHT, indole, 4.3, 4.25 and 4.36. 

Studied molecule BHT Indole ref. 4.3 4.25 4.36 

Best-fit values 

Log EC50 1.681 4.306 2.733 2.483 3.464 

EC50 47.98 20229 540.2 304.1 2911 

95% Confidence Intervals 

Log EC50 
1.644 to 

1.718 

4.281 to 

4.332 

2.704 to 

2.761 

2.459 to 

2.507 

3.442 to 

3.487 

EC50 
44.07 to 

52.18 

19117 to 

21465 

505.7 to 

577.2 

288.1 to 

321.1 

2764 to 

3069 

Goodness of Fit 

Degrees of Freedom 44 56 86 77 23 

R squared 0.9805 0.9359 0.9582 0.9732 0.9813 

Sum of Squares 999.9 71.19 2748 1652 96.83 

Sy.x 4.767 1.128 5.653 4.631 2.052 

Number of points 

analyzed 45 
57 87 78 24 
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Table A1.20. Statistical analysis from the DPPH assay of 8-HQ and 5.9. 

Studied molecule 8-HQ 5.9 

Best-fit values 

Log EC50 2.994 2.514 

EC50 986.6 326.4 

95% Confidence Intervals 

Log EC50 
2.959 to 

3.029 

2.480 to 

2.548 

EC50 
910.7 to 

1069 

301.8 to 

352.8 

Goodness of Fit 

Degrees of Freedom 23 23 

R squared 0.9706 0.984 

Sum of Squares 304.2 233.5 

Sy.x 3.637 3.186 

Number of points 

analyzed 
24 24 

 

A1.9. MTT assay to assess cell viability 

3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay was used 

to determine the cell-line sensitivity to the molecules used in this study. To perform this assay, 

5 × 103 cells/well were plated into 96-well plates for 24 h and then treated with increasing 

concentrations of the compound of interest in replicates of 8 and incubated for 16 h at 37 °C. 

The medium was replaced by 100 μL of 1 mg/mL MTT in a serum-free medium. The cells 

were then incubated for 4 h at 37 °C, after which MTT was replaced by 100 μL of DMSO to 

solubilize the precipitate. The plate was placed in a shaker for 5 min, and the absorbance was 

measured at 540 nm using a plate reader (Molecular Dynamics). The data obtained were 

processed using GraphPad Prism 9 to determine the IC50 values presented (Table A1.21). 
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A1.10. Caco-2 permeability assay 

Caco-2 cell monolayer was cultured for 21 days. The monolayer was rinsed with HBSS 

0.5% FBS (commercial + Mg and Ca) three times, and then 5 μM analyte was added in HBSS 

0.5% FBS solution (0.5 mL to the apical side for A to B transport and 1.5 mL to the basolateral 

for B to A transport). The solution volumes on both sides were brought to 2 mL with blank 

HBSS 0.5% FBS. At 30, 60, 90 and 120 mins post analyte addition 1000 μL solution was 

removed from the basolateral side and 300 μL was removed from the apical side, followed by 

replacement with blank HBSS 0.5% FBS solution. The samples (100 μL) were treated with 20 

mg/mL ethylenedihydrochloride, 3 μL of 0.5 M EDTA and 100 μL of MeCN containing 1% 

AcOH and 100 ng/mL tolbutamide internal standard (IS), and spun for 5 min at 16000 rpms. 

The supernatant was analyzed by LC-MS/MS using Shimadzu Prominence LC and AB Sciex 

3200QTrap. The analyte and IS intensity area ratio were used to represent relative 

concentrations of each sample. The permeability coefficient (Papp) was calculated using the 

equation (E-A1.10.1), where dQ/dt is the rate of permeation of the molecule across the cells, 

C0 is the donor compartment concentration at t = 0, and A is the area of the cell monolayer. 

 𝑃app =  (
dQ/dt

C0 x A
) (E-A1.10.1) 

The efflux ration is calculated from the mean apical to basolateral (A-B) Papp data and the 

basolateral to apical (B-A) Papp data (E-A1.10.2). 

 Efflux ratio= 
Papp (B-A)

Papp (A-B)
 (E-A1.10.2) 

A1.11. Mouse microsome stability 

Analytes (in DMSO, final concentration 2 μM) were incubated with Murine 

Microsomes (Lot OYJ) and Phase I (NADPH Regenerating System) cofactors for 0-120 

minutes. Reactions (500 μL) were quenched with a 250 μL 20 mg/mL ethylenediamine 
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dihydrochloride + 7.5 μL 0.5 M EDTA, then 250 μL MeCN containing 1% acetic acid and 100 

ng/ml tolbutamide internal standard, vortexed for 15 seconds, incubated at rt for 10 minutes 

and spun for 5 minutes at 2400 rpms. Supernatant (1 mL) was then transferred to an 1.5 mL 

microcentrifuge tube and spun in a table top, chilled centrifuge for 5 minutes at 13200 rpms. 

Supernatant (800 μL) was transferred to an HPLC vial (without insert). The samples were 

analyzed by LC-MS/MS using Shimadzu Prominence LC and AB Sciex 3200QTrap. 

 Elimination rate constant (k) = (- gradient) (E-A1.11.1) 

 Half life (t1/2) = (ln(2))/k (E-A1.11.2) 

 V(μL/mg) = (volume of incubation (μL))/(protein in the incubation (mg)) (E-A1.11.3) 

 Intrinsic Clearance (Clint) (μL/min/mg protein) = V x ln(2) / t1/2 (E-A1.11.4) 
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Table A1.21. Statistical analysis from modeling cell toxicity data of 4.3 and 4.25. 

Cell type FRDA BV-2 

Studied molecule 4.25 4.3 5.9 

Best-fit values    

Log IC50 -1.219 -1.026 -1.789 

IC50 0.0604 0.0941 0.01627 

95% Confidence 

Intervals 
   

Log IC50 
-1.260 to -

1.178 

-1.113 to -

0.9390 

-1.867 to -

1.709 

IC50 
0.05492 to 

0.06634 

0.07711 to 

0.1151 

0.01360 to 

0.01956 

Goodness of Fit    

Degrees of Freedom 63 87 171 

R squared 0.913 0.8791 0.8781 

Sum of Squares 1978 21930 45196 

Sy.x 5.604 15.88 16.26 

Number of points 

analyzed 
64 88 172 
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Pyridine containing aza-macrocyclic ligands represent a broad and still emerging 

family of compounds that can be utilized for various applications. These include their use as 

diagnostic/therapeutic agents, catalyst, and biomimetic models. 

 
This work presents the syntheses of three rigidified macrocycles along with the detailed 

characterization of their transition metal complexes. The inclusion of a second aromatic ring 

into the backbone of 2.8 led to a formation of a surprisingly flat Mn(II) complex, which 

increased the longitudinal relaxivity of the chelate compared to its parent molecule, due to the 



 

 

 

 

open axial positions around the seven-coordinate metal center. The study of the two piperazine 

containing macrocycles (3.2 and 3.4) revealed that the configurational effects can lead to [1+1] 

or [2+2] cyclocondensations depending on the length of the carbon linker in the α,ω-diamino 

building blocks. 

Additionally, three pyridine containing 12-membered tetra-aza macrocycles have been 

introduced as potential therapeutics for neurodegenerative diseases. These represent the third 

generation of antioxidant molecules in the Green Group: a combination of bioinspired small 

molecules with the radical scavenger hydroxylated pyclen (4.3). The O-functionalized 4.25 

showed increased activity in the utilized antioxidant assay. Also, the asymmetric 4.36 retained 

4.3’s transition metal binding affinity. The investigation of the 8-hydroxyquinoline linked 4.3, 

5.9 evidenced a significant increase in its metal complex stabilities, with a clear preference for 

Zn(II). At the same time, the Cu(II) complex showed a pH-dependent color change close to 

physiological pH, which can be attributed to the protonation of the phenolic OH group on the 

pendant arm.  

Finally, a comprehensive analysis of ten 12-membered aza-macrocyclic ligand showed 

the result of substituting the 4-position of the pyridine ring. While electron donating groups do 

not have a significant effect on the acid-base equilibria, electron withdrawing groups lowered 

both the total basicity of the pyclen analogues as well as the protonation constant associated 

with the pyridine nitrogen. This same trend was observed in case of the stability constants of 

complexes formed with divalent transition metal ions. Also, the N-methylation of 4.2 and 4.3 

parent compounds led to results revealing lower total basicity and metal binding constants for 

6.7 and 6.8.  
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