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Abstract  

This study focuses on synthesizing and characterizing new metal complexes designated to 

mimic the active site of a copper containing enzyme, Lytic Polysaccharide Monooxygenase 

(LPMO).1 The aim was to design synthetic routes towards synthesizing ligands incorporating 

functional groups that are present in the active site of the enzyme. The direct, selective 

oxidation of methane to methanol, C-H activation, has long been a dream reaction.2, 3 These 

complexes are aimed for catalytic testing for selective oxidation by C-H activation of light 

alkanes to alcohols.  

Previously in the group, copper complexes coordinated to only nitrogen atoms have been 

synthesized and characterized. In this study, novel ligands compromising not only nitrogen 

atoms but also oxygen atoms were synthesized. The synthesized ligands were were metalated 

with both copper(I)- and copper(II)-salt. The synthesized compounds were investigated with 

nuclear magnetic resonance (NMR), mass spectrometry (MS), UV-Vis spectroscopy, Fourier-

transform infrared spectroscopy (FTIR) and Single Crystal X-ray Diffraction (SC-XRD).   

The strategy of synthesizing ligands also includes a carboxylate precursor for their 

incorporation into Metal-Organic Frameworks (MOF). The purpose of synthesizing copper-

complexes is twofold, to serve as a catalyst on their own, and to also be incorporated into MOF 

and function as a catalyst there.  
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Abbreviations  

    

aq. Aqueous  

br Broad (NMR) 

Cat. Catalyzed  

COSY Correlation spectroscopy (NMR) 

conc. Concentrated  

d Doublet (NMR) 

dd Double of Doublets (NMR) 

DEPT Distortionless Enhancement by Polarization Transfer  

ESI Electrospray ionization  

Equiv. Equivalent(s) 

FTIR Fourier-transform infrared spectroscopy 

HRMS High resolution mass spectrometry  

HSQC Heteronuclear single quantum coherence (NMR) 

HMBC Heteronuclear multiple bond correlation (NMR) 

Hz Hertz 

m multiplett (NMR) 

MS Mass spectrometry  

m/z Mass to ratio charge (MS) 

MHz Megahertz 

MOF Metal-organic framework 

NOESY Nuclear Overhauser effect spectroscopy (NMR) 

NMR Nuclear magnetic resonance 

OTf Trifluoromethanesulfonate 

ORTEP Oak Ridge Thermal Ellipsoid 

r.t. Room temperature 

ROESY Rotating-frame nuclear Overhauser effect 

spectroscopy (NMR) 

s Singlet (NMR) 

Sat. Saturated  

SC-XRD Single Crystal X-ray Diffraction 



viii 
 

TOCSY Total Correlation Spectroscopy  

UV-Vis Ultraviolet-Visible Spectroscopy  

XAS X-ray Absorption Spectroscopy  

XANES 

EXAFS  

X-ray Absorption Near-Edge Structure  

X-ray absorption fine structure 
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1   Introduction  

According to United Nations Environment Programme (UNEP), methane is responsible for 

more than 25% of the global warming we are experiencing today, and it is ten times more 

powerful than carbon dioxide at warming the atmosphere.4, 5 Since methane is a potent 

greenhouse gas, it is crucial to find ways to convert methane into other useful products, such 

as methanol. By doing so will it not only mitigate methane´s impact on the environment, but 

also generates valuable fuel source and chemicals for further industrial applications.6  

Methane to methanol is considered the holy grail of catalysis, and currently, the conversion of 

methane to methanol is performed through a method called steam reforming, which is an 

energy demanding method that requires high temperatures and pressures.6, 7 Search for more 

efficient catalysts have been ongoing among chemists towards this aim, methane to methanol, 

with catalysts making this conversion much faster and economical.8 

 

1.1 Motivation for this work 

The long-term goal of this project is to develop Copper-based catalyst for C-H activation. The 

pursuit of selective C-H activation has been ongoing over many years across various fields, 

including homogeneous, heterogeneous, and biological catalysis.9, 10, 11 However, progress has 

been moderate due to limited cross-fertilization among these fields. In this study, by taking 

inspiration from biological catalysts, enzymes, homogeneous catalyst were synthesized. 

Synthetic designs were used ensuring their suitability for incorporation into heterogeneous 

catalysts, Metal-Organic Framework (MOF). Therefore, the aim of this work is to mimic the 

structure of the active site of a copper-containing enzyme, Lytic Polysaccharide 

Monooxygenase (LPMO), and synthesize new Cu-containing catalysts. 
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1.2 Inspiration derived from nature   

Lytic Polysaccharide Monooxygenase (LPMO) enzymes are a class of copper containing 

enzymes that is crucial for breaking down complex carbohydrates, such as cellulose and 

chitin.12 LPMO enzymes generates oxidized products that can be more efficiently degraded by 

other enzymes. These enzymes are major contributors in the carbon recycling process in nature 

and are utilized in biorefinery industry.13 

 

 

Figure 1:a: Figure shows three-dimensional structure of the AA9 LPMO enzyme in a cartoon 

form b: Stick visualization of the catalytic center is depicted in pink-colored sticks, while the 

copper atom is shown as a golden sphere. Additionally, there are two water molecules that 

are coordinated by the copper atom, shown as red-colored spheres. PDB ID: 2YET. Figures 

were retrieved from reference.1 

 
As shown above (Figure 1), the active site of the LPMO enzyme consists of two histidine 

residues that encircle the copper atom. The copper atom is ligated to three nitrogen atoms from 

the two surrounding histidine ligands in such a manner that from one histidine brace (His1, 

Figure 1b) both the N-terminal and the side-chain imidazole nitrogen are coordinated to the 

metal. From the other histidine brace (His86, Figure 1a), the side-chain imidazole nitrogen is 

coordinated to the metal.1 Furthermore there is a tyrosine moiety (Tyr175, Figure 1b) present 

in close proximity to the copper. Recent studies suggests that this tyrosine residue might play 

a role in regulating the reactivity of the copper ion in the active site, and protect the active site 
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against oxidative damage.14, 15 While some studies have proposed that the Tyrosine might have 

a direct interaction with copper or participate in electron transfer reactions.16  

 

 
Figure 2: A biomimetic mononuclear copper(II)complex bearing a histidine brace.17 

 

Biomimetic chemistry is focused on building models that imitate enzyme activity and 

specificity.18 Transition metal complexes serves as valuable models for active sites in 

enzymes.19 A biomimetic mononuclear copper(II)complex (Figure 2) is characterized as an 

active-site model of monooxygenases such as LPMO and particulate methane monooxygenase 

(pMMO), with similar functional and structural feature to the active sites of the enzymes.17 
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1.3 Ligand design strategy 

Heterogenization of catalyst refers to attaching the catalyst onto a solid support such as zeolites 

or metal-organic frameworks (MOF).20 Zeolites and MOFs are porous materials utilized in a 

range of applications, such as catalysis and gas separation.21, 22, 23 Zeolites are crystalline 

microporous aluminosilicates that possess distinctive properties including high surface area, 

shape selectivity and acidity, making them a valuable material in a wide range of industrial 

applications.21 On the other hand, MOFs are a newer class of porous crystalline materials with 

frameworks consisting of inorganic building units, metal ions or clusters, which are connected 

by organic linkers.22 MOFs have tunable properties, including pore size, shape, and 

functionality, which makes them attractive for gas storage, separation, and catalysis.12, 15 

Ligand robustness is a general problem in organometallic chemistry and there are various ways 

in which a homogeneous catalyst can decompose. Including them is decomposition of metal, 

ligand decomposition, reaction with impurities, dimer formation, and reaction of the metal 

center with the ligand.25, 26 Metal-organic frameworks have emerged as excellent tools for 

converting homogeneous catalysts into heterogeneous catalyst. This approach reaps benefits of 

both the organometallic compound and the MOF constituents. As heterogeneous catalysts are 

more easily separable and reusable, and homogeneous catalysts can be more selective and 

efficient due to their ability to interact more closely with the reactants. 20, 27, 28, 29 The primary 

difference between heterogeneous and homogeneous catalysts is their interaction with the 

reactants and their physical state. For organic linkers to effectively function both as structural 

elements and as a functionalized part of the MOF, they require to coordinate to two or more 

metal clusters through functional groups, such as carboxylic acid, amino and pyridine groups. 

The linker molecule should have a rigid structure, to retain porosity of the material and prevent 

collapsing of the framework.30, 31  
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UiO based MOFs, including UiO-66, UiO-67, UiO-68, are zirconium-based MOFs, where 

zirconium metal nodes are coordinated to organic linkers (Figure 3).32 They possess high 

stability, tunability, porosity and functions.33 The structure of organic linkers in UiO-MOFs 

can be controlled.32 Additional functionality can be introduced into MOF by introducing 

specific properties or modifying the structure of the linker.  

 

Figure 3: From left: aromatic dicarboxylic acids used as linkers for the respective MOFs, 

UiO-66, UiO-67, UiO-68.  

 
By mimicking the active site of the enzyme, certain key features are borrowed, including 

functional motifs, catalytic residues or structural elements.34 Functionalization of the organic 

linker and selectively choosing and incorporating a metal center can target specific reactions.34 

In this case (Scheme 1), by combining the UiO-67 linker as the backbone with LPMO-inspired 

ligand, expectantly the enzyme´s reactivity can be induced into the complex.12   

 

Scheme 1: Convergence of UiO-67 linker and active site of LPMO enzyme to create a novel 

arrangement.1, 32  
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1.4 Oxidation states and coordination numbers of 

Copper  

Copper is one of the most abundant transition metals that exhibits four oxidation states, Cu0, 

CuI, CuII and CuIII. CuI and CuII are the two most prominent oxidation states, and have a 

accessible +1/+2 redox couple.35, 36 Copper participates in a diverse variety of roles in nature, 

such as it act as a cofactor in various enzymes and performs essential roles in photosynthesis.37, 

38 Copper in its +2 oxidation state has a d9 configuration, since it loses two electrons. Due to 

one unpaired electron in the 3d orbital, copper(II) have paramagnetic properties, making it not 

observed by NMR.39 Therefore, other techniques like UV-vis, MS, IR and EPR can be useful 

for analyzing compounds containing paramagnetic materials.40 In UV-vis for instance, 

presence of copper(II) can be observed due to d-d transition, electronic transition between 

molecular orbitals in open d-shell.41, 42 On the other hand copper(I) have its 3d orbital filled 

with d10 configuration, making it diamagnetic due to no unpaired electrons.39 These oxidation 

states of copper play a vital role in determining both physical and chemical properties of it. For 

instance, copper(I) (cuprous) compounds are air sensitive, and easily oxidizes to copper(II) and 

thus need to be stored and handled in an inert atmosphere. The coordination number (CN) of 

copper depends on the ligand and the oxidation state of the copper.43 Copper(I) usually have 

linear structure, CN = 2, or tetrahedral, CN = 4, whereas Copper(II) prefer higher coordination 

numbers, 4, 5 and 6.43  
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1.5 Synthetic methods  

1.5.1 Suzuki-Miyaura Cross-Coupling reaction  

Cross-coupling reactions are considered to be among the most important reactions in chemistry, 

and have had a profound impact in organic synthesis.44 It is a widely used reaction for carbon-

carbon formation, and among other coupling reactions, the Suzuki-Miyaura cross-coupling 

reaction is one of the most widely utilized reactions to obtain biaryls and functionalized 

aromatic molecules.45  

 

Scheme 2: General Scheme for Palladium-catalyzed Suzuki Miyaura cross-coupling 

reaction.45  

Palladium-catalyzed Suzuki-Miyaura cross-coupling reaction involves coupling of an 

organoboron (R2–B(OH)2) with an organic halide (R1–X), and consists of three steps: oxidative 

addition, transmetalation and reductive elimination (Scheme 2). In the first step, oxidative 

addition, bond between an organic electrophile (R1–X) breaks as addition of LnPd occurs, this 

leads to oxidation of the Pd0 to PdII. In the second step, transmetalation, the organometallic 

nucleophile (R2–B(OH)2) reacts with the PdII-intermediate, and the organic group (R2) is 

transferred from boron to palladium. The last step, reductive elimination, involves breaking of 

the two bonds on the palladium and formation a new carbon-carbon bond (R1–R2), this 

regenerates the Pd-catalyst back to Pd0.45, 46, 47 
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1.5.2 Schiff Base synthesis  

Schiff bases are a class of organic compounds that are characterized by the presence of a double 

bond linking a carbon and a nitrogen atom.48 Schiff bases are named after a German chemist 

Hugo Schiff, who first reported this class of compounds in 1864.48 Schiff bases have wide 

variety application in various fields, such as medical and pharmaceutical fields,49 and dye 

industry.50 Schiff bases are common ligands in coordination chemistry.51 Jacobsen´s catalyst 

(Figure 4), which incorporate two Schiff bases as part of its structure, is a popular reagent for 

enantioselective epoxidation of alkene.52 

 

Figure 4: Jacobsen´s catalyst.53 

 

Schiff bases, also known as imines, are aldehyde- or ketone-like compounds, and derive from 

an amino and carbonyl compound.54 Schiff bases have extensive uses across various industries, 

e.g., catalysis, biological activities, analytical chemistry and agrochemical activities.55 In 

addition, Schiff base ligands have the ability to form stable metal complexes with a wide range 

of transition metals.56  

 

Scheme 3: General Scheme for Schiff base synthesis.  

 
Condensation of a primary amine with a carbonyl yield in a Schiff base (Scheme 3), a more 

detailed description on formation of Schiff base is given below in Section 1.5.3.  
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1.5.3 Reductive amination  

Reductive amination is a form of amination, which proceeds in two steps (Scheme 4). In the 

first step, an amine and a carbonyl compound react to form a hemiaminal specie, a functional 

group with a hydroxyl- and amino-group attached to the same carbon (reaction (1), Scheme 

4).57 Hemiaminal are presented only as short-lived reaction intermediates,57 which form Schiff 

base (imine) as a result of water elimination.58 Formation of imine is facilitated by presence of 

an acid catalyst, e.g. formic acid, through protonation of the carbonyl and making it more prone 

to nucleophilic attack.59 Reaction between the carbonyl/amine and imine is in equilibrium and 

can be shifted towards imine by removal of the formed water. In the second step of reductive 

amination (reaction (2), Scheme 4), the formed imine (intermediate) is reduced to its 

corresponding amine by using a reducing agent, such as sodium borohydride (NaBH4). Both 

steps occur sequentially in the same reaction pot (one-pot synthesis).  

 

Scheme 4: General Scheme for reductive amination (one-pot synthesis) of a primary amine 

with a carbonyl compound.  
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1.6 Spectroscopic Techniques  

1.6.1 Nuclear Magnetic Resonance Spectroscopy (NMR)  

Nuclear Magnetic Resonance (NMR) spectroscopy is a technique used for determining the 

molecular structure, chemical environment and dynamics of molecule.60, 61 NMR is extensively 

utilized in various domains, such as biochemistry,62 organic chemistry and pharmaceutical 

development.63 The principle behind NMR is that many nuclei when entering an external field 

align itself either with or oppose the field. The nuclear magnetic resonance phenomenon occurs 

when nuclei aligned with an applied field are induced to absorb energy and change their spin 

orientation with respond to the applied field. By applying radiofrequency pulses and measuring 

the response of the nuclei, the resulting signal is known as a Free Induction Decay (FID). Using 

a Fourier transform, the different frequency components of a signal can be determined.64, 65 The 

discussion in this thesis incorporate several 1D and 2D NMR techniques, briefly explained 

below.  

i. 1H NMR and 13C NMR   

Proton Nuclear Magnetic Resonance (1H NMR) is the application of nuclear magnetic 

resonance in NMR spectroscopy with respect to hydrogen-1 nuclei in the molecule, to 

determine the structure of the molecule. The 1H NMR experiment gives information about 

integrals (number of protons), chemical shift, multiplicity and coupling constants.65 In contrast 

with 1H (natural abundance of 99.98%),65 13C-isotope is less abundant in nature, approximately 

1.108%.65 Consequently, 13C NMR experiments require longer acquisition times and higher 

sensitivity compared to 1H NMR. Most 13C NMR experiments are decoupled meaning there is 

no signal splitting effect (multiplicity).64  

ii. COSY and TOCSY 

The Homonuclear Correlation Spectroscopy (COSY) is a useful method for determining which 

signals arise from neighboring protons, it’s a 2D NMR experiment which gives 1H-1H 

correlation. Correlation appears when there is spin-spin coupling between protons. COSY 

experiments identify those nuclei that share a J coupling, which, for protons, operate typically 

over 2–3 bonds. Total Correlation Spectroscopy (TOCSY) is also a 2D NMR which creates 

correlations between all protons within a given system, not just between geminal or vicinal 
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protons as in COSY. A TOCSY spectrum displays an entire chain of protons, each of which is 

coupled to the next.64, 65 

iii. HSQC and HMBC 

Heteronuclear Single Quantum Correlation spectroscopy (HSQC) is a 2D NMR experiment to 

determine 1H–13C single bond correlations. Whereas Heteronuclear Multiple Bond Correlation 

(HMBC) provides a wealth of information on the skeleton of the molecule and can be used to 

determine long range heteronuclear couplings with proton observation. HMBC gives 1H–13C 

bond correlations, typically over 2 or 3 bonds, but in certain cases, they can also extend over 

4-5 bonds. In HMBC, the 1H–13C signal over one bond are filtered out but can breakthrough-

appear as 1JCH.64, 65 15N NMR can provide valuable information about coordination of nitrogen 

atom in a compound, but since 15N has low natural abundance of 0.366%, the indirect detection 

technique of 15N-1H HMBC can be used.66 15N-1H HMBC leverages the sensitivity of 1H NMR 

signals to overcome the difficulties that have typically been associated with direct 15N NMR.66 

iv. NOESY  

Nuclear Overhauser Effect Spectroscopy (NOESY) is a 2D NMR experiment, where the pulse 

sequence is optimized to detect coupling through space correlations. In other words, it is useful 

for determining which signals arise from protons that are close to each other in space even if 

they are not chemically bonded.64 NOESY takes advantage of nuclear Overhauser effect.67 1H 

nuclei that interact with another 1H nuclei through a dipolar relaxation process will appear as 

cross peaks in NOESY spectrum.65  
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1.6.2 X-ray Absorption Spectroscopy (XAS) 

X-ray Absorption Spectroscopy (XAS) is a technique used to study the chemical nature and 

environment of atoms in molecule.68 Over the last three decades, XAS has made major 

contributions to numerous areas of biochemical research topics. 68, 69 It has played an essential 

role in exploring the correlation between structure and function of the metal sites in metallo-

protein.69 Both in situ and operando characterization by XAS have significantly contributed to 

the understanding of how heterogeneous and homogeneous catalysts functions.70, 71, 72  

The principle of XAS is based on transitions of core electrons from the ground state to excited 

states by interaction of matter with X-rays.68 The choice of the energy of the X-rays that are 

used, determines the specific element being probed, making XAS element-selective.68, 73  

 

Figure 5: (a) Schematic Schematic of the absorption process, (b) Schematic of incident and 

transmitted X-ray beam and (c) absorption coefficient μ(E) versus photon energy E including 

the fine structure above the edge divided into the XANES and EXAFS regions.74 

Upon interaction of X-ray with an atom, core electron of the atom is either excited to lowest 

unoccupied molecular orbital (LUMO) or to the continuum (Figure 5, (a)), thus producing a 

photoelectron.65 An X-ray absorption spectrum is acquired by measuring the ratio of the beam 

intensities before and after passing through the absorber, while the photon energy is tuned 

(Figure 5, (b, c)).74, 75 XAS involves study of two main regions; X-ray absorption near-edge 

structure (XANES) and X-ray absorption fine structure (EXAFS). This thesis solely 

concentrates on XANES spectra of the synthesized complexes.  
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i. X-ray Absorption Near-Edge Structure (XANES)  

X-ray absorption Near-Egde Structure (XANES) spectra provide detailed information about 

the oxidation state and coordination environment of the metal atoms.68 The XANES region of 

the spectrum is divided into two sections: the pre-edge and the rising-edge. As the photon 

energy reaches a value that is capable of exciting an electron from a strongly bound core level 

to a higher unoccupied state, a pre-edge is observed.75 With increasing energy of the photon, 

the core electron get ionized and get ejected out of the molecule into the continuum state, giving 

rise to the edge in XANES spectrum.75 Each edge has a typical energy, mainly depending on 

the atomic number of the absorbing atom.73 The edges K-, L- and M- corresponds to which 

core the electron is excited from, n = 1, 2 and 3, respectively.68 Transition metals with higher 

oxidation states have position of the absorption edge at higher energies.76  
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2 Discussion  

2.1 LPMO active site: An Approach for Ligand 

Design  

The ideal strategy for modelling LPMO´s active site relies on the synthesis of 

copper-complexes with polydentate ligands, with nitrogen and/or oxygen atoms that can 

coordinate to the copper ion, analogous to the histidine and tyrosine residues present at the 

active site of the enzyme.  

 

Figure 6: Structure of the metal-site of AA9 LPMO enzyme. Metal ion (Copper) in gold, 

ligated by nitrogen and oxygen atoms (red).  

 
As depicted above (Figure 6), there are two sp2 hybridized nitrogen atoms and one 

sp3 hybridized nitrogen atom, coordinated to the metal. To introduce these ligated atoms, 

heterocyclic compounds like imidazole and pyridine, and aromatic rings containing hydroxy- 

and amino-group were chosen, as they hold similar properties.  

Previously in the group, copper complexes bearing bidentate, tridentate and tetradentate 

N-ligands have been synthesized.77 In this thesis, to imitate the metal-center as best as possible, 

copper complexes that involve coordination with nitrogen and oxygen ligands have been 

synthesized and characterized.  
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2.2 Ligand Synthesis Strategies  

Considering the potential for the synthesized complexes to be incorporated into MOFs in the 

future, the ligands were designed to have ester groups attached to them. The ester groups after 

conversion to their corresponding diacids by hydrolysis, forms linkers for MOFs. The ester 

group serves as a protecting group during synthesis and also increases solubility of the 

compound. To obtain crystalline MOFs, it is crucial to have rigid linkers. Therefore, to ensure 

a rigid structure of the ligand, it is crucial two have two aromatic rings as the backbone of the 

ligand, such as phenyl- or pyridyl scaffolds. Aromatic rings are planar because of the 

sp2-hybridization, which increases both the stability and rigidity of the ligand.  

 

Scheme 5: Synthetic strategy towards incorporating functional groups (including nitrogen and 

oxygen) to facilitate metalation.  

 
For introducing different functional groups containing nitrogen and oxygen atoms, metal 

catalyzed cross-coupling reaction, more specifically Suzuki-Miyaura coupling reaction, can be 

a suitable choice for carbon-carbon bond formation.78 As depicted above (Scheme 5), by cross-

coupling reaction, different functional groups can be effectively incorporated into the ligand 

structure, providing new coordination sites for the metal (Cu). One approach involves coupling 

reaction between two nitrogen bearing phenyls, for example between a pyridine and a nitro-

bearing phenyl, which after reduction can further react in a Schiff base synthesis with a phenyl 

containing a hydroxy group. Another alternative approach can be coupling reaction between 

two phenyl groups, one containing a hydroxy, and the other containing amino group which 

further can take part in Schiff base synthesis and introducing another nitrogen in form of a 

pyridine/imidazole for instance. Therefore, by strategically varying and selecting the 
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substituents for Suzuki-Miyaura cross–coupling reaction and Schiff base synthesis, it is 

possible to form the desired functionalized ligands.  

2.2.1 Synthesis Route towards Ligand (3)  

The synthesis route of ligand 3 consisted of three sequential steps, as shown below (Scheme 

6), which includes nitration, followed by reduction and reductive amination in a one-pot 

manner.  

 

Scheme 6: Nitration, followed by reduction and one-pot synthesis to form 3.  

 
The first step involves nitration of commercially available 

Dimethylbiphenyl-4,4`-dicarboxylate. The reaction was carried out using nitric acid as a 

nitrating agent, and sulfuric acid as a protonating agent. The reaction was proceeded according 

to literature.79 Since nitration reaction is generally an exothermic reaction, the reactants are 

added at low temperatures (around 1-5 °C). After recrystallization from acetonitrile, product 1 

was obtained as yellow cube-shaped crystals at a yield of 68%.  

 

The second step in the synthesis route is reduction of the nitrated compound 1 to compound 

2.80 Iron was used as a reducing agent along with acetic acid. The acid serves to protonate the 

nitro-group and activates it for reduction by iron. The crude product was recrystallized from 

toluene, resulting in a yield of 84%. The formation of 2 was observed by appearance of amine 

signal at 4.99 ppm in 1H NMR, integrating 2 hydrogens, and the rest of the spectroscopic data 

was in accordance with that reported in the literature.80 
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Scheme 7: Reductive amination of 2 in presence of formic acid, forming ligand 3. Reaction 

procedure adapted from reference. 77  

 
 
Previously in the group,77 the imine form of the Ligand 3, the intermediate in this reaction 

(Scheme 7), has been synthesized and metalized with Cu(OTf), with all four of the sp2 

hybridized nitrogen atoms coordinated to the copper ion. After analyzing the structure of the 

active site of the LPMO enzyme, along with two sp2 hybridized nitrogen atoms, there is also 

one amino group (sp3-hybridized) coordinated to the metal. Therefore, the inclusion of amino 

groups in the ligand, which might have the ability to coordinate with copper, was chosen, 

enhancing its resemblance to the active site.  

 
To obtain the desired ligand 3, the final step involved a one-pot synthesis which consists of 

Schiff base synthesis, followed by reduction (reductive amination), to convert the initially 

formed imine to the desired amine (Scheme 7). The Schiff base reaction is an acid-catalyzed 

condensation, and formic acid was used as the catalyst. The crude product was purified by 

recrystallization from acetonitrile, resulting in a yellow solid with a yield of 24%. The yield 

was lower than the reported yield of 30%,77 this could likely be the result of the work-up 

procedure and recrystallization as the purification method. Despite the significant loss of 

material, the remaining product was pure by NMR and MS. The presence of terminal imidazole 

groups was identified by 1H NMR with the characteristic signal of NH (imidazole) at 11.9 ppm, 

and formation of CH2 was observed at 4.23 ppm. The rest of the signals were assigned with the 

help of 2D NMR, and the overall spectroscopic data fitted well with that reported in literature.77  

Additionally, the ligand was also studied by FTIR and UV-Vis (Section 2.3.1) in order to draw 

a comprehensive comparison with this corresponding copper(II) complex 5.  
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2.2.2 Synthesis Route towards Ligand (8)  

To functionalize the backbone of the linker, palladium catalyzed Suzuki-Miyaura cross-

coupling reaction was employed. In this case to introduce a hydroxy and imine group in the 

system, cross-coupling was conducted involving derivatives of hydroxy and nitro groups. The 

synthesis route of ligand 8 is shown below (Scheme 8), which consists of three sequential steps, 

Suzuki-Miyaura cross-coupling reaction, reduction, and Schiff base synthesis.  

 

Scheme 8: Synthesis route to ligand 8, Suzuki-Miyaura cross-coupling reaction, followed by 

reduction and Schiff base synthesis.   

 
 
The first step towards synthesizing ligand 8 was Suzuki-Miyaura cross-coupling reaction 

between commercially available reactants methyl 4-bromo-3-hydroxybenzoate and 

(4-(methoxycarbonyl)-2-nitrophenyl) boronic acid. The reaction was conducted by using 

Pd2dba3 as the primary catalyst, HBF4 • P(t-Bu)3 as a co-catalyst, and KF • 2H2O as a base in 

THF as the solvent. The reaction procedure was adapted from reference.81 Flash 

chromatography was used to purify the crude, and the resulting product was further purified by 

recrystallization from toluene, resulting in yellow/green crystals with a yield of 45%. The 

reported yield in the literature was higher, 69%.81 The relatively low yield is due to the 

unreacted starting material, as identified through crude NMR spectrum.   
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Scheme 9: Palladium-catalyzed Suzuki-Miyaura cross-coupling reaction, forming 6 and the 

sideproduct 6a. 

 
During the Suzuki-Miyaura cross-coupling reaction (Scheme 9), an unintended sideproduct 6a 

was observed, the aryl boronic acid was found to decompose to the parent arene. The 

sideproduct (6a) was isolated by flash chromatography (gradient: first: half DCM / half 5% 

EtOAc in Hexane, then: half DCM / half 15% EtOAc in Hexane) with a yield of 33%, and fully 

characterized by NMR. The Suzuki-Miyaura reaction is a widely used organic reaction for 

synthesis of C-C bonds between aryl/vinyl boronic acids and aryl/vinyl halides. However, one 

of the challenges accompanying this reaction is the decomposition of boronic acids under 

certain reaction conditions. Transition metal catalysts, bases, and elevated temperatures can 

compromise the stability of the boronic acid.82, 83 Formation of this sideproduct has also been 

observed in similar reactions, employing the same boronic acid but varying aryl/vinyl halide.81 

The precise cause of the decomposition is uncertain, it could either be the metal catalyst, the 

base, reaction temperature or a combination of these factors. Further investigation is required 

to gain a more detailed understanding of the factors leading to the decomposition of the aryl 

boronic acid.  
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Figure 7: Comparison of 1H NMR (400MHz, DMSO-d6) spectrum of compound 6 (below) 

and 7 (above).  

 
The second step in the synthesis route is reduction of the nitro-group present in compound 6. 

Iron was used as a reducing agent along with acetic acid. The reaction was proceeded as 

expected, and after recrystallization from acetonitrile a yellow solid 7 was obtained with a yield 

of 46%. The formation of amino group was observed by appearance of a broad singlet at 4.97 

ppm (Figure 7), integrating 2 hydrogens. In addition, the signals at the aromatic region shifted 

more downfield for compound 7, compared to the signals of compound 6. Another noteworthy 

observation was broadening of hydroxy signal (Figure 3) after the reduction. There are several 

factors that can lead to broadening of signals in nuclear magnetic resonance (NMR). In this 

case, it could be rapid molecular motion (dynamic in the molecule), which can broaden the 

NMR signals due to averaging of different magnetic environments experienced by the nuclei. 

The torsion angle between two phenyl rings (biphenyl) is sensitive to its chemical and 

macroscopic environment.84 In a study,85 barriers to rotation have been determined by dynamic 

NMR spectroscopy for a series of biphenyl compounds, and the variation in steric size has been 

identified as the primary contributor in rotation barrier. To conclude, the increased dynamism 

results in greater signal broadening. Therefore, since compound 6, containing a nitro-group is 

bulkier than the amino-group in compound 7, the signal OH-signal for 6 is sharper due to 

reduced rotational freedom as in for 7.  
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Scheme 10: Synthesis of ligand 8, through acid catalyzed Schiff base synthesis.  

 
The final step towards synthesizing the desired ligand 8 involves Schiff base synthesis, a 

condensation reaction between an aldehyde (1H-imidazole-4-carbaldehyde) and amine 7, with 

formic acid as a catalyst promoting the condensation reaction (Scheme 10). It was an overnight 

reaction which resulted in an airy/puffy white solid after recrystallization from acetonitrile, 

with a yield of 68%. After recrystallization, the isolated compound 8 was dried in vacuum oven 

(60 ºC, overnight).  However, there was still detectable traces of acetonitrile present in the 

sample, observed by NMR. Despite making another attempt on drying the compound by the 

vacuum oven, no change was observed.  
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Figure 8: Comparison of 1H NMR (400MHz, DMSO-d6) spectrum of compound 7 (below) 

and 8 (above). 

 
Ligand 8 was characterized by NMR and HRMS. Formation of the Schiff base 8 was observed 

by disappearance of amine signal at 4.97 ppm (Figure 8, below), accompanied by the 

appearance of a characteristic signal at 8.41 ppm for the imine, integrating 1 hydrogen, (Figure 

8, above). Furthermore, the signals at the aromatic region exhibited a more downfield shift.   

 

 
Figure 9: 1H NMR (400MHz, DMSO-d6) spectrum of ligand 8.  

 
Moreover, the typical broad signals for hydroxy- and NH (imidazole)-group were observed at 

10.25 and 12.62 ppm respectively (Figure 9). In addition to these two signals, there were two 

more signals next to hydroxy- and NH (imidazole)- signal, at 9.75 and 11.75 ppm, possibly 

dynamic-induced signals, with relatively low intensity compared to other signals in the 

spectrum.  
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The NMR signals shown above (Figure 9) suggests that the compound 8 is in a state of dynamic 

equilibrium. In imidazole, there is lone pair of electrons at N-atom which is not involved in the 

aromaticity of the heterocycle,86 making imidazole act as a weak base. In addition, the 

resonance forms of imidazole (Figure 10) also make this nitrogen atom more nucleophile, 

allowing the nitrogen atom to undergo electrophilic reactions  

 

 
Figure 10: Resonance forms of imidazole.25 

 
The hydroxy group can act both as a proton donor and proton acceptor depending on its 

environment. Given the circumstances, it is likely that nitrogen with the lone pair acts as a 

nucleophile and abstracts the hydrogen in the OH-group, resulting in intra-molecular hydrogen 

transfer, forming a zwitterion with an imidazolium ion and phenolate (Figure 11).  

 
 

 
Figure 11: Possible zwitterion formation of 8, resulting in multiple NMR resonances. 
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2.2.3 Attempted Reduction of Ligand (8)  

To enhance the resemblance of the potential complex to the active site of LPMO enzyme, 

reduction of imine in ligand 8 was attempted. Since in 8, there are two sp2-hybridized nitrogen 

atoms for coordination, whereas at the active site there are both sp3- and sp2-hybridized 

nitrogen atoms coordinated to the metal. Therefore, it was attempted to reduce the Schiff base 

(imine) to a sp3-hybridized nitrogen.  

 
Scheme 11: Attempted reduction of schiff base 8 with sodium borhydride to yield secondary 

amine.  

Sodium borohydride (NaBH4) is a mild reducing agent, and is common for reduction of Schiff 

bases to yield secondary amine.87, 88 The reduction of imine present in ligand 8 was attempted 

using 5 equivalent of NaBH4 in dry methanol (Scheme 11). The crude was studied by NMR, 

the imine signal remained unaffected, and there was no emergence of a secondary amine signal. 

Additionally, the aromatic- and methyl-signals exhibited no change, confirming the reaction 

did not proceed as expected. Despite increasing the reductant amount, from doubling it to 

10 equiv., then having it in an excess amount, the reaction did not achieve intended outcome.   

 

 

 

 

 

 

 

 

 



25 
 

A different strategy was opted for reduction, namely via a zinc complex. A zinc(II) Schiff base 

complex was synthesized (Scheme 12) from 7, and then subsequently reduced using NaBH4 to 

obtain the corresponding amine.  

 
Scheme 12: Attempted reduction of imine 8 to amine via zinc complex. Procedure adapted 

from reference.77  

 

As observed by NMR (Figure 12), synthesis of the zinc(II) Schiff base proceeded as expected. 

A distinct shift is evident upon comparing the methyl signals of 7 and the Zn-complex, and 

majority of 7 has reacted, just a small portion of 7 remained unreacted as traces of it can be 

seen in the complex´s NMR spectrum. Furthermore, signals in the aromatic region also 

exhibited shift, along with broadening of signals. The formation of Schiff base was identified 

by appearance of a signal at 8.4 ppm, which is characteristic for imine.  

 

 

Figure 12: Comparison of 1H NMR (400MHz, DMSO-d6) spectra of starting material 12 

(bottom), zinc complex intermediate (middle), and (300 MHz, DMSO-d6) spectrum of crude 

(top) after reduction with NaBH4.  
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Following reduction with NaBH4, the reaction failed to yield the expected compound, a ligand 

containing a secondary amine. Instead, after the workup, starting material from previous step, 

7, was collected in the organic phase. The workup consisted of neutralizing NaBH4 with 

NaHCO3, and then removal of metal ion with Na2EDTA. The peculiarity lied in the absence of 

aldehyde in the crude NMR, only compound 7 was observed, while the presence of the 

aldehyde was not detected. It is possible that the aldehyde might have retained in the aqueous 

phase during the workup. This reaction has not been repeated, but repetition of this reaction 

and a thorough investigation is necessary for better understanding of the outcome.  
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2.2.4 Synthesis Route towards Ligand (14) 

The third ligand design was proposed to introduce yet again both sp3- and sp2-hybridized 

nitrogen atoms and an oxygen atom, with the aim of closely imitating the active site of the 

LPMO enzyme.   

 

 
Scheme 13: Two synthetic strategies for ligand 14.  

 
Two approaches were made to obtain ligand 14 (Scheme 13). The first approach consisted of 

four steps: a Suzuki Miyaura cross-coupling reaction, followed by reduction, Schiff base 

synthesis and then reduction of the Schiff base. After successfully completing the first two 

steps, coupling reaction forming 11, followed by reduction to 12, the product 13 from the third 

reaction was not isolatable as a pure compound. Different eluent systems had been tested for 

isolating 13 by flash chromatography, along with different solvents for recrystallization, but 

none gave the desired outcome. Therefore, an alternate synthetic strategy was used as a 

substitute for the third reaction in the first approach. A one-pot synthesis, formation of imine 

in situ and reduction to secondary amine, was conducted and proved to be successful. The one-

pot synthesis route was not initially chosen due to the intention of metalating both 13 and 14.  
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Synthesis of ligand 14 begins with a Suzuki Miyaura cross-coupling reaction between 

commercially available Methyl 6-Bromo-3-pyridine carboxylate and 4-methoxycarbonyl-2-

nitrophenylboronic acid to form 11 (Scheme 13). The reaction was conducted by using Pd2dba3 

as the primary catalyst, HBF4 • P(t-Bu)3 as a co-catalyst, and KF • 2H2O as a base in THF as 

the solvent. The reaction procedure was adapted from literature.81 The crude was purified with 

flash chromatography, resulting in a yield of 70%, whereas the reported yield in the literature 

is 95%.81 The relatively low yield is due to a combination of both unreacted reactants and loss 

of some material in the purification step. The formation of 11 was characterized by NMR and 

MS. The NMR spectrum of the product 11 exhibited shifts for all the signals in the aromatic 

region and the methyl signals.  

 

The second step in the synthesis route is reduction of the nitro-group present in compound 11. 

Iron was used as a reducing agent along with acetic acid. The reaction was proceeded as 

expected with a yield of 98%, and no purification step was required as the crude was clean by 

NMR. The reduction of nitro-group and formation of 12 was confirmed by NMR by the 

appearance of a singlet at 6.02 ppm, integrating 2 protons.  

 

The final step towards synthesizing the desired ligand 14 involves a one-pot synthesis, 

reductive amination, Schiff base synthesis and reduction in one step. The crude NMR of 14 

showed ca. 50% conversion to the product. There were no traces of imine (13) detected in the 

crude NMR, just unreacted 12 was observed. Hence, it is safe to conclude that all the formed 

imine was effectively reduced to 14. Flash chromatography (gradient: first: 20% EtOAc / 80% 

Hexane, then: 50% EtOAc / 50% Hexane) was used to purify the crude, which resulted in a 

yield of 31%. There was trace amount of 12 present in the final product, but due to time 

limitation it was not further purified.  
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2.2.5 Reaction optimization for compound 13 

 

Scheme 14: Schiff base synthesis to form 13.  

 
Despite numerous attempts, both by flash chromatography and recrystallization, isolating 13 

(Scheme 14) was not achieved. Therefore, reaction optimization strategy was employed to 

maximize the yield and eventually facilitate isolating the product.  

Table 1: Attempted synthesis of 13 under different reaction conditions.   

 

The amount of formic acid and reaction time were modified in subsequent attempts to increase 

the yield of 13. Salicylaldehyde was present in excess (1.1 equiv.), since it is in liquid form in 

contrast to the other reactant 12 and the product 13, which are in solid state, thereby easier to 

remove. As shown above (Table 1), the conversion from first two attempts were calculated 

after the workup procedure, while conversion for the last two attempts were determined prior 

to workup, i.e. taken right from the reaction mixture. Therefore, direct comparison between the 

two sets, the first two with the bottom two, are not feasible. In the first two attempts, the 

reaction time was kept the same (1 day), while the quantity of formic acid was altered (from 2 

to 3 drops). Increasing the amount of formic acid in the reaction mixture showed deterioration 

in the conversion. Furthermore, reaction time was also a factor in the improvement of the 

conversion. By comparing the last two reaction attempts, increasing the rection time (from 2 

to 3 days) resulted in increased conversion.  
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2.3 Metalation  

Due to the paramagnetic property of Copper (II) complexes, the synthesized ligands were 

metalated with both Copper (I)- and Copper (II)-salts in order to obtain a more comprehensive 

understanding of the complexes. In contrary to Cu2+ ion, Cu+ ion is diamagnetic, thereby 

allowing us to conduct NMR analysis on Copper(I) containing compounds. The Copper (II) 

complexes were analyzed by using MS, UV-Vis and FTIR.   

2.3.1 Metalation of Ligand 3  

As shown below (Figure 13), Ligand 3 was metalated with both copper(I)- and 

copper(II)trifluorometanesulfonate, forming complex 4 and 5, respectively. After workup, 

complex(I)complex 4 yielded in a turquoise solid (98%) and complex 5 yielded in a dark green 

powder (94%).  

 

Figure 13: The synthesized copper (I)- (4) and copper (II)-complexes (5).  

 
Complex 4 exhibited significant instability, it was easily oxidized even when stored in an inert 

atmosphere (glovebox). Consequently, the complex was characterized short after the workup, 

despite presence of some residual solvents.   
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Figure 14: Comparison of 1H NMR (600MHz, DMSO-d6) spectrum of ligand 3 (top) and 

complex 4 from two different batches, measured shortly after workup (midle), and measured 

after couple of days (bottom). 

 

As shown above (Figure 14), after metalation of ligand 3, the aromatic signals exhibited a 

significant shift and slight broadening of the signals. The NH (imidazole) signal also exhibited 

a slight shift. Furthermore, there was a broad signal observed at 8.00 ppm, integrating 4 

hydrogens. This signal showed no correlation to other signals, as investigated by 2D NMR. 

The cause of the observed broad signal at 8.00 ppm is uncertain whether it is attributed to the 

presence of solvent or the process of the complex´s oxidation. As shown above (Figure 14), 1H 

NMR of complex 4 from a different batch, measured after a few days of synthesizing it, shows 

more oxidized sample, even when store in an inert atmosphere.  
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Obtaining a high-quality single crystal for Single Crystal X-Ray Diffraction has been a 

challenge for the synthesized complexes in this thesis. However, after numerous attempts with 

different solvents, a green-colored single crystal for complex 5 was obtained by vapor diffusion 

technique using pentane and dichloromethane. Although the crystal obtained was not of high-

quality, displaying "Level A Alerts", it still is a good first estimate of how the structure looks 

like. The structure (Figure 15) revealed that the compound was a copper complex, with the 

ligand surrounding it forming a chelate complex, as expected (Figure 13).  

 

 

Figure 15: Single crystal XRD structure of 5 with ellipsoids drawn at the 50% probability 

level. Hydrogen bonds have been removed for clarity.  

 
As shown in the SC-XRD structure above (Figure 15), the Copper(II) consists within a five-

coordinate environment. It is coordinated with two sp2-hybridized nitrogen atoms deriving 

from the imidazole residues, two sp3-hybridized nitrogen atoms, and one oxygen atom from 

one of the two counter-anions, trifluoromethanesulfonate (OTf). The co-crystalized acetonitrile 

exhibited significant distortion; therefore two nitrogen atoms are shown.  
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Figure 16: Close up on the metal center in the SC-XRD of complex 5. Coordination bond 

lengths [Å]: Cu-N1: 2.056(8), Cu-N2: 1.958(9), Cu-N4: 2.082 (9), Cu-N5: 1.942(9), 

Cu-O6: 2.395(6) 

 
The Cu-Nimidazole coordination bonds are 1.95 Å and 1.94 Å, which align with the typical 

Cu-Nimidazole bond (1.99 Å).89 The Cu-Namine coordination bonds are longer than Cu-Nimidazole, 

2.08 Å and 2.39 Å, which sits also well with that listed in literature (2.03 Å).89 Furthermore, 

the Cu-Otriflate coordination bond is 2.39 Å, this deviates slightly from a typical Cu-O bond 

(1.92 Å). There is also an acetonitrile that has co-crystalized with the complex, but it does not 

coordinate to the copper. The distance between nitrogen on the acetonitrile and copper is 

3.00 Å, this does not align with the range of the other coordination bond lengths of the complex. 

Moreover, the two phenyl rings are not in plane, they are significantly twisted by 55°.  
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Figure 17: UV-vis spectra of complex 5, ligand 3 and Cu(OTf)2. Due to the intensity 

difference between the triflate, and the complex and ligand, the spectra had to be recorded at 

two different concentrations. 

 
Spectra of ligand 3, complex 5, and Cu(OTf)2 were recorded in acetonitrile solutions. As shown 

above (Figure 17), a comparison of UV-vis spectra of complex 5 and ligand 3 in the UV-region 

(ca. 200-400 nm) displays a red shift for the complex, from λmax 240 (ligand 3) to λmax 264 

(complex 5). Band observed for the ligand (3) at 343 nm is not present for the complex (5). 

Furthermore, in the visible region, d-d transition was observed for both Cu(OTf)2 and 

copper(II)complex 5. A blue shift is apparent for the d-d transition of the complex. This 

confirms both the presence of copper(II) in 5 and that it has a different ligand environment than 

the Cu(OTf)2.  
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Figure 18: Comparison of FTIR spectra of complex 5 and ligand 3.  

 
FTIR experiment was conducted prior to obtaining a single crystal for SC-XRD. This technique 

was utilized with the purpose of proposing the coordination structure of complex 5. A 

comparison of FTIR spectra (Figure 18) of complex 5 and ligand 3 is shown above. IR 

frequencies are cross-referenced with frequency range provided in the literature.90 IR 

transmittance at 3386 cm-1 for the ligand (3) corresponds to N-H bending in a secondary amine. 

This N-H bending is also present for the complex (5) with a shift, at 3176 cm-1. Furthermore, 

at around 1236 cm-1, IR transmittance is present for both the ligand (3) and the complex (5), 

but comparatively higher transmittance for the complex. Around this region, frequencies for 

aromatic amines are observed. By comparing the two spectra, the FTIR supplements the 

proposed coordination of the complex.   

 
 
 

 
 



36 
 

2.3.2 Metalation of Ligand 8  

As shown below (Figure 19), Ligand 8 was metalated with both copper(I)- and copper(II)- 

trifluorometanesulfonate, forming complex 9 and 10, respectively.  

 

Figure 19: The synthesized copper (I)- (9) and copper (II)-complexes (10). 

 

After workup, copper(I)-complex 9 yielded in a brown/red solid and complex 10 yielded in a 

black solid. The color of copper(II)complexes are commonly associated with a blue/green hue, 

but for this particular complex 10, it deviated from the norm and had a black color. The green 

color stems from d-d transition, which can be measured by UV-vis spectroscopy in the visible 

range. 

 
Figure 20: UV-vis spectra of ligand 8 and complex 10. 
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UV-vis experiment was conducted to observe the occurrence of d-d transition within complex 

10, since it features a copper(II) metal atom. However, there was no d-d transition evident in 

the spectrum. Spectra of ligand 8 and its corresponding copper(II)complex (10) were recorded 

in acetonitrile solutions with a concentration of 30 µM. A comparison of UV-vis spectra of 

ligand 8 and complex 10 is shown above (Figure 20). In the ultraviolet (UV) region, the band 

observed at 311 nm for the ligand (8) is not present for the complex (10). In addition, the band 

observed at 276 nm for the ligand (8) is also observed for the complex (10), however with a 

lower absorbance.  

 

Since the complex show no d-d transition, in order to address doubts regarding the potential 

reduction of the copper(II)complex, NMR was employed to analyze the sample. The NMR 

spectrum showed immensely broad resonances, confirming the compound being paramagnetic.  

 

 
Figure 21: ESI-MS spectrum of complex 10.  

 

Complex 10 was further analyzed by ESI-MS and XANES (Section 2.3.3). MS spectrum of 10 

(Figure 21) showed base peak at 441.0380 m/z which corresponds to the deprotonated 

molecular cation [M-H]+. Furthermore, MS-data confirmed presence of copper in the molecule. 

This confirmation was achieved by identifying isotopes for copper present within the molecule.  

Copper has two naturally occurring stable isotopes, 63Cu and 65Cu, with a natural abundance 

of 69.17% and 30.83%, respectively.91 The mass spectrum exhibit base peak at 441.0380 m/z 

with intensity of 100%, and a peak at 443.0365 m/z [M+2] with an intensity of 45%, confirming 

presence of copper.   
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Figure 22: Comparison of 1H NMR (400MHz, DMSO-d6) spectra of ligand 8 with its 

corresponding complex 9.  

 
Ligand 8 was successfully metalated to complex 9 as studied by NMR and MS results. A 

comparison of 1H NMR of the complex 9 and the ligand 8 is shown above (Figure 22). The 

first observation that serves as confirmation of the metalation is broadening of signals. This 

has also been previously observed in other imidazole-bearing complexes in the group.77 The 

signals were too broadened to display fine structure, the signals were assigned using 2D NMR 

techniques. Furthermore, the signals at the aromatic region and the imine signal exhibited a 

significant shift, and the aromatic signals were wider apart compared to the signals of the ligand 

8. As previously discussed (Section 2.2.2), due to intramolecular bond formation and dynamic 

equilibrium of the ligand, signals with relatively low intensity compared to other signals were 

also observed for the complex (marked with stars).  
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Figure 23: Comparison of 15N-1H HMBC (400 MHz, DMSO-d6) spectra of Cu(I)complex (9) 

(blue) and the corresponding ligand (8) (red). Nitromethane was used as an external standard. 

 

As shown above (Figure 23), 15N-1H HMBC spectra of the ligand 8 and its corresponding 

complex 9 were obtained. A significant shift is observed for both the sp2-hybridized nitrogen 

atom on the imidazole and the imine. Although the imine shift is of lesser magnitude, it is still 

a good descriptor that the imine might be coordinated to the metal. The magnitude of the shifts 

suggests that the Cu-imidazole bond is stronger than the Cu-imine bond. A notable shift was 

also observed for the sp3-hybridized nitrogen in imidazole, but the magnitude of the shift is 

insignificant, therefore it supplements the proposed structure/coordination of the complex. 

Presence of acetonitrile was observed both in the ligand 8 and the complex 9 by NMR. 

Acetonitrile was used for recrystallization of the ligand 8, but despite a lot of attempts on drying 

by vacuum oven, the solvent seemed to be trapped. Although, acetonitrile was not used in the 

metalation reaction, the presence of acetonitrile persisted. Coordination of acetonitrile to 

copper-metal is common,92 however the acetonitrile correlation does not exhibit a shift, and 

without a crystal-structure of the complex it is not feasible to comment on acetonitrile´s 

coordination.  
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The 15N NMR coordination shift is defined as the difference between the chemical shift of the 

ligand in its complex and that of the free ligand (equation 3).77, 93 

∆ 15Ncoordination shift = 𝛿 15Ncomplex – 𝛿 15Nligand   (3) 

It is typical for nitrogen atoms coordinated to metal centers (𝛿 15Ncomplex) to appear at lower 

chemical shift as compared with their non-coordinated state (𝛿 15Nligand),94 as this is also the 

case here.  

∆Nimidazole = -170 – (118) = -52 [-55] 

∆Nimine = -91 – (-79) = -12 [-16] 

A similar complex has been synthesized in the group (Figure 24),77 with a ML2 type 

coordination involving a copper atom coordinated to four nitrogen atoms. This complex is 

suitable for comparison with complex 9, due to its similar structure, Schiff base ligand bearing 

1-H imidazole. For complex 9, the 15N coordination shifts are calculated above, and the shifts 

from literature are shown in brackets. The 15N coordination shifts of complex 9 and the complex 

from the literature, are in accordance.   

 

Figure 24: ML2 type copper(I)complex, assigned as 2 in the paper.77 
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Furthermore, to investigate the coordination of the hydroxy group to the metal, the carbon 

carrying the functional group was examined by 13C NMR. The carbon signals adjacent to the 

hydroxy group were observed at 154.8 and 154.2 ppm, for the ligand and the complex, 

respectively. The observed shift is small, suggesting no coordination of the oxygen to the metal.  

 

 
Figure 25: Comparison of

 
19F NMR (400 MHz, DMSO-d6) spectra of complexes 9 and 4, 

along with copper(I)trifluorometanesulfonate. Hexafluorobenzene was used as an external 

standard. 

 
As the counter anion, trifluorometanesulfonate (CF3O3S-), of the synthesized complexes 

contain fluorine, 19F NMR was conducted to observe any variation from the reactant, Cu(OTf).  

A comparison of 19F NMR of copper(I)complexes 4 and 9 with Cu(OTf) is shown above 

(Figure 25). 19F-signal for both the complexes exhibited an upfield shift compared to 19F-signal 

for Cu(OTf), indicating change in the chemical environment surrounding the counter anions 

for both the complexes.    
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2.3.3 XANES measurements  

XANES spectra of complexes 4, 5 (synthesized as Cu(I) and Cu(II) complexes of ligand 3) and 

complexes 9, 10 (synthesized as Cu(I) and Cu(II) complexes of ligand 8) were collected at the 

MPI CEC in Mülheim, Germany by collaborators in the CUBE project. For the purpose of 

comparison, the spectra of two previously synthesized complexes are also shown.77 Their 

ligand resembles the tetradentate ligand 3, but the secondary amine is replaced by an imine. 

 
Figure 26: Cu K-edge XANES spectra of complexes 4, 5, 9, and 10. In addition, the XANES 

spectra of related tetradentate imine copper complexes are displayed. A. Copper(I) 

complexes. B. Copper(II) complexes. The pre-edge feature is marked with an asterisk. 

 
The edge position E0 was determined as the first inflection point of the spectrum.  The copper(I) 

species have a red-shifted E0 compared to the copper(II) species (Figure 26), which is in 

agreement with literature.76 Nevertheless, complex 4 seems to be a mixture of a copper(I) and 

a copper(II) species. Oxidation has occurred, as the batch showed a greenish tint and additional, 

broadened resonances were observed in the 1H NMR spectrum. All copper(I) complexes have 

a distinct rising edge shoulder originating from the 1s-4p transition. The intensity depends on 

the coordination number and geometry,95, 96, 77 making it difficult to estimate the degree of 
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oxidation in 4 from the relative intensity of the transition to that in the reference complex and 

9. 

 

There is a strong resemblance in the features of complexes 9 and 10 and the previously reported 

imine copper complexes (dashed lines in Figure 26). This may be rationalized with the Schiff-

base coordination and is further supported by the good agreement of the 15N NMR coordination 

shifts between these copper(I) complexes (see Section 2.3.2).  

A faint pre-edge feature is observable for all copper(II) complexes (8978-8979 eV, asterisk in 

Figure 26B), stemming from the 1s-3d transition in the cupric species.97 Again, the complex of 

ligand 3, compound 5 is the one with the stronger distinction from the reference complex. The 

edge is slightly shifted to lower energies and the white line is less sharp, with two close-by 

features. A similar white line shape has been reported for multinuclear copper complexes where 

one of the copper sites had a square pyramidal geometry.98 This is in good agreement with the 

preliminary crystal structure of 5. 
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2.3.4 One-pot Synthesis: Copper Complex (15) 

 

 

Scheme 15: One-pot synthesis reaction forming a copper(II)-complex 15. 

After many unsuccessful attempts on isolating the ligand 13 for further reduction to 14 

following a metalation, it was decided to move on with a different approach. Earlier in the 

group,77 a series of copper-complexes have been synthesized by a one-pot synthesis reaction, 

with good yields. Therefore, one-pot synthesis with Schiff base synthesis and metalation in one 

step was employed (Scheme 15). Complex 15 was obtained as a green solid with a yield of 

10%. The low yield could be due to the fact that the reaction was conducted on a small scale, 

on 0.6 mmol scale. 
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Figure 27: ESI-MS spectrum of complex 15. 

 
The complex was analyzed by ESI-MS. MS spectrum of 15 (Figure 27) showed base peak at 

452.0428 m/z which corresponds to the deprotonated molecular cation [M-H]+. Furthermore, 

MS-data confirmed presence of copper in the molecule as it showed copper´s isotopic 

signature. The mass spectrum exhibits base peak at 452.0428 m/z with intensity of 100%, and 

a peak at 454.0413 m/z [M+2] with an intensity of 46%, confirming presence of copper.   

 

 

Figure 28: UV-vis spectrum of complex 15, at different concentrations in MeCN. 

UV-vis experiment was conducted to observe the occurrence of d-d transition within complex 

15, since it features a copper(II) metal atom. As shown above (Figure 28), in the visible 

region d-d transition band is observed at 668 nm for the complex.  
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2.4 Miscellaneous 

Previously in the group,77 in certain situations under metalation of ligands, formation of ML2 

type complexes has been observed, i.e. two ligands per copper atom. This hinders the 

resemblance of the synthesized complex to the enzymes active site. To prevent formation of 

the undesired ML2 type complexes, a strategy involving incorporation of elongated pi-system 

was employed to create steric hinderance. The initial assumption was that by incorporating a 

bulky group, it would lead to formation of an imine (Scheme 16), but the outcome yielded a 

diazepine (19). Based on prior research in the group,77 the outcome of a reaction between an 

amine and an aldehyde is influenced by the substituent on the utilized aldehyde.  

 

Scheme 16: Synthesis of diazepine (19).  

 

This side project was pursued alongside the main project, however due to a redirection of 

priorities, the project did not progress further 
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3 Experimental  

3.1 General Considerations  

The synthesis of all Cu(I) species was conducted inside an Ar-filled UNIlab pro glovebox from 

MBraun. All solvents that were utilized for synthesis of Cu(I) species underwent degassing 

with the freeze-pump-thaw technique (3 cycles). The procedure for preparing NMR samples 

of copper-containing compounds involved using an adapter and commercial 9–inch NMR 

tubes. The samples were prepared inside the glovebox and then transferred using the adapter 

to NMR tube. The tube was then connected to a vacuum line, and the solvent was frozen with 

liquid nitrogen. Finally, the tube was flame sealed under vacuum to prevent oxidation of the 

copper-containing compound.  

NMR spectra were recorded on the following Bruker instruments: AVIIIHD800, AVI600, 

AVIII400 and AVNEO400. 15N NMR and 19F NMR signals are referred to an external 

standard, nitromethane and hexafluorobenzene respectively. To prepare the external standard, 

1 μL of each reference was mixed with 35 μL of the respective NMR solvent. The resulting 

solution was then transferred into a capillary, flame sealed, and then placed in the NMR tube. 

Nitromethane was calibrated to 0 ppm (1H-15N HMBC), and hexafluorobenzene was calibrated 

to -164.5 ppm (19F NMR). 

Chemicals were used as received from commercial suppliers, unless noted otherwise.  

Single crystal diffraction data were acquired on Bruker D8 Venture equipped with a Photon 

100 detector and using Mo Kα radiation (λ = 0.71073 Å) from an Incoatec iμS microsource. 

Data reduction was performed with Bruker Apex3 Suite, the structures were solved with 

ShelXT and refined with ShelXL. Olex2 was used as user interface. The cif files were edited 

with encipher v.1.4 and Mercury v.4.2.0 was used to produce molecular graphics.  

The UV-Visible measurements were performed on a Specord 200 Plus instrument. All molar 

extinction coefficients were calculated by linear regression of the absorbance vs concentration.  
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3.2 Experimental: X-ray absorption measurements 

XAS spectra were collected with an easyXES100-extended laboratory spectrometer 

(easyXAFS, LLC, Seattle, USA) using a Varex® VF-80JM 100 W palladium cathode source 

operating at 25 kV accelerating potential and 2 mA of tube current creating 50 W of 

output.99, 100 An aluminium slit aperture of 1 mm width was placed in front of the source to 

improve resolution and decrease divergence and thereby noise. A helium flight path within the 

Rowland circle area was used to reduce the X-ray attenuation in air. A spherical crystal analyzer 

(Si 553), with 1 m bending radius was used as the instrument’s monochromator. The samples 

were prepared in an N2-Glovebox and diluted to mass fractions ranging of about 5% copper in 

Hoechst Wax® (tableting aid for X-ray sample prep), ground, pelletized and placed in a custom 

air-tight sample cell (13 mm pellet diameter, 10 mm diameter effective sample area, 1 mm 

thickness). The transmitted photons in the 8940–9100 eV range were detected by a Vortex®60-

EX SDD. A hundred scans were acquired consecutively with 0.2 eV step across Cu K-edge 

region and several spaced data points before and after for normalization. The first and last ten 

scans were compared to assess radiation damage and potential air oxidation in the Cu(I) case. 

Before averaging, every scan was inspected individually. The incident flux (I0) was measured 

in the same cell without sample. The energy axes of all spectra were calibrated versus the first 

inflection point of copper foil spectrum at 8980.3 eV measured in the same conditions. The 

final spectra were obtained with the ln(I0/I1) relationship and normalized in the Athena 

software. A three-point smoothing was applied to improve clarity, without introducing or 

suppressing spectral features. 
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3.3 Synthesis of (1) 

 

        1 

 

Procedure: 

The compound was prepared as reported by Hylland et al.78  

A three-necked round bottom flask containing conc. H2SO4 (120 mL) was cooled down to 

around 2 °C in an ice bath. Dimethylbiphenyl-4,4`-dicarboxylate (10g, 37 mmol, 1.0 equiv.) 

was added in portions over 25 min.  

To the resulting solution, a mixture of conc. HNO3 (5.9 mL, 133 mmol, 3.6 equiv.) and 

conc. H2SO4 (7.8 mL, 144 mmol, 3.9 equiv.) was added dropwise over 40-60 min, maintaining 

the temperature below 5 °C. the ice bath was removed, and the reaction was left to stir for 30 

min. 

The reaction mixture was poured into 1.2 l of ice slush and the precipitate was filtered, washed 

with water, and dried on air overnight. The precipitate was dissolved in ethyl acetate (740 mL) 

and washed with sat. NaHCO3 (2×200 mL) and sat. NaCl (2×200 mL) and dried with Na2SO4. 

The solvent was removed under reduce pressure and the crude product was recrystallized from 

acetonitrile, resulting in cube-shaped yellow crystals. 

Yield: 9.25 g, 25.6 mmol, 68% 

1H NMR (400MHz, CDCl3): δ 3.98 (s, 6H, H-8), 7.36 (d, 2H, J = 7.96 Hz, H-6), 

8.33 (dd, 2H, J = 1.68 and 7.96 Hz, H-5), 8.86 (d, 2H, J = 1.56 Hz, H-3)  

13C NMR (400 MHz, CDCl3): δ 52.9 (C-8), 126.0 (C-3), 130.9 (C-6), 131.9 (C-1), 

134.2 (C-5), 137.6 (C-4), 146.8 (C-2), 164.5 (C-7)  

HRMS (ESI) m/z [M+Na+] (C16H12N2O8 + Na+) Calcd: 383.0486; Found: 383.0485 

The compound is in accordance with the spectroscopic data found in literature.78  
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3.4 Synthesis of (2) 

    
 

               2 

 

Procedure: 

A modified literature procedure was used.80 

Dimethyl 2,2´-dinitrobiphenyl-4,4´-dicarboxylate (8.44 g, 23.4 mmol, 1.0 equiv.) and 

subsequently Fe (20.9 g, 374 mmol, 16 equiv.) were added to a flask containing acetic acid 

(240 mL). The mixture was stirred under a stream of Argon. After 30 min an exothermic 

reaction started. The reaction mixture remained stirring under argon for an additional 21 

hours at room temperature.  

 

The suspension was then transferred to a beaker containing water (2.2 L) and stirred for 15 

min. The solids were filtered off and washed with water (3×200 mL). the solids were 

dissolved in ethyl acetate (600 mL) ad filtered through celite, which was subsequently 

washed with ethyl acetate (3×100 mL). The filtrate was dried with Na2SO4 and the solvent as 

removed under reduced pressure. The crude product was recrystallized from toluene.  

Yield = 5.92 g, 19.7 mmol, 84% 

1H NMR (400MHz, DMSO-d6): δ 3.83 (s, 6H, H-8), 4.99 (s, 4H, NH2), 7.07 (d, J = 7.8 Hz, 

2H, H-6), 7.23 (dd, J = 7.8 and 1.6 Hz, 2H, H-5), 7.44 (d, J = 1.6 Hz, 2H, H-3)   

13C NMR (400MHz, DMSO-d6): δ 51.9, 115.8, 117.1, 127.5, 129.6, 130.7, 145.5, 166.5  

HRMS (ESI) m/z [M+Na+] (C16H16N2O4 + Na+) Calcd: 323.1002; Found: 323.1002 

 The spectroscopic data is in accordance with that reported in the literature.80 
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3.5 Synthesis of Ligand (3) 

 
 
                                3 

 

Procedure: 

A mixture of dimethyl 2,2'-diamino-[1,1'-biphenyl]-4,4'-dicarboxylate (2) (782.8g, 2.6 mol, 

1.00 equiv.), 1H-imidazole-4-carbaldehyde (502.9 mg, 5.23 mmol, 2.0 equiv.) and five drops 

of formic acid were stirred in dry methanol overnight. The reaction mixture was cooled with 

an ice bath. NaBH4 (984.4 mg, 26.0 mmol, 9.98 equiv.) was added portion wise over the course 

of 10 minutes. The ice bath was then removed, and the reaction was stirred at ambient 

temperature for 2 more hours. The reaction was diluted in 50 mL NaHCO3 (aq., sat.). The 

aqueous phase was extracted with 100 mL dichloromethane (3×100mL). The combined organic 

phases were dried over NaSO4. The solvent was removed under reduced pressure. After 

recrystallization from acetonitrile a yellow solid was obtained. 

Yield: 284mg, 0.617 mmol, 24%  

 

1H NMR (400MHz, DMSO-d6): δ 3.82 (s, 6H, H-12), 4.23 (s, 4H, H-7), 5.02 (t, J = 5.2 Hz, 

2H, sec. amine), 6.92 (s, 2H, H-9), 7.1 (d, J = 7.7 Hz, 2H, H-2), 7.28 (dd, J = 7.3 and 1.4 Hz, 

2H, H-3), 7.30 (d, J = 1.2 Hz, 2H, H-5), 7.59 (s, 2H, H-10), 11.9 (s (br), 2H, NH from 

imidazole). 

13C NMR (400 MHz, DMSO-d6): δ 40.2 (from HSQC) (C-7), 52.0 (C-12), 111.0 (C-5), 

117.3 (C-3), 128.1 (C-1), 130.0 (C-8), 130.8 (C-2), 135.2 (C-10), 145.3 (C-6), 166.5 (C-11). 

C-9 and C-4 signals are missing.  

HRMS (ESI) m/z [M+H+] (C16H15NO5 + H+): Calcd: 461.1932; Found: 461.1931 

UV/Vis (ε [µM-1cm-1] CH2Cl2): λmax (240): 0.043 ± 0.002; λsh (281): 0.0133 ± 0.0004; 

λmax (343): 0.0087 ± 0.0004 
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3.6 Synthesis of Complex (4) 

 

                    4 

 

Procedure:  

A mixture of 3 (95 mg, 0.20 mmol, 1.0 equiv.) and CuOTf (43 mg, 0.20 mmol, 1.0 equiv.) 

were stirred in toluene (2 mL) overnight. Reaction mixture was precipitated with diethylether 

(2 mL). The solid was collected through filtration and washed with diethyl ether (4 mL). 

Residual solvent was left to evaporate overnight to yield as a turquoise solid.    

Yield: 133 mg, 0.19 mmol, 98% 

1H NMR (600MHz, DMSO-d6): δ 3.82 (s, 6H, H-1), 4.23 (s(br), 4H, H-9), 5.22 (s(br), 2H, 

NH), 7.08 (d, J = 7.38 Hz, 2H, H-5), 7.17 (d, J = 7.56 Hz, 2H, H-12), 7.24 (d, J = 7.56 Hz, 2H, 

H-6), 7.29 (s, 2H, H-4), 7.30 (s, 2H, H-11), 7.97 (s(br), 4H), 12.51 (s(br), 4H) 

13C NMR (600 MHz, DMSO-d6): δ 40.0 (found from HSQC, C-9), 52.0 (C-1), 110.8 (C-11), 

117.5 (C-4), 128.1 (C-6), 128.3 (C-12), 130.1 (C-3), 130.8 (C-5), 145.3 (C-8), 166.5 (C-2) 

Signals C-7 and C-10 are missing 

19F NMR (400 MHz, DMSO-d6): δ -79.4 (CF3)  

HRMS (ESI) m/z [M+] (C24H24CuN6O+): Calcd: 523.1150; Found: 523.1147 
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3.7 Synthesis of Complex (5) 

 

 

                    5 

 

Procedure:  

A mixture of 3 (143.3 mg, 0.31 mmol, 1.00 equiv.) and Cu(OTf)2 (112.4 mg, 0.31, 1.00 equiv.) 

were stirred in acetonitrile (6 mL) overnight. The solvent was removed under reduced pressure. 

After drying in vacuum oven at 50 °C overnight, a dark green powder was obtained.  

Yield: 241 mg, 0.29 mmol, 94%   

HRMS (ESI) m/z [M2+] (C24H24CuN6O4
2+): Calcd: 261.5572; Found: 261.5575 

UV/Vis (ε [µM-1cm-1] MeCN): λmax (195): 0.050 ± 0.002; λsh (210): 0.044 ± 0.002; 

λmax (264): 0.0203 ± 0.0009; λsh (392): 0.00144 ± 0.00005; λmax (621): 0.00020 ± 0.00005 
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3.8 Synthesis of (6) 

 

                 6 

Procedure: 

A modified literature procedure was used.81 

Methyl 4-Bromo-3-hydroxybenzoate (2.3 g, 10.0 mmol, 1.0 equiv.), 4-methoxycarbonyl-2-

nitrophenylboromic acid (2.3 g, 10.4 mmol, 1.0 equiv.) and freshly powdered KF·2H2O (3.1 g, 

33.2 mmol, 3.3 equiv.) were mixed with THF (20 mL) in a 50 mL round-bottom flask. The 

suspension was bubbled with Ar for 20 minutes, before adding Pd2dba3 (2.5 mol %) and 

HBF4·P (t-Bu)3 (6.2 mol %). The bubbling was continued for 2-3 minutes after which a reflux 

condenser was attached to the flask. The reaction mixture was then heated at 80 ºC for one hour 

under Ar. After cooling to room temperature, the reaction was extracted with CH2Cl2 (100 mL). 

Subsequently, the solvent was removed under reduced pressure. The residue was purified by 

flash chromatography (gradient: first: half DCM / half 5% EtOAc in Hexane, then: half DCM 

/ half 15% EtOAc in Hexane).  

Yield: 1.5 g, 4.5 mmol, 45% 

1H NMR (400MHz, DMSO-d6): δ 3.85 (s, 3H, H-1), 3.93 (s, 3H, H-16), 7.45 (d, 

J = 1.36 Hz, 1H, H-4), 7.47 (d, J = 7.92 Hz, 1H, H-6), 7.54 (dd, J = 1.36 and 7.88 Hz, 1H, 

H-5), 7.67 (d, J = 8.0 Hz, 1H, H-10), 8.28 (dd, J = 1.08 and 7.88 Hz, 1H, H-11), 8.43 (d, 

J = 1.56 Hz, 1H, H-13), 10.4 (s (br), 1H, OH)  

13C NMR (400 MHz, DMSO-d6): δ 52.2 (C-16), 52.8 (C-1), 115.2 (C-4), 120.4 (C-5), 

124.4 (C-13), 128.7 (C-8), 130.01 (C-14), 130.06 (C-6), 131.2 (C-3), 133.2 (C-10), 

133.4 (C-11), 136.1 (C-9), 149.0 (C-7), 154.1 (C-12), 164.4 (C-15), 165.8 (C-2)  

HRMS (ESI) m/z [M-H+] (C16H12NO7
-): Calcd: 330.0619; Found: 330.0619 
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3.8.1 Sideproduct (6a) 

 

           6a 

1H NMR (400MHz, DMSO-d6): δ 3.93 (s, 3H, H-1), 7.84 (t, J = 8.04 Hz, 1H, H-7), 8.37 (dt, 

J = 7.8 and 1.2 Hz, 1H, H-8), 8.50 (ddd, J = 1.04, 2.38 and 8.34 Hz, 1H, H-6), 8.63 (t, 

J = 2.04 Hz, 1H, H-4)                                                                                                               

13C NMR (400 MHz, DMSO-d6): δ 52.8 (C-1), 123.5 (C-4), 127.7 (C-6), 130.7 (C-7), 

131.1 (C-3), 135.1 (C-8), 147.8 (C-5), 164.5 (C-2) 
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3.9 Synthesis of (7) 

 

                7 

 

Procedure: 

Compound 6 (500 mg, 1.50 mmol, 1.0 equiv.) was suspended in AcOH (50 mL), and Fe powder 

(1.3 g, 0.03 mmol, 15 equiv.) was added in one portion. The reaction mixture was flushed with 

Ar for 2 hours, and then stirred at rt under Ar atmosphere for 15 hours. The reaction mixture 

was poured into a beaker containing ice (ca. 100 mL), and concentrated ammonia solution 

(28% aq., ca. 100 mL) was added in portions of 25 mL. More ice was added to the neutralization 

if the the mixture warmed up significantly. After all ammonia had been added, the resulting 

suspension was stirred fo 5 minutes, the solids were then collected through filtration and 

washed with water (3×100 mL). The solids were then dissolved in warm EtOAc (ca. 50-60 °C, 

300 mL) under stirring. The warm EtOAc solution was filtrated through celite to remove 

undissolved material and the celite was rinsed with additional EtOAc (ca. 200 mL). The filtrate 

was dried over Na2SO4, before the solvent was removed under reduced pressure. After 

recrystallization from acetonitrile a yellow solid was obtained.  

Yield: 210.4 mg, 0.698 mmol, 46% 

1H NMR (400MHz, DMSO-d6): δ 3.82 (s, 3H, H-16), 3.85 (s, 3H, H-1), 4.97 (s(br), 2H, 

NH2), 7.08 (d, J = 7.88 Hz, 1H, H-10), 7.21 (dd, J = 1.6 and 7.92 Hz, 1H, H-11) 7.26 (d, 

J = 7.88 Hz, 1H, H-7), 7.40 (d, J = 1.56 Hz, 1H, H-13), 7.47 (dd, J = 1.52 and 7.88 Hz, 1H, 

H-6), 7.56 (d, J = 1.48 Hz, 1H, H-4), 10.1 (s(br), OH)  
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13C NMR (400 MHz, DMSO-d6): δ 51.9 (C-16), 52.1 (C-1), 115.7 (C-13), 116.4 (C-4), 

116.9 (C-11), 120.1 (C-6), 127.6 (C-14), 129.4 (C-9), 130.0 (C-8), 130.7 (C-3), 130.9 (C-10), 

131.4 (C-7), 146.0 (C-12), 154.5 (C-5), 166.0 (C-2), 166.5 (C-15) 

HRMS (ESI) m/z [M+H+] (C16H15NO5 + H+): Calcd: 302.1023; Found: 302.1022 
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3.10 Synthesis of Ligand (8) 

 

                     8 

Procedure: 

Compound 7 (509 mg, 1.66 mol, 1.00 equiv.) and 1H-imidazole-4-carbaldehyde (162 mg, 1.69 

mmol, 1.00 equiv.) were suspended in dry EtOH. 3 drops of formic acid were added. The 

mixture was stirred for 21 hours, and the precipitated product was collected through filtration. 

The product was washed with dry EtOH and dried in vacuum oven at 60 °C overnight. The 

crude was then recrystallized from acetonitrile, resulting in an airy/puffy white solid. 

Yield: 439 mg, 1.15 mmol, 68% 

1H NMR (400MHz, DMSO-d6): δ3.83 (s, 3H, H-1), 3.88 (s, 3H, H-14), 7.31 (d, J = 7.88 Hz, 

1H, H-5), 7.43 (dd, J = 1.52 and 7.88 Hz, 1H, H-4), 7.46 (d, J = 1.52 Hz, 1H, H-7), 7.49 (d, 

J = 8.00 Hz, 1H, H-10), 7.60 (s, 1H, H-15), 7.64 (s(br), 1H, H-20), 7.78 (s, 1H, H-19), 7.83 

(dd, J = 1.64 and 8.00 Hz, 1H, H-11), 8.41 (s, 1H, H-17 (imine)), 10.29 (s(br), 1H, OH), 

12.62 (s(br), 1H, NH imidazole)  

13C NMR (400 MHz, DMSO-d6): δ 52.1 (C-1), 52.2 (C-4), 116.8 (found from HSQC 

correlation, C-7), 119.5 (C-4), 119.6 (C-15), 125.3 (C-11), 130.0 (C-3), 130.1 (C-12), 131.0 

(found from DEPT135, C-6), 131.4 (C-10), 131.7 (C-5), 136.3 (C-16), 138.3 (weak signal, 

found from HSQC correlation, C-19), 150.7 (C-17), 154.8 (C-8), 165.9 (C-13), 166.0 (C-2)  

Signals C-9, C-18 and C-20 are missing 

15N NMR (600 MHz, DMSO-d6): δ -209 (NHimidazole), -118 (Nimidazole), -79 (Nimine)  

HRMS (ESI) m/z [M+Na+] (C20H17N3NaO5
+): Calcd: 402.1060; Found: 402.1060 

UV/Vis (ε [µM-1cm-1] MeCN): λsh (210): 0.032 ± 0.006; λmax (276): 0.0391 ± 0.007; 

λmax (311): 0.023 ± 0.004 
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3.11 Synthesis of Complex (9) 

 

                     9 

 

Procedure:  

A mixture of 8 (155.2 mg, 0.40 mmol, 1.00 equiv.) and Cu(OTf) (87 mg, 0.40 mmol, 1.00 

equiv.) were stirred in acetonitrile (4.5 mL) overnight. The reaction mixture was precipitated 

with diethyl ether. Solids were collected through filtrated and washed with diethyl ether. After 

letting the residual solvent to evaporate overnight, a brown/red solid was obtained.  

Yield: 85 mg, 0.14 mmol, 35% 

1H NMR (400MHz, DMSO-d6): δ 3.83 (s, 3H, H-1), 3.88 (s, 3H, H-20), 6.7 (s, 1H, H-4), 

6.84 (s, 1H, H-7), 6.90 (s, 1H, H-8), 6.95 (s, 1H, H-10), 7.28 (s, 1H, H-13), 7.40 (s, 1H, 

H-18), 7.54 (s, 1H, H-11), 7.80  (s, 1H, H-17), 8.36 (s, 1H, imine), 9.61 (s, 1H, OH), 12.97 (s, 

1H, NH (imidazole)) 

13C NMR (400 MHz, DMSO-d6): δ 51.8 (C-20), 52.0 (C-1), 115.0 (C-10), 118.0 (C-7), 

118.2 (C-7), 119.9 (C-8), 121.9 (C-17), 125.2 (C-11), 128.9 (C-6), 129.1 (C-14), 129.6 (C-3), 

130.4 (C-13), 131.1 (C-4), 136.0 (C-9), 136.4 (C-18), 138.0 (C-16), 147.5 (C-12), 152.5 

(C-15), 154.2 (C-5), 165.3 (C-19), 165.9 (C-2)    

15N NMR (600 MHz, DMSO-d6): δ -207 (NHimidazole), -170 (Nimidazole), -91 (Nimine)  

19F NMR (400 MHz, DMSO-d6): δ -79.6 (CF3) 

HRMS (ESI) m/z [M-H+] (C20H16CuN3O5
+): Calcd: 441.0386; Found: 441.0380 
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3.12  Synthesis of Complex (10) 

 

   

                  10 

 

Procedure:  

A mixture of 8 (123.1 mg, 0.32 mmol, 1.00 equiv.) and Cu(OTf)2 (117.8 mg, 0.32 mmol, 1.00 

equiv) were stirred in acetonitrile (5 mL) overnight. The solvent was removed under reduced 

pressure. After drying in vacuum oven at 50 °C overnight, a black solid was obtained.  

Yield: 222 mg, 0.299 mmol, 92%  

HRMS (ESI) [M-H+] m/z (C20H16CuN3O5
+): Calcd: 441.0380; Found: 441.0380 

UV/Vis (ε [µM-1cm-1] MeCN): λmax (208): 0.04 ± 0.01; λmax (269): 0.035 ± 0.008; 

λmax (731): 0.00018 ± 0.00009 
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3.13  Synthesis of (11) 

 

     11 

 

Procedure:  

Methyl 6-Bromo-3-pyridine carboxylate (800 mg, 3.70 mmol, 1.00 eqiuv.), 4-

methoxycarbonyl-2-nitrophenylboronic acid (833 mg, 3.70 mmol, 1.00 equiv.) and freshly 

powdered KF·2H2O (1.15 g, 12.23 mmol, 3.3 equiv.) were mixed with dry THF (20 mL) in a 

100 mL two-neck round flask. The suspension was bubbled with argon for 15 minutes, before 

Pd2dba3 (2.5 mol%) and HBF4·P(t-Bu)3 (6 mol%) were added. The bubbling was continued for 

3-4 minutes after which a reflux condenser was attached to the flask. The reaction mixture was 

then stirred at reflux temperature for 1 hour under Ar. After cooling to room temperature, the 

reaction mixture was diluted with CH2Cl2 (60 mL). The reaction mixture was then filtrated, 

and the solvent was then removed under reduced pressure. The crude was purified with flash 

chromatography (half CH2Cl2 / half 5% EtOAc in Hexane, to half CH2Cl2 / half 15% EtOAc in 

Hexane) resulting in orange powder.  

Yield: 819 mg, 2.59 mmol, 70% 

1H NMR (400MHz, CDCl3): δ 3.95 (s, 3H), 3.97 (s, 3H), 7.56 (dd, J = 0.72 and 8.16 Hz, 

1H), 7.69 (d, J = 8.00 Hz, 1H), 8.30 (dd, J = 1.64 and 8.00 Hz, 1H), 8.39 (dd, J = 2.12 and 

8.16 Hz, 1H), 8.53 (d, J = 1.52 Hz, 1H), 9.21 (dd, J = 0.68 and 2.00 Hz, 1H)    

13C NMR (400 MHz, CDCl3): δ 52.5, 52.8, 122.3, 125.5, 125.6, 131.4, 131.8, 133.1, 

138.1(2), 138.1(6), 149.1, 150.8, 158.1, 164.5, 165.2 

HRMS (ESI) [M+Na+] m/z (C15H12N2NaO6
+): Calcd: 339.0588; Found: 339.0587 

The spectroscopic data is in accordance with that reported in the literature.78 
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3.14  Synthesis of (12) 

 

      12 

 

Procedure: 

Compound 11 (3.106 mg, 9.820 mmol, 1.00 equiv.) and Fe powder (8.22 g, 0.15 mol, 

15 equiv.) were suspended in acetic acid. The reaction mixture was flushed with argon for 2 

hours, and then stirred at room temperature for 20 hours. The reaction mixture was poured into 

a beaker containing ice (ca. 200 mL), with another ice bath surrounding it, and concentrated 

ammonia solution (28% aq., ca. 150 mL) was added in portion of 25 mL. After all ammonia 

had been added, the resulting suspension was stirred for 5 minutes, then the solids were 

collected through filtration and washed with water (3×100 mL). The solids were then dissolved 

in warm EtOAc (ca. 50-60 °C, 300 mL) under stirring. The warm EtOAc solution was filtrated 

through celite to remove undissolved material. The filtrate was dried over Na2SO4, before the 

solvent was removed under pressure.  

Yield: 2.76 g, 9.65 mmol, 98% 

1H NMR (400MHz, CDCl3): δ 3.88 (s, 3H, H-15), 3.94 (s, 3H, H-1), 6.02 (s, 2H, NH2), 7.36 

(dd, J =1.6 and 8.2 Hz, 1H, H-9), 7.41 (d, J = 1.52 Hz, H-12), 7.60 (d, J = 8.24 Hz, 1H, 

H-10), 7.76 (d, J = 8.44 Hz, 1H, H-6), 8.33 (dd, J = 2.24 and 8.44 Hz, 1H, H-5), 9.18 (d, 

J = 1.72 Hz, 1H, H-4) 

13C NMR (400 MHz, CDCl3): δ 52.1 (C-15), 52.3 (C-1), 118.0 (C-9), 118.5 (C-12), 

121.7 (C-6), 123.4 (C-7), 123.8 (C-13), 129.5 (C-10), 131.9 (C-11), 137.7 (C-5), 147.2 (C-8), 

149.3 (C-4), 162.0 (C-3), 165.5 (C-2), 166.8 (C-14) 

HRMS (ESI) [M+Na+] m/z (C15H14N2NaO4
+): Calcd: 309.0845; Found: 309.0846 
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3.15  Synthesis of (13) 

 

 

                 13 

 

Procedure:  

Methyl 6-(2-amino-4-(methoxycarbonyl) phenyl) nicotinate (12) (210 mg, 0.733 mmol, 1.00 

equiv.) and Salicylaldehyde (76 μL, 0.728 mmol, 1.00 equiv.) were suspended in dry EtOH. 2 

drops of formic acid were added. The mixture stirred for 19 hours, and the precipitated product 

was collected through filtration. The product was then washed with dry EtOH and dried in 

vacuum oven for 3 hours.  

Not isolated, conversion: 75%  
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3.16  Synthesis of Ligand (14) 

 

                     14 

 

Procedure: 

A mixture of 12 (179 mg, 0.62 mmol, 1.00 equiv.), salicylaldehyde (65 μL, 0.62 mmol, 1.00 

equiv.) and 1 drop of formic acid were stirred in dry MeOH overnight. The reaction mixture 

was cooled with an ice bath, and NaBH4 (259 mg, 6.84 mmol, 11.04 equiv.) was added portion 

wise over the course of 5 minutes. Under addition of NaBH4, color change was observed from 

yellow to orange. The ice bath was then removed, and the reaction was stirred at ambient 

temperature for two more hours. The reaction mixture was diluted with NaHCO3 (aq., sat., 26 

mL). The aqueous phase was extracted with CH2Cl2 (3×50 mL). The combined organic phase 

was dried over Na2SO4. The solvent was then removed under reduced pressure. The crude was 

purified with flash chromatography (gradient: first: 20% EtOAc / 80% Hexane, then: 50% 

EtOAc / 50% Hexane).  

Yield: 137.5 mg, 0.31 mmol, 31% 

 

1H NMR (400MHz, DMSO-d6): δ 3.82 (s, 3H, H-1), 3.90 (s, 3H, H-15), 4.40 (d, J = 5.72 

Hz, 2H, H-16), 6.73 (t, J = 7.36 Hz, 1H, H-21), 6.85 (d, J = 7.92 Hz, 1H, H-22), 7.07 (td, 

J = 7.52 and 1.32 Hz, 1H, H-20), 7.16 (dd, J = 7.68 and 0.92 Hz, 1H, H-19), 7.22 (dd, 

J = 8.24 and 1.36 Hz, 1H, H-10), 7.30 (d, J = 1.08 Hz, 1H, H-12), 7.84 (d, 8.24 Hz, 1H, H-9), 

8.08 (d, J = 8.56 Hz, 1H, H-6), 8.36 (dd, J = 8.4 and 2.24 Hz, 1H, H-5), 9.08 (t, J = 5.76 Hz, 

1H, NH (sec. amine)), 9.11 (d, J = 1.96 Hz, 1H, H-4), 9.66 (s, 1H, OH) 

13C NMR (400 MHz, DMSO-d6): δ 41.4 (C-16), 52.1 (C-15), 52.4 (C-1), 112.0 (C-12), 

114.9 (C-22), 115.6 (C-10), 118.8 (C-21), 122.3 (C-6), 122.8 (C-13), 122.9 (C-3), 124.7 
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(C-17), 127.8 (C-20), 127.9 (C-19), 130.1 (C-9), 131.6 (C-8), 137.6 (C-5), 147.8 (C-11), 

148.3 (C-4), 155.1 (C-18), 161.3 (C-7), 164.9 (C-2), 166.2 (C-14)  

HRMS (ESI) m/z [M+Na+] (C22H20N2O5 + Na+): Calcd:415.1264; Found: 415.1264 
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3.17  Synthesis of Complex (15) 

 

                 15 

 

Procedure: 

A mixture of 12 (178 mg, 0.62 mmol, 1.00 equiv.), Cu(OTf)2 (224 mg, 0.62 mmol, 1.00 equiv.) 

and salicylaldehyde (64 μL, 0.62 mmol, 1.00 equiv.) were stirred in MeOH (3 mL) overnight. 

The solvent was removed under reduced pressure and dried in the vacuum oven at 50 °C 

overnight, resulting in a green solid.  

Yield: 45 mg, 0.059 mmol, 10% 

HRMS (ESI) m/z [M-H+] (C22H17CuN2O5
+): Calcd: 452.0428; Found: 452.0428  

UV/Vis (ε [µM-1cm-1] MeCN): λmax (246): 0.040 ± 0.009; λmax (289): 0.005 ± 0.01; 

λsh (302): 0.04 ± 0.01; λmax (423): 0.012 ± 0.002; λmax (668): 0.00025 ± 0.00006 
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3.18  Synthesis of (16)  

 

 

 16 

Procedure: 

To a 50 mL round bottomed flask 4-Bromobenzonitrile (1.00 g, 5.49 mmol, 1.00 equiv), 

Pd(PPh3)4 (127.7 mg, 0.11 mmol, 0.02 equiv), and CuI (69.9 mg, 0.367 mmol, 0.06 equiv) 

were added. The flask was closed with a rubber septum and backfilled with argon to create an 

inert atmosphere. Dry THF (7 mL) and diisopropylamine (3.13 mL, 22.33 mmol, 4.06 equiv) 

were added under argon at room temperature (under addition of diisopropylamine, the solution 

turned green/brown). The mixture was cooled down to 0°C before adding Trimethylsilyl 

acetylene (0.83 mL, 6.04 mmol, 1.1 equiv) dropwise and leaving it to stir for 43 h, while 

allowing the temperature to slowly reach room temperature. Under addition of Trimethylsilyl 

acetylene, the solution first turned yellow, then brown/black at the end of addition. The dark 

brown solution was concentrated under reduced pressure. Then it was filtrated through celite 

with pentane as solvent, and at last concentrated again under reduced pressure, resulting in 

pink/brown solid.  

Yield: 572mg, 2.87 mmol, 52% 

1H NMR (400 MHz, CDCl3): δ 7.55-7.57 (dd, J = 2.1 and 8.6 Hz, 2H, H-6), 7.49-7.51 (dd, 

J = 1.7 and 8.4 Hz, 2H, H-5), 0.23 (s, 9H, H-1) 

13C NMR (400 MHz, CDCl3): δ -0.3 (C-1), 99.5 (C-2), 102.9 (C-3), 111.7 (C-7), 118.3 

(C-8), 127.9 (C-4), 131.8 (C-5), 132.3 (C-6) 

HRMS (ESI) m/z [M+Na+] (C12H13NNaSi+): Calcd: 222.0715; Found: 222.071 
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3.19  Synthesis of (17) 

 

 

                      17 

 

Procedure: 

In a 50 mL round bottomed flask 16 (572.3 mg, 2.87 mmol, 1.00 equiv) was dissolved in 

methanol (13 mL), followed by addition of K2CO3 (504 mg, 3.6 mmol, 1.27 equiv). A color 

change was observed after addition of K2CO3, from pink/brown to dark brown. The reaction 

mixture was stirred at room temperature for 2 hours. Saturated NaCl (30 mL) was added, 

followed by extraction with ethyl acetate (3×30 mL) and drying over Na2SO4. Then the 

solution was concentrated under reduced pressure, resulting in 383.7 mg of dark orange solid. 

The crude was purified with flash chromatography (EtOAc/Hexane, 6:4).  

Yield: 107.8 mg, 0.847 mmol, 30%          

1H NMR (400 MHz, CDCl3): δ 3.2 (s, 1H, H-1), 7.54-7.56 (dd, J = 2 and 4.8 Hz, 2H, H-4), 

7.59-7.61 (dd, J = 2 and 4.8 Hz, 2H, H-5)         

13C NMR (400 MHz, CDCl3): δ 81.5 (C-1), 81.8 (C-3), 112.3 (C-6), 118.2 (C-7), 126.9 (C-

3), 132.0 (C-4), 132.6 (C-5)               

HRMS (ESI) m/z [M+Na+] (C9H5NNa+): Calcd: 150.0320; Found: 150.031 
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3.20  Synthesis of (18) 

 

 

18 

 

Procedure: 

To a 50 mL round bottomed flask 6-Bromo-2-formylpyridine (149.3 mg, 0.8 mmol, 

1.00 equiv), Pd(PPh3)4 (21.6 mg, 0.018 mmol, 0.02 equiv) and CuI (8.8 mg, 0.0462 mmol, 

0.057 equiv) were added. The flask was closed with a rubber septum and backfilled with argon 

to create an inert atmosphere. Dry THF (1.5 mL) and diisopropylamine (0.45 mL, 0.33 mmol, 

4.07 equiv) were added under argon at room temperature. Under addition of diisopropylamine, 

the solution first turned green from yellow, and then brown at the end. The solution was cooled 

down to 0°C before adding 17 (107.8 mg, 0.847 mmol, 1.05 equiv) dropwise and leaving it to 

stir for 18 h, while allowing the temperature to slowly reach room temperature. The solution 

color got darker (dark brown) right after the addition of 4-ethynylbenzonitrile. The solution 

was concentrated under reduced pressure. Then it was filtrated through celite with pentane as 

solvent, and at last concentrated again under reduced pressure, resulting in a light brown solid. 

The crude was purified with flash chromatography (EtOAc/Hexane, 6:4), resulting in a 

brown/yellow solid.  

Yield: 67.2 mg, 0.28 mmol, 36%  

1H NMR (400 MHz, CDCl3): δ 7.64-7.67 (dd, J = 2.06 and 4.52 Hz, 2H, H-3), 7.69-7.71 

(dd, J = 2.06 and 4.56 Hz, 2H, H-4), 7.73-7.76 (dd, J = 1.56 and 5.84 Hz, 1H, H-9), 7.88-7.92 

(td, J = 0.6, 7.2 and 6.84 Hz, 1H, H-10), 7.93-7.95 (dd, J = 1.48 and 6.28 Hz, 1H, H-11), 

10.07 (s, 1H, H-13)  

13C NMR (400 MHz, CDCl3): δ 88 (C-6), 91 (C-7), 112 (C-2), 118(C-1), 121 (C-11), 126 (C-

5), 131 (C-9), 132.1 (C-4), 132.6 (C-3), 137 (C-10), 143 (C-8), 153 (C-12), 192 (C-13)   

HRMS (ESI) m/z [M+Na+] (C15H8N2NaO+): Calcd: 255.0534; Found: 255.053 
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3.21  Synthesis of (19) 

 

 19 

 

Procedure: 

To a 50 mL round bottom flask 18 (22.4 mg, 0.0965 mmol, 1.00 equiv.), 2 (28.3 mg, 

0.0943 mmol, 0.97 equiv.) and MeOH (3 mL) were added. The flask was closed with a rubber 

septum, and the reaction mixture was left to stir for 18 h. The crude was collected through 

filtration, resulting in a yellow solid.  

Yield: 25.9 mg, 0.0533mmol, 53%  

1H NMR (400 MHz, CDCl3): δ 3.81 (s, 6H, H-1), 5.66 (t, J = 3.56 Hz, 1H, H-9), 6.70 (d, 

J = 3.6 Hz, 2H, NH), 7.36 (d, J = 7.72 Hz, 1H, H-11), 7.47 (dd, J = 1.6 Hz and 8.2 Hz, 2H, 

H-6), 7.55 (d, J = 1.64 Hz, 2H, H-4), 7.58 (d, J = 8.28 Hz, 2H, H-7), 7.62 (d, J = 7.32 Hz, 1H, 

H-13), 7.80 (t, J = 7.6 Hz, 1H, H-12), 7.81 (d, J = 8.36 Hz, 2H, H-19), 7.94 (d, J = 8.36 Hz, 

2H, H-18)  

13C NMR (400 MHz, CDCl3): δ 52.0 (C-1), 78.5 (C-9), 86.7 (C-21), 92.3 (C-15), 111.6 

(C-16), 118.2 (C-20), 120.8 (C-6), 121.2 (C-4), 121.4 (C-11), 126.1 (C-8), 127.0 (C-13), 

128.8 (C-3), 130.1 (C-7), 132.3 (C-19), 132.4 (C-5), 132.7 (C-18), 137.3 (C-12), 

140.5 (C-17), 146,6 (C-10), 161.3 (C-14), 166.1 (C-2)                   

HRMS (ESI) m/z [M+Na+] (C31H22N4NaO4
+): Calcd: 537.1539; Found: 537.1533 
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4 Conclusion  

During the two years of this project, five new copper-complexes, three copper(II)- and two 

copper(I)-complexes, were successfully synthesized and characterized. Three synthetic routes 

were developed and discussed for synthesizing ligands incorporating specific functional groups 

to imitate the active site of the LPMO enzyme.  

Crystal structure of complex 5 was obtained, revealing its five-coordinated environment and 

square pyramidal geometry. By 1H-15N HMBC, the nitrogen coordination shifts (δ15Ncomplex- 

δ15Nligand) of complex 9 were calculated and compared to a similar complex from literature,77 

confirming it being a bidentate complex. Furthermore, UV-vis experiments were employed on 

all copper(II)complexes, showing d-d transition.  

Due to time limitation, ligand 14 could not be metalated. The synthesized complexes, 4, 5, 9 

and 10 were sent to Max Planck Institute for Chemical Energy Conversion, Müelheim an der 

Ruhr, Germany for Electron Paramagnetic Resonance (EPR) and X-ray Absorption Near Edge 

Spectroscopy (XANES). XANES results have been received and discussed, giving an insight 

into the oxidation state of the complex and structure around the copper.  

Future study should focus on catalytic testing of the synthesized complexes, to investigate the 

potential impact of incorporating oxygen atom in the ligand on the reactivity of the complex. 

This evaluation will further help in possibly adjusting the ligand design for better reactivity. 

Additionally, the focus should also be on incorporating the synthesized complexes into MOFs. 

Lastly, more ligands should be synthesized, with resemblance even more pronounced to the 

active site.  
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6 Appendix 

6.1 A.1 NMR data 

 

 
Figure 29: 1H NMR (400 MHz, CDCl3) spectrum for compound 1. 
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Figure 30: 13C NMR (400 MHz, CDCl3) spectrum for compound 1. 

 

 
 

 
Figure 31: DEPT135 (400 MHz, CDCl3) spectrum of compound 1, CH, CH3 phased positive 

and CH2 phased negative. 
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Figure 32: COSY (400 MHz, CDCl3) spectrum of compound 1 (zoomed in at aromatic 

region). 

 

Figure 33: HSQC (400 MHz, CDCl3) spectrum of compound 1. 
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Figure 34: HMBC (400 MHz, CDCl3) spectrum of compound 1. 
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Figure 35: 1H NMR (400 MHz, DMSO-d6) spectrum for compound 2. 

 
 

 
Figure 36: 13C NMR (400 MHz, DMSO-d6) spectrum of compound 2. 
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Figure 37: COSY (400 MHz, DMSO-d6) spectrum of compound 2 (zoomed at aromatic 

region). 

 
 
 

 
Figure 38: DEPT135 (400 MHz, DMSO-d6) spectrum of compound 2, CH and CH3 phased 

positive, and CH2 phased negative. 
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Figure 39: 1H NMR (600 MHz, DMSO-d6) spectrum for compound 3. 

 
 
 

 
Figure 40: 13C NMR (600 MHz, DMSO-d6) spectrum of compound 3. 
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Figure 41: DEPT135Q (600 MHz, DMSO-d6) NMR spectrum of compound 3, CH, CH3 and 

CH2 negative, and C positive. 

 
 

 
Figure 42: COSY (600 MHz, DMSO-d6) spectrum of compound 3. 
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Figure 43: HSQC (600 MHz, DMSO-d6) spectrum of compound 3. 

 

 
Figure 44: HMBC (600 MHz, DMSO-d6) spectrum of compound 3. 
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Figure 45: 1H NMR (600 MHz, DMSO-d6) spectrum of compound 4 with nitromethane and 

hexafluorobenzene as external standards. 

 
 

 
Figure 46: 13C NMR (600 MHz, DMSO-d6) spectrum of compound 4 with nitromethane and 

hexafluorobenzene as external standards. 
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Figure 47: COSY (600 MHz, DMSO-d6) spectrum of compound 4 (zoomed at aromatic 

region). 

 

 
Figure 48: HSQC (600 MHz, DMSO-d6) spectrum of compound 4. 
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Figure 49: HMBC (600 MHz, DMSO-d6) spectrum of compound 4 (zoomed at aromatic 

region). 

 
 

 
Figure 50: 19F NMR (400 MHz, DMSO-d6) spectrum of compound 4 with hexafluorobenzene 

as external standard. 
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Figure 51: 1H NMR (400 MHz, DMSO-d6) spectrum of compound 6. 

 
 

 
Figure 52: 13C NMR (400 MHz, DMSO-d6) spectrum of compound 6. 
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Figure 53: COSY (400 MHz, DMSO-d6) spectrum of compound 6 (zoomed at aromatic 

region). 

 
 

 
Figure 54: HSQC (400 MHz, DMSO-d6) spectrum of compound 6. 

 
 



94 
 

 
Figure 55: HMBC (400 MHz, DMSO-d6) spectrum of compound 6. 
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Figure 56: 1H NMR (400 MHz, DMSO-d6) spectrum of compound 6a. 

 
 

 

Figure 57: 13C NMR (400 MHz, DMSO-d6) spectrum of compound 6a. 



96 
 

 
Figure 58: DEPT135Q (400 MHz, DMSO-d6) NMR spectrum of compound 6a, CH3 and CH 

phased positive, and C phased negative. 

 

 
Figure 59: COSY (400 MHz, DMSO-d6) spectrum of compound 6a (zoomed at aromatic 

region). 
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Figure 60: HSQC (400 MHz, DMSO-d6) spectrum of compound 6a. 

 
 

 
Figure 61: HMBC (400 MHz, DMSO-d6) spectrum of compound 6a. 
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Figure 62: 1H NMR (400 MHz, DMSO-d6) spectrum of compound 7. 

 
 
 

 

Figure 63: 13C NMR (400 MHz, DMSO-d6) spectrum of compound 7. 
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Figure 64: DEPT135Q (400 MHz, DMSO-d6) NMR spectrum of compound 7, CH3 and CH 

phased negative, and C phased positive. 

 
 

 
Figure 65: COSY (400 MHz, DMSO-d6) spectrum of compound 7 (zoomed at aromatic 

region). 
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Figure 66: HSQC (400 MHz, DMSO-d6) spectrum of compound 7. 

 

 

Figure 67: HMBC (400 MHz, DMSO-d6) spectrum of compound 7. 
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Figure 68: 1H NMR (400 MHz, DMSO-d6) spectrum of compound 8. 

 
 

 
Figure 69: 13C NMR (400 MHz, DMSO-d6) spectrum of compound 8. 
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Figure 70: DEPT135Q (400 MHz, DMSO-d6) NMR spectrum of compound 8, CH3 and CH 

phased negative, and C phased positive. 

 
Figure 71: COSY (400 MHz, DMSO-d6) spectrum of compound 8 (zoomed at aromatic 

region). 
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Figure 72: HSQC (400 MHz, DMSO-d6) spectrum of compound 8. 

 

 
Figure 73: HMBC (400 MHz, DMSO-d6) spectrum of compound 8. 
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Figure 74: HMBC (400 MHz, DMSO-d6) spectrum of compound 8 (zoomed at aromatic 

region). 

 
 

 
Figure 75: NOESY (400 MHz, DMSO-d6) spectrum of compound 8 (zoomed at aromatic 

region). 
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Figure 76: 15N-1H HMBC (600 MHz, DMSO-d6) spectrum of compound 8 with nitromethane 

as external standard. 
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Figure 77: 1H NMR (600 MHz, DMSO-d6) spectrum of compound 9 with nitromethane and 

hexafluorobenzene as external standards. 

 
 

 
Figure 78: 13C NMR (600 MHz, DMSO-d6) spectrum of compound 9 with nitromethane and 

hexafluorobenzene as external standards. 
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Figure 79: DEPT135Q (600 MHz, DMSO-d6) NMR spectrum of compound 9, CH3 and CH 

phased negative, and C phased positive. 

 

 
Figure 80: COSY (600 MHz, DMSO-d6) spectrum of compound 9. 
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Figure 81: HSQC (600 MHz, DMSO-d6) spectrum of compound 9. 

 
 
 
 

 
Figure 82: HMBC (600 MHz, DMSO-d6) spectrum of compound 9. 
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Figure 83: 15N-1H HMBC (600 MHz, DMSO-d6) spectrum of compound 9 with nitromethane 

as external standards. 

 
 

 
Figure 84: 19F NMR (400 MHz, DMSO-d6) spectrum of compound 9 with hexafluorobenzene 

as external standard. 
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Figure 85: 1H NMR (400 MHz, CDCl3) spectrum of compound 11. 

 

 
Figure 86: 13C NMR (400 MHz, CDCl3) spectrum of compound 11. 
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Figure 87: 1H NMR (400 MHz, CDCl3) spectrum of compound 12. 

 
 

 

Figure 88: 13C NMR (400 MHz, CDCl3) spectrum of compound 12. 
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Figure 89: DEPT135Q (400 MHz, CDCl3) NMR spectrum of compound 12, CH3 and CH 

phased positive, and C phased negative. 

 

 
Figure 90: COSY (400 MHz, CDCl3) spectrum of compound 12 (zoomed at aromatic region). 
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Figure 91: HSQC (400 MHz, CDCl3) spectrum of compound 12. 

 

 
Figure 92: HMBC (400 MHz, CDCl3) spectrum of compound 12. 
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Figure 93: TOCSY (400 MHz, CDCl3) spectrum of compound 12. 

 
 
 

 
Figure 94: 1H NMR (400 MHz, DMSO-d6) spectrum of compound 12. 
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Figure 95: 13C NMR (400 MHz, DMSO-d6) spectrum of compound 12. 
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Figure 96: 1H NMR (400 MHz, DMSO-d6) spectrum of compound 14. 

 
 

 

Figure 97: 13C NMR (400 MHz, DMSO-d6) spectrum of compound 14. 
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Figure 98: COSY (400 MHz, DMSO-d6) spectrum of compound 14. 

 
 
 

 
Figure 99: DEPT135Q (400 MHz, DMSO-d6) NMR spectrum of compound 14, CH3 and CH 

phased negative, and C and CH2 phased negative . 
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Figure 100: HSQC (400 MHz, DMSO-d6) spectrum of compound 14. 

 
Figure 101: HMBC (400 MHz, DMSO-d6) spectrum of compound 14. 
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Figure 102: NOESY (400 MHz, DMSO-d6) spectrum of compound 14. 
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Figure 103: 1H NMR (400 MHz, CDCl3) spectrum of compound 16. 

 
 
 

 
Figure 104: 13C NMR (400 MHz, CDCl3) spectrum of compound 16. 
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Figure 105: COSY (400 MHz, CDCl3) spectrum of compound 16. 

 
 

 
Figure 106: HMBC (400 MHz, CDCl3) spectrum of compound 16. 
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Figure 107: DEPT135Q (400 MHz, CDCl3) NMR spectrum of compound 16, with CH, CH3 

phased positive, and C phased negative. 
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Figure 108: 1H NMR (400 MHz, CDCl3) spectrum of compound 17. 

 
 

 
Figure 109: 13C NMR (400 MHz, CDCl3) spectrum of compound 17. 
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Figure 110: HMBC (400 MHz, CDCl3) spectrum of compound 17. 
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Figure 111: 1H NMR (400 MHz, CDCl3) spectrum of compound 18. 

 
 

 
Figure 112: 13C NMR (400 MHz, CDCl3) spectrum of compound 18. 
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Figure 113: HMBC (400 MHz, CDCl3) spectrum of compound 18 (zomed at the aromatic 

region). 
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Figure 114: 1H NMR (400 MHz, DMSO-d6) spectrum of compound 19. 

 
 
 

 

Figure 115: 13C NMR (400 MHz, DMSO-d6) spectrum of compound 19. 
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Figure 116: COSY (400 MHz, DMSO-d6) spectrum of compound 19. 

 
 
 

 
Figure 117: HSQC (400 MHz, DMSO-d6) spectrum of compound 19. 

 

 

 



129 
 

 
Figure 118: HMBC (400 MHz, DMSO-d6) spectrum of compound 19. 
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6.2 A.2 UV-Vis data 

 

 
Figure 119: UV-vis spectrum of 3 at different concentrations in CH2Cl2. 
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Figure 120: UV-vis linear regression for compound 3 in CH2Cl2 at 343 nm, ε = 8720 M-1cm-1. 

 

 

Figure 121: UV-vis linear regression for compound 3 in CH2Cl2 at 281 nm, ε = 13300 M-1cm-

1. 
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Figure 122: UV-vis linear regression for compound 3 in CH2Cl2 at 240 nm, 

ε = 43100 M-1cm-1. 
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Figure 123: UV-vis spectrum of 5 at different concentrations in MeCN. 

 
 
 

 
Figure 124: UV-vis linear regression for compound 5 in MeCN at 195 nm, 

ε = 49710 M-1cm-1. 
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Figure 125: UV-vis linear regression for compound 5 in MeCN at 210 nm, 

ε = 44090 M-1cm-1. 

 
 
 

 

Figure 126: UV-vis linear regression for compound 5 in MeCN at 264 nm, 

ε = 20290 M-1cm-1. 
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Figure 127: UV-vis linear regression for compound 5 in MeCN at 392 nm, ε = 1440 M-1cm-1. 

 

 
 

 
Figure 128: UV-vis linear regression for compound 5 in MeCN at 621 nm, ε = 1440 M-1cm-1. 
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Figure 129: UV-vis spectrum of 8 at different concentrations in MeCN. 

 

 

 

Figure 130: UV-vis linear regression for compound 8 in MeCN at 210 nm, 

ε = 32140 M-1cm-1.  



137 
 

 
Figure 131: UV-vis linear regression for compound 8 in MeCN at 276 nm, 

ε = 39130 M-1cm-1. 

 
 

 

Figure 132: UV-vis linear regression for compound 8 in MeCN at 311 nm, 

ε = 22720 M-1cm-1. 
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Figure 133: UV-vis spectrum of 10 at different concentrations in MeCN. 

 
 

 

 
Figure 134: UV-vis linear regression for compound 10 in MeCN at 208 nm, 

ε = 38130 M-1cm-1. 
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Figure 135: UV-vis linear regression for compound 10 in MeCN at 269 nm, 

ε = 34560 M-1cm-1. 

 
 

 
Figure 136: UV-vis linear regression for compound 10 in MeCN at 731 nm, ε = 175 M-1cm-1. 
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Figure 137: UV-vis spectrum of 15 at different concentrations in MeCN. 

 
 

 
Figure 138: UV-vis linear regression for compound 15 in MeCN at 302 nm, 

ε = 46220 M-1cm-1. 
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Figure 139: UV-vis linear regression for compound 15 in MeCN at 289 nm, 

ε = 52460 M-1cm-1. 

 

 

Figure 140: UV-vis linear regression for compound 15 in MeCN at 246 nm, 

ε = 40380 M-1cm-1. 
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Figure 141: UV-vis linear regression for compound 15 in MeCN at 668 nm, ε = 253 M-1cm-1. 

 

 

 
Figure 142: UV-vis linear regression for compound 15 in MeCN at 423 nm, 

ε = 12420 M-1cm-1. 
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6.3 IR data  

 

Figure 143: FTIR spectrum of Ligand 3.  
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Figure 144: FTIR spectrum of Complex 5. 
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6.4 SC-XRD data 

Table 2: Crystal and refinement data for compound 5.  

Crystal data 

 
Identification   mo_aaa54_0m_a 

Empirical formula C28H27CuF6N7O10S2 

Formula weight 863.22 

Crystal system, space group Triclinic, P-1 

Temperature (K) 100 

a/Å 7.9898(8) 

b/Å 13.5191(14) 

c/Å 16.3310(17) 

β (°) 89.244(4) 

Volume (Å3) 1734.8(3) 

Z 2 

Radiation type MoKα 

μ (mm-1) 0.848 

Crystal size (mm3) 1.74 × 1.33 × 0.46 

Diffractometer  Bruker D8 Venture diffractometer  

Absorption correction  MULTI-SCAN 

Tmin, Tmax 0.638, 0.744 

No. of measured, independent and observed 

[I > 2σ(I)] reflections 

2838, 19701 

Rint 0.0748 

Refinement  

R[F2 > 2σ(F2)], wR(F2), S 0.0642(2292), 0.1720(2838), 1.204 

No. of reflections 2838 

No. of parameters 488 

No. of restraints 1 

Δ 𝜌max, Δ 𝜌min, (e Å-3) 0.86/-0.50 
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Table 3: Coordination bond angles of complex 5.  

Atom1 Atom2 Atom3 Angle(º) 

N2 Cu1 N5 101.7(4) 

N5 Cu1 N4 83.0(3) 

N4 Cu1 N1 91.5(3) 

N2 Cu1 N1 82.9(3) 

O6 Cu1 N5 88.9(3) 

O6 Cu1 N2 105.3(3) 

O6 Cu1 N1 96.9(3) 

O6 Cu1 N4 81.7(3) 
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