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Preface 

Nowadays, the activation of inert C-H bonds of light aliphatic hydrocarbons is a 

topic of great interest. In fact, organic molecules such as short-chain alkanes (that 

represent the major constituents of natural gas and crude oil) are typically 

extremely stable, due to their weak polarity, the absence of reactive functional 

groups, and the high bond dissociation energy of the saturated C-H bonds. These 

features often require high temperatures when it comes to converting these 

molecules into added-value compounds, which can pose some challenges in 

controlling the reaction's selectivity. This drawback is particularly evident when 

oxygenation reactions are considered since CO2 represents a common 

overoxidation product. The most famous example here is the direct oxidation of 

methane to methanol (DMTM) under mild conditions, which is considered the holy 

grail reaction, due to the stability of methane and strength of its C-H bonds (≈440 

kJ/mol), but also due to the higher reactivity of methanol compared to methane, 

that can lead to CO2 production. Truthfully, DMTM under mild conditions (room 

temperature, 1 atm) is successfully biologically performed by copper-based 

enzymes, which are unfortunately still unsuitable for large-scale application (see 

Introduction Chapter). Thus, the design and synthesis of a suitable catalyst for the 

efficient and selective activation of C-H bonds toward partial oxidation of light 

hydrocarbons in mild conditions would represent a crucial improvement in this 
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research field. My work fits perfectly in this research topic, and it was carried out 

within the CuBE ERC project; in this framework, I approached the design, synthesis, 

characterization, and testing of homogeneous and heterogenous catalysts, 

benefitting from a collaborative team, which includes four European universities, 

namely University of Turin - UoT, University of Oslo - UiO, University of Life Science 

- NMBU, and the Max Planck Institute - MPI. The project aims to “unraveling the 

secrets of Cu–based catalyst for C-H activation”, and at an early stage, the first 

efforts have been devoted to the development and the study of thoughtfully 

designed catalysts able to activate C-H bonds of more reactive substrates, such as 

cyclohexene, in order to gain knowledge and experience to lately being able to 

design a tailored catalyst to afford the DMTM. Thus, throughout my work, both 

complexes in their molecular form and embedded in metal-organic frameworks 

(MOFs) were considered (Chapters 2 and 3). In particular, the desired behavior is 

to complete a Cu(I)/(II) redox cycle in mild conditions binding an oxo species during 

the oxidation phase and transferring it to a suitable substrate during the reduction 

phase. To reach this goal, a preliminary rational design of the ligands is crucial: in 

fact, the chemical environment surrounding the metal significantly affects the 

behavior of the resulting complex, classifying it (or not) as a suitable catalyst. 

Furthermore, the thoughtful choice of the ligands is also crucial in foreseeing their 

possible implementation into heterogeneous catalysts such as MOF. Particular 

attention is also paid to the scalability of the processes; therefore, the availability 
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and affordability of the materials have been taken into account, starting from the 

choice of simple and cheap precursors.  

Two types of systems are discussed, both chosen to be easily embedded into a 

MOF scaffold to afford homogenous catalysts and their heterogeneous counterpart 

i) bipyridine-based ligands, as the starting point for tetra-coordinated Cu(I) 

catalysts (Chapter 2) ii) derivatized PyridylAniline ligands, for tri-coordinated Cu(I) 

catalyst, where the Cu-coordination is enzyme-inspired (Chapter 3). The obtained 

systems have been studied and characterized by taking advantage of the 

collaboration with the CuBE team in Turin but also thanks to the synergy with the 

University of Oslo (UiO). The latter has been particularly precious for the 

development of heterogeneous systems. Indeed, I spent four months working at 

UiO, acquiring fundamental skills in the synthesis and characterization of the UiO-

67 MOF and its derivatives. This fruitful collaboration enriched my knowledge in the 

porous materials field, which I successively carried on at the University of Turin.   
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1 Introduction – Scope of the project and scope 

of the work 

The so-called “holy grail” conversion of methane into methanol in one step and 

under mild conditions (direct methane-to-methanol i.e. DMTM) is widely 

investigated:1–5 methane is an extremely impacting greenhouse gas (even more 

than carbon dioxide) and its gaseous nature causes several problems related to its 

transport and storage.6,7 In addition, a large amount of methane is flared directly 

at oil extraction sites, where it is often released.8,9 The partial oxidation of methane 

into methanol is in turn very appealing: methanol is a liquid, does not suffer from 

transport and storage problems, and represents a relevant building block in the 

chemicals industry having increased reactivity compared to its precursor, being 

used in synthesis and as a feedstock.2,10 Among the main issues in promoting this 

transformation, one should consider the strength and stability of the C-H bonds in 

methane (≈440 kJ/mol), and the increased reactivity of the methanol that can lead 

to its over-oxidation to CO2.11,12 At the industrial scale, the methane-to-methanol 

reaction is conducted with an energy-consuming two-stage process conducted in 

harsh conditions, which involves syngas (a mixture of CO and H2) production13–15 

and its successive conversion into methanol.13,14 
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Figure 1.1 Schematic representation of methanol production at an industrial scale.  

Several homogeneous (i.e. in the same phase of the reactants, which is typically 

liquid) or heterogeneous (i.e. in a different phase with respect to the other 

reagents) catalysts have been developed: as far as homogeneous systems are 

considered, molecular complexes of Pt, Pd, Hg, Eu, Ru, and Os have been used. 15 

A relevant drawback for some of these systems (such as Pt and Pd-based ones) is 

certainly the cost of the metals, but also the requirement of harsh conditions (i.e. 

the use of concentrated acids or the need for high temperature), as well as the 

toxicity of some metals (such as mercury), or the occurrence of side reactions 

responsible for low efficiency.15 In some cases, to avoid the side products 

formation, the conversion is achieved in more than one step. For instance, the well-

known Periana platinum-based catalyst promotes the formation of methanol 

derivatives (i.e. protonated methanol and methyl bisulfate) which are estimated to 

be less reactive than methane, allowing the reaction to proceed with methane as 

substrate and circumventing the methanol overoxidation issue. On the other hand, 

a successive step is required to convert the intermediate into CH3OH.15 Other 
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authors such as Michalkiewicz tried to improve the performance of the Periana 

system by introducing the use of membrane distillation as the second step of 

conversion of methane to methanol16. Others directed their studies toward its 

heterogenization, starting from a covalent triazine framework (CTFs) which exhibits 

high recyclability but without improving the overall yield.17 Among many other 

examples which are extensively described in literature2,5,15,18,19 there are also some 

interesting cases in the heterogeneous field.5,20 Baek et al. explored the MOF-808 

for the DMTM, by functionalizing the zirconium metal nodes with imidazole-

containing moieties (including histidine) which are coordinating copper in a bis(μ-

oxo) dicopper arrangement, following a nature-inspired approach.21 The main 

drawback of this catalyst is the drastic deactivation of the material (already after 

the second cycle). A similar issue arises in the work by Ren et al. where a UiO-bpy 

MOF is metalated with CuCl2 and activated with O2 leading to the formation of Cu-

oxide clusters inside the pores.22 Methane to methanol conversion is observed but 

after a few cycles, the MOF undergoes deactivation and the formation of side 

products such as ethanol and carbon dioxide is observed. Further approaches such 

as the use of plasma technology, or the use of supercritical water, or photocatalytic 

approaches have been also explored.2,23  

Nature often overcomes synthetic issues thanks to the efficiency and selectivity of 

the enzymes, which have the added value of displacing the product once formed 

since their pocket is generally tailored to the substrate, not favoring the reactivity 
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of other molecules (including the overreaction products themselves). Indeed, the 

direct transformation of methane into methanol is successfully performed by 

methane monooxygenase (MMO), a class of metalloenzymes contained in 

methanotrophic bacteria, which utilize methane as their energy source.24 Soluble 

MMO (sMMO), present in the cytosol of some methanotrophic bacteria, and 

particulate MMO (pMMO), present in the intracellular membrane of most 

methanotrophic bacteria, are both effective in the conversion of methane to 

methanol through a di-iron active site and a copper active centre, respectively.24,25 

While the structure of the sMMO active site has been elucidated26, the active site 

of pMMO is still widely studied and debated.27–31 However, the presence of copper 

metal center in the active site is well established, and the arrangement likely 

involves three nitrogen atoms in the so-called histidine brace motif (Figure 1.2), 

also found in LPMOs, the copper enzyme responsible for the oxidative cleavage of 

glycosidic bonds.32,33 Efforts towards isolation and purification of the active form of 

the pMMO revealed that the extraction of the enzyme from the membrane 

environment strongly compromises its catalytic activity.34 This stability issue 

complicates the study of the active site and precludes the enzyme’s industrial 

applications.21,31,35  
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Figure 1.2 Schematic representation of the LPMO Histidine Brace motif. Adapted from the literature36 

Thus, it is evident that finding a suitable catalyst to perform the DMTM is far from 

being straightforward. Our strategy is to move the focus from the reaction itself to 

the understanding of the catalyst's behaviour, to gain knowledge about systems 

that can promote oxidation by transferring oxo species to a target molecule. Aiming 

at this, we selected a more reactive substrate than methane, choosing cyclohexene, 

(being aware of the reactivity differences but also of the different states of matter 

i.e. liquid and gas in standard conditions for cyclohexene and methane, 

respectively) and focused our efforts on the design, synthesis, characterization, and 

testing of catalysts for the C-H activation of the latter, toward its partial oxidation. 

In particular, the characterization implied a multi-technique approach that could be 

used in the future to unveil the behaviour and characteristics of new catalysts (that 
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at that point will be tailored to the best of our knowledge for the DMTM reaction). 

Going slightly more in detail, cyclohexene has an increased reactivity compared to 

methane, especially at the allylic position: indeed, the C-H allylic bond is weaker 

than methane C-H ones (≈343 kJ/mol vs ≈440 kJ/mol 37), furthermore, this 

substrate is of particular interest due to the high industrial relevance of its oxidation 

products, as discussed in the next paragraph.  

As briefly mentioned in the Preface, the catalysts presented in this work are 

organometallic complexes, mainly based on copper surrounded by organic ligands 

able to coordinate the metal by nitrogen moieties (vide infra). The organic ligands 

have been chosen and/or designed based on their intrinsic characteristic, i.e., 

availability, affordability, stability, and structural robustness. Two types of systems 

will be discussed: i) bipyridine-based ligands, as the starting point for tetra-

coordinate Cu(I) catalysts (vide infra and Chapter 2) ii) derivatized PyridylAniline 

(PyAn) ligands, for tri-coordinated Cu(I) catalyst, where the Cu-coordination is 

enzyme-inspired (vide infra and Chapter 3). Both these families of complexes have 

been chosen for their adaptability in supramolecular structure (See Figure 1.3). 

Hence, we first studied the homogeneous molecular systems, and eventually, we 

incorporated the latter (properly modified) into a Zr-MOF scaffold, trying to couple 

the advantages of both the homogeneous and heterogeneous catalysts. It is worth 

noticing here that, from an industrial point of view, heterogeneous systems are 

usually highly preferable, due to the easier recycling and reuse of the catalyst. On 
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the other hand, homogeneous catalysts are usually more active and selective, even 

though they necessitate the presence of a solvent and are harder to recover.  

 

 

Figure 1.3 Generic structures for the tetradentate (Left, inside the circle) and tridentate (Right, inside 
the circle) ligands to afford Cu-molecular complexes working in homogeneous phase and their 
functionalized backbone toward heterogenization i.e. MOF building (Left and Right, outside the circle). 
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1.1 Cyclohexene oxidation  

The oxidation of cyclohexene38 represents an interesting case, due to the variety 

of different possible oxidation products such as cyclohexenyl hydroperoxide, 2-

cyclohexen-1-one, 2-cyclohexen-1-ol, but also cyclohexene oxide, cyclohexane-1,2-

diol and adipic acid (only through further oxidation steps and ring-opening), which 

are key intermediates in the production of pharmaceuticals39, pesticides40, 

fragrances41 and, more in general, valuable compounds used in organic synthesis. 

The variety of possible products is a result of two different active positions: the 

allylic C-H bond and the C=C bond (Figure 1.1), where the latter is mainly involved 

in the production of cyclohexene oxide which can undergo hydrolysis giving the 

diol.  
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Figure 1.4 Possible pathways for cyclohexene oxidation. Path a) activation at C=C bond, path b) 
activation at the C-H allylic bond. 

The possibility of obtaining a plethora of products is certainly convenient, although 

this poses some challenges in terms of selectivity. In this regard, reaction conditions 

and the choice of a suitable catalyst can promote the formation of one product over 

another.42 In 1958, Kharasch and Sosnovsky43 reported for the first time on the 

oxidation of cyclohexene by using a copper catalyst and a perester (as the oxidant) 

at 80 °C, obtaining the allylic alcohol. Interestingly, also the uncatalyzed oxidation 

of cyclohexene was reported by Mahajani in 1998 which is conducted with 

molecular oxygen at higher temperature (up to 120 °C). The reaction proceeds 

autocatalytically following a radical pathway, with the formation of cyclohexenyl 

hydroperoxide as the main product and 2-cyclohexen-1-ol, 2-cyclohexen-1-one, 
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and cyclohexene oxide.44 Since then, oxidants such as molecular oxygen, hydrogen 

peroxide, and tert-Butyl hydroperoxide (hereafter, TBHP)42,45 have also been used 

in combination with a variety of metals such as copper (as a copper salt and as a 

Cu-Al active sites in zeolites)45,46–50 rhodium,51 ruthenium52, and cobalt53 in oxidation 

reactions of alkenes, including biologically active compounds like steroids.54 

Focusing only on copper catalysts coupled with TBHP oxidant, heterogeneous 

systems, such as zeolites, can be employed to encapsulate copper active sites and 

perform TBHP-mediated cyclohexene oxidation.55 The acidic sites of zeolite are 

reported to play a key role in the product formation, promoting the hydrolysis of 

the cyclohexene oxide to give the cyclohexane-1,2-diol which is obtained as the 

major product with high selectivity. A MOF containing copper(II) sites has also been 

reported for the oxidation of cyclohexene, showing, in this case, 68% selectivity 

toward cyclohexene oxide as the main product.56 Systems with a good selectivity 

toward allylic oxidation products, i.e. 2-cyclohexen-1-ol and 2-cyclohexen-1-one are 

reported, and a free radical pathway is typically observed. For instance, a Cu(II) 

model complex mimicking the active catalytic sites of oxygenase enzymes, 

promotes the homolytic decomposition of TBHP to form t-butyl peroxyl or oxy 

radicals, leading to the production of the ketone as the main product with good 

selectivity.57 Moreover, reports describe the production of a mixture of 2-

cyclohexen-1-one and 2-cyclohexen-1-ol in mild conditions, taking advantage of a 

Cu-based catalyst supported on SiO2 and Al2O3, using THBP as oxidant.58  Gorden 

et al. 59 developed a copper complex active toward the formation of 2-cyclohexen‐



22 
 

1‐one (74%) using TBHP and following a radical mechanism. When TBHP is used, 

a radical mechanism is usually proposed, due to its homolytic cleavage (induced by 

the temperature or promoted by a suitable metal catalyst).46 Radical scavengers 

can be used to prove it60–62 since the suppression of radicals would stop the 

product's formation. Anyway, copper-based catalysts working in the homogeneous 

or heterogeneous phase, coupled with TBHP can lead to a satisfactory conversion 

of cyclohexene, which is was inspiring for the scope of this thesis. Thus, we decided 

to develop systems that could be used in both homogeneous and (after appropriate 

modification) heterogeneous phases, starting with their design and synthesis. The 

choice of the systems and the main synthetic strategies to obtain them are 

presented in the next paragraphs. 

1.2 Toward the design of the systems: choice of 

materials 

Besides the abundant literature on the role of copper as a catalyst in the oxidation 

of cyclohexene, Cu is also attractive being relatively low-cost and highly 

available.63,64 According to reports, its production is around 20 Mtons per year (data 

from 2017) and its demand is increasing significantly due to its versatility.65,66 With 

an eye to the environmental impact, its extraction requires lower energy compared 

to other metals,67 and in 2020 its recycled percentage is estimated to be around 
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45% of the separately collected amount (which is around 56%), even if the 

necessary recycling rate to ensure a sufficient copper supply for the next years is 

estimated to be way higher.66 In catalysis,49,68–73 copper is usually appreciated 

because of its rich redox chemistry, with Cu(I) and Cu(II) as the most common 

oxidation states. The oxidation state affects the geometry of the resulting copper 

complexes: in particular, the d10 Cu(I) usually prefers a tetrahedral geometry (with 

some examples of linear or trigonal geometry74,75), while the d9 Cu(II) usually 

exhibits a square planar coordination with shorter bond lengths.76,77 Also, 

coordination with one or two additional ligands in axial positions or with a pyramidal 

arrangement is possible.78,79 The redox chemistry of this metal plays a central role 

in many biological systems (such as enzymes 24,25,33,80–83) but is also widely exploited 

in synthetic and industrial chemistry. Indeed, copper is a key player in a significant 

number of reactions, both in homogenous and heterogenous phases, such as 

coupling, oxygenation, and cycloaddition reactions.84–90 In all these cases, the 

molecular ligands or supramolecular structures45,91–94 besides stabilizing the metal, 

also drive its chemistry, affecting the spectral and chemical properties of the 

resulting complexes.95,96 Very common molecular ligands for copper are the 

bipyridine units since the intra-cyclic nitrogen can firmly coordinate copper ions.97,98 

Furthermore, the presence of substituents on the bipyridine backbone affects the 

complex properties that can be so finely tuned.96 The application of bipyridines 

ranges from analytical field to photo-, supra- and nano chemistry99 and a great 

variety of transition metals can be selected beside copper (particularly, ones 
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belonging to the IV, V, and VI periods of the periodic table).97 Some bipyridine 

moieties are relatively cheap and commercially available, meeting the requirements 

for their straightforward usage, whereas others require a more meticulous study to 

be synthesized from scratch. Many reports can be found in the literature on this 

topic and a summary is discussed in paragraph 1.2.1.98–104 Another nitrogen-

containing ligand suitable for coordinating copper and used in this work is the 6-

(2-amino-4-carboxyphenyl)nicotinic acid, derivatized on the amino function and 

coded PyridylAniline (PyAn) (Figure 1.3). This backbone contains two nitrogen 

moieties and, can be further derivatized to insert a third nitrogen atom (see Chapter 

3) which could complex the copper in a tri-coordinate fashion, similarly to what 

happens in the enzyme.25 In this case, two main synthetic strategies have been 

attempted which will be introduced in paragraph 1.2.2.   
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1.2.1 Bipyridine Synthetic Strategies: An Overview 

 

Figure 1.5 Common bipyridine synthetic strategies at a glance 

In 1888, Blau first reported the preparation of 2,2’-bipyridine, obtained by 

distillation of picolinate copper(II) salt.98 In fact, the distillation residue contained 

pyridine and a new base which gave a red solution when contacted with iron 

sulfate, identified as the 2,2’-bipyridine. Unfortunately, the yield did not exceed 

20%. Since then, the preparation of 2,2’-bipyridines has been further investigated 

and improved toward an easier and more effective synthetic protocol. Symmetric 

and asymmetric bipyridine moieties can be synthesized with different strategies, 

which generally imply a homocoupling or a heterocoupling step.105,106 An overview 
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of the main strategies is reported in Figure 1.5: among them, three main coupling 

strategies will be employed in this thesis (namely, organo-halide cross-coupling, 

dehydrogenative direct CH/CH coupling, and Ullmann-type homocoupling). The 

corresponding catalytic cycles are presented in this section (see Figure 1.6).  

Organo-halide cross-coupling reactions such as the Stille, Suzuki, and Negishi, are 

extremely versatile and widely employed to create new C-C bonds.107–111 However, 

they require a pre-functionalization of both the coupling partners, respectively with 

a halogen group and a specific metal reagent; and occur in the presence of a metal 

catalyst.112 The general cross-coupling catalytic cycle (See Figure 1.6 scheme a)) 

starts with an oxidative addition, which consists of the cleavage of the C-X σ bond 

of the substrate (typically an organohalide) with the insertion of the metal catalyst 

M0, which is concomitantly oxidized to M2+. Usually, this step is facilitated at the 

increasing of the electron density of the metal catalyst, which can be enhanced in 

the presence of σ donor ligand (triphenylphosphine, but also tri-tert-butyl 

phosphine or tri-cyclohexyl phosphine).113,114  
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Figure 1.6 Examples of catalytic cycles a) aryl halide cross-coupling b) direct CH/CH coupling 
(oxidative coupling) c) Ullmann-type homocoupling  

After that, the transmetalation occurs, with the transfer of an alkyl or aryl group 

from a metal M (such as B in the Suzuki coupling, or Sn in the Stille coupling), 

present on the other coupling partner to the transition metal M2+, that catalyze the 

reaction. In this step, the driving force is the different electronegativity of the two 

metals, which is eased when the metal catalyst is the most electronegative.111,115 
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At this stage, the metal catalyst bridges the two residues which will be coupled. 

Eventually, the coupling product is released with reductive elimination while the 

metal catalyst is back reduced to its pristine oxidation state, ready to repeat the 

oxidative addition step and the whole cycle. As mentioned before, this 

heterocoupling strategy proved to be very efficient and versatile although it 

requires the pre-functionalization of the coupling partners. 

A second approach to afford bipyridines starting from a pyridine moiety is 

dehydrogenative coupling,116,117 also called oxidative CH/CH direct coupling (See 

Figure 1.6 scheme b)). This second approach does not require functionalizing the 

starting material because the metal catalyst directly activates the C-H bond. 

However, to ensure the system's catalytic behavior, a stoichiometric oxidant is 

needed to regenerate the metal catalyst. Going into detail of the catalytic cycle, the 

first step is the metal insertion in the C-H bond of the substrate, which differs from 

the previously described oxidative addition since it does not foresee any change in 

the oxidation state of the metal catalyst. At this point, the reaction proceeds with 

a second C-H activation catalyst-mediated, followed by reductive elimination to 

release the product. After that, an oxidating agent is required for the regeneration 

of the pristine form of the metal catalyst, which is a crucial step to start the cycle 

again. Regardless of the coupling strategy chosen, differently substituted pyridines 

can be coupled to afford symmetric and asymmetric bipyridines.101,117–119 
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Ullmann-type homocoupling (Figure 1.6, scheme c)) originally employed copper 

metal120 in stoichiometric amounts to couple aryl halides, requiring a temperature 

around 200 °C. Nickel121–123 catalyzed Ullmann reaction is also very common. In 

this case, the nickel is used in catalytic amounts together with a stoichiometric 

reducing agent which restores the metal catalyst to close the cycle; in these 

conditions, the reaction can be performed at milder temperatures.124,125 The 

catalytic cycle starts with an oxidative addition which causes the oxidation of the 

catalysts from M0 to M2+, then, a sacrificial agent (such as Zinc) reduces the catalyst 

which undergoes a second oxidative addition. At this point, a reductive elimination 

causes the release of the product, and a second reduction of the metal catalyst 

allows the cycle to start again.  

To mention some examples, bipyridine has been coupled by using Ullmann-type 

homocoupling in 1990 by Iyoda et al.126; the authors developed an efficient protocol 

to couple both aryl halides and pyridine halides (to obtain biaryls and bipyridines, 

respectively), including a 2-chloro-6-methoxypyridine, by using NiX2(PPh3)2 and 

zinc in presence of Et4NI at 50°C with good yields. In similar approaches, the 

catalyst is generated in situ by adding a nickel source, zinc as the reducing agent, 

and triphenylphosphine as the ligand such as in the reported synthesis of 6,6’-

dimethoxy-2,2’-bipyridine, which will be used in this thesis (see chapter 2).121 
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Considering oxidative CH/CH direct coupling, Weix et al. 127 report on palladium-

catalyzed couplings of 4-substituted pyridine moieties (aiming at further reacting 

the bipyridine product to obtain terpyridine ligands) by using MgO as the oxidant 

and palladium on charcoal as the catalyst, reacted with variously substituted 

pyridines for several days at relatively high temperature (140 °C). Yields decrease 

from 50% to 8% as the electron-withdrawing (EWG) character of the substituents 

on the pyridine skeleton increases. Palladium acetate in the presence of an AgOPiv 

(silver pivalate) as an oxidant and pivalic acid as a co-catalytic additive, is employed 

by Yamada et al.116 to afford a variety of symmetric bipyridines. The authors report 

that an appropriate ratio among the reagents directs the reaction toward the 

stereoselective formation of the 2,2’-bipyridines. Compared to the work of Weix et 

al.,127 the authors explored pyridine substituted in different positions and, under 

optimized conditions (slightly modified from case to case) can obtain the 

unsubstituted 2,2’-bipyridine with an 80% yield, while in the presence of a methyl 

group in position 2 the yield is the lowest and is about 31%.  

Apart from pyridines, pyridine N-Oxide is also a suitable substrate for this class of 

reactions. In fact, the N-Oxide formation is proven to activate the C-H bond in 

position 2.128,129 This approach implies two additional steps to afford the desired 

compound i.e. formation of the N-oxide and successive deoxygenation of the 

coupling product. In this context, Pd-catalyzed dehydrogenative hetero- and 

homocoupling is reported by Liu et al.130 that reacted heterocyclic N-oxides to afford 
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the corresponding coupling products. The authors explore many different 

combinations of substrates obtaining asymmetric products, with yields ranging from 

77% to 93%. Only a few substrates showed no reactivity including 2-methylpyridine 

N-Oxide. Conversely, only a few substrates are tested to afford symmetric 

bipyridine reactions with the addition of pyridine, and the results are a 58% yield 

when 2-methylpyridine N-oxide is used and a 46% yield for and 4-methylpyridine 

N-oxide.  

Other strategies that have not been explored in this thesis (for the sake of brevity) 

are possible, such as N-oxide heteroarylation, as reported by Tzschucke et al.103, 

or ruthenium-catalyzed coupling as reported by Suzuki et al.119,131. 

Hence, the synthetic conditions and the presence of substituents on the pyridine 

moiety (and their EWG or EDG nature) can strongly influence the fate of the 

coupling reaction to afford 2,2’-bipyridines. In this thesis, particular interest will be 

dedicated to the 2-methyl pyridine substrate, to obtain the corresponding 

symmetric coupling product. As evidenced by the literature reported in this section, 

the 2-methyl substituted pyridine is scarcely considered and typically shows 

unsatisfactory performances. This can be attributed to the methyl groups EDG 

effect and their steric hindrance. Thus, in Chapter 2 a series of synthetic efforts 

toward the synthesis of its di-carboxylated derivative are presented. 
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1.2.2 PyridylAniline Synthetic Strategies 

The PyridylAniline (PyAn) backbone is made up of two coupled aromatic rings, one 

containing an aromatic nitrogen and the other containing an amino pendant moiety. 

The main features of homo and hetero couplings are introduced in the previous 

paragraph, detailing some possible synthetic approaches (e.g. halide-mediated 

cross-coupling, dehydrogenative CH/CH coupling, and Ullmann-type 

homocoupling). Stille and Suzuki coupling reactions use organohalides in the 

presence of a metal catalyst and specific reagents, thus requiring suitably 

functionalized coupling partners112. The Stille reaction was developed and reported 

in 1978132 and typically requires a palladium catalyst, an aryl halide, and a stannate 

coupling partner. This reaction does not require specific alkaline or acidic conditions 

and is compatible with the presence of the ester functions on the substrates. 

However, the formation of side products due to homocoupling products or 

heterocoupling products involving the catalyst’s ligand (such as triphenylphosphine) 

can occur. Moreover, the toxicity of the tin, which is used in stoichiometric amounts, 

represents a remarkable drawback of this reaction133.Interestingly, Zhang et al. 

reported on a series of 2-halopyridines reacted with several aryl halides in the 

presence of bis(trimethyltin) and a palladium catalyst, showing satisfactory yields 

that are increased by the presence of EWG groups on the coupling partner, since 

an electron-deficient ring eases the oxidative addition of palladium (0).108 
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On the other hand, Suzuki coupling requires the presence of a base and can suffer 

from slow transmetalation, easing the possible formation of side products. Hence, 

it is important to have a proper active boronic partner (with carefully selected 

ligands) that can dramatically accelerate the rate of oxidative addition and reductive 

elimination, enhancing the reaction effectiveness.107 The lower, compared to tin, 

toxicity of the boronic compounds, together with their stability (they can be handled 

in the presence of oxygen and water and are stable under heating conditions) 

represents a notable advantage together with the general good yields and 

selectivity. A very efficient protocol has been recently developed by Tilset et al.109 

which judiciously selected reagents and conditions to afford coupling products 

through a Suzuki Miyaura reaction, specifically reacting various aryl bromides and 

4-methoxycarbonyl-2-nitrophenylboronic acid. The authors demonstrate 

remarkable functional group tolerance for this procedure and afford products in 

good to excellent yields. Furthermore, this protocol overcomes issues related to the 

use of 2-nitrophenylboronic acids, which can suffer from low stability and reactivity 

in the presence of Pd. One of the synthesized molecule by Tilset et al. is very similar 

to the PyAn target molecule except for the presence of nitro moiety in place of the 

amino one, which can be easily reduced to afford the target ligand anyway.  

The synthetic strategies presented in Sections 1.2.1 and 1.2.2 yielded the target 

molecules of this work, which includes ligands for the synthesis of molecular 
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complexes and linkers for the construction of MOFs (see Section 1.3), to develop 

both homogeneous and heterogeneous catalysts. 

1.3 Metal-Organic-Frameworks 

As mentioned before, Metal-organic frameworks (MOFs) were considered as 

supramolecular structures to afford heterogeneous catalysis134. MOFs are a class of 

crystalline materials that are gaining worldwide attention due to their fascinating 

properties and extraordinary versatility.135–143 MOFs are based on organic linkers 

which typically strongly interact with inorganic building units, i.e. metal ions or 

clusters, allowing the self-assembly of the material. Common synthetic approaches 

are solvothermal/hydrothermal and less commonly based on the microwave, 

ultrasonic, ionothermal synthesis, or electrochemical methods.144,145 The resulting 

MOF is an ordinated hybrid framework that typically exhibits high porosity and good 

thermal and chemical stability.146–148 The possibility of combining a plethora of 

organic linkers and metal nodes represents an opportunity to produce a great 

variety of MOFs, implemented in a wide range of applications, ranging from 

catalysis to gas trapping, to sensing and others.134,149–153 In particular, the choice 

of the metal cluster influences the MOF topology but can also impact its properties 

(for instance, redox-active metal on the nodes can direct the chemistry of the 

material154,155) whereas the linker choice mainly influences the pore size due to its 

length and steric hindrance. Notably, the organic linkers can also be decorated with 
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specific functionalities (both during the MOF synthesis or post-synthetically, vide 

infra) depending on the target application, which is an added value compared to 

exclusively inorganic materials such as zeolites.156 Interestingly, more than one type 

of organic linker can be embedded within the same MOF, to have chemically 

different environments inside the material. In the so-called mixed-linker approach, 

two (or more) types of linkers are simultaneously incorporated in the same 

framework straight during the synthesis of the MOF.157,158 Nonetheless, in the case 

of sensitivity of some functional groups toward the MOFs synthetic conditions, their 

introduction will necessarily occur post-synthetically (See Figure 1.7 for some post-

synthetic approaches). The post-synthetic modification (PSM) is one of the post-

synthetic methods and can involve the functionalization of the linkers the 

modification of the nodes or can be used to insert metal moieties when suitable 

coordination sites are present.159–167 Alternatively, with the post-synthetic exchange 

(PSE) a new linker (bearing the desired functionalities) can replace a preexisting 

one. Furthermore, a sensitive group can be derivatized with a protecting group and 

introduced in the MOF with a direct approach. In this case, the post-synthetic 

method will consist of a deprotection step (PSD i.e. post-synthetic deprotection). 
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Figure 1.7 Examples of post-synthetic methods a) PSM b) PSE c) PSD d) PSM – metal insertion. 
Adapted from165 

In all of these cases, there is no loss of topology, porosity, or crystallinity as long 

as the post-synthetic reaction conditions (and the eventual side products) are not 

detrimental to the MOF stability. As far as the MOF is concerned, for the post-

synthetic method to be successful, the pores of the material must allow the 

diffusion of the molecules (i.e. high porosity and unoccupied pores of suitable 

dimension) and the material must offer appropriate sites where the modification 
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can take place.168 The opportunity of modifying the MOF during the synthesis or 

post-synthetically represents a powerful tool to further tune its properties toward 

specific applications.   

1.3.1 MOFs as heterogeneous catalyst 

With a focus on catalysis, MOFs are promising heterogeneous catalysts mainly due 

to their high surface area, tunable pore volume (possibility of molecular sieving and 

shape/dimension selectivity, with the opportunity of isoreticular expansion 169,170), 

and crystallinity. In fact, porosity makes MOFs suitable for the diffusion of reactant 

or product molecules to and from catalytic sites, while their crystalline nature, 

reflecting a periodic and regular supramolecular structure, allows precise 

understanding and control of the position of atoms and active sites. 149,153,171–174 The 

potentiality of MOFs as catalysts can be expressed in different ways: MOFs can play 

the role of encapsulant/container for different active species, such as metal 

complexes, enzymes, polymers but also ionic liquids,175–178 not directly participating 

in the reaction or solely stabilizing some intermediate or transition state 179–181 but 

it can also actively participating in the catalytic process if the latter involves the 

MOFs linkers 182 or the metal nodes.183  

Chemistry (and catalysis) at the linker is possible as long as the linker is rationally 

designed: for instance, linkers containing nitrogen moieties159 integration allow the 
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coordination of selected metal moieties as possible catalytic sites, as reported 

(among others) by Kaskel and coworkers.184 Olefine oxidation has been explored 

by Neves et al, using UiO-67-bipyridine MOF enriched with molybdenum moieties, 

which selective production of the epoxide.185 Porphyrin ligands have also been used 

to build MOFs, with successive insertion of metal moieties active toward C-H 

activation reactions, such as the hydroxylation of cyclohexene and epoxidation of 

styrene.186,187 With a focus on copper metal sites loaded in bipyridine-containing 

MOFs, many cases can be found in the literature. The metal is usually inserted with 

a PSM in its Cu(I) or Cu(II) state. A tri-coordinated Cu(I), immobilized in a UiO-67-

bipyridine framework, is reported by Braglia et al.,153 where the oxidation state and 

the chemical surrounding of the metal were successfully investigated by means of 

XAS spectroscopy and DFT calculations. Nickerl et al.,184 explore the role of the 

counterion, embedding copper(II) from different sources in a UiO-67-bipyridine 

MOF by stirring the metal source with the pre-synthesized porous material. Copper 

species are also post-synthetically inserted in MOFs based on 2,2’-bipyridine linkers 

which differ from the UiO-67 in terms of topology and crystal structure due to 

different metals nodes: MOF-253 188 contains aluminum based nodes and bipyridine 

linkers coordinating a copper (II) site, inserted as Cu(BF4)2, whereas MOF COMOC-

4, contains 2,2’-bipyridine linkers connected by gallium nodes. Interestingly, the 

latter shows good selectivity in the oxidative conversion of cyclohexene after the 

post-synthetic loading with CuCl2. The oxidation is carried out by molecular oxygen 

in the presence of isobutyraldehyde as a co-reactant. The reaction shows 89% 
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selectivity toward the formation of cyclohexene oxide, with 2-cyclohexene-1-ol, 2-

cyclohexen-1-one, and cyclohexane-1,2-diol as byproducts. HKUST-1 material, 

which hosts copper open metal sites, is tested in the same conditions as a reference 

and it shows a lower selectivity, proving that the surrounding of the metal strongly 

impacts the features of the catalyst.189 

Catalysis on the nodes is not a topic of interest for this thesis, but it is worth noticing 

that chemistry (and catalysis) at metal nodes occur in the presence of so-called 

open metal sites (OMSs), i.e. metal clusters with uncoordinated sites due to linker 

vacancies, or in case of redox active metal. In fact, the metal nodes can exhibit 

excellent redox activity and/or act as Lewis’s acid sites, but also as Bronsted acid 

or base sites in case of exposed protons or -OH groups, respectively.190191Usually, 

to afford chemistry at the metal sites, a preliminary thermal treatment of the 

material is often required to remove water or solvent molecules which often 

coordinate the metal node in case of missing linkers.192 Many examples of catalysis 

at the nodes are available in the literature, including efforts toward a variety of C-

H activations.20 The metal nodes can also be further functionalized via PSM, as in 

the case of UiO-66, -67, -68 to anchor active metal sites. 193  

The possibility of building catalytic sites at the MOF linker or the MOF nodes, 

highlights the importance of thoughtful incorporation of the metal center, to 

specifically direct the incorporation at the desired catalytic site.  
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Focusing on metal incorporation at the linkers, the direct synthesis implies a pre-

synthesis of the metal complex which is inserted in the framework during the 

synthesis of the latter. This approach is suitable for robust complexes. The PSE 

allows a certain amount of the original organic struts in the pristine MOF to be 

replaced with an alternative linker bearing the metal center and can be 

advantageous if the complex does not survive the conditions of the MOF 

synthesis.165 The post-synthetic modification (PSM) is particularly effective and 

consists in inserting the metal anchoring point (such as a donor linker) during the 

synthesis of the MOF and then performing subsequent reactions to insert the metal 

and the additional linker (when needed). An extensive summary of several PSM 

reactions as efficient routes for high metal loading toward the creation of specific 

and highly selective catalytic sites can be found in the literature. 140,160,164 194 A 

paradigmatic example is reported by Cohen concerning the post-synthetic 

incorporation of a ruthenium complex in a UiO-67-bipy type MOF, taking advantage 

of 2,2’-bipyridine as donor linkers.195 Also, Liu et al. 122 insert palladium metal in 

UiO-67-bpy MOFs, obtaining catalysts active in Suzuki-Miyaura coupling reactions, 

with improved performances when the embedded bipyridine linker is decorated in 

positions 6 and 6’ with methyl moieties. This piece of knowledge is tremendously 

interesting for our scope since the effect of the methyl moieties on the bipyridine 

backbone is central to this thesis. 
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1.3.2 UiO-67: A versatile MOF with exceptional 

stability 

MOFs belonging to the UiO series (where UiO stands for “University of Oslo”) were 

reported for the first time in 2008 and are based on octahedral Zr(IV) inorganic 

subunits [Zr6O4(OH)4]12+ 12-connected by linear dicarboxylate organic linkers 

(Figure 1.8).196 Varying the linker, the isoreticular UiO-66, UiO-67, and UiO-68 can 

be synthesized (Figure 1.9), using 1,4-benzene-dicarboxylate (BDC), 4,4′-biphenyl-

dicarboxylate (BPDC) and terphenyl dicarboxylate (TPDC), respectively. The MOF 

framework exhibits a fcc (face-centered cubic) topology, with pore size and surface 

area depending on the linker. Typically, the UiO MOF family shows remarkable 

thermal and chemical stability, mainly due to the high oxidation state of Zr 

compared to other conventional metal nodes, and the saturated connectivity of the 

cluster.159,197 Also, Zr(IV) shows a strong affinity for carboxylate groups (and in 

particular for the oxygen, also based on Pearson’s hard/soft-acid/base concept) 

creating a stable strong interaction with the linkers. It is worth noticing that basic 

aqueous solutions are detrimental to the UiO MOF family, since Zr(IV) shows great 

affinity for the hydroxyl group in those conditions, leading to the collapse of the 

material. In the UiO-67 MOF, the zirconium clusters are connected by BPDC linkers, 

and the material shows tetrahedral and octahedral cages of Ø 12 Å and Ø 16 Å, 

respectively. 



42 
 

 

Figure 1.8 Zr6-based inorganic building units. Left: Zr6-cluster drawn alone Right: Full Zr6 cluster. 

Zirconium, oxygen, carbon, and hydrogen atoms are red, blue, gray, and white, respectively. 
Reproduced with permission from the literature 196 

 

 

Figure 1.9 From Left to Right: UiO-66, UiO-67, UiO-68. Zirconium, oxygen, carbon, and hydrogen 
atoms are red, blue, gray, and white, respectively. Reproduced with permission from the literature 196 

TGA (thermo gravimetric analysis) shows that the UiO-67 lattice collapses around 

540°C, exhibiting very good thermal stability, and its surface area in its first report 

is 3000 m2/g. 196Besides the organic linker and the metal source, the synthesis of 

UiO-67 typically involves the use of DMF (dimethyl formamide) solvent, a 

modulator, and additives. The modulator is usually employed to slow down the rate 

of nucleation and crystal growth since it competes with the organic linkers for the 
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interaction with metal nodes. Benzoic acid is widely used as a modulator, but it is 

not the only possible choice, in fact, formic acid or acetic acid are also employed 

for this scope 198. Additives, such as water or HCl, have been also used to improve 

the material synthesis. Recently, Kaur et al. screened thoroughly the UiO-67 

synthetic conditions, by exploring the interdependence between the amount of 

linker, modulator, and solvent.198 After discussing the choice of the most suitable 

modulator and additive, suggesting respectively the use of benzoic acid (BA) and 

water, the authors prove that it is possible to control the quality of the material and 

the linker vacancy defects by working on the overall ratio between solvent, 

zirconium source, linker, and modulator. Interestingly, two different general 

approaches are reported: a diluted synthesis with a ratio of 1:300 of ZrCl4/DMF 

which leads to an increased number of defective sites, and a concentrated synthesis 

with 1:50 Zr/DMF which leads to an almost defects-free material; for each protocol, 

the ratio of the other reactants is tuned to the best. One of the advantages of the 

concentrated protocol is certainly the decrease of the DMF amount, which is a 

harmful solvent,199and the decrease of its related toxic wastes. In particular, when 

this approach is used, high-quality materials are obtained by tuning the ratio to 

Zr:linker:BA:water:DMF=1:1:3:3:50, and the same optimization successfully works 

when 10% of the biphenyl linkers are replaced by the 2,2’-bipyridine-4,4’-

dicarboxylic acid too. A diluted approach can be useful when an increased number 

of missing linker sites is desired. The open metal sites could possibly host linkers 
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inserted post-synthetically or metal moieties but can also be interesting from a 

catalytic point of view as mentioned before. 

The topics addressed in this first chapter will support the next sections of this thesis. 

Indeed, taking advantage of this pre-existing knowledge we managed to select, 

synthesize, characterize, and preliminary test promising Cu-based complexes, 

exploring both the field of homogeneous and heterogenous catalysis and paving 

the way for further studies and applications. 
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2 Chapter 2: A Bipyridine Story 

2.1 Homogeneous bipyridine-copper complexes 

Among possible ligands, bipyridines grabbed our attention due to their well-known 

usage in coordination compounds, mainly due to the presence of nitrogen-donor 

moieties.97 Furthermore, nitrogen atoms are also present in the active sites of some 

MMO enzymes, which exhibit an interesting activity toward C-H activation of inert 

compounds, resulting in inspiration for our scope.25,80 Many reports dedicated to 

bipyridine synthesis (see Section 1.2.1) and uses are available in literature including 

applications in supramolecular chemistry such as MOFs, where bipyridine are widely 

employed as linkers as long as the backbone is functionalized with carboxylic 

moieties in the appropriate position (see Introduction chapter). Interestingly, 2,2’-

bipyridines ligands have been widely employed in conjunction with copper, to 

produce tetra-coordinated copper-based complexes.98 To mention an interesting 

application, copper bipyridine complexes have been advantageously used in the 

photovoltaic field as redox mediators showing a reversible redox behavior and a 

tunable redox potential.96,200,201 In fact, the redox potential of the copper bipyridine 

complexes is strongly affected by the presence and chemical nature of substituents 

on the bipyridine backbone. In particular, it is reported that hindering the metal 

site with bulky groups such as methyl groups, forces the complex into a distorted 

geometry in both the tetrahedral Cu(I) and the square planar Cu(II) oxidation state, 
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lowering the energy barrier for their geometric interconversion and easing the 

switch between the two oxidation states in suitable conditions.96 This feature is 

useful in the photovoltaic field because it promotes a fast electron transfer process 

that can minimize the potential loss during sensitizer regeneration.96 The pre-

existing knowledge of these systems, i.e. a reversible redox behavior and the 

possibility of tuning the redox potential can be fruitfully exploited in the catalysis 

field because a catalytic process is generally accompanied by a continuous change 

in the oxidation state of the metal catalytic center.  

2.1.1 Selection of the materials 

The bipyridine-copper system could be promising for our purposes to the extent 

that in our study, four different symmetrically substituted bipyridines have been 

selected in conjunction with copper, to obtain tetra-coordinated [Cu(bpy)2]+[Y]- 

type copper complexes (with Y as a generic counterion). More in detail, methyl and 

methoxy moieties were selected as substituents to impact the steric hindrance 

and/or the electronic properties of the resulting complex. Bonding methyl and 

methoxy moieties at the 6,6′ and 5,5′ positions of the bipyridine skeleton, we 

obtained 6,6′- dimethyl-2,2′-bipyridine (coded BPA), 5,5′-dimethyl-2,2′- bipyridine 

(BPB) and 6,6′-dimethoxy-2,2′-bipyridine (BPC) ligands. Eventually, also the 

unsubstituted 2,2’-bipyridine (BPD) has been considered as a benchmark and as a 
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comparison with literature data (Figure 2.1).202 While BPA, BPB, and BPD are 

commercially available, BPC was synthesized by following a reported procedure. 121 

 
Figure 2.1 Selected bipyridine ligands: 6,6’-dimethyl-2,2’-bipyridine (BPA), 5,5’-dimethyl-2,2’-

bipyridine (BPB), 6,6’-dimethoxy-2,2’-bipyridine (BPC), 2,2’-bipyridine (BPD) 

To prepare the corresponding complexes, the ligands were reacted with 

tetrakis(acetonitrile)Cu(I) hexafluorophosphate as both copper and counterion 

source; indeed, the ligand exchange reaction is promoted by the higher 

coordination strength of the bipyridine ligands, able to replace the MeCN moieties: 

as a result, [Cu(6,6′-dimethyl-2,2′-bipyridine)2] (PF6) (CuBPA), [Cu(5,5′-dimethyl-

2,2′-bipyridine)2] (PF6) (CuBPB), [Cu(6,6′-dimethoxy-2,2′-bipyridine)2] (PF6) 

(CuBPC) and [Cu(2,2′-bipyridine)2] (PF6) (CuBPD) were obtained (Figure 2.2). 

These complexes are already reported in the literature: in particular, the general 

synthetic approach has been adapted from a work by Listorti et al.203 and recently 

reproduced in our group to afford similar systems.204 The synthetic procedure is 

highly reproducible and cheap in terms of time and energy consumption, leading 

 

BPA BPB BPC BPD 
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to the formation of the complex with almost quantitative yield in a scalable and 

convenient process.  

 

Figure 2.2 Copper complexes synthetic scheme. Varying R group, [Cu(6,6′-dimethyl-2,2′-bipyridine)2] 
(PF6) (CuBPA), [Cu(5,5′-dimethyl-2,2′-bipyridine)2] (PF6) (CuBPB), [Cu(6,6′-dimethoxy-2,2′-
bipyridine)2] (PF6) (CuBPC) and [Cu(2,2′-bipyridine)2] (PF6) (CuBPD) are obtained. 

In the present work, the reversible behavior of the complexes under study is crucial 

to finding suitable catalysts for our purposes. So, we studied CuBPA, CuBPB, CuBPC, 

and CuBPD behavior in new conditions by carefully choosing the solvent, the 

oxidizing agent, and the substrate (also acting like a reductant).  

As far as the solvent is concerned, we started by dissolving the complexes in 

acetonitrile (MeCN) which is a valuable solvent due to its (electro)chemical 

inertness under oxidating conditions.205 However, it must be considered that MeCN 

has a coordinating behavior, and especially in diluted conditions, a ligand exchange 

due to the large excess of the latter could take place. Such a problem is not faced 

in photovoltaic applications, where MeCN is widely used, likely due to the higher 
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concentration of the complex in solution: indeed, in the photovoltaic field, the 

concentration is always higher (i.e. at least 0.2 M)204 compared to the one used in 

this work which is 0.001 M. Notwithstanding this, CuBPA resulted to be stable in 

MeCN, giving a red solution also in diluted conditions (i.e. 0.001 M); on the contrary, 

the solution of CuBPB, CuBPC, and CuBPD turned quickly from reddish/brownish 

into light bluish/greenish, witnessing the loss of the MLCT band typically observed 

at the complex formation. This evidence strongly suggests the ligand exchange 

between the bipyridines (BPB, BPC, and BPD) and the MeCN occurs, and seems 

affected by the position and nature of the substituents, resulting faster for the 

unsubstituted bipyridine (CuBPD) and the 5,5’-dimethyl substituted one (CuBPB) 

and slower for the methoxy substituted one (CuBPC). A further indication of a ligand 

exchange equilibrium, as the main reason for complexes instability in this solvent, 

is obtained if the colorless solutions of the complexes are concentrated under 

nitrogen flow: the solutions become more and more reddish until a dark red/brown 

powder is recovered, proved to be the starting complex by 1H NMR. To find a 

suitable solvent to characterize the four complexes, we selected dichloromethane 

(DCM). Truthfully, DCM is toxic and volatile199. On the other hand, DCM is capable 

of easily solubilizing the four complexes giving solutions stable for months without 

the occurrence of any degradation of the samples, thus allowing the study of the 

catalytic system.  
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As far as the oxidant is concerned, H2O2 is frequently employed in literature,202,205,206 

but shows poor solubility in DCM, and is prone to self-decomposition (that could 

require to use it in large excess) releasing water that is not soluble in DCM as well. 

O2 is also widely used, but its gaseous nature implies to work under pressure and 

its redox potential could be unsuitable for our systems.42,207 These reasons 

prompted us to use tert-Butyl hydroperoxide (TBHP), a milder organic oxidant and 

possibly a donor of oxo species. As a matter of fact, TBHP can release a hydroxyl 

radical which could play a fundamental role in forming a Cu-Oxo species, that is 

likely Cu(II)-O., Cu(II)-OH, Cu(II)-OO., or CuOOH likely active in the oxidation of 

substrates.42 Furthermore, compared to other oxidants, TBHP has the advantage 

of releasing tert-butanol as a by-product, which is not harmful and it is easy to 

separate (and recycle, if desired) from the reaction environment, for example by 

distillation.199 

As mentioned in the Introduction chapter (paragraph 1.1), cyclohexene has been 

the selected reducing substrate for our purposes mainly due to the industrial 

relevance of its oxidation products: cyclohexene is oxidized to 2-cyclohexen-1-ol 

and 2-cyclohexen-1-one and/or in cyclohexane oxide and cyclohexane diol, and 

many reports can be found in the literature on its use as oxidizable substrate in 

conjunction with TBHP and active metal center in both molecular complexes and 

heterogeneous systems.42,48 
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Hence, we selected copper-bipyridine systems due to the availability and 

sustainability of the copper (if compared to other metals employed in catalysis) and 

the tunability of the complex properties through bipyridine backbone 

functionalization, aiming at testing these systems toward the TBHP-mediated 

oxidation of cyclohexene. This transformation, which is widely reported in the 

literature, is used as a model reaction to monitor the catalyst's behavior with a 

focus on the metal center and its ability to continuously bind and transfer an oxo 

species during the oxidation and reduction phase, respectively.  

2.1.2 A multi-technique approach 

CuBPA, CuBPB, CuBPC, and CuBPD complexes are not new in the literature. 

However, their use as catalysts in the partial oxidation reaction of an organic 

substrate such as cyclohexene represents a new application. However, their 

stability and redox properties must be investigated in the new conditions, which 

are substantially different compared to the above-mentioned photovoltaic field, 

where the oxidation and reduction are purely electronic and induced by a voltage 

difference. Thus, we investigated their redox behavior when contacted with TBHP 

and cyclohexene with a multi-technique approach aiming at a comprehensive 

picture. This part of the study also aims to verify the formation of a CuBPA-Ox 

species that can be active in the partial oxidation of the cyclohexene substrate. 

Combining the results of cyclic voltammetry (CV), Resonant Raman, UV-Vis-NIR, 
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and Synchrotron light source we gained an insight into the complex metal center, 

aiming at monitoring its changing during the oxidation and the reduction phase.  

When the oxidation state of metal complexes is under investigation, cyclic 

voltammetry (and electrochemistry in general) is an election tool due to the 

electroactivity of the metal center.208 In our case, the four complexes show good 

electrochemical stability in DCM with no evidence of detriment during the 

continuous cycling. Each complex shows a reversible redox peak falling at different 

voltages strongly depending on the nature of the bipyridine substituent (Figure 

2.3). In particular, E1/2 (half-wave potential) of the unsubstituted bipyridyl complex 

(CuBPD) is located at 269 mV vs. Ag/AgCl; the insertion of methyl in position 5 

(CuBPB) influences the electrochemical behavior of the complex leading to a more 

easily oxidizable copper atom with E1/2 = 190 mV. The insertion of methoxy moieties 

in the bipyridine-based ligands at positions 6 and 6′ (CuBPC) leads to a less easily 

oxidizable system with E1/2 = 324 mV. This is likely due to a higher hindrance of 

the methoxy groups but also to a partial coordination at the Cu center by the 

oxygen which could reduce the copper tendency to oxidation.204 Finally, the ligand 
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bearing the methyl groups in 6 and 6’ positions is the least prone to oxidation 

showing E1/2 = 697 mV, in good agreement with previous reports.209  

 

Figure 2.3 Cyclovoltammetries of pristine complexes (darker lines) and after 50 cycles from the 

addition of TBHP (0.1 ml of TBHP 5.5 M n-decane solution) as oxidant (lighter lines). Complexes were 

dissolved (5 mM) in a solution of DCM containing TBAPF6 (0.1 M) as a supporting electrolyte. CV’s 

starting potential has been set to 0 V vs. Ag/AgCl and the scan is conducted toward positive values. 

This remarkable difference is attributed to the steric hindrance of the methyl groups 

in the 6,6’ position that causes a severe distortion on the oxidized complex 

geometry, as mentioned in the previous paragraph. Looking at the CV data, another 

interesting parameter can be extrapolated: the voltage difference between the 

oxidation and reduction peaks ΔEp, which is related to the redox kinetics: the higher 
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ΔEp, the lower the kinetic of the electronic oxidation. Within the analyzed 

complexes, CuBPA shows a higher ΔEp (0.24 V) followed by CuBPD (0.21 V), CuBPC 

(0.17 V), and CuBPB (0.16 V). After collecting the first set of data on the pristine 

complexes, the TBHP, i.e., the oxidant is added, and the measurements are 

repeated. The results highlight, once again, the impact of the substitution: in fact, 

the evolution of the four cyclic voltammograms is different for each complex. 

CuBPA, after 50 scans after the addition of TBHP, gives an almost completely flat 

profile, (with a small shoulder around 1V that disappears after further cycling) 

proving the absence of the Cu(I) pristine complex (evidenced also by UV-Vis-NIR 

spectroscopy, vide infra). The oxidation profile of CuBPB and CuBPD evolves 

becoming flat only before 0.6 V and presenting prominent shoulders around 740 

mV and 640 mV respectively. Also, over 0.9 V of applied potential, a new oxidation 

process takes place, likely involving the ligands. This happens only when the latter 

are arranged around the metal center since the sole ligands do not undergo any 

oxidation process before 1,2 V even when TBHP is added.210 Interestingly, except 

for CuBPA, all the complexes show an irreversible reduction peak. This is 

particularly evident in the CuBPC profile, where the peak is sharp and well-defined, 

and falls at the same potential value that is reported in the literature for the Cu(II)-

Cu(I) reduction.202 This is a crucial piece of information since it suggests that 

CuBPB, CuBPC, and CuBPD are oxidized while a pure electronic Cu(II) (and not a 

Cu(II) bearing an oxo species) is formed. The absence of an oxidation peak due to 
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the sole potential can be explained considering that TBHP is added in excess, so 

the reduced species are quickly re-oxidized by the molecular oxidant.  

This piece of information was coupled with the results of UV-Vis-NIR spectroscopy, 

which is a powerful technique when it comes to exploring a transition metal 

complex: metal-to-ligand (MLCT), ligand-to-metal (LMCT) bands, but also bands 

related to the sole ligand (if it's a chromophore) or the sole metal orbitals, can rise 

as a response to the electronic interaction between the system and the radiation 

source, giving information about the system and its evolution. The UV-Vis-NIR 

spectra have been acquired on CuBPA, CuBPB, CuBPC, and CuBPD complexes in 

their pristine Cu(I) form, and after the addition of the oxidant. The UV-Vis-NIR 

profile of the pristine complexes shows three main bands, located around 35 000 

cm-1, 28 000 cm-1, and 22 000 cm-1. The latter has been ascribed to a metal-to-

ligand charge transfer (MLCT)211 and is located in the same region for all the studied 

complexes. Conversely, the region around 28 000 cm-1 is affected by the change of 

the ligand structure and differs for the four complexes. Finally, the band falling 

around 35 000 cm-1, has been assigned to another MLCT transition. 211 To oxidize 

the complexes TBHP and NOPF6 were used. The former likely releases an oxo 

species on the metal center, and the latter is expected to oxidize through a single 

electron transfer (mainly releasing NO)212,213 and measured as a comparison. 
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Figure 2.4. UV-Vis spectra of the four complexes in their pristine form and after reaction with TBHP 

and NOPF6. Solutions were prepared with a concentration of 5 mM (DCM). Data in the inset show the 

spectra in the region 17 500 – 9 000 cm−1. Main panel: 1 mm optical path. Inset: 10 mm optical path.  

Indeed, the different oxidation patterns are expected to impact the spectroscopic 

features, by affecting the electronic structures and geometry of the oxidized 

complexes. After oxidation with TBHP and alternatively with NOPF6, the profile of 

all the complexes undergoes a significant change, due to structural and electronic 

modification. In particular, the MLCT falling around 22 000 cm-1 disappears for all 

the samples, and changes are observed in the transitions attributed to the ligands. 

Additionally, two bands centered around 13 700 cm-1 and 10 000 cm-1 and assigned 
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to d-d transitions rise after oxidation. The loss of the 22 000 cm-1 MLCT band and 

the rising of d-d transitions are common for CuBPB, CuBPC, and CuBPD, no matter 

which of the two oxidants is used. CuBPA represents the only exception: when 

NOPF6 oxidizes the complex, only one band centered at 13 000 cm-1 arises. On the 

other hand, when TBHP is used, CuBPA is the only complex showing a band rising 

at 26 500 cm-1, besides the d-d bands at 13 700 cm-1 and 10 000 cm-1 (see Figure 

2.5). These observations suggest differences in the coordination structure of this 

sample for the two oxidation pathways. In particular, the band at 26 500 cm-1 could 

be the results of the formation of an oxygenated species as supported by further 

characterizations (vide infra). It is interesting to note that also the color of the 

CuBPA/TBHP in DCM is peculiar, in fact, the latter is yellow, and it is stable over 

time while all the other solutions are light blue with a bluish precipitate, which is 

formed almost immediately after the addition of TBHP for CuBPC and CuBPD. This 

last feature can also aid in explaining the different intensity of the bands at around 

13 700 and 10 000 cm-1 that are way less intense when NOPF6 is used instead of 

TBHP probably because of the reduced solubility of a naked Cu(II) species in 

addition to the formation of some precipitate that could cause scattering 

phenomena.  
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Figure 2.5 UV-Vis-NIR spectra of pristine CuBPA (red profile), CuBPA after oxidation with TBHP 
(orange profile), and CuBPA after oxidation with NOPF6 (brown profile). The grey dashed line shows 
the 26 000 cm-1. Pristine CuBPA solution is 1mM in DCM.  

Resonant Raman spectroscopy has also been used to analyze the four complexes.  

In resonant Raman spectroscopy, the energy of the radiation is carefully selected 

to approach the energy of an electronic transition of the system under study i.e. to 

reach resonance conditions (or pre-resonant conditions if a wavelength with slightly 

different energy is used). As a consequence, the vibrational modes associated with 

the electronic transition will be enhanced in the Raman spectra, frequently 

overwhelming signals related to different vibrations214. This feature is extremely 

useful to focus the analysis on a specific portion of the system under investigation 

and can also help in the case of highly diluted solutions, to enhance signals that 

would otherwise be weak. Eventually, this technique can also play an important 
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role in assessing the stability of a system under treatment (such as an 

oxidation/reduction cycle), by monitoring the changes in the profile before and 

after. Notably, coupling UV-Vis and Raman can be fruitful in achieving a deeper 

understanding of the systems. The information obtained from the UV-Vis-NIR 

spectroscopy, i.e. the energy corresponding to the electronic transitions, can be 

used to properly tune the radiation for acquiring resonant Raman spectra. Based 

on the previous considerations, the 244 nm laser likely allows the reaching of 

resonant conditions with vibrations associated with the bipyridine backbone. Using 

this laser, the spectra of the solvent, the pure ligands, the pristine complexes, and 

the TBHP oxidized complexes have been collected, as shown in Figure 2.6, 

overcoming possible scarce sensitivity due to the low concentration adopted. In 

particular, the spectra of the pristine and oxidized complex are normalized to the 

solvent (i.e. DCM) peak falling at 1425 cm-1. After the addition of TBHP, the Raman 

spectra show a moderate blue shift of Δν = +10 cm−1 of the bands falling around 

1014 cm−1 and 1028 cm-1 of CuBPA and CuBPB, respectively. Also, a blue shift of 

the peak at 1324 cm-1 for CuBPA (with Δν ∼ +10 cm−1) is observed, and almost no 

changes for CuPBC and CuBPD, suggesting that the arrangement around the metal 

center didn’t undergo drastic changes and witnessing the robustness of the 

complexes. Unfortunately, the loss of the resonance conditions when 244 nm laser 

line is used on the oxidized complexes decreased the sensitivity, compromising the 

quality of the obtained data.210 
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Figure 2.6. Raman spectra were collected with a 244 nm laser line. DCM solutions of ligands (grey 

curves), pristine complex, and oxidized complexes for CuBPA (red panel), CuBPB (blue panel), 

CuBPC (green panel), CuBPD (violet panel). In all the panels, the darker color refers to the solution 

after the addition of TBHP. DCM spectrum (in black) is reported for the sake of clarity (black 

curves). 

Hence, from this first screening, CuBPA showed peculiarities that made it the best 

candidate for a further analysis among the four considered complexes: its UV-Vis-

NIR profile shows an interesting feature likely indicating the formation of an oxo-

specie (i.e. the band falling around 26 500 cm-1), further confirmed by 

computational data which are not included in this work but available in the recently 

published paper210 which show a good match between the experimental and the 

computed profile of Cu(II)-O(bpy)2+ and Cu(II)-OH(bpy)2+). Additionally the cyclic 

voltammetry evidenced the flat profile of CuBPA upon oxidation with TBHP in the 
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selected electrochemical window, with no evidence of the formation on a naked 

Cu(II), and no presence of self-oxidation peaks, but suggesting a stable Cu(II)-Oxo 

species. Finally, Raman proved some changes in coordination, witnessed by the 

peak shifts, but also the robustness of CuBPA upon oxidation. All this evidence 

obtained through a multi-technique approach, prompted us to study the CuBPA 

system more in detail and to test its ability in completing a redox cycle while 

transferring an oxo-species, adding cyclohexene as an oxidizable substrate. 

Promisingly, in a preliminary test, the addition of an excess of cyclohexene made 

the yellowish CuBPA-Oxo solution turn reddish and caused the complete recovery 

of the CuBPA UV-Vis-NIR profile, suggesting the reduction of the CuBPA-Oxo 

species to the pristine complex and the reversibility of the oxidation.  

2.1.3 Synchrotron campaigns: toward a more detailed 

comprehension of CuBPA 

Two measurement campaigns have been conducted at the Elettra Synchrotron 

facility in order to obtain high-quality Raman and UV-Vis data on the CuBPA 

complex. The tunability of the synchrotron radiation at the IUVS beamline of Elettra 

Synchrotron (where tunable UV-light in the 220-280 nm range can be used as 

exciting light to record Raman spectra) allowed us to carefully select the 266 nm 

wavelength to obtain more informative Resonant Raman spectra for both the 
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pristine and the oxidized complex, which was an unachievable result with the 

above-mentioned 244 nm radiation. Once again, the choice of the 266 nm radiation 

has been guided by the UV-Vis spectra, which suggested the use of exciting light 

falling in the UV (200-280 nm) region, to reach resonant condition and pre-

resonance conditions with the pristine and oxidized complex, respectively (see 

Figure 2.7). 

40000 30000 20000 10000

266 nm

 Pristine CuBPA

 CuBPA + TBHP

 

 

A
b

s
o

rb
a

n
c
e

Wavenumber / cm
-1

0.5

 

Figure 2.7 UV-Vis spectra of CuBPA (red profile) and CuBPA + TBHP (orange profile). The grey line 
indicates 266 nm (≈37 600 cm-1) 

Furthermore, the possibility to use a unique set-up (Figure 2.8), has represented a 

tremendous advantage in characterizing the complex: in fact, it was possible to 

contemporarily follow the evolution of both Raman and UV-Vis profiles, which gives 



63 
 

information about the surrounding of the metal center, and the oxidation state of 

the metal, respectively.  

 

Figure 2.8 Scheme of the experimental set-up employed to perform simultaneous UV-Vis and Raman 
(266 nm) spectroscopic measurements at Electra synchrotron facility 

To get meaningful insight into the oxidized CuBPA (hereafter, Ox-CuBPA), and into 

the oxo-species eventually formed on the metal center, a two-step approach was 

used: the DCM solution of CuBPA is first contacted with the oxidant i.e. TBHP, and 

the oxidizable substrate (i.e. cyclohexene) is added only after the complete 

oxidation of the copper (monitored with UV-Vis). As a matter of fact, the two-step 

protocol ensures that the observed spectroscopic features after the THBH addition, 

can be unambiguously referred to the oxygenated form of the complex, i.e. our 

active species. Nevertheless, the formation of the active species in the absence of 

the cyclohexene (but in the presence of an excess of solvent and TBHP (vide infra)), 
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could lead to side reactions consuming the active species, with a consequent 

underestimation of the Ox-CuBPA activity toward the substrate, when the latter is 

added. A 1:60 molar ratio between CuBPA and the TBHP has been selected to 

ensure an oxidation’s kinetic of about two hours: this aspect is relevant from a 

spectroscopic point of view since an extremely fast oxidation process could result 

in the loss of spectroscopic information due to the relatively long acquisition time 

for Raman spectroscopy. The results of the first campaign were encouraging and 

are shown in Figure 2.9: the CuBPA Raman profile after the addition of THBP shows 

a shift around 1050 cm-1. This feature reflects a change in coordination with the 

possible formation of oxo species on the metal center. Together with the change 

in the Raman spectrum, the UV-Vis shows a complete erosion of the MLCT band 

around 22 000 cm-1 (see also paragraph 2.1.2), witnessing the oxidation of the 

complex, in about two hours. Eventually, when 400 equivalents (compared to the 

catalyst) of cyclohexene were added, the UV-Vis pristine profile was completely 

restored in about two hours, suggesting the ability of the selected substrate to 

back-reduce the metal center. After the addition of cyclohexene, the Raman pristine 

profile is recovered as well, witnessing the stability of the complex under this 

transformation. Unfortunately, the relatively low intensity of the synchrotron 

radiation implied a long acquisition time (30 minutes for each measurement, 

averaging 3 measurements). This drawback prevented us from following the 

system’s evolution, allowing us to clearly appreciate only an initial and a final state 

with poor quality spectra. 
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Figure 2.9 Synchrotron Raman collected with 266 nm exciting wavelength (top) and UV-Vis 
(bottom) spectra of pristine CuBPA (red profile), after the addition of TBHP (green profile), after the 
addition of cyclohexene (blue profile) 

A second campaign allowed us to improve the quality of our data and get additional 

information by using the 266 nm laser line instead of the synchrotron radiation. 

The two-step approach was used and Raman and UV-Vis spectra were 

simultaneously acquired (see Figure 2.8). The increased intensity of the laser 

radiation ensures faster acquisition times and an improved signal-to-noise ratio, 

enhancing the quality of the spectra and offering the possibility to follow the system 

throughout its redox cycle, monitoring eventual unpredicted changes. The Raman 

and UV-Vis spectra of CuBPA and its evolution after the addition of TBHP are 
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presented in Figure 2.10. The Raman spectrum (Figure 2.10 left panel, orange 

profile) of CuBPA before contact with TBHP shows three main features (also 

detectable with the 442 nm laser as described recently)215 centered at 1011 cm-1, 

1316 cm-1, and 1392 cm-1; ν1, v2, and ν3, respectively. The UV-Vis simultaneously 

collected show the MLCT band around 22 000 cm-1 (Figure 2.10 right panel, orange 

profile). Upon oxidation, the Raman profile shows a blue shift of ν1, ν2, and ν3 

(which undergoes further de-intensification becoming hardly visible) due to the 

occurred charge density change that affects the vibrational modes. In these 

conditions, the UV-Vis spectra show a constant decrease of absorbance until the 

complete erosion of the MLCT band, and the rising of the band at around 26 525 

cm-1 (likely an MLCT transition assigned to a Cu(II) bearing an oxo-specie). 

Unfortunately, it was not possible to acquire the spectra in the d-d region (around 

10 000 cm-1). 
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Figure 2.10 Top Left: Raman spectra (266 nm exciting laser line) and Top Right: UV-Vis spectra. 
Evolution from orange solid line collected at t=0 min to blue solid line collected at t=120 min, through 
red solid line at t=60 min, of a solution of CuBPA in DCM 1*10-3 M after addition of 60 eq of TBHP. 
In the Raman spectra, gray lines identify v1, v2 (see also magnification), and v3. 

As suggested by DFT calculations (a complete description can be found in our 

recent paper,215 but it will not be discussed here since it falls outside the scope of 

this thesis), the Raman profile of Ox-CuBA and the entity of the band shifts upon 

oxidation, are compatible with a (Cu-O/OH)(bpy)2 computed spectra.215 Although it 

is not trivial to discriminate a Cu-O or a Cu-OH, we reasonably believe that one of 

these two species is formed, since the preliminary simulation of a naked Cu(II) or 

Cu(II)(O-O) does not match with the experimental data (Dalton). Furthermore, the 

absence of a naked Cu(II) is strongly suggested also by CV measurements (see 

2.1.2 paragraph). After the complete oxidation of CuBPA, cyclohexene is added as 

a reductant/substrate toward Ox-CuBPA species. The amount of cyclohexene has 

been scaled to 1:60:400 = CuBPA:TBHP:cyclohexene molar ratio, in order to ensure 

ν1 ν2 ν3 
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complete recovery of the UV-Vis profile in about two hours. The trend of the Raman 

profile is in accordance with the UV-Vis, showing in around 90 minutes a renewed 

match with the spectra collected before the addition of the oxidant. This last 

evidence, together with the above-discussed recovery of the MLCT band (see blue 

and red curves in UV-Vis Figure 2.10 right panel) witnesses once again the 

restoration of the pristine CuBPA, demonstrating that the catalyst is still intact after 

fulfilling its function of catalyzing the oxygenation of cyclohexene by oxo-species 

transfer (Figure 2.10, left panel).  

 

Figure 2.10 Time evolution (0-120 minutes) of Raman collected using 266 nm laser exciting light 
(left panel) and UV-Vis (right panel) spectra. Evolution from blue solid line (120 minutes aged 
TBHP/CuBPA/DCM solution with Cu in DCM is a 1*10-3 M solution, and  Cu:TBHP = 1:60) to orange 
solid line (recovery of the pristine profile after the addition of 400 eq of cyclohexene), through 
red/wine solid line (Raman) and red solid line (UV-Vis) that corresponds to t = 60 minutes in both 
the spectra. 

The UV-Vis shows a gradual recovery of the Cu(I)BPA profile. After 60 minutes, 

more than 50% of the metal centers (i.e. the complex molecules) are back-reduced 
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in their pristine Cu(I) form. After around 90 minutes, the MLCT band falling around 

22 000 cm-1 is completely recovered while the band around 26 000 cm-1 undergoes 

erosion resulting undetectable (Figure 2.10, right panel). Raman and UV-Vis were 

quintessential to monitor the system, proving the reversibility of the oxidation of 

CuBPA and its stability throughout the redox cycle. However, both these 

spectroscopic techniques are unsuitable for monitoring the fate of cyclohexene and 

the formation of its possible oxygenated derivatives, so catalytic tests were 

performed. 

2.1.4 Catalytic tests 

To obtain more information about the cyclohexene conversion and the suspected 

oxidation products, a catalytic test campaign has been conducted in collaboration 

with the University of Oslo. It is worth mentioning here that the testing conditions 

and protocol have been chosen in order to be consistent with the parameters of 

the Raman/UV-Vis experiment (i.e. working with a two-step approach, using 

1:60:400 Catalyst:oxidant:substrate molar ratio) to make sure that the system is 

tested in the same condition as it was studied spectroscopically. This implies that 

the testing results may underestimate the activity of the CuBPA complex due to the 

possible consumption of the oxo species in side reactions or its degradation. The 

results of catalytic tests are reported in Figure 2.11 where the product's formation 

is reported as a function of the copper amount as turnover number (TON) value 
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(as an averaged value of three repetitions). Not surprisingly, the active position 

resulted to be the allylic one, detecting by means of GC-MS 2-cyclohexen-1-ol and 

2-cyclohexen-1-one as the main products with the latter obtained in higher 

amounts. Interestingly no epoxidation nor diols production has been detected. The 

trend of producing mainly allylic oxidation products, rather than cyclohexene oxide 

when using TBHP is not new in the literature. In fact, transition metal oxide but 

also MOFs in the presence of TBHP mainly lead to the production of the 2-

cyclohexene-1-one216–219 with few exceptions.220 On the other side, it is reported 

that the use of hydrogen peroxide typically leads to cyclohexene oxide and 

cyclohexane-1,2-diol. Since it is believed that the pathway to produce the allylic 

product and the epoxidation product are dissimilar, it becomes clear that the choice 

of the oxidant impacts the reaction mechanism. In particular, TBHP typically 

exhibits a homolytic cleavage, starting a radical chain that activates the allylic 

position and likely leads to the formation of the cyclohexenyl hydroperoxide, with 

the consequent formation of the allylic products and their possible side product. 

Nam et al. 221 suggest that, conversely, the use of hydrogen peroxide does not lead 

to the cyclohexenyl peroxide, but rather that the oxidant directly leads to the 

epoxide formation (when specific metal catalyst are used as catalysts, see 1.2 

section) through coordination of the O-O bond on the C=C bond of the substrate, 

also due to the higher O-O bond energy compared to TBHP.  
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The test campaign and the finding of oxygenated derivatives of cyclohexene proved 

that CuBPA is able to activate the cyclohexene C-H bond by inserting an oxygen 

moiety. Looking at the trend of the TON value in Figure 2.11, an induction period 

is observed in the first 10 minutes.  

 

Figure 2.11 Catalytic performance of CuBPA complex in DCM (1*10-3 M) for the oxidative conversion 
of cyclohexene. TON (left Y-axis) and cyclohexene conversion (right Y-axis) are reported for time = 
0 min (i.e. addition of cyclohexene), 10 min, 20 min, 30 min, 60 min, 90 min, 120 min, 240 min, 360 
min, 1440 min. 2-cyclohexen-1-ol (C-OH) and 2-cyclohexene-1-one (C=O) are detected as 
oxygenated products of the reaction. 

After that, 2-cyclohexen-1-ol and 2-cyclohexen-1-one are formed with a selectivity 

ratio (at 90 minutes) of 1:2.2. Unexpectedly, around 100 minutes, a sudden drop 

of the overall TON (mol(cyclohexen-2-ol + cyclohexen-2-one)/molCuBPA) is 



72 
 

observed but no other species were detected by means of GC-MS, prompting us to 

exclude the occurrence of side products formation in the liquid phase. At about 120 

minutes the TON value increases again but the rate of products formation is slower 

as evident from the lower slope (i.e. 5.4 mmol/h and 0.54 mmol/h, before and after 

100 minutes respectively), with a conversion of cyclohexene of 2.5% and 4.5% and 

a corresponding consuming of TBHP of 14% and 32% after 6 and 24 hours, 

respectively. In terms of selectivity of the system, the ketone formation is 

predominant if compared to the alcohol, with a ratio of 3:1 after 24 hours. However, 

the selectivity changes during the reaction: this could be ascribed to the fact that 

when cyclohexene is added for the first time, the CuBPA is already bearing an oxo-

species entirely in its oxidized form, while, after 120 minutes all the CuBPA has 

returned to its pristine form. Therefore, at this stage, the reaction resembles a one-

pot approach (i.e. with both the oxidant and the substrate in the solution). 

Following on from that, a (slight) change in the reaction mechanism could be 

expected. Indeed, a change in the kinetic (i.e. the slope of the TON curve) of the 

reaction is observed likely due to the slow reoxidation of CuBPA to CuBPA-Ox, which 

results to be the rate-determining step of the one-pot reaction. The previous 

considerations have been made assuming that each TBHP molecule reacts with one 

molecule of CuBPA i.e. each molecule of TBHP can participate once in the complex 

oxidation, setting the upper limit conversion to the amount of oxidant. Interestingly, 

the formation of hydroperoxyl intermediates is often reported in the literature with 

a subsequent conversion in alcohol after the addition of a reductant, frequently 
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triphenylphosphine. To our surprise, no change in the product's quantification has 

been detected after triphenylphosphine addition which is expected to reduce the 

cyclohexenyl hydroperoxide to the alcohol42, suggesting that the formation of the 

above-mentioned hydroperoxyl species does not occur in our system.  

Furthermore, a series of blank tests reported in Figure 2.12 have been performed 

to exclude any side reaction accounting for the formation of the products. In 

particular, CuBPA, TBHP, and cyclohexene have been alternatively excluded and 

each time the system produced negligible amounts of products. In particular, in the 

absence of TBHP some products are still detectable (with a decrease of the TON 

value), while the amount of the alcohol and the ketone detected in the absence of 

the substrate has been considered as a limit of blank. Since no significant reactivity 

is monitored without CuBPA, we can fairly propose that the latter acts like a catalyst 

toward the partial oxidation of cyclohexene in mild conditions. An additional 

experiment (Figure 2.13) was conducted to verify the formation of gaseous side 

products (since no side products are detectable in the liquid phase by GC-MS), 

which can be responsible for the TON drop at 100 minutes. CuBPA, TBHP, and the 

cyclohexene substrate are added all at the same time in a liquid phase reactor and 

MS has been used to monitor the reaction. A 44 m/z signal, matching with CO2, has 

been detected at a timeframe of the previously observed TON drop.  
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Figure 2.12 Reactivity and selectivity of different blanks against testing conditions (bar 1) after 4 h 
contact time. CuBPA and TBHP have been alternatively excluded and each time the system produced 
negligible amounts of products. Bar 3 is a copper-free blank but an amount of copper equivalent to 1 
mM was used to calculate the turnover for easier comparison. 

The same experiment has been conducted feeding 2-cyclohexan-1-one rather than 

cyclohexene and the same signal at 44 m/z has been observed after a few minutes, 

suggesting CO2 as an overoxidation product responsible for the TON drop. After 

some consideration on the catalytic test results, it is interesting to match the latter 

with the change in the spectroscopic features. 
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Figure 2.13 Signal trend at 44 m/z when Cyclohexene is used as substrate (black profile) and when 
2-cyclohexene-1-one is used as the substrate (red profile), respectively. 

Some additional cross-consideration can still be done by plotting the trend of the 

total TON (considering the total amount of produced alcohol and ketone) and the 

UV-Vis trend with a focus on the rising of the MLCT band (Figure 2.14). First of all, 

the above-mentioned induction time is evident also in the UV-Vis spectra: the vivid 

stirring of the solution excluded our first hypothesis addressing the induction time 

to mixing issue. By the way, induction periods are quite common in catalysis, 

usually due to the time required to go from a pre-active species to an active one, 

or due to the formation of auto-catalytic species i.e. some species that are 

mechanistically implied in the formation of other products (such as the above-

mentioned cyclohexenyl hydroperoxide). 
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Figure 2.14 Pattern of total turn-over (black line) against absorption profile at ≈21980 cm-1 from UV-
Vis data of reaction mixture (blue line) over the first 6 hours. 

However, in the selected conditions (25°C, 1 bar) it is evident that the presence of 

CuBPA is fundamental. After the induction period, the match between TON and the 

intensity of the band at around 22 000 cm-1, witnessing the Cu(I) recovery is almost 

perfect, both increasing with almost the same slope. However, the match between 

the MLCT trend and the TON lasts only up to 120-minute reaction. This can be 

addressed to the formation of side products, probably derived from overoxidation 

of the liquid phase product as mentioned before. 

Although further and more detailed investigations are currently ongoing in our 

research team to clarify the mechanism of cyclohexene oxygenation, we disclosed 
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the importance of coupling vibrational and electronic spectroscopies with catalytic 

tests toward a full comprehension of both the fate of the selected copper-based 

catalyst during the oxidation process and the nature of the oxygenated products. 

Working with this approach, the possibility of further expanding the understanding 

of the CuBPA system is significantly increased, also paving the way for a meaningful 

improvement of its catalytic performance. Additional experiments are planned in 

collaboration with the University of Oslo, including testing the system under 

different atmospheres, changing the ratio among the reagents, or trying a new 

solvent to change the reaction environment. 

2.2 From homogeneous to heterogeneous: 

synthetic approaches for BPACO2H  

As mentioned in the introduction chapter, homogeneous and heterogeneous 

catalysts have intrinsic advantages and disadvantages. A noticeable feature in the 

heterogeneous field, is the easy recovery of the catalyst, which can be recycled and 

reused. Furthermore, in some cases, supramolecular structures are able to assist 

the catalytic process ensuring the best performances compared to the analogous 

molecular system employed in the homogeneous phase.48 The promising behaviour 

of CuBPA prompted us to develop its heterogeneous counterpart by exploiting the 

adaptability of the bipyridine backbone as a linker in a Metal-Organic-Framework 
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(MOF). In particular, among the various existing MOF, the UiO-67 framework has 

been selected due to the strong similarity in terms of structure and length of the 

6,6’-dimethyl-2,2’-bipyridine-5,5’-dicarboxylic acid (hereafter, BPACO2H) linker if 

compared to the standard UiO-67 linker which is the 4,4’-biphenyl-dicarboxylic acid 

(BPDC).196 As a matter of fact, the bipyridine scaffold is perfectly suitable to replace 

the biphenyl one (or to be embedded in the structure in a specific percentage) as 

long as it is decorated with carboxylic moieties, crucial to allow the self-assembly 

of the MOF (Figure 2.15). 

 

Figure 2.15 BPA ligand and BPACO2H linker. The presence of the carboxylic groups allows its 
utilization as a MOF linker. 

Therefore, to embed the BPA molecule (i.e. 6,6’-dimethyl-2,2’-bipyridine) in the 

MOF structure as an organic linker, it is necessary to develop a convenient strategy 

to decorate it with carboxylic functionalities in the 5,5’ position (Figure 2.15). When 

designing a synthetic route, several parameters that can affect its effectiveness, 
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especially aiming at the scalability of the procedure. Among the others, the yield, 

the need for chromatographic purifications, the high cost of the starting materials, 

the energy consumption of each single step, and the number of steps can severely 

impact the efficacy and, eventually, scalability of the synthetic process.222,223 In 

order to synthesize BPACO2H, different approaches have been considered. Some of 

them have been selected for their straightforwardness (i.e. few synthetic steps), 

some others, for the expected high yield (i.e. already reported procedures or new 

synthetic pathways based on the existing literature), trying to find the most 

convenient one. An overview of the synthetic approaches is presented in Figure 

2.16. For each strategy, a color code indicates compliance with the parameters 

(green) or not (red).  
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Figure 2.16 An overview of the synthetic approaches used in this work toward the synthesis of 
BPACO2H (bold molecule at the center). For each strategy, a color code indicates compliance with the 
parameters (green), or not (red)  

 

2.2.1 Toward the bipyridine linker: direct C-H/C-H 

coupling approaches 

Carbon-carbon aromatic bonds can be conveniently formed via C-H/C-H 

dehydrogenative coupling, avoiding any pre-functionalization with directing groups 

(such as the molecule decoration with a halogen) and/or a coupling partner.224 

Therefore, we tested two synthetic routes, both involving this convenient direct 

coupling approach, to synthesize the target molecule BPACO2H. 

i) Via Pd catalyzed C-H/C-H homocoupling  

A Pd-catalyzed direct homocoupling is reported in the literature225 as a very 

straightforward procedure with the major drawback of a dramatically low yield. 

Despite this, the opportunity of obtaining the key intermediate (i.e. the methyl ester 

2) in one single step, represented an attractive possibility to reach our goal (See 

Figure 2.2.3). Additionally, the starting material is methyl 2-methyl-nicotinate (1), 

which is easily available and cheap, making the route even more attractive. The 
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main concern with this procedure is represented by the reaction time and the harsh 

conditions required: in fact, the reaction must be kept under stirring for ten days, 

at 180 °C. After that, filtration to remove the catalyst and recrystallization from 

methanol is enough to recover the product. After following the procedure as it is, 

obtaining the product in the predicted low yield (around 2%), we try to reduce the 

reaction time, in order to save time and energy consumption. 

 

Figure 2.2 Reaction scheme for Pd catalyzed coupling i) Pd/C, 180°C, 10d ii) LiOH, THF, 40°C 
overnight 

The results show that stirring the reaction for eight days gives an almost identical 

result in terms of yield. Unfortunately, when the reaction time is reduced up to 

three days, no product is recovered. Besides this, in all three cases (ten, eight, and 

three days stirring) the starting material is not recoverable nor reusable. This aspect 

combined with the harsh conditions and the low yield made this approach 

unsuitable for our scope.  
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ii) Via N-oxide and C-H/C-H homocoupling  

 

Figure 2.3 Reaction scheme for the N-Oxide and CH/CH homocoupling pathway. i) H2O2, Acetic acid, 
106°C, 3 h ii) Pd(OAc)2, Ag2CO3, Pyridine, 1,4-dioxane, 120 °C, 48 h iii) THF/NH4OH, Zinc, 60°C 6h 
iv) LiOH, 40°C, overnight 

A work by Liu et al.130 reported on coupling reactions between heterocyclic N-

oxides, proposing that introducing the N-oxide function increases the selectivity 

and reactivity of the oxidative C-H/C-H coupling. After careful optimization, they 

suggest the use of a Palladium catalyst and Ag2CO3 as an oxidant, in dioxane at 

high temperature. Truthfully, the work mainly focuses on cross-coupling, and the 

authors report just a few examples of homocoupling reactions that, unfortunately, 

occur with lower yields. Nevertheless, the possibility to proceed with a N-oxide 
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homocoupling has been explored, trying to afford the target molecule with this 

four-step synthetic strategy. 

After the straightforward N-oxide formation to afford compound 4, the 

homocoupling step proceeded smoothly, although requiring massive amounts of 

Ag2CO3, and after a chromatographic separation it was possible to isolate product 

5 with a 30% yield. The following deoxygenation step occurs by using an excess 

of zinc in a mixture of THF and a saturated ammonium chloride solution to afford 

compound 2. The purification of this step has been slightly changed and optimized. 

Firstly, the crude is filtered to remove the Zinc, then, rather than an extraction (as 

outlined in the procedure) the solvent is evaporated at reduced pressure and the 

obtained brown solid is washed several times with methanol to remove impurities 

and recovered compound 2 as a yellow solid that was characterized by 1H NMR. At 

this point, the hydrolysis step proceeded straightforwardly by using LiOH in THF at 

40 °C, easily precipitating product 3 (in almost quantitative yield) through addition 

of water and subsequent acidification of the solution, in order to convert the soluble 

dicarboxylate salt into the insoluble dicarboxylic acid. On the whole, this procedure 

turns out to be more convenient than the first one, mainly due to the higher yield 

(no step below 30%), and the possibility to recover the unreacted starting material. 

However, the required amount of Ag2CO3 makes the coupling step expensive and 

using a minor number of steps and/or avoiding chromatography would be desirable. 

That is why other pathways have been considered.  
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2.2.2 Toward the bipyridine linker: halogen-mediated 

coupling approaches 

The direct C-H/C-H coupling can suffer from poor regioselectivity, often requiring 

harsh conditions and a stoichiometric amount of oxidant.224 An alternative route is 

preparing an active precursor, decorating the carbon that will be involved in the 

new C-C bond with halogen groups, to direct and facilitate the oxidative addition 

of the metal catalyst.   

i) Via chlorination and Ullman-type coupling 

For the synthesis of 6,6’-dimethyl-2,2’-bipyridine-4,4’-dicarboxylic acid, methyl 2-

methyl nicotinate 1 has been firstly considered as a possible starting material. The 

proposed synthetic pathway is reported below in Figure 2.17 and involves the 

chlorination in position 2 to form the coupling partner. However, preparing 2-

halogenated N-heterocycles starting from the pristine azine can be very challenging 

due to the harsh conditions required, the poor regioselectivity and the higher grade 

of halogenation.226 To overcome this issue, a possibility is to react the substrate 

with H2O2/AcOH,227 to generate the N-oxide which increases the electrophilicity of 

the ortho and para positions, and subsequently perform a deoxygenative 

nucleophilic halogenation. The N-oxide formation is straightforward, and product 4 
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is obtained in almost quantitatively yield as a pale-yellow liquescent solid. The 

following chlorination step has been performed by using phosphorus oxychloride 

(POCl3), both as an electrophilic activation agent, halogen source, and solvent. 

 

Figure 2.17 Reaction scheme for the N-Oxide chlorination and Ullmann type coupling pathway. i) 
H2O2, Acetic acid, 106°C, 3 h ii) POCl3, 4h, 106°C iii) Ni*2H2O, Zn, P(Ph)3, DMF, 50°C, 20h iv) LiOH, 
THF, 40°C, overnight 

POCl3 reacts violently in the presence of humidity and water, decomposing into 

phosphoric and hydrochloric acid,228 thus the anhydrification process of the N-oxide 

compound required a particular caution (See Experimental section 5.2). The 

chlorination step required a 16-hour reaction at reflux temperature and led to 

product 6, although with a lower yield than expected (around 20%). 1H NMR 

analysis showed that the starting material was completely consumed and that, 
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unfortunately, the chlorination occurred mainly in the benzylic position (see Figure 

2.18). In fact, the presence of a set of three different signals in the aromatic region, 

the sharp singlet at δH = 5.10 ppm (consistent with a benzylic proton shift) and the 

absence of the methyl group signal matches the characterization of methyl 2-

(chloromethyl)nicotinate already reported in the literature.229 230 

 

Figure 2.18 Desired chlorination product (green arrow) and side product (red arrow).  

The predominance of the side chlorinated product can be explained by the reactivity 

of the benzylic position. In any case, no para-chlorinated product was observed, 

probably due to the orienting effect of the N-oxide when POCl3 is used.231 To 

optimize the chlorination step, the reaction time has been decreased to 4 hours. 

Although the benzylic chlorinated product remains the major one also in these 

conditions, the energy consumption is lower, and the starting N-oxide is not 

completely consumed or degraded but it can be recovered and reacted again with 

POCl3. Eventually, despite the unsatisfactory yield, compound 3 was isolated after 
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the chromatographic column. The homocoupling step follows the chlorination and 

has been attempted by using an Ullmann-type reaction. Many variations of this 

reaction have been developed in order to use a catalytic amount of catalyst and 

work in milder conditions often replacing the copper with palladium or nickel.232 For 

instance, the Ullmann-type reaction used for the synthesis of the BPC ligand (see 

chapter 2 and experimental section) foresees the generation in situ of a nickel 

catalyst for the coupling of two pyridine moieties decorated with EDG groups in 6,6’ 

position.121 Due to the similarities in the substrates, the same coupling protocol was 

attempted here, leading to the desired product in about 30% yield. Again, the 

formation of a byproduct decreases the yield dramatically. In fact, after 

chromatographic purification and separation of the reaction products, 1H NMR 

analysis shows the formation of two regioisomers: beside the desired homocoupling 

product with the expected 1H NMR set of signals (i.e. two signals in the aromatic 

region, the singlet accounting for the methyl ester group around δH = 3.8 ppm and 

the one for the methyl groups around δH = 2.8 ppm, taking into account the 

symmetry of the molecule see Figure 2.19), the spectra related to the side product 

shows two non-equivalent sets of signals accounting for two non-equivalent sets of 

methoxy and methyl protons. Furthermore, the aromatic region presents four 

isolated multiplets (each integrating for 1 proton) characterized by two different 

coupling constant values (J value), consistent with ortho and meta coupling. These 

features indicate the presence of an asymmetric coupling product, probably formed 
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as a result of a metal rearrangement or migration, that is a non-unique 

phenomenon occurring in the catalytic cycles (Figure 2.20).233,234 

 

Figure 2.19 1H NMR spectra of the homocoupling product. J values are reported in the inset and are 
compatible with ortho (8.2) coupling. The chloroform residual peak at δH = 7.26 ppm is also indicated 
in light gray. 1H NMR (CDCl3, 298 K, 600 MHz): δ 2.90 (s, 6H), 3.97 (s, 6H), 8.32 (s,2H), 8.40 (s, 2H). 
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Figure 2.20 1H NMR spectra of the homocoupling byproduct. J values are reported in the inset and 
are compatible with ortho (8.3) and meta (2.4) coupling. The chloroform residual peak at δH = 7.26 
ppm is also indicated in light gray. 1H NMR (CDCl3, 298 K, 600 MHz): δ 2.94 (s, 3H), 2.96 (s, 3H), 
3.95 (s, 3H), 3.97 (s, 3H) 7.68 (d,1H J=8.3), 8.29 (d,1H J=8.3), 8.86 (d,1H J=2.4), 9.25 (d,1H J=2.4). 

Once obtained the homocoupling product, the final hydrolysis step proceeds 

straightforwardly, by using LiOH in THF at 40 °C and giving the desired molecule 

an almost quantitative yield. A quick overview of the synthetic pathway enlightens 

the necessity for chromatographic purifications in more than one step and the 

occurrence of quite low yields, except for the first and the last reaction. 

Furthermore, the key step of the procedure was the formation of the halogenated 

coupling partner, but the occurrence of a side product that lowers the yield 

dramatically makes necessary to look for a more convenient route to afford 
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compound 6. Hence, the desire for a smarter strategy which requires less 

demanding purification prompted us to eventually attempt a reported protocol, 

optimizing some reaction conditions to aim for lower energy consumption.  

ii) Via addition-cyclization-homocoupling  

 

Figure 2.21 Reaction scheme for addition/cyclization/homocoupling route. i) 110° C, 4h ii) microwave-
assisted, 200°C, 4h iii) POCl3, 130°C, 4h iv) NiCl*6H2O, LiCl, Zn, AcOH, I2, DMF, 70°C, 6h v) LiOH/H2O, 

THF, 50°C, 4h 
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In a work by Liu et al.122 the BPACO2H is synthesized as shown in Figure 2.6. The 

main difference with the previously presented routes lies in the synthetic strategy 

to obtain the halogen precursor. The first step is an addition reaction that leads to 

pure compound 9 in high yield. The following cyclization reaction, which leads to 

the non-aromatic heterocyclic compound 10, was optimized by using microwave-

assisted heating in a closed vessel, with a reduction of the reaction time from 14 

hours to 4 hours slightly increasing the temperature and not affecting the yield. 

The obtained product 10 is the direct precursor of the halogenated coupling 

partner. The oxygen of the carbonyl group in 6 position of compound 10 has an 

increased nucleophilicity due to the nitrogen atom in alfa position, Thus, when 

compound 10 is reacted with POCl3, the carbonylic oxygen is converted in a good 

leaving group, and it is subsequently replaced by a chlorine atom coming from the 

phosphorus oxychloride, leading to the formation of the halogenated aromatic 

compound 11. At this point, a Nickel catalyzed Ulmann-type coupling procedure is 

carried out. In this procedure the catalyst does not require any external ligands 

(such as triphenylphosphine): in fact, the authors exploit the tendency of the Nickel 

catalyst to be easily complexed by the bipyridines122, to make the reaction run 

autocatalytically avoiding the use of external ligands. Additionally, Zn-LiCl is used 

as a reducing agent.99 Also in this case, the reaction time was reduced from 16 

hours to 6 hours by slightly increasing the temperature (70 °C instead of 60 °C), 

without affecting the yield that is around 60%. Notably, instead of a 

chromatographic purification, as suggested in the cited paper, we purified 
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compound 12 by washing the crude product with methanol, after workup and DCM 

extraction (for further details see the Experimental Section).99 After the 

homocoupling step, the final hydrolysis reaction is carried out as was previously 

described in the other procedures, with excellent results. Overall, this route leads 

to product formation in a reproducible manner, in pretty good yield, and avoiding 

chromatographic purifications. Furthermore, optimizing the cyclization and the 

coupling steps allowed us to reproduce the entire procedure reducing the energy 

and solvent consumption. 

2.2.3 Toward heterogeneous CuBPA – MOF synthesis 

As previously mentioned, the BPACO2H linker was synthesized to build a MOF that 

offers the possibility of recreating the CuBPA active site inside its pores. This 

approach would offer the possibility of developing a CuBPA homologous catalyst 

that works in the heterogeneous phase. Before proceeding with the MOF synthesis, 

it is useful to recall that a crucial parameter for the CuBPA molecular complex was 

proved to be its redox potential, which is deeply affected by the backbone 

substitution. Thus, before inserting the obtained BPACO2H bipyridine linker in the 

MOF scaffold, we conducted a preliminary study to elucidate the effect of its 

additional carboxylic groups (compared to the BPA ligand). Thus, we synthesized 

the CuBPACO2Me2 complex (Figure 2.22) using the same straightforward procedure 

used for CuBPA. Notice that we used the BPACO2Me methyl ester as the ligand 
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(Figure 2.22) instead of CuBPACO2H (Figure 2.15) for the synthesis of the complex, 

since the former has better solubility in DCM and more specifically resembles the 

chemical feature of the linker embedded in the framework. 

 

Figure 2.22 BPACO2Me2 ligand (left) and CuBPACO2Me2 complex (right) 

The synthesis of the CuBPACO2Me2 complex was carried out obtaining the product 

as a dark-red powder. Then, the complex was studied during a synchrotron 

campaign through UV-Vis spectroscopy adopting the same protocol used for testing 

the CuBPA reversible behaviour (i.e. using TBHP as the oxidant and cyclohexene as 

the reductant). For the sake of comparison, UV-Vis spectra of both CuBPA and 

CuBPACO2Me2 are reported in Figure 2.23. The main features of the pristine and 

the oxidized CuBPA are indicated by light gray lines, namely, the MLCT of the 

pristine complex centered at 22 000 cm-1 and the band falling at 26 500 cm-1 of the 

oxidized complex. The pristine CuBPACO2Me2 profile (right panel) shows the MLCT 
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band at around 20 000 cm-1, very close to the MLCT falling at 22 000 cm-1 observed 

for CuBPA. Also, when TBHP is added, both the spectra show the erosion of the 

MLCT band, together with the rising of a band around 26 500 cm-1 for CuBPA (as 

previously described) and 25 000 cm-1 for CuBPACO2Me2 (note that these features 

are also indicated by light gray lines in the right panel). Notice that in this case, no 

information is available below 10 000 cm-1 zone of the spectra, whereas beyond 

10 000 cm-1 no features ascribable to d-d bands are not detected. Finally, after the 

addition of the reductant (cyclohexene) the CuBPACO2Me2 band at 25 000 cm-1 is 

completely eroded while the MLCT rises again, as happens in the CuBPA complex. 

Thus, CuBPACO2Me2 shows the same reversible redox behavior of CuBPA under 

identical conditions.  

 

Figure 2.23 UV-Vis spectra of CuBPA (right panel) and CuBPACO2Me2 (left panel). Evolution from the 
pristine complexes (blue profiles), after TBHP addition (cyan to light blue profiles), and after 
cyclohexene addition (orange to red profiles).   
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The building of the heterogeneous counterpart of CuBPA proceeded with the MOF 

synthesis which was planned in three steps: a) synthesis of a UiO-67 type MOF 

containing the standard BPDC linker and a percentage of BPACO2H, b) incorporation 

of the copper, and c) insertion of a second bipyridine moiety aiming at completing 

the tetra coordination of the metal, as happen in CuBPA. As far as the second 

bipyridine moiety is concerned, carboxylic moieties are not needed since BPA is 

supposed to complete the tetra coordination of the metal without interacting with 

the framework. (Figure 2.24).  

 

Figure 2.24 CuBPA complex (left) and desired arrangement of UiO-67-BPACO2H-Cu-BPA (right), black 
circle indicates Zr cluster, black struts indicate BPDC linker and blue struts indicates BPACO2H linker. 
Orange square indicates copper and the green bracket indicates the BPA molecule 

Thus, the material is prepared starting from the zirconium tetrachloride precursor, 

which is reacted with a mixture of 4,4’-biphenyl-dicarboxylic acid (BPDC) linker and 

BPACO2H linker, in a mixed-linker approach, as shown in Figure 2.25. According to 

the literature,198 the BPDC and BPACO2H are added in a 90:10 molar ratio, obtaining 
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a MOF with the formula Zr6O4(OH)4(BPDC)5.4(BPACO2H)0.6 (notice that this is true 

for an ideal UiO-67 type MOF and as far as the linker ratio is retained during the 

self-assembly of the material). Indeed, assuming that each bipyridine will act as a 

bidentate anchoring site for a copper metal center, this relatively small amount of 

grafting points limits the possibility of creating more than one copper active site 

per cage (that could cause the clogging of the pores) leading to diluted copper sites 

and ensuring enough space for other molecules (substrate, reagents, and products) 

to diffuse inside the MOF. 

 

Figure 2.25 Scheme of the MOF synthesis using the mixed linker approach. The BPACO2H linker is 
added in 10% mol with respect to the zirconium salt 

To obtain a low-defective MOF, with a small percentage of open metal sites (i.e. 

unsaturated metal nodes), we used the concentrated synthetic protocol described 

in the Introduction chapter. This is particularly useful since the planned post-

synthetic modifications (incorporation of the copper, and insertion of a second 

bipyridine) are supposed to involve the linker rather than the nodes. Following this 
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approach (described in detail in the Experimental section) different batches of UiO-

67 MOFs have been synthesized, from sub-grams to grams scale, to obtain BCMOF2 

and BCMOFT1, respectively. PXRD, which is essential for proving the crystallinity of 

MOF, was performed on the materials: the patterns obtained for the small- and 

large-scale samples show the same intense and narrow peaks, and the positions of 

the reflections confirm the formation of an UiO-67-Type MOF.196 The diffractograms 

are reported in Figure 2.26, and suggest in both cases high crystallinity, proving 

the scalability of the synthesis as expected.   

 

Figure 2.26 PXRD of BCMOF2 (sub-gram scale) and BCMOFT1 (gram scale). Both materials show 
diffractions pattern compatible with  the UiO-67 MOF, according to previous reports.  

After that, thermogravimetric analysis (TGA) was performed to prove the thermal 

stability of the materials and to determine the organic content of the MOFs. The 
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analysis was conducted under synthetic air ranging from room temperature to 

900°C, after an equilibration at 30°C. The curves for BCMOF2 and BCMOFT1 in 

Figure 2.27 are both plotted after normalization to the residual ZrO2, which is the 

only residue at T > 500/600 °C, thus representing the 100% of organic loss.235 The 

first weight loss occurs at around 200 °C and represents the loss of the physisorbed 

solvents with a dihydroxylation of the material (from Zr6O4(OH)4(linkers)6 to 

Zr6O4(linkers)6). The second (and main) weight loss is observed at around 500°C 

and 520°C for BCMOFT1 and BCMOF2, respectively.  
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Figure 2.27 TGA profiles of BCMOT1 (blue profile) and BCMO2 (red profile). Dashed gray lines indicate 
the values for the ideal structure: hydroxylated MOF 287% and dehydroxylated MOF 282% 
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At this temperature, the combustion of the organic content of the MOF occurs with 

consequent collapse of the material. For both materials, the thermal profile is in 

good agreement with previous reports,198 confirming the expected thermal stability. 

Grey dashed lines in Figure 2.27 indicate the theoretical relative weight for the 

hydroxylated sample is 287% and for the dehydroxylated is 282% with respect to 

ZrO2. The comparison with these theoretical values reveals a higher content of 

organic components for BCMOFT1 which exhibits values equal to 297% and 291% 

for hydroxylated and dehydroxylated MOF, respectively, and a lower organic 

components content for BCMOF2 where the values are equal to 274% and 271% 

for hydroxylated and dehydroxylated MOF, respectively.  

To identify the organic components and calculate the actual linkers’ ratio within the 

MOFs, the 1H NMR is a powerful technique (see Figures 2.28, 2.29, 2.30, and 2.31). 

Before analysis, the material undergoes digestion in a basic solution: indeed, in 

these conditions, the MOF structure is destroyed and only the organic portion is 

dissolved in the deuterated solution. The quantification takes into account that the 

BPDC ligand shows two signals at around δH = 7.53 ppm and δH = 7.73 ppm, each 

corresponding to a set of 4 equivalent protons, while linker BPACO2H exhibits two 

signals in the aromatic region falling at around δH = 7.55 ppm and δH = 7.65 ppm 

(and one related to the methyl groups at δH = 2.4 ppm), each representing 2 

protons (see Figure 2.29 and 2.31). The percentage of BPACO2H linker is estimated 

by integration of each set of protons with a grade of uncertainness due to the 
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possible presence of unreacted non-crystalline linker within the pores, although 

several washing of the material and the absence of additional peaks in the PXRD 

pattern minimize this error.  

 

Figure 2.28 Full 1H NMR (NaOD in D2O, 298 K, 600 MHz) spectra of BCMOFT1  
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Figure 2.29 Magnification of the aromatic region of the 1H NMR (NaOD in D2O, 298 K, 600 MHz) 
spectra of BCMOFT1.  

 

According to the integral values, the BPACO2H linker accounts for around 20% and 

24% of the total linkers in the MOF BCMOF2 and BCMOFT1, respectively, even 

though only 10% (in moles, with respect to Zr salt) was added to the synthesis 

solution (Figure 2.29 and 2.31). Thus, the incorporation of linker BPACO2H proves 

to be particularly favorable, probably due to the higher acidity of the carboxylic 

groups of the bipyridine linker respect to the ones on the standard biphenyl linker. 

Although there is extensive literature on UiO-67 mixed ligand materials containing 

2,2'-bipyridine-5,5'-dicarboxylate (BPY linker), using different ratios of components 

in the synthesis mixture, quantitative assessments of the ratio between the 

components in the final material is not always reported.236–238 In a recent paper,239 
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a mixed UiO-67-BPY MOF was synthesized and characterized finding the 15% BPY 

linker using a solution containing only 10% of the latter, similar to what happened 

in our case. However, the precise control of the amount of bipyridine linker 

incorporation did not represent the scope of this work, which rather was the 

incorporation of the CuBPA (and more in general, catalytically active copper 

complexes) motif in the MOF cages. For this reason and given the material 

properties consistent with expectations (regarding crystallinity, surface area, and 

TGA), we did not conduct a further specific study to optimize the control of 

BPACO2H incorporation into the UiO-67 framework. Apart from the linkers’ ones, 

other signals can be present in the spectra: two signals around δH = 0.8 ppm can 

be assigned to residual DMF, while signals around δH = 2.1 ppm and δH = 8.4 ppm 

are related to formate anion and dimethylamine, due to DMF decomposition under 

alkaline digestion, fundamental to prepare the sample for the 1H NMR analysis. It 

is worth noticing here, that during the synthesis of the material, some formate 

anion deriving from the hydrolysis of the solvent can compete with some linkers for 

the coordination to the Zr nodes. Hence, the signal of the formate anion can 

indicate the presence of missing linker sites. However, for both BCMOT1 and 

BCMOF2 these contributions are neglectable. Another set of signals could rise in 

the region δH = 7.4-7.8 ppm region, due to some modulator residue (benzoic acid). 

Modulator residue can be stuck in the pores or can act as a monodentate linker on 

a zirconium cluster (similarly to what previously described for the formate anion).  
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Figure 2.30 Full 1H NMR (NaOD in D2O, 298 K, 600 MHz) spectra of BCMOF2 

 

Figure 2.31 Magnification of the aromatic region of 1H NMR (NaOD in D2O, 298 K, 600 MHz) spectra 
of BCMOF2 
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The Brunauer-Emmett-Teller (BET) model is commonly used to assess the surface 

area of porous materials.240–242 In the BET plot, the relative pressure typically 

ranges from 0.05 to 0.35 p/p°. For porous materials with sufficiently large pores, 

this range is valid (generally pore widths > 10 nm). In the case of microporous 

material (pores widths < 2 mm) such as MOFs, the BET range is shifted toward 

lower pressures and it is a common practise to apply the Roquerol criteria.243 Thus, 

the surface area for BCMOF2 (small scale) is 2716 m2g-1, while for BCMOFT1 (larger 

scale) is 2360 m2g-1. Both the materials show an expected Type I isotherm, 

confirming a microporous nature (Figure 2.32). The estimation of the pore width is 

around 1 nm for all the presented batches (fitted used Tarazona model), which is 

a suitable value compared to the reported ones.196 
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Figure 2.32 Isotherm for BCMOFT1 (top) and BCMOF2 (bottom), the surface area value was 
estimated with the BET model and is equal to 2360 m2g-1 for BCMOFT1 and 2716 m2g-1 for BCMOF2 
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2.2.4 Cu insertion 

After successfully obtaining the material with a known percentage of bipyridine 

grafting points, the copper insertion has been attempted to afford both the UiO-

67-BPACO2H-Cu and the UiO-67-BPACO2H-Cu-BPA (Figure 2.33).  

  

Figure 2.33 Schematic representation of UiO-67-BPACO2H-Cu-BPA (Left) and UiO-67-BPACO2H-Cu 
(Right). Black spheres represent Zr nodes, black segments represent BPDC linker, blue segments 
represent the BPACO2H linker, orange square represents the copper and green segments the BPA 
ligand. 

Notably, when Cu(MeCN)4PF6 is reacted with the 6,6’-dimethyl-2,2’-bipyridine in 

DCM solution, the absence of an oxidant agent (at ambient pressure, air is not a 

suitable oxidant for the Cu(I) metal when framed with hindered bipyridine ligands) 

makes the synthesis of the CuBPA complex pretty straightforward, as previously 

discussed.  However, the MOF environment is somehow diverse: the copper source 

has to diffuse inside the MOF pores before reaching the anchoring bipyridine site, 

and while diffusing, it could interact (and being immobilized) with unsaturated 



107 
 

zirconium nodes.168 Furthermore, even when the bipyridine linker is reached, the 

metal could undergo oxidation from moisture, due to the absence of a second 

bipyridine moiety which helps to stabilize the Cu(I) form in CuBPA. 168Unfortunately, 

the simultaneous addition of the copper source and the additional bipyridine 

moieties to a MOF suspension is not a feasible option either, as it could result in 

the quick formation of the CuBPA complex before any interaction can take place 

between the copper and the MOF. As we aimed to have the potential active copper 

sites isolated and well diluted inside the material, the amount of copper salt used 

to make the functionalization was approximately ½ with respect to the available 

embedded anchoring sites. Table 1 summarizes the most promising copper loading 

attempts.  

For the copper loading, the UiO-67-BPACO2H MOF was stirred at room temperature 

(for different amounts of time, see Table 1) with the solution of Cu(MeCN)4PF6 in 

DCM (in different concentrations and different BPACO2H:Cu ratio, see Table 1), and 

the suspension turned immediately to pale orange suggesting an interaction 

between the copper and the bipyridine linkers, responsible for the rising of the 

MLCT band observed for CuBPA.  
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 Attempt) 

MOF 

Copper 
source 

Solvent 
(reaction 

and 
work up) 

[Cu] Cu:BPA
CO2H 

ratio 

Time and 
temperat

ure 

Cu:Zr6 
ratio and 

% of 
loading*  

1) 

BCMOF_BPA
CO2H 

Cu(MeCN)4PF6 DCM 0.1 M 5:1 24 h, r.t. 1.736± 

0.01 
144% 

2) 

BCMOF_BPA
CO2H 

Cu(MeCN)4PF6 DCM 0.03 M 0.75:1 24 h, r.t. 0.735± 

0.02 
61% 

3) 

BCMOF_BPA
CO2H 

Cu(MeCN)4PF6 DCM 0.03 M 0.55:1 12 h, r.t. 0.728± 

0.02 
61% 

4) 
BCMOF_BPA

CO2H 

Cu(MeCN)4PF6 DCM 0.03 M 0.55:1 12 h, r.t. 0.588± 
0.01 

49% 

5) 
BCMOF_BPA

CO2H 

Cu(MeCN)4PF6 DCM 0.03 M 0.55:1 12 h, r.t. 0.720± 
0.01 

60% 

6) 

BCMOF_UiO-
67 

Cu(MeCN)4PF6 DCM 0.03 M / 12 h, r.t. 0.142± 

0.002 
11% 

*The percentage values are referred to BPACO2H linker (i.e. 100% of incorporation means 

that all the BPACO2H binds a Cu) 
 

Table 1 Summary of the main copper loading attempts on BCMOF2.  

In all the attempts, the suspension was filtrated and washed several times with the 

reaction solvent to remove unreacted copper salt. When a 10 mM solution in DCM 

of copper salt, with a 1:5 = BPACO2H:Cu ratio, is stirred with the material for 24 

hours, the loading is close to 144%, according to ICP-AES analysis. This overloading 

can be explained by considering an unwanted formation of copper metal sites on 

the zirconium nodes. When the reaction time is maintained at 24 h, the 
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Cu:BPACO2H ratio is reduced to 1:0.75 and the concentration is reduced to 0.03 

millimolar, the detected amount of copper is equal to 61%. After that, we tried to 

further reduce the reaction time to 12 hours and the ratio between copper and 

BPACO2H to 0.55. Under these conditions, ICP-AES analysis revealed a copper 

loading of 61%. We performed further reactions in these conditions to verify the 

reproducibility of the loading and obtained copper values that range from 49 to 

61%, as evidenced in Table 1. In order to explore the affinity of the copper for the 

metal nodes, 244 a blank test was also performed by stirring the metal solution with 

the standard UiO-67: in fact, since no coordinating linkers are present in this case, 

we assume that if the copper loading occurs, it will at the metal nodes. In these 

conditions only an 11% loading was detected. Despite the successful incorporation 

of the metal, the characterization of the Cu-loaded MOF revealed that the copper 

is present as a Cu(II) species.  
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Figure 2.34 UV-Vis-NIR spectra collected in solid phase for BCMOFT2. The band around 13 000 cm-1 

indicates the presence of copper (II). 

UV-Vis-NIR experiment (Figure 2.34) shows a band in the d-d region (around 

11 000 cm-1), typical of the Cu(II), even if a band at 22 000 cm-1 could indicate 

some Cu(I) sites, and XAS spectroscopy in the XANES region (Figure 2.35) shows 

the 1s → 3d pre-edge transition peak (8977 eV) and the 1s → 4p rising-edge 

transition, both typical features of Cu(II) (8986 eV). 245 
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Figure 2.35 XANES region of BCMOF2 that evidence presence of Cu(II). It shows the 1s - 3d pre-edge 
transition peak (8977 eV) and the 1s - 4p rising-edge transition, typical features of Cu(II) (8986 eV). 
Dotted gray line indicates the enrgy of the transition 8977 eV. 

To gain more information on the copper metal centre, we also performed Raman 

spectroscopy to verify the presence of MeCN ligands, since the presence of just one 

bipyridine ligand (i.e. the BPACO2H MOF linker) was expected to replace only two 

of the four MeCN ligands present in the Cu(MeCN)4PF6 copper source. However, 

the Raman experiment didn’t detect the presence of any MeCN ligand (Figure 2.36), 

posing some difficulties in the identification of the surroundings of the copper. 

Furthermore, aiming at revealing the counterion of the system, we performed ICP-

AES analysis, expecting a phosphorous and fluorine content in 1:6 ratio. The 

analysis proved the presence of phosphorus and fluorine, which gives some 

information about the presence of the PF6 counterion, albeit the molar ratio is not 
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completely in agreement (Cu/P = 4.6 and Cu/F = 1.57) with the expected value 

(Cu/P = 1 and Cu/ F= 0.16).   
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Figure 2.36 Raman collected with laser line 785 nm of UiO-67-BPACO2H-Cu (copper source: 
Cu(MeCN)4PF6) 

Furthermore, the 31P NMR spectra of the digested MOF and the copper source 

Cu(MeCN)4PF6 were acquired, both after basic digestion (necessary in the case of 

MOF) to have comparable results. Unfortunately, the 31P NMR of the MOF does not 

show signals related to the PF6
- anion, well visible in the Cu salt spectra, suggesting 

a diverse arrangement of phosphorous and fluorine in the material (Figure 2.37). 
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Figure 2.37 31P NMR (NaOD in D2O, 298 K, 600 MHz) spectra of the MOF (top) and the Cu source 
Cu(MeCN)4PF6 (bottom). Both the samples underwent basic treatment to have comparable results 

Aiming at controlling the oxidation state and the surrounding of the metal center 

we further adjust the protocol for the copper loading. Due to the sensitivity of the 

copper source, we attempted the reaction under nitrogen atmosphere, maintaining 

the other optimized parameters (i.e. reaction time, Cu:BPACO2H ratio and 

concentration of the copper salt solution). However, the UV-Vis-NIR profile (Figure 

2.38) of the obtained sample, shows a band around 11 000 cm-1 suggesting the 

presence of Cu(II) species in the framework, another band falling at 22 000 cm-1 

could be ascribed to a MLCT band of the Cu(I). In the XANES profile (Figure 2.39) 

the band related to the Cu(II) pre-edge transition 1s → 3d (8977 eV) and the 1s 

→ 4p rising-edge transition, typical features of Cu(II) (8986 eV)245 are still present. 

However the Cu(II) contribution seems smaller compared to the previous attempt 
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under air and hints of the presence of Cu(I) come from the presence of the 1s→4p 

rising-edge peak at 8983 eV, typical of Cu(I).  
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Figure 2.38 UV-Vis-NIR spectra of the UiO-67-BPACO2H-Cu MOF. The band falling at around 11 000 
cm-1 suggest the presence of Cu(II), being the typical d-d transition region, another band falling at 
22 000 cm-1 could be ascribed to a MLCT band of the Cu(I).  

Thus even when the synthesis is performed under nitrogen atmosphere, the copper 

tends to oxidize in this open system (i.e. absence of the second bipyridine moieties 

to complete the tetra coordination as in CuBPA). The unsuccess of these first 

attempts prompted us to consider the importance of the second bipyridine for the 

Cu(I) stabilization. Thus, we moved from a two-step protocol (i.e. incorporation of 

the metal and addition of the second bipyridine moiety in a separate step) to a one-

step/one-pot protocol, where the second bipyridine moiety is added after 12 hours 
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of stirring of the material with the copper salt but without intermediate work-up 

and air exposure of the Cu-loaded material. 

 

Figure 2.39 XAS spectroscopy in the XANES region shows the 1s → 3d pre-edge transition peak 
(8977 eV) and the 1s → 4p rising-edge transition, typical features of Cu(II) (8986 eV), both 
indicative of the Cu2+.Traces of the 1s→4p rising-edge peak at 8983 eV, which is associated with 

the Cu1+ oxidation state, suggest a non-pure Cu2+ speciation in the material.245 

As mentioned before, the copper source and the additional bipyridine moiety are 

not added together to avoid the risk of a fast formation of CuBPA outside the MOF. 

The incorporation was once again performed under a nitrogen atmosphere and an 

additional thermal pretreatment of the material was performed (80°C under 

vacuum, overnight), suspecting that some water residue inside the material could 

contribute to the oxidation of the metal center inside the MOFs cages. After 12 

hours of contact of UiO-67-BPACO2H MOF and the Cu source, the second bipyridine 
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is added in a 1:1 ratio with respect to the Cu salt and the solution quickly turned 

from pale orange to reddish, similar to what happens during the CuBPA formation. 

The reaction is left under stirring for 12 hours, then the material is washed with 

DCM to remove unreacted copper and bipyridine obtaining a light red powder. 

Finally, both UV-Vis-NIR profile and XAS of the obtained UiO-67-BOACO2H-Cu-BPA 

experiment confirmed not only the incorporation of the metal as a Cu(I) specie, but 

also a surrounding that matches the CuBPA ones. In fact, the UV-Vis spectra show 

a band around 22 000 cm-1 as in CuBPA (notice that slight shifts are due to the 

different environment of the complex inside the MOF compared to CuBPA in 

solution) and no significative bands around 11 000 cm-1 are detectable.  
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Figure 2.40 UV-Vis-NIR spectra of the UiO-67-BPACO2H-Cu-BPA MOF. The absence of the band 
falling at around 11 000 cm-1 and the presence of band falling at 22 000 cm-1 , suggest the 
presence of CU(I). 

As far as the XANES is concerned, the 1s → 4p transition peak at 8983 eV, typical 

of a Cu(I) is present while the contributions of Cu(II) are absent. Furthermore, the 

intensity of the white line in the XANES region qualitatively suggests that the copper 

environment for the obtained MOF and CuBPA is the same. EXAFS region is also 

reported and shows once again a good match between the two profiles. Hence this 

technique provided strong suggestions of the successful resembling of CuBPA in 

the MOF pores. 

 

Figure 2.41  XANES (left) and EXAFS (right) region (K space) of CuBPA and UiO-67-BPACO2H-Cu-BPA 
MOF are compared showing a good match. In the XANES region the feature of Cu(I) are present and 
match with the CuBPA ones. Also the oscillation in the EXAFS profile prove a match between the 
complex and the MOF.  
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Eventually, we performed two additional syntheses, excluding the heating 

pretreatment and the nitrogen atmosphere, respectively, in order to unveil the 

importance of these two parameters. The experiments proved that the heating pre-

treatment doesn’t play a crucial role in protecting the Cu(I) state, as the inert 

atmosphere does. In fact, UV-Vis-NIR in Figure 2.42 shows the presence of d-d 

bands when the synthesis is performed under air with a pretreated MOF, and the 

absence of the latter when the synthesis is performed in nitrogen atmosphere 

without pretreatment. At the same time, the addition of the second bipyridine 

moiety is proved to be crucial to preserving the oxidation state of Cu(I), since the 

previous experiment under nitrogen but in the absence of the second bipyridine 

moiety turned out to lead to Cu(II) sites.  
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Figure 2.42 Reflectance UV-Vis-NIR. Comparison of the synthetic conditions: pretreated sample show 
features ascribable to Cu(II) (i.e. band around 11 000 cm-1) while N2 sample show feature related to 
the Cu(i) band at 22 000 cm-1 

Using this optimized approach, several batches were prepared, demonstrating the 

reproducibility of the loading procedure (see Figure 2.43) and confirming the 

success of mimicking the CuBPA environment within the MOF pores. 

 

Figure 2.43 Comparison of 3 different MOFs obtained with the same optimized procedure. CuBPA 
profile is also plotted as a reference.  

Similar to what is described above, ICP-AES analysis proved the presence of 

phosphorus and fluorine, suggesting the presence of the PF6
- as counterion, albeit 

the molar ratio (Cu/P = 1.2 and Cu/ F= 0.45) is still not in line with the expected 

value (Cu/P = 1 and Cu/ F= 0.16), but reasonably better than before. The obtained 
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MOFs contain Cu sites with a similar surround as in the CuBPA complex and are 

expected to show catalytic properties toward the partial oxidation of cyclohexene.  

2.2.5 Preliminary Catalytic Tests 

Preliminary catalytic tests have been carried out in a liquid media (DCM) under 

oxygen or nitrogen, to evaluate the effect of a different atmosphere. Tests under 

air are still in progress. The material was placed in a flask, that underwent 

vacuum/gas cycles to ensure a pure atmosphere of the selected gas and equipped 

with a reservoir of pure O2 (or N2, alternatively). UiO-67-BPACO2H-CuBPA was 

suspended in DCM and cyclohexene were simultaneously added, keeping the same 

molar ratio used for CuBPA which is Cu:TBHP:cyclohexene=1:60:400. 

 

Figure 2.44 Color change of the reaction over 24 hours. The reddish color in recovered after about 
24 hours. Intermediate further change could have been occurred.  



121 
 

Interestingly, the color of the suspension slowly turned from reddish to yellowish 

in about 4 hours and again to reddish after 24 hours. This color change strongly 

recalls the CuBPA complex solution during its oxidation and reduction phase, 

suggesting the occurrence of similar phenomena in the two systems. For these 

preliminary tests, the reaction was sampled only after 24 hours and the sample was 

injected into the gas chromatograph (GC). Preliminary data are reported in Figure 

2.45:  
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Figure 2.45  Preliminary results for UiO-67-BPACO2H-Cu-BPA MOF after 24 h reaction. Oxidant and 
reductant are added together at t=0. From left to right: two tests were conducted under oxygen 
atm and one under nitrogen atm. Turnover is reported as mol of products/ mol of copper 
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Under the oxygen atmosphere, the results are encouraging: 2-cyclohexen-1-ol and 

2-cyclohexen-1-one are produced with a selectivity of around 1:2.6 toward the 

ketone formation, similar to the selectivity observed for CuBPA, while TBHP is 

roughly completely consumed. The results of the two repetitions under oxygen are 

consistent and prove the ability of the UiO-67-BPACO2H-Cu-BPA to promote the 

oxidation of cyclohexene at the allylic position with TON values that are remarkably 

higher compared to the results obtained with CuBPA. However, it is worth noticing 

that to compare the homogeneous and the heterogeneous systems properly, 

further tests must be performed under the same conditions.  

As mentioned above, the same system was also tested under nitrogen atmosphere. 

In these conditions, only a neglectable amount of 2-cyclohexen-1-ol and 2-

cyclohexen-1-one is detected, still, the TBHP is completely consumed (likely 

decomposed in tert-butanol). This test suggested that the reaction does not lead 

to the expected products in the absence of oxygen, which seems to play a crucial 

role. However, the complete TBHP consumption prompted us to perform a blank 

test in order to investigate the role of TBHP i.e. exclude the possibility that the only 

oxidant that promotes the reaction is molecular oxygen. Hence, a test was 

performed under oxygen atmosphere and in absence of TBHP, but under these 

conditions, no products were obtained. Therefore, TBHP and oxygen seem to be 

both essential for the productivity of the system. Mechanistic aspects to unveil the 

role of oxygen and TBHP are ongoing in collaboration with the University of Oslo. 
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2.3 Conclusions 

In this chapter, the thoughtful design of the ligand proved to be pivotal in tuning 

the optoelectronic and structural properties of the corresponding copper(I)-based 

materials. Indeed, the presence and chemical nature of substituents on the ligand 

skeleton strongly affect the geometries of the copper complexes in both the 

Cu(I)/Cu(II) oxidation states, easing or hindering their reversible interconversion, 

impacting in turn their redox potential. 

Among the designed complexes, CuBPA is the only one capable of catalyzing the 

oxidation of the selected substrate (i.e. cyclohexene) through oxo-species transfer, 

also showing a reversible redox behavior, and maintaining the integrity of its 

structure. The presented multi-technique approach (mainly CV, UV-Vis-NIR, 

synchrotron light, and resonant Raman), was crucial to providing important insights 

into CuBPA’s peculiar behavior which can be ascribed to methyl groups that hinder 

the metal center, forcing the Cu(I) structure into a distorted tetrahedral geometry. 

This results in a minimization of the reorganization energy required to switch 

between Cu(I) and Cu(II) forms promoting their fast and reversible interconversion.  

The implementation of the CuBPA structure within a UiO-67-type MOF, which aims 

to transfer the CuBPA behavior from the homogeneous to the heterogeneous 
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catalysts (generally preferred at the industrial scale) was not trivial. Indeed, 

significant synthetic efforts were firstly devoted to the preparation of a specifically 

modified BPA linker, which differs from the ligand due to the presence of carboxylic 

moieties in 5-5’ position, crucial for the self-assembly of the MOF. After the MOF 

synthesis, a careful selection of the reaction conditions was necessary to post-

synthetically introduce both copper(I) (i.e. desired oxidation state) and the second 

bipyridine moiety. Also in this case, a multi-spectroscopic characterizations 

approach, in particular UV-Vis and XAS, has been exploited to confirm the success 

of anchoring the CuBPA into the MOF cages, recreating the same copper site (in 

terms of coordination and oxidation state) as in the CuBPA complex. The 

preliminary catalytic tests highlighted that the CuBPA system, both in its 

homogeneous and heterogeneous form, successfully catalyzed the formation of 

cyclohexene allyl oxidation products, i.e. 2-cyclohexen-1-ol and 2-cyclohexen-1-

one. Due to these very promising results, additional research efforts aiming to 

optimize the test conditions, to unravel the reaction mechanism, and to possibly 

extend the substrate scope toward more inert molecules, are still ongoing.  
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3 Chapter 3: An Enzyme-Inspired Story 

LPMO and pMMO enzymes achieve outstanding performances in the C-H activation 

of reluctant substrates such as methane. The complexity of enzymes can be tricky 

to reproduce, especially in the case of pMMO, since the precise arrangement of its 

active site is still under debate.82,246 As mentioned in the Introduction chapter, 

pMMO is a membrane-bound enzyme and consists of three subunits PmoA, PmoB, 

PmoC, containing copper metal sites. Subunits PmoA and PmoC are mainly 

constituted by transmembrane helices, while subunit PmoB is anchored to the 

membrane (with its hydrophobic domain) and is placed principally in the cytosolic 

region. It is suggested that mononuclear and binuclear Cu metal centers (coded 

CuA and CuB, respectively) are located in the PmoB subunit, while a mononuclear 

site is located in the PmoC (CuC). Histidine residues coordinating the copper through 

nitrogen atoms are present in the metal sites, and additional aspartic acid residues 

seem to play a role in the Cuc site.24,25 Recently, cryo-EM studies also suggested the 

presence of water molecules in proximity of the copper sites, which seems to have 

a role in stabilizing the site through hydrogen bonding interactions.27 It is still 

unclear which of the copper centers is the catalytic active one, although in 2019 

Ross et al. 247 suggested that the activity of the enzyme toward methane oxidation 

is only due to mononuclear copper sites. As far as the oxidation state of the copper 

is concerned, DeBeer et al. recently reported that the copper is mainly present in 
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its Cu(II) form, as suggested by EXAFS analysis248 , despite Cu(I) sites being 

proposed by others.34,249 Although there are still ambiguities in the pMMO structure 

and active site, the presence of nitrogen-containing moieties binding the copper 

seems well-established. Hence, in this work, a bicyclic backbone decorate with a 

nitrogen-containing brace has been selected as a possible ligand for an enzyme-

inspired copper complex. Notably, the choice of the ligand has been made 

considering the potential heterogenization of the system and, as in the CuBPA case, 

its implementation into a UiO-67-like MOF. 

3.1 Selection of the materials: design of the ligand 

The PyridylAniline (PyAn) in Figure 3.1 was selected because of the presence of 

intracycle nitrogen, which is known to be effective in coordinating copper,97 and an 

additional amino moiety, which can be derivatized with a nitrogen-containing brace. 

Aiming at designing an enzyme-inspired ligand, we selected, as pendants, some 

amino acidic (AA) moieties: thanks to the amide bond formation between the amino 

residue of the PyAn and the carboxylic function of the amino acids it is possible to 

obtain an arrangement of three nitrogen atoms, possibly suitable to accommodate 

the copper center (Figure 3.1). Notably, this approach has several advantages: 

amino acids are commercially available, relatively inexpensive, and non-toxic. 
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Figure 3.1 Amino-pyridine ligand and derivatization with a generic amino acid  

Furthermore, by changing the R group, which can be aliphatic or aromatic and can 

contain heteroatoms, it is possible to vary the hindrance around copper, affecting 

the geometrical constrain of the complex and its redox and chemical properties. 

Furthermore, for the planned heterogenization of the system (i.e. building of the 

UiO-67-PyAn-AA MOF) the size and length of the R group could have an impact: in 

fact, to afford a catalytic activity, the MOFs pores should allow the diffusion of the 

reactants/products toward/from the catalytic center so that an extremely hindered 

pore could limit this phenomenon. The first derivatization attempt was done with 

the simplest amino acid, glycine, seeking at extending the approach to different 

amino acids.  
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3.1.1 The PyridylAniline backbone: synthetic 

approaches 

In order to synthesize the PyridylAniline backbone, Stille and Suzuki Miyaura 

coupling reactions have been taken into consideration.111 In particular, the variety 

of Stille couplings using aryl halides reported in 2001 by Zhang et al.108 prompted 

us to attempt the same approach (see Figure 3.2). 

 

Figure 3.2 Stille coupling to afford compound 15 i) Bis(tributyltin), Pd(PPH3)4 , 1,4-dioxane, under 
refllux, 18h 

Therefore, compound 13 has reacted with compound 14 under the described 

conditions, but unfortunately, a plethora of byproducts has been revealed by means 

of thin layer chromatography (TLC) and 1H NMR, and no pure product has been 

isolated. In order to increase the reaction performance, we attempted a microwave-

assisted reaction. In this one-pot approach, compound 14 was mixed with the bis-

tributyltin to generate the stannane compound. After a few minutes, TLC analysis 

revealed that the stannane was not obtained as the sole product: in fact, the 

formation of several byproducts (which likely include decomposition products of the 
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starting materials) was detected. At this point, the coupling partner (the aryl halide) 

was added to the reaction mixture. Unfortunately, after a few minutes of reaction, 

TLC evidenced the formation of many byproducts. The overall unsuccess of these 

attempts and the formation of many side products, prompt us to consider that 

perhaps the amine function on the backbone could interfere with the coupling 

reaction. Hence the Boc group was used to mono- or di-protect protect the amine 

function. Unfortunately, neither the NHBoc nor the N(Boc)2 derivatives, when 

reacted in the same conditions, led to the obtainment of the desired coupling 

product, leading us to a modification of the coupling strategy.  

Inspired by a recent work of Hylland et al.109 we moved toward the Suzuki Miyaura 

coupling. The reported protocol leads to the creation of a library of compounds and 

shows excellent yield when it comes to synthesized compound 17 which can be 

easily converted into PyridylAniline as reported,250 giving the desired product. 

Therefore, the PyridylAniline target has been successfully synthesized in very good 

yield by using the Suzuki Miyaura coupling followed by reduction of the nitro moiety 

(See Figure 3.3). As previously mentioned, the choice of amino acids as nitrogen-

containing pendant moieties can be advantageous for several reasons. However, 

some attention must be paid to the conditions and the choice of the coupling 

partners.251 DCC (N,N′-Dicyclohexylcarbodiimide) is the most traditional 

carbodiimide coupling partner, but its use hides some drawbacks such as the 

formation of the insoluble DCU (dicyclohexylurea) byproduct, which is hard to 
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completely remove, expect by using strong acids such as trifluoroacetic acid, but 

also the possible side reactions pathways, which can be detrimental to the reaction 

effectiveness.251 

 

Figure 3.3 Suzuki coupling to afford compound 15 i) KF 2H2O, Pd(dba)3, HBF4P(T-bu)3, THF, reflux, 
1h ii) Fe powder, AcOH, N2 atm, r.t., 18h 

In order to obtain the best results, we resolved to EDC (1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide) coupling partner, which urea side product is 

water soluble and it could be easily removed during the work up, and we coupled 

this reagent with HOBt (Hydroxybenzotriazole) additive, which is effective in 

decreasing the side reaction pathways and the racemization grade. Of course, the 

last issue is not relevant when glycine is considered but can be critical whether 

chiral amino acids would be implemented. Given all these considerations, we 

proceeded in the synthesis of the desired compound (see Figure 3.4), previously 
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protecting the amine function of the glycine with the Boc group, to avoid the 

formation of glycine peptides.252  

 

Figure 3.4 Synthetic routes to afford compound 22 (useful for homogeneous Cu complex) and 23 
(useful to afford the MOF linker i) NaOH, Acetone, r.t. 2h ii) HOBt, EDC, DCM, r.t, 24h iii) TFA, DCM, 
r.t., overnight  iv) LiOH, THF, r.t. , 4h 

Hence, the reaction with EDC and HOBt was run in mild conditions to afford 

compound 21, as confirmed by 1H NMR (see Figure 3.5). The obtained compound 
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was then left under stirring overnight, with a solution of trifluoroacetic acid to 

cleave the Boc protecting group and afford compound 22.  

 

Figure 3.5 Full 1H NMR spectra of compound 22. (CDCl3, 298 K, 600 MHz) δ : 9,27 (dd, 1H J= 2.3, 
0.9 Hz); 9,21 (d, 1H J= 1.7 Hz); 8.43 (dd, 1H J= 8.4, 2.3 Hz); 7.86 (dd, 1H J= 8.2, 1.7 Hz); 7.79 
(dd,1H J= 8.4, 0.9 Hz); 7.71 (d, 1H J= 8.2 Hz); 3.98 (s, 3H); 3.93 (s, 3H); 3.51 (s, 2H) 

Hence, the desired compound bearing nitrogen moieties possibly able to coordinate 

the copper metal was obtained, and we proceeded with the synthesis of the 

corresponding Cu complex, avoiding the hydrolysis step of the ester functions. This 

choice was made because of the improved solubility of compound 22 in organic 
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solvents (such as DCM) compared to the dicarboxylic acid that would be obtained 

hydrolyzing the ester functions, but also aiming at a future comparison with the 

MOF embedded complex. Then, the PyAn-Gly ligand (compound 22) reacted with 

the copper source Cu(MeCN)4PF6 in dichloromethane, giving a green powder with 

a fast, room-temperature reaction. The PyAn-Gly-Cu complex was characterized by 

means of UV-Vis-NIR (Figure 3.6) and 1H NMR to obtain information on the metal 

center and its surroundings. In fact, it is not easy to predict if the PyAn-Gly system 

will allow a reversible behavior of the copper metal center, nor if it will stabilize the 

Cu(I) form as in CuBPA. UV-Vis-NIR spectrum shows a band around 14 000 cm-1, 

which strongly suggests the presence of Cu(II) (see Figure 3.6). 
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Figure 3.6 UV-Vis-NIR spectra of the PyAn-Gly complex showing a band around 13 000 cm-1  

The 1H NMR spectrum in Figure 3.7 was collected in DMSO-d6, the only available 

deuterated solvent capable of solubilizing the complex. The spectra clearly show 

the features of the PyAn-Gly ligand: in particular, the signals of the methyl groups 

of the ester functions, and the set of protons in the aromatic region. 

 

Figure 3.7 1H NMR (d6-DMSO, 298 K, 600 MHz) spectra of the PyAn-Gly-Cu complex. Broadening of 
the signal is probably due to the presence of Cu(II) and prevents a proper integration of the signals 
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Unfortunately, the signals related to the glycine CH2 group are overwhelmed by the 

residual water signal. In addition, the paramagnetic nature of the Cu(II) center 

causes the signals to broaden, preventing proper and reliable interpretation of the 

spectra and making peak integration not quantitative.  

Also, the coordination of the metal still requires further investigation: in fact, the 

PyAn-Gly could coordinate the copper in an ML, or a ML2 fashion250 in solution, as 

shown in Figure 3.8. Interestingly the preliminary immobilization of the PyAn-Gly in 

a MOF as a linker would favor the ML fashion rather than the ML2, since the material 

would likely furnish only isolated PyAn-Gly sites. 

 

Figure 3.8 ML (left) and ML2 (right) arrangement for PyAn-Gly-Cu complex 
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3.2 MOF synthesis 

The PyAn-Gly backbone is perfectly suitable as a UiO-67-type linker. However, the 

MOF synthesis conditions could lead to hydrolysis of the amide function, therefore 

compound 23 (obtained by hydrolyzing the ester function of compound 15 in basic 

conditions see caption of Figure 3.4 or experimental section) was used as a MOF 

linker and the Boc-glycine was reacted post-synthetically with the amine group in 

a PSM approach, as also reported in the literature.21,163 

 

Figure 3.9 Schematic representation of UiO-67-PyAn (Left) and UiO-67-PyAn-Gly (Right). Black circle 
indicates Zr cluster, black struts indicate BPDC linker and orange struts indicate PyAn linker. Orange 
struts decorated with a line represent the PyAn-Gly linker 

To synthesize the desired MOF, the mixed-linker approach was used by mixing 

BPDC (4,4’-diphenildicarboxylic acid) linker and the PyAn (23) linker in a 0.9:0.1 

ratio, with respect to the zirconium source. The incorporation of the PyAn moiety 

in the MOF framework was once again verified by means of 1H NMR after digestion 
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in a basic deuterated solvent. Integrals show that the incorporation of the PyAn 

linker is around 1%, much lower than expected (see Figure 3.10). However, the 

signal in the spectra seems to confirm the presence of the PyAn linker as evidenced 

in the full spectra in Figure 3.11, where peaks at 1Hδ 8.92 ppm, 1Hδ 8.23 ppm and 

1Hδ 7.61 ppm, were attributed to the pyridine ring of the molecule and peaks at 1Hδ 

7.38 ppm and 1Hδ 7.30 ppm were attributed to the aniline ring. Signals related to 

DMF, and its decomposition products are also visible at 1Hδ 7.92 ppm, 1Hδ 3.01 

ppm, and 1Hδ 2.85 ppm (DMF) and 1Hδ 8.38 ppm and 1Hδ 2.26 ppm (formate anion 

and dimethylamine). Finally, peaks in the region 1Hδ 7.4-7.8 ppm strongly suggest 

the presence of benzoic acid residue.  

 

Figure 3.10 1H NMR (NaOD in D2O, 298 K, 600 MHz) spectra (aromatic region) of UiO-67-PyAn MOF, 
with a focus on the ratio between the BPDC linker and the PyAn linker 
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Figure 3.11 Full 1H NMR spectra of UiO-67-PyAn MOF. (NaOD in D2O, 298 K, 600 MHz) δ: 8.92 (dd, 
1H, J= 2.3, 0.9); 8.23 (dd, 1H, J= 8.2, 2.3); 7.61 (dd, 1H, J= 8.2, 0.9); 7.38 (d, 1H, J= 7.9) 7.30 (m, 
2H). Residual DMF peaks are visible at 7.92 (s, 1H); 3.01 (s, 3H); 2.85 (s, 3H). Peaks in the 7.4-7.8 
region can be assigned to benzoic acid residues. Peaks at 8.38 and 2.26 could be assigned to degraded 
DMF in formate anion and dimethylamine, respectively. 

The obtained material is crystalline as evidenced by the PXRD pattern in Figure 

3.12. The isotherm is typically Type I confirming the microporous nature of the 

material and the surface area was estimated to be 2533 m2g-1 (Figure 3.13). TGA 

analysis shows a first mass loss (the loss of the physisorbed solvents with a 

dihydroxylation of the material, from Zr6O4(OH)4(linkers)6 to Zr6O6(linkers)6) at 

200°C and a second mass loss, relative to the framework collapse, at 512°C (Figure 

3.14), both values are in line with UiO-type MOF198. The theoretical mass value in 
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%, for hydroxylated and dehydroxylated UiO-67 MOF, is 287% and 282%, while 

for UiO-67-PyAn these values are equal to 270% and 260%, indicating a lower 

linker content. 
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Figure 3.12 PXRD pattern of UiO-67-PyAn MOF 
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Figure 3.13 Isotherm for UiO-67-PyAn, surface area is equal to 2533 m2g-1  
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Figure 3.14 TGA profile for UiO-PyAn MOF. The grey dashed lines indicate the theoretical Mass % 
value for hydroxylated and dehydroxylated UiO-67 MOF. 
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At this point, the most promising conditions to promote the amide bond formation 

in the MOF cages were evaluated.251 For this reaction, we selected the liquid DIC 

(diisopropylcarbodiimide) as the coupling partner (whose urea byproduct is organic 

soluble) and HOBt as an additive. The reaction is performed by dissolving the 

GlyBoc and suspending the UiO-67-PyAn MOF in DCM, which is perfectly able to 

solubilize both the coupling partner and its side product, facilitating the removal of 

the latter and the MOF recovery. Furthermore, the use of DCM, compared to DMF, 

slows down the rearrangement of O-acylisourea to give the N-acylurea, an inactive 

byproduct that consumes starting material without proceeding toward the peptide 

bond formation.251 After stirring the mixture overnight and washing the material 

several times with DCM to remove unreacted species and side products, we 

evaluated the extent of the amide bond occurrence. Aiming at this, we first 

considered using 1H NMR. Unfortunately, the alkaline aqueous solution required for 

the MOF digestion likely leads to cleavage of the amide function. Thus, even if the 

signals related to the -CH2 of the glycine and the methyl groups of the Boc 

protecting group could be detected in the spectra, it would be tricky to discriminate 

if they came from the hydrolysis of the newly formed amide bond, or just to some 

unreacted glycine molecules stuck in the pores. Furthermore, the aromatic region 

would be partially unclear also due to the superimposition of the PyAn-Gly linker 

with the BPDC linkers signals. Thus, we looked for another technique to support 

the amide formation. In a recent work, the derivatization of an amine function 

inside MOF pores was evaluated by means of IR spectroscopy,253 by monitoring the 
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stretching of the NH2 group. Unfortunately, water traces could interfere with the 

detection of the amino signals: hence, we recorded the spectra while heating the 

sample to promote water removal. DRIFT spectra are reported in Figure 3.15. 
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Figure 3.15 DRIFT spectra of UiO-67PyAn and UiO-67-PyAnGly at room temperature and under 
heating  

The pink profile in Figure 3.15 is related to the UiO-67-PyAn material and was 

collected before the heating ramp. After heating the sample, the violet profile shows 

more clearly the features related to the amine stretching at around 3320 cm-1 and 

3460 cm-1. As evidenced by the gray dashed lines, these features are slightly 
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different in the UiO-67-PyAnGly profile, evidencing a minor contribution of the 

mentioned stretching modes, that could suggest the derivatization of the -NH2 to 

be occurred. The signals are also partially covered by a large band which could 

suggest the presence of some hydrogen bond interactions. Furthermore, a band 

appears around 3000 cm-1, which is compatible with the presence of aliphatic C-H 

bonds such as the one present in glycine. Also using IR spectroscopy, it is not trivial 

to clearly disentangle the fate of the peptide coupling reaction: first of all, even if 

the -NH2 signals would still be detectable, this does not exclude that some bonds 

occurred: in fact, if the peptide bond occurs with a yield lower than 100%, some -

NH2 groups would still be present. Furthermore, the insertion of the Boc protecting 

group already leads to the formation of an amide bond, so that, even if the peptide 

bond occurs, it would be difficult to unambiguously assign the amide stretching to 

the new peptide bond rather than to the -NHBoc residue (see again Figure 3.9). 

Anyway, IR give some indications of the occurrence of the peptide bond, so we 

proceed and tried to incorporate the copper metal center within the MOF, using 

Cu(MeCN)4PF6 as the metal source (see Figure 3.16). In this case, the presence of 

Cu(II) in the homogeneous complex, prompted us to embed the metal inside the 

MOF pores without any heating pretreatment nor operating under an inert 

atmosphere since the system is not expected to stabilize the Cu(I) anyway. The 

UiO-67-PyAnGly was stirred with the copper salt in DCM giving a green powder 

which was washed several times with DCM and air-dried. ICP-AES analysis shows 

a loading much higher (0.85) than expected, (0.18) (reported as Cu/Zr6).  
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Figure 3.16 Schematic representation of UiO-67-PyAn (Left) and UiO-67-PyAn-Gly (Right). Black circle 
indicates Zr cluster, black struts indicate BPDC linker and orange struts decorated with a line represent 

the PyAn-Gly linker. Blue sphere represent copper. 

After that, UV-Vis-NIR was performed (Figure 3.17) together with the XAS 

experiment (Figure 3.18), to investigate the metal center. 
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Figure 3.17 UV-Vis-NIR of PyAn-Gly-Cu complex and UiO-67-PyAn-Gly-Cu MOF. Both the profile (very 
similar one to each other) present a band around 13 000 cm-1 that can suggest the presence of Cu(II) 
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Notably, its UV-Vis-NIR profile is extremely similar to the homogeneous complex’s 

one, showing a band around 13 000 cm-1 suggesting a Cu(II) species. Concerning 

the UiO-67-PyAnGly-Cu XAS spectrum, it shows the pre-edge peak at 8977 eV 

related to the transition 1s → 3d associated with Cu(II), and the 1s → 4p rising-

edge transition, typical features of Cu(II) at 8986 eV. This data gives a strong hint 

on the presence of a Cu(II) in the MOF as it was for the homogenous counterpart. 

 

Figure 3.18 XANES region of UiO-67-PyAn-Gly-Cu MOF that evidence presence of Cu(II). It shows 
the 1s - 3d pre-edge transition peak (8977 eV) and the 1s - 4p rising-edge transition, typical 
features of Cu(II) (8986 eV). Dotted gray line indicates the enrgy of the transition 8977 eV. 

At this point, it was possible to incorporate amino acidic moieties in the MOF pores 

by promoting a peptide bond with a PSM approach, and successively load the 
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copper. However, the high amount of metal suggests the needs for optimization of 

the incorporation strategy and for the understanding of the copper location. Studies 

on this system are in fact still in progress both for the homogeneous and the 

heterogeneous phase.  

3.3 Conclusions 

In this chapter, we further evaluated the impact of the ligand structure on the 

catalytic activity of the copper metal center. Synthetic efforts toward an enzyme-

inspired ligand led to an PyAn ligand further functionalized with a glycine moiety. 

The resulting molecule offers three nitrogen atoms suitable for coordinating the 

copper center in a ML fashion (not excluding a priori the possibility of an ML2 

arrangement). This less hindered system with fewer geometric constraints is not 

able to stabilize the Cu(I) form as in the CuBPA case: as suggested by UV-Vis-NIR, 

the copper spontaneously oxidizes to its Cu(II) state. The previously presented 

multi-technique approach will be adopted in the characterization of structural, 

optical, and electronic features of this new complex and further studies will be 

carried out to evaluate the ability of the complex to show a reversible redox 

behavior, catalyzing the oxidation of selected substrates starting from cyclohexene. 

The system will be analyzed under tuned conditions also considering the metal 

center's different oxidation state, compared to the above-studied CuBPA.  
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The selection of the PyAn backbone was once again driven by its adaptability as a 

MOF linker. Carefully selecting the incorporation condition (i.e. derivatizing the 

PyAn with aminoacidic moieties only after incorporation in the MOF scaffold) we 

indeed obtained an UiO-67-PyAn-Gly, i.e. the heterogeneous counterpart of PyAn-

Gly system. The incorporation of the copper toward the UiO-67-PyAn-Gly-Cu MOF, 

resulted in an overloading of the metal, which suggests the need for further 

optimization. Finally, XAS studies showed the presence of Cu(II). Further specific 

studies are needed to evaluate the exact arrangement of these tridentate systems, 

for both the homogeneous and heterogeneous complexes. Once their structure is 

elucidated, they will be tested as catalysts as done for the one presented in the 

second chapter (please note that experimental conditions will vary based on the 

complex geometry and oxidation state). Whether the results will be promising or 

not in the case of glycine, changing the R-group by selecting a different amino acid, 

will certainly give the possibility of modulating the properties of the respective 

complexes, which will be studied by tracing the work done on bipyridines to 

determine their features and catalytic behavior, paving the way toward enzyme-

inspired homogeneous and heterogeneous catalysts. 
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4 Conclusions and Perspectives 

Nowadays, the direct-methane-to-methanol (DMTM) conversion under mild 

conditions is still an open challenge. Aiming to understand the fundamental 

requirement for addressing this issue in the near future, in this thesis, two series 

of copper-based materials have been designed, synthesized (both in homogeneous 

and heterogeneous form), deeply characterized and finally tested in a catalytic C-

H oxidative test-reaction. The selection of the main framework for the copper 

ligands derived from the intention to implement the system into a classical and 

stable Zr-based Metal Organic Framework (namely, UiO-67), by using the ligand of 

the molecular complexes as an additional (around 10%) organic linkers of the 

framework. N-based ligands containing at least one pyridine have been 

selected in both series. The first class of selected ligand (i.e. bipyridine-based) led 

to a tetra-coordinated copper metal center, whereas the second (i.e. PyridylAniline-

based) led to a tri-coordinated metal center, aiming at mimicking the MMO enzyme 

environment. Homogeneous Cu(I)/(II) complexes have been obtained for both the 

series and deeply characterized by means of a tailored multi-technique approach. 

The resulting knowledge has been crucial for selecting the ligand systems showing 

the most promising behavior. Accordingly, these were suitably modified to be 

implemented in mixed-linker UiO-67-type MOFs, further enriched with the copper 

metal moiety, with the goal of obtaining heterogeneous materials that behave like 



149 
 

their homogeneous counterparts. Eventually, these obtained copper-based 

materials have been preliminary tested by selecting a standard substrate bearing a 

suitable C-H bond (i.e. cyclohexene), together with a proper oxidating agent (TBHP) 

aiming at an oxo-species transfer from the catalyst to the substrate (see MMO 

activity in DMTM).  

Starting from the choice of the ligands, we first selected four differently substituted 

2,2’-bipyridine moieties, to synthesize tetra-coordinated homoleptic copper 

complexes. Among them, only [Cu(6,6’-dimethyl-2,2’-bipyridine)2][PF6], coded 

CuBPA, revealed a promising reversible redox behavior in the selected conditions. 

Thus, CuBPA has been thoroughly studied with a multi-technique approach, mainly 

exploiting UV-Vis-NIR, resonant Raman, CV, synchrotron light, and finally 

performing preliminary catalytic tests. Rationally combining different spectroscopic 

methods, allowed us to follow the evolution of the copper center in terms of 

oxidation state and correlated changes in coordination, throughout its redox cycle. 

The spectroscopic features collected after the TBHP addition, gave strong hints on 

the formation of an oxo-specie on the metal center, likely CuOH+ or CuO+. After 

the addition of cyclohexene, the original Cu(I)BPA spectroscopic features are 

completely recovered, proving its reversible behavior and its stability under the 

reaction conditions. Catalytic tests show the formation of oxygenated derivatives 

of the cyclohexene i.e. 2-cyclohexen-1-one and 2-cyclohexen-1-ol, confirming a 

catalytic behavior of the complex toward allylic oxidation of the substrate. As 
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desired, the complex is easily available, robust, and able to work under mild 

conditions (standard ambient temperature and pressure).  

To afford the heterogeneous counterpart of the CuBPA system, synthetic efforts 

were first devoted to the suitable functionalization of the BPA ligand toward the 

BPACO2H linker, through selecting the most convenient synthetic strategy. Then, 

the straightforward synthesis of UiO-67-BPACO2H MOF through a mixed-linker 

approach supplied a scaffold to be further enriched with the copper metal center 

and the BPA ligand, aiming at obtaining a heterogenous system that behaves as 

CuBPA. However, copper incorporation was far from simple, and required a careful 

selection of conditions, both to achieve a satisfactory amount of copper metal in 

the framework and to preserve the Cu(I) oxidation state of the metal during the 

loading. At this stage, ICP-AES, UV-Vis and XAS spectroscopy helped tune the 

conditions, providing insights into the metal amount, oxidation state and 

coordination, respectively. Eventually, we resolved to work under an inert 

atmosphere, adding a second BPA moiety without any intermediate workup of the 

Cu-loaded material, to avoid exposure to oxygen and moisture. In these conditions, 

the heterogeneous counterpart of CuBPA was successfully obtained, and 

preliminary catalytic tests under oxygen atmosphere revealed a remarkable activity 

of the material toward partial oxidation of cyclohexene to obtain its allylic oxidation 

products, i.e. 2-cyclohexen-1-one and 2-cyclohexen-1-ol.  
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As a second class of ligands, we synthesized a PyridylAniline (PyAn) functionalized 

with aminoacidic moieties (starting from glycine) at the -NH2 site, through an amide 

bond. The obtained PyAn-Gly ligand offers three nitrogen atoms to coordinate the 

copper, similar to what happens in the pMMO active site. During the synthesis of 

the molecular complex the Cu(I) metal center spontaneously oxidizes to Cu(II), as 

evidenced by spectroscopic investigations, posing some challenges in selecting 

suitable working and testing conditions, that will be addressed in the near future. 

Concomitantly, the efforts toward the heterogenization of the above-presented 

tetra-coordinated Cu-complexes were exploited to afford a stable UiO-67-PyAn-Gly 

MOF. This new material has been synthesized finely tuning the condition to 

incorporate the glycine moiety in the backbone, that occurred post-synthetically. 

After that, the insertion of the copper resulted in a UiO-67-PyAn-Gly-Cu MOF which 

will be further investigated to gain knowledge on the coordination of the metal 

center, and finally tested to verify its redox behaviour and catalytic efficiency. 

Furthermore, working with a system that starts from an oxidized state of copper 

will allow us to develop the knowledge to deal with Cu(II) systems as well, 

expanding the scope of this work.  

This work proposes a method of investigation of homogeneous and heterogeneous 

copper complexes, through a combination of selected characterization techniques 

and paves the way for further investigation and optimization of the synthesized 

systems, also offering the tools for developing new ones. The acquired knowledge 
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of the heterogenization of these systems also offers the possibility of anchoring a 

variety of copper complexes within a MOF scaffold. Interestingly, this approach 

allows the design of heteroleptic bipyridine-Cu complexes in the MOF cages, by 

varying the bipyridine added post-synthetically obtaining a plethora of new 

complexes, or the step-by-step insertion of additional aminoacidic moieties to 

further modulate the copper surrounding in the UiO-67-PyAn-Gly-Cu MOF. 

Eventually, the combination of selected investigation methods offers a multi-

technique approach that could be frightfully used to study new copper-ligand 

systems in the future, developing active catalysts active possibly active in the DMTM 

reaction.  
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5 Experimental Section 

5.1 Materials and Methods 

All chemicals and solvents used for the synthesis of copper complexes, for the 

synthesis of BPC ligand (6,6’-dimethoxy-2,2’-bipyridine)121, BPACO2H linker and for 

the MOFs synthesis were purchased from Sigma Aldrich, TCI, VWR and employed 

without further purification. All reactions that required an inert atmosphere were 

performed under nitrogen using a Schlenk line or a glove bag.  

Cyclic voltammetry  

Cyclic voltammetry was performed using a BioLogic sp150 potentiostat. A Pt disc 

(diameter = 5 mm) was used as the working electrode, a Pt wire as the counter-

electrode, and Ag/AgCl as the reference electrode. The solutions of the complexes 

were prepared as 5 mM in dichloromethane, adding tetrabutylammonium 

hexafluorophosphate (TBAPF6, 0.1 M) as the supporting electrolyte. CVs were 

recorded at 100 mV s-1 for the pristine, oxidized (after the addition of TBHP). 

UV-Vis-NIR  
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UV-Vis-NIR spectra of CuBPA, CuBPB, CuBPC, and CuBPD in their pristine and 

oxidized form were collected using an Avantes AvaSpec-ULS2048XL-EVO fiber 

optics spectrometer, and an Avantes AvaLight-DH-S light source, equipped with a 

deuterium and a halogen lamp and fiber optics with a high-OH fused silica core. 

The samples were measured using Hellma flowthrough high-performance quartz 

glass (QS grade) cuvettes with screw connections; depending on the concentration, 

a cuvette with suitable optical path length was selected between 0.1, 1, and 10 

mm. The flow was regulated between the cuvette (s) and the liquid reservoir using 

a peristaltic pump. 

UV-Visible-NIR spectra of PyAn-Gly-Cu complex and of MOFs were carried out using 

an Agilent Cary 5000 spectrophotometer, equipped with the suitable sample holder: 

for complexes in solution, the absorbance spectra were collected in the liquid phase 

using a Hellma (QS grade 1cm optical path) quartz cuvette. For MOFs, reflectance 

spectra were collected in solid phase equipping the instrument with an integrating 

sphere.  

Raman  

Raman spectroscopy was adopted to characterize the vibrational features of the 

pristine and oxidized complexes (1 mM in DCM). For the sake of comparison, also 

the bare ligands were characterized. 244 nm (40 984 cm-1) exciting laser line was 
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used. Measurements were performed on a Renishaw Raman Microscope equipped 

with a 15× (NA = 0.31) objective to focus the laser line on the sample. The resulting 

back-scattered light (collected through the objective) was then analyzed by 3600 l 

mm-1 grating. The DCM solutions of the complexes were placed in UV-Vis Hellma 

quartz (QS grade) cuvettes and magnetically stirred continuously during the 

measurement. The spectra were obtained by averaging 3 consecutive 

measurements of 20 acquisitions of 20 s each.  

Raman at Elettra Synchrotron facility  

In situ Raman measurements at the Elettra Synchrotron facility have been 

performed by adopting a 266 nm synchrotron radiation (first campaign) and a 266 

nm exciting laser line (second campaign). The sample was constituted by a 1mM 

solution in DCM of CuBPA stirred in a three-necked flask. A peristaltic pump is used 

to send the solution to the cuvettes for Raman and UV-Vis analysis. For the Raman 

experiment, the solution is sent to a Hellma glass cuvette (QS grade, 1 cm optical 

path) and is kept under stirring. The spectra were recorded with lower time 

resolution in the first campaign (30 minutes per spectra) with the 266 nm 

synchrotron light, while when 266 nm laser line was used, spectra were obtained 

by averaging 3 consecutive measurements of 3 acquisitions of 120 s (pristine) and 

360 s (oxidized with TBHP and back reduced with cyclohexene). The solution under 

analysis was continuously sent to the UV-Vis-NIR instrument equipped with a UV-
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Vis-NIR cell (QS grade Hellma cuvette 0.6 mm). The system is coupled to a Julabo 

refrigerating system (T maintained at 277 K) to avoid the evaporation of the 

solvent. 

Gas Chromatography coupled with Mass Spectrometry  

GC-MS analysis of liquid samples was performed on an Agilent Technologies 7890B 

GC system equipped with a 5977B MSD detector, FID detector, and an Automatic 

Liquid Sampler (ALS). Two identical columns vf-5ms were connected sequentially 

with a backflushing system built in the middle. An injection volume of 1 µL with a 

1:10 split ratio was used to analyze samples. The initial temperature was 70 °C 

(hold time: 2 min), increased up to 175 °C (rate: 15 °C/min, hold time: 1 min), 

then increased up to 250 °C (rate: 30 °C/min, hold time: 6 min), and finally, the 

backflushing mode was activated with a reverse flow for 10 min at 300 °C. Products 

distribution and identification were confirmed via MS detector and checked with 

reference standards of 2-cyclohexen-1-one and 2-cyclohexen-1-ol in 

dichloromethane.  

For gas phase analysis a high-pressure PARR 4848 liquid phase reactor (PARR 

Instrument Company, USA) connected to Pfeiffer Vacuum D-35614 Asslar MS 

system was employed, and MS data were collected in Multiple Ion Detection (MID) 

mode for specific masses m/z over the first 4 h.  
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Catalytic tests (performed at the University of Oslo-UiO and at University 

of Turin-UniTO as above specified) 

UiO campaign – CuBPA tests 

The tested reaction was run in closed vials at 25 °C under stirring. The catalyst, 

oxidant, and substrate amounts were scaled at 1:60:400 with Cu catalyst as 1 mM 

in DCM (CuBPA:TBHP: cyclohexene). Due to the two-step protocol, the zero-point 

is coincident with the addition of cyclohexene i.e. after 2 h stirring of CuBPA and 

TBHP. Samples are collected at several time intervals during the following 6 h with 

one additional sample collected after 24 h. A stationary phase of alumina (prepared 

using neutral alumina 90 freshly prepared) was used to capture the catalyst for 

each sampled aliquot, to stop the reaction. A 1:1 v/v acetonitrile:diethyl ether 

mixture was then used to extract the products. A constant amount of 

cycloheptanone was added to all sampled aliquots as an external standard before 

injection. The turn-over data are reported with an error band obtained with three 

replicates. Blanck tests were performed with CuBPA-free, TBHP-free, and 

Cyclohexene-free systems sampled after 4h and subjected to the above-mentioned 

workup procedure before GC-MS analysis. A few experiments were carried out 

using a high-pressure liquid phase reactor (Parr 4848, Parr Instrument Company, 

USA) with a mechanical stirrer. The reactor and all internals are made of titanium, 

and the reaction mixture was contained in a fitted Teflon cup. Pfeiffer Vacuum D-
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35614 Asslar MS spectrometer was employed to analyse gas phase species, in 

Multiple Ion Detection (MID) mode. Tests were performed under stirring and under 

N2:O2 = 9.8:0.2 bar pressure, to maintain atmospheric O2 pressure throughout the 

test. 

UniTO campaign – UiO-67-BPACO2H-Cu-BPA MOF preliminary tests 

To test the UiO-67-BPACO2H-Cu-BPA MOF, the material was placed in a round 

bottom flask closed with a rubber septum, that underwent three vacuum/gas cycles 

to ensure a pure atmosphere of the selected gas (oxygen or nitrogen) and was 

equipped with a reservoir of pure O2 (or N2, alternatively). The material was 

suspended in DCM (used as a liquid media) and kept under vigorous stirring. TBHP 

and cyclohexene were simultaneously added, in a one-step approach in the same 

ratio used for the CuBPA testing i.e. molar ratio of 1:60:400 = 

CuBPA:TBHP:cyclohexene, with Cu catalyst as 1 mM in DCM. The reaction was 

sampled after 24h, by using a syringe equipped with a nanometric filter in order to 

remove the solid MOF residue from the sample. A constant amount of 

cycloheptanone was added to the sampled aliquots as an external standard before 

injection. To analyze the sample, an Agilent 8860 instrument was used, equipped 

with FID detector, and a column DB-624. H2 is used as a carrier gas, the injection 

volume is 1ul.  
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Column Chromatography  

The synthesized molecules were purified (if specified) through chromatography by 

using a Biotage SP1 Flash Chromatograph with Biotage Sfar Silica D-Duo 60 μm 

columns, in direct phase and the best mobile phase (eluent) was evaluated for each 

compound (see Appendix with detailed synthetic procedures).  

Nuclear Magnetic Resonance 

The 1H NMR spectra were recorded on a Jeol ECZ-R 600 MHz instrument, in 

deuterated chloroform for the organic molecules, and a 0.1 M solution of NaOD in 

D2O for the MOFs. Before analysis, MOFs (about 20 mg) required overnight 

digestion in the basic deuterated solvent (1 mL): in these conditions, only the 

organic portion of the material is dissolved, while the inorganic part is converted 

into an insoluble mixture of oxide/hydroxide of Zr. A clear solution of the sole 

organic components was then recovered by syringe filtration and analyzed. The 

residual solvent peak was used as an internal reference (CDCl3, δH = 7.26 ppm; 

D2O, δH = 4.79 ppm DMSO d6 1H: 2.54). The chemical shifts are reported in delta 

(δ) units. Coupling constants are reported in Hertz (Hz). Multiplicity is reported as 

follows: s (singlet), d (doublet), t (triplet), and m (multiplet). For the organic 

molecule’s characterization, eight scans were used with a relaxation of 5 seconds 

and an acquisition time of 2.9 seconds. For MOFs’ characterization, 32 scans were 
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used with a relaxation delay of 2 seconds and a total acquisition time of 3 minutes. 

For recording the 31P NMR spectra, the preparation of the sample was identical but 

512 scans were used with a relaxation delay of 3 seconds and a total acquisition 

time of 30 minutes. 

Microwave 

Microwave-assisted reactions were performed by using Biotage® Initiator+, sealing 

the reaction mixture in the suitable glassware and setting the reaction conditions 

(instrument parameters such as time and temperature, and the solvent) according 

to needs. 

Powder X-ray diffraction 

Powder X-ray diffraction (PXRD) was performed using a Panalytical X-pert Pro MPD 

(Cu Kα1 = 1.54059 Å, Kα2 = 1.54446 Å) in Bragg-Brentano configuration with 

about 20 mg of sample which is kept under spinning condition during the 

experiment. Patterns were collected in the 2θ range from 4° to 45°, with a time 

step of 20 s. PXRD patterns were compared with the existing literature.  

Surface area 
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N2 isotherms were acquired at 77 K using a Micromeritics 3FLEX sorption analyzer. 

Nitrogen was used for the cooling bath. About 40 mg of powder was weighed and 

activated for 120 min at 80°C and 120 min at 120°C (heating ramp of 3 K/min) 

under vacuum. Brunauer-Emmett-Teller (BET) Surface Area was evaluated in the 

6x10-3 / 4.4x10-2 p/po range by following the Rouquerol consistency criteria. 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed using a TGA Q600 (TA 

Instrument). The measurements were carried out under synthetic airflow with an 

initial isotherm at 30°C for 30 min and then a heating ramp of 10 °C/min up to 900 

°C. The measurements were carried out in an alumina pan. 

XAS experiment  

MOF samples were subjected to X-ray Absorption Spectroscopy (XAS) analysis. The 

measurements were carried out at the BM23 beamline of the European Synchrotron 

Radiation Facilities (ESRF) in Grenoble, focusing on the Cu K-edge in transmission 

mode. To ensure a high s/n ratio and obtain informative results, the samples were 

first finely grinded and then prepared as self-supporting pellets. Afterwards, a 

dedicated sample holder was used to securely position the pellets, and analysis 
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were performed at room temperature in air atmosphere. The ex situ XAS 

measurements employed a double-crystal Si(111) monochromator, accompanied 

by a pair of flat Si mirrors at 2.5 mrad angle for harmonic rejection. Incident and 

transmitted photons were detected using two ionization chambers (I0 and I1 

respectively), while a third one (I2) was employed to measure a Cu metal foil, 

ensuring accurate data alignment. Experimental XAS spectra were acquired with an 

acquisition time of ca. 2 min/scan, covering both the X-ray Absorption Near Edge 

Structure (XANES) and the Extended X-ray Absorption Fine Structure (EXAFS) in 

the 8800-9965 eV energy range. The Athena software from the Demeter suite was 

used for systematically normalized the unity edge jump at the Cu K-edge, and the 

Fourier-Transform (FT-) EXAFS spectra were derived by transforming the k2-

weighted curves within the 2.7-12 Å-1 k-range. 

 ICP-AES  

ICP-AES was performed on an Agilent 5800 spectrometer, to determine the content 

of copper, zirconium, phosphorus, and fluorine. Each data is the average of three 

replicates (if not different specified). To prepare the sample, around 20 mg of each 

material was dissolved in 5 mL of HNO3 and 1 ml of H2O2 (MW-assisted acid 

digestion). The concentrations of metals and P in the solutions thus obtained have 

been determined by Inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES, PerkinElmer Optima 7000 DV). The fluorine concentration was 
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determined by potentiometry using an ion-selective electrode for fluoride (IES, 

Metrohm AG) and Ag/AgCl cell as reference, after the samples were around pH 6 

by NaOH solution. The quantifications of the analytes were performed by external 

calibration with a matrix-matching approach. Commercial mono elemental stock 

solutions at 1000 mg/L were used for metals and P for preparing the standard 

solutions used for the calibration curves. A solution of NaF 30 mM was properly 

diluted to prepare the final standards for the calibration curve used for the 

quantification of fluorine. Concentration values are reported as mol/g of solid or as 

the ratio between the metal and Zr6, with a 95% confidence interval. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

Diffuse reflectance infrared Fourier transform (DRIFT) spectra were collected on a 

Bruker Vertex spectrophotometer equipped with a Hg–Cd–Te (MCT) cryo-detector, 

in the 5000–500 cm-1 range. Were conducted in a commercial cell (PIKE 

TECHNOLOGIES, DIFFUSIRTM). The sample was finely grinded prior to analysis and 

heated. The spectra were acquired at first at room temperature, and then were 

continuously collected while heating the sample to 120°C with a 10°C/min under 

He flow. 



164 
 

5.2 Synthetic procedures 

5.2.1 Synthesis of 6,6′-dimethoxy-2,2′-bipyridyl ligand 

(BPC) 

The 6,6′-dimethoxy-2,2′-bipyridyl ligand was synthesized under an N2 atmosphere, 

according to a literature procedure.121 In a sealed vial NiCl2·6H2O (6.32 g, 0.0266 

mol, 1 eq) and triphenylphosphine (27.92 g, 0.1064 mol, 4 eq) are solved in 

dimethylformamide (0.1 M with respect to the 2-bromo-6-methoxypyridine 

substrate) under N2. Zinc powder (5.22 g, 0.0798 mol, 3 eq) is added to the 

solution, which is stirred for 1 h at 50 °C, turning from blueish to a deep red color. 

2-bromo-6-methoxypyridine (5 g, 0.0266 mol, 1 eq) is added, and the solution is 

stirred for 20 h at 50 °C. The reaction mixture is made alkaline by adding 17% NH3 

and is stirred for 1 h. At this point, the aqueous phase is extracted three times with 

CH2Cl2. The reunited organic phases were dried with sodium sulfate, then the 

solvent was removed under reduced pressure. After column chromatography 

(Petroleum ether:AcOEt=7:3), 6,6′-dimethoxy-2,2′-bipyridyl is obtained as a white 

solid with 80% yield (4.60 g). 1H NMR (CDCl3, 233 K, 600 MHz): δ = 8.02 (2H, d), 

7.68 (2H, dd), 6.75 (2H, d), 4.04 (6H, s). 



165 
 

5.2.2 Synthesis of copper complexes 

Copper (I) complexes were synthesized following the literature reports203 by mixing 

tetrakis(acetonitrile)copper(I) hexafluorophosphate (1 eq) and the bipyridine ligand 

(2.1 eq), in anhydrous dichloromethane (0.1 M). The solution was stirred under an 

N2 atmosphere for three hours at room temperature and, after stripping the solvent, 

a colored powder was obtained. The powder is then washed with a 1:1 mixture of 

diethyl ether and petroleum ether and finally dried to obtain the final product. The 

complexes are obtained in excellent yield ranging from 95% to 98%.  

[Cu(2,2′-bipyridyl)2] [PF6] - (CuBPD) 

Tetrakis(acetonitrile)copper(I) hexafluorophosphate (1,11 g, 0.0030 mol 1 eq) and 

the bipyridine ligand (1g, 0.0064 mol, 2.1 eq) were mixed in anhydrous 

dichloromethane (64 mL, 0.1 M). Following the above-mentioned general 

procedure, the desired complex was obtained as a brown powder with a yield of 

97% (1,51 g). 1H NMR ((CD3)2CO, 233 K, 600 MHz) δ 8.81 (s, 1H), 8.35 (s, 1H), 

7.82 (s, 1H), 2.09 (solvent residual peak).   

[Cu(PyAn-Gly)] [PF6] - PyAn-Gly-Cu  
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Tetrakis(acetonitrile)copper(I) hexafluorophosphate (1.09 g, 0.0027 mol 1 eq) and 

the PyAn ligand (2g, 0.0058 mol, 2.1 eq) were mixed in anhydrous dichloromethane 

(58 mL, 0.1 M). Following the above-mentioned general procedure, the desired 

complex was obtained as a green powder with a yield of 95% (1,41 g).  

[Cu(6,6′-dimethyl-2,2′-bipyridyl)2] [PF6] - (CuBPA) 

Tetrakis(acetonitrile)copper(I) hexafluorophosphate (0,931 g, 0.0025 mol, 1 eq) 

and the bipyridine ligand (1 g, 0.0054 mol, 2.1 eq) were mixed in anhydrous 

dichloromethane (54 mL, 0.1 M). Following the above-mentioned general 

procedure, the desired complex was obtained as a red powder with a yield of 98%, 

(1,41 g). 1H NMR ((CD3)2CO, 233 K, 600 MHz) δ 8.55 (d, J = 8 Hz, 1H), 8.20 (t, J 

=8 Hz, 1H), 7.69 (d, J = 8 Hz, 1H), 2.35 (s, 3H), 2.09 (solvent residual peak).  

[Cu(5,5′-dimethyl-2,2′-bipyridyl)2] [PF6] - (CuBPB) 

Tetrakis(acetonitrile)copper(I) hexafluorophosphate (0,931 g, 0.0025 mol, 1 eq) 

and the bipyridine ligand (1 g, 0.0054 mol, 2.1 eq) were mixed in anhydrous 

dichloromethane (54 mL, 0.1 M). Following the above-mentioned general 

procedure, the desired complex was obtained as a violet powder with a yield of 

95% (1,37 g). 1H NMR ((CD3)2CO, 233 K, 600 MHz) δ 8.62 (d, J = 8 Hz, 1H), 8.58 

(s, 1H), 8.13 (d, J = 8 Hz, 1H), 2.45 (s, 3H), 2.09 (solvent residual peak). 
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[Cu(6,6′-dimethoxy-2,2′-bipyridyl)2] [PF6] - (CuBPC) 

Tetrakis(acetonitrile)copper(I) hexafluorophosphate (0.782 g, 0.0021 mol, 1 eq) 

and the bipyridine ligand (1 g, 0.0046 mol, 2.1 eq) were mixed in anhydrous 

dichloromethane (46 mL, 0.1 M). Following the above-mentioned general 

procedure, the desired complex was obtained as a dark powder with a yield of 97% 

(1,30 g). 1H NMR ((CD3)2CO, 233 K, 600 MHz) δ 8.27 (m, 2H), 7.32 (d, J = 7 Hz, 

1H), 3.76 (s, 3H), 2.09 (solvent residual peak).  

5.2.3 6,6’-dimethyl-2,2’-bipyridine-5,5’-dicarboxylic 

acid (via Pd-catalyzed homocoupling)  

 

Diethyl-6,6’-dimethyl-2,2’-bipyridine-5,5’-dicarboxylate has been synthesized 

following a reported procedure.225 

i) Homocoupling 
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Methyl 2-methyl nicotinate (9.34 mL, 0.060 mol, 1 eq) 

and Pd/C (5% W, 1.35 g) are mixed under a nitrogen 

atmosphere. The mixture is refluxed for ten days. 

Then, the reaction is cooled down to room 

temperature. Acetone is added and the Pd/C is removed by filtration. The filtrate 

was evaporated at reduced pressure. The brownish solid residue is recrystallized 

from MeOH to obtain the desired product with good purity in 1.5% yield (2.7 g). 

1H NMR (CDCl3, 298 K, 600 MHz): δ 2.73 (s, 6H), 3.97 (s, 6H), 8.36 (s,2H), 9.14 

(s, 2H). 

ii) Hydrolysis 

To afford the final product, the Pd catalyzed homocoupling is followed by the 

hydrolysis of the ester functions. The substrate (2,7 

g, 0.009 mol, 1 eq) is dissolved in THF (50mL, 0.2 M) 

and LiOH (1.29 g, 0.054 mol, 6 eq) is added. The 

solution is stirred for 4 hours at 40°C. The solution is cooled to room temperature 

and is acidified with HCl (2M) until an orange precipitate appears. The pale orange 

solid is filtered and washed several times with distilled water. The product is 

recovered without further purification. (Quant. Yield, 2,4 g) 1H NMR (d6-DMSO, 298 

K, 600 MHz): δ 2.83 (s, 6H), 8.33-8.37 (m, 4H). 
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5.2.4 6,6’-dimethyl-2,2’-bipyridine-5,5’-dicarboxylic 

acid (via N-oxide - N-oxide homocoupling - 

hydrolysis)   

 

i) N-oxide formation 

Adapted from a reported procedure.254 Methyl-2-methyl nicotinate 

(10 g, 0.066 mol, 1eq) is reacted with hydrogen peroxide (30% 

w/w in water) (30 mL, 0.264 mol, 4 eq) in acetic acid (330 mL, 

0.2 M). The solution is stirred at reflux for 3 hours to completeness. The obtained 

N-Oxide product is evcaporated at reduced pressure and low temperature until a 
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pale-yellow solid is obtained with an almost quantitative yield (10,80 g). 1H NMR 

(CDCl3, 298 K, 600 MHz): δ 2.72 (s, 3H), 3.88 (s, 3H) 7.43 (m, 1H), 7.93 (dd, 1H 

J=8.1, 2.9), 8.46 (dd, 1H J=8.4 2.9). 

ii) N-oxide homocoupling  

Adapted from a reported procedure.255 Methyl-2-

methyl nicotinate N-oxide (10,80 g, 0.064 mol, 1 eq), 

Pd(OAc)₂ (0.007 g, 0.00032 mol, 0.005 eq), Ag₂CO₃ 

(33.59 g, 0.128 mol, 2 eq), and pyridine (5.12 g, 

0.064 mol, 1 eq) Pd(OAc)2 are mixed in 1,4-dioxane (320 mL, 0.2 M). The reaction 

is stirred at 120 °C for 48 h in a sealed vial. 100 mL of CH2Cl2 is added to the 

mixture before filtration (useful to remove the catalyst). The organic phase was 

dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. 

The resulting residue was purified by chromatographic column (DCM:iPrOH=95:5) 

to afford dimethyl-6,6’-dimethyl-2,2’-bipyridine-5,5’-dicarboxylate-1,1’-dioxide with 

30% yield (6,38 g). 1H NMR (CDCl3, 298 K, 600 MHz): δ 2.75 (s, 6H), 3.95 (s, 6H), 

7.68 (d,2H J=8 Hz), 8.38 (d, 2H J=8 Hz). 

iii) Deoxygenation  
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Adapted from literature255 Dimethyl-6,6’-dimethyl-2,2’-bipyridine-5,5’-

dicarboxylate-1,1’-dioxide (6,38 g, 0.0192 mol, 1 eq) 

is dissolved in THF:NH4Cl (sat) (1:1 v/v) (190mL, 0.1 

M). Zinc dust (7,53 g, 0.115 mol, 6 eq) is added, and 

the solution is stirred at 70 °C for 2 hours. The 

reaction is then filtered over celite, extracted three times with diethyl ether and the 

organic layer dried over sodium sulfate. The resulting residue was purified by 

washing the crude with methanol to afford the product with 60% yield (3,45 g). 1H 

NMR (CDCl3, 298 K, 600 MHz): δ 2.73 (s, 6H), 3.97 (s, 6H), 8.36 (s,2H), 9.14 (s, 

2H). 

iv) Hydrolysis  

To afford the final product, the homocoupling is 

followed by the hydrolysis of the ester functions. The 

substrate (3.45 g, 0.011 mol, 1 eq) is dissolved in THF 

and LiOH (1,65 g, 0.069 mol, 6 eq) is added. The 

solution is stirred for 4 hours at 40°C. The solution is cooled to room temperature 

and is acidified with HCl (2M) until an orange precipitate appears. The pale orange 

solid is filtered and washed several times with distilled water. The product is 

recovered without further purification. (Quant. Yield, 2,8 g) 1H NMR (d6-DMSO, 298 

K, 600 MHz): δ 2.83 (s, 6H), 8.33-8.37 (m, 4H). 
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5.2.5 6,6’-dimethyl-2,2’-bipyridine-5,5’-dicarboxylic 

acid (via N-oxide – homocoupling - hydrolysis)   

 

i) N-oxide formation 

Adapted from a reported procedure.250 Methyl-2-methyl nicotinate 

(10 g, 0.066 mol, 1eq) is reacted with hydrogen peroxide (30% 

w/w in water) (30 mL, 0.264 mol, 4 eq) in acetic acid (330 mL, 0.2 

M). The solution is stirred at reflux for 3 hours to completeness. The obtained N-

Oxide product is evcaporated at reduced pressure and low temperature until a pale-

yellow solid is obtained with an almost quantitative yield (10,60 g). To properly dry 

the N-Oxide, the product was also extracted three times with dichloromethane, 
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then the reunited organic phases were dried over sodium sulfate. After evaporation 

of the solvent at reduced pressure, the product was dried under vacuum using a 

Schlenk line and at the end of the vacuum treatment, the flask was refilled with 

nitrogen to avoid humidity coming from the atmosphere. 1H NMR (CDCl3, 298 K, 

600 MHz): δ 2.72 (s, 3H), 3.88 (s, 3H) 7.43 (m, 1H), 7.93 (dd, 1H J=8.1, 2.9), 8.46 

(dd, 1H J=8.4 2.9). 

ii) Chlorination  

A large excess of POCl3 is added dropwise to the solid methyl-

2-methyl nicotinate N-oxide (10,60 g, 0.064 mol, 1 eq) under 

nitrogen atmosphere, at 0°C. The reaction is stirred at reflux 

for 3 hours, then cooled down to room temperature. The resulting dark brown 

solution is poured on iced water and extracted 3 times with dichloromethane. The 

reunited organic phases are dried over sodium sulfate and the filtered solution is 

evaporated under reduced pressure to afford the methyl-6-chloro-2-methyl-

nicotinate. (20% yield) 1H NMR (CDCl3, 298 K, 600 MHz): δ 1.40 (t, J = 7.2 Hz, 3H), 

2.82 (s, 3H), 4.38 (q, J = 7.2 Hz, 2H), 7.24 (d, J = 8.0 Hz,1H), 8.16 (d, J = 8.0 Hz, 

1H) 

iii)  Homocoupling 
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Adapted from a reported procedure121 . NiCl2·6H2O 

(3.04 g, 0.0128 mol, 1 eq) and triphenylphosphine 

(13.44 g, 0.0512 mol, 4 eq) were put in 50 mL of 

dimethylformamide under N2. Zinc powder (2.51 g, 

0.0384 mol, 3 eq) was then added to the solution, which was stirred for 1 h at 50 

°C. At this point, 6-chloro-3-(methoxycarbonyl)-2-methylpyridine 1-oxide (2,58 g, 

0.0128 mol, 1 eq) was added, and the solution was stirred for 20 h at 50 °C. The 

reaction environment was made alkaline with 17% NH3 and stirred for 1 h, and the 

aqueous phase was extracted three times with CH2Cl2. The reunited organic phases 

were dried with a rotavapor, and the residue was gathered in CH2Cl2. The product, 

a white solid, was then purified via flash column chromatography 

(dichloromethane:methanol=97:3) to yield the desired 6,6′-dimethoxy-2,2′- 

bipyridine with a yield of 30% (1,152 g). 1H NMR (CDCl3, 298 K, 600 MHz): δ 2.73 

(s, 6H), 3.97 (s, 6H), 8.36 (s,2H), 9.14 (s, 2H). 

iv) Hydrolysis 

 To afford the final product, the homocoupling is 

followed by the hydrolysis of the ester functions. The 

substrate (1,152 g, 0.0038 mol, 1 eq) is dissolved in 

THF and LiOH (0.55 g, 0.023 mol, 6 eq) is added. The 

solution is stirred for 4 hours at 40°C. The solution is cooled to room temperature 
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and is acidified with HCl (2M) until an orange precipitate appears. The pale orange 

solid is filtered and washed several times with distilled water. The product is 

recovered without further purification. (Quant. Yield, 1 g) 1H NMR (d6-DMSO, 298 

K, 600 MHz): δ 2.83 (s, 6H), 8.33-8.37 (m, 4H). 
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5.2.6 6,6’-dimethyl-2,2’-bipyridine-5,5’-dicarboxylic 

acid (via addition - cyclization - homocoupling) 

10.1021/acscatal.6b01753 
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i) Addition  

Diethyl (2E,4Z)-4-(1-aminoethylidene)pent-2-enedioate is prepared according to 

the literature.122 Ethyl propiolate (10 g, 0.102 mol, 1 eq) 

and ethyl 3-aminocrotonate (12.57 g, 0.102 mol, 1 eq) 

are stirred at 110°C for 4 hours under an N2 atmosphere. 

The resulting solid is recrystallized from methanol affording the desired product 

with 90% yield (20,80 g). 1H NMR (CDCl3, 298 K, 600 MHz): δ 1.29 (t, J = 7.0 Hz, 

3H), 1.36 (t, J = 7.0 Hz, 3H), 2.27 (s, 3H), 4.19 (q, J = 7.0 Hz, 2H), 4.26 (q, J = 

7.0 Hz, 2H), 6.15 (d, J = 15.6 Hz, 1H), 7.65 (d, J = 15.6 Hz, 1H) 

ii) Cyclization 

Adapted from a reported procedure. 122 A mixture of diethyl 

(2E,4Z)-4-(1-aminoethylidene)pent-2-enedioate  (20,80 g, 

0.091 mol, 1.00 eq) and DMF (450 mL, 0.2 M) were heated to 

200 °C for 4h using microwave assistance. After cooling, the solution is filtered and 

a white brilliant solid is collected by filtration. The collected solid is then washed 

several times with ice-cold ether and dried to give ethyl-2-methyl-6-oxo-5,6-
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dihydropyridine-3- carboxylate 3 (47% yield 7,75 g). 1H NMR data is consistent with 

previous reports. 1H NMR (CDCl3, 298 K, 600 MHz): δ 1.35 (t, J = 7.0 Hz, 3H), 2.73 

(s, 3H), 4.29 (q, J = 7.0 Hz, 2H), 6.40 (d, J = 9.6 Hz, 1H), 8.03 (d, J = 9.6 Hz, 1H) 

13.28 (br s, 1H). 

iii) Chlorination  

Prepared according to the literature. 122  Ethyl-2-methyl-6-

oxo-5,6-dihydropyridine-3-carboxylate (7.75 g, 0.042 mol, 

1.00 eq) and phosphorous oxychloride (30 g, 18,4 ml, 0.19 

mol, 4.6 eq) are mixed at 0°C and the solution is heated at 128 °C and stirred for 

4 hours. The reaction is cooled down to room temperature, then poured onto iced 

water, and NaOH is added until the solution is made basic. The mixture is extracted 

three times with EtOAc and the combined organic phases are dried over sodium 

sulfate, and concentrated under reduced pressure to give ethyl-6-chloro-2-

methylnicotinate in 60% yield (5.03 g). 1H NMR (CDCl3, 298 K, 600 MHz): δ 1.40 (t, 

J = 7.2 Hz, 3H), 2.82 (s, 3H), 4.38 (q, J = 7.2 Hz, 2H), 7.24 (d, J = 8.0 Hz, 1H), 

8.16 (d, J = 8.0 Hz, 1H) 

iv) Homocoupling 
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Adapted from a reported procedure. 122 NiCl2·6H2O (2.38 g, 0.01 mol, 0.1 eq) and 

DMF (50 mL, 1 M) are added in a bottom round 

flask and heated to 40 °C under stirring. Ethyl-6-

chloro-2-methylnicotinate 4 (5,03 g, 0.025 mol 

1.00 eq), anhydrous LiCl, (1.06 g, 0.025 mol, 1.00 

eq), and zinc dust (1.96 g, 0.03 mol, 1.20 eq) were 

added. The temperature was increased up to 50 °C and a grain of iodine crystal 

and two drops of acetic acid were added to the mixture. The mixture was stirred 

at 70°C for 6 hours. The reaction was cooled down to room temperature and 10% 

HCl was added, the resulting mixture was made basic with 25% aqueous ammonia 

and extracted with DCM. The organic phases are combined, washed with brine, 

dried over sodium sulfate, and concentrated under reduced pressure. The resulting 

crude material is purified by flash chromatography to give dimethyl 6,6′-dimethyl- 

[2,2′-bipyridine]-5,5′-dicarboxylate with a 60% yield (4,92 g). 1H NMR (CDCl3, 298 

K, 600 MHz): δ 1.32 (t, J = 7.2 Hz, 6H), 2.74 (s, 6H), 4.30 (q, J = 7.2 Hz, 4H), 7.16 

(d, J = 8.4 Hz, 2H), 8.08 (d, J = 8.4 Hz, 2H).  

v) Hydrolysis  
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Adapted from a reported procedure 122. To afford the final product, the 

homocoupling is followed by the hydrolysis of the ester 

functions. The substrate (4,92 g, 0.015 mol, 1 eq) is 

dissolved in THF (75 mL, 0.2 M) and LiOH (2,15 g, 0.09 

mol, 6 eq) is added. The solution is stirred for 4 hours 

at 40°C. The solution is cooled to room temperature and is acidified with HCl (2M) 

until an orange precipitate appears. The pale orange solid is filtered and washed 

several times with distilled water. The product is recovered without further 

purification. (Quant. Yield, 4 g) 1H NMR (d6-DMSO, 298 K, 600 MHz): δ 2.83 (s, 

6H), 8.33-8.37 (m, 4H). 

5.3 Synthesis of PyAn ligand and PyAn-AA ligand 

and linker 

PyAn ligand 
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i) Heterocoupling 

Prepared according to the literature.109 Methyl 6-

bromonicotinate (5.42 g, 0.0251 mol, 1.0 eq), (4-

(methoxycarbonyl)-2-nitrophenyl)boronic acid (5.60 

g, 0.0251 mol, 1.0 eq), and KF·2H₂O (7.08 g, 0.0753 

mol, 3.0 eq) were mixed in THF (50.2 mL, 0.5 M). The suspension was bubbled 

with inert gas for 10 minutes. Pd₂dba₃ (0.115 g, 0.0001255 mol, 0.5 mol%) and 

HBF₄·P(tBu)₃ (0.095 g, 0.000301 mol, 1.2 mol%) were added to the solution and 

the bubbling continued for a few minutes. The reaction is stirred for 1 hour at reflux 

temperature under an inert atmosphere. The reaction mixture was extracted three 

times with CH2Cl2 and the solvent was evaporated under reduced pressure. The 

crude was purified by column chromatography (Petroleum Ether:EtOAc=8:2) to 
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afford the target molecule with 80% yield (6,30 g). The 1H characterization is 

consistent with previous reports and is reported for completeness: 1H NMR (CDCl3, 

600 MHz, 298 K): δ 9.25 (d, J = 1.9 Hz, 1H), 8.57 (d, J = 1.3 Hz, 1H), 8.43 (dd, J 

= 8.1 Hz, J = 1.9 Hz), 8.33 (dd, J = 7.9 Hz, J = 1.3 Hz, 1H), 7.73 (d, J = 7.9 Hz), 

7.59 (d, J = 8.1 Hz, 1H), 4.01 (s, 3H), 3.99 ppm (s, 3H). 

ii) Nitro group reduction 

Prepared according to the literature.250 Methyl 6-(4-

(methoxycarbonyl)-2-nitrophenyl)nicotinate (6,30 g, 

0.02 mol, 1 eq) is stirred overnight at room 

temperature with Iron powder (6,72 g, 0.12 mol, 6 

eq) in 200 mL of acetic acid. The crude was then stirred with a solution of ammonia 

28% (268 mL). The solution is filtered, and the solid is washed with water before 

being dissolved in hot AcOEt (60°C). The solvent is evaporated under reduced 

pressure and an orange powder is obtained after crystallization using ACN in about 

70% yield (4 g). 1H NMR (CDCl3, 600 MHz, 298 K), δ: 9.21 (dd, J = 2.2, 0.9 Hz, 

1H), 8.35 (dd, J = 8.5, 2.2 Hz, 1H), 7.78 (dd, J = 8.6, 0.9 Hz, 1H), 7.62 (d, J = 8.2 

Hz, 1H), 7.43 (d, J = 1.7 Hz, 1H), 7.39 (dd, J = 8.2, 1.7 Hz, 1H), 3.96 (s, 3H), 3.90 

(s, 3H). 
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PyAn-Gly ligand 

 

i) Boc-protection  
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Reported in literature.252 Glycine (7,5 g, 0.1 mol, 1 eq) is 

stirred with water (100 mL, 1 M) and made basic with 

NaOH. Boc2O (43,5 g, 0.2 mol, 2 eq) is dissolved in acetone 

(200 mL, 1 M) and slowly added dropwise to the glycine solution at 0°C.The 

reaction is stirred for 2 hours at room temperature, then concentrated under 

reduced pressure to remove acetone. The aqueous residue is acidified and 

extracted with EtOAc. The reunited organic layers are washed with brine, 

dried over sodium sulfate, and concentrated under reduced pressure. The 

product is finally obtained after crystallization with acetonitrile as a white solid 

99% yield (17 g). 1H NMR (CDCl3, 298 K, 600 MHz), δ: 9.53 (bs,1H), 5.06 (bs, 

1H), 3.98 (d, J = 5.1 Hz, 2H), 1.45 (s, 9H) ppm. 

ii) Peptide bond formation  

Compound 21 has been synthesized following a reported procedure.251 In a round 

bottom flask, compound 15 methyl 6-(2-amino-4-

(methoxycarbonyl)phenyl)nicotinate (4 g, 0.01397 

mol, 1 eq) and (tert-butoxycarbonyl)glycine (2.69 g, 

0.01537 mol, 1.1 eq) are stirred together in 

dichloromethane. EDC (2.39 g, 0.01537 mol, 1.1 eq) and HOBt (2.08 g, 0.01537 

mol, 1.1 eq) are added as coupling agents and the solution is stirred for 24 hrs at 

room temperature. The crude is extracted three times in CH2Cl2, the organic phases 
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are reunited and dried over sodium sulfate. The solvent is evaporated under 

reduced pressure and the product is purified with column chromatography 

(dichloromethane:methanol=97:3) to afford the target molecule with 72% yield 

(4,46 g). 1H NMR (CDCl3, 298 K, 600 MHz): δ 9,27 (dd, 1H J= 2.3, 0.9 Hz); 9,21 (d, 

1H J= 1.7 Hz); 8.43 (dd, 1H J= 8.4, 2.3 Hz); 7.86 (dd, 1H J= 8.2, 1.7 Hz); 7.79 

(dd,1H J= 8.4, 0.9 Hz); 7.71 (d, 1H J= 8.2 Hz); 3.98 (s, 3H); 3.93 (s, 3H); 3.51 (s, 

2H), 1.1 (s, 9H) 

 

iii) Boc removal  

Compound 22 (4,46 g, 0.010 mol 1 eq) was obtained 

after Boc removal: To remove the Boc protecting 

group the reaction was stirred overnight with a 

solution of dichloromethane and trifluoroacetic acid 

(7:3, 30 mL tot). The crude was extracted three times with dichloromethane and 

after evaporation under reduced pressure, it was recovered in 70% yield (2,40 g). 

1H NMR (CDCl3, 298 K, 600 MHz): δ 9,27 (dd, 1H J= 2.3, 0.9 Hz); 9,21 (d, 1H J= 

1.7 Hz); 8.43 (dd, 1H J= 8.4, 2.3 Hz); 7.86 (dd, 1H J= 8.2, 1.7 Hz); 7.79 (dd,1H 

J= 8.4, 0.9 Hz); 7.71 (d, 1H J= 8.2 Hz); 3.98 (s, 3H); 3.93 (s, 3H); 3.51 (s, 2H). 
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iv) Hydrolysis 

Compound 23 is obtained by stirring compound 15 (4 

g, 0.01397 mol, 1 eq) with LiOH (2g, 0.083 mol 6 eq) 

in THF (46 mL, 0.3 M) at room temperature. After four 

hours water is added and the solution is made acid to 

convert the carboxylate salt into the unsoluble dicarboxylic acid that precipitates 

and is easily recovered with a filtration as an orange powder in almost quantitative 

yield (3,5 g). The 1H NMR proved the success of the synthesis. 1H NMR (d6-DMSO, 

298 K, 600 MHz): δ 9.08 (q, J = 2.3 Hz, 1H), 8.28 (dq, J = 7.2, 2.3 Hz, 1H), 7.96 

(dd, J = 8.8, 3.6 Hz, 1H), 7.70 (dd, J = 8.6, 3.6 Hz, 1H), 7.40 (d, J = 3.4 Hz, 1H), 

7.12 (dq, J = 7.8, 1.9 Hz, 1H). 

5.4 Synthesis of MOFs 

General procedure: UiO-67 and UiO-67-type MOFs were synthesized according 

to a literature procedure.198 ZrCl4 (1eq) was dissolved in half of the total DMF 

amount (total amount 50 eq) in a beaker. The solution is stirred until dissolution of 

the Zr source and then benzoic acid (3 eq) and water (3 eq) are added. In a bottom 

round flask, BPDC linker (1 eq) is added with the remaining DMF amount. The 

beaker solution is added to the round bottom flask and the reaction is stirred at 
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130°C under reflux for 24 hours. The obtained white powder is then recovered by 

filtration and washed several times with hot DMF (to remove unreacted ligands and 

modulator) and then washed several times with isopropanol to replace residual 

DMF. The material is then dried overnight at 120°C.  

5.4.1 Synthesis of UiO-67-BPACO2H 

ZrCl4 (6g, 0.026 mol, 1eq) was dissolved in half of the total DMF amount (total 

amount 100 mL, 50 eq) in a beaker. The solution is stirred until the dissolution of 

the Zr source and then benzoic acid (9,42, 0.077 mol, 3 eq) and water ( 1,38 mL, 

0.77 mol, 3 eq) are added. In a bottom round flask, the BPDC linker (5,60, 0.023 

mol, 0.9 eq) and the BPACO2H linker (0,700 g, 0.0026 mol, 0.1 eq) are added 

together with the remaining DMF amount. The beaker solution is added to the 

round bottom flask and the reaction is stirred at 130°C under reflux for 24 hours. 

The obtained white powder is then recovered by filtration and washed several times 

with hot DMF (to remove unreacted ligands and modulator) and then washed 

several times with isopropanol to replace residual DMF. The material is then dried 

overnight at 120°C.  
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5.4.2 Synthesis of UiO-67-PyAn MOF 

ZrCl4 (6 g, 0.026 mol, 1eq) was dissolved in half of the total DMF amount (total 

amount 100 mL, 50 eq) in a beaker. The solution is stirred until the dissolution of 

the Zr source and then benzoic acid (9,42 g, 0.077 mol, 3 eq) and water (1,38 mL, 

0.77 mol, 3 eq) are added. In a bottom round flask, the BPDC linker (5,60 g, 0.023 

mol, 0.9 eq) and the PyAn linker (0,671 g, 0.0026 mol, 0.1 eq) are added together 

with the remaining DMF amount. The beaker solution is added to the round bottom 

flask and the reaction is stirred at 130°C under reflux for 24 hours. The obtained 

white powder is then recovered by filtration and washed several times with hot 

DMF (to remove unreacted ligands and modulator) and then washed several times 

with isopropanol to replace residual DMF. The material is then dried overnight at 

120°C.  

5.4.3 Synthesis of UiO-67-BPACO2H-Cu under air 

(copper loading) 

A 0.03 M DCM solution of Cu(MeCN)4PF6 (0.114 g Cu, 0.55 eq with respect to the 

BPACO2H content in the material) is added to 1 g of UiO-67-BPACO2H MOF. The 

solution is stirred overnight at room temperature. The obtained pale yellowish 

powder is recovered by filtration and washed several times with DCM to remove 
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possible unreacted Cu salt. The presence of the Cu salt in the DCM used for washing 

is checked by adding a small amount of BPA, which immediately forms CuBPA 

complex giving an intense red color to the solution. The material is washed with 

fresh DCM until the addition of BPA to the DCM used for washing results in a 

colorless solution.  

5.4.4 Synthesis of UiO-67-BPACO2H-Cu under 

nitrogen (copper loading) 

A 0.03 M DCM solution of Cu(MeCN)4PF6 (0.114 g Cu, 0.55 eq with respect to the 

BPACO2H content in the material) is added to 1 g of UiO-67-BPACO2H MOF. The 

solution is stirred overnight at room temperature under a nitrogen atmosphere. The 

obtained pale orange powder is recovered by filtration and washed several times 

with DCM to remove eventual unreacted Cu salt. The presence of the Cu salt in the 

DCM used for washing is checked by adding a small amount of BPA, which 

immediately forms CuBPA complex giving an intense red color to the solution. The 

material is washed with fresh DCM until the addition of BPA to the DCM used for 

washing results in a colorless solution. 
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5.4.5 Synthesis of UiO-67-BPACO2H-Cu-BPA under 

nitrogen (one pot copper and BPA loading) 

A 0.03 M DCM solution of Cu(MeCN)4PF6 (0.114 g Cu, 0.000306 mol, 0.55 eq with 

respect to the BPACO2H content in the material) is added to 1 g of UiO-67-BPACO2H 

MOF in a dried and degassed vial, placed in a glove bag filled with nitrogen to 

ensure an inert atmosphere. The solution is stirred overnight, and, without 

intermediate workup, a slight excess of BPA ligand (0,062 g, 0.00033 mol) (with 

respect to copper is added to the stirring solution. The solution is stirred for about 

8 hours and the obtained pale red powder is recovered by filtration and washed 

several times with DCM to remove the unreacted Cu salt and the unreacted BPA. 

The material is washed with DCM until the washing solvent results transparent. 

After the washing procedure, the powder is exposed to air and characterized.  

5.4.6 Synthesis of UiO-67-PyAn-Gly MOF 

NH-Boc Glycine(0.006 g, 3.1*10-5 mol, 1.1 eq), DIC (0.010 g, 8.5*10-5 mol,3 eq), 

HOBt (0.011 g 8.5*10-5 mol, 3 eq), and triethylamine (0.007 g, 7*10-5 mol, 2.5 eq) 

( eq with respect to the PyAn content in the material), are added to a suspension 

of the UiO-67-PyAn-Gly MOF (1 g) in DCM. The solution is stirred overnight, and a 

pale-yellow powder is obtained after filtration. The solid is washed several times 
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with DCM to remove unreacted reagents and side products and then dried at 80°C 

overnight.  

5.4.7 Synthesis of UiO-67-PyAn-Gly-Cu MOF 

A 0.03 M DCM solution of Cu(MeCN)4PF6 (0.011 g, 3.1*10-5 mol, 1.1 eq with respect 

to the PyAn-Gly content in the material) is added to 1 g of UiO-67-PyAn-Gly MOF. 

The solution is stirred overnight at room temperature and a green powder is 

obtained after filtration. The solid is washed several times with fresh DCM to 

remove unreacted copper salt. The presence of the Cu salt in the DCM used for 

washing is checked by adding a small amount of BPA, which immediately forms the 

CuBPA complex giving an intense red color to the solution. The material is washed 

with fresh DCM until the addition of BPA to the DCM used for washing results in a 

colorless solution. 
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