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Abstract 
Biomimetic Oxygenation Reactions in Metal Cryptates 

Laura Chaloner, Ph. D. 
Concordia University, 2015 
 
Oxygenase metallo-enzymes are an inspiration for the development of one-step C-H bond 

hydroxylations reactions. Presented here are two synthetic models (cryptands LTEA and LTTA), that are 

inspired by the second-coordination sphere features of such enzymes. The reactivity of copper(II)- and 

iron(III)-hydroperoxo species with these cryptands were studied, as they are key intermediates 

proposed in the catalytic cycles of C-H bond hydroxylation performed by oxygenases. Ultimately, this 

work was developed to further our understanding of oxygenation reactions by guiding the reactivity of 

copper(II)- and iron(III)-hydroperoxo intermediates with second coordination sphere features. 

The structure and the reactivity of copper(II) complexes of LTEA was influenced by the second 

coordination sphere. Reaction of the complexes with basic hydrogen peroxide in methanol led to the 

formation of copper(II)-hydroperoxo intermediates. The mechanism of the reaction was studied by low-

temperature mass spectrometry, electron paramagnetic resonance and stopped-flow ultraviolet/visible 

spectroscopy. Both the starting complexes and intermediates were constrained by the cryptand to 

square-based geometries. The decomposition of the intermediates via self-oxidation was probed by 

deuterating select positions on the cryptand. A small kinetic isotope effect of 1.5, in conjunction with 

the analysis of the demetallated organic products, reveals that the cryptand steers the reactivity 

towards a direct oxygen-atom transfer to a tertiary amine on the cryptand, forming an N-oxide.  

A novel cryptand, LTTA, was designed and synthesized in high-yields and was shown to be ditopic 

through X-ray crystallography and NMR spectroscopy. The reaction of iron(II)-triflate complexes of LTTA 

with hydrogen peroxide or iodosylbenzene led to an intramolecular aromatic C-H bond hydroxylation, to 

afford an iron(III)-phenolate species, which was characterized by mass spectrometry, electron 

paramagnetic resonance and stopped-flow ultraviolet/visible spectroscopy. The kinetic analysis from the 

reaction of the iron(II) complex with hydrogen peroxide led to the identification of an iron(III)-

hydroperoxo intermediate, formed prior to the iron(III)-phenolate. The iron(III)-hydroperoxo is proposed 

to first undergo heterolytic cleavage to form a high-valent Fe(V)-oxo-hydroxo, a mechanism comparable 

to C-H bond activation in Rieske dioxygenases.  
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Chapter 1: Introduction 

1.1 Purpose 

A coveted synthetic oxidation method is the selective one-step hydroxylation of C-H bonds.1 This 

reaction provides access to functionalized molecules that have great utility in synthetic chemistry. 

Aliphatic C-H bond hydroxylation is challenging, however, because the strength of C-H bonds makes the 

reaction kinetically inert, necessitating the need for strong oxidants, high temperatures or acid/base 

additives to complete the reaction. These conditions are not favourable for chemo- and regioselective 

reactions nor do they fall in line with green chemistry objectives. This has created a research space to 

develop mild C-H bond oxidation reactions.2-3 Significant progress has been made in this field by using a 

variety of transition metal catalysts, organometallic catalysts, or Fenton chemistry.4 For example, White 

and coworkers have developed iron catalysts capable of selective, and more notably, predictable 

aliphatic C-H bond oxidations.5 Pérez and coworkers have developed a trispyrazolylborate copper 

catalyst that can activate hydrogen peroxide and catalyze the conversion of cycloalkanes and hexanes to 

alcohols, ketones and alkenes.6 Despite this remarkable progress, much remains to be improved in 

terms of efficiency, and selectivity.  

Nature has created several enzymes that can selectively hydroxylate a C-H bond at ambient 

temperature, using dioxygen as the oxidant and forming water as a by-product.7-8 For this reason, these 

biological systems serve as inspiration to develop synthetic oxidative transformations.9 Dioxygen is an 

ideal oxidant because it is abundant, accessible and environmentally friendly. The pitfall lies in the fact 

that it has a triplet ground state and is therefore an inert molecule. To overcome this, transition metals 

are used to reduce dioxygen by 1 or 2 electrons, transforming it into a radical species or a singlet species 

with greater electrophilic reactivity. This process is easily performed by metallo-proteins where the 

metal active sites are located within a protective pocket surrounded by the backbone of the enzymes.10 

In many cases, however, the exact nature of the activation of O2 and the resultant M/O2 chemistry is still 

unclear.  

The long term goal of designing environmentally friendly oxidation methods first requires an 

understanding of the mechanisms that enzymes facilitate. This is the primary focus of biomimetic 

inorganic chemistry.1 Synthetic metal complexes are designed to activate small molecules in a similar 

manner to biological systems.11 The coordination environment of the metal ions and the protective 
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pocket in enzymes are key features that are used as inspiration for ligand design in synthetic systems. 

The benefit of biomimetic chemistry is that it allows for simplified data analysis and the use of 

spectroscopic techniques that may not be applicable to enzymes.  

1.2 Background 

1.2.1 Biological Systems 

The most prevalent d-block ions found in the human body are iron, copper and zinc. Oxidative biological 

systems have incorporated iron and copper into their structures, in part, because of their redox 

properties.12 Iron and copper each have two common oxidation states, Cu(I)/Cu(II) and Fe(II)/Fe(III). 

Oxidative enzymes reduce dioxygen to an active intermediate that can abstract a hydrogen atom and/or 

transfers an oxygen atom(s) (Scheme 1),12-13 and have been categorized as monooxygenase, dioxygenase 

or oxidase. Oxygenase reactions are distinguished by the transfer of one or two oxygen atoms to a 

substrate.12 Examples are methane monooxygenase that catalyze the conversion of methane into 

methanol and naphthalene 1,2 dioxygenase (NDO) that transforms naphthalene into 1R, 2S-1,2-

dihydronaphthalene-1,2-diol. Oxidases, on the other hand, catalyze dehydrogenation reactions using 

dioxygen as an oxidant and forming water or hydrogen peroxide as the by-product. An example is 

galactose oxidase that transforms a primary alcohol into an aldehyde with dioxygen as the electron 

acceptor.12 Enzymes can be further classified as mono, di, tri or multi-nuclear depending on the number 

of metal ions involved directly at the active site. Finally, the enzymes with an iron-containing active site 

are classified based on the coordination environment of the metal centre, namely heme or non-heme 

depending on the presence of a porphyrin ring.  

We are interested in the coordination chemistry aspects of C-H bond hydroxylation reactions and our 

research is inspired by non-heme mononuclear mono- or dioxygenases. Although copper- and iron- 

containing enzymes both preform C-H bond hydroxylation reactions, each class of enzymes has 

developed individual mechanisms to activate dioxygen.  
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Scheme 1. Oxygenase and oxidase reactions of a selection of copper and iron enzymes. 

Several intermediates and binding modes are possible from the interaction of dioxygen with Cu and 

Fe (Scheme 2). The hapticity denoted by η corresponds to the number of oxygen atoms coordinated to 

the metal. The coordination mode can be either end-on (η1) with one oxygen atom coordinated to the 

metal or side-on (η2) with two oxygen atoms coordinated. Bridging oxygen atoms are indicated by the 

symbol µ. The initial coordination of dioxygen to a metal is normally coupled to an electron transfer (ET) 

to form a superoxo intermediate. Addition of an electron from the metal or an external source to the 

superoxo leads to peroxo intermediates. If the provided electron is coupled to a proton transfer then a 

hydroperoxo intermediate is formed. Further reduction of the dioxygen intermediates leads to O-O 

bond cleavage and formation of oxo, oxo-hydroxo or oxyl intermediates. These intermediates are 

proposed in hydrogen-atom transfer (HAT) and oxygen atom transfer (OAT) reactions.  Mechanistically, 

OATs are characterized by the direct transfer of an oxygen atom from a donor to an acceptor group 

while HAT is the transfer of a hydrogen atom from one functional group to the other.14-15 



 

 4 

Mn+ O2

M(n+1)+ O
O

M(n+1)+ O
O M(n+1)+

Mn+

M(n+1)+
O

O

M(n+1)+
O

O
M(n+1)+M(n+2)+

O

O

M(n+1)+ O
O H

e-, H+

M(n+2)+
O

O
M(n+2)+

M(n+2)+

M(n+1)+ O

M(n+3)+

O

HO

K2-peroxo

K1-hydroperoxo

trans-P -1,2-peroxo

P -K2:K2-peroxo bis{P -oxo)

oxo

oxyl

K1-superoxo

K2-superoxo

oxo hydroxo

O

 

Scheme 2. M/O2 pathways and typical intermediates 

1.2.1.1 Mononuclear copper monooxygenases 

The enzymes peptidylglycine-α-hydroxylating monooxygenase (PHM), dopamine-β-monooxygenase 

(DβM) and tyramine-β-monooxygenase (TβM) activate molecular dioxygen to achieve C-H bond 

hydroxylation, and their structures and mechanisms of action have been well studied.7,16 PHM catalyzes 

the hydroxylation of a glycine-extended peptide to form peptidyl-α-hydroxyglycine, DβM catalyzes the 

hydroxylation of dopamine to form norepinephrine and TβM hydroxylates tyramine, forming 

octopamine (Scheme 1).17 By activating dioxygen at a mononuclear Cu(I) active site (CuB), a hydrogen-

atom transfer (HAT) from the substrate occurs. As the HAT is often the rate-limiting step it, coupled with 

the transfer of the oxygen atom, are the most important steps. The suggested mononuclear reaction 

intermediates responsible for C-H bond functionalization in these enzymes are:17  

- Cu(II)-superoxo,  

- Cu(II)-hydroperoxo,  

- Cu(II)-oxyl/Cu(III)-oxo  
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Initially, a Cu(II)-hydroperoxo intermediate was proposed for the HAT,18 but with the accumulation of 

several studies described below, a Cu(II)-superoxo species is now viewed as the intermediate 

responsible for the HAT.1,19-21  

The crystal structure of PHM has been solved and based on spectroscopic, sequencing and kinetic 

data, the active site structures of DβM and TβM are similar.22-23 The enzymes consist of two domains; 

each domain has a copper binding site. The active site (CuB), where dioxygen binds, has a tetrahedral 

geometry coordinated to two histidines, a methionine and a water molecule. The metal centre in the 

second domain (CuA) is coordinated to three histidines in a T-shape (Figure 1).20 Both copper sites are 

directed towards the inter-domain space and are solvent accessible.22 The two metal centres are 

separated by a distance of 11 Å and are maintained at this distance throughout the reaction, eliminating 

the possibility of a dinuclear species during the catalytic cycle.22 In PHM, the substrate cleft is designed 

to specifically bind peptides with a terminal glycine residue. When the substrate is docked, it acts as a 

bridge between the two domains.22 With PHM, the major interaction tethering the substrate to the 

enzyme is hydrogen bonding between the peptide and amino acid residues in both domains.  
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Figure 1. The active site structure of PHM and with a docked substrate and Cu(II)-superoxo intermediate 
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The resting state of the PHM is the oxidized form with both copper in the Cu(II) oxidation state. The 

metal centres are reduced to Cu(I) by two ascorbates to give the active form for of the enzyme. In the 

active form, the enzyme can bind and reduce dioxygen. In 2004, Prigge and coworkers obtained a crystal 

structure of the initial binding, providing valuable information on the mechanism of action. The key 

feature of the crystal structure is that dioxygen is bound end-on to CuB as either a Cu(I)-dioxygen or a 

Cu(II)-superoxo species. The tetrahedral geometry of the copper centre is maintained by coordinating O2 

to the previously solvent-occupied position. Furthermore, the Cu/O2 complex is positioned such that a 

simple rotation around the Cu-O2 bond would place the distal oxygen atom in a prime location for 

abstracting a hydrogen atom from the substrate. Finally, the structure shows that both the substrate 

and a water molecule create a hydrogen bonding network across the inter-domain space.24  

Although the crystal structures provide valuable information such as the coordination mode of 

dioxygen, it only provides snapshots of the reaction. The majority of the research that has been used to 

explain the reaction pathway has been achieved by Klinman and coworkers. The mechanism proposed 

by Klinman (Scheme 3, A) starts with reversible binding of the substrate and coordination of dioxygen in 

a random order, step a.25 An electron is transferred from the copper centre to the dioxygen to form the 

end-on Cu(II)-superoxo intermediate. In step b, the intermediate abstracts a hydrogen atom from the 

substrate forming a Cu(II)-hydroperoxo and a substrate radical. In step c, an electron is transferred from 

CuA, and the hydroperoxo moiety is cleaved heterolytically to form Cu(II)-oxyl and water. The Cu(II)-oxyl 

combines with the radical on the substrate in step d, completing the oxygen atom transfer.17 A second 

mechanism, proposed by Solomon and coworkers based on a computational approach, involves 

rebound of a hydroxyl group from the hydroperoxo intermediate onto the substrate (Scheme 3, B). 

Instead of a heterolytic cleavage in step c, the hydroperoxo undergoes homolytic cleavage. The formed 

Cu(II)-oxyl intermediate undergoes a proton/electron transfer from CuA forming a Cu(II)-hydroxyl group 

in step d.7 

A Cu(II)-hydroperoxo intermediate could abstract a hydrogen from the substrate but DFT (Density 

Functional Theory) calculations showed that the HAT by a Cu(II)-superoxo intermediate is kinetically and 

thermodynamically more favorable.21,26 Further support for the Cu(II)-superoxo HAT was provided by the 
18O Kinetic isotope effect (KIE) of PHM and DβM that was compared to the well-known mechanism of 

galactose oxidase.27-28 As previously mentioned, galactose oxidase catalyzes the oxidation of an alcohol 

to an aldehyde and O2 is then used as an oxidant to regenerate the catalyst. A HAT by a superoxo 
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intermediate is proposed in the regeneration of the catalyst.28 The three 18O KIE’s for the HAT (DβM, 

PHM and galactose oxidase) were found to be the same (≥ 1.019) suggesting that the three enzymes 

undergo similar HAT steps.  
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Scheme 3. Proposed mechanisms of C-H bond hydroxylation by mononuclear copper monooxygenase. 

(A) Heterolytic cleavage mechanism; (B) Rebound mechanism. 
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Over the course of the reaction, an electron is transferred from CuA to CuB. The transfer of the 

electron across the 11 Å solvent void has been puzzling and demonstrates how a protein can elegantly 

use the second coordination sphere of the active site to achieve its means. Based on the crystal 

structure of the substrate-docked enzymes, Prigge and coworkers suggested that the electron is 

transferred through a hydrogen-bond network composed of a water molecule and the substrate.24 This 

ET pathway was invested by Klinman by substituting the PHM substrate with peptides of varying length. 

It was found that the different substrates had very little effect on the electron transfer pathway leading 

to the conclusion that the ET was either through the protein backbone, the inter-domain solvent cleft or 

a combination thereof.29  

The mechanism of DβM, PHM and more recently TβM has been fleshed out in the last couple of 

decades yet aspects of the mechanism are unclear. Certain questions still need to be answered such as 

how is the oxygen atom transferred from the hydroperoxo intermediate to the substrate (is it a rebound 

or heterolytic cleavage mechanism) and how does the coordination sphere mediate the ET from CuA to 

CuB (protein backbone or inter-domain spaces)?  

1.2.1.2 Heme and Non-heme iron enzymes 

Part of our research is focused on biomimetic reactions of non-heme iron enzymes that perform C-H 

bond hydroxylations. This section will focus on what is currently known about these enzymes. Despite 

structural differences, the mechanisms of non-heme and heme enzymes have commonalities and the 

activation of O2 by both types of enzymes will be discussed. 

One of the many roles of cytochromes P450 is to metabolize drugs by hydroxylating aliphatic C-H 

bonds, increasing their water solubility and susceptibility to further degradation and excretion.30 To 

achieve this, the enzyme employs different oxidation states of iron to transform O2 into a potent 

electrophilic intermediate. The iron centre of P450’s has an octahedral geometry consisting of a 

porphyrin ring in the equatorial position and water and methionine in the axial positions (step a). In the 

resting state, the Fe(III) centre is low spin (LS). Binding of the substrate, releases the water molecule and 

changes the spin state of the iron from LS to high spin (HS) (step b).30 The change in spin state increases 

the reduction potential of the iron favoring the reduction to Fe(II) (step c).31 It is the Fe(II) complex that 

reduces O2 forming an Fe(III)-superoxo (step d). Contrary to copper monooxygenases, the superoxo 

intermediate does not abstract a hydrogen atom. An electron and proton are instead transferred to the 
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superoxo to form an Fe(III)-hydroperoxo intermediate (step e). The hydroperoxo intermediate is 

protonated, followed by heterolytic cleavage of the O-O bond. The result is the formation of “compound 

I”, a LS Fe(IV)-oxo with a porphyrin-π-cation radical (step f). In 2010, Rittle and Green were able to 

provide convincing kinetic data that confirmed compound I as the intermediate responsible for 

abstracting the hydrogen atom from the substrate.32 Upon hydrogen-atom abstraction, an Fe(IV)-

hydroxide is formed and a subsequent rebound mechanism is proposed to complete the C-H bond 

hydroxylation step.  
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Scheme 4. Left: Proposed mechanisms of C-H bond hydroxylation by cytochrome P450 Right: Protoporphyrin-IX 

with coordinated Fe.  

The oxidation potency of cytochromes P450 relies on the porphyrin ring to delocalize the radical 

cation of compound I, but what happens in enzymes where the coordination environment only contains 

a redox-innocent ligand? The reactivity of non-heme monooxygenase iron systems is much less 

understood compared with that of cytochromes P450. Three examples will be discussed.  

Bleomycin (BLM) is a glycopeptide with a non-heme bound Fe(II) active site that initiates DNA strand 

scission.33 Although BLM is not classified as an enzyme, it shows similar reactivity to mononuclear 

metallo-enzyme and is therefore worth mentioning. The active form (ABLM) that instigates a HAT 

leading to DNA strand scission is a LS Fe(III)-hydroperoxo species. Three pathways have been proposed 

for the HAT (Scheme 5).10 The first pathway is direct abstraction of a hydrogen atom by the hydroperoxo 
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intermediate. The second option is heterolytic cleavage of the O-O bond to form a high valent ‘Fe(V)-

oxo’ followed by HAT. Akin to the heme system, in this scenario the metal centre has a Fe(IV) oxidation 

state and the ligand is oxidized. The third scenario is homolytic cleavage of the O-O to form an Fe(IV)-

oxo intermediate to abstracts the hydrogen atom. Through computational and experimental studies, 

Solomon et al. have shown that the most probable pathway is by direct attack of the hydroperoxo 

intermediate to abstract a hydrogen atom from DNA.34-35 Despite extensive work to elucidate the 

mechanism of bleomycin, conclusive experimental evidence of the intermediate responsible for the HAT 

step does not exist.  

 

Scheme 5. (A) Coordination sphere of bleomycin (B) Three proposed reaction pathways for HAT by Bleomycin. 

 Rieske dioxygenases are a class of enzymes that are responsible for the cis-dihydroxylation of 

aromatic rings. Two specific examples are naphthalene 1,2-dioxygenase (NDO) and carbazole 1,9a-

dioxygenase (CDO), both of which coordinate iron with 2 histidines and 1 carboxylate group. This 

coordination motif is common among many mononuclear non-heme enzymes and is called the facial 

triad.36-37 Crystal structures of oxygenated NDO and CDO reveal different binding modes of O2 (Chart 1). 

The crystal structure of NDO has O2 coordinated side-on to the mononuclear iron centre.38 The proposed 

mechanism by Ramaswamy and coworkers is: the side-on O2 is activated by a 2-electron reduction to 

form an Fe(III)-peroxo intermediate that can attack the substrate in concerted mechanism.38-39 The 

crystal structure of oxygenated CDO shows an end-on Fe(III)-peroxo intermediate that is likely 

protonated in the low pH environment. Through crystallographic evidence, Nojiri and coworkers 

attribute the different binding modes between the two enzymes to the presence or absence of 

substrate during the crystallization process.40 In the absence of substrate, O2 coordinates end-on and in 

the presence of substrate, the enzymes undergo a conformational change allowing O2 to coordinate 

side-on. It is proposed that the side-on peroxo intermediate is the active species that reacts with the 
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substrate.40 In a study using benzoate-1,2-dioxygenase, it was determined via EPR (electron 

paramagnetic resonance) and Mössbauer that the Fe(III)-peroxo intermediate is high spin (HS) (S= 5/2),41 

in contrast with the LS Fe(III)-hydroperoxo found in bleomycin. There are several questions surrounding 

the mechanism of cis-dihydroxylation by Rieske dioxygenases. Despite having the crystal structures of 

oxygenated NDO and CDO, it is still unclear if the peroxo intermediate is protonated. Furthermore, does 

the peroxo intermediate attack the substrate directly or does it first undergo a heterolytic cleavage to 

form high valent Fe(V)-oxo-hydroxo intermediate?   
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Chart 1. Facial triad coordination motif (A) Side-on peroxo and (B) End-on peroxo. The peroxo may be protonated.  

A second family of enzymes responsible for arene hydroxylation reactions, among other 

transformations, is the α-ketoglutarate (α-KG)-dependent enzymes.42 The hydroxylation reaction 

involves an α-KG cofactor and upon binding of O2 forms a Fe(III)-superoxo intermediate (Scheme 6). The 

superoxo intermediate attacks the cofactor forming an Fe(III)- alkylperoxo intermediate that leads to an 

Fe(IV)-oxo and release of CO2 from the cofactor.42 The Fe(IV)-oxo intermediate has been proven 

spectroscopically to be HS and is proposed to attack the aromatic ring.37 
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Scheme 6. Formation of the Fe(IV)-oxo in α-ketoglutarate (α-KG)-dependent enzymes. 

Four biological systems have been described in this section with different intermediates proposed for 

the key mechanistic step of C-H bond hydroxylation. The commonality in all cases is the formation of a 
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Fe(III)-OOR (R = H or alkyl). While the fate of the Fe(III)-hydroperoxo intermediate in biological systems 

has been controversial, synthetic models have helped provide insight into the possible mechanisms.  

1.2.2 Synthetic models  

Synthetic models have been use to evaluate possible mechanisms of C-H bond activation and determine 

whether they could occur in biological systems. The goals of the synthetic mimics are to stabilize and 

characterize the proposed intermediates and to study their reactivity to gain insight into the oxidative 

transformations. The numerous possible redox and protic states of the metals and O2, combined with 

several possible nuclearities, make M/O2 chemistry very difficult to control in a beaker, in contrast to the 

controlled environment provided by a protein pocket.12 In addition, most of the M/O2 species are too 

oxidative to be stable at room temperature and must to be studied at low temperatures 

(typically -80°C).12,43 It is possible to overcome these experimental constraints by using well-designed 

ligands to enhance the stability of the intermediates.  

The research presented in this thesis is centered on the characterization and reactivity of copper and 

iron hydroperoxo intermediates. The Cu(II)-superoxo intermediate has been established as the 

intermediate responsible for HAT in mononuclear copper monooxygenases.21 At the same time, bio-

inspired Cu(II)-hydroperoxo complexes are able to initiate oxidative transformations.44-52 Fe(III)-

hydroperoxo intermediate is a common intermediate found in iron enzymes and is therefore a useful 

starting point for synthetic models. The reactions that take place with both copper and iron 

intermediates are often intramolecular leading to oxidation of the coordinating ligand. Although these 

intramolecular reactions have no prospects of being catalytic, they do provide valuable insight into the 

mechanism of their reactivity. The following section will focus on the advancements of synthetic models 

for characterizing the intermediates and studying their reactivity. 

1.2.2.1 Synthetic models of Cu(II)-superoxo  

The end-on Cu(II)-superoxo, in model systems, is formed from the reaction of Cu(II) with O2. It is difficult 

to study/isolate due its high reactivity and propensity to dimerize.53 Despite the difficulties, an end-on 

Cu(II)-superoxo species has been crystallized using a sterically demanding and electron-rich ligand, 

TMG3Tren (TMG3 = Tris(tetramethylguanidino), Tren = tris(2-aminoethyl)amine) (Chart 2, A).19 In terms 

of reactivity, most Cu(II)-superoxo species typically undergo intramolecular C-H hydroxylations. The 
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exception is the example by Karlin and coworkers showed that exhibited a HAT from an exogenous 

substrate. The Cu(II)-superoxo supported by NMe2-TPA (TPA = Tris[(2-pyridyl)methyl]amine) (Chart 2, B) 

abstracted a hydrogen from phenols to form phenoxyl radicals among other products.54 Recently, Karlin 

and coworkers showed that the HAT reaction by the Cu(II)-superoxo could be improved by replacing a N 

donor with a S donor group (Chart 2, C).55 One of the major drawbacks with the DMAN3S system was that 

the Cu(II)-superoxo could only be formed at low temperatures (-135 °C), otherwise the formation of 

dimers prevent the reactivity. 
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Chart 2. (A) TMG3Tren (B) NMe2-TPA (C) DMAN3S 

1.2.2.2 Synthetic models of Cu(II)-hydroperoxo 

In biological systems, the Cu(II)-hydroperoxo is formed from a Cu(II)-superoxo that abstracts a hydrogen 

atom from the substrate. In model systems a Cu(II)-hydroperoxo can be formed in a similar fashion or 

via the shunt pathway.56 The shunt pathway for copper systems involves the reaction of hydrogen 

peroxide with a base, typically triethylamine (Et3N), to form a hydroperoxo anion that coordinates to a 

Cu(II) centre. This pathway was investigated by Itoh and coworkers and an equilibrium between H2O-

2/Et3N and HOO- ·Et3NH+ was invoked.57 The benefit of the shunt pathway is that the starting complex is 

an air-stable Cu(II)-species and the oxidant (H2O2) is a liquid making it easy to measure exact 

quantities/equivalents. These two parameters reduce the experimental constraints in forming the 

unstable hydroperoxo intermediate making the shunt pathway the most commonly used method to 

form hydroperoxo intermediates.56  

The stability of Cu(II)-hydroperoxo intermediates is dramatically impacted by second coordination 

sphere interactions such as steric bulk and hydrogen bonding. Masuda and coworkers have examined 

the hydrogen bonding effects and found that the stability of the intermediate is increased with 

hydrogen bonding to the proximal oxygen. Two hydrogen-bond donors are incorporated into the BPPA 
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(bis(6-pivalamide-2-pyridylmethyl)-(2-pyridylmethyl)amine) ligand (Chart 3, A) resulting in the first fully 

characterized crystal structure of a mononuclear Cu(II)-hydroperoxo intermediate.58 Karlin and 

coworkers went a step further and used the proximal hydrogen bonding to produce a complex capable 

of reversibly binding of the hydroperoxo moiety (Chart 3, B).59 Masuda and coworkers also looked at 

hydrogen bonding to the distal oxygen of Cu(II)-hydroperoxo (Chart 3, C) and found that this 

modification accelerates the decomposition.49 Other factors that influence the stability of the 

intermediate included the geometry of the metal centre and coordination of different functional 

groups.60 A Cu(II)-hydroperoxo with trigonal-bipyramidal geometry is more stable than a Cu(II)-

hydroperoxo with square-planar geometry.45 When carboxylate groups are designed into the ligand to 

coordinate copper, the O-O bond strength is weakened and the Cu-O bond is strengthened, this 

decreases the stability of the hydroperoxo intermediates dramatically.61  
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Chart 3. Hydrogen bonding in copper(II)-hydroperoxo intermediates: (A) BPPA-Cu(II)-hydroperoxo,58 (B) BA-Cu(II)-

hydroperoxo59 and (C) L-Cu(II)-hydroperoxo.49  

The typical reactions with Cu(II)-hydroperoxo intermediates are N-dealkylations originating from C-H 

bond hydroxylations, aryl C-H bond hydroxylations and oxygen-atom transfer reactions. Karlin and 

coworkers investigated Cu(II)-hydroperoxo-initiated N-dealkylation and N-debenzylation reactions.47,52 

Both intramolecular reactions proceed via abstraction of a hydrogen atom by the hydroperoxo 

intermediate followed by the loss of water and a rebound mechanism to form an alkoxide (Cu(II)-O-R) 

(Scheme 7). The alkoxide is then protonated leading to the final products, an aldehyde and amine. 

Support for the formation of an alkoxide is from the reactivity of a TMG3TrenCu(II)OOH intermediate 

that decomposes into a crystallographically characterized alkoxide [TMG3TrenO-CuII]+.44 Karlin and 

coworkers also reported the first example of an aryl hydroxylation by a mononuclear Cu(II)-hydroperoxo 
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by using a TPA-derived ligand with a well-positioned aromatic ring.51 The proposed mechanism is similar 

to that of the dealkylation mechanism where a Cu(II)-phenolate intermediate is formed and protonation 

leads to the final product (Scheme 7). An interesting mechanism that has been proposed by Karlin and 

coworkers is the cleavage of the O-O bond of the hydroperoxo intermediate leading to a Cu(III)-oxo or 

Cu(II)-oxyl species that causes the HAT. However, evidence for the high-valent copper intermediate lies 

mainly in mass spectrometry (MS) data, leaving the need for more convincing data.47  
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Scheme 7. Proposed mechanism for (A) N-debenzylation47 and (B) arene-hydroxylation51 initiated by a Cu(II)-

hydroperoxo intermediate. 

There are few examples of intermolecular reactions of Cu(II)-hydroperoxo intermediates and most 

involve OATs and not HATs. Masuda and coworkers were able to catalytically oxidize dimethylsulfide 

and thioanisole to dimethylsulfoxide and phenyl methyl sulfoxide, respectively, using the bpba (bis(2-

pyridylmethyl)tert-butylamine) copper complex shown in Chart 4, A.45 Nam and coworkers were able to 

oxidize triphenylphosphine (PPh3) using a pentadentate ligand, N4Py (N,N-bis(2-pyridylmethyl)bis(2-

pyridyl)methylamine), but no other reactivity was observed (Chart 4, B).50 Recently, a thermally stable 

Cu(II)-hydroperoxo intermediate has been formed using a well-tailored N2O2 ligand system (Chart 4, C).46 

DFT shows that the intermediate is stabilized through hydrogen bonding of the peroxide hydrogen to 

the phenolate group of the ligand. With the introduction of a substrate, toluene or o-xylene, catalytic C-

H bond oxidation is observed. The authors propose Fenton-like chemistry for the intermolecular HAT 

rather than an inner-sphere oxidation mechanism. It is, however, an interesting example because it 
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demonstrates that the hydroperoxo intermediate can be stabilized without deactivating its reactivity 

and will help guide future ligand designs. Overall, Cu(II)-hydroperoxo intermediates have been 

successful in intermolecular OATs to easily oxidized substrates but more difficult reactions such as inner-

sphere C-H bond hydroxylations present a greater challenge.  
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Chart 4. Cu(II)-hydroperoxo species capable of intermolecular reactions. 

In studying the stability and reactivity of the Cu(II)-hydroperoxo intermediate, very few groups have 

incorporated donor groups that resemble the amino acids (histidine and methionine). Two examples of 

ligands are TMIMA (tris((1-methyl-imidazol-2-yl)methyl)amine) and N3S (2-bis(6-methyl-2-

pyridylmethyl)amino-1-(phenylthio)ethane), both containing donor groups that are similar to amino acid 

residues (Chart 5, A and B).62-63 In both cases, incorporating the residues has a stabilizing effect on the 

hydroperoxo intermediate. The ligand with the most biological resemblance was a tripeptide (His-Gly-

His) studied by Karlin and coworkers (Chart 5, C).64 A Cu(II)-hydroperoxo intermediate of the tripeptide 

was formed and characterized. With all three ligands (TMIMA, N3S, and His-Gly-His), HAT reactions have 

not been investigated.  
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Chart 5. Ligands with donor groups that resemble amino-acids. 

The chemistry of the Cu(II)-hydroperoxo intermediates is becoming more understood but there are 

still unanswered questions, such as whether or not the hydroperoxo intermediate is capable of HAT. 
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Karlin and coworkers has proposed a high-valent copper species that initiates the HAT for the examples 

involving intramolecular oxidation reactions51 while Ali and coworkers have proposed an outer-sphere 

oxidation for the catalytic intermolecular oxidation reactions with the N2O2 ligand system.46 Although 

there is enough convincing evidence that a Cu(II)-hydroperoxo intermediate can lead to C-H bond 

oxidation or OAT, the mechanism of action is still unclear.   

1.2.2.3 Synthetic models of Fe(III)-hydroperoxo 

Non-heme iron chemistry has been extensively studied with several reviews covering the topic.37,43,65-70 

This section focuses on Fe(III)-hydroperoxo intermediates with an emphasis on arene hydroxylations. 

Starting from an Fe(II) complex, the Fe(III)-hydroperoxo intermediate can be formed from the reaction 

of O2 or via the shunt pathway; where 1.5 equivalents of H2O2 is necessary to oxide the iron centre and 

coordinate the hydroperoxo intermediate.71  

Model Fe(III)-hydroperoxo species are unstable and difficult to isolate. The first spectroscopically 

characterized model Fe(III)-hydroperoxo compound has been reported by Mascharak and coworkers.72 It 

is formed by reacting an Fe(II) complex of a synthetic model of BLM with O2 or hydrogen peroxide and 

characterized by EPR as a LS spin Fe(III)-hydroperoxo. Both HS and LS Fe(III)-hydroperoxo have been 

successfully isolated at low temperatures and spectroscopically characterized.73-74 To date, there are no 

crystal structures of model Fe(III)-hydroperoxo intermediates.  

The reactivity of HS and LS Fe(III)-hydroperoxo intermediates have been studied and compared. Both 

intermediates are generally classified as sluggish oxidants, only being able to abstract weak C-H bonds 

(bond dissociation energies (BDE) < 88 kcal mol-1).75 Nam and coworkers compared the OAT reaction of 

HS [(TMC)Fe(III)(OOH)]+ (TMC = tetramethylcyclam) to a LS [(N4Py)Fe(III)(OOH)]+2 (Chart 6). HS Fe(III)-

hydroperoxo intermediates are capable of sulfoxidations while LS intermediates showed little to no 

OAT.76 In hydrogen-abstraction reaction from xanthene by [(TMC)Fe(III)(OOH)]+ and 

[(N4Py)Fe(III)(OOH)]+2, the HS Fe(III)-hydroperoxo was found to be marginally better than the LS 

species.77-78 Despite both HS and LS hydroperoxo complexes being able to abstract hydrogen atoms with 

weak BDEs, there has been no evidence that a Fe(III)-hydroperoxo directly abstracts a hydrogen from 

strong C-H bond such as those in DNA (BDE ≥ 92 kcal mol-1).68 This leaves questions as to whether the 

hydroperoxo intermediate is really the hydrogen bond abstractor in the DNA strand cleavage by BLM or 

is another intermediate with higher valency responsible. 
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Chart 6. The two ligand used to compare HS versus LS Fe(III)-hydroperoxo. 

The debate for direct attack of the hydroperoxo intermediate versus O-O bond cleavage can be 

extended to arene hydroxylation reactions. With model systems, the majority of authors propose O-O 

bond cleavage before electrophilic attack on the aromatic ring.79-84 Homolytic cleavage leads to a Fe(IV)-

oxo intermediate and a hydroxyl radical while heterolytic cleavage leads to an Fe(V)-oxo and a hydroxide 

anion. The two pathways can be roughly distinguished by probing the mechanism with radical trapping 

agents or isotope labelling studies and analyzing the products. Generally, site-specific hydroxylations 

and regioselective products indicates heterolytic cleavage while multiple side products and isomers 

indicates homolytic cleavage. More specifically, water-assisted cleavage is observed with heterolytic 

cleavage and identified by 18/16O studies (Scheme 8) and homolytic cleavage can be identified by the 

product analysis of the reaction with MPPH (2-methyl-1-phenyl-2-propyl-hydroperoxide).37,85 A 1,2-

hydride shift is observed in α-KG dependent enzymes that are known to react through an Fe(IV)-oxo 

intermediate.37 The observation of a 1,2-hydride shift in synthetic models has therefore been used to 

support the formation of an Fe(IV)-oxo intermediate. This shift is, however, possible with both 

heterolytic and homolytic cleavage pathways (Scheme 8). Fontecave and coworkers used a series of 

complexes to help determine when heterolytic versus homolytic cleavage would occur. Their findings 

show that heterolytic cleavage is favored in complexes with two adjacent labile ligands such as 

acetonitrile (MeCN) and homolytic cleavage is favored with two non-labile ligands (Cl-).84 Both 

intramolecular and intermolecular arene hydroxylations have been explored with evidence supporting 

both heterolytic or homolytic O-O cleavage.68 
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Scheme 8. Suggested mechanisms for arene hydroxylation through heterolytic, water-assisted heterolytic, and 

homolytic cleavage.  

Homolytic cleavage of the Fe(III)-hydroperoxo or related Fe(III)-alkylperoxo into a Fe(IV)-oxo has only 

been proven indirectly in intramolecular arene hydroxylation reactions.79-80,86 In a specific example, an 

Fe(IV)-oxo is indirectly identified by probing the mechanism of tBuOOH with TPAPhFe (TPA= tris(2-

pyridylmethyl)amine) (Chart 7, A).79 Radical trapping agents prove that a radical intermediate is formed, 

consistent with homolytic cleavage. Furthermore, isotope labelling studies show a 1,2-hydride shift, a 

rearrangement also observed in α-KG enzymes. Fe(IV)-oxo intermediates have also been implicated in 



 

 20 

intermolecular arene hydroxylations, again through indirect observations. In this case the ligands have 

an ethylene diamine backbone with pendant methyl pyridyl groups (Chart 7, B). The iron complex is 

reacted with hydrogen peroxide to form a Fe(III)-hydroperoxo species at -60 °C.74 This species is then 

used to oxidize benzene to phenol with UV/Vis monitoring. Although no Fe(IV)-oxo intermediate is 

observed, mechanistic studies support the formation of this Fe(IV)-oxo intermediate.82 Chang and 

coworkers directly linked a HS Fe(IV)-oxo with intramolecular arene hydroxylation using a TPyAAr (tris(5-

arylpyrrol-2-methyl)amine) (Chart 7, C).87 The HS Fe(IV)-oxo is formed directly from the reaction of an 

Fe(II) complex with trimethylamine oxide and observed by UV/Vis and MS. The reaction supports the 

notion that an Fe(IV)-oxo can affect arene hydroxylation but does not prove O-O bond homolysis from a 

Fe(III)-hydroperoxo intermediate. These studies provide indirect evidence that Fe(III)-hydroperoxo 

species can undergo O-O bond homolysis to form Fe(IV)-oxo intermediates capable of arene 

hydroxylation.  
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Chart 7. Ligands used to study arene hydroxylation through Fe(IV)-oxo intermediates 

The Fe(V)-oxo-hydroxo intermediate has been proposed as the key intermediate in the cis-

dihydroxylation by enzymes of the Rieske dioxygenase family and model complexes are helping to 

support this claim. Fe(V)-oxo intermediates have been indirectly observed in intramolecular81 and 

intermolecular arene hydroxylations.85,88 In a specific case of intermolecular arene hydroxylation an 

Fe(III)-hydroperoxo is formed and decayed into a Fe(III)-phenolate.85 The C-H activation is proposed to 

be initiated by Fe(V) intermediate. Interestingly, when an Fe(IV)-oxo is generated from PhIO, no 

phenolate is observed upon decomposition of the Fe(IV)-oxo, eliminating the possibility of a homolytic 

cleavage pathway. In 2007, the first Fe(V)-oxo was isolated at -60°C and has been characterized by 

several spectroscopic techniques.89 The ligand system is a tetraamido macrocyclic ligand (TAML) with 

the four deprotonated amide functions stabilizing the high-valent iron centre (Chart 8, A). Supported by 

the TAML ligand, the reactivity of Fe(V)-oxo was compared to an Fe(IV)-oxo and the Fe(V)-oxo was found 
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to be 4 times more reactive in the sulfoxidation of thioanisole.90 In 2011, with the development of cold-

spray ionization MS (CSI-MS) and through careful isotope labelling strategies, Costas and coworkers 

were able to identify a Fe(V)-oxo-hydroxo intermediate using the Pytacn (1-(2-pyridylmethyl)-4,7-

dimethyl-1,4,7-triazacyclononane) (Chart 8, B).91 This is the first instance of an Fe(V)-oxo-hydroxo 

intermediate being directly observed in an arene hydroxylation and cis-dihydroxylation reaction. With 

support from model complexes, the Fe(V)-oxo-hydroxo intermediate is emerging as a likely candidate in 

the mechanism of Rieske dioxygenases.  
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Chart 8. Ligands used to form Fe(V)-oxo intermediates. 

The Fe/O2 chemistry has previously centered on the identification of homolytic cleavage versus 

heterolytic cleavage. This section has presented evidence that both pathways can lead to arene 

hydroxylation. Heterolytic cleavage leads to a radical-free pathway with the benefit of greater 

selectivity. This has opened new research directions that are now focused on characterizing and 

controlling the reactivity of Fe(V)-oxo species.  

1.3 Approach 

Insight into the mechanism of enzymatic M/O2 oxidations can be gained from fundamental studies with 

simple complexes. Two important aspects required for studying M/O2 systems are (1) identifying and 

characterizing the intermediates and (2) studying the reaction pathway. It is difficult to achieve both 

aspects within the same system because increasing stability of the intermediate decreases or 

extinguishes its reactivity. Conversely, if the system is highly reactive the intermediates are too short-

lived to be observed. Further difficulties in studying M/O2 intermediates arise from dimerization. The 

increased stability in dimer complexes dramatically reduces the C-H activations or OAT reactions.92 To 

circumvent the difficulties inherent in studying reactive intermediates, a combination of low 

temperatures and well-designed ligands need to be used. The following section will first introduce 
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important concepts in ligand design such as the coordination sphere and pre-organization, both of which 

are used influence M/O2 chemistry. The second part focuses on the methods and techniques used to 

form and characterize the coordination complexes and their intermediates. It provides a basic 

introduction to concepts that are not necessarily detailed in each chapter. 

1.3.1 The Coordination Sphere 

The coordination sphere of a metal ion is broken down into first and second coordination spheres. In 

relation to M/O2 complexes, both coordination spheres are needed to control the nuclearity of the 

complexes, protect the active site and stabilize specific intermediates without stopping the reactivity. 

Each coordination sphere is described separately in the following section to highlight the impact on 

M/O2 complexes.  

The first coordination sphere is composed of the metal and the coordinated ligands. The nature of the 

donor atoms influences the electronic properties of the metal as well as the coordination number and 

the geometry. The properties of the M/O2 centres have been influenced by incorporating donor groups 

similar to those found in amino acids (N, S or O) with examples described in section 1.2.2.1 or by 

tailoring the donor strength of specific functional groups. Schindler and coworkers used this second 

concept to modify the nitrogen groups in Tren-based ligands. In changing the tertiary amines in Me6Tren 

to strongly basic guanidine functions in TMG3Tren, they were able to stabilize and crystallize an end-on 

Cu(II)-superoxo intermediate for the first time (Chart 2, A).19 Alternatively, Que and coworkers used 

TMG3Tren to constrain the geometry of an iron complex to TPB forcing a HS Fe(IV) centre as well as 

crystallize an Fe(IV)-oxo intermediate.93-94  

The second coordination sphere is the atoms/groups/residues that are not directly coordinated to the 

metal centre but are in close proximity. This includes neutral, ionic molecules and the ligand or protein 

backbone. The second coordination sphere influences the first coordination sphere through weak 

interactions such as hydrogen bonding, π-interactions or steric effects.95 With TMG3Tren complexes, the 

intermediates are protected from intermolecular reactions by steric bulk. Hydrogen bonding has also 

been used to influence Cu(II)-hydroperoxo intermediates as mentioned in section 1.2.2.1 or to stabilize 

Fe(III)/(IV)-oxo intermediates. Borovik and coworkers obtained a crystal structure of a unique Fe(III)-O- 

intermediate using the tripodal ligand tris[(N-9-tert-butylureaylato)-N-ethyl)]aminato that provides 

three hydrogen bond donors to stabilize the oxo moiety (Chart 9, A).96-97 They were also able to isolate 
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and characterize a Fe(IV)-oxo intermediate with the same hydrogen bonding ligand.96 Goldberg and 

coworkers used a ligand (N3PyamideSR) with a single hydrogen bond donor in conjunction with a 

thioether in the first coordination sphere to generate a Fe(IV)-oxo intermediate capable of 

intermolecular sulfoxidation (Chart 9, B).98 In this case the hydrogen bonding was found to increase the 

rate of sulfoxidation in comparison to a complex with no hydrogen bonding group.  
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Chart 9. Second coordination sphere interaction 

1.3.2 Macrocycles and Cryptands 

Macrocycles have been used to drive forward the understanding of Fe/O2 chemistry and have played an 

important role in Cu/O2 chemistry. Their success is, in large part, attributed to the macrocyclic effect; 

described as the greater ion specificity and stability of coordination complexes in comparison to 

opened-chain ligands. The specificity of a macrocycle can be tailored by considering complementary 

pairing of ligands to metals based on size, geometric preference (ligand field stabilization energies) and 

electronic effects (the hard and soft acids and bases (HSAB) concepts).99 The increased stability of 

macrocyclic complexes compared to opened-chain ligands is an inherent effect of the pre-organized 

system (macrocycle is constrained by enforcing the topology and rigidity of the structure prior to 

coordination of an ion). Upon coordination of an ion, a macrocycle undergoes very little rearrangement, 

favouring the formation of the complex. The complex is further stabilized because a macrocycle is less 

solvated compared to an opened-chain ligand requiring less energy upon complexation.99 Also, a greater 

stability is observed because a dissociated donor atom is still near the metal and will reassociate faster 

than a donor atom in an opened-chain ligand.100  

The enhanced stability of macrocyclic complexes enables preparation of resilient species and 

facilitates their characterization. It has been shown that macrocycles such as TAML and Pytacn are 

effective in studying the elusive Fe(V)-oxo intermediate as mentioned in section 1.2.2.2. The macrocycle 
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TMC (Chart 6) has been used extensively to characterize and study the reactivity of a side-on Fe(III)-

peroxo, an Fe(III)-hydroperoxo and an Fe(IV)-oxo.78,101-105 Crystal structures of both the Fe(III)-peroxo 

and Fe(IV)-oxo have been obtained while the Fe(III)-hydroperoxo was characterized spectroscopically. 

The Fe(III)-peroxo was found to have a limited reaction scope, only capable of aldehyde 

deformylation,106 while the Fe(IV)-oxo was able to perform a variety of electrophilic oxidation reactions 

(OATs and HATs).107 The Fe(III)-hydroperoxo intermediate was able to act as both a nucleophile, for an 

aldehyde deformylation reaction, and electrophile, for HATs and OATs.107 With these intermediates, the 

important feature is the macrocycle that stabilizes the intermediates, allowing for the reactions to be 

observed.  

Cryptands are macrobicycles that can exhibit an even greater stabilizing effect compared to 

macrocycles, called the cryptate effect. The three-dimensional scaffold reduces the flexibility and 

increases the ion specificity.108 This translates to a decreased rate of dissociation of coordinated ions or 

substrates.109 There are several factors that influence the binding and stability of transition metal 

complexes in cryptands. These include the donor atoms (N, P and S), arrangement of binding sites (5-6 

chelates), flexibility of the linking or shaping groups (aliphatic chains vs rings) and the size of the 

macrobicycle.100 These factors will dictate the chemistry of the coordination complex. 

In M/O2 chemistry, the three-dimensional scaffold of cryptands can also provide a protective pocket 

to help control nuclearity and prevent side reactions. These supramolecular structures can influence the 

M/O2 chemistry through second coordination sphere interactions. Supramolecular cavitands such as 

calixarenes, cyclodextrins and cyclotriveratrylenes have been used to study biomimetic Fe and Cu 

reactions, but they only provide a protective pocket and do not benefit from the cryptate effect.110 The 

use of cryptands for mimicking mononuclear Fe and Cu monooxygenase reactions is largely unexplored. 

The sole examples are calix[6]arenes capped by Tren or TPA (tris(2-pyridylmethyl)amine) (Chart 10).111-

112 The cryptands with Cu(I)-centres react with O2 (TPA-based ligand reacts only in the solid state), but 

the intermediates are too reactive to be observed. The postulated Cu(II)-superoxo intermediates 

undergo intramolecular C-H bond hydroxylations with the cryptands. The supramolecular structures 

proved valuable in protecting the Cu(I) centre from dimerization as well as disproportionation. The 

potential benefits from the cryptate effect and protection of the active site has created a space for 

further studies into Cu/O2 and Fe/O2 intermediates supported by cryptands.  
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Chart 10. Calix[6]arenes capped with Tren and TPA 

Ditopic cryptands have two separate binding sites and can act as dual-host systems.113 They are of 

particular interest to this research because they have the potential to coordinate the metal centres and 

concurrently interact with anions or substrates (metal-assisted anion or substrate coordination). 

Oxygenase and oxidase enzymes use first and second coordination sphere interactions to place the 

metal centre, oxidant and substrate in close proximity to each other. In model systems, the approach of 

the oxidant or substrate to the complex has an entropic cost that could be partially reduced by the use 

of ditopic cryptands, similar to enzymes. Rather than forming metal-assisted anion coordination 

complexes, cryptands typically form cascade complexes where two metals ions are coordinated with an 

anion between them.114 Alternatively, cryptands or protonated cryptands simply encapsulate anions 

without metals.115 With bio-inspired goals, metal-assisted anion coordinating cryptands are a research 

target.  

What distinguishes the present research from previous biomimetic studies is the use of cryptands to 

influence the second coordination sphere of the metal centre to decipher the mechanism of C-H bond 

hydroxylation and oxygen-atom transfers.  

1.3.3 Ligand Design 

The cryptands used in this thesis were chosen or designed based on several characteristics with the end 

goal of synthesizing stable mononuclear Cu(II) and Fe(II) complexes capable of forming hydroperoxo 

intermediates. The structure of cryptands can be divided into three moieties: coordinating moiety, 

protective pocket and spacer. To form a macrobicycle the coordinating moiety requires three pendant 

arms. For stability, the donor groups should form 5 or 6 chelates upon complexation. Lewis-base 
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nitrogen donor atoms can accommodate the borderline Lewis acids Fe(II) and Cu(II) and their higher 

oxidation states. Tren, a tripodal pentadentate ligand with amine donor groups with ethyl linkers, fits 

this need. Two different protective pockets were used for the ligands. One protective pocket is a 

potential anion receptor116-117 (TTA = Tris-(4-methanol-1-ethyltriazole)amine) moiety) while the other 

pocket is non-coordinating (TEA = Triethanolamine). Finally, the spacer, m-phenylene, was used for both 

cryptands based on the ability of the precursor benzaldehydes to reversibly condense with Tren as 

discussed in the next section. Combining the different components produces the structures in Chart 11. 

Non-methylated LTEA was previously synthesized by Bharadwaj and Chand and methyl groups were 

added to reduce the number of intramolecular side reactions.118 The synthesis of LTTA will be presented 

in Chapter 5. 

N

O O O

N
N

N N

LTEA

N
NH HNNH

O O O

N

N
N

N

N
N N N N

N

Coordinating Moiety

Spacer

Pocket

LTTA

Me3Tren

m-phenylene

TEA

Tren

m-phenylene

TTA

 

Chart 11. Cryptand design (A) LTEA (B) LTTA  

1.3.4 Synthesis of Cryptands 

Assembly of the coordinating moiety, spacer and protective cavity can be a synthetic challenge, with the 

most difficult step being completion of the macrobicycle. LTTA and LTEA are formed by reacting two 

tripods together (tripod coupling).119 The tripod coupling can occur as either a reversible or irreversible 

reaction. The irreversible reaction connects 3 arms of one molecule to 3 arms of a second molecule. 

After the pairing of the first two arms, the following 2 pairs of arms react in an intramolecular fashion. 

Low yields (<15 %) for this reaction are attributed to irreversible intermolecular reactions creating 

long-chained molecules. With the reversible reactions, the formation of an intermolecular reaction is 

possible, but it can be reversed and with time the thermodynamically favorable structure will prevail. 
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One of the most common reversible reactions in the synthesis of cryptands is the Schiff base 

condensation between an aldehyde and primary amine. The reaction produces an imine that can then 

be easily reduced to a secondary amine. The yield of reversible tripod coupling can be further improved 

by changing experimental conditions such as high dilution, cold temperatures and templating ions.119 

High dilution and cold temperatures reduce the number of intermolecular collisions to improve yields (< 

30 %) but a templating ion has the greatest impact on improving yields (> 70 %). A templating ion can 

affect the kinetics of the reaction by fixing a reactant in a conformation that is conducive to tripod 

coupling. Alternatively, the equilibrium of the reaction can be shifted by forming a stable complex with 

one of the products, directing the reaction towards that product.120  

1.3.5 Characterization of Complexes and Intermediates 

1.3.5.1 Ligand Field 

The d orbitals of transition metal complexes split into different energy levels, resulting in a net 

electronic stabilization.121 In an octahedral field the orbitals are split into eg and t2g as shown in (Scheme 

9, A. The octahedral field splitting parameter, ΔO, is affected by both the ligand and metal, and the effect 

on splitting can be estimated using the spectrochemical series. Weak-field ligands lead to smaller ΔO and 

strong-field ligands lead to larger ΔO. With iron complexes, high-spin and low-spin configurations are 

possible. Low-spin complexes are favored by a larger ΔO, where ΔO must compensate for the electron-

pairing energy. High-spin complexes are favored by smaller ΔO. Nitrogen donor atoms are moderate-to-

strong field ligands that would typically favour low-spin complexes. Steric constraint and alkylation, 

however, weakens the ligand field and in the case of a Tren-based cryptands, high-spin complexes are 

common.122-123 Although iron complexes prefer octahedral geometry, geometries with lower 

coordination numbers are observed; an example is the Fe(II)-triflate complex of TMG3Tren that adopts 

TBP geometry (Chart 2).93-94 Cu(II) has a d9 electronic configuration and, in an octahedral field, has an 

orbitally degenerate ground state. The complexes undergo a Jahn-Teller distortion, generally with the z 

axis elongating and the xy plane compressing to remove the degeneracy and attain a more stable 

ground state (Scheme 9). Cu(II) complexes are known to adopt several different geometries with the 

common geometries shown in Scheme 9.  
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Scheme 9. d-Orbital splitting diagrams (A) Orbital splitting in octahedral geometry of Fe(II) and Fe(III) complexes (B) 

Jahn-Teller distortion in octahedral complexes and other common Cu(II) geometries (splitting of the energy levels 

is not drawn to scale).  

1.3.5.2 Ultra-Violet/Visible Absorption Spectroscopy 

Excitation of an electron in the d orbitals gives rise to ligand-field transitions. These transitions are 

parity-forbidden and therefore have molar absorptivities (ɛ) of around 100 M-1 cm-1. In Cu(II) complexes, 

the d→d transitions are in the visible (390–700 nm) and near IR (750–2500 nm) region of the 

electromagnetic spectrum and can provide information on the geometry of the complex with a simple 

UV/Vis spectrometer. Tren-based complexes with TBP geometries are characterized by two transitions 

at approximately 900-1000 nm and 660-840 nm124-126 whereas the square-pyramidal geometry is 

characterized by a λmax between 520-670 nm and a shoulder between 620-870 nm.124,127 The UV/Vis 

bands of copper(II) complexes are broad and often overlapping, complicating the assignment of the 
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geometry. The d→d transitions in iron complexes are in the near infrared region and are best observed 

using low-temperature magnetic circular dichroism,70 a technique not covered or used here.  

Coordination complexes can also exhibit charge-transfer transitions which involve a transfer of 

electron density between orbitals with a large change in dipole moment. The transfer of electron 

density can be a metal-to-ligand charge transfer (MLCT) or a ligand-to-metal charge transfer (LMCT). 

Because the charge transfer band is directly linked to the metal ligand interaction, it can be used to 

identify different intermediates. Cu(II)-hydroperoxo intermediates have LMCT ranging from 350 to 400 

nm with ɛ of around 1000 M-1 cm-1.56 Fe(III)-hydroperoxo intermediates are found within a wider range 

of wavelengths (452 to 600 nm)37,73,128 and exhibit varied molar absorptivity (900 to 2780 M-1 cm-1).129-130 

Other relevant complexes such as Fe(III)-phenolate show charge transfers between 330-340 nm and 

530-650 nm (ɛ > 1000 M-1 cm-1) 131-132 and Fe(IV)-oxo species have ligand field transitions between 750-

900 nm (ε = 100 to 400 M-1 cm-1).107 The reactivity of the intermediates can be followed by observing the 

formation and decomposition of the charge transfers and ligand field transitions.  

A kinetic analysis is possible by following the formation and decay of the charge transfer of the 

intermediates over time. Due to the high reactivity of the intermediates a low temperature stopped-

flow UV/Vis is necessary. This involves two syringes that inject through a rapid mixer, into a UV/Vis cell. 

The flow into the cell is stopped mechanically by a block. Once the flow is stopped, data acquisition 

begins. The mechanical mixing and stopped-flow allow for acquisition of data to begin on a millisecond 

timescale. Submerging the tubing and cell in an organic solvent allows cooling to low temperatures.  

1.3.5.3 Electron Paramagnetic Resonance  

Electron paramagnetic resonance (EPR) spectroscopy is a method that provides local insight into the 

electronic structure of paramagnetic samples.133 Application of a static magnetic field, B, to a sample will 

cause electrons to align in a parallel or anti-parallel orientation to B. This causes the Zeeman splitting of 

energy levels of the electron into two. If radiation, hν, is applied to the sample that is equal to the 

energy difference, ΔE, between the “Zeeman levels”, absorption will occur, causing the resonance 

condition; as described by ΔE = hν = gµBB. The g-factor, g, is at the centre of the spectral lines and 

reflects the environment of an electron (comparable to the chemical shift in NMR), µB is the Bohr 

magneton, B is the magnetic field. Absorption intensity is affected by the difference in population 

between splitting levels as governed by the Boltzmann distribution. Typically hν frequency is held 
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constant (in the microwave region, GHz), with the strength of B varied, and the spectrum is obtained as 

the first derivative of the absorption. The spectral lines created by the Zeeman effect are further split by 

hyperfine coupling with the nucleus by 2nI+1, where n is the number of equivalent nuclei and I is the 

nuclear spin. The degree of splitting is given by the hyperfine coupling constant, A. The equation hν = 

gµBB has an isotropic g-factor where the principal g-factors are gx = gy = gz giving one resonant line in the 

spectrum. The principal g factors can be anisotropic where gx = gy ≠ gz is axial and gx ≠ gy ≠ g is rhombic.  

With S = 1/2 spin state, Cu(II) complexes are ideal for electronic structure determination by EPR. The 

nuclear spin of copper is I = 3/2, where the absorption bands are split into 4 transitions. The electrons in 

different orbitals will have different g values providing a means to determine the highest occupied 

molecular orbital. A d(x2-y2)1 ground state is characterized by g∥ > g⊥ and a d(z2)1 ground state has g⊥ > 

g∥ (Figure 2). Returning to (Scheme 9), EPR can then be used to distinguish TBP from 

square-planar/pyramidal. In Fe(III) complexes, EPR can distinguish between HS (S = 5/2) and LS (S = 1/2) 

states. LS complexes have typical g values close to 2 but have been observed between 4 and 0 and HS 

complexes with a high degree of rhombicity have g values close to 4.3.134 

 

Figure 2. Simulated EPR spectra Left: g∥ > g⊥ Right: g⊥ > g∥. The EPR were simulated with Easyspin.135  

1.3.5.4 Other Characterization methods 

Crystal structures acquired using single-crystal X-ray diffraction (SC-XRD) can provide valuable 

information regarding the structure and geometry of ligands and complexes in the solid state. Analysis 
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of the X-ray diffraction pattern provides information regarding electron density in a single crystal. In an 

iterative process, a model is fit to the electron density, identifying atoms and their positions within a 

unit cell. In combination with CHN analysis to confirm composition of the bulk material X-ray 

crystallography is a powerful characterization technique, but informs only on the solid-state sample.  

Mass spectrometry analyzes the mass-to-charge ratio of ions. For inorganic complexes, it can be used 

to determine the types of ionic species in solution. Electrospray ionization (ESI) is the typical method 

used because it is a soft ionization method and easily allows for direct injection of the sample. Upon 

injection of the sample, a warm desolvation gas removes the solvent and creates highly charged 

droplets that undergo coulombic explosions, resulting in free ions of the analyte. A more recent 

advancement in the field of inorganic mass spectrometry is cold-spray ionization (CSI), which is a 

modification of ESI that allows samples to become ionized at low temperatures.136 The low 

temperatures increase the polarizability of the analyte leading to dissociation of the counterion. This 

ionization method is a much softer method and the cold temperatures are beneficial in studying 

temperature-sensitive intermediates.  

1.4 Organization of the Thesis 

The goal of this research was to study reactive intermediates with coordinating cryptands to evaluate 

how the coordination sphere impacts their structure and reactivity. The thesis is broken down into 5 

manuscripts to address the overall goal. Chapters 2 and 3 look at the reactivity of Cu(II)-acetate 

complexes supported by LTEA. Chapter 2 focuses on the formation of a Cu(II)-hydroperoxo intermediate 

by using low-temperature stopped-flow UV/Vis and mass spectrometry. Chapter 3 provides a more 

detailed analysis of the formation and reactivity/decomposition of the Cu(II)-hydroperoxo intermediate. 

In that work, focus was placed on characterization of the Cu(II)-acetate complex and the hydroperoxo 

intermediate in solution using EPR, CSI-MS, and stopped-flow UV/Vis. Chapter 4 explores the reactivity 

of Cu(II)-halide complexes of LTEA. The halide complexes were characterized in both the solid and 

solution state and their propensity to form a Cu(II)-hydroperoxo intermediate was investigated. The 

impact of the cryptand on the structure and reactivity of the copper complexes is discussed throughout 

chapters 2-4.  

A novel cryptand, LTTA is introduced in Chapter 5. The high-yielding synthesis is presented along with 

coordination complexes. The ditopic nature of the cryptand is also a topic in chapter 5. Finally, Chapter 
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6, describes how Fe(II) complexes of LTTA were formed and reacted with oxidants. An Fe(III)-

hydroperoxo intermediate was identified in an intramolecular C-H bond hydroxylation reaction. This 

reaction was investigated and a mechanism proposed.  

Supporting information for the manuscripts in chapters 3-6 are found in Appendices 1-4.  
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2.1 Abstract 

Copper(II)-hydroperoxo species are proposed as key intermediates in the catalytic cycles of copper-

monooxygenase enzymes that perform C–H bond hydroxylation. Herein we report on the oxidation 

chemistry of a copper(II) complex with a coordinating cryptand based on a peralkylated tetradentate 

tris(2-aminoethyl)amine (Tren) moiety. X-ray crystallography of the copper(II) acetate complex of this 

cryptand revealed that the copper(II) ion is in a square-pyramidal environment, with the cryptand acting 

only as a tridentate ligand. This geometry is conserved in solution and likely results from restraints 

imposed by the semi-rigid cryptand. Reaction of this complex with basic hydrogen peroxide in methanol 

led to the decomposition of the complex with an oxygen-atom transfer to the ligand, as evidenced by 

mass spectrometry analysis after reaction and demetallation. Low-temperature stopped-flow 

experiments (down to –90 °C) support the formation of a copper(II)-hydroperoxo intermediate, CuOOH, 

before ligand oxygenation occurs. It is proposed that this intermediate performs the oxygen-atom 

transfer to a weak benzylic C–H bond of the cryptand, thereby mimicking the behavior of dopamine-β-

hydroxylase. 

2.2 Introduction 

The ease with which enzymes perform oxidation reactions has long been coveted by synthetic 

chemists.9,137 In this respect, copper monooxygenases are enzymes of particular interest because they 

can hydroxylate C-H bonds using low-toxicity copper as the key element.138 Specifically, the enzyme 

peptidylglycine-α-hydroxylating monooxygenase (PHM) can hydroxylate a C-H bond in a glycine-

extended peptide.20,24,139 This enzyme activates dioxygen (O2) at a mononuclear Cu(I) ion (CuB) and 
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performs insertion of one oxygen atom into the substrate with the assistance of a second mononuclear 

Cu(I) ion (CuA) located at a distance of 11Å from CuB. The enzyme dopamine-β-hydroxylase (DβH), which 

hydroxylates the benzylic position of dopamine, has a very similar active site to that of PHM.140 The 

suggested mononuclear reaction intermediates involved in the C-H bond functionalization in these 

enzymes are the: Cu(II)-superoxo [CuII-(O2
•–)], Cu(II)-hydroperoxo [CuII-(OOH–)], Cu(III)-peroxo [CuIII-(O2

2–

)] and Cu(II)-oxyl/Cu(III)-oxo [CuII-(O•–)/CuIII-(O2–)] complexes.1,21,53,141 A Cu(II)-hydroperoxo species was 

first proposed as the active intermediate, but a Cu(II)-superoxo species is now seen as a more likely 

culprit.1,10,21,26,53,140-144 In particular, experimental evidence for the Cu(II)-superoxo intermediate lies in 

the solid-state molecular structure of oxygenated crystals of PHM, in which the best structural fit at the 

active site is an end-on Cu(II)-superoxo species.24 

Many synthetic efforts have been made to prepare and study reactive mononuclear Cu complexes 

that would be similar to the intermediates proposed in the enzymatic catalytic cycles.1,9,12,16,19,44,54,111-

112,145-149 Of interest to the present study are Cu(II)-hydroperoxo species prepared using multidentate 

ligands. One such complex has been crystallographically characterized; it is supported by a tetradentate 

ligand that stabilizes the hydroperoxo group through hydrogen bonds.58 This species shows little 

reactivity due to its stability. Because most Cu(II)-hydroperoxo species are reactive, however, they are 

studied only in solution at low temperatures to prevent their decomposition. These species are thus 

characterized by spectroscopic means (UV/Vis features, resonance Raman, EPR).45,47-49,51-52,60,63,150-152 

Herein we report oxidation studies on a Cu(II) complex of a coordinating cryptand based on the tris(2-

aminoethyl)amine (Tren) ligand (Scheme 10); the peralkylated Tren moiety is well-known to support 

Cu/O2 chemistry.153-155 We were curious to study the effects of the semi-rigidity and the cavity of a 

cryptand on the reactivity of a Cu(II)-hydroperoxo species given that second-sphere interactions are 

possible between the Cu(II)-hydroperoxo species and the inside of the cryptand cavity. Such second-

sphere interactions have been shown to be key factors in stabilizing reactive intermediates in metal-

dioxygen chemistry.58,92 In addition, the cryptand arms are based on benzyl linkers, which mimic the 

benzylic position that undergoes hydroxylation in the substrate of DβH. 
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Scheme 10. Ligand LTEA and preparation of its Cu(II) acetate complex. 

2.3 Results and Discussion 

The synthesis of the macrobicyclic ligand LTEA involves N-Methylation of the known cryptand 1H. 118,156 

Methylation was found to simplify the products deriving from the oxidation reactions carried out below; 

complexes of the non-methylated ligand 1H readily oxidized to imine compounds, thereby hampering 

the study of the oxygen-atom transfer reaction.157 Slow diffusion of acetonitrile into a dichloromethane 

solution of LTEA at –30 °C yielded single crystals of LTEA that were amenable to X-ray diffraction analysis 

(Table 1). The molecular structure (Figure 3) indicates that the cryptand adopts an endo-endo 

conformation, as does its parent, 1H.118 The molecule displays an overall C1 symmetry, notably due to the 

twist of the N4 arm of the Tren moiety with one CH2 (C19) inside the cavity. The bottom of the molecule 

displays three weak C–H···O contacts between the OCH2 and the O atoms in the range 2.727–2.879 Å 

(Van der Waals radii: r vdW(H) = 1.20 Å, r vdW(O) = 1.52 Å). The molecule also wraps itself around weak 

Carom–H···Carom contacts between the aromatic groups (3.053–3.225 Å; r vdW (C) = 1.70 Å). Lastly a 

triangular set of H···H contacts is observed between two benzylic CH2 groups on N2 and N5 and the Tren 

N4CH2 group from the twisted arm (2.405–2.470 Å). Although very weak, these multiple interactions 

certainly exist to counteract the void that would be created by an open cavity and testify to a certain 

flexibility of the semi-rigid cryptand. 
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Figure 3. (a) ORTEP representation of LTEA at 50% ellipsoid probability. Hydrogen atoms have been omitted for 

clarity. (b) ORTEP representation of LTEA at 20% ellipsoid probability emphasizing the weak interatomic contacts 

(only selected hydrogens shown). 

Table 1. Crystal data and details of structure determination for LTEA and [LTEACu(OAc)(MeOH)](SbF6). 

 LTEA [LTEACu(OAc)(MeOH)](SbF6) 
Empirical formula C36H51N5O3 C39H58CuF6N5O6Sb 
Formula mass (g mol−1) 601.82 992.19 
Colour, habit colorless, rod blue, plate 
Crystal dimensions (mm) 0.40 x 0.10 x 0.10 0.10 x 0.08 x 0.04 
Crystal system orthorhombic triclinic 
Space group P 212121 P −1 
Z 4 2 
a (Å) 13.2018(8) 11.4632(7) 
b (Å) 13.5649(8) 13.0625(8) 
c (Å) 18.4945(10) 14.8682(9) 
α (°) 90 94.176(3) 
β (°) 90 98.893(3) 
γ (°) 90 104.495(2) 
V (Å3) 3312.0(3) 2115.0(2) 
Dcalc (Mg m−3) 1.207 1.558 
Radiation Mo KD Cu KD 
Temperature 110 K 150 K 
T range for collection (º) 5.43−27.53 3.52−67.91 
μ (mm−1) 0.08 6.354 
F(000) 1304 1018 
Observed reflections 7109 33408 
Independent reflections 4139 (Rint = 0.024) 7533 (Rint = 0.070) 
Data/restraints/parameters 4139 / 0 / 400 7533 / 0 / 542 
Goodness of fit on F2 1.119 1.045 
R indices (all data) R1 = 0.0423 R1 = 0.0462 
wR2 indices (I > 2V(I)) wR2 = 0.0854 wR2 = 0.1219 
Largest diff. peak/hole (e Å−3) 0.23 / –0.18 1.634 / –1.049 
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The binding of Cu(II) to LTEA was found to be highly dependent upon the choice of counterion. With 

BF4
– or NO3

– counterions, the Cu(II) complex did not form fully (incomplete coordination) in water, 

methanol or ethanol, as indicated by a large residual ligand peak in the ESI-MS analysis. By contrast, the 

reaction of LTEA with Cu(II) acetate or formate in methanol or ethanol yielded a blue solution with only 

one ESI-MS peak corresponding to the complexes [LTEACu(OAc)]+ or [LTEACu(O2CH)]+, respectively 

(Figure 4). With the CF3SO3
– counterion, complexation only went to completion in an aprotic solvent 

such as THF; in protic solvents or in the presence of water or H2O2, the complex dissociated readily and 

the oxidation studies could not be conducted. Details on the oxidation studies that were performed on 

the acetate complex are given below. 

 

Figure 4. (a) ESI-MS spectrum of [LTEACu(OAc)]+. (b) Predicted isotopic pattern of [LTEACu(OAc)]+. 

The acetate complex [LTEACu(OAc)]+ was isolated and characterized in the solid state. By adding 

NaSbF6 to a methanol solution of the acetate complex and allowing the solvent to evaporate, well-

defined blue crystals of [LTEACu(OAc)(MeOH)](SbF6) formed within one hour. These crystals were 

studied by X-ray crystallography (Figure 5, Table 1). The structure of this complex displays several 

striking features. The Cu(II) ion is coordinated by only three of the four nitrogen atoms of the Tren 

moiety; the arm that is not coordinated (N4 arm) extends away from the metal ion. The square-

pyramidal geometry of the Cu(II) ion is completed by an acetate ion in the equatorial position trans to 

the central Tren nitrogen atom (N1) and a methanol molecule at the apical position. Though slightly 

disordered at the methyl position, the methanol molecule is further involved in hydrogen bonding with 

the non-coordinated oxygen atom of the acetate ion (O2···O6 = 2.583 Å). The square-pyramidal 

geometry of the metal ion could be the consequence of the semi-rigidity of the cryptand, but Cu(II) 

complexes of ligand 1H with CN−, SCN− and N3
− ions adopt a distorted trigonal-bipyramidal geometry with 
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all four nitrogen atoms of the Tren moiety coordinated.118 In [LTEACu(OAc)(MeOH)](SbF6), the N-Methyl 

groups, especially on N4 atom, may sterically hamper the cryptand to adopt a pseudo-C3 conformation 

when the acetate anion is coordinated. 

 

Figure 5. ORTEP drawing of [LTEACu(OAc)(MeOH)](SbF6) at 50% ellipsoid probability. The SbF6
– counterion and 

hydrogen atoms have been omitted for clarity. Selected bond lengths [Å]: Cu1-O1: 1.961(3), Cu1-O6: 2.271(3), Cu1-

N1: 2.050(3), Cu1-N2: 2.073(3), Cu1-N3: 2.096(3). 

The solution structure of the acetate complex was investigated by Electron Paramagnetic Resonance 

(EPR spectroscopy). The EPR spectra at 77 K of a methanol solution formed by adding Cu(II) acetate to 

LTEA and that of dissolved [LTEACu(OAc)(MeOH)](SbF6) crystals in methanol both display an axial signal 

with g// = 2.21 (A// = 180 G) greater than gA = 2.03, consistent with a d(x2-y2)1 electronic configuration. 

These spectra confirm the square-pyramidal geometry of the Cu(II) ion in solution (for comparison, the 

aforementioned 1H complexes remain trigonal bipyramidal in solution).118 Coupled with the ESI-MS 

indicating a [LTEACu(OAc)]+ formulation, this suggests that the acetate ion is still occupying an 

equatorial position of the Cu(II) complex in methanol solution. 

The [LTEACu(OAc)]+ complex was reacted under the oxidative conditions commonly used to generate 

Cu(II)-hydroperoxo species. The reaction of [LTEACu(OAc)]+ with one equivalent of H2O2 and Et3N in 

methanol was followed by UV/Vis spectroscopy between +20 and –60 °C. The reaction mixture gradually 

changed from blue to green but no band could be unambiguously assigned to the Cu(II)-hydroperoxo 

species, [LTEACuOOH]+, which is expected to display a hydroperoxo-to-Cu charge-transfer around 380 

nm (ε ≈ 900-1700 M-1 cm-1).45,49,51,58,60,152 To study the oxidation process under more controlled 

conditions, the reaction was also carried out with 100 equivalents of H2O2 and Et3N between –40 and –
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90 °C in a low-temperature stopped-flow spectrophotometer (Figure 6).158-160 This increase in H2O2/Et3N 

concentration led to a faster formation of an intermediate along a bimolecular pathway, which 

permitted its observation. The time-resolved spectral traces indicated a growth from the spectrum of 

[LTEACu(OAc)]+ to that of a species with a distinct band shouldering around 380 nm and features in the 

visible range (Figure 6). This species then decayed in a slower process. Multivariate kinetic fitting of the 

growth using the Specfit software indicated a single exponential growth consistent with pseudo-first-

order conditions. The fitting procedure revealed that the intermediate has absorptions at approximately 

380 nm (ε ≈ 2000 M-1 cm-1) and at 560 nm (ε ≈ 250 M-1 cm-1), which are typical of the Cu(II)-hydroperoxo 

species, [LTEACuOOH]+.45,49,51,58,60,152 Fitting at several temperatures and Eyring analysis of the pseudo-

first-order rate constants indicated that the growth process is associative with ΔH‡ = 25.2 kJ mol–1 and 

ΔS‡ = –146 J K–1 mol–1 (Figure 6). No dimeric species (end-on or side-on peroxodicopper(II) and bis(P-

oxo)dicopper(III))12 were observed in any of the conditions used (concentration of H2O2/Et3N, time of 

reaction). After being formed, the Cu(II)-hydroperoxo complex decayed to a mixture of species with a 

relatively silent UV/Vis spectrum (Figure 7). Fitting the decay process between –40 °C and +20 °C, 

however, did not lead to a single consistent kinetic model, suggesting the involvement of more than a 

single step. 

 

Figure 6. Stopped-flow UV/Vis spectroscopic studies of the reaction of [LTEACu(OAc)]+ with 100 equiv. of a 1:1 

H2O2/NEt3 mixture in MeOH at -70˚C; [Cu]total = 0.5 mM after mixing. (a) Time-resolved absorption spectra for the 

first 450 s of the reaction; a spectrum is measured every 9 s; first spectrum at 4.5 s. (b) Growth profile at 395 nm 

with first-order fit. (c) Eyring plot from the pseudo-first order rate constants measured at -90, -80, -70, -60, -50 and 
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-40˚C: 5.66×10-3, 1.55×10-2, 3.07×10-2, 7.72×10-2, 0.147 and 0.238 s-1, respectively (standard deviations from fitting 

within 1.4-3.7%). 

 

Figure 7. (a) UV/Vis spectra of [LTEACu(OAc)]+ at 20 °C. (b, c) UV/Vis spectra of the Cu(II)-hydroperoxo 

intermediate (b, full) at –70 °C and the decay solution (c, dashed) at –40 °C deduced from stopped-flow 

measurements; in both cases the molar absorptivities were corrected from ca. ~15% and ~10% solvent 

contraction, respectively. 

A comparison can be made between the present complex and the one studied by Itoh and coworkers 

in terms of the kinetics of formation and decay of the Cu-hydroperoxo intermediate.57,160 As is the case 

with [LTEACu(OAc)]+, Itoh's complex has an initial square-pyramidal geometry around the Cu centre and 

it is believed that this geometry is conserved in their Cu-hydroperoxo intermediate. The second-order 

rate-constants in Itoh's case fall in the range 4-5.1 × 104 M-1 s-1 at –90 °C. By comparison, [LTEACu(OAc)]+ 

is formed at a much slower rate, approximately 0.11 M-1 s-1 at –90 °C. This dramatic reduction in the rate 

of formation of the intermediate likely results from the steric demands and rigidity of the cryptand, 

which hamper substitution reactions in the Cu coordination sphere. Conversely, the cryptand-based 

intermediate decays qualitatively faster than Itoh's or other Cu(II)-hydroperoxo intermediates. The 

rigidity of the cryptand is likely restricting movements of the arms that contain the sensitive CH bonds 

and this pre-arrangement is entropically beneficial for the oxygen-atom transfer step. 

To decipher the nature of the reaction intermediates and products, ESI-MS experiments were carried 

out by using a continuous-flow mixing set-up. A 1 mM solution of [LTEACu(OAc)]+ and a 100 mM 

solution of H2O2/Et3N were injected into coils that were cooled in a –85 °C bath. The solutions were 
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mixed in a Y-junction immersed in the cold bath and the mixed solution then entered the ESI-MS 

instrument through a short capillary. As the injection flow rate was varied, different stages of the 

reaction were observed. The solutions were initially prepared in methanol, but due to the proximity in 

mass of methanol to two oxygen atoms, the spectra were more easily interpreted when the 

experiments were carried out in absolute ethanol. The MS data (Figure 8 a-c) revealed a complex 

mixture of species; putative assignments are listed in Table 2. As the reaction time was increased from 

approximately 1.5 to 6.3 then to 16 min, peaks corresponding to oxidized products increased in 

intensity. Unfortunately, due to the technical difficulty of keeping the entire length of the capillary 

containing the mixed solutions at very low temperature, and given the residence times prior to reaching 

the MS ionization chamber, it is unlikely that the intermediate was observed in this experiment as it 

decays fast at temperatures above –40 °C. 

 

Figure 8. (a)-(c) ESI-MS of ethanol solutions of [LTEACu(OAc)]+ and H2O2/Et3N mixed by continuous-flow methods 

at –85°C prior to injection. The spectra were recorded after (a) 1.5, (b) 6.3, (c) 16 min of residence time after 

mixing. Assignments for groups A-H are given in Table 2. (d) ESI-MS of a [LTEACu(OAc)]+ solution reacted with 

H2
18O2/Et3N (5 equiv., –78 °C). 



 

 42 

Table 2. Assignment of the main peaks in the low temperature continuous-flow MS experiments from Figure 8. The 
most relevant peaks are given in bold. 

Position m/z [a] Assignment 
A 602 [LTEA]H+ (reactant) 
B 618 [LTEA+O]H+ 
C 664 [LTEA+Cu]+ 
D 679 [(LTEA+O-H)+Cu]+ (deprotonated hemiaminal) 
 680 [(LTEA+O)+Cu]+ 
 681 [LTEA+Cu+OH]+ 
E 695 [(LTEA+O-2H)+Cu+OH]+ (double oxidation) 
 697 [LTEA+Cu+OOH]+ or [(LTEA+O)+Cu+OH]+  
 699 [LTEA+Cu+OH+OH2]+ 
F 723 [LTEA+Cu+OAc]+ (reactant) 
 725 [(LTEA+O-CH2)+Cu+OAc]+ (double oxidation) 
G 739 [(LTEA+O)+Cu+OAc]+ (main product) 
H 755 [(LTEA+2O)+Cu+OAc]+ (double oxidation) 

[a] These m/z ratios correspond to the position of the peak using isotopes 1H, 12C, 14N, 16O and 63Cu. 

This ESI-MS experiment reveals the evolution of reactants and products upon reaction. Upon longer 

reaction times, the peaks corresponding to the starting material (F, C and traces of free ligand A) 

decreased. Conversely, peaks assigned to oxidized products containing one extra oxygen atom increased 

in intensity upon longer reaction times, especially [LTEACu(OAc)+O]+ (G; m/z = 739.3). One signal at m/z 

= 697.3 (in the E group) could correspond to the Cu(II)-hydroperoxo species [LTEACuOOH]+, but it could 

also be due to a product in which the ligand is oxygenated: [(LTEA+O)CuOH]+, that is the Cu(II)-hydroxo 

complex of an oxygenated ligand (see below; for comparison, the Cu(II)-hydroxo complex of LTEA is 

found in D at m/z = 681.3, a peak that decreases with reaction time). As a note, a neutral 

[LTEACu(OAc)(OOH)] complex could be the prevalent form of the intermediate observed by stopped-

flow UV/Vis spectroscopy; the fact that this species would be MS-silent could explain the relatively small 

[LTEACuOOH]+ signal. Peaks assigned to over-oxidized compounds are also observed and increase in 

intensity upon longer reaction times, but remain in small quantities. In particular, a peak at m/z = 695.2 

could correspond to [(LTEA+O-2H)+Cu+OH]+, that is the Cu(II)-hydroxo complex of a ligand that was 

doubly oxidized to either an amide or an aldehyde/imine (see below). Overall, however, the major 

product is the [LTEACu(OAc)+O]+ species and it is concluded that the reaction is selective for 

monooxygenation despite the large excess of oxidant. 
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Isotopic labeling using 18O-enriched hydrogen peroxide (from a solution in 16O-water) proved that the 

oxygen atom that is incorporated into the complex comes from the oxidant. When H2
18O2 was used (5 

equivalents of H2
18O2/Et3N per [LTEACu(OAc)]+), the MS data displayed a peak at 741.4, which 

corresponds to [LTEACu(OAc)+18O]+, with a signal at 739.3 not significantly more intense than the 10% 

expected from the 90% isotopic enrichment of the oxidant (Figure 8, d). Thus, the entirety of the oxygen 

incorporated into the complex after reaction originated from H2O2 and this oxygen did not exchange 

with water in the timescale of the experiments (less than one hour). 

To analyze the ligand modifications resulting from the oxidation reaction, demetallation was carried 

out by treatment with ammonium hydroxide or Na4EDTA. The residual organic matter was then 

analyzed by ESI-MS. The cryptand nature of ligand LTEA prevented much fragmentation and led to 

simple spectra with one major signal at m/z = 618.3 corresponding to [LTEA+O]+ and some intact ligand 

at m/z = 602.3 (Figure 9, a). This experiment demonstrates the insertion of one oxygen atom into the 

ligand backbone and negligible amounts of double oxidation products, either as [LTEA+2O]+, [LTEA+O-

2H]+ or [LTEA-4H]+. As a control experiment, ligand LTEA was treated with H2O2/Et3N under the same 

conditions but no significant oxidation of the ligand occurred. Thus, the presence of Cu(II) is essential to 

carry out the oxygenation reaction efficiently. In addition, when H2
18O2 was used, the oxygenated peak 

shifted to m/z = 620.4 for a [LTEA+18O]+ species (Figure 9, b), thereby confirming the incorporation of 

one oxygen atom from H2O2 into a non-exchangeable position of the ligand. 

 

Figure 9. ESI-MS of the organic products of the oxidation reaction after demetallation, principally A = [LTEA]H+ and 

B = [LTEA+O]H+. The residual A signals arise because the reactions were stopped before completion. These signals 

decrease at long time-scales. 
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After demetallation, the solution contained several compounds (according to TLC, MS, and NMR 

spectroscopy) but we were unable to separate the compounds into their pure form for quantification 

purposes. This is likely the result of all products remaining as cryptands or macrocycles with structures 

close to that of the LTEA precursor. Our best purification efforts using flash chromatography led to two 

impure fractions. The oxidized solution reacted with the Fuchsin-aldehyde reagent; the resulting 

aldehyde could clearly be seen after the reaction. This aldehyde was identified in the first fraction by 1H-

NMR (well-defined peak at δ = 9.96 ppm in CDCl3) and by solution IR spectroscopies (intense peak at 

1708 cm-1). The second fraction displayed a weak peak at 1667 cm-1 in the IR spectrum, which is 

tentatively assigned to an amide. As the benzylic positions in LTEA are the most sensitive ones to 

oxidation conditions, we propose that one of these positions is the target of the oxygen-atom transfer 

by the CuOOH intermediate. If oxygen-atom transfer had occurred to an N-Methyl group, demethylation 

would occur together with the release of formaldehyde in solution. This pathway was not observed to 

be a major contributor to the reactivity of the complex (Table 2). Furthermore, a recent study involving 

[Cu(Me6Tren)-(OOH)]+ showed no decay reactivity of the intermediate with the permethylated Tren 

ligand system.153 

Based on the above MS and UV/Vis analyses, we propose the reaction pathway shown in Scheme 11, 

which is inspired by the known reactivity of many Cu-dioxygen intermediates16 and Cu(II)-hydroperoxo 

species.47,52 This reaction pathway only accounts for the formation of the major [LTEACu(OAc)+O]+ 

species observed by ESI-MS. The first step is the formation of a Cu(II)-hydroperoxo species in an 

associative reaction between [LTEACu(OAc)]+ and HOO− generated in situ by deprotonation of H2O2.57,160 

This intermediate was observed by UV/Vis spectroscopy but its proper formulation, geometry and 

charge is yet unknown due to its relative instability. This intermediate then reacts with the benzylic 

position along an oxygen-atom transfer reaction akin to the current literature proposals for similar 

species,47,60 thus producing a hemiaminal intermediate, which is deprotonated and bonded to Cu (m/z = 

679 for [(LTEA+O-H)+Cu]+) or protonated (m/z = 680 for [(LTEA+O)+Cu]+ and m/z = 739 for 

[(LTEA+O)+Cu+OAc]+). Under the protic conditions used, this hemiaminal intermediate can readily 

hydrolyze to a secondary amine and an aldehyde (m/z = 739 as well), a functional group whose presence 

was confirmed in the decomposed mixture by both NMR and IR spectroscopies. Finally, minor products 

resulting from over-oxidation could form through an intermolecular reaction of the hemiaminal with 
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H2O2,47 intermolecular attack of HOO− on an iminium intermediate (see below), or the complex of an 

already oxygenated ligand reentering the whole oxidation cycle. 

 

Scheme 11. Proposed reaction pathway for the inner-sphere oxidation reaction of [LTEACu(OAc)]+ with H2O2/Et3N. 

For clarity, the cryptand backbone has been simplified. The Cu(II)-hydroperoxo complex (and other intermediates) 

may or may not be bonded to the acetate couterion, which would also influence the overall charge and their 

detection by ESI-MS. 

The mechanism of the oxygen-atom transfer is still unknown but could proceed along two well-

studied oxidative N-dealkylation pathways: a direct hydrogen-atom abstraction followed by rebound, or 

a single-electron transfer followed by further electron and proton transfers.161 The hydrogen-atom 

abstraction mechanism entails hydrogen abstraction from the weak N-benzylic position by the 

electrophilic oxygen of the Cu(II)-hydroperoxo complex to generate a carbon radical in the α position of 

the amine. Rebound of the putative Cu(II)-oxyl species then produces the hemiaminal intermediate.47 

The single electron transfer mechanism, on the other hand, would generate an amine-based radical that 

can then lose a proton and an electron to form an iminium intermediate. Intramolecular nucleophilic 

attack of a coordinated oxo or hydroxo ion then leads to the same hemiaminal intermediate as above. 

Importantly, the hypothesis of an intermolecular attack of water onto the iminium intermediate has 

been refuted by the 18O isotopic labeling experiments. Thus, as per recent literature on oxygen atom 

transfer reactions with Cu(II)-hydroperoxo species, the hydrogen-atom abstraction mechanism seems to 

be the favored pathway.47,60  
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More studies are needed to substantiate the proposed reaction pathway of Scheme 11. In particular, 
18O isotopic labeling would be useful for measuring the O-O stretch of the Cu(II)-hydroperoxo species by 

resonance Raman spectroscopy and to confirm its nature and involvement in the oxygenation reaction. 

Given the transient nature of this intermediate, however, excess H2
18O2 would be required for the 

intermediate to accumulate and be observed. Instead, we are currently trying to stabilize the 

intermediate by deuterating the oxidation-sensitive C-H bonds of the ligand (i.e., the benzylic positions 

and N-Methyl substituents). This substitution would slow down the C-H activation step, which is thought 

to be rate-determining (kinetic isotope effect). Increasing the oxidative stability of the ligand shall 

therefore lead to a Cu(II)-hydroperoxo intermediate that can both be isolated at low-temperatures and 

reactive upon warming. This approach will facilitate the study of the electronic structure (by resonance 

Raman spectroscopy), the geometry (by EPR spectroscopy), and the reactivity of the intermediate. 

2.4 Conclusion 

The reaction between the Cu(II)-cryptand complex [LTEACu(OAc)]+ and H2O2/NEt3 leads to a single major 

oxygenated species upon oxygen-atom insertion into a weak C-H bond. Observation of a reactive 

intermediate in this reaction was achieved using pseudo-first-order conditions, very low temperatures 

and fast-mixing/recording stopped-flow techniques. The intermediate has the same UV/Vis 

spectroscopy and reactivity signatures as that of known Cu(II)-hydroperoxo species,1,60 which strongly 

suggests that the reaction involves such a Cu(II)-hydroperoxo species borne by the cryptand. It is not yet 

known whether the hydroperoxo group is encapsulated by the cavity of the cryptand and thereby 

supported by second coordination sphere interactions. Whereas the crystal structure of the acetate 

complex suggests that N-Methylation prevents the cryptand from adopting a pseudo-C3 symmetry once 

coordinated, the coordination geometry could change upon binding the smaller and more linear 

hydroperoxide anion. A correlation indeed exists between coordination geometry and anion size in 

cryptand complexes.162 Further studies are in progress to render the ligand less sensitive to oxidation 

and stabilize the intermediate species to enable a more complete characterization. 

2.5 Experimental 

General: All materials were used as received. The synthesis of ligand 1H has been reported elsewhere.118 

NMR spectroscopic measurements were made at 22 °C in a 5 mm tube on a Varian Innova 300 or 500 

MHz instrument and referenced to internal TMS. ESI-MS spectra were measured using direct injection 



 

 47 

on a Micromass Q-TOF or a Micromass Quattro LC at Concordia's Centre for Biological Applications of 

Mass Spectrometry. The m/z data reported is based on 1H, 12C, 14N, 16O, 63Cu. X-ray crystallography was 

performed on the molybdenum source of a Bruker APEX DUO (LTEA) or the copper rotating anode 

source of a Bruker Microstar [[LTEACu(OAc)(MeOH)](SbF6)]. UV/Vis spectra were recorded on an Agilent 

8453 spectrophotometer equipped with a Unisoku USP-203-A cryostat for temperatures down to –60 °C. 

Ligand LTEA: 1H (1.00 g, 1.8 mmol) was added to a solution of formaldehyde (740 μL, 10.6 mmol) and 

formic acid (400 μL, 10.6 mmol). The mixture was heated under reflux for 24 h. The solution cooled and 

was poured onto an aqueous solution of NaOH (30 mL, 2 M). The product was extracted with 

dichloromethane (3 × 20 mL) and the organic phase extracts were dried with anhydrous Na2SO4. The 

solvent was removed under reduced pressure, yielding a precipitate that was suspended in acetonitrile. 

Filtration, washing with acetonitrile and drying under vacuum yielded 0.82 g (76%) of a white powder. 

Single crystals amenable to X-ray diffraction analysis were grown by the slow diffusion of acetonitrile 

into a dichloromethane solution of LTEA at –30 °C (Table 1). 1H-NMR (300 MHz, CDCl3): δ = 2.15 (s, 9H, 

CH3), 2.32 (t, 6H, J = 7, CH2), 2.59 (t, 6H, J = 7, CH2), 3.08 (t, 6H, J = 5, CH2), 3.31(s, 6H, CH2), 4.04 (t, 6H, J = 

5, CH2), 6.67 (m, 3H, Ar), 6.73 (m, 3H, Ar), 7.00 (s, 3H, Ar), 7.11 (m, 3H, Ar) ppm. 13C-NMR (300 MHz, 

CDCl3): δ 43.4 (CH3), 52.5 (CH2), 54.5 (CH2), 57.4 (CH2), 62.8 (CH2), 68.9 (CH2), 114.7 (Ar), 114.8 (Ar), 121.5 

(Ar), 129.0 (Ar), 141.0 (Ar), 159.4 (Ar) ppm. MS (ESI, 1:1 CH3OH:CH2Cl2): m/z = 602.41 [M+H]+. 

[LTEACu(OAc)(MeOH)]+ solutions and [LTEACu(OAc)(MeOH)](SbF6) crystals: A solution of copper(II) 

acetate (8.0 mg, 39 μmol) dissolved in 800 μL of methanol was added to a solution of LTEA (24 mg, 39 

μmol) dissolved in dichloromethane (200 μL). The solution was used as is for further experiments (100% 

formation as evidenced by a single ESI-MS signal at m/z = 723.31). Single crystals were grown by the 

addition of NaSbF6 (1 equiv.) dissolved in the minimum amount of methanol to a solution of the complex 

in methanol and allowing the solution to stand for 1 h (Table 1). 

Bulk Oxidation Studies: A methanol solution (1 equiv.) of H2O2/Et3N (1:1; the H2O2 was from a 30 wt.-

% aqueous solution) was added to a methanol solution of [LTEACu(OAc)(MeOH)]+ (1.0 mm) at –78 °C 

turning the solution green. After 10 min, the solution was warmed to room temperature and analyzed 

by ESI-MS. Whether the reaction was performed under an air or nitrogen atmosphere did not change 

the kinetics, colors, and products. 
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Isotopic Labeling Experiments: A methanol solution (5 equiv.) of H2
18O2/Et3N (1:1; the H2

18O2 came 

from a 2.5 wt.-% solution in H2
16O) was added to a methanol solution of [LTEACu(OAc)]+ (1.0 mm) at –78 

°C and the resulting solution turned green. After 10 min, the solution was warmed to room temperature 

and analyzed by ESI-MS. 

Analysis of Organics: After decomposition of the oxidized reaction mixture, excess NH4OH or Na4EDTA 

was added and the solution was filtered through an alumina column eluted with 20% MeOH in CH2Cl2. 

The filtrate was analyzed by ESI-MS. Our attempts to isolate pure oxygenated products from the mixture 

were unsuccessful. 

Kinetic Measurements: Kinetic studies of the reaction of H2O2/NEt3 with [LTEACu(OAc)]+ were 

recorded on a modified Hi Tech SF-3L low-temperature stopped-flow unit (Salisbury, UK) equipped with 

a J&M TIDAS 16-500 diode array spectrophotometer (J&M, Aalen, Germany).158-159,163 Complex solutions 

before mixing were 1.0 mM and the concentration of the H2O2/NEt3 mixture was 100 mM to ensure 

pseudo-first-order conditions and help the formation of the intermediate before it could decay. The 

reaction was studied at temperatures between +20 and –90 °C. Complete spectra were collected with 

the integrated J&M software Kinspec 2.30 and analyzed with a global analysis fitting routine using the 

program Specfit (Spectrum Software Associates, Chapel Hill, USA). 

CCDC-808560 (for LTEA) and -795492 [for LTEACu(OAc)(MeOH)](SbF6)] contain supplementary 

crystallographic data. These data can be obtained free of charge from The Cambridge Crystallographic 

Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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3.1 Abstract 

Herein, we report the detailed investigation of the formation and self-decomposition of 

Cu(II)-hydroperoxo intermediates under the influence of second-coordination-sphere features provided 

by a cryptand. In solution, an equilibrium between two copper complexes with square-planar and 

square-pyramidal geometry was identified by EPR. Upon addition of H2O2/Et3N, two copper(II) 

hydroperoxo intermediates formed at different rates. Their decomposition via self-oxidation was probed 

by deuterating select positions on the cryptand. This led to a small kinetic isotope effect of 1.5. MS 

analysis of the demetallated organic products is consistent with a direct oxygen-atom transfer to a 

tertiary amine on the cryptand, forming an N-oxide, unlike other models of copper(II) mononuclear 

monooxygenase enzymes. 

3.2 Introduction 

In contrast to energy-consuming or hazardous industrial processes,2-3,164 biological systems serve as an 

inspiration to develop synthetic oxidative transformations such as oxygen-atom transfers (OAT) and C–H 

bond hydroxylations.9 Mechanistically, OATs are characterized by the direct transfer of an oxygen atom 

from a donor to an acceptor molecule while C–H bond hydroxylations generally entail a hydrogen-atom 

abstraction/transfer (HAT) followed by an oxygen or hydroxyl group transfer.14-15 While a general 

synthetic procedure for OAT or C–H bond hydroxylation under mild, efficient and selective conditions 

remains elusive,3 several enzymes can selectively perform this reaction using dioxygen (O2) as the 

oxidant and forming water as a by-product.7,164 For this reason, bio-inorganic chemists strive to 

understand and mimic biological systems to inspire synthetic oxidative transformations.60,165 In this 

paper, we focus on copper (Cu) oxidative chemistry in relation to copper-dependent enzymes. 

Development in this field can be achieved by understanding the nature and reactivity of Cu(II)-

dioxygen intermediates in biological systems.9 The Cu(II)-superoxo and Cu(II)-hydroperoxo are of 



 

 50 

particular interest because they are involved in mononuclear monooxygenases such as peptidylglicine-α-

hydroxylating monooxygenase (PHM), dopamine-β-monooxygenase (DβM) and tyramine-β-

monooxygenase.7,166 PHM catalyzes the C–H bond hydroxylation of a glycine-extended peptide to form 

peptidyl-α-hydroxyglycine, DβM catalyzes the hydroxylation of dopamine to form norepinephrine and 

TβM hydroxylates tyramine, forming octopamine.17 These enzymes bear similar structures composed of 

two domains each containing a single Cu centre. In PHM, and by extension in the other analogous 

enzymes, dioxygen is activated at a mononuclear Cu(I) active site. The rate-determining step (RDS) is 

typically a HAT from the substrate, which is then followed by a fast transfer of the oxygen-atom. It is 

now widely accepted that a Cu(II)-superoxo intermediate is the hydrogen abstractor in enzymatic 

systems,7,17 yet many synthetic complexes show the viability of the Cu(II)-hydroperoxo species as a HAT 

or OAT agent.44-48,52,167 

The structure and reactivity of Cu/O2 intermediates is dependent on the ligand system.95,110 For 

example, TMG3Tren is a ligand that uses steric and electronic effects to stabilize a Cu(II)-superoxo 

species at low temperatures (Chart S1, A).19 The TMG3Tren-Cu(II)-superoxo does not oxygenate the 

ligand upon thermal decomposition, yet TMG3Tren-Cu(II)-hydroperoxo intermediates are able preform a 

C–H bond hydroxylation on the ligand.44 A second important study shows that by using a well-tailored 

N2O2 ligand system (Chart S1, B), a thermally stable Cu(II)-hydroperoxo complex is formed and involved 

in the catalysis of benzylic C–H bond oxidation of toluene and o-xylene.46 In this example, DFT shows 

that the Cu(II)-hydroperoxo intermediate is stabilized through hydrogen bonding of the Cu(II)-

hydroperoxo hydrogen to a phenolate group of the ligand. This is in contrast with BPPACu(II)(OOH) 

(Chart S1, C), where the hydroperoxo group stabilized by hydrogen bonding of the proximal oxygen to 

the pivalamide group.58 Taken together, these examples illustrate that the second coordination sphere 

of the metal centre can influence the reactivity of Cu/O2 intermediates.  

Cryptands can influence the geometry and reactivity of metals centres, imparting new behaviours on 

old coordinating moieties.114-115,168-169 In previous work, we were able to synthesize and obtain a crystal 

structure of a novel Cu(II) cryptate, [LTEACu(OAc)(MeOH)]+ (Scheme 12).170 The geometry of the metal 

centre was found to be square-pyramidal, unlike typical Tren-based complexes that adopt trigonal-

bipyramidal geometries.126,153 When the Cu(II) cryptate was reacted with hydrogen peroxide (H2O2) in 

the presence of triethylamine (Et3N), a Cu(II)-hydroperoxo intermediate was formed. We here present a 
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detailed analysis of its reactivity, which constitutes an extensive investigation into the influence of the 

second coordination sphere of a cryptand on the behaviour of a Cu(II)-hydroperoxo intermediate. 

 

Scheme 12. Synthesis of [LTEACu(OAc)(MeOH)n]+ (n= 0 or 1) and its crystal structure (as a SbF6
– salt) showcasing 

the geometry of the metal centre.170 Crystal: ORTEP representation at 50% thermal ellipsoid probability. The 

hydrogen atoms and SbF6
- counterion have been removed for clarity. 

3.3 Results and Analysis  

3.3.1 Synthesis and Characterization of the Copper(II) complexes 

The reaction of LTEA with Cu(II) acetate leads to the formation of cryptand-Cu(II) complexes with 

different speciations in solution. Two Cu complexes, LTEA-CuA and LTEA-CuB, identified in frozen 

solution by EPR spectroscopy, were found in solutions I-IV (preparation of I-IV was described in the 

methods section). Solutions I and II were in methanol, a coordinating solvent, while solutions III and IV 

were in non-coordinating dichloromethane. A solvent effect was observed (below), but at parity of 

solvent no significant difference was observed regardless of having been prepared in-situ or by 

redissolving crystals of the pure complex (I vs. II; III vs. IV) (Figure 10 and Figure S1). 
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Table 3. EPR spectral parameters for solutions I-IV  

Cond. Complex g⊥ 
1 (A⊥ (G))1 g∥ (A∥ (G)) g∥ / A∥ 2 (cm) A:B (%) 

I: in situ / 
MeOH 

LTEA-CuA 2.037 (22) 2.235 (189) 126 60 

LTEA-CuB 2.056 (37) 2.216 (181) 131 40 

II: crystals / 
MeOH 

LTEA-CuA 2.040 (17) 2.232 (188) 127 61 

LTEA-CuB 2.047 (41) 2.204 (183) 129 39 

III: in situ / 
CH2Cl2 

LTEA-CuA 2.059 (17) 2.244 (185) 130 89 

LTEA-CuB 2.059 (44) 2.209 (176) 134 11 

IV: crystals / 
CH2Cl2 

LTEA-CuA 2.052 (20) 2.238 (188) 127 83 

LTEA-CuB 2.054 (43) 2.204 (178) 132 17 
1 Significant overlap in this region creates an uncertainty in these values.  
2 A is in cm-1 

 

Figure 10. X-Band EPR spectra of solutions II and IV in black, Easyspin fit spectra in red and deconvolution of the fit 

spectra in grey.135 

The EPR spectra of frozen solutions I-IV (Figure 10 and Figure S1) are consistent with a Cu(II) geometry 

similar to that in the crystal structure of [LTEACu(OAc)(MeOH)]+.170 The spin Hamiltonian parameters 

obtained from simulation are listed in Table 3.135 The spectra were best fitted by considering a mixture 

of two mononuclear Cu(II) complexes, LTEA-CuA and LTEA-CuB, with d(x2-y2)1 ground states (g∥ > g⊥). 

Although the perpendicular regions were satisfactorily fitted using the parameters given in Table 3, we 

refrained from commenting on the values due to the significant overlap of the signals which results in 

large uncertainty. Addison et al. proposed that g∥/A∥ ratio reflects the metal ion geometry, with values 
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as low as 120 representing a square-planar geometry of the metal centre.171 The g∥/A∥ ratio calculated 

for all the species (Table 3) fall within the range 124-130, i.e. close to 120. This indicates that the 

tetragonal distortions are very small in both species and that the metal ion geometry is not significantly 

different between them. 

The distinguishing feature between LTEA-CuA and LTEA-CuB in solution was assigned to the presence 

or absence of a methanol molecule at the axial coordination site. Evidence for an equilibrium between 

the two complexes stems from the spectra of the crystals dissolved in coordinating versus non-

coordinating solvent (Figure 10). The highest ratio of LTEA-CuB is observed in methanol suggesting that 

LTEA-CuB retains an axial methanol molecule (square-pyramidal geometry) in agreement with the 

crystal structure. Conversely, LTEA-CuA has a square-planar geometry formed by three nitrogens from 

LTEA and one acetate. Thus, in our formalism A represents [(OAc)]+ and B represents [(OAc)(MeOH)]+ 

(see Figure S2 for further analysis of coordinating anions). 

3.3.2 Formation and Decomposition of the Copper(II)-Hydroperoxo Intermediate 

As previously reported, the Cu(II)-hydroperoxo intermediate was formed from the reaction of the 

complex with a H2O2/Et3N solution in methanol. A colour change from blue to green to yellow-green was 

observed as the reaction took place. This progression was followed at low temperatures with different 

spectroscopic and spectrometric techniques as described below. 

3.3.2.1 EPR Analysis of the Intermediates 

The EPR spectrum recorded after mixing solution I with 20 equiv. H2O2/Et3N at -90°C for 1 min did not 

exhibit any signal attributable to the initial compound LTEA-CuA and LTEA-CuB, consistent with full 

consumption of the starting material (Figure 11). The EPR spectrum was composed of two signals typical 

for Cu(II) mononuclear complexes, indicating that again two species were present in solution, LTEA-CuC 

and LTEA-CuD (Figure 11 and Table 4). The spectra were fitted by using the Hamiltonian parameters in 

Table 4 for LTEA-CuC and LTEA-CuD. The g∥/A∥ ratios for LTEA-CuC and LTEA-CuD (148 and 136 cm 

respectively) are higher than for the starting complexes, demonstrating that the Cu(II) geometry evolved 

upon formation of the hydroperoxo intermediates. Complex LTEA-CuC displayed the highest tetragonal 

distortion. Both LTEA-CuC and LTEA-CuD have g∥ > g⊥ with a d(x2-y2)1 ground state. This is in contrast with 

Me6TrenCuOOH (Chart S1, D) whose ligand donor set is similar, but the g⊥ > g∥ ordering is instead 
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consistent with a trigonal-bipyramidal geometry.153 Although the observed intermediates LTEA-CuC and 

LTEA-CuD have distorted geometries, neither has the TBP geometry expected from complete 

encapsulation of the intermediate. 

The EPR spectrum of the decomposition products mainly consists of an axial copper(II) signal with g∥ > 

g⊥. Attempts to fit the spectrum by considering a single species with a d(x2-y2)1 ground state failed. The 

introduction of a second component with g⊥ > g∥ (d(z2)1-like ground state) in ca. 16% improved the fit 

significantly (Table 4). The g⊥ and A⊥ values of this minor complex, LTEA-CuE, are similar to those 

reported by Karlin et al. for a trigonal-bipyramidal copper complex,172 supporting a similar geometry of 

the copper(II) ion in LTEA-CuE. The major complex, LTEA-CuF, displays a g∥/A∥ ratio of 129 cm, which is 

very similar to that in the initial complexes LTEA-CuA and LTEA-CuB. This suggests that the ligand in 

LTEA-CuF retained a similar structure after reaction with H2O2. 

Table 4. EPR spectral parameters for solution I + H2O2/Et3N 

1 Significant overlap in this region creates an uncertainty in these values.  
2 A is in cm-1 

 

Figure 11. X-Band EPR spectra of Solution I + 50 equiv. H2O2/Et3N and decomposition product 

Cond. Complex g⊥ 
1 (A⊥ (G))1 g∥ (A∥ (G)) A∥ (G) g∥ / A∥ 

2 (cm) A:B (%) 

I + H2O2/ 
Et3N 

LTEA-CuC 2.063 (31) 2.200 (158) 158 148 24 

LTEA-CuD 2.037 (32) 2.235 (174) 174 136 76 

Decomposit
ion 

LTEA-CuE 2.178 (68) 2.017 (71) 71 306 16 

LTEA-CuF 2.055 (14) 2.251 (186) 186 129 84 
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3.3.2.2 Kinetics of Formation of the Hydroperoxo Intermediates 

Two Cu(II)-hydroperoxo intermediates were confirmed by low-temperature stopped-flow UV/Vis 

spectroscopy. A slower forming LMCT absorption band at 388 nm (ε ≈ 2000 M-1 cm-1) was previously 

identified.170 In addition to the slow-forming LMCT, a fast process with a λmax of 375 nm was observed at 

-50°C (Figure 12). A spectral change in the visible region corresponding to the d-d transitions was only 

observed after the slow process, reflecting a greater change in geometry (Figure S3). We therefore 

assign the LMCT at 388 nm (slow process) to the complex with a greater tetragonal distortion, LTEA-CuC. 

The rate constants of both the fast and slow processes were shown to be [H2O2]-dependent and obey 

saturation kinetics (Figure 12, A and B). The saturation behaviour, previously identified by Itoh and co-

workers, arises from a rate-law involving the equilibrium [H2O2] + [Et3N] ⇌ [HOO·Et3NH] where 

[HOO·Et3NH] reacts with the complex to form the hydroperoxo intermediate.57 The equilibrium constant 

extracted from the fast and slow reactions using Itoh’s model should be similar but we measured K1 = 

133 for the fast process and K2 = 14 for the slower process. The difference in the equilibrium constants 

indicates that the fast and slow reactions cannot be fitted to the same reaction model and suggests two 

different mechanistic pathways. Despite our best attempts, the rate constants could not be extracted 

from the data presumably due to the additional [LTEA-CuA] + [MeOH] ⇌ [LTEA-CuB] equilibrium. 
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Figure 12. Top: Spectral data of the reaction of solution I (0.5 mM) and 10 equiv. Et3N + 40 equiv. H2O2 at -50 °C in 

MeOH. (A) UV/Vis spectra at A: 2.5 ms B: 0.875 s and C: 174.87 s. (B) Time profile of absorbance at 400 nm. Inset: 

zoom from 0 to 0.55 s. (C) and (D): Observed pseudo first-order rate constants of the reaction of Solution I in the 

presence of 10 equiv. Et3N + 10-60 equiv. H2O2 at -50 °C vs [H2O2]; (C) fast process and (D) slow process. The red 

trace indicates a fit to kobs = kK[H2O2][Et3N] / 1 + K[Et3N] where, K1 = 133 and  k1 = 2902 s-1 for graph (C) and K2 = 14 

and k2 = 24 for graph (D).  

3.3.2.3 Kinetics of Decomposition of the Hydroperoxo Intermediate 

The decomposition of the slow-forming intermediate was analysed with stopped-flow UV/Vis at 20°C by 

monitoring the decay of the absorption at 388 nm. Solution I, in the presence of 10 equiv. Et3N in 

methanol, was mixed with 10-40 equiv. H2O2 and the resulting UV/Vis trace of the reaction was fitted to 

a first-order model. Statistics were used to determine if the rate of decomposition at 20°C was 

independent of [H2O2].173 Comparing the rates of reaction of LTEA, one-factor ANOVA showed that 

varying the concentration of H2O2 from 10 to 20 mM resulted in statistically similar means (F2,12 = 0.072, 
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p > 0.05) (see Note S1 for further details). The rate of decomposition was therefore considered to be 

independent of [H2O2] (Figure 13).  

To gain further insight into the decomposition of the hydroperoxo, a cryptand with 15 deuterium 

atoms was synthesized. The hydrogens replaced C–H bond that are the most sensitive to oxidation, 

namely the methyl groups and the benzylic positions (Scheme 13). ESI-MS analysis showed that 87% of 

the product had incorporated 15 deuterium atoms. A complex with LTEAD was formed and examined 

under the same conditions as LTEA. No KIE was observed for the formation of the slower intermediate. 

From the decomposition profiles at several [H2O2], a KIE was averaged to be 1.5 ± 0.1 (Figure 13, Table 

S1). This value is much lower than the one measured in DβH (kH/kD = 10.6).174 
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Scheme 13. Synthesis of the LTEAD and its copper(II) acetate complexes LTEADCuA and LTEADCuB 

Few KIEs have been reported for the decomposition of synthetic copper(II)-hydroperoxo 

intermediates. An oxidative N-dealkylation proceeded via a rate-limiting C–H abstraction (kH/kD = 2.3).52 

An aromatic C–H bond hydroxylation proceeded via an Cu(II)-alkylperoxo intermediate with a rate-

limiting electrophilic aromatic substitution and an inverse KIE (kH/kD = 0.9).48 In our case, the aliphatic C–

H bonds are involved in the decomposition of the hydroperoxo intermediate, but the low magnitude of 

the KIE indicates a limited influence on the rate-determining step. 



 

 58 

 

Figure 13. Left: Plot of the first order rate of decomposition of (black) [LTEACuOOH]+ and (red) [LTEADCuOOH]+ 

versus [H2O2] Average KIE was 1.5 ± 0.1 Right: Eyring plot for the first-order rate constants of decomposition 

measured at 0, 5, 10, 15 and 20 °C: 1.29 x 10-2, 2.01 x 10-2, 3.20 x 10-2, 4.23 x 10-2, 6.59 x 10-2 s-1, respectively 

(standard deviation from fitting within 1.1 to 6.9 %). 

Table 5. Activation parameters for intramolecular decomposition and natural decay pathways.  

1Several ligand systems used, 2N,N-bis(2-pyridylmethyl)bis(2-pyridyl)methylamine), 3N,N-di(2-
pyridylmethyl)benzylamine, 4LTEA 

The rate of decomposition of the LTEA-based solution I was measured at different temperatures for 

an Eyring analysis (Figure 13). The activation parameters, ΔH‡ = 51 kJ mol-1 and ΔS‡ = –94 J K-1 mol-1, are 

similar to those reported for the decomposition of Cu(II)-OOR (R = H or alkyl) and intramolecular C–H 

bond hydroxylation with bis(µ-oxo) and peroxo species (Table 5).16,48,50 The negative sign of ΔS‡ suggests 

that the transition state is constrained, consistent with an intramolecular decomposition pathway. The 

magnitude of the ΔS‡ suggests significant structural changes during decomposition, consistent with EPR 

data showing a decrease in Cu geometric distortion in the decomposition products LTEA-CuE and LTEA-

CuF compared with hydroperoxo intermediates LTEA-CuC and LTEA-CuD. Alternatively, a solvent 

molecule (MeOH) or anion may be associating to the complex upon decomposition. ΔS‡ is, however, less 

Intermediate Decomposition Reaction ΔH‡ (kJ mol-1) ΔS‡ (J K-1 mol-1) ref 
Bis (µ-oxo), 
Peroxo1 Intramolecular N-dealkylation 52 to 63 –23 to –100 16 

Bis (µ-oxo), 
Peroxo1 Intramolecular Benzylic 

hydroxylation 28 to 42  –62 to –155 16 

CuOOH2 Natural decay 43 –119 50 

CuOOR3 Intramolecular Aromatic 
Hydroxylation 24 –162 48 

CuOOH4 Intramolecular Oxidation 51 –94 This work 
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negative in comparison to the reported decomposition of Cu(II)–OOH/OOR species (Table 5).16 This is 

consistent with a significant degree of preorganization of the cryptand-based system. 

3.3.2.4 Analysis of the Oxidation Products 

Intramolecular oxidation on a macrocycle or a cryptands offers a unique perspective on the reactivity of 

Cu/O2 intermediates in that the products of the oxidation remain tethered to the scaffold. CSI-MS was 

used to monitor the oxidation in a similar manner to our previous ESI-MS procedure.170 The softer CSI 

ionization technique and lower temperature resulted in cleaner spectra with fewer ions from side-

reactions and/or fragments (Figure 14). The spectra (A to D) were dominated by the peaks for 

[LTEACuOAc]+ and [LTEA+O CuOAc]+
. In spectrum B, the peak at m/z= 697.3264 was found within 0.7 

ppm of the exact mass of the formula C36H52N5O5Cu, which could represent either [LTEACuOOH]+ or 

[LTEA+O CuOH]+, the latter being more likely given the time and temperature of mixing before injection. 

Over time, the signal for the monooxygenated complex (m/z = 739) increased in intensity (Figure 14, B 

to D). Minimal over-oxidation was observed. 
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Figure 14. CSI-MS of solution I and 5 equiv. H2O2/Et3N mixed with a continuous-flow method at RT. The spectra 

were recorded with LTEA at (A) 0 s, (B) 60 s with inset showing zoom of 697, (C) 270 s and (D) 540 s and with LTEAD 

at (E) 270 s. 



 

 61 

The CSI-MS experiment using deuterated ligand, LTEAD, provided some of the most telling data in 

terms of reactivity (Figure 14, E). The m/z peaks seen in the reaction of both [LTEACuOAc]+ and 

[LTEADCuOAc]+ differ by the number of deuterium atoms (15 units). This suggests that both complexes 

react in a similar fashion and that deuteration of the ligand has not affected the reaction pathway. 

Importantly, the major oxygenated product has conserved all of the deuterium atoms throughout the 

course of the reaction. This suggests that all C–D bonds remain intact during the major reaction 

pathway. This finding contradicts the previously proposed mechanism where the distal OH of the 

coordinated hydroperoxo unit abstracts a deuterium atom from the benzylic position of the ligand and 

leaves as a water molecule (Scheme S1). The final oxygenated product would thus have exchanged a 

deuterium for a hydrogen atom.170 MS analysis of the organic matter after demetallation confirmed that 

all deuterium atoms were conserved in the oxygenated product (LTEA+O) (Figure 15). 

The mass recovery, following demetallation, was analyzed using both EDTA and NH4OH as 

demetallating agents and the products from both procedures were analyzed with ESI-MS and 1H-NMR. 

Using NH4OH to demetallate resulted in a mass recovery greater than 90 %. The organic products, 

identified by ESI-MS, were the starting ligand (LTEA), ligand with one additional oxygen atom (LTEA+O) 

and a very small amount of over oxidized product (LTEA+2O-2H) (Figure 15). The 1H-NMR spectrum had 

only a small amount of an aldehyde signal indicating that the major product of the reaction, LTEA+O, 

was not an aldehyde as originally proposed (Scheme S1).170 Alternatively, a solution of EDTA(aq) was used 

to wash the products with the organic matter extracted into dichloromethane. Surprisingly, this 

procedure resulted in less than five percent mass recovery, indicating that the bulk of the organic 

product remained in the water phase. The products recovered following EDTA demetallation were 

identified by ESI-MS as the starting ligand (LTEA) and the over-oxidized product (LTEA+2O-2H) (Figure 

S4, B). The 1H-NMR spectrum of this solution contained a strong signal for an aldehydic proton, 

indicating that the over-oxidized product had the aldehyde function. In addition, the major change in 

the 1H-NMR upon D/H substitution of the ligand was the disappearance of the aldehyde signal in the 

deuterated sample, indicating over-oxidation at the benzylic position. 
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Figure 15. ESI-MS of the organic products after reaction with 5 equiv. H2O2/Et3N and demetallation with NH4OH. 

Top: LTEAD
, Bottom: LTEA. 

3.4 Discussion 

The analysis of EPR, stopped-flow UV/Vis and mass spectrometry, using both the deuterated and non-

deuterated cryptand leads us to propose the formation of a mixture of two hydroperoxo intermediates 

that decompose via an oxygen-atom transfer reaction and not the hypothesized C–H bond abstraction 

pathway. 

The mechanism for the formation of the hydroperoxo intermediates is complex and warrants 

speculation. It is likely that the two starting Cu(II) species (A and B) undergo separate fast and slow 

reactions, in parallel, to form the two hydroperoxo intermediates. This is supported by the fact that the 

EPR spectra of the intermediates show two new complexes in solution during acquisition, and both fast 

and slow rates of formation are dependent on [H2O2]. Although a sequential mechanism involving LTEA-

CuC → LTEA-CuD cannot be ruled out, the evidence argues in favour of two parallel reactions. 

Common intramolecular decomposition pathways for Cu(II)-hydroperoxo intermediates are N-

dealkylation, benzylic hydroxylation and aromatic hydroxylation, all of which involve oxidation at a C–H 

bond.44,47-48,51-52,167 While these reaction pathways are possible with the LTEACuOOH species, the analysis 

(1H-NMR, IR, MS) of the self-oxidation reaction suggests another pathway, namely through a 

nucleophilic attack of the uncoordinated tertiary amine (N4) of Tren on the hydroperoxo intermediates, 

causing cleavage of the OOH moiety and formation of an N-oxide (Scheme 14). The most compelling 

piece of evidence is the MS data that shows conservation of ligand structure and all deuterium atoms 

after the self-oxidation. If oxidation at a C–H bond had occurred, at least one deuterium atom would be 

replaced by a hydrogen atom upon work-up or demethylation would have been observed at m/z = 588. 
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This is illustrated in Scheme S1 via the formation a hemiaminal function (C), and rearrangement to an 

aldehyde and amine as the major products (D). The 1H-NMR spectrum showed only a small amount of 

aldehyde present in the products, confirming that this was not the major reaction pathway. Through the 

process of elimination, 1H-NMR and MS analysis leads us to propose an OAT from the hydroperoxo to 

the uncoordinated amine, where the most likely possibility for LTEA+O formula is an N-oxide. In this 

case, the small observed KIE can be explained as a secondary isotope effect and suggests that the OAT 

takes place near a C–H(D) bond. 
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Scheme 14. Proposed mechanism for the decomposition of the hydroperoxo intermediate. 

Although the formation of an N-oxide was an unexpected outcome, this type of reaction has been 

previously reported. Addition of H2O2 to tertiary amines in MeOH leads to the formation of N-oxides, but 

in low yields.175 In our case, an outer-sphere oxidation of the aliphatic tertiary amine was ruled out with 

control experiments where 5 equivalents of H2O2/Et3N added to LTEA in DCM/MeOH resulted in little to 

no oxidation of the ligand (< 5%). While OAT reactions from an N-oxide to a metal centre are typical,176 

the formation of metal complexes with aliphatic N-oxides, as seen with [LTEA+O CuOAc]+, are quite 

rare.81,175 Two examples of metal-promoted formation of an N-oxide on a ligand, one involving a Cu(I) 

complex reacting with dioxygen177 and the other via the reaction of an Fe(III) complex with tBuOOH81 
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support the proposed mechanism of OAT from the hydroperoxo intermediate to the uncoordinated 

tertiary amine of the cryptand. 

3.4.1.1 Second Coordination Sphere Effects 

The supramolecular/rigid nature of the ligand has a pronounced effect on the reactivity of the Cu(II)-

hydroperoxo species. N-Methylation imposes additional constraints in cryptands and prevent metal 

centres from adopting C3 symmetry.178 The geometries of LTEA-CuA and LTEA-CuB were identified as 

square-planar and square-pyramidal, respectively. In comparison, copper(II) complexes of Me6Tren, a 

ligand with the same donor set but free from the restrictions of macrocycles, were trigonal-bipyramidal 

in solution state.125-126,153 Masuda et al. proposed that the reactivity of a hydroperoxo intermediate is 

greatly influenced by the geometry of the metal centre; specifically that square-planar complexes have 

higher reactivity than trigonal-bipyramidal complexes.45 With the Me6Tren ligand, the Cu(II)-

hydroperoxo undergoes neither intra- nor inter-molecular oxidations,153 whereas Cu(II)-hydroperoxo 

complexes of the LTEA cryptand do show intramolecular reactivity. The difference can be explained in 

part by the rigidity of the cryptand enforcing the more reactive geometry. 

LTEA has five tertiary amines available, yet the major product of the reaction is a singly oxygenated 

amine. There are several examples of copper complexes with ligands bearing tertiary amines that have 

been reacted with H2O2 in the presence of a base and have preferentially undergone C–H bond oxidation 

rather than formation of N-oxides.44,47,52 The major difference between those ligands and the cryptand, 

LTEA, is the steric constraint that the cryptand enforces, likely positioning the tertiary amine for 

reactivity. The involvement of C–H bonds in the oxygen-atom transfer, observed as the small KIE, is a 

testament to the degree of control. By enforcing the geometry of the metal centre and positioning of 

the site of oxidation, the cryptand controls the reactivity of the hydroperoxo intermediate through 

second coordination sphere features. 

3.5 Conclusions 

The goal of the research was to explore the second coordination sphere effects of a coordinating 

cryptand on the reactivity of a hydroperoxo intermediate. In this context, the formation and 

decomposition of a hydroperoxo intermediate have been studied. Two copper complexes were 

identified in solution and when reacted with hydrogen peroxide formed two hydroperoxo 
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intermediates. The intermediates decomposed into one major copper complex. A deuterated cryptand 

was used to evaluate the decomposition pathway and help decipher the mechanism. It was found that 

upon decomposition and demetallation, there was no loss of deuterium atoms despite oxidation of the 

ligand. This evaluation led to an uncommon decomposition pathway for a Cu(II)-hydroperoxo 

intermediate, whereby an N-oxide was formed instead of C–H bond oxidation products. Mononuclear 

metallo-enzymes create protective pockets to specifically position the metal, oxidant and substrate to 

react cohesively. Although this level of control is currently out of reach in model systems, the present 

study shows that the semi-rigidity of cryptands can be used to control the reactivity of a mononuclear 

centre towards oxygen-atom transfer rather than hydrogen abstraction. 

3.6 Experimental 

Materials: All materials were used as received from Alfa Aesar and Sigma Aldrich. NMR spectroscopic 

measurements were made at 22 °C in a 5 mm tube on a Varian Innova 300 or 500 MHz instrument and 

referenced to internal tetramethylsilane. Electrospray ionization mass-spectrometry (ESI-MS) 

measurements were performed via direct injection on a Micromass Quattro LC or Micromass Q-TOF at 

Concordia’s Centre for Biological Applications of Mass Spectrometry. Cryospray ionization MS (CSI-MS) 

data were acquired with a Bruker CSI Q-TOF at the Université de Montréal. The m/z data reported are 

based on 1H, 12C, 14N, 16O, and 63Cu. 

Synthesis of 2, Tris[2-(3-bromobenzene)-oxo]ethyl]amine: This synthesis was adapted from literature 

procedures.118,179 To a solution of 3-bromophenol (1.52 g, 14.4 mmol) in 1-propanol (100 mL) was added 

crushed NaOH (0.6 g, 15 mmol). Solid tris(2-chloroethyl)amine (1 g, 4.8 mmol) was added to the 

solution. The reaction was heated at 110 °C for 4 h. After cooling, H2O (50 mL) was added and the 

organic products were extracted with CH2Cl2 (3 x 30 mL). The combined extracts were concentrated 

under reduced pressure. The product was purified by flash chromatography with solid loading and a 40 g 

silica ReadiSep Gold column on an automated Combiflash (Teledyne Isco). The product was eluted with 

CH2Cl2 and the by-products were eluted with gradient from 0 to 100 % MeOH. The first fraction was 

collected and the solvent was removed under reduced pressure to afford 1.35 g (75 %) of a colourless 

oil. 1H-NMR (500 MHz, CDCl3): δ = 3.12 (t, 6H, J = 5, CH2), 4.057 (t, 6H, J = 5, CH2), 6.79 (m, 3H, Ar2), 7.02 

(m, 3H, Ar), 7.06 (m, 3H, Ar), 7.11 (m, 3H, Ar) ppm. 



 

 66 

Synthesis of 3, Tris[2-(3-benzaldehyde-α-d1)oxo]ethyl]amine: This reaction was carried out under 

inert conditions (nitrogen atmosphere, dry solvents). To a Schlenk flask containing distilled 

tetramethylethylenediamine (2.21 mL, 14.79 mmol) in diethyl ether (50 mL) was added 2 (1.345 g, 2.1 

mmol). After cooling the solution to ˗78 °C, tBuLi (8.7 mL of a 1.7 M in pentane, 14.79 mmol) was 

cautiously added. The reaction was stirred for 10 minutes with a yellow precipitate forming. THF (15 mL) 

was added to the solution, which was stirred for an additional 5 min. DMF-d7 (1.2 mL, 15.75 mmol) was 

then added and the reaction was allowed to warm to RT at which stage it was opened to the air. 

NH4Cl(sat) (30 mL) was added and the organic products were extracted with CH2Cl2 (3 x 20 mL). The 

combined extracts were concentrated under reduced pressure. The product was purified with column 

chromatography using EtOAc/Hexane gradient elution from 20/80 to 50/50 on silica. The third fraction 

was collected and the solvent was removed under reduced pressure to afford 696 mg (71 %) of a 

colourless oil. 1H-NMR (500 MHz, CDCl3): δ = 3.2 (t, 6H, J = 6, CH2), 4.15 (t, 6H, J = 6, CH2), 7.12 (m, 3H, 

Ar2), 7.35 (m, 3H, Ar), 7.42 (s, 3H, Ar), 7.45 (m, 3H, Ar) ppm. 

Synthesis of 1D: The following procedure was adapted from previously published work.118 To a 

vigorously stirring solution of 3 (696 mg, 1.5 mmol) in 500 mL THF:MeOH (1:10) was added tris(2-

aminoethyl)amine (220 μL, 1.5 mmol) in 50 mL methanol via syringe pump over 5 hours. The reaction 

was left to stir at 25 °C for 48 h. The solvent was reduced to 50 mL and NaBD4 (313 mg, 7.5 mmol) was 

added slowly. The reaction was stirred at 25 °C for 30 min then refluxed for 48 h. The solvent was 

removed under reduced pressure. The resulting precipitate was washed with acetonitrile and dried 

under vacuum to give 400 mg (47 %) of a white powder. 1H-NMR (500 MHz, CDCl3): δ = 1.51 (s, 3H, NH), 

2.58 (m, 12H, CH2), 3.02 (t, 6H, J = 5, CH2), 3.96 (t, 6H, J = 5, CH2), 6.48 (s, 3H, Ar), 6.705 (m, 3H, Ar), 

6.855 (m, 3H, Ar), 7.14 (m, 3H, Ar) ppm. 13C-NMR (500 MHz, CDCl3): δ 47.86 (CH2), 55.78 (CH2), 56.22 

(CH2), 67.77 (CH2), 77.21 (CH2), 112.85 (Ar), 114.36 (Ar), 120.48 (Ar), 128.98 (Ar), 142.09 (Ar), 159.42 

(Ar). The signal-to-noise ratio was too low to see the 13C signal of the CD2 groups. 

Synthesis of LTEAD: Formic acid-d2 (429 μL, 8.5 mmol) and formaldehyde-d2 (1.336 mL, 8.5 mmol) 

were added to 3 (400 mg, 708 µmol). The solution was refluxed for 24 h, then cooled and poured onto 

chilled aqueous NaOH (30 mL, 2 M). The product was extracted with dichloromethane (3 x 20 mL) and 

the organic phase extracts were dried with anhydrous Na2SO4. The solvent was removed under reduced 

pressure, yielding a precipitate that was suspended in acetonitrile. Filtration, washing with acetonitrile 

and drying under vacuum afforded 370 mg (84 %) of a white crystalline powder. A suitable crystal for X-
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ray crystallography was chosen and shows same unit cell as LTEA: a 13.2, b 13.5, c 18.5 [Å], α 90, β 90, γ 

90 [°].170 1H-NMR (500 MHz, CDCl3): δ = 2.33 (t, 6H, J = 7, CH2), 2.60 (t, 6H, J = 7, CH2), 3.06 (t, 6H, J = 6, 

CH2), 4.02 (t, 6H, J = 6, CH2), 6.68 (m, 3H, Ar), 6.755 (m, 3H, Ar), 7.05 (s, 3H, Ar), 7.11 (m, 3H, Ar) ppm. 
13C-NMR (500 MHz, CDCl3): δ 52.26 (CH2), 54.12 (CH2), 57.23 (CH2), 68.75 (CH2), 114.50 (Ar), 114.56 (Ar), 

121.36 (Ar), 128.77 (Ar), 140.64 (Ar), 159.23 (Ar). The signal-to-noise ratio was too low to see the 13C 

signal of the CD2 and CD3 groups. MS (ESI, 1:1 CH3OH:CH2Cl2): m/z = 617 (87 % incorporation of 15 D), 

616 (9 % incorporation of 14 D), 615 (3 % incorporation of 13 D) [M+H]+. 

Synthesis of LTEA and [LTEACu(OAc)(MeOH)](SbF6): The syntheses of LTEA and 

[LTEACu(OAc)(MeOH)](SbF6) were previously reported.170 An alternative crystallization method is 

described here: to solution I (see below) was added 1 equiv. of solid KSbF6 (9.20 mg, 50 µmol) or NaSbF6. 

The solution was stirred for 20 min and then left to slowly evaporate over 48 h to give dark blue crystals. 

The crystals were washed with cold methanol and air-dried to give 37 mg of 

[LTEACu(OAc)(MeOH)](SbF6), 73 % yield. 

Synthesis of [LTEACu(OAc)](OAc) and [LTEACu(OAc)(MeOH)](OAc): Solution I: To LTEA (30 mg, 50 

μmol) dissolved in 200 μL of dichloromethane was added Cu(OAc)2·H2O (10 mg, 50 μmol) dissolved in 

800 μL of methanol. After 5 minutes of stirring, the solvent was removed under reduced pressure and 1 

mL of methanol was added to dissolve the complex. The final volume of methanol was varied depending 

on the desired concentration. 

Solution II: Crystals of [LTEACu(OAc)(MeOH)](SbF6) (10 mg, 10 µmol) were added to methanol and 

stirred with reflux with for 0.5 h. The volume of methanol was varied depending on desired 

concentration. 

Solution III: To LTEA (30 mg, 50 μmol) dissolved in 1 mL of dichloromethane was added Cu(OAc)2·H2O 

(10 mg, 50 μmol). The solution was stirred for 4 h and then used as is. The final volume of 

dichloromethane was varied depending on the desired concentration. 

Solution IV: Crystals of [LTEACu(OAc)(MeOH)](SbF6) (10 mg, 10 µmol) were added to dichloromethane 

and stirred for 10 min. The volume of dichloromethane was varied depending on desired concentration. 

Synthesis of [LTEADCu(OAc)](OAc), [LTEADCu(OAc)(MeOH)](OAc) and [LTEADCu(OAc)(MeOH)](SbF6): 

To LTEAD (31 mg, 50 μmol) dissolved in 200 μL of dichloromethane was added Cu(OAc)2·H2O (10 mg, 50 
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μmol) dissolved in 800 μL of methanol. The complex could be crystallized with 1 equivalent of KSbF6 

followed by slow evaporation.170 The procedure for solution I-IV was used to prepare the sample. 

Formation was evidenced by a single ESI-MS signal: accurate mass = 738.4334, exact mass = 738.43569, 

mass accuracy = 3.1 ppm. 

EPR Measurements: X-band EPR spectra were collected on a Bruker EMX Plus spectrometer 

controlled with Xenon software and equipped with a Bruker teslameter. A Bruker nitrogen-flow cryostat 

connected to a high-sensitivity resonant cavity was used for 100 K measurements. Samples of 400 µL of 

0.5 mM solutions were frozen in liquid nitrogen. The spectra were fit with Easyspin Fitting software.135 

Kinetic Measurements: Kinetic studies of the reaction of H2O2/Et3N with solution I were recorded on a 

BioLogic low-temperature stopped-flow unit (Claix, France) equipped with a J&M TIDAS diode-array 

spectrophotometer (J&M, Aalen, Germany). Solutions after mixing were 0.5 mM with respect to Cu in 

184 µL of methanol. All concentrations are reported as in-cell, after dilution. The concentration of H2O2 

was varied from 5 to 30 mM with Et3N held at 5 mM. The reaction was studied at temperatures between 

20 and ˗50 °C. Spectra (330-1025 nm) were collected and analyzed with a global analysis fitting routine 

using the program Reactlab kinetics (Jplus Consulting, Palmyra, Australia). 

Oxidation Reaction with H2O2/Et3N: This procedure has been previously reported.57,170 

Demetallation Studies: With NH4OH: Solution I was reacted with 5 equiv. of H2O2/Et3N and allowed to 

decompose (heat or time). NH4OH (2 mL) was added and the solution was filtered over alumina in a 

Pasteur pipet. The alumina was rinsed with MeOH (10 mL) followed by CH2Cl2 (20 mL). The filtrate was 

washed with water (3 x 10 mL) and dried over Na2SO4. The solvent was removed under reduced 

pressure. Mass recovery: 31 mg, (103 w%) of LTEA, LTEA+O and LTEA+2O-2H, minor products. 

With EDTA: Solution I was reacted with 5 equiv. of H2O2/Et3N and allowed to decompose (heat or 

time). Solid Na2EDTA (100 mg) was added and the solution was stirred for 5 min. The solution was then 

filtered over a pipet-full of alumina, which was rinsed with MeOH and CH2Cl2 as above. The filtrate was 

washed with water (3 x 10 mL) and dried over Na2SO4. Mass recovery: 28 mg, (93 w%) of LTEA, LTEA+O 

and LTEA+2O-2H, minor products. 

Alternatively, after the reaction of solution I with 5 equiv. of H2O2/Et3N, Na2EDTA(aq) (30 mL, 0.1 M) 

was added and the solution was left to stir for 5 min. LTEA and the over-oxidized product were extracted 
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with 3 x 10 mL of CH2Cl2, dried over Na2SO4 and the solvent was removed under reduced pressure. Mass 

recovery: 1 mg (3 w%) of LTEA and LTEA+2O-2H and minor products. 
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Chapter 4: Bio-Inspired Oxidation Chemistry of a Cu(II)-Fluoride 

Cryptate with C3-Symmetry 

L. Chaloner[a] and X. Ottenwaelder*[a] 

[a]  Department of Chemistry and Biochemistry, Concordia University, 7141 Sherbrooke Street West, Montreal, H4B 1R6, Canada.  
 

4.1 Abstract 

Three copper complexes with an N-methylated cryptand bearing a tris(2-aminoethylamine) moiety have 

been synthesized and compared. Two copper(II)-chloride complexes, [LTEACuCl](SbF6)(MeOH) and 

[LTEACuCl2](MeCN) were characterized in solution and solid state by UV/Vis and X-ray crystallography. 

Both had square-based geometries with C1-symmetry with no encapsulation. A Cu(II)-fluoride complex, 

in which the ligand is protonated, [LTEAHCuF](BF4)2(MeCN)0.5, adopted C3-symmetry with complete 

encapsulation as characterized by UV/Vis, EPR and X-ray crystallography. Reactivity of the complexes 

with H2O2/Et3N was explored using UV/Vis and CSI-MS. Only the fluoride complex was found to form a 

Cu(II)-hydroperoxo intermediate. 

4.2 Introduction 

Biomimetic studies of Cu-F bonds are important because of the ability of fluoride ions to inhibit 

oxidative metallo-enzyme activity.180 Tyrosinase, an ubiquitous oxygenase enzyme, is competitively 

inhibited by fluoride ions that coordinate to the dinuclear copper(II) active sites. The inhibition is 

regulated by physiological conditions (low pH) and conformational changes in the protein backbone.17 

Synthetically, cryptands are useful in studying highly reactive biomimetic intermediates because they 

have the ability to protect the metal centre through second coordination sphere features while 

simplifying the overall chemistry and reaction products.110,170 We have applied this concept to the 

characterization of Cu-based oxidative reactions within coordinating cryptands. Herein, we provide the 

first study that explores the biomimetic relationship between Cu-F cryptates and the formation of Cu/O2 

intermediates. 

Tren (tris-(2-aminoethyl)amine)-based coordinating cryptands are popular because of their high 

yielding syntheses when condensing with tris-aldehydes and because of their ability to form well-

defined complexes with transition metals.179,181-182 They have been used in applications such as ion 



 

 71 

sequestering and sensing114-115,183 and host-guest chemistry.184 They are limited in the area of biomimetic 

oxidation chemistry because in the presence of metals, the secondary amines are easily oxidized to form 

imines complicating the reactions with several by-products.111,185 N-Methylation is an easy solution to 

reduce side reactions under oxidative conditions but the additional steric constraint on the cryptand has 

been shown to prevent encapsulation of transition metals with anionic hosts,123,178 with encapsulation 

defined here as coordination of the 5 donor atoms of Tren. Using cryptand, LTEA (Figure 16), we here 

present Cu(II)-halide cryptates and their reactivity with H2O2/Et3N. 

4.3 Results and Discussion 

A protonated copper(II) fluoride complex is formed by mixing copper(II)-tetrafluoroborate with LTEA in 

acetonitrile followed by slow diffusion in ether. ESI-MS reveals that the complex has acquired a fluoride 

ion from the BF4
- anion, a well-documented phenomenon.186 The X-ray structure of 

[LTEAHCuF](BF4)2(MeCN)0.5 reveals that the copper centre is entirely encapsulated by the cryptand 

despite N-methylation of the Tren moiety (Figure 16). The overall C3 symmetry of the complex is driven 

by intramolecular hydrogen bonding. A trifurcate hydrogen bond between the protonated amine and 

the electronegative oxygen atoms is observed at the base of the tris(ethanolamine) moiety (O···H = 2.17-

2.38 Å, rvdW: H, 1.20 O, 1.52 Å). The metal centre  has trigonal-bipyramidal geometry with a fluoride ion 

in the axial positions (τ = 0.98).187 The electronegative fluoride is stabilized by weak but significant 

hydrogen bonds with the aromatic rings of the ligand (H···F = 2.188-2.228 Å, rvdW: H, 1.20 F, 1.47 Å). The 

three aromatic rings are all slightly rotated, creating C-H···F angles from 130 to 136° (Table S2). The 

Cu(II)-F bond is among the shortest ever reported at 1.824(1) Å, with the ten shortest bonds ranging 

from 1.821 to 1.878 Å.188  
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Figure 16. A) Cryptand LTEA B) ORTEP representation at 50% thermal ellipsoid probability of 

[LTEAHCuF](BF4)2(MeCN)0.5. Hydrogen atoms, non-coordinating anions and solvent molecules have been omitted 

for clarity except for H5N, H10, H22 and H34. 

In parallel to the encapsulated Cu(II)-fluoride complex, we isolated two Cu(II)-chloride complexes, 

[LTEACuCl](SbF6)(MeOH) and [LTEACuCl2](MeCN), which, however, do not adopt an overall C3 symmetry 

(Figure 17). The Cu(II) ion of [LTEACuCl](SbF6)(MeOH) has a distorted square-planar geometry (τ = 40%) 

and [LTEACuCl2](MeCN) has a square-pyramidal geometry (τ = 13%). In both complexes, three of the 

equatorial positions are occupied by amines from the Tren moiety (N1, N2 and N3) and the fourth 

equatorial position is occupied by a chloride ion (Cl1). The fourth nitrogen (N4) in the Tren moiety and is 

completely uncoordinated. [LTEACuCl2](MeCN) is distinguished by a second chloride ion (Cl2) in the axial 

position with the copper ion lying slightly above the N1, N2, N3, Cl1 plane, displaced towards Cl2. These 

N-Methylated cryptands are not encapsulating because of the steric influence of the methyl groups and 

the increased rigidity of the cryptand.178 If the macrobicyclic tension of the cryptand is removed, the 

metal centre adopts a TBP geometry, as observed Suzuki and coworkers in the Cu(II)-chloride complex 

with tris(N-benzyl-N-methylaminoethyl)amine.189 Alternatively, removing the methyl groups from the 

cryptand, as studied by Bharadwaj and Chand, allows for encapsulation of a Cu(II)-X metal centre (X =  

N3
-, CN-, SCN-) in TBP geometry.118,190 The two copper chloride structures in this work show that the 

steric influence from the cryptand and methyl groups prevent encapsulation of the metal-chloride 

centre and that [LTEAHCuF](BF4)2 is a truly unique with its C3 symmetry. 
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Figure 17. ORTEP representation at 50% thermal ellipsoid probability of [LTEACuCl](SbF6)(MeOH) (left) and  

[LTEACuCl2](MeCN) (right). Hydrogen atoms, non-coordinating anions and solvent molecules have been omitted 

for clarity. 

Solution studies were carried out to confirm the conservation of the solid-state geometry in solution. 

The UV/Vis spectrum of [LTEAHCuF](BF4)2 in MeCN has d→d transitions at 690 nm (ε = 180 M-1 cm-1) and 

860 nm (ε = 168 M-1 cm-1) that are traditionally associated with TBP complexes (Figure S6, (A)).124-126 The 

EPR spectrum is best fitted to a mononuclear Cu(II) complex (S = 1/2) with a d(z2)1 ground state where g∥ 

= 2.065, A∥ = 68 G, g⊥ = 2.221 and A⊥ = 82 G. The ordering of g⊥ > g∥ confirms the TBP geometry in 

solution. The UV/Vis spectra of the two chloride complexes show retention of a square-based geometry 

in solution, confirmed by the two characteristic transitions at 580 and 770 nm associated with square 

pyramidal or square-planar geometries (Figure S5).124,127 

The geometry of [LTEAHCuF](BF4)2 is influenced by solvent and the protonation state of the cryptand. 

The geometry in MeCN is TBP but in methanolic solution the geometry changes with the appearance of 

a new transition with a maximum at 555 nm (ε = 100 M-1 cm-1) (Figure S6, a). The complex in methanol 

shows a dependence on base (Et3N) indicating that the cryptand is still protonated (Figure S6, b). This 

addition of base leads to a complex with a square-based geometry evidenced by absorption bands at 

580 nm (ε = 135 M-1cm-1) and 672 (ε = 120 M-1 cm-1).124,127 The protonated cryptate can be regenerated 

by addition of an acid (Figure S6, C). Attempts to induce C3 symmetry by adding acids to the chloride 

complexes failed and the reason is likely a combination of the increased ionic radius of the chloride ion 

and formation of weaker intramolecular hydrogen bonds. H···Cl bond distances are consistently 0.5 Å 
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longer then H···F bond distances.191 To accommodate a chloride ion, the cryptand would have to 

severely expand the cavity in the equatorial direction and compress axially (increasing the CH···O bond 

length) and further rotate the aromatic rings (weaken the Cl···H hydrogen bond).  

Bio-inspired oxidative studies were investigated by reacting the [LTEACuCl2] and [LTEAHCuF](BF4)2 

complexes with H2O2/Et3N at -30 °C and following with UV/Vis spectroscopy. No change was observed 

with [LTEACuCl]Cl. When [LTEAHCuF](BF4)2 was reacted with H2O2/Et3N, a colour change from turquoise 

to green was observed. A Cu(II)-hydroperoxo intermediate was identified, by the growth of a 

characteristic LMCT band at 388 nm (Figure 18).56 The intermediate had the same UV/Vis spectrum as a 

previously characterize Cu(II)-hydroperoxo species starting from a Cu(II)-acetate complex with the 

LTEA.170 This suggests that the two intermediates are the same, with a square-based geometry, despite 

different anions in the starting complexes (Chapter 3).  

 

Figure 18. UV/Vis spectra of Black: 0.5 mM [LTEAHCuF](BF4)2 at -30°C Red: Addition of 20 eq H2O2/Et3N, Blue: 

Decomposed after 35 min and Dotted Red: LTEACuOAc + 20 eq H2O2/Et3N at -30°C.170 

The reaction of [LTEAHCuF](BF4)2 with 15 equiv. of H2O2/Et3N was followed using a continuous-flow 

mixing setup directed into a CSI-MS. Before mixing, the spectrum consists mostly of [LTEA]H+ (m/z = 

602.40), [LTEACuF]+ (m/z = 683.32) and a small signal from [LTEACu]+ m/z = 664.32 (Figure 19). The 

spectrum also contains a small amount of [LTEACuOAc]+ m/z = 723.33, an unavoidable contaminant. The 

MS after reacting with H2O2/Et3N, shows the same m/z signals as the reaction starting solely from 

[LTEACuOAc]+ (with the exception of [LTEACuF]+ and [(LTEA+O) CuF]+). The similarity in the two spectra 

further supports similar reaction pathways despite different starting complexes. The most intense signal 
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in the reaction of [LTEACuOAc]+ with H2O2/Et3N is [(LTEA+O)CuOAc]+ whereas the most intense signal 

from [LTEAHCuF](BF4)2 with H2O2/Et3N is m/z = 697, (identified as [(LTEA+O)CuOH]+) and not 

[(LTEA+O)CuF]+. This difference suggests a less favourable binding of the fluoride anion to the copper 

centre with (LTEA+O) compared with the acetate anion. 

 

Figure 19. CSI-MS of [LTEAHCuF](BF4)2 + 15 equiv. H2O2/Et3N in methanol mixed with a continuous-flow methods at 

RT. The spectra were recorded A: before mixing and B: after mixing. Impurities from Cu(II)-acetate complexes are 

present. 

The lack of reactivity of the chloride complex compared with the fluoride complex can be explained by 

the Cu-halide bond strength and hard/soft characteristics. The fluoride anion forms a weaker σ-bond 

with copper and has greater π-donation which has a more destabilizing effect due to the filled d orbitals 

of copper.192 While the hard characteristic of the Cu(II) ion is unselective to halide ions the cryptand 

influences this property, creating a softer Cu(II) centre that more favourably binds chloride ions.192 

Although mononuclear, the reactivity of [LTEAHCuF](BF4)2 has similarities to the dinuclear biological 

system tyrosinase. Tyrosinase systems are inhibited by bridged halides at low pH but undergo reactions 

at high pH.180 This behaviour is paralleled by the copper fluoride cryptate whereby addition of a base to 
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the protonated cryptand changes the environment of the metal centre. The geometry change triggered 

by the deprotonation of the cryptand is a behaviour that is reminiscent of a conformational change 

observed in many enzymes.193 Under basic conditions the formation of a Cu(II)-hydroperoxo 

intermediate is possible. Current investigations are underway to determine if the pH change triggers 

release of the fluoride anion, as well as investigations into the reactivity of hydroperoxo intermediate. 

4.4 Conclusion 

In conclusion, Cu(II)-halide complexes were formed and characterized. C3 symmetry was observed in the 

Cu(II)-fluoride cryptate, despite N-methylated, while C1 symmetry was observed in the Cu(II)-chloride 

complexes. The difference in symmetry was attributed to the stronger intramolecular hydrogen bonding 

and smaller ionic radius with the fluoride anion. The Cu(II)-fluoride complex when reacted with basic 

hydrogen peroxide was capable of forming a bio-relevant Cu(II)-hydroperoxo intermediate. In 

comparison, a Cu(II)-chloride complex was unable to form the same intermediate and the difference in 

reactivity was rationalized by the different bond strengths and stability of Cu(II)-halide complexes.  

4.5 Supporting Information 

Experimental details and crystallographic data are available in Appendix 2.  
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Chapter 5: High-yield Synthesis of Potentially Ditopic Coordinating 

Cryptands and their Metal Complexes 

L. Chaloner[a] and X. Ottenwaelder*[a] 
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5.1 Abstract 

Cryptands containing a tetradentate tris(aminoethyl)amine moiety have been prepared in high-yield via 

copper-catalyzed alkyne-azide cycloaddition followed by a templated 3+3 condensation. Silver and zinc 

complexes of the cryptands are reported. Weak interactions between a chloride anion and the cryptand 

suggest possible ditopic coordination. 

5.2 Introduction 

Propelled by the importance of anions in environmental and biomedical processes,194-195  anion 

recognition is now an important branch of supramolecular chemistry.196-197 In order to efficiently and 

selectively bind anions, ligands incorporate functionalities such as hydrogen bond donors,198-199 metal 

coordination sites,114 π-systems,200-202 or combinations thereof.162,203-204 Furthermore, anion 

encapsulation is particularly selective with cryptands due to the geometric constraints imparted by their 

rigidity. Presented here are the high-yielding syntheses of novel cryptands with two different binding 

sites, one hard polyamine site and one soft tris(triazole) site. As described recently,116-117,205-206 the 

polarized C-H bonds of the triazoles are conducive to bind anions and thus impart the cryptands with 

attributes to serve as a heteroditopic ligand for anion recognition.  

5.3 Results and Discussion 

The macrobicyclic scaffold was prepared in two steps from 3-(2-propyn-1-yloxy)benzaldehyde, 4, and 

tris(2-azidoethyl)amine, 5 (CAUTION),207 which syntheses were reported previously (Scheme 15).208-209 

The end caps of the cryptands were constructed successively, first by copper-catalysed azide-alkyne 

cycloaddition (CuAAC) to yield 93% of 6, then by a [3+3] reversible condensation with tris(2-

aminoethyl)amine (Tren) to yield triimine cryptand 7. Though 7 can be isolated, a same-pot borohydride 

reduction was preferred as it yielded larger quantities of cryptand LTTA. The amine groups of LTTA can 



 

 78 

be easily functionalized, as demonstrated by a methylation to yield cryptand 8. The 1H NMR of cryptands 

7, LTTA, and 8 in CDCl3 indicate C3 symmetry in solution. Complete assignment of 1H chemical shifts, was 

realized via COSY and NOESY experiments (see Supplementary Information; Appendix 3). 

The [3+3] condensation was implemented under both template and semi-dilute conditions. 

Templating with lanthanum(III) nitrate proved to be an efficient procedure, with a 72% yield for the one-

pot, two-step 6oLTTA sequence, compared with 30% under non-templated conditions. Different metal 

ions were tested as templating agents. Cobalt(II) chloride, zinc(II) chloride, and silver(I) nitrate were 

chosen as they form complexes with LTTA (see below), but lanthanum(III) nitrate was by far the best 

templating agent. With zinc and silver, yields of 30% were obtained, likely due to the difficulty in 

purifying LTTA. Cobalt(II) chloride had a negative effect on the reaction by inhibiting the formation of 

the cryptand completely. No complexes were observed between lanthanum nitrate and 6, 7, or LTTA by 

ESI-MS in 1:1 methanol/dichloromethane, consistent with a kinetic templating effect. The lanthanum ion 

likely coordinates to Tren, as previously reported,210-211 and this complex is poised to react with 

trialdehyde 6. Once the cryptand is formed, the oxophilic lanthanum(III) ion is easily removed during 

work-up with the oxygen-rich EDTA ligand. In contrast, removal of cobalt, zinc, and silver ions from the 

formed cryptand proved difficult as these ions form stable complexes in the nitrogen-rich environment 

of LTTA. 



 

 79 

4 5

O

O

H

N3

N
N3

N3
+

N
N NN

O O O

N
N NN

O O O

R R R

N

N
N N

N
N N N N

N

N

N
N N

N
N N N N

N

7 R = H LTTA
R = Me 8

(i)

(iii)

(iv)

6

N
NN NN

N
N

N
N

N

O O O

CHO CHO CHO

(ii)

 

Scheme 15. Synthesis of cryptands 7, LTTA and 8. Conditions: (i) CuSO4, NaAsc, t-BuOH:H2O 1:1, 24h, 93%; (ii) Tren, 

La(NO3)3, MeOH:THF 10:1, 48h, 48%; (iii) NaBH4, MeOH:THF 10:1, 3h, 72% over 2 steps; (iv) CH2O, HCO2H, 24h 

reflux, 80%. 

X-Ray diffraction analysis of single crystals of 8·Et2O indicate that methylated cryptand 8 adopts an 

endo-endo conformation (Figure 20), as is customary with cryptands bearing Tren moieties.118 The 

molecular structure of 8 has a C1 symmetry due to the anti conformation of the N1-C31-C32-N10 linkage 

while the other two Tren nitrogens (N2 and N6) adopt a syn conformation in relation to N1 through their 

respective ethylene links. The only significant intramolecular contact within the cryptand is a C-H···π 

interaction between two triazole units (H28A···C12 = 2.684 and H28A···C13 = 2,792 Å, van der Waals 

radii: C, 1.70; H, 1.20 Å). 
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Figure 20. ORTEP representation at 50% thermal ellipsoid probability of 8·Et2O. The co-crystallized diethyl ether 

and hydrogen atoms (except H28A) were omitted for clarity. 

The coordination ability of cryptands LTTA and 8 resides principally in the multi-chelating Tren moiety, 

as illustrated here with monomeric silver(I) and zinc(II) complexes of LTTA. Attempts to isolate dinuclear 

complexes involving coordination to the triazole moieties212-213 have yet to be successful. Addition of 

silver(I) nitrate to a hot solution of LTTA in methanol led to a crystalline precipitate after cooling. The 

structure of this complex, [LTTAAg](NO3)·CH3OH, was solved by X-ray diffraction (Figure 21). The inner-

sphere complex, [LTTAAg]+, has a pseudo-C3 symmetry. The Ag atom is coordinated to the Tren moiety, 

despite the potential to coordinate with the triazole groups, as shown in the literature.214-216 Two of the 

triazoles are facing each other, and a weak C-H···π interaction exists between two triazole units, thus 

competing with coordination at this site. The Ag atom sits in a distorted trigonal-pyramidal environment 

composed of the nitrogen atoms of three Tren moiety, with the Ag sitting below the equatorial plane. 

The out-of-plane effect is commonly found in silver complexes with Tren.217-224 
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Figure 21. ORTEP representations at 50% thermal ellipsoid probability of: (a) the cationic part of 

[LTTAAg](NO3)·CH3OH, and (b) [LTTAZnCl](Cl). The hydrogen atoms were omitted for clarity. Selected bond lengths 

(Å) and angles (º) for [LTTAAg](NO3)·CH3OH: Ag1-N1 = 2.506(5), Ag1-N2 = 2.398(5), Ag1-N3 = 2.385(4), Ag1-N4 = 

2.370(5), N1-Ag1-N2 = 74.85(15), N1-Ag1-N3 = 74.99(15), N1-Ag1-N2 = 75.29(15); for [LTTAZnCl](Cl): Zn1-N1 = 

2.245(5), Zn1-N2 = 2.104(4), Zn1-N7 = 2.160(5), Zn1-N11 = 2.110(4), Zn1-Cl1 = 2.2861(14). 

The ditopic nature of cryptand LTTA is revealed upon solid-state characterization of its zinc(II) chloride 

complex. A mononuclear complex of formula [LTTAZnCl](Cl)·H2O was obtained by mixing LTTA with 

zinc(II) chloride in hot methanol and letting the solution cool down. Formation of the complex was 

confirmed in solution with ESI-MS, the major peaks corresponding to the isotopic pattern of [LTTAZnCl]+. 

Single crystals amenable to X-ray diffraction analysis were grown by slow diffusion of diethyl ether into a 

methanol solution of the compound. The complex crystallizes as [LTTAZnCl](Cl) in the chiral P21 space 

group (Figure 21).225 The cryptand adopts an endo-endo conformation and has an overall C1 symmetry. 

Akin to free ligand 8 and silver complex [LTTAAg]+, this structure reveals a weak C-H···π interaction 

between two triazole units (H40A on Figure 22). The Zn atom adopts a trigonal-bipyramidal coordination 

geometry within the Tren moiety with the chloride (Cl1) and central nitrogen (N1) atoms in the axial 

positions and the remaining nitrogens in the equatorial positions. The second chloride ion, Cl2, interacts 

with the hydrogens of two NH groups from the Tren moiety of a neighbouring molecule (Cl2···H2Ci-N2i = 

2.324, Cl2···H7Bi-N7i = 2.356 Å; i = 1-x, 0.5+y, 1-z; vdW radii: H, 1.20; Cl, 1.75 Å) and is involved in four 

contacts with the cryptand itself (Figure 22). Two of these contacts are with H-C(triazole) groups 

(Cl2···H12A = 2.601, Cl2···H26A = 2.658 Å), likely the result of the triazole rings being electron-

deficient.117 The two other H···Cl2 contacts are with CH2 groups, one adjacent to a triazole (Cl2···H13A = 

2.728 Å) and the other adjacent to the tertiary nitrogen N6 (Cl2···H28A = 2.893 Å). This set of weak yet 
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multiple interactions is responsible for the cryptand to splay open to accommodate Cl2. This 

demonstrates a possible role of the triazole part of the cryptand to act as a secondary binding site and 

suggests that, with a proper substrate, cryptand LTTA will act as a ditopic ligand. 

 

Figure 22. Zoom of the ORTEP representation (50% thermal ellipsoid probability) of [LTTAZnCl](Cl). The hydrogen 

atoms were omitted for clarity except those of functions involved in weak contacts. Selected distances (Å): 

Cl2···H12A = 2.601, Cl2···H26A = 2.657, Cl2···H13A = 2.728, Cl2···H28A = 2.893, H40A···N3 = 2.614, H40A···N4 = 

2.774. 

To test this hypothesis, we carried out solution studies of chloride binding followed by 1H-NMR. To a 

solution of [LTTAZnCl](Cl)·H2O in acetonitrile-d3 was added increasing amounts of silver triflate (AgTfO) 

dissolved in acetonitrile-d3 (0-2.5 equivalents per Zn). After addition of each aliquot, AgCl precipitated 

and the NMR spectral evolution was recorded (Figure 23 and Figure S21).226 This experiment highlighted 

two types of protons that are the most susceptible to the abstraction of chloride ions: C (triazole C-H 

bond) and H (on the benzene ring). Addition of the first equivalent of AgTfO affects the triazole protons 

C more than any other, while benzene protons H are more sensitive to the second equivalent of AgTfO. 

Notwithstanding conformational reorganization, this behavior is consistent with a weak Cl···Htriazole 

interaction that is disrupted first, while the second abstraction requires chloride decoordination from 

Zn2+. In addition, the fact that protons H are sensitive to the chloride abstraction and not the other 

protons on the benzene ring suggests that protons H are oriented toward the inside of the cryptand 

where the chloride abstractions occur. 
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Figure 23. 1H NMR titration of [LTTAZnCl](Cl) with AgOTf in acetonitrile-d3 at 60°C. Aliquots of a 125 mM solution 

of AgOTf were added to a 41.6 mM solution of [LTTAZnCl](Cl). 

5.4 Conclusion 

In conclusion, we have synthesized novel cryptands in high yields by choosing reactions such as CuAAC 

and taking advantage of the templating capability of the lanthanum(III) ion. Cryptand LTTA has 

demonstrated its ability to coordinate transition metals such as silver, zinc and cobalt. Weak interactions 

in the zinc complex suggest that the cryptand can be used for ditopic binding through the coordinating 

Tren moiety (for a metal ion) and the triazole functions (for an anion or substrate). Current 

investigations into the binucleating and docking properties of the cryptands are underway. 
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6.1 Abstract 

An Fe(III)-hydroperoxo is a proposed intermediate in the aromatic C-H bond hydroxylation reaction 

executed by non-heme mononuclear iron enzymes. We here report the formation of an Fe(III)-

hydroperoxo intermediate supported by a coordinating cryptand, LTTA. The reaction of [LTTAFe](TfO)2 

with H2O2 led to the formation of Fe(III)-phenolate, confirmed by CSI-MS and UV/Vis. Low-temperature 

spectroscopy identified the formation of a Fe(III)-hydroperoxo intermediate before the formation the 

Fe(III)-phenolate. The Fe(III)-hydroperoxo is proposed to undergo heterolytic cleavage to form a high 

valent Fe(V)-oxo-hydroxo, a mechanism that is comparable to C-H bond activation in Rieske 

dioxygenases. 

6.2 Introduction 

Mononuclear heme and non-heme iron enzymes, such as Rieske dioxygenases and cytochrome P450s, 

facilitate one-step aromatic C-H bond hydroxylation reactions selectively and efficiently.30,37-38,68 The 

enzymes are proposed to react through a common Fe(III)-hydroperoxo intermediate. In the established 

mechanism of cytochrome P450, the hydroperoxo intermediate undergoes protonation and heterolytic 

cleavage of the O-O bond to form compound I, a low spin Fe(IV)-oxo with a porphyrin-π-cation radical.30 

It is compound I that is responsible for abstracting the hydrogen atom from the substrate.32 Upon 

hydrogen atom abstraction, an Fe(IV)-hydroxide is formed and a subsequent rebound mechanism is 

proposed to complete the C-H bond hydroxylation step.227 The oxidative potency of cytochromes P450 

relies on the porphyrin ring to delocalize the radical cation of compound I. In non-heme enzymes, where 

the coordination environment contains only redox-innocent ligands, the mechanism is much less 

understood. Notwithstanding, deciphering the different roles of the reaction intermediates in non-heme 

enzymes is fundamental to developing catalysts for the coveted one-step C-H bond hydroxylation.3,228-229 
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Synthetic models have been use to evaluate possible intermediates for aromatic C-H bond activation 

in non-heme iron enzymes. The Fe(III)-hydroperoxo intermediate is proposed to 1) attack the substrate 

directly 2) undergo heterolytic cleavage to form a high-valent Fe(V)-oxo-hydroxo or 3) undergo 

homolytic cleavage to form an Fe(IV)-oxo and a hydroxyl radical.9,65 The Fe(III)-hydroperoxo 

intermediate has been generally classified as a poor oxidant, only being able to abstract weak C-H 

bonds.75 With model systems, the majority of authors propose O-O bond cleavage before electrophilic 

attack on the aromatic ring.79-85,88,91 The Fe(IV)-oxo has been identified as a viable intermediate for C-H 

bond activation.79-80,86-87 However, the Fe(V)-oxo is targeted due to its greater oxidation potency and 

radical-free reaction pathway.  

The understanding of Fe/O2 chemistry has been driven forward with the use of macrocycles,107,230 

which entails increased stability to their complexes leading to easier characterization of the high-valent 

intermediates.89-91 This has been proven with TMC (tetramethylcyclam) macrocycle, where several 

intermediates have been isolated and characterized.78,101-105 Our research builds upon this concept by 

using cryptands (macrobicycles) to help stabilize complexes and to influence reactivity through second 

coordination sphere properties. The cryptands provide a protective pocket to help control nuclearity 

and prevent side reactions. Supramolecular cavitands have been used to study biomimetic Fe oxidation 

reactions, but they only provide a protective pocket and do not benefit from the cryptate effect.110 

While the use of cryptands for mimicking mononuclear Fe monooxygenase reactions is unexplored, a 

few examples in Cu/O2 chemistry have been reported. In one specific example, a Tren-capped 

calix[6]arene cryptate was shown to protect the Cu centre from dimerization and disproportionation.111 

In another example a Tren-based cryptand was shown to influence and direct the reactivity of Cu(II)-

hydroperoxo intermediate (Chapter 3). The potential benefits of the cryptate effect and protection of 

the active site has led us to investigate Fe/O2 chemistry supported by a cryptand (LTTA) (Scheme 16). 
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Scheme 16. Ligand LTTA and the synthesis of its Fe(II)-triflate complex and Fe(III)-phenolate from H2O2 or PhIO 

6.3 Results and Analysis 

6.3.1 Synthesis and Characterization of [LTTAFe](TfO)2 

The synthesis of LTTA was previously reported.169 [LTTAFe](TfO)2 was synthesized in 97% yield by 

reacting iron(II)-triflate with a small excess of LTTA in MeCN and precipitating with ether (Scheme 16). 

The complex was stable as a powder under an inert atmosphere for an indefinite period of time and 

decomposed slowly in air to give a brown precipitate. The complex was characterized by ESI-MS and 

CHN analysis. The ESI-MS showed two fragment ions, m/z = 429 [LTTAFe]2+ and 1007 [LTTAFeTfO]+, 

corresponding to the complex having lost one or two of the anions. The CHN analysis revealed that the 

[LTTAFe](TfO)2 sample also contained one of each: water, ether and MeCN. Despite many attempts, 

single crystals suitable for X-ray diffraction could not be made. The complex was EPR silent and the 1H-

NMR contained very broad signals resulting from a high-spin Fe(II) centre. 

6.3.2 Formation of an Fe(III)-phenolate 

The Fe(III)-phenolate, [LTTA-HFeO](TfO)2, was formed using two different oxidants (Scheme 16). When 

[LTTAFe](TfO)2 was reacted with 2 to 100 equiv. of H2O2 at room temperature in MeCN, the solution 

immediately turned dark blue. The blue species was stable at low concentrations of oxidant (2 equiv.) 

for a short time (about 1/2 h) but decomposed quickly with higher concentrations. Attempts to isolate 

the blue product resulted in decomposition of the sample. This Fe(III)-phenolate species (see below) was 

alternatively formed from the reaction of [LTTAFe](TfO)2 with slight excess PhIO suspended in MeCN. 

The reaction with PhIO was qualitatively slower (several seconds before colour change) compared to the 
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reaction with H2O2 (immediate colour change). The product of the reaction with PhIO could be isolated 

by precipitation with ether. The blue powder remained stable for at least 24 hours under an inert 

atmosphere. Attempts to form crystals with the blue powder were, however, unsuccessful. 

6.3.2.1 Mass Spectrometric Analysis 

The reaction of [LTTAFe](TfO)2 with H2O2 or PhIO was characterized by direct-injection-ESI-MS. The 

Fe(III)-phenolate was identified by the m/z = 1022, i.e. 15 mass units higher than [LTTAFeTfO]+ 

corresponding to the gain of one oxygen and loss of a hydrogen (Figure S22, A and B). The isotope 

pattern was consistent with the molecular formula of [LTTA-HFeOTfO]+ and a +3 oxidation state of Fe. At 

2 equiv. of oxidant the ESI-MS was dominated by the signal of [LTTAFeTfO]+. The intensity of the signal 

of [LTTA-HFeOTfO]+ increased with increasing concentration of H2O2 along with over-oxidation peaks 

(Figure S22, C). Using high concentrations of PhIO was not possible due its insolubility in MeCN. 

Cold-spray ionization mass spectrometry (CSI-MS) was used to further evaluate the reaction of 

[LTTAFe](TfO)2 with H2O2. A continuous-flow set-up was used to mix the reactants at a Y-junction before 

introduction to the MS. One syringe was loaded with [LTTAFe](TfO)2 and pumped from inside the 

glovebox and the other was loaded with H2O2 and pumped from outside. The tubing was first filled with 

[LTTAFe](TfO)2 and addition of H2O2 was started after, which marked time zero. This allowed for 

observation of the reaction at gradually increasing mixing times. 

With the gradual mixing of H2O2 with [LTTAFe](TfO)2, several spectral changes occurred. The most 

notable changes were the decrease in intensity of [LTTAFe(TfO)]+ at m/z = 1007.34 and the increase in 

intensity of oxidized products. Of the oxidized products, m/z = 1022.3235 [LTTA-HFeOTfO]+
 was the most 

dominant peak upon complete mixing (m/z = 1022.3235 is within 0.3 ppm of the exact mass of [LTTA-

HFeOTfO]+). The peaks at m/z = 888.34, 886.34, 1038.32 and 1036.32 are assigned [LTTAFeOO-2H]+, 

[LTTAFeOO-4H]+, [LTTAFeOO(TfO)-1H]+ and [LTTAFeOO(TfO)-3H]+, respectively and are likely from over-

oxidation. The peak at m/z = 1103.37 and 981.41 correspond to decoordination of Fe centre. The peak at 

m/z = 1103.37 is assigned [LTTA(TfOH)2]H+ and 981.41 is assigned [LTTA-2H(TfO)(CH3OH)]+. The intensity 

of [LTTA(TfOH)2]H+ compared to the other ions indicates that coordination of the metal centre is 

inefficient under these conditions. When the experiment was repeated with an ESI-MS (H2O2 as the 

oxidant) the contribution from this peak was negligible (< 5% intensity). However, the ESI-MS with PhIO 

as the oxidant showed signals corresponding to decoordination of the iron centre (Figure S22). 
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Figure 24. CSI-MS of 1mM [LTTAFe](TfO)2 in MeCN and 1 equiv. H2O2 in MeCN were mixed with a continuous-flow 

setup at RT. The spectra were recorded at (A) 30 s, inset shows isotope pattern of [LTTAFe(TfO)]+ (B) 78 s, (C) 96 s, 

(D) 108 s from the time of adding H2O2. 

6.3.2.2 UV/Vis and EPR Spectroscopy 

The reactions of [LTTAFe](TfO)2 with H2O2 (2 equiv.) or PhIO (ca. 4 equiv.) were monitored by UV/Vis at 

room temperature and both reactions showed very similar spectra to each other (Figure S23). Two LMCT 

bands, characteristic of Fe(III)-phenolate species, were observed (Table 6).79,231 The charge-transfer 

bands at 350 nm are assigned to the phenolate p(π) → Fe(III) d(σ*) transition and the charge-transfer 

bands at 640 nm or 650 nm are assigned the phenolate p(π) → Fe(III) d(π*) transition.79,231 
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Table 6. UV/Vis absorption bands from 0.2 mM [LTTAFe](TfO)2 + oxidant in acetonitrile at RT. 

Oxidant λmax (nm) ɛ (M-1 cm-1) λmax (nm) ɛ (M-1 cm-1) 
H2O2 350  3100 640 1150 
PhIO 350 2780 650 1000 
 

The Fe(III)-phenolate species was further characterized by EPR. The reaction of [LTTAFe](TfO)2 with 1 

equiv. of H2O2 at room temperature was mixed for 20 s under an inert atmosphere. The sample was 

removed from the inert atmosphere, loaded into an EPR tube and immediately frozen to minimize 

exposure to air. The sample had an intense blue colour indicating formation of the Fe(III)-phenolate with 

little to no decomposition. The EPR clearly shows that the product is a high-spin rhombic Fe(III) centre 

with g = 4.3 (Figure S25). 

6.3.2.3 Kinetics 

The reaction of [LTTAFe](TfO)2 with H2O2 in MeCN was monitored with stopped-flow UV/Vis 

spectroscopy. The data was fitted to a simple A → B → C model revealing the formation of an 

intermediate prior to the observation of the Fe(III)-phenolate (Scheme 17). The intermediate was 

postulated to be an Fe(III)-hydroperoxo and deconvolution of the spectral profile from the fitting 

revealed a band with an absorption maxima at 525 nm (ε = 1575 M-1 cm-1), characteristic of the Fe(III)-

hydroperoxo LMCT (Figure 25).37 To directly observe the absorption band at 525 nm the experiment was 

repeated in propionitrile and -70 °C. Upon addition of H2O2, the complex turned purple as the band at 

525 nm began to accumulate before decomposing into the Fe(III)-phenolate (Figure S24). 

[LTTAFe(II)]2+ [LTTAFe(III)OOH]2+ [LTTA-HOFe(III)]2+

kobs1 kobs2

A B C  

Scheme 17. Proposed reaction mechanism for the formation of the Fe(III)-phenolate. 

The rate constant, kobs1, for the formation of the Fe(III)-hydroperoxo was analysed at different 

concentrations and temperatures. kobs1 was found to be dependent on the concentration of [H2O2]. 

When [H2O2] was varied from 5 to 50 mM at -5 °C the plot of kobs1 vs [H2O2] was linear with an intercept 

near zero, consistent with d[B]/dt = k1[A][H2O2]. A fractional reaction order (1.2) with respect to H2O2,  

deduced from the slope of the log plot (Figure 25), is consistent with a complex mechanism where H2O2 
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is required to both oxidize Fe(II) to Fe(III) and form the hydroperoxo intermediate.37,71
 The temperature 

of the reaction was varied from -30 to 20°C, and the activation parameters were extracted from the 

corresponding Eyring plot (Table 7). The activation parameters are consistent with an associative 

bimolecular reaction pathway leading to the formation of an Fe(III)-hydroperoxo. 

 

Figure 25. (A) UV/Vis profile from the pseudo-first order fit A→BoC for the reaction of 0.5 mM [LTTAFe](TfO)2 in 

MeCN with 30mM H2O2 at -30°C (B) Concentration profile with respect to time of A, B and C (C) Observed rate 

constants versus [H2O2] from the reaction of 0.5 mM [LTTAFe](TfO)2 with H2O2 at -5°C. (D) Log plot of the observed 

kobs1 versus [H2O2]. 

Table 7. Activation parameters for the reaction of [LTTAFe(II)]2+ with H2O2 

Reaction k ΔH‡ (kJ mol-1) ΔS‡ (J K-1 mol-1) 

[LTTAFe(II)]2+ + [H2O2] → [LTTAFe(III)OOH]2+ k1 33 -84  

[LTTAFe(III)OOH]2+ → [LTTA-HFeO]2+ k2a 53 -37 
[LTTAFe(III)OOH]2+ + [H2O2] → [LTTA-HFeO]2+ 

or 
[LTTAFe(III)OOH]2+ + [H2O] → [LTTA-HFeO]2+ 

k2b 49 
-12 
or  
-19 
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The plot of kobs2 vs [H2O2] is linear with a non-zero intercept, indicating the rate law d[C]/dt = k2a[B] + 

k2b[B][H2O2 or H2O]. This rate law is consistent with a mechanism where the Fe(III)-hydroperoxo 

decomposes to the Fe(III)-phenolate independently and through a H2O2- or H2O-assisted mechanism. 

The rate constants, k2a and k2b, were extracted from the plot of kobs2 vs [H2O2] or kobs2 vs [H2O2], where k2a 

is the y-intercept and k2b is the slope. The plots were repeated at -5, -15 and -30 to obtain the activation 

parameters in Table 7. The negative entropy of activations, ΔS‡
k2a and ΔS‡

k2b indicate a mildly constrained 

transition state, consistent with an intramolecular reaction pathways. The rate-determining step is 

typically O-O bond cleavage and the less negative ΔS‡
k2b value compare to ΔS‡

k2a suggests that the H2O2- 

or H2O-assisted mechanism involves pre-equilibrium binding of H2O or H2O2 followed by cleavage of the 

hydroperoxo moiety with a concomitant dissociation of a molecule.  

6.3.2.4 Analysis of Organics 

Ligand oxidation was confirmed by demetallating the complexes with NH4OH following the oxidation 

reaction with 2 equiv. of oxidant. The organic matter was analyzed by MS, NMR and IR. The ESI-MS 

showed that for both PhIO and H2O2 as the oxidants, the molecular ion peak was the starting ligand, 

[LTTA]H+. The second major ion was the ligand with one oxygen atom inserted [LTTA+O]H+ (Figure S26, B 

and C). The LTTA+O could be partially isolated from LTTA by extracting unreacted LTTA with MeCN 

(complete removal of the LTTA was not possible) (Figure S26, A). As a control experiment, LTTA was 

reacted with 2 equivalents of H2O2. Minimal oxidation was observed in the control experiment (< 4%) 

and no [LTTA+O]H+ was observed (Figure S26, D). 

The NMR and IR provide clues to the site of oxygenation. The aromatic region of the semi-purified 

oxygenated ligand had the most dramatic changes. Complete analysis of the product was, however, 

difficult (Figure S27). The aromatic peak (G) has either shifted or disappeared. Further evidence of 

aromatic hydroxylation came from the lack of proton shift corresponding to an aldehyde, eliminating the 

possibility of hydroxylation at the benzylic position. The IR of the semi-purified oxygenated ligand 

showed an increase in the O-H stretching region at about 3400 cm-1 (Figure S28). The IR together with 

the NMR provided some evidence that an Fe(III)-phenolate was being formed however neither spectra 

are entirely convincing. 
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6.3.3 Formation of the Fe(IV)-oxo 

An Fe(IV)-oxo complex was synthesized by mixing [LTTAFe](TfO)2 in MeCN with PhIO dissolved in MeOH 

at -40 °C. The solution turned vibrant yellow and when analyzed by UV/Vis and absorption bands at 525 

nm (ɛ = 125 M-1 cm-1) and 770 nm (ɛ = 210 M-1 cm-1) were observed (Figure 26). The band at 770 nm is 

characteristic of the ligand field transition of a Fe(IV)-oxo species.43 Heating the reaction caused the 

intermediate to decompose with no observation of any other species. When a low-temperature reaction 

was repeated with PhIO crushed in MeCN, the transition at 770 nm did not appear. Furthermore the 

Fe(III)-phenolate was not observed at any point during the experiment, demonstrating the Fe(IV)-oxo is 

not responsible for the aromatic hydroxylation seen from the reaction of [LTTAFe](TfO)2 with H2O2. 

6.3.3.1 Kinetics 

The reaction of [LTTAFe](TfO)2 with PhIO was followed by stopped flow UV/Vis spectroscopy at -40°C. 

The formation of the absorption band corresponding the Fe(IV)-oxo (650 nm to 875 nm) was fit to a A → 

B model. The experiment was repeated from -35 to 0°C and the corresponding Eyring plot was 

generated. The activation parameters were extracted from the plot as ΔH‡ = 25 kJ mol-1 and ΔS‡ = -92 J K-

1 mol-1, indicating an associative mechanism for the formation of the Fe(IV)-oxo species. 

 

Figure 26. UV/Vis spectra of the reaction of 5 mM [LTTAFe](TfO)2 in MeCN with 2 equiv. PhIO in MeOH at -40°C. 

Eyring plot for the formation of Fe(IV)=O from 2 mM [LTTAFe](TfO)2 with 20mM PhIO in MeOH. 
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6.3.3.2 Analysis of Organics 

Analysis of the ligand was achieved by demetallating the Fe(IV)-oxo with NH4OH after decomposing the 

intermediate. ESI-MS of the demetallated solution revealed that only a small amount of oxygen-atom 

transfer to the ligand had occurred (< 10 % intensity) (Figure S29). The majority of the product was from 

the dehydrogenation of the ligand (LTTA-2H and LTTA-4H), evidenced by the loss of 2 and 4 mass units 

from the initial ligand at m/z = 803. These results are dramatically different from decomposition and 

demetallation of the Fe(III)-phenolate where the major product was C-H bond hydroxylation with little 

to no dehydrogenation observed. 

6.3.4 Mechanism for the Formation of the Fe(III)-phenolate 

The reaction of [LTTAFe](TfO)2 with H2O2 forms a Fe(III)-hydroperoxo intermediate that leads C-H 

activation and the formation of an Fe(III)-phenolate. A common query is whether the 

Fe(III)-hydroperoxo attacks the aromatic ring directly or first cleaves the O-O bond to form a high-valent 

intermediate. In our case, heterolytic cleavage of the Fe(III)-hydroperoxo to form a high-valent 

Fe(V)-oxo-hydroxo is proposed (Scheme 18). This mechanism is supported by the kinetic analysis of the 

formation of the Fe(III)-phenolate where the rate law is d[C]/dt = k2a[B] + k2b[B][H2O2 or H2O]. The 

dependence of the rate on [H2O2 or H2O] indicates a pathway with water-assisted cleavage of the 

hydroperoxo moiety, a mechanism implicated in heterolytic cleavage mechanism via isotope-labelling 

and computational studies.37,232 However, the direct attack by the hydroperoxo intermediate cannot be 

ruled out without further experiments. Finally, the decomposition of an independently formed 

Fe(IV)-oxo did not lead to a phenolate product, eliminating the possibility of a homolytic cleavage 

pathway.The Fe(III)-phenolate formed from PhIO may go through a similar Fe(V)-oxo intermediate or 

more likely involve a concerted, Fe-mediated, oxygen-atom transfer to the aromatic ring.  

The arene hydroxylation likely occurs at a position ortho to the benzylic functional group on the 

aromatic ring because this would form a favourable 6-membered ring in the Fe(III)-phenolate product. 

The formation of an Fe(III)-phenolate at the ortho position has been previously established in the 

reaction of [Fe(II)(bpmen)(MeCN)2]2+, H2O2 and benzoic acid where the carboxylic group anchors the 

substrate to the complex.233 Two ortho positions are available on LTTA, both of which are activated by 

the O-R group. Further studies are necessary to identify the site of oxidation as well as isotope labelling 

studies to confirm a water-assisted cleavage mechanism. 
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Scheme 18. Proposed mechanism for the formation of the Fe(III)-phenolate. The cryptand backbone has been 

removed for clarity. The hydroxylation is depicted at position H however position G is also likely. 

6.4 Conclusion 

In conclusion, the reaction of [LTTAFe](TfO)2 and H2O2 leads to an intramolecular aromatic 

hydroxylation reaction. An Fe(III)-hydroperoxo intermediate was observed with stopped-flow and low 

temperature UV/Vis spectroscopy. The hydroperoxo moiety is proposed to undergo heterolytic cleavage 

to form a Fe(V)-oxo-hydroxo, akin to Rieske dioxygenases. An Fe(IV)-oxo, independently formed, 

showed no signs of aromatic hydroxylation eliminating its participation in the mechanism. This study is 

unique in that it is the first attempt at studying model non-heme iron chemistry with a coordinating 

cryptand. The next step will be to further investigate the mechanism of C-H bond hydroxylation and look 

at the impact of the second coordination sphere of the cryptand on the reactivity of the Fe complex. 

6.5 Experimental 

Materials: All materials were used as received from Alfa Aesar and Sigma Aldrich except iron(II)-triflate 

which was synthesized from a previously reported procedure234 and acetonitrile which was distilled over 

CaH2 and stored over sieves under an inert atmosphere. NMR spectroscopic measurements were made 

at 22 °C in a 5 mm tube on a Varian Innova 300 or 500 MHz instrument and referenced to internal 
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tetramethylsilane. Electrospray ionization mass-spectrometry (ESI-MS) measurements were performed 

via direct injection on a Micromass Quattro LC at Concordia’s Centre for Biological Applications of Mass 

Spectrometry. Cryospray ionization MS (CSI-MS) data were acquired with a Bruker CSI Q-TOF at the 

Université de Montréal. The m/z data reported are based on 1H, 12C, 14N, 16O, and 63Cu. UV/Vis spectra 

were recorded on an Agilent 8453 spectrophotometer equipped with a Unisoku USP-203-A cryostat for 

temperatures down to –70 °C. Kinetic studies were recorded on a BioLogic low-temperature stopped-

flow unit (Claix, France) equipped with a J&M TIDAS diode-array spectrophotometer (J&M, Aalen, 

Germany). X-band EPR spectra were collected on a Bruker EMX Plus spectrometer controlled with Xenon 

software and equipped with a Bruker teslameter. A Bruker nitrogen-flow cryostat connected to a high-

sensitivity resonant cavity was used for 100 K measurements.  

Synthesis of [LTTAFe](TfO)2: [LTTAFe](TfO)2: Under an inert atmosphere, Iron(II) triflate (215 mg, 495 

μmol) dissolved in 1 mL MeCN was added to LTTA (401 mg, 500 μmol) suspended in 1 mL of MeCN. The 

mixture was stirred for 10 minutes and the undissolved ligand was filtered off. The pale yellow filtrate 

was concentrated and layered with diethyl ether. The complex was isolated by collecting and drying the 

beige precipitate (578.5 mg, 97%). MS (ESI, MeCN): m/z = 429 [M2+-TfO] and 1007 [M+ -TfO]. Accurate 

mass = 1007.3381, exact mass = 1007.33675, mass accuracy = 1.3 ppm Elemental analysis calcd (%) for 

C50H69N15O11S2F6Fe : C 46.55, H 5.39, N 16.29, S 4.97; C 46.18, H 5.36, N 16.31, S 5.03. NMR. 

6.5.1 Formation of Fe(III)-phenolate  

Synthesis: Under an inert atmosphere, 23 mg (20 µmol) of [LTTAFe](TfO)2 was dissolved in 5 mL of 

MeCN. To this solution was added 25µL of a H2O2
 stock solution (80 mM in MeCN). The solution 

immediately turned dark blue. (Evidence of formation by CSI-MS: Accurate mass = 1022.3235, exact 

mass = 1022.3238, mass accuracy = 0.3 ppm).  

Under an inert atmosphere, 23 mg (20 µmol) of [LTTAFe](TfO)2 was dissolved in 2 mL of MeCN. To this 

solution was added 17.6 mg (80 µmol) PhIO crushed in 1 mL MeCN. The solution turned dark blue after a 

few minutes. The solution was used for further experiments (evidence of formation was by an ESI-MS 

signal at m/z =1022, other signals were present as well). The product was isolated by removing the 

unreacted PhIO and layering the filtrate with ether. A blue powder precipitated out and was collected 

on a frit.  
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Characterization by UV-Vis: A 3 mL cuvette with 1 cm pathlength was equipped with a stir bar and 

sealed with a septum. The cuvette was degassed with nitrogen and filled with 2 mL of MeCN. To the 

cuvette was added 20 µL of a [LTTAFe](TfO)2 stock solution (20 mM in MeCN) followed by 20 µL of H2O2 

stock solution (40 mM in MeCN). The reaction was observed over 10 minutes by UV/Vis to ensure 

complete formation of the [LTTA-HFeO](TfO)2.  

Under the inert atmosphere of a glove box, a 3 mL cuvette with 1 cm pathlength was filled with 2 mL 

of MeCN and equipped with a stir bar. The cuvette was sealed with a septum and removed from the 

glovebox. 100 µL of a [LTTAFe](TfO)2 stock solution (10 mM in MeCN) was added to the cuvette followed 

by 125 µL of a 80 mM stock solution of PhIO crushed in MeCN. The reaction was monitored with UV/Vis 

for 10 minutes. 

Kinetic Studies with H2O2: A 1 mM solution of [LTTAFe](TfO)2 in MeCN was prepared under an inert 

atmosphere and added to varying concentrations of H2O2 between -30 to 20 °C (final concentration in Fe 

is 0.5 mM). Solutions after mixing were 0.5 mM with respect to Fe in 184 µL of MeCN. All concentrations 

are reported as in-cell, after dilution. The resulting spectra were analyzed with a global analysis fitting 

routine using the program Reactlab kinetics (Jplus Consulting, Palmyra, Australia). The experiments were 

repeated 5 times and the average rate constants were used.  

CSI-MS Analysis with H2O2: To observe the reaction of [LTTAFe](TfO)2 with H2O2 at various times, two 

syringes, one filled with 0.2 mM of [LTTAFe](TfO)2 under inert atmosphere and the second filled with 1 

equiv. H2O2 were injected into the CSI-MS through a Y-junction. The rate of injection was from 1 mL/hr 

per syringe. 

EPR Analysis: To a 1 mM solutions of [LTTAFe](TfO)2 in MeCN was added to 2 mM of H2O2 in MeCN in 

a 1:1 ration at RT to make a 0.5 mM solution of the Fe(III)-phenolate. A sample of 400 µL of the 0.5 mM 

solution was frozen in liquid nitrogen and the spectrum was acquired.  

Characterization of the Fe(III)-Hydroperoxo: A UV/Vis spectra of a 0.5 mM solution of [LTTAFe](TfO)2 

in propionitrile was recorded at -70°C. Ten equiv. of H2O2 were added. The progression of the reaction 

was followed for 50 min. 

Analysis of the Organics: After decomposition of the bulk solution, excess NH4OH was added and the 

solution was filtered on an alumina column with a 1:1 MeCN/DCM mobile phase. The filtrate was 
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analyzed by ESI-MS. Alternatively, EDTA was added to the solution and extracted 3 times with 

dichloromethane. The extracts were dried over Na2SO4 and the solution was condensed. 

Attempts to purify the oxygenate ligand were made by precipitating the LTTA with MeCN, collecting 

and condensing the filtrate containing the oxygenate ligand. This procedure was repeated several times. 

The condensed filtrate was then analyzed by ESI-MS, IR and NMR. 

6.5.2 Formation of Fe(IV)-oxo 

Characterization by UV/Vis: Under the inert atmosphere of a glove box, a 3 mL cuvette with 1cm path 

length was filled with 2 mL of MeCN and equipped with a stir bar. The cuvette was sealed with a 

septum, removed from the glovebox and cooled to -40 °C. To the cuvette was added 100 µL of a 

[LTTAFe](TfO)2 stock solution (40 mM in MeCN) followed by 100 µL of a 80 mM stock solution of PhIO 

dissolved in MeOH. The formation of the intermediate was followed by UV/Vis.  

Kinetic Studies: A 4 mM solution of [LTTAFe](TfO)2 in MeCN was prepared under an inert atmosphere 

and added to 40 mM PhIO dissolved in MeOH at various temperatures. Solutions after mixing were 2 

mM with respect to Fe in 184 µL of 1:1 MeCN/MeOH. The resulting spectra were analyzed with a global 

analysis fitting routine using the program Reactlab kinetics (Jplus Consulting, Palmyra, Australia). The 

experiments were repeated 5 times and the average rate constants were used.  

Analysis of the Organics: After decomposition of the bulk solution, excess NH4OH was added and the 

solution was filtered on an alumina column with a 1:1 MeCN/DCM mobile phase. The filtrate was 

analyzed by ESI-MS. 

6.6 Supporting Information and Acknowledgements 

Supplementary figures are available in Appendix 4.  

This work has been supported by Fonds de Recherche du Québec - Nature et les Technologies (FRQNT) 

and the Natural Sciences and Engineering Research Council of Canada (NSERC). L.C. acknowledges 

Concordia University for the Mobility Award and FRQNT for the Bourse de Stage International- CCVC. 

We would like to that Dr. Fabrice Thomas for the EPR experiments and access to the stopped-flow 

UV/Vis. We would also like to thank Dr. Garry Hanan and Dr. Jingwei Luo (Université de Montréal) for 

access to the CSI-MS.   



 

 98 

Chapter 7: Conclusion 

7.1 Conclusion 

This research has shown that coordinating cryptands can be used to study intramolecular oxygenation 

reactions that proceed through Cu(II)- and Fe(III)-hydroperoxo intermediates. Two cryptands LTEA and 

LTTA were used to achieve this bio-inspired oxidation chemistry.  

With LTEA, the addition of N-methylation to the Tren moiety of the cryptand provided too much steric 

constraint to encapsulate Cu(II)-acetate centres (Chapter 2). The reaction was further complicated by 

the presence of two complexes in solution (Chapter 3). Nevertheless, the cryptate was able to support 

the formation of Cu(II)-hydroperoxo intermediates that led to an intramolecular oxidation. The cryptand 

was shown to influence the reaction pathway of the hydroperoxo intermediates through second 

coordination sphere features. While C-H bond oxidation did not take place, the reaction did proceed 

through an oxygen-atom transfer to form an N-oxide. Further insight could come from isolating the N-

oxide to confirm the exact site of oxidation. However, preliminary experiments show that this is not a 

simple task.   

The structure and reactivity of copper halide complexes of LTEA were investigated (Chapter 4). 

Hydrogen bonding from the cryptand to the coordinated anion, in conjunction with protonation led to 

complete encapsulation of the Cu(II)-fluoride centre. Conversely, the Cu(II)-chloride centres were unable 

to form sufficient hydrogen bonds to overcome the strain of encapsulation. A hydroperoxo intermediate 

was formed from the Cu(II)-fluoride complex and found to have the same UV/Vis profile as hydroperoxo 

species formed from the Cu(II)-acetate complex. The Cu(II)-chloride complex showed no reactivity. 

Further insight into the reactivity of the hydroperoxo intermediate starting from the fluoride complex 

can come from mechanistic studies using stopped-flow UV/Vis, and EPR spectroscopy studies to situate 

the reactivity in comparison to the Cu(II)-acetate complex. These studies would help determine how 

many Cu(II)-hydroperoxo intermediates are formed and help differentiate the reactivity of the two 

Cu(II)-acetate complexes. 

The design and synthesis of LTTA resulted in a high-yielding ditopic cryptand (Chapter 5). LTTA, in 

comparison to LTEA, has a large cavity with triazole groups that can interact directly with an anion. An 

Fe(III)-hydroperoxo, supported by LTTA, was shown to hydroxylate aromatic C-H bonds on the ligand 
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(Chapter 6). Furthermore, LTTA was able to support the formation of a high-valent Fe(IV)-oxo 

intermediate. These are the first examples of Fe/O2 intermediates with a cryptand. While this research is 

young, it shows great promise for future studies of the second coordination sphere impact on the 

oxidation chemistry. A great deal of insight will come from fully characterizing the intermediates with 

Mössbauer, MCD and EPR, as these techniques will provide local information about the geometry and 

spin state of the iron complexes. However, these techniques require specific solvents that form a glass-

like frozen state. Preliminary results show that the reaction is complicated by the change in solvent 

system and that optimization of the solvent conditions will be needed. Finally, investigations into the 

exact site of oxidation will provide more clues to elucidate the mechanism of C-H bond oxidation. Again, 

isolation and purification prove challenging.  

7.2 Future Work 

The future direction of these projects can be divided into three categories:  

1) Expanding the reactivity of [LTTAFe(TfO)]+ and [LTEACuF]+; 

2) Investigating the reactivity of LTEA and LTTA with different metal centres;  

3) Re-designing cryptands. 

The Cu(II)-acetate chemistry with LTEA was complicated by the prescence of two complexes in solution. 

It could therefore be advantageous to pursue the oxidative studies starting from the Cu(II)-fluoride 

complex, which may be forming one Cu(II)-hydroperoxo intermediate. These simplified studies may 

provide greater insight into how the oxygen atom is transferred from the hydroperoxo to the ligand. In 

the case of the oxidative iron chemistry with LTTA, further investigation into the mechanism of the 

aromatic C-H bond hydroxylation is necessary. This will include mechanistic probes such as isotope 

labelling studies, using radical scavengers and synthesizing a deuterated LTTA for kinetics and 

identification of a 1,2-hydride shift. Finally, an Fe(IV)-oxo complex was formed and preliminary results 

show intermolecular oxygen-atom transfer to phosphines.  Further investigation is warranted to gain a 

greater insight into the mechanism of OAT of an Fe(IV)-oxo species. 

The second research stream would be aimed at investigating different M/O2 intermediates supported 

by the cryptands. From the perspective of comparing the reactivity of one metal centre supported by 

two different cryptands, it would be interesting to look at iron complexes with LTEA and copper 
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complexes with LTTA. To compare copper complexes, methylated LTTA (8) would be used and 

conditions to form a hydroperoxo intermediate would be optimized.  Alternatively, non-methylated 

LTEA (1H) would be used to investigate the formation of Fe(III)-hydroperoxo intermediate. The 

comparison of the reactivity between the two cryptands would provide insight into which functional 

groups/geometry/electronic structures are necessary to induce selectivity between oxygen-atom 

transfers or C-H bond hydroxylations.  

Finally, this project has provided insight into how coordinating cryptands can interact with anions. 

Thus, redesigning cryptands to enhance the second coordination sphere interactions would be useful. 

The findings from the copper fluoride versus chloride research suggest that expanding LTEA and 

incorporating stronger hydrogen bond donor groups could yield a cryptand that fully encapsulates a 

reactive intermediate. Molecular modelling would be valuable in selecting target ligands. With LTTA, 

methylation of the secondary amines would potentially reduce the number of side reaction and simplify 

mechanistic studies. The synthesis LTTA with ortho and para phenylene groups could potentially provide 

insight into the location of C-H bond hydroxylation.   

As these studies expand, a picture will emerge on how to control the reactivity of M/O2 intermediates, 

which will lead to new elements of design for enhancing the selectivity of O2- and H2O2-based oxidations 

of substituents. In addition, this understanding of the second coordination sphere will help develop 

intermolecular reactions with substrates that would bind to the cryptand prior to being oxidized.  
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: Supplement Information for Chapter 3 Appendix 1

Supramolecular Control of Monooxygenase Reactivity in a Copper(II) Cryptate 
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Chart S1. Well-characterized end-on mononuclear Cu/O2 intermediates: TMG3Tren-Cu(II)-superoxo,19,44 N2O2-

Cu(II)-hydroperoxo,46 BPPA-Cu(II)-hydroperoxo 58, Me6Tren-Cu(II)-Hydroperoxo.153 

 

Figure S1. X-Band EPR spectra of solutions I and III in black, Easyspin fit spectra in red and deconvolution of the 

fitted spectra in gray. 
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It was unclear if LTEA-CuA had a vacant binding site or if an acetate ion was coordinating in place of the 

solvent. To distinguish between the two options excess sodium acetate was added to solution II. If 

[𝑳𝑻𝑬𝑨𝐶𝑢𝐵]+ ⇌ [𝑳𝑻𝑬𝑨𝐶𝑢𝐴]+ + 𝑀𝑒𝑂𝐻 was the governing process then excess acetate would not 

affect the equilibrium. If [𝑳𝑻𝑬𝑨𝐶𝑢𝐵]+ +  𝐴𝑐𝑂− ⇌ [𝑳𝑻𝑬𝑨𝐶𝑢(𝑂𝐴𝑐)2]  + 𝑀𝑒𝑂𝐻 was the governing 

process then excess acetate would drive the reaction to the right and the EPR spectrum would be 

dominated by one copper complex. From Figure S2, it was clear that NaOAc did not significantly affect 

the LTEA-CuA to LTEA-CuB ratio and therefore LTEA-CuA was assigned a square-planar geometry in 

solution.  

 
Figure S2. X-Band EPR spectra. Black: solution II. Red: Solution II + 100 equivalents of NaOAc. 
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Figure S3. UV/Vis spectra at -50 °C in MeOH of Solution I (0.5 mM) and 10 equiv. Et3N + 40 equiv. H2O2. Zoom of 

the d-d transitions. Spectra have been smoothed. (A) 2.5 ms (B) 0.875 s and (C) 174.87 s.  

 

Table S1. Table of the average rate of decomposition of [LTEACuOOH]+ and [LTEADCuOOHOAc]+, the sample size 

(N) and the calculated KIE. 

[H2O2] (M) N kd C-H (s-1) N kd C-D (s-1) KIE 

0.005 5 5.7 ± 0.1 x 10-02  5 3.58 ± 0.06 x 10-02  1.60 ± 0.05 

0.01 5 6.6 ± 0.2 x 10-02  5 4.0 ± 0.2 x 10-02 1.66 ± 0.05 

0.015 5 6.6 ± 0.2 x 10-02  5 4.3 ± 0.3 x 10-02 1.52 ± 0.06 

0.02 5 6.6 ± 0.1 x 10-02  5 4.7 ± 0.5 x 10-02  1.41 ± 0.05 

    Average KIE 1.5 ± 0.1 

 
Note S1 

In the case of both LTEA and LTEAD, if the dataset with 5 mM H2O2 is accounted for in the ANOVA test, 

the means are found to be statistically different. If the 5 mM dataset is considered to be an outlier, the 

means are found to be statistically similar. For the simplicity of the analysis, the means are considered 

statistically similar and 5 mM is considered an outlier. However, it should be noted that the 

decomposition may have a small dependence on H2O2 when using 10 equivalents versus 20 or greater. 

Further stopped flow experiments would be needed to test this hypothesis, but are not necessary for 

the general conclusions made in this publication.    
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Scheme S1. Previously proposed mechanism of the inner-sphere oxidation reaction of solution I with H2O2/Et3N. 

 

 
Figure S4. ESI-MS of the organic products after the reaction with 2 equiv. H2O2/Et3N and demetallation with (A) 

NH4OH and (B) washing with EDTA(aq) 
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: Supplement Information for Chapter 4 Appendix 2

Bio-Inspired Oxidation Chemistry of a Cu(II)-Fluoride Cryptate with C3-Symmetry 

 

X-Ray Crystallography 

X-ray crystallographic analysis was performed using the Cu-Kα microfocus source of a Bruker APEX-DUO 

diffractometer. The frames were integrated with the Bruker SAINT software package using a narrow-

frame algorithm. Data were corrected for absorption effects using the multi-scan method (SADABS). The 

structures were solved by direct methods and refined using the Bruker APEX2 software Package (SHELXL 

instructions).235 All non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen 

atoms were generated in idealized positions, riding on the carrier atoms, with isotropic thermal 

parameters. 

Table S2. Hydrogen bond lengths and angles for [LTEAH+CuF](BF4)2(MeCN)0.5 

D-H···A D-H (Å) H···A (Å) D···A (Å) ∡D-H···A (°) 

C10-H10··· F1 0.950 2.194 2.904(3) 130.7 

C22-H22··· F1 0.950 2.228 2.944(3) 131.5 

C34-H34··· F1 0.949 2.188 2.951(3) 136.6 

N5-H5N··· O1 1.04(2) 2.38(2) 2.820(3) 104(2) 

N5-H5N··· O2 1.04(2) 2.21(2) 2.730(3) 109(2) 

N5-H5N··· O3 1.04(2) 2.17(2) 2.734(3) 112(2) 

Table S3. Summary of Crystallographic Data 

 [LTEACuCl](SbF6)(MeOH) [LTEACuCl2](MeCN) [LTEAH+CuF](BF4)2(MeCN)0.5 

Formula C37H55Cl1CuF6 N5O4Sb C38H54Cl2CuN6O3 C37H53.5B2CuF9N5.5O3 

Mw(g/mol); F(000) 968.60; 1980 777.31; 1644 879.51; 1832 
T(K); wavelength 150; 1.54178 150; 1.54178 150; 1.54178 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P 21/c P 21/n P 21/n 
Unit Cell:  a (Å) 21.6285(7) 12.0729(11) 16.6170(5) 

b (Å) 12.1322(4) 11.5223(15) 12.5970(3) 
c (Å) 16.8581(6) 28.087(3) 20.2250(6) 
α (˚) 90 90 90 
β (˚) 111.381(2) 98.314(4) 90.935 
γ (˚) 90 90 90 

V (Å3) 4119.1(2) 3866.1(7) 4233.2(2) 
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Z; dcalcd. (g/cm3) 4; 1.562 4; 1.335 4; 1.380 
Ө range (˚); completeness 2.19- 68.57; 0.979 3.18– 70.80; 0.985 3.14- 59.557; 0.991 
Collected reflections; Rσ 57632; 0.0338 50926; 0.0892 53624; 0.0285 
Unique reflections; Rint 7438; 0.0554  7330; 0.1503 6152; 0.0619 
μ (mm-1); Abs. Corr 7.054; Multi-Scan 2.416; Multi-Scan 1.442; Multi-Scan 
R1(F); wR(F2) [I> 2σ(I)] 0.0647; 0.1719 0.0561; 0.1140 0.0370; 0.0836 
R1(F); wR(F2) (all data) 0.0724; 0.1798 0.1021; 0.1397 0.0529; 0.911 
GoF (F2) 1.063 1.048 1.038 
Residual electron density (e-

/Å3) 
0.927 0.535 0.374 

 

Supporting Figures 

 

Figure S5. UV/Vis spectra Red: 0.5 mM [LTEACuCl2](MeOH) dissolved in CH2Cl2 and Black: 0.5 mM 

[LTEACuCl](SbF6)(MeCN) dissolved in CH2Cl2.  
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Figure S6. UV/Vis spectra (A) 0.5 mM [LTEAHCuF](BF4)2 in MeCN and MeOH (B) Serial additions of 1 equiv. of Et3N 

(Total = 10 equiv.) to 0.5 mM [LTEAHCuF](BF4)2 in MeOH. The black arrows show the trend in spectral changes after 

addition of the base. (C) 1) [LTEAHCuF](BF4)2 in MeOH followed by sequential addition of 2) Et3N and 3) HClO4 

Experimental Section 

General: All materials were used as received. The synthesis of LTEA was reported elsewhere.170 ESI-MS 

spectra were measured using direct injection on Micromass Quattro LC at Concordia's Centre for 

Biological Applications of Mass Spectrometry. The CSI-MS was recorded on a Bruker Micro-TOF II 

equipped with a cold spray adapted at University of Montreal. The m/z data reported is based on 1H, 12C, 
14N, 16O, 19F, 35Cl, 63Cu. X-Ray crystallography was performed on the copper source of a Bruker APEX 

DUO. UV-Vis spectra were recorded on an Agilent 8453 spectrophotometer equipped with a Unisoku 

USP-203-A cryostat for temperatures down to –30°C. X-band EPR spectra were collected on a Bruker 

EMX Plus spectrometer controlled with Xenon software and equipped with a Bruker teslameter. A 

Bruker nitrogen-flow cryostat connected to a high-sensitivity resonant cavity was used for 100 K 

measurements. The EPR spectra were fit with Easyspin Fitting software.135 

Synthesis 

[LTEACuCl](SbF6)(MeOH): To LTEA (10 mg, 20 µmol) suspended in 1 mL of methanol was added 

copper(II) chloride (3.4 mg, 20 µmol) dissolved in 1 mL of methanol. The mixture was stirred for 10 

minutes and a dark green color formed. The solution was used as is or alternatively single crystals were 

grown by adding NaSbF6 (5.2 mg, 20 µmol) to the solution and evaporating the solvent overnight. The 

dark turquoise/ green crystals were collected in 58 % yield (11 mg, 11 µmol) (Table S3). ESI-MS in MeOH: 

signal at m/z = 699. 

[LTEACuCl2](MeCN): To LTEA (12 mg, 20 µmol) suspended in 1 mL of acetonitrile was added copper(II) 

chloride (3.4 mg, 20 µmol) dissolved in 1 mL of acetonitrile. The mixture was stirred for 10 minutes. The 

solvent was left to evaporate slowly overnight resulting in pale green crystals in 77 % yield (12.2 mg, 15 

µmol)(Table S3). ESI-MS in MeCN: signal at m/z = 699. 

[LTEAHCuF](BF4)2 and [LTEAHCuF](MeCN)0.5(BF4)2: To LTEA (15 mg, 25 μmol) suspended in 1 mL of 

acetonitrile was added copper(II) tetrafluoroborate (8.61 mg, 25 μmol) dissolved in 1 mL acetonitrile. 

The mixture was stirred for 10 minutes and a dark green solution evolved. The complex was isolated by 

precipitating with ether to afford 11.5 mg (50 %) of a turquoise powder. Single crystals suitable for x-ray 
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diffraction were grown with slow diffusion ether into a solution of the complex in MeCN at RT (Table 

S3). MS of the solution (ESI, MeCN): m/z = 683.  

Reactivity: To a 1 cm UV cell equipped with a stir bar, 1.8 mL of MeOH and cooled to -30°C was added 

100 µL of 10 mM stock solution of [LTEAH+CuF](BF4)2 in MeCN or [LTEACuCl](Cl) in MeOH. To the 

solutions was added 100 µL of a 200 mM stock solution of H2O2/Et3N in MeOH. 

A continuous flow set-up was used to mix a 10mM solution of [LTEAH+CuF](BF4)2 in MeOH with  15 

equivalents H2O2/Et3N in MeOH. The final concentration was 3.33 mM in Cu.  
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: Supplement Information for Chapter 5 Appendix 3

High-yield Synthesis of Potentially Ditopic Coordinating Cryptands and their 
Metal Complexes 

 

Experimental Section 

General procedures: Chemicals and solvents were used as received from commercial sources. The 

synthesis of 2-azido-N,N-bis(2-azidoethyl)ethanamine, 4,208 and 3-(2-propyn-1-yloxy)benzaldehyde, 5,209 

were reported previously and the procedure at the end of the appendix. NMR measurements were 

performed at 22°C (unless otherwise stated) in a 5 mm tube on a Varian Innova 500 MHz instrument and 

referenced to internal TMS. Elemental analyses were carried out by the Laboratoire d'Analyse 

Élémentaire of the Université de Montréal. ESI-MS spectra were measured using direct injection on a 

Micromass Quattro LC at Concordia's Centre for Biological Applications of Mass Spectrometry. The m/z 

data reported is based on 1H, 12C, 14N, 16O, 64Zn and 107Ag. X-Ray crystallography was performed on the 

Cu microfocus source of a Bruker APEX DUO instrument at 110 K. Further crystallographic details are 

provided below. 

6: To a stirring solution of copper(II) sulfate pentahydrate (40 mg, 0.16 mmol), 

2-azido-N,N-bis(2-azidoethyl)ethanamine208 (1.49 g, 6.66 mmol) and 3-(2-

propyn-1-yloxy)benzaldehyde209 (3.2 g, 20 mmol) in 200 mL of 1:1 t-

butanol/H2O was added sodium ascorbate (31.7 mg, 0.16 mmol). The mixture 

was stirred at room temperature for 24 h. Then, 100 mL of dichloromethane 

were added and the solution was further stirred for 24 h. To the mixture was 

added 100 mL of 1 M NaOH and 50 mL of 0.2 M EDTA. The product was 

extracted with 3 x 50 mL of dichloromethane and the organic phase extracts 

were dried over anhydrous Na2SO4. The solvent was removed under reduced 

pressure and drying under vacuum, yielding 4.40 g (94%) of a yellow oil. 1H-NMR (500 MHz, CDCl3): δ = 

3.16 (t, 6H, J = 6, A), 4.15 (t, 6H, J = 6, B), 5.11 (s, 6H, D), 7.13 (d, 3H, J = 8, G), 7.27 (s, 3H, H), 7.32 (s, 3H, 

C), 7.33 (t, 3H, J = 8, F), 7.41 (d, 3H, J = 8, E), 9.82 (s, 3H, I) ppm. . 13C-NMR (500 MHz, CDCl3): δ 48.84 

(CH2), 54.52 (CH2), 61.89 (CH2), 113.19 (Ar), 121.74 (Ar), 123.92 (Ar), 124.79 (Ar), 130.24 (Ar), 137.81 
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(Ar), 142.87 (Ar), 158.82 (Ar), 191.71 (CHO). Elemental analysis calcd (%) for C36H36N10O6: C 61.35, H 5.15, 

N 19.88; found C 60.83, H 5.18, N 19.80.  

 
7: To a stirring solution of 6 (4.40 g, 6.2 mmol) and lanthanum nitrate 

hexahydrate (2.68 g, 6.2 mmol) in 600 mL of methanol/tetrahydrofuran (10:1) 

was added dropwise tris(2-aminoethyl)amine (0.933 mL, 6.2 mmol) in 100 mL 

of methanol. The mixture was stirred at room temperature for 48 hours and 

was then used for the next step directly (synthesis of LTTA). Tris(imine) 7 can, 

however, be isolated via the following procedure: after evaporating the solvent 

under reduced pressure, dichloromethane was added and the mixture was 

stirred for 5 min. The precipitate was filtered off and the solvent was removed 

under reduced pressure. Addition of acetonitrile to the residue yielded 7·CH3OH 

as a white precipitate (2.36 g, 48%). 1H-NMR (500 MHz, CDCl3): δ = 2.90 (t, 6H, J 

= 4, L), 3.23 (s, 6H, A), 3.53 (s, 6H, K), 4.02 (s, 6H, B), 4.74 (s, 6H, D), 5.64 (s, 3H, 

I), 6.84 (s, 3H, H), 7.00 (d, 3H, J = 8, G), 7.41 (t, 3H, J = 8, F), 7.56 (s, 3H, C), 7.85 (d, 3H, J = 8, E) ppm. 13C-

NMR (500 MHz, CDCl3): δ 49.28 (CH2), 55.86 (CH2), 57.51 (CH2), 60.10 (CH2), 61.21 (CH2), 113.63 (Ar), 

119.23 (Ar), 119.89 (Ar), 126.25 (Ar), 129.94 (Ar), 138.91 (Ar), 142.08 (Ar), 158.40 (Ar), 160.56 (CH). 

Elemental analysis calcd (%) for C43H52N14O4: C 62.30, H 6.32, N 23.66; found C 62.51, H 6.18, N 23.68. 

 
LTTA: Tris(imine) 7 was reduced in situ by adding NaBH4 (0.844 g, 22.3 mmol) to 

the above stirring solution refluxed for 3 h. After removing the solvent under 

reduced pressure, 100 mL of 1 M NaOH and EDTA (2.00 g, 6.8 mmol) were 

added. The product was extracted with 3 x 50 mL of dichloromethane and the 

organic phase extracts were dried over anhydrous Na2SO4. The solvent was 

removed under reduced pressure, yielding a precipitate that was suspended in 

acetonitrile. Filtration, washing with acetonitrile and drying under vacuum 

yielded LTTA as a white powder (3.57 g, 72% over two steps). 1H-NMR (500 

MHz, CDCl3): δ = 1.52 (s, 3H, J), 2.67 (s, 6H, K), 2.67 (s, 6H, L), 3.20 (m, 6H, A), 

3.49 (s, 6H, I), 3.99(m, 6H, B), 4.89 (s, 6H, D), 6.30 (s, 3H, H), 6.82 (d, 3H, J = 8, 

G), 6.91 (s, 3H, C), 7.08 (d, 3H, J = 8, E), 7.22 (t, 3H, J = 8, F) ppm. 13C-NMR (500 
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MHz, CDCl3): δ 48.19 (CH2), 49.34 (CH2), 53.86 (CH2), 55.87 (CH2), 56.15 (CH2), 61.26 (CH2), 112.18 (Ar), 

114.61 (Ar), 120.99 (Ar), 125.83 (Ar), 129.83 (Ar), 142.90 (Ar), 142.91 (Ar), 158.33 (Ar). Elemental 

analysis calcd (%) for C42H54N14O3: C 62.82, H 6.78, N 24.42; found C 62.36, H 6.93, N 24.22. 

 
8: To a solution of formaldehyde (762 μL, 7.5 mmol) and formic acid (206 μL, 

7.5 mmol) was added LTTA (1.00 g, 1.25 mmol). The mixture was heated under 

reflux for 24 h. The solution was allowed to cool to room temperature and was 

poured onto 30 mL of 2 M NaOH. The product was extracted with 3 × 20 mL of 

dichloromethane and the organic phase extracts were dried over anhydrous 

Na2SO4. The solvent was removed under reduced pressure, yielding a 

precipitate that was suspended in diethyl ether. Filtration, washing with cold 

diethyl ether and drying under vacuum yielded 8·C2H5O as a beige powder 

(0.846 g, 80%). Single crystals amenable to X-ray diffraction analysis were 

grown by slow recrystallization of 8·C2H5O in diethyl ether at 2°C (Table S4). 1H-

NMR (500 MHz, CDCl3): δ = 2.16 (s, 9H, J), 2.36 (t, 6H, J = 6, K), 2.54 (t, 6H, J = 6, 

L), 3.21 (m, 6H, A), 3.33 (s, 6H, I), 4.03 (m, 6H, B), 4.95 (s, 6H, D), 6.55 (s, 3H, C), 

6.78 (d, 3H, J = 8, G), 6.89 (s, 3H, H), 6.99 (d, 3H, J = 7, E), 7.18 (t, 3H, J = 7, F) ppm. 13C-NMR (500 MHz, 

CDCl3): δ 43.7 (CH3), 49.1 (CH2), 54.2 (CH2), 54.6 (CH2), 55.2 (CH2), 61.4 (CH2), 62.5 (CH2), 113.9 (Ar), 114.0 

(Ar), 121.4 (Ar), 125.6 (Ar), 129.130 (Ar), 141.9 (Ar), 143.3 (Ar), 158.3 (Ar). Elemental analysis calcd (%) 

for C49H70N14O4: C 64.03, H 7.68, N 21.33; found C 63.64, H 7.60, N 21.74. 

 
[LTTAAg]+ solutions and [LTTAAg](NO3)·CH3OH crystals: To LTTA (23.5 mg, 29 

μmol) dissolved in 500 μL of refluxing methanol was added silver(I) nitrate (4.97 

mg, 29 μmol) dissolved in 500 μL methanol. The mixture was refluxed for 20 min 

then filtered. The filtrate was layered with ether and the complex was isolated 

by collecting and drying the precipitate (21.3 mg, 76%). 1H-NMR (500 MHz, 

CD3CN): δ = 2.35 (s, 6H, L), 2.58 (s, 6H, K), 3.00 (t, 6H, J = 5, A), 3.36 (s, 6H, I), 

4.12 (t, 6H, J = 5, B), 5.12 (s, 6H, D), 6.83 (d, 3H, J = 7, G), 7.03 (d, 3H, J = 7, E), 

7.12 (s, 3H, H), 7.27 (t, 3H, J = 7, F), 7.30 (s, 3H, C) ppm. Elemental analysis calcd 

(%) for C43H58N15O7Ag: C 51.39, H 5.82, N 20.91; found C 51.78, H 5.78, N 20.90. 
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Single crystals of [LTTAAg](NO3)·CH3OH were obtained by slow diffusion of diethyl ether in a methanol 

solution of the compound (Table S4). 

[LTTAZn(Cl)]Cl·H2O powder and [LTTAZn(Cl)]Cl single-crystals: To LTTA (20 

mg, 24.9 μmol) dissolved in 500 μL of refluxing methanol was added zinc(II) 

chloride (3.38 mg, 24.9 μmol) dissolved in 500 μL of methanol. The mixture 

was refluxed for 5 min then filtered. The filtrate was layered with ether and 

the complex was isolated by collecting and drying the precipitate (17 mg, 

73%). 1H-NMR (500 MHz, CD3OD): δ = 2.60 (t, 6H, J = 6, L), 2.65 (s, 6H, K), 

2.91 (t, 6H, J = 6, A), 4.05 (s, 6H, I), 4.10 (t, 6H, J = 6, B), 5.31 (s, 6H, D), 6.82 

(d, 3H, J = 8, G), 7.08 (d, 3H, J = 8, E), 7.21 (t, 3H, J = 8, F), 7.48 (s, 3H, C), 7.48 

(s, 3H, H) ppm. MS (ESI, CH3OH): m/z = 901.18 [M+ -Cl [Elemental analysis 

calcd (%) for C42H56N14O4Cl2Zn: C 52.69, H 5.90, N 20.48; found C 52.46, H 5.86, N 20.28. Single crystals of 

[LTTAZn(Cl)]Cl were obtained by slow diffusion of diethyl ether in a methanol solution of the compound 

(Table S4). 

Titration of [5ZnCl](Cl) with Ag(OTf): [5Zn(Cl)]Cl·H2O: (23. 4 mg, 24.5 mmol) was dissolved in 0.6 mL of 

acetonitrile-d3 to make a 41.66 mM solution. Aliquots of a 125 mM solution of AgOTf (19.3 mg, 75.1 

mmol) in 0.6 mL acetonitrile-d3 were added to the [LTTAZnCl](Cl) solution. The titration was followed by 
1H NMR at 60°C.  

X-ray crystallography 

X-ray crystallographic analysis was performed using the Cu-Kα microfocus source of a Bruker APEX-DUO 

diffractometer. The frames were integrated with the Bruker SAINT software package using a narrow-

frame algorithm. Data were corrected for absorption effects using the multi-scan method (SADABS). The 

structures were solved by direct methods and refined using the Bruker APEX2 software Package (SHELXL 

instructions).235 All non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen 

atoms were generated in idealized positions, riding on the carrier atoms, with isotropic thermal 

parameters. 
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Table S4. Crystallographic data for 6·Et2O, [5Ag](NO3)·CH3OH and [5ZnCl](Cl). 

 8·Et2O [LTTAAg](NO3)·CH3OH [LTTAZnCl](Cl) 
CCDC number 906881 906882 906883 
Empirical formula C49H70N14O4 C43 H58AgN15O7 C42H54Cl2N14O3Zn 
Moiety formula C45H60N14O3, C4H10O C42H54AgN14O3, NO3, CH4O C42H54ClN14O3Zn, Cl 
Formula weight (g/mol) 919.19 1004.91 939.26 
Temperature (K) 110(2) 110(2) 110(2) K 
Wavelength (Å) 1.54178 1.54178 1.54178 Å 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/c P21/c P21 
a (Å) 19.7552(3) 19.8027(7)  9.4145(2)  
b (Å) 9.51120(10) 13.6102(3)  15.4263(3)  
c (Å) 27.2949(4) 16.7725(4)  16.3950(3)  
α (°) 90 90 90.00  
β (°) 91.9600(10) 99.010(2) 103.216(2)  
γ (°) 90 90 90.00  
Volume (Å3) 5125.59(12) 4464.7(2) 2318.00(8)  
Z 4 4  2 
Density [calculated] 1.191 1.495 1.346 
Absorption coefficient 0.631 4.195 2.236 
F(000) 1976 2096 984 
Crystal size (mm) 0.07 × 0.18 × 0.20 0.07 × 0.09 × 0.16 0.07 × 0.18 × 0.30 
Index ranges h = −23→23 

k = −11→11 
l = −32→32 

h = −22→22 
k = −15→15 
l = −18→18 

h = −10→11 
k = −18→18 
l = −19→19 

Reflections collected 71792 55703 34171 
Independent reflections 9343 6419 8422 
Reflections with I > 2σ(I) 7067 4470 5857 
Parameters 643 597 559 
Goodness of fit 1.022 1.016 1.016 
Final R indices [I > 2σ(I)] R1 = 5.01% 

wR2 = 12.86% 
R1 = 5.13% 
wR2 = 12.07% 

R1 = 5.79% 
wR2 = 12.24% 

R indices [all data] R1 = 6.99% 
wR2 = 14.30% 

R1 = 8.61% 
wR2 = 14.08% 

R1 = 9.71% 
wR2 = 14.28% 

Largest diff. peak/hole (e Å-
3) 

0.394 / -0.459 0.996 / -0.922 0.476 / -0581 
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Nuclear magnetic resonance data 

Figure S7. 6 1H NMR, CDCl3 
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Figure S8. 6 13C NMR, CDCl3 

 



 

 135 

Figure S9. 7 1H NMR, CDCl3 
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Figure S10. 7 13C NMR, CDCl3 
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Figure S11. LTTA 1H NMR, CDCl3 
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Figure S12. LTTA 13C NMR, CDCl3 

 



 

 139 

Figure S13. LTTA NEOSY, CDCl3 
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Figure S14. LTTA COSY, CDCl3 
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Figure S15. 8 1H NMR, CDCl3 
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Figure S16. 8 13C NMR, CDCl3 
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Figure S17. [LTTAAg]NO3 
1H NMR, CD3CN 
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Figure S18. [LTTAZn(Cl)]Cl 1H NMR, CD3OD, 60°C 
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Figure S19. [LTTAZn(Cl)]Cl 1H NMR, ACN, 60°C 
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Figure S20. [LTTAZn(Cl)]Cl COSY, ACN, 60°C 
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Figure S21. 1HNMR titration of [LTTAZn(Cl)]Cl with AgOTf, ACN, 60°C  
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4: To a stirring solution of tris(2-chloroethyl)amine (5g, 24.4 mmol) in 50 mL water was added NaN3 

(7.94g, 122 mmol). The reaction was stirred at 80 °C for 18 h. To to the solution was added NaOH (50 mL 

of 1M solution) followed by product extraction with 3 x 30 mL of dichloromethane. The solvent was 

removed under reduced pressure for weighing (4.4 g, 80%) and returned to solution immediately to 

reduce the risk of explosion. 

5: To a stirring solution of propargyl bromide (2.4 mL, 21 mmol) in 5 mL of dimethylformamide was 

added 3-hydroxybenzaldehyde (2.4 g, 20 mmol) and K2CO3 (3.4 g, 24 mmol). The reaction was stirred at 

room temperature for 24 h. Cold water (50 mL) was added to the solution and the product was 

extracted with 3 x 20 mL of ethyl acetate. The solvent was removed under reduced pressure and drying 

under vacuum, yielding a colourless oil, 3.2 g (99%). 
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: Supplement Information for Chapter 6 Appendix 4

Formation and Reactivity of a Fe(III)-Hydroperoxo Supported by a Coordinating 
Cryptand 

Supporting Figures 

 

 

Figure S22. ESI-MS of (A) [LTTAFe](TfO)2 + 2 equiv. PhIO (B) [LTTAFe](TfO)2 + 2 equiv. H2O2 (C) [LTTAFe](TfO)2 + 100 

equiv. H2O2 

 

Figure S23. (A) Black: UV/Vis spectrum of 0.2 mM [LTTAFe](TfO)2 in acetonitrile at 20°C. Red: Reaction of 

[LTTAFe](TfO)2 with H2O2 (B) Black UV/Vis spectrum of 0.5 mM [LTTAFe](TfO)2 in acetonitrile at 20°C. Red UV/Vis 

spectrum of following the addition of excess PhIO (~ 4 equiv.). 
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Figure S24. UV/Vis Spectral change from the reaction of 0.5 mM [LTTAFe](TfO)2 with 10 equiv. H2O2 in propionitrile 

at -70°C.  

 

Figure S25. EPR Spectrum obtained from the reaction of 1mM [LTTAFe](TfO)2 with 2mM H2O2 in MeCN. The final 

concentration with respect to Fe was 0.5 mM.  
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Figure S26. ESI-MS of the organic products of the oxidation (A) [LTTAFe](TfO)2 with 2 equiv. PhIO after purifications 

steps (B) [LTTAFe](TfO)2 with 2 equiv. PhIO (C) [LTTAFe](TfO)2 with 2 equiv. H2O2 (D) LTTA with 2 equivalents H2O2 

(control) 

 

Figure S27. Comparison of the aromatic region of the NMRs Top: LTTA Bottom: LTTA after oxidation, demetallation 

and purification. The values below the peaks indicate the relative intergration. 
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Figure S28. Comparison of IR spectra Top: LTTA Bottom: LTTA after reaction with oxidation, demetallation and 

purification.  

 

Figure S29. Mass Spectra of the demetallation of the Fe(IV) oxo after decomposition. 
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