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Abstract 

Transition metal complexes incorporating redox-active ligands have the potential to 

facilitate controlled multielectron chemistry, enabling their use in catalysis and energy 

storage applications. Moreover, the use of transition metal complexes containing redox-

active ligands has been extended to two- (2D) and three-dimensional (3D) materials, such 

as supramolecular assemblies (i.e., metallacycles, molecular cages, or macrocycles) and 

metal-organic frameworks (MOFs) for catalytic, magnetic, electronic, and sensing 

applications. Salens (N2O2 bis(Schiff-base)-bis(phenolate) are an important class of 

redox-active ligands, and have been investigated in detail as they are able to stabilize both 

low and high metal oxidation states for the above-mentioned applications. The work in this 

thesis focuses on the synthesis and electronic structure elucidation of metal salen 

complexes in monomeric form, as discrete supramolecular assemblies and 3D MOFs. 

Structural and spectroscopic characterization of the neutral and oxidized species was 

completed using mass spectrometry, cyclic voltammetry, X-ray diffraction, NMR, UV-Vis-

NIR, and EPR spectroscopies, as well as theoretical (DFT) calculations.   

Chapter 2 discusses the synthesis and electronic structure evaluation of a series of 

oxidized uranyl complexes, containing redox-active salen ligands with varying para-ring 

substituents (tBu, OMe, NMe2). Chapters 3 and 4 discuss the incorporation of a redox-

active nickel salen complex equipped with pyridyl groups on the peripheral positions of the 

ligand framework into supramolecular structures via coordination-driven self-assembly. 

The self-assembly results in formation of a number of distinct metallacycles, affording di-, 

tetra-, and octa-ligand radical species. Finally, the design, synthesis, and incorporation of 

metal salen units into MOFs is discussed in Chapter 5. Preliminary assembly and oxidation 

experiments are presented as an opportunity to explore the redox-properties of salen 

complexes incorporated into a solid-state 3D framework. Overall, the work described in 

this thesis provides a pathway for salen ligand radical systems to be used in redox-

controlled host-guest chemistry, catalysis, and sensing. 

Keywords:  redox-active ligands; salen chemistry; uranyl complexes; coordination-

driven self-assembly; metal-organic frameworks 
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Chapter 1. Introduction 

Certain sections of this chapter are adapted from: Clarke, R.M.; Herasymchuk, K.; 

and Storr, T. Coord. Chem. Rev., 2017, 352, 67-82. KH wrote the sections on copper, 

‘other metals’, ‘other ligands’ and contributed to the introduction. RMC wrote the 

introduction as well as sections on manganese, cobalt, and nickel. 

1.1. Redox-Active Ligands in Small Molecule Complexes 

A great number of industrially produced chemicals rely on metal complexes as 

catalysts for their production. These catalytic transformations often rely on the rarest 

metals, such as rhodium, iridium and platinum, as they facilitate two-electron redox 

changes that are essential to the catalytic process.1 The complexes of such metals often 

feature redox-inert ligands (i.e., ammonia or triphenylphosphine) that do not participate in 

redox events. In contrast, redox-active, or “non-innocent,” ligands have frontier molecular 

orbitals of comparable energy to the metal ion frontier molecular orbitals, allowing for their 

charge state change during oxidation or reduction reactions (see Figure 1.1).1 These 

ligands can be paired with, earth-abundant, base metals to control reactivity and stabilize 

the function of the catalyst by supressing single electron redox changes.2-8 With the 

advanced understanding of ligand-centred radicals, the use of redox-active ligands has 

been extended to two- and three-dimensional materials, such as metal-organic 

frameworks (MOFs)9-10 and other supramolecular assemblies11-12 for magnetic, electronic, 

and sensing applications. 

 

Figure 1.1  Reduction and oxidation of metal complexes containing redox-active 
ligands. Red arrows represent electrons gained (reduction, solid arrow) or 
lost (oxidation, dashed arrow).  
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In 1966 Jørgensen highlighted that the non-innocent behaviour of a ligand within 

a complex does not solely depend on the identity of the ligand, but rather is an interplay 

between both the metal and the coordinated ligand.13 If the metal-centred and ligand-

centred frontier molecular orbitals differ greatly in energy, broadly separated redox 

processes for the ligand and metal result and the oxidation state assignment becomes 

unambiguous.13 In contrast, the assignment of the oxidation state becomes more 

complicated if there is significant mixing of these frontier orbitals. As an example, the 

[Ru(bpy)3]2+ (bpy = 2,2’-bipyridine) complex exhibits a considerable energy difference 

between the metal dp HOMO and the ligand p* LUMO orbitals, while [Cr(bpy)3]3+ has metal 

and ligand-centred redox orbitals that are similar in energy.14-16 Even though in both cases 

bpy can be defined as a redox-active ligand, it is best described as “non-innocent” in the 

case of [Cr(bpy)3]3+.14 Since, the ambiguity to assign oxidation state to the metal centre 

reflects its non-innocence. Thus, “non-innocent” ligands can play an important role in 

facilitating two-electron redox processes in complexes with base metals, as they offer 

enhancement and control of reactivity, which can also be effective for magnetic, electronic 

and sensing applications.13-14  

1.1.1. Redox-Activity in Nature  

Metal complexes featuring redox-active ligands have been of great interest since 

the established correlation of their synergistic behaviour in metalloprotein activity,17 with 

well-documented examples such as photosystem II18-19, cytochrome c oxidase20 and 

p45021, glyoxal oxidase22, and galactose oxidase (GOase)23-24.  

Scheme 1.1  Mechanism for the two-electron oxidation of primary alcohols to aldehydes 
by galactose oxidase. 

 

One of the best understood examples of tyrosine ligand non-innocence is with 

GOase – a copper containing metalloenzyme that catalyzes the two-electron oxidation of 

primary alcohols to their corresponding aldehydes, followed by the reduction of O2 to 
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H2O2.25-26 Scheme 1.1 shows the mechanistic steps involved in this transformation.25 The 

coordination sphere of Cu contains two equatorial histidine moieties (His496 and His581), a 

tyrosine cross-linked with a cysteine residue (Tyr272 and Cys228), and an axial tyrosine 

residue (Tyr495). GOox is the catalytically active form of GOase, consisting of Cu(II) metal 

centre and tyrosyl ligand radical, involved in the two-electron oxidative transformation.23-

24 Thus, for the last few decades this coordination environment has been extensively 

studied and extrapolated to the area of small molecule design for the purpose of 

metalloprotein replication.27-28 Stack,27,29-32 Wieghardt,33-34 and Thomas35-36 have provided 

critical insights into the electronic structure and reactivity of phenoxyl radical-coordinated 

Cu Schiff-base complexes, and their relationship to the GOase enzyme.27,29  The relatively 

stable, yet reactive, Cu-phenoxyl radical species that are generated upon oxidation of the 

Cu complexes have allowed for an increased understanding of both the reactivity and 

spectroscopic signatures of the oxidized form of GOase.    

1.1.2. Ligand Radicals in Coordination Chemistry 

Early work regarding ligand non-innocence in coordination chemistry began in the 

1960’s with dithiolene ligands (Scheme 1.2). Three independent research reports 

emerged during this time that focused on the synthesis, structural, electrochemical, 

spectroscopic, and magnetic characterization of dithiolene complexes.37 Schrauzer and 

Mayweg were the first to report a neutral Ni complex with two dithiolene ligands (Figure 

1.2).38 Based on the 1H NMR and magnetic measurements, the Ni(II) centre was assigned 

a square planar geometry. This, in turn, resulted in the assignment of each ligand being 

singly reduced. Following this report, Gray and co-workers published on the results of 

metal complexes with two different dithiolene ligands: maleonitriledithiolate (mnt2-) and 

toluenedithiolate (tdt2-), see Figure 1.2.39-40 Their findings showed that the electronic states 

of the ligand and metal differed depending on the substituents on the dithiolene ligand. 

Electronic spectroscopy and magnetic susceptibility methods were used to assign a M(II) 

oxidation state for the M(mnt)2
2- complex and a M(I) oxidation state with two dithiolate 

radical anion moieties for the M(tdt)2
-. Recognizing this difference in electronic structure, 

Davison and co-workers suggested that these complexes simply underwent sequential 

redox reactions as demonstrated through extensive characterization of newly synthesized 

CF3 substituted dithiolene complexes.41  
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Scheme 1.2  Dithiolene ligand undergoing stepwise oxidation.  

 

A large number of other redox-active ligands have since emerged, including 

dioxolenes,7,42 donor appended diarylamines,43 o-diimines,44-48 o-amidophenolates,7,49-51 

bis(imino)pyridines (PDI),52-55 polypyridines,56 and various salen derivatives.57-62 These 

complexes containing one, two or even three coordinating radical units have been 

synthesized and their electronic structure characterized using X-ray crystallography, X-

ray absorption spectroscopy (XAS), resonance Raman (rR), electron paramagnetic 

resonance (EPR), and density functional theory (DFT) calculations.63 Dioxolene and its 

N,N and N,O derivatives are analogues to dithiolene ligands and can exist in three different 

oxidation states (Scheme 1.3). These ligands demonstrate complicated redox chemistry 

with intense visible/NIR absorptions and understanding their electronic structure leads to 

understanding the reactivity6,42 and materials properties64-66 of their complexes.  

 

Figure 1.2  Initial work on dithiolene containing complexes.38-41 
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Scheme 1.3  Three charge states of dioxolene and its N,N and N,O derivatives.  

 

Note: X, Y = O (catecholate (L2-), semiquinone (L•-), benzoquinone (L0)); X, Y = NR (o-bisamidate 
(L2-), o-benzosemiquinonediiminato (L•-), o-benzoquinonediimine (L0)); X = O, Y = NR (o-
amidophenolate (L2-), o-iminosemiquinone (L•-), o-iminoquinone (L0)). 

For over a decade, Heyduk and co-workers have been investigating the ability of 

o-amidophenolate and o-bisamidate ligands to support redox reactivity in complexes with 

d0 transition metals.51,67-69 One of their prominent examples includes a d0 Zr(IV) complex 

that undergoes ‘oxidative addition’ of chlorine gas at the metal centre, harnessed by one-

electron oxidation at each o-amidophenolate (ap) ligand to form the o-iminosemiquinone 

(isq) radical (Scheme 1.4).51 The product, Zr(isq)2Cl2, was characterized by X-ray 

crystallography and absorbance spectroscopy in support of a diradical species. Further, 

magnetic and EPR measurements confirmed thermally accessible uncoupled ligand-

localized o-iminosemiquinone radicals.  

Scheme 1.4  Stoichiometric ‘oxidative addition’ of chlorine gas to a Zr(IV) complex 
utilizing o-amidophenolates for the redox reaction.51 
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A number of studies have focused on electron transfer reactions involving a 

Cu(I)/Cu(II) redox couple with redox-active ligands in a highly strained confirmation. Murr 

and co-workers recently reported on catalytic nitrogen and carbon group transfer that 

relies on such a Cu complex.49 They demonstrated that the overall reactivity of the 

complex is influenced by the redox-active iminosemiquinone/iminobenzoquinone 

coordination sphere and to date no system has been shown to perform group transfer 

(other than oxygen) through the entatic state model. Electronic delocalization of the redox-

active units results from enhanced conjugation through the binaphthyl backbone. 

Characterization of the complex’s electronic structure was completed using UV-Vis and 

EPR spectroscopic techniques and DFT calculations. The complex was described as a 

Cu(II) metal centre with a ligand radical and a triplet S = 1 ground state due to 

ferromagnetic coupling between the metal centre and the ligand radical. Scheme 1.5 

outlines the proposed catalytic cycle, where intramolecular electron transfer takes place 

during catalysis, while maintaining the Cu(II) oxidation state.49 

Scheme 1.5  Proposed catalytic cycle for group transfer reactions using a Cu(II) complex 
with a redox-active ligand as the catalyst.49 
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1.1.3. Metal Salen Complexes and Mixed-Valency 

In 1864 Hugo Schiff described the synthesis of imine ligands (now known as Schiff 

base ligands) that have become indispensable in the area of coordination chemistry as s-

donor and p-acceptor ligands.57,70 One of the most prominent Schiff base ligands is 

H2(Salen) (salen is a common name for N2O2 bis-Schiff bis-phenolate type ligand), 

synthesized through a condensation reaction between one equivalent of ethylenediamine 

and two equivalents of salicylaldehyde.57 The ease and modularity of salen ligand 

synthesis and functionalization (through the use of functionalized aldehydes and varying 

diamines) allows for the tuning of electronics and sterics.71-72 Scheme 1.6 outlines a 

synthetic pathway to achieve symmetric and asymmetric salen ligand derivatives through 

phenolate and amine backbone functionalization, as well as imine reduction to form half-

reduced salen and salan.72-73 Salan (tetrahydrosalen) ligands exhibit increased basicity of 

the N-atom in the amine compared to the imine moiety, and have a more flexible structure 

with higher resistance to hydrolysis.72 

Scheme 1.6  Synthetic pathway to symmetric and asymmetric salen ligands and their 
reduced analogues. 
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Salens are an important class of ligands that are able to stabilize both low and high 

metal oxidation states due to the p-acceptor and p-donor properties of the imine and 

phenolate moieties, respectively.57,71 Their structural similarity to the coordination sites of 

metalloenzymes (N and O donor moieties) has allowed them to be studied as synthetic 

models (e.g. GOase). Additionally, the ability of these ligands to be easily oxidized 

presents an opportunity for obtaining metal complexes with ligand radicals that could be 

harnessed for applications in catalysis, bioinorganic and medicinal inorganic chemistry, 

materials science, and drug development.72 Alternatively, reduction can be achieved using 

alkali metals as reducing agents, where the locus of reduction (ligand-centred or metal-

centred) is dependent on the reductant used.58  

If the number of assigned electrons to particular atoms in a metal complex is not 

integral, it presents the case of a mixed-valence compound.74 Traditionally mixed-valence 

compounds have been represented by a bimetallic complex with an organic linker, 

bridging the two metal ions that are in two different formal oxidation states (Mn+-L-Mn+1). 

A prominent example is the Creutz-Taube ion, [((NH3)5Ru)(µ-pyz)(Ru(NH3)5)]5+, where 

pyrazine (pyz) is a bridging linker, but each Ru centre is characterized as Ru2.5+ (Figure 

1.3).75-76 Metal salen complexes belong to a class of mixed-valence compounds where the 

mixed-valency is inverted and the metal ion bridges the two redox-active phenolates 

(L-Mn+-L•).77 Mixed-valence systems display low energy bands, termed intervalence 

charge transfer (IVCT) bands, which provide significant evidence of the delocalization of 

the unpaired electron. Characterization of mixed-valence compounds, according to the 

degree of the electronic communication between the valencies, was established by Robin 

and Day, whereas a theoretical model to designate IVCT in mixed-valence compounds 

was developed by Hush.78-79 Table 1.1 describes the classification of electronic coupling 

in mixed-valence systems with respect to the features of IVCT transitions. The energy 

(nmax), intensity (emax) and bandwidth at half-height (Dn1/2) of IVCT bands provide a 

sensitive readout of electronic structure.80 

 

Figure 1.3  The structure of the Creutz-Taube ion. 
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Table 1.1  Classification of the absorption features of the IVCT transitions in mixed-
valence compounds.27  

Class  Dn1/2 (cm-1) emax (M-1 cm-1) IVCT bands 
Class I No coupling - No band 
Class II  ³ 2,000 £ 5,000 [solvent dependent] Broad and weak 
Class III  £ 2,000 ³ 5,000 [solvent independent] Narrow and intense 
Dn1/2 is the width of the IVCT band at the half height. 

Class I systems are described by negligible electronic coupling and no IVCT 

transitions are observed due to the interaction between the two valencies being symmetry 

or spin forbidden. Class II mixed-valence compounds are characterized by weak to 

moderate electronic coupling and can undergo thermal or photochemical activation (see 

Figure 1.4). Within this classification, IVCT bands observed are typically weak, broad, and 

solvent-dependent (Table 1.1). However, Class III systems exhibit strong coupling of the 

valencies causing complete delocalization and an averaged formal charge. The IVCT 

transitions are typically intense, narrow, and solvent independent (Table 1.1).80 Although 

intense, these IVCT transitions do not involve charge transfer and hence there is no net 

dipole-moment change observed in the Class III system.75 The Creutz-Taube ion is a 

Class III mixed-valence system, and is best described as Ru2.5+-L-Ru2.5+.74 It is crucial to 

highlight the significance of conformational motion on electronic coupling, which can cause 

thermal mixing of Class II and Class III systems leading to a new classification - ‘borderline 

Class II/III’.81  

 

Figure 1.4  Potential energy curves for electron transfer in mixed-valence compounds 
with negligible (Class I), weak (Class II), and strong (Class III) electronic 
coupling. The red arrows represent IVCT transitions. Solid and dotted 
curves represent adiabatic and diabatic potential surfaces, respectively.80 
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Characterization of oxidized metal salen complexes as mixed-valence 

compounds, which possess two redox sites (i.e., phenolates) linked by the metal ion, 

requires the formation of a ligand radical. Evaluation of the electronic structure (i.e., 

localization or delocalization of the unpaired electron) and stability for oxidized salen 

complexes starts with electrochemical investigations. Determination of the oxidation 

potential allows one to choose a suitable oxidant for chemical oxidation. Table 1.2 depicts 

common oxidizing agents used for the oxidation of salen complexes.82 Cyclic voltammetry 

(CV) and differential pulse voltammetry (DPV) are the commonly employed techniques, in 

addition to other experimental and theoretical characterization tools used to evaluate the 

electronic structure of the oxidized salen complexes (described further in Table 1.3).  

Table 1.2  Formal potentials of common oxidizing agents used for generation of metal 
salen phenoxyl radicals.82  

Oxidant Solvent E°¢ vs. Fc+/Fc (V)  
Magic Green ([N(C6H3Br2-2,4)3]+) MeCN 1.14 
[NO]+ CH2Cl2 / MeCN 1.00 / 0.87 
Thianthrene ([C12H8S2]+) MeCN 0.86 
Magic Blue ([N(C6H4Br-4)3]+) CH2Cl2 / MeCN 0.70 / 0.67 
[Ag]+ CH2Cl2 / MeCN 0.65 / 0.04 
[Fe(h-C5H4COMe)2]+ CH2Cl2 0.49 
[Fe(h-C5H4COMe)Cp]+ CH2Cl2 0.27 
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Table 1.3  Experimental and theoretical methods used in characterization of oxidized 
metal salen complexes. 

Method  Data and Result 
Electrochemistry 

 
 

The extent of oxidation potential difference (DE) between each phenolate 
moiety in a salen complex is dependent on the degree of radical 
delocalization. Comproportionation constant, Kc, can be used to further 
confirm the degree of radical coupling (log Kc = (DE/59 mV) at 298 K).27,83-84  

UV-Vis-NIR spectroscopy 
 

A vital technique used for the evaluation of the electronic structure and the 
degree of radical delocalization through the evaluation of the energy, the 
shape and the intensity of the IVCT bands (see Table 1.1).27,75 

Electron paramagnetic 
resonance (EPR) 
spectroscopy 

EPR measurements are invaluable in determining the locus of oxidation in 
paramagnetic metal salen complexes (frozen and solution-based samples) 
through the interaction of the unpaired electron with the spin-active nuclei. 
Ligand radicals can be characterized by g values close to the free electron 
(ge = 2.002319), and any deviation can be related to the metal contribution 
(through spin-orbit coupling). The degree of radical localization to spin-active 
nuclei can be further elaborated by resolving hyperfine coupling in solution-
based samples.27,85 

Resonance Raman (rR) 
spectroscopy 

rR spectroscopy is a powerful tool for characterizing phenoxyl radical 
species and distinguishing between Class II and III complexes. Excitation of 
the phenoxyl p®p* transition (ca. 400 nm) leads to resonance vibrations at 
~1,500 cm-1 (n7a, C-O stretch) and ~1,600 cm-1 (n8a, Cortho-Cmeta).27,31,86 The 
frequency difference (n8a - n7a) of >90 cm-1 and intensity ratio  !"(n$%)

"(n'%)
( of 

>1 represent metal-coordinated phenoxyl radicals.87 
X-ray crystallography  
 

Solid-state metrical parameters can be used to assess the locus of oxidation 
in metal salen complexes and the degree of delocalization. The coordination 
sphere of metal salen complexes containing a phenoxyl radical will exhibit 
an elongated M-Ophenoxyl bond and a shorter O-Cphenoxyl bond, in comparison 
to its phenolate counterpart, which demonstrates a quinoidal distribution of 
bond lengths. Overall, delocalized electronic structure or metal-based 
oxidation can be described by symmetric metrical parameters, whereas 
localized electronic structure can be characterized by asymmetric metrical 
parameters in the solid-state.27,88  

X-ray absorption 
spectroscopy (XAS)  

Locus of oxidation can be further determined by metal K-edge XAS, 1s ® 
3d transition, or pre-edge.29,31,86 The shift of the metal-based pre-edge 
feature to a higher energy indicates an increase in its effective nuclear 
charge, and hence an increase in oxidation state can be assigned (metal-
based oxidation). No change in the energy of the metal pre-edge feature can 
be characterized as the formation of the phenoxyl radical.27 

X-ray photoelectron 
spectroscopy (XPS) 

In addition to XAS, XPS is an analytical tool used on solid-state compounds 
to confirm the oxidation state of the metal through binding energy changes. 
A shift to higher binding energy represents an oxidation state change.83,87 

Magnetic measurements Magnetic susceptibility measurements in solution (i.e., Evan’s method) and 
the solid-state aid in the assignment of the ground state electronic 
structure.89-90 

Computational methods: 
Density functional theory 
(DFT) 

DFT calculations are useful in supporting experimental findings, interpreting 
the electronic structure of the oxidized metal salen complexes, and 
visualizing SOMO and spin density. Time-dependent (TD) DFT can be 
further used to visualize donor-acceptor orbitals of the IVCT transitions.85,91  
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1.1.4. Factors Impacting the Locus of Oxidation 

As discussed above, the redox-activity of salen complexes can be characterized 

as either ligand- or metal-based. The locus of oxidation and the degree of electron 

delocalization can depend on the phenolate substituents, the identity of the central metal 

ion, the bridging backbone, the solvent, and the temperature.    

Peripheral Substituent and Structural Effects 

Para substituents on the phenolate moiety control the overall electronics of the 

salen ligand, in turn, this governs the degree of electron delocalization across the oxidized 

metal salen complex.30,83,85,92-96 Figure 1.5 illustrates the electronic structure differences 

observed for oxidized Ni salen complexes with electron withdrawing (R = CF3) and 

electron donating (R = NMe2) groups. The difference in g values for NMe2 (2.005) and CF3 

(2.067) derivatives showcase that an increased deviation from ge = 2.002319 is indicative 

of significant metal contribution to the SOMO. Further spectroscopic investigation of the 

NIR transitions of [Ni(Salen)NMe2]•+ (broad, Dn1/2 = 8,630 cm−1, e = 2,550 M−1 cm−1) and 

[Ni(Salen)CF3]•+ (sharp, Dn1/2 = 1,100 cm−1, ε = 16,200 M−1 cm−1) are in accord with Class 

II and Class III systems, respectively. DFT calculations further support experimental 

findings, and as the electron donating ability of the para-substituent increases, the spin 

density on the metal centre decreases (SDNi = 34% for CF3 vs. SDNi = 2% for NMe2).83,85 

To summarize, delocalization of the SOMO across the salen ligand decreases with 

increasing electron donating strength of the para-substituent.93,97   

 

Figure 1.5  Spin density plots of Ni(Salen)NMe2 (left) and Ni(Salen)CF3 (right) with 
experimental g values and calculated Ni contribution to the SOMO.83,85  
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Modifying the size and electronics of the ligand backbone (i.e., diimine spacer) 

impacts the metal coordination sphere and overall conjugation.88,98-101 For example, 

lengthening the aliphatic diimine spacer (e.g. from ethyl to propyl) leads to increased 

tetrahedral distortion of the planar coordination sphere, weakening the degree of 

communication between the redox-active phenolates substantially.100 

Central Metal Ion Effect 

The degree of communication between the phenolate valencies depends strongly 

on the central metal ion. This is achieved through the overlap of the formally filled metal 

dxz orbital and the appropriate ligand MO, analogous to the prototypical mixed-valence 

compound – Creutz-Taube ion, where intramolecular electron transfer occurs via the 

organic linker.102 The extent of electron delocalization through the metal ion can be broadly 

impacted by three factors: i) formal charge of the central metal, ii) the number of metal d-

electrons, and iii) the relative energy difference between the orbitals of the metal and the 

salen ligand.103 Electrochemical measurements in combination with UV-Vis-NIR 

spectroscopy and theoretical calculations can elucidate the degree of delocalization of the 

unpaired electron.83,87,104-106 Additionally, oxidation of high-valent metal salen complexes 

often leads to the formation of localized phenoxyl radicals due to the contraction and 

lowering of the metal dxz orbital, which leads to geometric constraints and decreased 

orbital overlap.93,97 

 

Figure 1.6  UV-Vis-NIR spectra of unoxidized (black) and oxidized (red) complexes of 
[MnIII(Salen)tBu]+ (left), PdII(Salen)tBu (middle) and NiII(Salen)tBu (right), 
depicting the change in IVCT transitions dependent on the metal ion.102,104 
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To demonstrate the influence of the central metal on the electron coupling, UV-

Vis-NIR spectra of three different singly-oxidized metal (Mn, Pd, and Ni) salen complexes 

are compared in Figure 1.6. Oxidation of a salen ligand to a ligand radical results in the 

HOMO of the phenolate (p MO) becoming the SOMO of the complex. The metal-based dp 

orbital participates in charge transfer (CT) into the SOMO, and increased CT (due to 

population of the dp  orbital) into the SOMO results in increased delocalization of the 

ground-state electronic structure due to less geometric distortion between the phenoxyl 

radical and unoxidized phenolate. Analysis of the NIR transitions of [Mn(Salen)tBu]•2+ 

(Dn1/2 = 5300 cm−1, e = 1,600 M−1 cm−1) reveals broad and weak IVCT bands confirming it 

to be a Class II mixed-valent complex. In this case, the dp orbital is singly occupied and 

CT can occur to the metal from the ligand and vice versa, which enhances the geometric 

differences between the phenolate and phenoxyl, affording a localized electronic 

structure.103,107 [Ni(Salen)tBu]•+ (Dn1/2 = 670 cm−1, e = 25,600 M−1 cm−1) is classified as a 

fully delocalized Class III complex, since its doubly occupied dp orbital leads to larger CT 

towards the SOMO. Even though [Pd(Salen)tBu]•+ exhibits a relatively sharp and intense 

IVCT band (Dn1/2 = 1430 cm−1, e = 16,400 M−1 cm−1), it is classified as a borderline Class 

II/III species.87,104,108 The solvent dependence of the NIR band, combined with bond length 

asymmetry in the solid-state structure and both phenolate and phenoxyl bands observed 

via rR, all point to a localized ligand radical assignment in [Pd(Salen)tBu]•+. The degree of 

delocalization depends on the overlap of the metal dxz orbital and ligand MO, and due to 

the relativistic effects and effective nuclear charge in Pd, contraction of d-orbitals is 

predicted, leading towards a limited orbital overlap.63,104 

Solvent and Temperature Effects 

Initial investigations of oxidized Ni salen complexes in coordinating solvents, such 

as DMF, DMSO, and pyridine, resulted in the isolation of Ni(III) species. These results 

were corroborated by EPR spectra (gave values >2.12) indicative of metal-based 

oxidation.109-111 In fact, Ni(III) species with axially elongated octahedral or square 

pyramidal geometries exhibit g values of the following trend: g1 (»2.02) << g2 £ g3 (»2.2),100 

whereas in the absence of axial donors ligand-centred oxidation is observed with a 

characteristic EPR signal observed close to that of the free electron (ge = 2.002319) (see 

Figure 1.7 for an example).88,100,112-113 Thus, the locus of oxidation in Ni salen complexes 

depends on the ability of the solvent (or counterion present in solution) to stabilize the 
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high-valent metal through axial coordination.100,109 Additionally, EPR can be used to infer 

the strength of the interaction between the Ni centre and the axial ligand (donor atom has 

to be spin-active), through the hyperfine coupling. 

 

Figure 1.7  Solvent effect on the locus of oxidation in Ni(Salen)CF3 complex (L = 
pyridine).83 

The effect of temperature on the locus of oxidation has also been observed with 

oxidized Cu salen complexes. Low temperature and solid-state characterization of a 

[Cu(Salen)tBu]+ complex through XAS, X-ray crystallography, XPS, rR spectroscopy and 

magnetic measurements point to metal-based oxidation and the formation of a Cu(III) 

species. However, variable-temperature solution magnetic susceptibility measurements 

and UV-Vis-NIR spectroscopy confirm the presence of two valence tautomers 

([CuIII(Salen)tBu]+ and [CuII(Salen)tBu]•+) in a 1:1 ratio at 298 K.31,114  

To summarize, the above-mentioned examples highlight the importance of 

reaction conditions on the electronic structure of salen complexes. Furthermore, the 

electron donating or withdrawing nature of the salen ligand substituents and the identity 

of the chelated metal ion play a critical role in the degree of electron delocalization in 

oxidized salen complexes. 
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1.2. Redox-Active Ligands for Coordination-Driven Self-
Assembly of Metallacycles 

1.2.1. Supramolecular Chemistry 

The term “macromolecule” was coined by Herrmann Staudinger (1881-1965), who 

in 1953 received a Nobel Prize in Chemistry for his contribution to supramolecular 

chemistry.115 Until the beginning of the twentieth century, it was believed that molecules 

with molecular weights greater than a few thousand amu simply could not exist. In fact, 

even Nobel Laureates in Chemistry, Hermann Emil Fischer (1902) and Paul Karrer (1937), 

voiced their firm opinion against the existence of such structures.115 Irrespective of how 

long it took the scientific community to exert synthetic control over such large molecules, 

Nature has been manipulating atoms into such complex structures for billions of years. 

Nature’s ability to utilize small molecules and organize them into large supramolecular 

structures depends on the building blocks possessing compatible moieties that allow them 

to interact with one another. Nucleic acid assembly, tertiary structure, protein folding, 

ribosomes, and microtubules, etc. are just a few examples of self-assembly found in 

nature. This self-assembly is governed by non-covalent interactions, such as hydrogen-

bonding, charge-charge, donor-acceptor, p-p, and van der Waals, to name a few.116-117 In 

the 1960’s and 1970’s, cryptates emerged as the first macrocyclic assemblies studied by 

Lehn, Sauvage, Dietrich, and others, as the appreciation of supramolecular interactions 

was growing.118-120 As the scope of supramolecular chemistry increased with the growth 

of newly synthesized supramolecules, the general classification of ‘self-assembly’ split into 

three branches: i) supramolecular structures utilizing H-bonding; ii) structures assembled 

using other non-covalent interactions, such as ion-ion, ion-dipole, p-p stacking, cation-p, 

van der Waals, and hydrophobic interactions; and iii) assemblies employing stronger 

metal-ligand bonds (i.e., coordination-driven self-assembly).117  

1.2.2. Coordination-Driven Self-Assembly  

Over the last three decades, several groups – those of Stang,116-117,121-128 Fujita,129-

136 Mirkin,137-139 Raymond,140-141 and others142-150 have advanced the field of 

supramolecular assembly through the use of coordination-driven self-assembly. Self-

assembly is a thermodynamically-driven dynamic process through which molecular 

building blocks assemble into the most exergonically favourable structures, usually 
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reaching quantitative yields.116 Coordination-driven self-assembly is a powerful method of 

self-assembly that is based on the directional building approach of donor-acceptor 

interactions of rigid, electron-poor metal complexes as acceptors and rigid, electron-rich 

organic ligands as donors.116 The energies of coordination metal-ligand bonds are of 

intermediate strength (ca. 15-50 kcal/mol) compared to the weak non-covalent bonds (ca. 

0.5-10 kcal/mol) and organic covalent bonds (ca. 60-120 kcal/mol). The energetic 

intermediacy of coordination bonds allows for the modulation of self-assembly kinetics 

through rigidity and reversibility.117,151  

Coordination-driven self-assembly offers a method for the controlled synthesis of 

two- (2D) and three-dimensional (3D) structures. The shape and size of the rigid building 

blocks are the two main aspects to consider when designing supramolecular structures. 

Generally, donors are aromatic compounds containing substituted pyridines and nitriles 

as coordination motifs.116 Other functional groups that have been reported are 

imidazoles,148 carboxylates126 and thiols.139 The shape of the acceptor (or donor) is defined 

by its turning angle (an angle between the two accessible valencies of a ditopic acceptor 

or donor). Scheme 1.7 depicts how the turning angles of both the acceptor and the donor 

provide the desired shapes of metallacycles, such as squares, rectangles, rhomboids, and 

hexagons, upon self-assembly.116-117 For example, a square metallacycle can be achieved 

by reacting equimolar 180° donor and 90° acceptor or vice versa. 
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Scheme 1.7  General construction of 2D metallacycles through the coordination-driven 
self-assembly from rigid acceptors (metal complexes; black) and ditopic 
donors (ligands; red). Degrees denote turning angle of the acceptor and 
angular orientation of the donor. 

 

Highlighted in Figure 1.8 are monometallic and bimetallic complexes, commonly 

used as acceptors (or nodes) in the directional-bonding of 2D metallacycles. In order to 

obtain more complex 3D polygonal metallacages, such as trigonal pyramids and prisms, 

truncated tetrahedra, cubes, double squares, and cuboctahedra, building block subunits 

(acceptors and/or donors) with greater than two binding sites and non-planar geometries 

are employed.116-117 In addition, metal ions alone can be used as nodes in self-assembly 

of metallacycles and metallacages. Some prominent examples include Re(I),152 Ru(II),153 

Co(II),134,154-155 Rh(II),156 Pd(II)135 and Pt(II),157 which lead to formation of both 2D and 3D 

assemblies, depending on the available coordination sites on the metal centre. 

 



19 

 

Figure 1.8  Common monometallic Pd/Pt126,143-144,158 and bimetallic Pt127,146,159-161/Ru162 
acceptors (or nodes) used in coordination-driven self-assembly of 
metallacycles; catagorized by the turning angle of the acceptor. 
Counterions are omitted in the figure for clarity (these complexes are most 
often found as nitrate or triflate species). 
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1.2.3. Salens in Supramolecular Chemistry 

The use of salen-type ligands in coordination chemistry is widespread, and more 

recently these ligands have been used in supramolecular chemistry.163-165 Synthetic 

supramolecular assemblies utilizing Schiff base molecules fall into three categories 

(Figure 1.9): i) covalently linked conjugated organic macrocycles, ii) self-assembly through 

intermolecular interactions (i.e., H-bonding), and iii) metal-ligand coordination-driven self-

assembly (Section 1.2.2).165 MacLachlan and co-workers established a foundation for the 

use of salen ligands in covalently bound macrocycles.163-165 For example, a macrocycle 

consisting of covalently linked salen ligands displays hierarchical assembly into secondary 

nanotubular structures. Upon metalation with zinc disaggregation is observed, showing 

promise for applications in chemical sensing (see Figure 1.9).163 Self-assembly of salen 

complexes into macrocyclic structures has also been successful through reversible non-

covalent interactions, such as H-bonding.166-170 Hydrogen bonding is employed in 

supramolecular catalysis as a means to achieve a dynamic system with increased 

selectivity and potency.168  For example, Hong and co-workers described a novel Co(II) 

salen complex that self-assembled via H-bonding (Figure 1.9), resulting in higher reaction 

rates and enantioselectivity for Henry reactions (C-C bond formation reaction between 

nitroalkanes and aldehydes/ketones to form nitro alcohols).166 

 

Figure 1.9  Examples of three approaches to supramolecular assembly of macrocycles 
containing salen ligands.163,166,171 
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The third type of macromolecular assembly – coordination-driven self-assembly – 

provides access to a myriad of structures with well-defined cavities, sizes and shapes. To 

use this strategy, salen ligands are modified to include functional groups capable of 

secondary metal coordination at the para-position of the phenolate (i.e., pyridyl or benzoic 

acid moiety).172 The first account of using a salen ligand in a self-assembly was described 

by Nguyen and co-workers,173 and in 2004, Hupp and Nguyen reported a library of salen 

ligands with extended peripheral functional groups at the para-position of the salen 

complexes.174 Since then, they described the synthesis and characterization of molecular 

loops and squares containing these functionalized salen ligands as linkers and Pt(II) 

complexes as nodes. As an example, Figure 1.9 highlights a report by Cui and co-workers 

on coordination-driven self-assembly of a chiral Zn salen complex, where the complex 

functions as both the donor and the acceptor to self-assemble into a metallacycle. The 

dynamic cavity and chiral functionality of this particular assembly shows promise in 

enantioselective separation of racemic alcohols.171 Even though salen complexes have 

been used in the preparation of soluble supramolecular assemblies and coordination 

polymers,174-178 with applications ranging from enhanced catalytic activity176,179 to 

enantioselective recognition and separation,178 their redox-activity has not been explored.  

1.2.4. Redox-Active Metallacycles 

The introduction of a redox-active functionality into large soluble metallacycles and 

metallacages11-12,180 offers the potential for redox-controlled applications, such as 

catalysis, host-guest interactions, and sensing. The use of redox-active organic molecules 

as donors in coordination-driven self-assembly, though rare, has been investigated for use 

in redox-switchable, magnetic and charge storage applications, host-guest interactions, 

and unique electronic sensing applications.11 Examples of redox-active moieties used as 

donors, include perylene bisimide (PBI), indigo anion, tetrathiafulvalene (TTF), bipyridine, 

triazine and tetrazine units. Surprisingly, electronic structure evaluation for redox-active 

metallacycles and metallacages rarely goes beyond simple recording of 

voltammograms.11 Stang and co-workers were among the first to elegantly evaluate and 

assign electronic structure to the reduced and oxidized states of the molecular rectangle 

assembled from the 0° bis-Pt(anthracene) acceptor and the 180° 4,4’-bipyridine donor.181 

Electrochemical and spectroelectrochemical techniques, as well as EPR spectroscopy, 

were essential in the assignment of the redox loci.181  
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Amongst the redox-active donors employed in coordination-driven self-assembly, 

TTF – a redox-active and electron-rich heterocyclic compound, has been extensively 

examined in the area of organic electronics.182 TTF has been incorporated into diverse 

supramolecular systems, ranging from polymers and ion sensors to charge-transfer 

systems.183 Both of the TTF redox processes exhibit low redox potentials (0.33 and 0.70 

V vs. Fc+/Fc in CH3CN) and are fully reversible, and the different charge states are highly 

stable (Scheme 1.8).184 Due to these unique electrochemical properties, the electron-

donating ability of TTF can be altered by switching its redox state. This property can be 

harnessed when TTF is used in supramolecular assemblies as a guest molecule for redox-

switchable molecular devices.183  

Scheme 1.8  Electronic structure of TTF upon two one-electron oxidations and the 
corresponding conformational changes.184  

 

However, to incorporate TTF into supramolecular assemblies as a linker, structural 

modifications are necessary. The approaches taken to alter the structure of TTF are: i) 

substitution on TTF directly (e.g. tPy-TTF), ii) insertion of a p-spacer between the two 

heterocycles (e.g. ex-TTF), and iii) extension of the p-system (e.g. tPy-BPTTF).185-189 

Figure 1.10 shows the commonly used derivatives of TTF as donors in self-assembly. 

 

Figure 1.10  Redox-active tetratopic TTF derivatives used in self-assembly of 
metallacycles and metallacages.187-189 
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For the past decade, Goeb and Sallé have investigated the functionalization of TTF 

and its incorporation into supramolecular structures via coordination-driven self-

assembly.182,185-194 Their efforts have focused on developing metallacycles and 

metallacages as redox-triggered receptors for host-guest chemistry. It is worth highlighting 

two of their reports on structurally similar, but electronically different, supramolecular 

cages containing the same redox-active linker, TEG-ex-TTF (Figure 1.11).191-192 The 

charged  metallacage [Pd4(TEG-ex-TTF)2]8+ (Figure 1.11, left) is formed upon reacting a 

90° Pd(II) node and a tetratopic TEG-ex-TTF linker. The redox properties and 

conformational features of this framework allow for the reversible disassembly/reassembly 

of the cage upon oxidation/reduction, respectively. Additionally, the cage shows affinity for 

binding a three-dimensional ionic guest, B12F12
2-, in a 1:2 host/guest stoichiometry, with a 

reversible redox-triggered release of the guest.191 In contrast, the neutral cage Pt4(TEG-

ex-TTF)2 (Figure 1.11, right) is assembled from a 90° neutral Pt(II) node and a tetratopic 

TEG-ex-TTF donor, resulting in a system that is able to bind one neutral guest molecule, 

coronene. The Pt cage is significantly more robust than the Pd system, since no 

disassembly is observed upon chemical oxidation of Pt4(TEG-ex-TTF)2, due to the charge 

differences between the cages. However, increasing the charge on Pt4(TEG-ex-TTF)2 

from 0 to 4+ through chemical oxidation triggers the release of coronene from the neutral 

cavity of the cage, leading to displacement of the neutral guest molecule in exchange for 

the counter anion present in solution.192 In summary, the redox-triggered properties of 

supramolecular assemblies containing TTF can be tuned to fit a specific function. 

 

Figure 1.11  Functionalized redox-active TEG-ex-TTF incorporated into supramolecular 
assemblies for redox-controlled host-guest interaction with Pd(II) and Pt(II) 
nodes. TEG chain and ancillary ligands on the metal centres were omitted 
for clarity. (Single crystal X-ray structures were generated in Mercury, CCDC 
1445058 (left) and 1562675 (right)).191-192 
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Amongst other examples of redox-active metallacycles and metallacages, 

Mukherjee and co-workers reported on the self-assembly of a tritopic donor (tmbpm) and 

a Pd(II) ion as an acceptor in forming a water-soluble metallacage (see Figure 1.12).195 

Electrochemical experiments were used to conclude that the ‘molecular dice’ can undergo 

a two-electron reduction at each donor moiety, potentially decreasing the charge of the 

structure from 36+ to 20+. These findings highlight the potential application for this 

supramolecular structure in redox-activated catalysis. 

 

Figure 1.12  Assembly of [Pd6(tmbpm)8]36+ metallacage or ‘molecular dice’ 
incorporating a redox-active ionic tritopic donor, tmbpm. (Single crystal X-
ray structure was generated in Mercury, CCDC 1445058).195  
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As a final example, the first self-assembled metallacycle containing nitrogen 

heterocyclic radicals, featured a coordination-driven self-assembly between a 90° Co(II) 

acceptor and a ditopic bptz (bis(pyridyl)tetrazine) molecule as a linker, combined in the 

presence of CoCp2 (cobaltocene) as a reducing agent (Figure 1.13).196 The assembly 

process was reported to be solvent-dependent, where more polar solvents (e.g. 

acetonitrile) favoured formation of a square assembly (Co4(dbm)4(bptz•-)4) and the use of 

less polar solvents (e.g. THF/toluene) resulted in the formation of a triangular structure 

(Co3(dbm)3(bptz•-)3). However, it is the magnetic properties that make this assembly a 

good candidate for single-molecule magnet applications, since the Co4(dbm)4(bptz•-)4 

assembly displays strong antiferromagnetic coupling between the metal and the bptz•- 

radical.  

  

Figure 1.13  Co4(dbm)4(bptz•-)4 square metallacycle composed of a radical anion 
ditopic donor, bptz•-, and Co(dbm) nodes, where dbm = 1,3-diphenyl-1,3-
propanedionate. (Single crystal X-ray structure was generated in Mercury, 
CCDC 1559395).196 
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1.2.5. Characterization Methods 

In contrast to small molecules, the characterization of supramolecular assemblies 

entails not only the determination of the structural arrangement, but also an evaluation of 

their functional attributes. A detailed overview of the techniques, used to evaluate 

coordination-driven self-assemblies with respect to their structural arrangement, electronic 

configuration and functional properties is described in Table 1.4. 

Table 1.4  Experimental and theoretical methods used in characterization of the 
supramolecular self-assemblies. 

Method  Data and Result 
Solution nuclear magnetic 
resonance (NMR)a 
spectroscopy 

A technique used to characterize the structural arrangement of the 
metallacycles and metallacages in solution.197 

Diffusion oriented 
spectroscopy (DOSY)a  
 

An NMR technique that confirms the presence of a single component or 
mixture of species in solution, based on the diffusion coefficient, D.197 
Additionally, D can be used to estimate the hydrodynamic ratio, Rh, of the 
molecular assembly in solution, using Stokes-Einsteind equation (Eq. 1).198 
                                                 )* =
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Mass spectrometry (MS)a  
 

A technique for the determination of the structural arrangement, based on 
the charge distribution and isotope pattern of the metallacycles and 
metallacages.194 

UV-Vis spectroscopyb 
 

A characterization technique that allows for the evaluation of the electronic 
transitions of the macrocyclic species. It is crucial in evaluations of binding 
constants, when studied in host-guest chemistry.186-187,199 

X-ray diffractionb  
 

If the metallacycle or metallacage can be isolated as a single crystal, this 
technique is used in characterizing the solid-state structure of the 
assembly.194 

Electrochemistryb 

 
(The ratio of experimentally 
determined D from DOSY 
and CV: DCV=1.04DNMR)200 

Evaluation of the electronic structure,194 stability of the redox-accessible 
processes, and confirmation of the structural arrangement of the self-
assemblies. D can also be determined through the scan-rate dependence 
experiments using the Randles-Sevcike equation (Eq. 2).125,201-202  
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Merck molecular force field 
(MMFF)b calculations 

MMFF calculations allow for the prediction of the structural arrangement to 
support experimental findings.126,203-205 

Dynamic light scattering 
(DLS)c  

This technique is particularly useful in determining the size distribution of 
metallacycles upon aggregation or hierarchical structure formation.206 

Transmission electron 
microscopy (TEM)c  

A technique used to evaluate the size distribution of the self-
assemblies.153,207-210 It has also been used to evaluate secondary 
hierarchical structures.128,211-212 

Frequency of use: a Routinely used technique, b Commonly used technique, c Infrequently used technique.  
d Stokes-Einstein equation, where Rh = hydrodynamic radius (in m), k = Boltzman constant (1.3806x10-23 J K-1), T = 
temperature (in K), h = viscosity of the solvent (in Pa s), and D = diffusion coefficient of the analyte (in m2/s).  
e Randles-Sevcik equation, where ipa = anodic peak current (in amperes), n = number of electrons passed per molecule 
oxidized, A = area of the electrode (in cm2), C0 = bulk concentration of the analyte (in moles/cm3), D0 = diffusion coefficient 
of the analyte (in cm2/s), v = potential scan rate (in V/s). 
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1.2.6. Host-Guest Chemistry  

As stated earlier, the methodology of coordination-driven self-assembly provides 

access to diverse 2D and 3D macrostructures. Both the cavity (its shape and size) and 

the properties of the donor-acceptor units contribute to the potential of these functional 

materials in sensing, catalysis, drug delivery, gas storage, and separation, etc. What 

unites these areas of research is the need for the interaction between the self-assembly 

and the analyte (in sensing), substrate (in catalysis) or biological agent (in drug delivery). 

This interaction is summarized as a host-guest system. The area of host-guest chemistry 

is based on the study of a dynamic relationship between the supramolecular assembly 

(i.e., host) and the small molecule (i.e., guest) forming a new complex species. Additional 

applications, such as electrochemical switches, electron transfer materials, and sensors, 

can be targeted through host-guest chemistry with redox-active donors.213-214 

 

Figure 1.14  Examples of neutral guest molecules most commonly studied in host-guest 
chemistry of supramolecular assemblies. 

For host-guest chemistry to be successful, the uptake and release of the guest 

substrates must be controlled and reversible. Four strategies in the design of the stimuli 

responses to trigger host-guest uptake and release are: i) guest modification, ii) host 

manipulation, iii) partial and iv) complete disassembly of the host architecture.214 Guest 

molecules can be anions, organic and inorganic molecules, and gases. By their very 

nature, host-guest interactions with neutral guests are challenging and require appropriate 

tailoring of the receptors. Coronene, perylene, and pyrene (Figure 1.14) present a group 

of fused polyaromatic substrates often used to further the understanding of said 

binding.188,199,215-216 Fullerenes – the third most stable allotrope of carbon (Figure 1.14 

shows C60), have been studied with metallacages as hosts in order to facilitate fullerene 

purification from fullerene soot, which has been otherwise elusive.186,213  
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1.3. Redox-Active Ligands in Metal-Organic Frameworks 

1.3.1. Metal-Organic Frameworks (MOFs) 

Expanding on coordination-driven self-assembly of soluble supramolecular 

architectures, the use of donor molecules can be applied to the formation of solid-state 

metal-organic frameworks (MOFs). MOFs are defined as two- (2D) and three-dimensional 

(3D) porous, crystalline materials formed from polytopic organic linkers and inorganic 

nodes (metals or metal clusters; also known as secondary building units, SBUs).217-218 

Over the past two decades, research into MOF networks has increased exponentially, 

significantly impacting areas of application, such as gas capture and storage, chemical 

separation, sensing, heterogenous catalysis and drug delivery.217,219  

Assembly  

Formation of the metal-organic framework from its individual components is a 

solvothermal process, referred to as de novo synthesis (Scheme 1.9, i). The design and 

assembly of the framework using de novo methods often encounters challenges with the 

desired topology, incorporation of certain functional groups (functionality loss upon 

coordination to the metal), low solubility of the framework components, formation of 

amorphous by-products, and difficulty in utilizing mixtures of linkers.220 In order to 

overcome synthetic challenges associated with de novo methods of MOF assembly – 

post-synthetic modifications are used.221 Post-synthetic modifications include a multitude 

of approaches, such as solvent-assisted linker exchange (SALE), solvent-assisted ligand 

incorporation (SALI), covalent modification of the organic linker, deprotection of linker 

functionality (e.g. demetalation), and functionalization of the node and its 

transmetalation.220,222-223 

Scheme 1.9  i) Assembly of metal-organic frameworks (MOFs) and post-synthetic 
modification through ii) solvent-assisted linker exchange (SALE) and iii) 
transmetalation. 
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SALE has improved the process involved in the design of MOFs with desired 

structure and functionality. This post-synthetic approach is highly versatile and effective in 

solving solubility issues of linkers and introducing functionalized linkers while maintaining 

the original topology in the daughter MOF network.220,224-225 SALE is a heterogeneous 

reaction of the parent MOF crystals with a concentrated solution containing the new linker, 

and it is often described as a single-crystal-to-single-crystal transformation (see Scheme 

1.9, ii).220,226 There are several thermodynamic and kinetic aspects that are key to a 

successful linker exchange in the SALE approach. Solvent, linker diffusion, and pKa of the 

linker are the main factors to consider. Solvent selection is a vital aspect of this approach, 

as an appropriate solvent enables linker dissolution and diffusion into the MOF interior. 

The exchange rate also increases with an increase in solvent polarity and coordinating 

ability (e.g. chloroform < methanol < dimethylformamide < water). It has been shown that 

powdered crystals have a higher rate of exchange when compared to larger crystals, 

indicating an important role of linker diffusion.223 Lastly, during SALE reactions the metal-

linker bonds are broken and reformed, and in the case of nitrogen-based linkers (e.g. 

dipyridyl and imidazolate), an increase in pKa of their conjugate acids increases the 

stability of the ligand-metal coordination.223,227  

In some cases, the incorporation of metals of varying size, preferred coordination 

sphere, or in low oxidation states (i.e., Ti3+, V2+ or Cr2+) is inhibited by the harsh 

solvothermal de novo approach. With some metals, the formation of crystalline material is 

hindered altogether. Frameworks that are inaccessible through conventional solvothermal 

methods can undergo transmetalation post-synthesis.223 As with the SALE method, 

successful exchange of the metals at the node of the framework, or transmetalation (see 

Scheme 1.9, iii), results in maintaining the crystalline topology of the network. 

Transmetalation can be used to access frameworks containing desired metals, for sensing 

or catalysis applications, while using parent frameworks with the chosen topology.228 This 

approach provides an attractive solution for switching metals at the nodes of clusters, 

although the transmetalation is still governed by the metal’s preferred coordination 

state.223 
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1.3.2. Redox-Active MOFs 

The incorporation of stable radicals into MOFs has gained significant interest  since 

the advancement of magnetic, electronic, fluorescent and host-guest properties.10,229 

Manipulation of the metal oxidation state is often associated with a change in coordination 

geometry, which can result in either a topology change or degradation of the network 

altogether. In contrast, the oxidation of linkers to form organic radicals can be achieved at 

low potentials and with negligible structural rearrangement.229 Steric protection is required 

to achieve radical stability in localized systems, otherwise stabilization in conjugated 

systems can be achieved by resonance stabilization (i.e., delocalization). There are 

several approaches for incorporating organic radicals in MOFs (see Figure 1.15), i) 

structural integration (i.e., radical is core to the linker), ii) radical appendage (i.e., radical 

species is coordinated to the metal centre), and iii) host-guest incorporation (i.e., any 

radical that is not bound covalently to either node or linker is considered to interact via a 

host-guest interaction). Independent of the mode of incorporation, these redox-active 

moieties (or radicals) can be introduced both de novo and/or post-synthetically.10,229 

 

Figure 1.15  Three modes for radical incorporation into a MOF.10  

Redox-active moieties present within MOFs can be used for functional properties. 

For example, the redox-triggered binding of small molecules may result in an intense 

absorption of visible light by the radical moiety, furthering the application of the framework 

as a colourimetric sensor.10 Some of the most successful reports of redox-response in 

MOFs have utilized redox-active ligand incorporation. Figure 1.16 depicts characteristic 

redox-active parent linkers integrated within MOF networks, such as naphthalenediimide 

(NDI), triphenylamine (TPA), tetrathiafulvalene (TTF), quinones and porphyrin.9 However, 

one of the most sought after mechanisms of redox response in MOFs is charge transfer 
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(CT), and introduction of redox-active ligands can promote CT interactions through space 

or bonds. By introducing mixed-valence systems, such as redox-active metalloligands, 

tuneable electronic communication can be achieved in MOFs. As an example, Long and 

co-workers have reported a conducting framework composed of Fe(III) and paramagnetic 

semiquinoid linkers, (NBu4)2FeIII
2(dhbq)3 (dhbq2–/3– = 2,5-dioxidobenzoquinone/1,2-

dioxido-4,5-semiquinone), where ligand mixed-valency was determined to be the origin of 

conductivity (see Figure 1.16 for the structure of dhbq). A suite of spectroscopic 

techniques was used to characterize the electronic structure of the network, but most 

importantly, UV-Vis-NIR diffuse reflectance measurements confirmed a Robin–Day Class 

II/III classification in this MOF.230 

 

Figure 1.16  Characteristic organic linkers employed in the construction of redox-active 
MOFs.9 

Even though incorporation of metal salen complexes into MOF networks has 

already been widely established,172,231 their mixed-valence properties have not been 

investigated, as was the case with solution-based supramolecular assemblies. To date, a 

myriad of metal (M = MnIII, CoIII, CuII, RuII/III, FeIII, NiII, CrIII) salen complexes have been 

incorporated into MOFs and applied in gas storage232 and separation233, CO2 capture234, 

and heterogeneous catalysis235-239. 
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1.3.3. Characterization Methods 

Unlike the soluble supramolecular assemblies discussed in Section 1.2, 

characterization of MOFs relies solely on solid-state techniques. X-ray diffraction (XRD) 

and powder XRD play a vital role in the identification of a networks’ structural composition. 

The characterization methods described in Table 1.5 are less frequently used in other 

fields of research, yet they serve as essential tools in characterizing the functional aspects 

of MOFs, as well as the electronic and spectroscopic properties of redox-active MOFs. 

Table 1.5  Experimental methods used in characterization of redox-active MOFs. 

Method  Data and Result 
Solid-state 
electrochemistry  
 

Accessible redox processes, kinetics, and mechanisms of charge transfer in 
MOFs can be determined through electrochemical experiments.229 
Challenges associated with solid-state electrochemical techniques include 
more complex processes that are related to the sample-electrode and 
sample-electrolyte interfaces, and the limited diffusion processes. Simple 
powder abrasion techniques and slow scan cyclic voltammetry have been 
shown to be particularly useful in addressing these issues.240-244 

Solid-state UV-Vis-NIR 
spectroscopy and 
spectroelectrochemistry  
(SEC) 
 
 
 
 

Charge transfer (CT) interactions of the mixed-valence type manifest as CT 
bands in the visible and NIR regions.229 Diffuse reflectance measurements 
can be collected in situ during spectroelectrochemistry.240-244 An SEC cell 
can be equipped with a quartz (optically transparent) electrode for diffuse 
reflectance reading collection. Spectra are reported as a Kubelka-Munk 
transforma (Eq. 3)245-247 
                                             G()) = (HIJ)@
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Solid-state electron 
paramagnetic resonance 
(EPR) spectroscopy 

This technique is a valuable tool used to provide information about the spin-
dependent interactions, such as g values and hyperfine coupling.241-244 
Additionally, to further probe the electrochemical response of MOF samples 
through EPR, a solid-state EPR-SEC technique has been developed.244 

X-ray photoelectron 
spectroscopy (XPS) 

An analytical tool used to determine elemental composition of a solid-state 
sample. Additionally, oxidation states of the metals can be assigned, which 
is especially useful in the case of redox-active MOFs.248 

Scanning electron 
microscopy (SEM) 

This microscopy technique is used to assess the topology and composition 
of MOFs by scanning the surface of the samples with a beam of electrons.248  

Accelerated surface area 
and porosimetry (ASAP)  

Pore volume and surface area measurements are crucial to MOF 
characterization. As most of the applications, such as gas separation, 
capture and storage, and sensing, all rely on the microporosity of MOFs. 
Brunauer-Emmett-Teller (BET) surface area, pore size distribution, and 
average and total pore volume of a MOF can be determined using this 
technique.240,243,249 

Thermogravimetric 
analysis (TGA) 

A method of thermal analysis that allows for the determination of the stability 
and catenation of MOF samples through the loss of solvent molecules and 
structural degradation (i.e., loss of ligand etc.).243,250 

a Kubelka-Munk transform, where R is the diffuse reflectance of the sample (blank measurements use MgO or BaSO4). 
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1.4. Thesis Synopsis 

With consideration to the findings and perspectives discussed in this chapter, the 

work in this thesis investigates the synthesis and characterization of the electronic 

structures of monometallic salen complexes (Figure 1.17) and their incorporation into 

supramolecular assemblies and metal-organic frameworks.  

 

Figure 1.17  An outline of the metal salen complexes studied in this thesis. 

 Chapter 2 focuses on the study of monometallic pentagonal bipyramidal uranyl 

(UO2
2+) salophen (i.e., salen with phenylene backbone) complexes. Three derivatives with 

different para-substituents (tBu, OMe, and NMe2) are prepared and the electronic 

structures of the one-electron oxidized species are investigated in solution using 

electrochemical techniques in combination with UV-Vis-NIR, EPR, and theoretical 

calculations. This investigation aims to answer the questions regarding the locus of 

oxidation and the degree of the radical delocalization in all three derivatives. Would having 

a phenylene backbone promote delocalization of the unpaired electron? Would the 

electron-donating ability of the para-substituents impact the degree of delocalization? 

Solid-state structures showed a puckered coordination sphere geometry, which resulted 

in a decrease in the planarity of the complexes, hence preventing the delocalization of the 

spin density across the phenolate moieties through the phenylene backbone. Overall, all 

three uranyl salophen complexes were determined to feature localized ligand radicals, in 

which localization is enhanced as the electron donating ability of the para-phenolate 

substituents is increased (NMe2 > OMe > tBu). 

In Chapters 3 and 4, the functionalization of the salen with para-pyridyl moiety on 

both sides of the phenolates acts as an extended coordination motif. The coordination-
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driven self-assembly of a supramolecular square containing redox-active Ni(II) salen 

donor (Ni(Salen)pPy) with Pd(II) complex as a 90º acceptor and Ru(II) dimers as 0º 

acceptors are discussed in Chapters 3 and 4, respectively. Aside from the synthesis and 

structural characterization of these novel supramolecular structures, the main focus of 

these studies is to determine the electronic structure and charge transfer within the 

assemblies. The geometry confirmation of the Ni-Pd and Ni-Ru supramolecular 

assemblies is performed via mass spectrometry, NMR spectroscopy, electrochemical 

experiments, and X-ray diffraction (Ni-Ru metallacycles only). Oxidation studies reveal 

that the coordination-driven assemblies result in ligand radical formation. In the case of 

[4+4] square Ni-Pd self-assembly, no chromophore interaction is observed, due to the 

large distance between the metalloligand donors. However, the Ni-Ru metallacycles, with 

varying bis-Ru pillar sizes, result in structurally different configurations as either [2+2] 

rectangle and/or [2]catenane. The interlocking (i.e., catenane formation) of the larger 

assembly is shown to be both solvent and concentration dependent. The investigation into 

the electronic structure of these metallacycles upon oxidation reveals ligand radical 

formation and exciton coupling of the excited states. 

Extending the complex design from the coordination-driven self-assembly in the 

previous two chapters, additional metal salen derivatives are synthesized for the 

construction of metal-organic frameworks (MOFs) in Chapter 5. Functionalization is 

achieved with para-pyridyl, meta-pyridyl, para-benzoic acid, and para-carboxylic acid 

groups for extended coordination of these complexes as linkers in MOFs. Assembly of the 

MOF through the de novo synthesis, using a Mn(III) salen complex, tetracarboxylic acid 

ligand (as a secondary building unit) and Zn(NO3)2 (a source of the bimetallic Zn cluster) 

is described, along with the preliminary results on the transmetalation (Mn(III) for Ni(II)) 

and oxidation. Additionally, the design and development of the solid-state 

spectroelectrochemical cell (SEC) is discussed as well. 

Chapter 6 highlights the future direction for the research Chapters 2 through 4 

described in this thesis, with additional preliminary results. This body of work presents a 

significant impact on furthering the understanding of the electronic structure and 

photophysical properties of metal salen complexes and their incorporation into 

multifunctional materials, such as supramolecular self-assemblies and metal-organic 

frameworks. 
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Chapter 2. Synthesis and Electronic Structure 
Determination of Uranium(VI) Ligand Radical 
Complexes 

Adapted from: Herasymchuk, K.1; Chiang, L.1; Hayes, C.E.1; Brown, M.L.1; Ovens, J.S.1; 

Patrick, B.2; Leznoff, D.B.1 and Storr, T.1 Dalton Trans., 2016, 45, 12576-12586. 

1Department of Chemistry, Simon Fraser University, Burnaby, British Columbia, Canada. 
2Department of Chemistry, University of British Columbia, Vancouver, British Columbia, 

Canada. 

KH performed the synthesis, electrochemistry, in situ monitoring of chemical 

oxidation via UV-Vis-NIR, EPR experiments and theoretical calculations. LC and CEH 

have contributed to the discussion. BML collected data and solved crystallography 

structures. JSO and BP contributed to the crystallography.  

2.1.  Introduction 

Uranium is most commonly found as the uranyl ion (UO2
2+; 5f06d0; UVI oxidation 

state), which is luminescent251 with a highly oxidizing excited state (E° = 2.6 V vs. SHE), 

leading to interesting photooxidation chemistry.252-257 The chemistry of the UO2
2+ ion, with 

an emphasis on structural modification of the uranyl oxo ligands (O=U=O), and ligand 

coordination in the equatorial plane, has been previously reviewed.258 The stabilization 

and reactivity of uranium, in the U(III), U(IV), U(V) and U(VI) oxidation states, has attracted 

much research interest in recent years.259-269 

Interest in the coordination chemistry of uranium is largely motivated by the need 

for its safe extraction from soil and water, and for the stabilization of nuclear waste. For 

example, crown ethers, phosphorus oxides and salen-type ligands (salen = N2O2 bis-

Schiff-base bis-phenolate ligands) have been investigated as ligating agents for the 

extraction of uranium.270 Uranyl (as well as other f-block elements) complexes 

incorporating equatorial Schiff base ligands have been recently studied, as these modular 

ligands provide a good match in terms of steric and electronic stability.251,261,270-274 The first 

uranyl salophen (phenylenediamine backbone) solid-state structure was reported in 2007, 

where a coordinating solvent molecule (DMF or DMSO) occupies the fifth equatorial 
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position to afford an overall 7-coordinate complex.275 It was further shown that in the 

presence of a noncoordinating solvent, the uranyl salophen complex exists in a dimeric 

form. Uranyl salophen complexes have since been used in several applications including 

ion recognition of quaternary ammonium and iminium salts, fluoride, dihydrogen 

phosphate, chloride, formate and acetate.276-283 Mazzanti and co-workers have pioneered 

the development of magnetic materials containing pentavalent uranyl salophen 

complexes.284-287 In the area of catalysis, Mandolini and co-workers have been 

investigating the Michael-type addition of thiols and α,β-unsaturated ketones and select 

Diels-Alder reactions catalyzed by uranyl salophen compounds (Figure 2.1).288-293 

 

Figure 2.1  Select examples of catalytic transformations using hexavalent uranyl 
salophen complexes, reported by Mandolini and co-workers.38-43 

In many cases, metal-mediated activation reactions require redox processes to 

occur at the metal centre, unless redox-active ligands are incorporated into the 

complex.1,24,27,294 The use of redox-active ligands in combination with the uranium metal 

centre has shown significant promise in the field of redox transformations.295-299 Bart and 

co-workers have recently investigated the reduction of uranium complexes containing 

redox-active ligands.298,300 Specifically, reduced U(III) and U(IV) complexes, whose 
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oxidation states are stabilized by the redox-active ligands,300-301 have been shown to 

undergo both reductive elimination302-303 and oxidative addition,303-304 as well as C-F bond 

activation, showcasing the importance of the ligand system in supporting the uranium 

oxidation state.305-306 Recently, Bart and co-workers have reported on the uranyl (U(VI)) 

complex (containing two redox-active iminoquinone ligands) that undergoes ligand-based 

reduction, allowing for the U-Ouranyl bond activation for further functionalization via an 

acylation reaction using the diradical complex (Scheme 2.1).307 

Scheme 2.1  Redox-active ligand-mediated O-C bond activation via acylation with the 
reactive uranyl complex, reported by Bart and co-workers.60 

 

Our group, as well as others, have extensively studied the ligand radical chemistry 

of tetradentate salens.30-31,36,83,85,88,96,98,102,104-106,108,113,308-310 As an example, salophen 

metal complexes of Ni,88,92,106 and Cu98 have been demonstrated to form ligand radicals 

upon oxidation. In this work, through experimental and theoretical techniques, we report 

on the synthesis and characterization of three neutral uranyl salophen complexes (1a-c, 

see Figure 2.2) incorporating tBu, OMe and NMe2 as para-ring substituents. Salophen 

metal complexes employing tBu,101,106,114,311-312 OMe92,101,313-315 and NMe2
92  para-ring 

substituents have been previously reported. A recent study316 reported a U(VI) 

tetrathiafulvalene-fused salophen complex with preliminary data on the one-electron 

oxidized form. An additional study reported the detailed spectroelectrochemical 

characterization of a singly reduced U(VI) salen ligand radical complex.274 Herein, we 

report on the oxidation chemistry of 1a-c (Scheme 2.2), and analysis of the electronic 

structure and stability of the one-electron oxidized forms ([1a-c]+). 
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Figure 2.2  UO2(Salophen)R(H2O) complexes studied. 

2.2. Results and Discussion 

2.2.1. Synthesis and Characterization 

The uranium complexes in this study (1a-c) were synthesized in moderate to good 

yields by metalation of the salen ligand precursors with UO2(OAc)2�2H2O. The diamagnetic 

complexes (Figure 2.2) were subsequently characterized by 1H and 13C NMR 

spectroscopy, elemental analysis, and IR spectroscopy. The data are consistent with the 

expected structures, including binding of an additional water molecule (vide infra). Mass 

spectrometry (MALDI and ESI) was consistent with molecular ions without the additional 

water molecule. The n3 asymmetric O=U=O stretch for 1a-c was observed in the IR at 877 

cm-1, 881 cm-1, and 890 cm-1, respectively (Appendix A – Figure A1), and are within the 

range expected for the UO2
2+ unit.317-319  

Scheme 2.2  Synthesis of neutral and oxidized UO2(Salophen)R(H2O) complexes, where 
R= tBu, OMe, NMe2. 

 
Reaction conditions: (i) UO2(OAc)2•2H2O, MeOH, Et2O, rt; (ii) [N(C6H3Br2)3]SbF6, DCM; 72-98% 
yield.  
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2.2.2. X-ray Crystallography 

Crystals suitable for X-ray diffraction analysis of 1a and 1b were attained by slow 

evaporation of concentrated MeOH and CDCl3 solutions of the compounds, respectively. 

Selected crystal data is shown in Table 2.1. The structures of 1a (Figure 2.3) and 1b 

(Figure 2.4) are similar and the geometry at uranium in each case is pentagonal 

bipyramidal including the tetradentate salen ligand, the two oxo ligands, and a water 

molecule. The tetradentate salen coordination sphere bond distances for 1a (U-N: 

2.491(7) Å and 2.531(7) Å and U-O: 2.249(6) Å and 2.215(6) Å) and 1b (U-N: 2.529(11) 

Å and 2.567(11) Å and U-O: 2.206(9) Å and 2.229(8) Å) are consistent with those 

previously reported for uranyl Schiff base complexes (U-N (2.51-2.65 Å) and U-O (2.20-

2.32 Å)).317,320-322 In comparison, the salen coordination sphere bond lengths for the Ni 

analogue of 1a are 1.854 Å (Ni-N) and 1.852 Å (Ni-O).92 Coordination sphere bond lengths 

for 1a and 1b are shown in Table 2.2, including metrical data calculated using DFT. The 

longer coordination sphere bond lengths for 1a and 1b lead to commonly observed,323 yet 

significant distortion of the salen ligand in both structures (Figures 2.3-2.4, insets). The 

angles between the phenolate planes are 49° (1a) and 52° (1b), compared to the Ni 

derivative of 4.5°.92  

Other similar uranyl salen complexes have been reported to exhibit an analogous 

curvature of the ligand backbone in order to accommodate the long coordination sphere 

bond lengths and overall pentagonal bipyramidal structure.275,317,321,323 Uranyl salen 

complexes, containing an ethylene backbone,317,324 do not exhibit the same ligand 

distortion, demonstrating that the flexibility of the backbone moiety plays an important role 

in dictating the degree and type of ligand distortion. The presence of the uranyl unit forces 

the salen ligand into the equatorial plane, and analysis of the U=O bond lengths for 1a 

(1.767(8) Å and 1.787(7) Å) shows that they are essentially identical and within the 

expected range (1.76-1.79 Å).319-320,325-327 Interestingly, the uranyl unit is asymmetric in the 

solid-state structure for 1b (U=O bond lengths of 1.828(9) Å and 1.750(9) Å). Such 

asymmetry has been observed previously for uranyl complexes in the solid-state258,328 due 

to H-bonding,329 and interactions with Lewis acids,330 Na+,319 and 3d metal ions.331 The 

difference of 0.078 Å between the U=O bonds in 1b is due to an intermolecular H-bond 

between the O(2) atom and a water molecule in the equatorial plane of an adjacent 

complex (Appendix A – Figure A2). The water molecule (U-Owater 2.575(7) Å (1a) and 

2.449(10) Å (1b)) is weakly coordinated in the fifth equatorial position. Previous findings 
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with similar U(VI) complexes agree with these observations.317,322,332-335 It should be noted 

that MS data for 1a-c shows a molecular ion without the coordinated H2O molecule. 

Unfortunately X-ray analysis of 1c was not possible due to the poor quality of the 

crystallized material. 

 

 

Figure 2.3  POV-Ray representation (50% probability) of 1a excluding hydrogen 
atoms. Selected interatomic distances [Å]: U(1)-N(1): 2.531(7), U(1)-N(2): 
2.491(7), U(1)-O(1): 1.787(7), U(1)-O(2): 1.767(8), U(1)-O(3): 2.215(6), 
U(1)-O(4): 2.249(6), U(1)-O(5): 2.575(7). Inset: side view of the equatorial 
plane of the structure showing significant curvature. 
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Figure 2.4  POV-Ray representation (50% probability) of 1b excluding hydrogen 
atoms. Selected interatomic distances [Å]: U(1)-N(1): 2.567(11), U(1)-N(2): 
2.529(11), U(1)-O(1): 1.750(9), U(1)-O(2): 1.828(9), U(1)-O(3): 2.229(8), 
U(1)-O(4): 2.206(9), U(1)-O(5): 2.449(10). Inset: side view of the equatorial 
plane of the structure showing significant curvature. 

Table 2.1  Selected crystallographic data for 1a and 1b. 

 1a 1b 
Formula C36H48N2O5U C30H36N2O7U�0.5CHCl3 
Formula weight 826.79 834.32 
Space group Pbca P21/n 
Crystal system orthorhombic monoclinic 
a (Å) 12.9744(6) 9.4679(4) 
b (Å) 17.1766(7) 10.7796(5) 
c (Å) 34.6304(13) 30.4674(14) 
α (°) 90 90 
β (°) 90 91.856(3) 
γ (°) 90 90 
V [Å3] 7717.6(6) 3107.9(2) 
Z 8 4 
T (K) 296(2) 150(2) 
ρcalcd (g cm-3) 1.451 1.783 
λ (nm)  1.54184 1.54184 
µ (cm-1) 12.163 17.208 
wR2 0.1896 0.1264 
R1 0.0681 0.0559 
Goodness-of-fits on F2 0.993 1.188 
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Table 2.2  Selected experimental and calculated bond lengths [Å] for 1a-c and [1a-
c]+.  

Bond 1aa 1ab [1a]+b 1ba 1bb [1b]+b 1cb [1c]+b 
U(1)-N(1) 2.531(7) 2.543 2.618 2.567(11) 2.551 2.606 2.546 2.596 
U(1)-N(2) 2.491(7) 2.551 2.519 2.529(11) 2.559 2.537 2.559 2.544 
U(1)-O(1) 1.787(7) 1.789 1.78 1.750(9) 1.79 1.781 1.792 1.785 
U(1)-O(2) 1.767(8) 1.793 1.781 1.828(9) 1.794 1.783 1.796 1.786 
U(1)-O(3) 2.215(6) 2.266 2.214 2.229(8) 2.26 2.205 2.261 2.214 
U(1)-O(4) 2.249(6) 2.26 2.406 2.206(9) 2.253 2.404 2.252 2.374 
U(1)-O(5) 2.575(7) 2.599 2.555 2.449(10) 2.601 2.547 2.6 2.565 
O(3)-C(14) 1.328(10) 1.317 1.323 1.327(16) 1.322 1.328 1.322 1.328 
O(4)-C(16) 1.296(11) 1.318 1.267 1.317(16) 1.322 1.271 1.323 1.279 

aExperimental; bTheoretical (see the Experimental section for calculation details). 

2.2.3. Electrochemistry 

Cyclic voltammetry (CV) was used to probe the redox processes for 1a-c in CH2Cl2 

using tetra-n-butylammonium perchlorate (nBu4NClO4) as the supporting electrolyte 

(Figures 2.5-2.6 and Table 2.3). A previous study on a series of UO2
2+ salen complexes 

reported ligand radical formation from electrochemical analysis.317 A quasi-reversible one-

electron redox process was observed for 1a (Figure 2.5a). Scanning to higher potentials 

reveals a further irreversible redox process. Two reversible one-electron redox processes 

were observed for 1b (Figure 2.5b), however, scanning to higher potentials also reveals a 

further irreversible redox process. For 1c, the increased current intensity and large peak-

to-peak difference (|Epa-Epc|) in the CV spectrum suggested that the observed spectrum 

was likely two separate one-electron redox processes (Figure 2.6a). Differential pulse 

voltammetry (DPV) was used to determine the redox potentials for the two redox 

processes at ca. 0 V vs. Fc+/Fc. The second derivative of the DPV curve affords two peaks 

with values of -30 mV and 90 mV (see red dotted curve in Figure 2.6a). The gaussian 

fitting of the DPV curve is shown in Figure 2.6b. 

Due to the electronic structure of the UO2
2+ unit (UVI; 5f06d0), and previous reports 

on the oxidation of similar metal salen systems,85,92,95 the observed redox processes for 

1a-c are assigned to the redox-active phenolate moieties, suggesting ligand-based 

oxidation processes. The E1/2 values for the analogous Ni complexes, employing the same 

ligands (R= tBu, E1/2 = 590 mV; R= OMe, E1/2 = 360 mV; R= NMe2, E1/2 = -150 mV) match 
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the data in Table 2.3 closely.92 Thus, the decrease in redox potentials of 1a-c, matching 

the associated Ni complexes, can be attributed to the increasing donating ability of the 

para-phenolate substituent, and ligand oxidation (vide infra). Interestingly, a uranyl 

complex containing an electron rich cyclo[6]pyrrole ligand has been investigated 

electrochemically, showcasing ligand-based redox processes at 70 mV and 710 mV vs. 

Fc+/Fc.336 In the following sections we further analyze the one-electron oxidized forms of 

1a-c by electronic spectroscopy, EPR, and theoretical calculations. 

Table 2.3  Redox potentials for 1a-1c vs. Fc+/Fca (1 mM complex, 0.1 M nBu4NClO4, 
scan rate 100 mV s−1, CH2Cl2, 298 K). 

UO2(Salophen)R 1E1/2 (mV) 2E1/2 (mV) 3E1/2  (mV) 
R = tBu (1a) 610 (150) - - 
R = OMe (1b) 400 (110) 660 (120) - 
R = NMe2 (1c) -30b 90b 550 (280) 

a Peak-to-peak differences in brackets (|Epa-Epc| in mV). Peak-to-peak difference for the Fc+/Fc couple at 298 K is 200 
mV (1a); 140 mV (1b); 220 mV (1c); b Determined by DPV analysis. 

 

Figure 2.5  a) Cyclic voltammogram of 1a, b) Cyclic voltammogram of 1b; Conditions: 
1.0 mM solution in CH2Cl2, 0.1 M nBu4NClO4, T = 298 K, Scan rate: 100 
mV/s.  
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Figure 2.6  a) Cyclic voltammogram of 1c; Conditions: 1.0 mM solution in CH2Cl2, 0.1 
M nBu4NClO4, T = 298 K, Scan rate: 100 mV/s. Overlay (red dotted curve) 
shows 2nd derivative of the differential pulse voltammetry (DPV) 
experiment, b) DPV of 1c (black solid line) with fitted gaussian curves using 
PeakFit (red dotted lines); Conditions: 1.0 mM solution in CH2Cl2, 0.1 M 
nBu4NClO4, T = 298 K, Scan rate: 20 mV/s.  

2.2.4. Electronic Spectroscopy 

The neutral uranyl salophen complexes 1a-c exhibit phenolate-uranyl ligand to 

metal charge transfer (LMCT) bands above 21,000 cm-1, in agreement with previous 

reports (see Figure 2.7).271,320,337-338 Compounds 1a-c were chemically oxidized using the 

aminium radical oxidant [N(C6H3Br2)3]•+ (E1/2 = 1.14 V, MeCN)82 and the formation of the 

oxidized species [1a-c]+ were monitored spectrophotometrically (Figure 2.7 and Table 

2.4). Broad and weak near-infrared (NIR) bands at 11,000 cm-1 for [1a]+ (1,500 M-1 cm-1) 

and at 12,500 cm-1 for [1b]+ (1,000 M-1 cm-1) were observed upon oxidation. Oxidation of 

1c (Figure 2.7c) to [1c]+ was accompanied by the formation of broad higher energy bands 

in comparison to [1a-b]+ at 17,500 cm-1 (7,500 M-1 cm-1) and 18,500 cm-1 (7,900 M-1 cm-1), 

and accompanying isosbestic points at 21,500 cm-1 and 23,000 cm-1. An identical 

spectrum for [1c]+ was obtained when using acetylferrocenium (E1/2 = 0.27 V, CH2Cl2)82 

as the chemical oxidant (Figure 2.7d). The stability of [1a-c]+ was monitored over a 5 h 

period at room temperature. From the decay spectrum of [1a]+ (Appendix A – Figure A3a), 
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it was shown to return back to neutral 1a (t1/2 = 1 h). However, both [1b]+ and [1c]+ 

complexes decay to new species (t1/2 = 1.5 h and 1 h, respectively) with three and two 

isosbestic points observed respectively during decay (Appendix A – Figure A3b-c). 

The broad and weak NIR transitions observed for both [1a-b]+ are consistent with 

a localized phenoxyl radical species and a Class II system in the Robin and Day 

classification system.78,80 As a comparison, the oxidized Ni salen complex employing the 

cyclohexyl backbone [Ni(Salen)tBu]+ exhibits a sharp and intense ligand radical NIR band 

(εmax = 22,000 M-1 cm-1) and is characterized as a delocalized Class III system.88 

Interestingly, the oxidized Ni analogue of 1a also displays a relatively weak NIR band, but 

at much lower energy (3,600 cm-1; Δn1/2 ≥ 3,700 cm-1), yet has been characterized as a 

delocalized radical system.92,106 Participation of the o-phenylenediamine backbone in the 

low energy transition increases intra-ligand charge transfer character, adding additional 

complexity to the band analysis.106 The presence of two low energy bands in the spectrum 

of [1c]+ likely leads to the overall increased intensity for the low energy features associated 

with this derivative. Additionally, an oxidized Mn nitride salen complex displays a similar 

range of transitions (15,000-22,000 cm-1; 8,000-9,500 M-1 cm-1) for the NMe2 analogue, 

where the locus of oxidation is characterized as ligand-based.93 Theoretical calculations 

on [1a-c]+ (vide infra) provide further information on the electronic structure and nature of 

the NIR transitions.  
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Figure 2.7  a) Electronic spectra of the chemical oxidation of 1a (black) to [1a]+ (red); 
b) 1b (black) to [1b]+ (red); c) 1c (black) to [1c]+ (red). Oxidations were 
completed via titration (grey lines) with [N(C6H3Br2)3]SbF6. Conditions: 1.0 
mM solution in CH2Cl2, T = 298 K; d) 1c (black) to [1c]+ (red). Oxidation 
was completed via titration (grey lines) with acetylferrocenium 
hexafluoroantimonate. Conditions: 1.0 mM solution in CH2Cl2, T = 193 K. 
Spectra were corrected for solvent contraction at low temperature. Insets 
show low energy transitions. Vertical green inset lines are TD-DFT 
predictions for the low energy transitions. 
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Table 2.4  UV-Vis-NIR data of 1a-c, and the oxidized complexes [1a-c]+. 

Complex n [cm-1] (e [M-1 cm-1]) 
1a 27,500 (15,000), 23,000 sh (7,500) 

[1a]+ 26,000 (20,000), 17,000 sh (1,500), 11,000 (1,500) 
1b 25,500 (10,000) 

[1b]+ 26,000 (17,500), 22,000 sh (9,000), 20,000 sh (6,500), 12,500 (1,000) 
1c 28,500 sh (10,000), 22,500 (6,500)  

[1c]+ 26,500 (15,000), 18,500 (7,900), 17,500 (7,500) 
 

2.2.5. Electron Paramagnetic Resonance Spectroscopy 

EPR spectroscopy was employed to further characterize the electronic structure 

of complexes [1a-c]+. The EPR spectrum of [1a]+ at 20 K (Figure 2.8a) exhibits a rhombic 

S = ½ EPR signal at gave = 1.997 (g1 = 2.005, g2 = 1.995, g3 = 1.991), which is slightly lower 

in comparison to the free electron value (ge = 2.002).339 This low gave value for the phenoxyl 

radical, in comparison to ge, can be rationalized as the interaction of the unpaired spin with 

the large spin-orbit coupling associated with the uranium nucleus (U6+; 5f06d0).105,273 Bart 

and co-workers reported two uranyl complexes containing redox-active ligands that have 

g values of 1.974 and 1.936.299 In each case, the unpaired spin was assigned to the ligand 

moiety, with the low g values due to spin-orbit coupling to the uranium centre (Table 

2.5).299 The EPR spectrum of [1b]+ at 20 K (Figure 2.9a) displays a rhombic S = ½ EPR 

signal at gave = 1.999 (g1 = 2.004, g2 = 2.000, g3 = 1.993), with the low gave value likely due 

to interaction of the phenoxyl radical with the uranium nucleus as described for [1a]+. The 

EPR spectrum of [1c]+ at 20 K (Figure 2.10a) also shows a rhombic EPR signal (S = ½) at 

gave = 1.995 (g1 = 1.997, g2 = 1.991, g3 = 1.997), however the signal is much broader in 

comparison to [1a]+ and [1b]+. Signal broadness for [1c]+ could be due to unresolved ligand 

hyperfine interactions.85,273  

Table 2.5  X-Band EPR simulation parameters for [1a-c]+ at 20 K. 

Complex g1 g2 g3 gave Hstrain [MHz] 
[1a]+ 2.005 1.995 1.991 1.997 26.8076 
[1b]+ 2.004 2.000 1.993 1.999 11.8160 
[1c]+ 1.997 1.997 1.991 1.995 62.7626 
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We next investigated the oxidation of 1a-c at 298 K with 0.5 equiv. of 

[N(C6H3Br2)3]SbF6 to ensure complete consumption of the oxidant. The formation of ligand 

radical species was observed by EPR for all three complexes at 298 K (Figures 2.8b-

2.10b), with hyperfine coupling observed for [1a]+ and [1c]+. While sample decomposition 

occurred over time in the 298 K EPR samples, the hyperfine coupling provides further 

evidence for localization of the ligand radical for [1a]+ and [1c]+. For the simulation of the 

[1a]+ spectrum (Figure 2.8b), three H atoms were considered in the simulation, AH1 = 11.0 

MHz, AH2 = 10.9 MHz, and AH3 = 10.6 MHz (see Table 2.6). The hyperfine constants can 

be assigned to three H atoms on one side of the ligand: two H atoms on the meta-phenoxyl 

positions and one H atom on an imine (-N=CH-) group. Whereas for the best fit of the 

spectrum for [1c]+ (Figure 2.10b) nine H and two N atoms were considered in the 

simulation: 6xAH1 = 21.3 MHz, AH2 = 8.9 MHz, AH3 = 8.6 MHz, AH4 = 4.4 MHz, AN1 = 

23.5 MHz, and AN2 = 10.5 MHz (see Table 2.6). All hyperfine constants are also assigned 

to H and N atoms on one side of the ligand, further supporting a localized radical formation. 

AH1 and AN1 are assigned to dimethylamino group, AH2 and AH3 are the two H atoms on 

the meta-phenoxyl positions, and AN2 and AH4 are assigned to N and H atoms of an imine 

(-N=CH-) group. A lack of resolved hyperfine coupling for [1b]+ (Figure 2.9b) is likely due 

to line broadening. Overall, the EPR spectra of [1a-c]+ are in agreement with ligand radical 

formation upon oxidation of 1a-c. 

Table 2.6  X-Band EPR simulation parameters for [1a-c]+ at 298 K. 

Complex g AH1 [MHz] AH2 [MHz] AH3 [MHz] AH4 [MHz] AN1 [MHz] AN2 [MHz] 
[1a]+ 2.001 11.0 10.9 10.6 - - - 
[1b]+ 2.000 - - - - - - 
[1c]+ 1.999 21.3a 8.9 8.6 4.4 23.5 10.5 

aSix protons from NMe2 group (AH1). 
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Figure 2.8  a) X-Band EPR spectrum of [1a]+ in CH2Cl2 (black); Simulation (red); b) X-
Band EPR spectrum for oxidation of 1a in CH2Cl2 with 0.5 equiv. of 
[N(C6H3Br2)3

�]+[SbF6]- (black); Simulation (red); Conditions (a): 1.0 mM; 
frequency = 9.38 GHz; power = 2.00 mW; modulation frequency = 100 kHz; 
amplitude = 0.6 mT; T = 20 K. (b): 1.0 mM; frequency = 9.86 GHz; power 
= 2.00 mW; modulation frequency = 100 kHz; amplitude = 0.2 mT; T = 298 
K.  
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Figure 2.9  a) X-Band EPR spectrum of [1b]+ in CH2Cl2 (black); Simulation (red); b) X-
Band EPR spectrum for oxidation of 1b in CH2Cl2 with 0.5 equiv. of 
[N(C6H3Br2)3

�]+[SbF6]- (black); Simulation (red); Conditions (a): 1.0 mM; 
frequency = 9.38 GHz; power = 2.00 mW; modulation frequency = 100 kHz; 
amplitude = 0.6 mT; T = 20 K. (b): 1.0 mM; frequency = 9.86 GHz; power 
= 2.00 mW; modulation frequency = 100 kHz; amplitude = 0.2 mT; T = 298 
K. 
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Figure 2.10  a) X-Band EPR spectrum of [1c]+ in CH2Cl2 (black); Simulation (red); b) X-
Band EPR spectrum for oxidation of 1c in CH2Cl2 with 0.5 equiv. of 
[N(C6H3Br2)3

�]+[SbF6]- (black); Simulation (red); Conditions (a): 1.0 mM; 
frequency = 9.38 GHz; power = 2.00 mW; modulation frequency = 100 kHz; 
amplitude = 0.6 mT; T = 20 K. (b): 1.0 mM; frequency = 9.86 GHz; power 
= 2.00 mW; modulation frequency = 100 kHz; amplitude = 0.2 mT; T = 298 
K. 

2.2.6. Theoretical Calculations 

The geometric and electronic structures of neutral 1a-c and oxidized [1a-c]+ were 

further studied using density functional theory (DFT). The calculated metrical data for the 

coordination sphere bond lengths of 1a-b agree with the X-ray bond lengths within 0.05 Å 

(Table 2.2). However, the difference in bond length between experimental and theoretical 

values of U-Owater in 1b is 0.15 Å due to the participation of the water molecule in H-

bonding. Furthermore, the intermolecular H-bonding between O(2) that was observed in 

the solid-state for 1b, (vide supra) was not observed in the geometry optimized structure, 

where U=O bond lengths for 1b were predicted to be 1.7896 and 1.7943 Å. A slight 

asymmetry was predicted for the salen U-O and U-N coordination sphere bond lengths of 

the oxidized complexes, [1a-c]+ (as seen in Table 2.2), which further supports the 

phenolate/phenoxyl electronic structure for [1a-c]+. Moreover, the phenoxyl O–C bond 
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lengths in [1a-c]+ (O(3)-C(14)) are significantly shorter in comparison to their phenolate 

counterparts (O(4)-C(16)) (see Table 2.2). This shortening of the O-C bond on one of the 

phenolate units, further supports a localized phenoxyl ligand radical formation for all three 

derivatives.  

Spin density (SD) plots of [1a-c]+ show a localized ligand radical for each 

derivative, as depicted in Figure 2.11. The data for [1a]+, contrasts with that reported for 

the Ni analogue,106 in which a delocalized mixed-valence character with significant spin 

density of the Ni centre (SDNi = 18.7%) is predicted. However, the spin density plots of the 

Ni analogue of [1c]+ (but with cyclohexyl backbone) supports a localized ligand radical 

with only SDNi = 1.7%.85 These differences in electronic structure further illustrate the 

critical role that the metal ion plays as the bridging component in these ligand radical 

systems.102,104 The high-valent uranyl ion results in minimal electronic coupling between 

the redox-active phenolates and ligand radical localization, as has been previously 

observed in Mn and Co systems.93,102,340 Distortion of the salen ligand may also contribute 

to radical localization. Interestingly, while the majority of the spin density is observed on 

the phenoxyl moiety for [1a]+ (85%), a significant amount is based on the 

phenylenediamine backbone (13%). The predicted spin density on the phenoxyl moiety 

increases for the oxidized OMe derivative [1b]+ (90%), and the NMe2 derivative [1c]+ 

(96%), with a concomitant decrease in the phenylenediamine spin density (Figure 2.11). 

The increased localization of the spin density on the phenoxyl moiety (NMe2 > OMe > tBu) 

showcases the effect the para-phenolate substituent has on the overall electronic structure 

of the oxidized uranyl salophen complex. 
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Figure 2.11  Predicted spin density of [1a]+ (a), [1b]+ (b) and [1c]+ (c). See Experimental 
Section for calculation details. 

Time-dependent DFT (TD-DFT)341 calculations were used to gain insight into the 

low-energy transitions of [1a-c]+. The predicted bands for the three oxidized derivatives 

match the experimental energies as shown in Figure 2.7, and show a trend in increasing 

energies as the electron-donating ability of the para-phenolate substituent is increased. 

One low energy band of significant intensity was predicted for each of [1a]+ and [1b]+, 

while two higher energy transitions were predicted for [1c]+. The natural transition orbitals 

(NTOs)342-343 contributing to the transitions are shown in Table 2.7. The low energy band 

for [1a]+ is predicted to be a ligand-based charge transfer (CT) transition with the acceptor 

orbital based primarily on the phenoxyl ring. Interestingly, the donor orbital contains 

significant phenylenediamine and phenoxyl character, with a smaller contribution from the 

phenolate. Further analysis of the individual orbital contributions to the low energy band 

for [1a]+ shows that the β-HOMO-1 g β-LUMO transition contains significant intervalence 

charge transfer (IVCT) character as expected for a localized phenoxyl radical electronic 

structure (Appendix A – Figure A4a). The phenylenediamine unit in the delocalized Ni 

analogue of [1a]+ is also predicted to contribute to the intraligand CT character of the low 

energy band,106 differing from the results for the saturated cyclohexanediamine 
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backbone.88 The predicted donor and acceptor orbitals for the oxidized OMe ([1b]+) and 

NMe2 ([1c]+) complexes are qualitatively similar to [1a]+, the major difference being the 

increased IVCT character (Appendix A – Figure A4b-c). This is manifested in the 

increased phenolate character in the donor orbital, and increased para-phenolate 

substituent character in the acceptor orbital (Table 2.7). This increased IVCT character 

(tBu < OMe < NMe2) in the oxidized complexes is likely responsible for the predicted blue-

shift in the low energy band, matching the experimental trend. [1c]+ exhibited an additional 

band at 18,500 cm-1, which is assigned to a transition localized on the phenoxyl unit 

(Appendix A – Figure A4, Table 2.7). Furthermore, we compared the computational results 

to [1a-c]+ without the coordinated water molecule. Interestingly, the spin density (Appendix 

A – Figure A5) and TD-DFT predictions are essentially the same for [1a-c]+ with or without 

the coordinated water molecule. Thus, based on our current experimental and theoretical 

results it is unclear if the water molecule remains bound upon oxidation, however, we 

expect the oxidized complexes to exhibit increased Lewis acidity due to weaker ligation of 

the phenoxyl moiety. 
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Table 2.7  Natural Transition Orbitals (NTOs) representing the dominant low energy 
transitions of [1a]+, [1b]+ and [1c]+. 

R 
group Excited State Properties Donor Acceptor 

tBu 
Excited State 1 
vexp = 11,000 cm-1 

vcalc = 11,520 cm-1 

f = 0.0866 
  

OMe 

 
Excited State 1 
vexp = 12,500 cm-1 

vcalc = 13,927 cm-1 

f = 0.0544 
 

 

 

 

 

NMe2 

 
Excited State 3 
vexp = 17,500 cm-1 

vcalc = 16,863 cm-1 

f = 0.0831 
 

 

 

 

 

 
Excited State 4 
vexp = 18,500 cm-1 

vcalc = 19,231 cm-1 

f = 0.2310 

 

 

 

 

2.3. Summary 

In this work a series of uranyl salen complexes 1a-c have been synthesized with 

differing para-phenolate substituents to probe the effect of ligand electronics on the 

electronic structure of the oxidized forms [1a-c]+. The oxidized complexes are shown to 

be relatively localized ligand radical complexes, in which localization is enhanced as the 

electron donating ability of the para-phenolate substituents is increased (NMe2 > OMe > 
tBu). The relatively weak and broad low-energy ligand CT transitions observed for [1a-c]+ 

exhibit both intervalence charge transfer (IVCT) character and an additional contribution 
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from the phenylenediamine backbone, providing further information on the localized ligand 

radical character of these oxidized uranyl complexes. 

2.4. Experimental 

2.2.1. Materials and Methods 

All chemicals used were of the highest grade available and were further purified 

whenever necessary. The synthesis of the ligand precursors (N,N’-bis(3-tert-butyl-(5R)-

salicylidene)-1,2-phenylenediamine, H2(Salophen)R, in which R = tBu, OMe, or NMe2)  has 

been previously reported.92 The tris(2,4-dibromophenyl)aminium hexafluoroantimonate 

radical chemical oxidant, [N(C6H3Br2)3]SbF6 (E1/2 = 1.14 V, MeCN)82 was synthesized 

according to published protocols.344-346 Acetylferrocenium hexafluoroantimonate, 

[AcFc][SbF6] (E1/2 = 0.27 V, CH2Cl2)82 was synthesized following a previously reported 

method.347 Electronic spectra were obtained on a Cary 5000 spectrophotometer with a 

custom-designed immersion fiber-optic probe with a path-length of 10 mm (Hellma, Inc.). 

Cyclic voltammetry (CV) was performed using a PAR-263A potentiometer, equipped with 

an Ag wire reference electrode, a glassy carbon working electrode and a Pt counter 

electrode with nBu4NClO4 (0.1 M) solutions in CH2Cl2 under an inert atmosphere.  

Decamethylferrocene was used as an internal standard.348 Differential pulse voltammetry 

(DPV) was performed on a CH Instruments 832 Electrochemical Detector, equipped with 

an Ag wire reference electrode, a Pt disk working electrode and a Pt counter electrode 

with nBu4NClO4 (0.1 M) solutions in CH2Cl2.  1H and 13C NMR spectra were recorded on a 

Bruker AV-400 instrument. Mass spectra were obtained on Bruker Microflex LT MALDI-

TOF MS instrument. Elemental analyses (C, H, N) were performed by Mr. Paul Mulyk at 

Simon Fraser University on a Carlo Erba EA1110 CHN elemental analyzer. All EPR 

spectra were collected using a Bruker EMXplus spectrometer operating with a premiumX 

X-band (~9.5 GHz) microwave bridge. Low temperature measurements (20 K) of frozen 

solutions used a Bruker helium temperature-control system and a continuous flow 

cryostat. Samples for X-band measurements were placed in 4 mm outer-diameter sample 

tubes with sample volumes of ~300 μL. Samples were prepared in capillaries for EPR 

measurement at 298 K. 
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2.2.2. Oxidation Protocol 

Samples of [1a-c]+ were prepared at 298 K under a nitrogen atmosphere through 

the addition of a saturated solution of [N(C6H3Br2)3]SbF6 in CH2Cl2 in 50 μL additions to 

1.0 mM solutions of 1a-c in CH2Cl2.  

2.2.3. EPR Sample Preparation 

Samples for EPR spectroscopy were prepared by taking an aliquot out of the 

immersion fiber-optic probe after 1 equivalent of [N(C6H3Br2)3]SbF6 was added to the 1a-

c solution in CH2Cl2 under inert atmosphere (see Section 2.2) and transferred into an EPR 

tube. EPR tubes containing the [1a-c]+ solutions were frozen at 77 K and stored until 

measurement. EPR spectra were simulated using EasySpin toolbox in MATLAB. 

2.2.4. X-ray Analysis 

Single crystal X-ray crystallographic analysis of 1a and 1b was performed on a 

Bruker SMART diffractometer equipped with an APEX II CCD detector and IµSCuKα 

(λ = 1.54184 nm) microfocus sealed X-ray tube fitted with HELIOS multilayer optics. Dark 

red block (1a and 1b) crystals were mounted on MiTeGen dual-thickness MicroMounts 

using parabar oil. The data was collected at room temperature (approximated to 296 K) 

(1a) and 150(2) K (via an Oxford Cryosystems cold-stream) (1b) to a maximum 2θ value 

of 134˚. Data was collected in a series of φ and ω scans with 1.00˚ image widths and 2 or 

5 second exposures. The crystal-to-detector distance was 40 mm. Data was processed 

using the Bruker APEX II software suite. Using a combination of ShelXle349 and Olex2350, 

the structure was solved with the XT351 structure solution program using Direct Methods 

and refined with the ShelXL352 refinement package using Least Squares minimization. The 

SQUEEZE algorithm provided by the PLATON (v110516) software package353 was used 

to analyze the unmodelled solvent (0.5CH3OH for 1a), however the final structure was not 

changed using these programs. All non-hydrogen atoms were refined anisotropically. All 

C-H hydrogen atoms were placed in geometrically calculated positions without further 

refinement. OLEX2’s hadd algorithm was used to geometrically place some water 

hydrogens. All crystal structure plots were produced using ORTEP-3 and rendered with 

POV-Ray (v.3.6.2). CCDC numbers 1479739 and 1479740 were obtained for the two 
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structures. A summary of the crystal data and experimental parameters for structure 

determinations are given in Table 2.1. 

2.2.5. Theoretical Calculations 

Geometry optimization calculations were completed using the Gaussian 09 

program (Revision D.01),354 the B3LYP355-356 functional, the 6-31G(d) basis set (C, H, N, 

O), the SDDAll357-358 basis set (U), with a polarized continuum model (PCM) for CH2Cl2 

(dielectric e = 8.94).359-362 The use of the SDDAll357-358 basis set was based on previously 

reported theoretical calculations on uranium complexes.363-364 Frequency calculations at 

the same level of theory confirmed that the optimized structures were located at a 

minimum on the potential energy surface. Single-point calculations and the intensities of 

30 lowest energy transitions using TD-DFT365-366 calculations were performed using the 

BHandHLYP367 functional, the TZVP368-369 basis set (C, H, N, O), the  SDDAll basis set 

(U), with a PCM for CH2Cl2.357-358 

2.2.6. Synthesis 

Synthesis of UO2(Salophen)tBu(H2O) (1a) 

 

Uranyl acetate dihydrate (0.050 g, 0.12 mmol) was dissolved in methanol (10 mL) 

and was added to a solution of H2(Salophen)tBu ligand (0.065 g, 0.12 mmol) in methanol 

(10 mL). The colour of the reaction mixture changed from yellow to red immediately upon 

the addition of the metal precursor. The reaction solution was stirred for 5 h at room 

temperature, and the solvent was allowed to evaporate. The crude product was isolated 

as a brown solid. Recrystallization of 1a from a concentrated MeOH solution afforded dark 

red coloured crystals that were suitable for X-ray diffraction analysis. Yield: (0.097 g, 98%). 

Elemental analysis (%) calcd for 1a (C36H48N2O5U�0.5CH3OH): C, 52.02; H, 5.98; N, 3.32. 

Found: C, 51.97; H, 5.82; N, 4.09. MALDI-MS m/z: 807 ([M-H2O], 100%). IR (ATR): 877 
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cm-1 (vas O=U=O). 1H NMR (400 MHz, CDCl3) δ 9.50 (s, 1H), 7.79 (d, J = 2.8 Hz, 1H), 

7.58-7.53 (m, 1H), 7.49 (d, J = 2.8 Hz, 1H), 7.46-7.41 (m, 1H), 1.73 (s, 9H), 1.35 (s, 9H) 

ppm. 13C NMR (400 MHz, CDCl3) δ 167.9, 166.7, 164.9, 147.1, 137.3, 131.9, 130.3, 128.6, 

124.5, 119.9, 35.4, 34.1, 31.7, 30.3 ppm. 

Synthesis of UO2(Salophen)OMe(H2O) (1b) 

 

Uranyl acetate dihydrate (0.050 g, 0.12 mmol) was dissolved in methanol (5 mL) 

and was added to a solution of H2(Salophen)OMe ligand (0.061 g, 0.12 mmol) in diethyl 

ether (5 mL). The colour of the reaction mixture changed from yellow to red immediately 

upon the addition of the metal precursor. The reaction solution was stirred for 5 h at room 

temperature, and the solvent was allowed to evaporate. The crude product was isolated 

as a dark red/brown solid. Recrystallization of 1b from a concentrated MeOH solution 

afforded a dark red coloured crystalline solid. Crystals suitable for X-ray diffraction 

analysis were obtained from slow evaporation of a concentrated CDCl3 solution. Yield: 

(0.082 g, 85%). Elemental analysis (%) calcd for 1b (C30H36N2O7U�2H2O): C, 44.45; H, 

4.97; N, 3.46. Found: C, 44.05; H, 4.79; N, 3.06. MALDI-MS m/z: 756 ([M-H2O], 100%). 

IR (ATR): 881 cm-1 (vas O=U=O). 1H NMR (400 MHz, acetone-d6) δ 1.65 (s, 9H), 3.82 (s, 

3H), 7.25 (d, J = 3.2 Hz, 1H), 7.32 (d, J = 3.2 Hz, 1H), 7.50-7.55 (m, 1H), 7.75-7.80 (m, 

1H), 9.65 (s, 1H) ppm. 13C NMR (400 MHz, acetone-d6) δ 29.3, 34.9, 55.0, 114.0, 119.9, 

123.2, 124.2, 128.5, 141.5, 147.2, 150.6, 165.2, 166.4 ppm. 
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Synthesis of UO2(Salophen)NMe2(H2O) (1c) 

 

Uranyl acetate dihydrate (0.050 g, 0.12 mmol) was dissolved in methanol (5 mL) 

and was added to a solution of H2(Salophen)NMe2 ligand (0.061 g, 0.12 mmol) in diethyl 

ether (5 mL). The colour of the reaction mixture changed from yellow to red immediately 

upon the addition of the metal precursor. The reaction solution was stirred for 5 h at room 

temperature, and the solvent was allowed to evaporate. The product was isolated as a 

dark red/brown solid. Yield: (0.068 g, 72%). Elemental analysis (%) calcd for 1c 

(C32H42N4O5U�1CH3OH�2H2O): C, 45.62; H, 5.80; N, 6.45. Found: C, 45.46; H, 5.31; N, 

5.98. MALDI-MS m/z: 781 ([M-H2O], 100%). IR (ATR): 890 cm-1 (vas O=U=O). 1H NMR 

(400 MHz, acetone-d6) δ 1.68 (s, 9H), 2.90 (s, 6H), 7.12 (d, J = 3.2 Hz, 1H), 7.41 (d, J = 

3.2 Hz, 1H), 7.48-7.52 (m, 1H), 7.73-7.78 (m, 1H), 9.63 (s, 1H) ppm. 13C NMR (400 MHz, 

acetone-d6) δ 29.4, 35.1, 41.8, 117.6, 119.8, 123.6, 124.7, 128.2, 140.3, 142.8, 147.2, 

166.7 ppm. 
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Chapter 3. Coordination-Driven Assembly of a 
Supramolecular Square and Oxidation to a Tetra-
Ligand Radical Species 

Adapted from: Herasymchuk, K.,1 Miller, J.J.,1 MacNeil, G.A.,1 Sergeenko, A.S.,1 

McKearney, D.,1 Goeb, S.,2 Salle, M.,2 Leznoff, D.B.,1 Storr, T.1 Chem. Commun., 2019, 

55, 6082-6085. 

1Department of Chemistry, Simon Fraser University, Burnaby, British Columbia, 

Canada. 

2Laboratoire MOLTECH-Anjou, UMR CNRS 6200, UNIV Angers, SFR MATRIX, 

2 Bd Lavoisier, 49045 Angers Cedex, France. 

KH performed the synthesis, electrochemistry, in situ monitoring of chemical 

oxidation via UV-Vis-NIR, EPR experiments and theoretical calculations. JJM performed 

STEM measurements. GAM collected EPR data. ASS collected data and provided 

crystallographic structure solution. DM contributed to the crystallography experiments.  

3.1. Introduction 

Coordination-driven self-assembly has gained significant attention in the field of 

supramolecular chemistry, providing access to a myriad of structures, such as two-

dimensional polygons and/or three-dimensional cages, bowls and prisms. These 

assemblies have been used for applications such as catalysis, guest encapsulation, 

sensing, drug delivery, nanomaterials and light harvesting.117,370-375 In addition, the 

dynamic self-assembly of acceptors (i.e., nodes) and donors (i.e., linkers) allows for the 

incorporation of moieties of different size and charge that can play a critical role in 

structural arrangement and guest encapsulation.146,187,376-378 The introduction of redox-

active components into discrete supramolecular assemblies11-12,180 provides an access 

point to properties such as redox-controlled host-guest interactions.191-192,214 Scheme 3.1 

outlines the necessary components of such assemblies: with redox-active metalloligands 

as linkers, and inert metal complexes as nodes. Further oxidation of these supramolecular 

structures may result in materials with interesting properties that could prove beneficial in 

host-guest chemistry. 
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Scheme 3.1  a) Coordination-driven self-assembly of a macrocycle from metalloligands 
and nodes; b) Controlled oxidation of the macrocycle for evaluation of its 
redox properties. 

 
With such functions in mind, metal complexes with salen-type ligands (Salen = 

N2O2 bis(Schiff-base)-bis(phenolate)) have the potential for redox activity at either the 

ligand or the metal centre upon one-electron oxidation,27,100,107-108 and tuning the electron-

donating ability of salen ligands provides a mechanism to control electronic structure107 

for reactivity93,95,379-380 or materials applications.381-383 Incorporating a functional group 

capable of secondary metal coordination at the para-position of the phenolate (i.e., pyridyl 

or benzoic acid moiety, see Figure 3.1) presents an opportunity to employ salens as linkers 

in coordination-driven self-assembly of metallacycles. The first report on this type of salen 

ligand derivative was described by Nguyen and co-workers,173 which included a synthetic 

route to Zn(Salen)pPy complexes with peripheral para-pyridyl group and varying diamine 

backbones (see Figure 3.1). This report was then followed by Hupp, Nguyen and Morris, 

where MnCl(Salen)pPy was coordinated to two Zn porphyrin complexes, through the 

terminal pyridines. This structural enhancement allowed for increased steric protection of 

the Mn catalyst during an enantioselective epoxidation of conjugated olefins.179 While the 

resulting structure was not a metallacycle, this study encouraged further exploration of 

salen ligands and complexes for use in supramolecular coordination.  

 

Figure 3.1  Metal salen complexes with varying backbones and secondary coordinating 
units (i.e., peripheral R groups) used in supramolecular chemistry.173-176,178-179 
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In 2004, Hupp and Nguyen reported a library of salen ligands with extended 

peripheral groups,174 summarized in Figure 3.1. Additionally, they described the synthesis 

and characterization of molecular loops and squares with Zn(Salophen)pPy, 

Zn(Salophen)mPy and CrCl(Salophen)mPy as linkers and Pt(II) complexes as nodes. 

Another report utilizing a salen complex with an extended coordination motif containing a 

bidentate ligand (thioether and phosphino moieties bridged by an ethylene group, see 

Figure 3.2) was described to catalyze acyl transfer reactions, while undergoing a 

conformational change with the addition of ancillary ligands.176 

 

Figure 3.2  Supramolecular catalyst containing a Zn salen complex for acyl transfer 
reactions.176 

The use of the metalloligands as linkers can be extended from soluble 

supramolecular macrocycles to the formation of solid-state coordination polymers or 

metal-organic frameworks (MOFs). Cui and co-workers178 used a  Zn(Salen)pPy complex 

in the self-assembly of homochiral nanotubular structures (Scheme 3.2). An intermolecular 

coordination of the terminal pyridine to a Zn metal centre afforded a framework of 

metallacycles with square pyramidal geometry at the Zn centres. This assembly was 

successfully used in the enantioselective recognition and separation of alcohols. 
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Scheme 3.2 Self-assembly of homochiral nanotubular framework of metallacycles from 
Zn(Salen)pPy linkers for enantioselective recognition and separation of 
alcohols.178 

 

While salen complexes have been used in the self-assembly of soluble 

supramolecular assemblies and certain coordination polymers,174-178 their redox properties 

in such structures have remained unexplored.  

Our group’s expertise in redox activity of metal salen complexes31,83,85,88,104 

provides a guideline for the characterization techniques that can be extended to 

supramolecular assemblies (i.e., metalloligands). In this chapter, the incorporation of a 

redox-active Ni(Salen)pPy into a discrete self-assembled supramolecular structure is 

investigated. The associated electronic structure and stability upon oxidation of the 

complex and the metallacycle is examined via electrochemical experiments, UV-Vis-NIR, 

EPR and DFT.  
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3.2. Results and Discussion 

3.2.1. Synthesis and Characterization 

The linear, rigid, bis-pyridyl nickel salen metalloligand (Ni(Salen)pPy, 1) was synthesized 

following previous reports (see Scheme 3.3).173,384-385 Firstly, bromination of 3-tert-

butylsalicylaldehyde (SalAldH) with ca. 1.05 equivalents of bromine in acetic acid at room 

temperature afforded 5-bromo-3-tert-butylsalicylaldehyde (SalAldBr) as a dark orange 

crystalline solid.385 To synthesize SalAldpPy, a Suzuki cross-coupling reaction between 

SalAldBr and para-pyridinylboronic acid was achieved using 10 mol % of Pd(PPh3)4 as the 

catalyst and 1.5 molar equivalents of Na2CO3 as the base.384 Finally, a condensation 

reaction between 2 equivalents of SalAldpPy and diaminocyclohexane yielded the desired 

salen ligand, H2SalpPy.173 Metalation of H2SalpPy with Ni(OAc)2 in methanol afforded 

complex 1. Single crystals of 1 were isolated from dichloromethane and the single-crystal 

molecular structure is shown in Figure 3.3 (Table 3.1). The structure depicts a linear ditopic 

metalloligand of 19.4 Å in length, suitable for coordination-driven assembly. The synthesis 

of the self-assembled system 2 was achieved by reacting metalloligand 1 and 

Pd(en)(NO3)2 nodes at room temperature in a H2O/THF solvent mixture, followed by anion 

exchange with PF6
- to ensure better solubility in organic solvents (Scheme 3.4). While 

such an association process often provides a mixture of triangle and square assemblies 

that exist in equilibrium,159,386 the resulting Electrospray Ionization – Fourier Transform Ion 

Cyclotron Resonance (ESI-FTICR) mass spectrum unambiguously supports formation of 

the tetrameric self-assembly 2 (Figure 3.4), with characteristic multicharged peaks at m/z 

= 955.70 and 1323.93 corresponding to [2–4(PF6
-)]4+ and [2–3(PF6

-)]3+, respectively. All 

attempts at crystallization of 2 were unsuccessful. 
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Scheme 3.3  Synthetic pathway to Ni(Salen)pPy. 

 
Reaction Conditions: i) Br2, HOAc, rt, 2h, 91%; ii) Na2CO3, Pd(PPh3)4, dioxane, H2O, reflux, 24h, 
45%; iii) anhydrous EtOH, reflux, 12h, 56%; iv) Ni(OAc)2•4H2O, Et3N, MeOH, reflux, 4h, 88%. 

Scheme 3.4  Synthesis of 2. 

 

Reaction Conditions: 1) H2O/THF, rt, 2h; 2) NH4PF6(aq), rt, 24h, 96%. 
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Figure 3.3  Single-crystal molecular structure of 1, hydrogen atoms excluded. 

Coordination sphere distances [Å] and angles [deg]: Ni-O(1): 1.842(4), Ni-
O(2): 1.848(2), Ni-N(1): 1.845(3), Ni-N(2): 1.847(5); angles: O(1)-Ni-O(2): 
85.2(1), O(1)-Ni-N(1): 94.3(2), O(1)-Ni-N(2): 177.6(2), O(2)-Ni-N(1): 
178.1(2), O(2)-Ni-N(2): 94.5(2), N(1)-Ni-N(2): 86.0(2). 

Table 3.1  Selected crystallographic data for 1. 

 1 
Formula C38H42N4NiO2 
Formula weight 645.47 
Crystal dimensions (mm) 0.050, 0.193, 0.267 
Crystal system Triclinic 
Space group P-1 
a (Å) 11.0566(3) 
b (Å) 12.9924(3) 
c (Å) 13.9528(3) 
α (°) 102.6010(10) 
β (°) 107.7680(10) 
γ (°) 112.9790(10) 
V [Å3] 1622.02(7) 
Z 2 
T (K) 299(2) 
ρcalcd (g cm-3) 1.322 
µ (cm-1) 1.172 
2θmax (deg.) 66.707 
Total reflections 5556 
Observed reflections [I0 ≥ 2σ(I0)] 5107 
wR2 0.1966 
R1 0.0740 
Goodness-of-fits on F2 1.250 
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Figure 3.4  ESI-FTICR of 2 (1 mM) in CH3NO2. Insets: experimental (Exp) and 
calculated (Th) isotopic pattern distribution of [2–4(PF6)]4+ and [2–3(PF6)]3+. 

Coordination of the pyridyl groups to the Pd(II) centre is further supported by a 

slight downfield shift of the Ha protons from 8.52 ppm in 1 to 8.60 ppm in 2.158 Additionally, 

Diffusion-Oriented Spectroscopy (DOSY) was used to estimate an approximate size of the 

molecule using the diffusion rate determined in the experiment, while also allowing for the 

confirmation of the sample composition (i.e., mixture of macrocyclic structures).156,198,387 
1H DOSY NMR for 2 (see Figure 3.5) showed a single set of signals with a diffusion rate 

of DNMR = 2.45 × 10-10 m2 s-1, indicating that 1) only one discrete self-assembled structure 

exists in solution and 2) of a larger size in comparison to 1 (DNMR = 1.38 × 10-9 m2 s-1). The 

hydrodynamic radius, Rh, of 2 can be approximated using the Stokes-Einstein equation 

(Equation 1)198 to be 1.48 × 10-9 m or 14.8 Å. The diffusion rate (DNMR = 2.45 × 10-10 m2/s) 

determined through the 1H DOSY experiment in CD3NO2 at 298 K was used for the 

calculation.  

                                                         			)* =
,-

./01
                                                              (1) 

where Rh = hydrodynamic radius (in m), T = temperature (in K), k = 

Boltzman constant (1.3806x10-23 J K-1), h = viscosity of the solvent (in Pa 

s), and D = diffusion coefficient of the analyte (in m2/s). 
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A Merck molecular force field (MMFF)203-205 calculation is a commonly used 

technique for determining minimized energy structures for large molecular assemblies.388 

An MMFF calculation of 2 (Appendix B – Figure B1) predicted an outer and inner diameter 

of 37 Å and 20 Å, respectively. The calculated hydrodynamic radius (Rh = 14.8 Å) is likely 

inaccurate due to the non-spherical structure of 2.156 Hence, the value does not correlate 

with the MMFF calculated size of 2. Furthermore, the large pore size of 2 likely contributes 

to a calculated hydrodynamic radius that is smaller than expected based on the MMFF 

calculation.186 

In addition to Rh approximation, scanning transmission electron microscopy 

(STEM) was used to visualize and measure the size of the macrocycle. Previously 

published examples on macrocycles of similar size (40-90 Å) and structural conformation 

were successfully visualized using TEM.153,207-208 STEM measurements on 2 were 

successful, and compared to TEM, (Appendix B – Figure B2) provided an average size of 

32 ± 7 Å (see Experimental Section for calculation details). 

 

Figure 3.5  1H NMR with corresponding 1H DOSY NMR of 1 (top, blue) and 2 (bottom, 
red) in CD3NO2. (*) Solvents: CH3NO2 (4.33 ppm) and H2O (2.07 ppm). 
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3.2.2. Electrochemistry 

Cyclic voltammetry experiments reveal that complex 1 undergoes an irreversible 

oxidation at ca. 0.75 V vs. Fc+/Fc (Figure 3.6a). This irreversibility is likely due to 

subsequent axial coordination of the pyridyl substituents of a separate Ni salen unit 

resulting in Ni(III) formation (vide infra).389 When the direction of the scan is reversed 

immediately after the oxidation is detected, a quasi-reversible redox process is observed 

(Table 3.2, Appendix B – Figure B3). The sharp current response is likely observed due 

to the deposition of the compound onto the electrode.390 Interestingly, coordination of 

metalloligand 1 to the Pd(II) nodes in self-assembly 2 precludes such an interaction and 

thus two quasi-reversible redox processes are observed at 0.78 V and 1.23 V (Table 3.2, 

Figure 3.6b), illustrating the stability of square 2 during the electrochemistry experiment. 

These redox potentials are comparable to a previously reported Ni salen complex 

containing a similar electron-withdrawing CF3 functional group as the para-substituent.83 

Figure B4 (Appendix B) shows a Hammett plot with oxidation potentials of Ni(Salen)R 

(where, R = tBu, OMe, NMe2, CF3 and Py) complexes vs. Hammett constant (spara) of the 

para-substituent.391-392 To further investigate the reversibility of the first oxidation, the 

Randles-Sevcik equation (Equation 2) was used to estimate the diffusion coefficient from 

the scan-rate dependence measurements of 2 (Figure 3.6c):  

                                              			345 = 2.69 × 10=>
?
@ABCDC

E
@F

E
@                                             (2) 

where ipa = anodic peak current (in amperes), n = number of electrons 

passed per molecule oxidized, A = area of the electrode (in cm2), C0 = bulk 

concentration of the analyte (in moles/cm3), D0 = diffusion coefficient of the 

analyte (in cm2/s), v = potential scan rate (in V/s). 

Plotting the change in current at the anode as a function of the square root of scan 

rate (Equation 3 and 4), provided a linear regression: 

                                                                L45 = 	M(F
E
@)                                                      (3) 

where 

                                                                 L45 = 	
NO%
P

                                                         (4) 
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From the slope of the linear regression (Equation 5, Figure 3.6d), DCV was 

calculated to be 2.22 × 10-10 m2/s (for n = 4 electrons).  

                                                    QRSTU = 2.69 × 10=>
?
@BCDC

E
@                                           (5) 

DCV agrees with the DNMR value of 2.45 × 10-10 m2/s. The ratio of the experimentally 

determined DNMR and DCV for 2 is 0.91, which comes close to a published approximation 

(Equation 6) that accounts for different solvent system used in the NMR experiment 

(deuterated solvent) vs. electrochemistry experiment (solvent with supporting 

electrolyte).200  

                                                          	1.04×DNMR	=	DCV                                                    (6) 

Table 3.2  Redox potentials for 1 and 2 vs. Fc+/Fca (0.5 mM (1) and 0.25 mM (2), 0.1 
M nBu4PF6, scan rate 100 mV s−1, CH3NO2, 298 K) 

Compound 1E1/2 (mV) 2E1/2 (mV) Epa (mV) 
Ni(Salen)pPy (1) 680 (150)b - 750 
2 780 (140) 1230 (200) - 

a Peak-to-peak differences in brackets (|Epa-Epc| in mV). Peak-to-peak difference for the Fc+/Fc couple at 298 K is 85 
mV (1); 120 mV (2); b See Appendix B – Figure B3. 
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Figure 3.6  a) Cyclic voltammogram of 1 (0.50 mM, 100 mV s-1), b) Cyclic 
voltammogram of 2 (0.25 mM, 100 mV s-1), c) Potential scan rate 
dependence of 2 (0.25 mM) 10-500 mV s-1, d) Linear regression between 
jpa and the inverse scan rate of 2 at 1Epa; Conditions: 0.1 M nBu4PF6 in 
CH3NO2 at 298 K. 
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3.2.3. Electronic Spectroscopy 

Oxidation of 1 with an aminium radical chemical oxidant, [N(C6H3Br2)3]•+[SbF6]- 

(E1/2 = 1.14 V vs. Fc+/Fc)82 was monitored via UV-Vis-NIR spectroscopy at low temperature 

in CH3NO2. The absorption spectrum of [1]+ remained featureless below 17,500 cm-1, with 

an increase in absorption at ca. 23,000 cm-1 due to the reduced amine by-product (Figure 

3.7a).83 The absence of absorption bands in the NIR is indicative of Ni(III) formation upon 

oxidation and was confirmed by EPR analysis (vide infra; gave = 2.19, Figure 3.9a).393-396   

 

Figure 3.7  a) Electronic spectra of chemical oxidation of 1 (0.25 mM, black) to [1]+ 
(red); b) Electronic spectra of chemical oxidation of 2 (0.125 mM, black) to 
[2]4•+ (red), TD-DFT predicted transitions for [fragment]•+ (green bars; see 
“a” in Table 3.3); Inset: lowest energy NIR band with Gaussian fit (green 
dashed line); Conditions: in CH3NO2, at 253 K, titrated with 8 mM 
[N(C6H3Br2)3]•+[SbF6]− as oxidant. Grey spectra represent aliquot additions 
of the oxidant. Solvent peaks were removed for clarity (4,130-4,220 cm-1 
and 4,320-4,615 cm-1). 

Oxidation of square 2 with [N(C6H3Br2)3]•+[SbF6]- under the same conditions as the 

monomer (1 equiv. of oxidant per Ni centre), afforded sharp and intense bands in the NIR 

region, at 8,500 cm-1 (e = 48,100 M-1 cm-1) and 4,450 cm-1 (e = 94,700 M-1 cm-1) (see Figure 

3.7b). The extinction coefficient for the lowest energy band was estimated due to the 

overlap of solvent transitions in the region 4,300-4,600 cm-1 (see Figure 3.7b, inset for the 

Gaussian fit of 4,450 cm-1 band). The energy and intensity of the low energy band agree 

closely with the previously characterized ligand radical intervalence charge transfer (IVCT) 
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band for [Ni(Salen)tBu]•+ (ca. ¼ of intensity, see Chapter 1, Figure 1.6), which further 

supports ligand-based oxidation of the four metalloligands in [2]4•+ (Table 3.3).83,88  

Table 3.3  Spectroscopic properties of [2]4•+, [fragment]•+ a and [Ni(Salen)tBu]•+ b. 

Complex lmax [cm-1] (e [M-1 cm-1]) lmax [cm-1] (e [M-1 cm-1]) 
[2]4•+ 8,500 (48,100) 4,450 (94,700) 
[fragment]•+a 9,650 (f = 0.1247) 5,240 (f = 0.2318) 
[Ni(Salen)tBu]•+b  9,200 (5,700) 4,700 (21,500) 

a Molecular structure of the fragment (model compound) corresponds to metalloligand (1) coordinated to two Pd(II) 
nodes (see Theoretical Calculations section for structure and calculation details); f – oscillator strength. b Ref88. 

In addition, the reversibility of the oxidation was investigated in situ at 253 K where 

[2]4•+ was reduced to 2 with four equivalents of decamethylferrocene (FeCp*2), followed 

by re-oxidation to [2]4•+ with an additional four equivalents of oxidant, with minimal 

decomposition of the macrocycle (Figure 3.8a). Finally, the stability of [2]4•+ was 

determined by monitoring the absorption band at 8,500 cm-1. After 15 hours, only ca. 30% 

of the oxidized species had decayed (Figure 3.8b).  

 

Figure 3.8  a) Electronic spectra of the regeneration of [2]4•+: chemical oxidation of 2 
(0.125 mM, black solid line) to [2]4•+ (red solid line), chemical reduction of 
[2]4•+ back to 2 (black dashed line), second chemical oxidation of 2 to [2]4•+ 
(red dashed line); Conditions: in CH3NO2, at 253 K, titrated with 12 mM 
[N(C6H3Br2)3]•+[SbF6]- as an oxidant and 18 mM Fe(C5(CH3)5)2 as a 
reductant, b) Electronic spectra of the decay of [2]4•+ (at t = 0 h (red), 10 h 
(grey) and 15 h (black)); Conditions: in CH3NO2, at 253 K, titrated with 8 
mM [N(C6H3Br2)3]•+[SbF6]- as oxidant. 
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3.2.4. Electron Paramagnetic Resonance Spectroscopy 

Low temperature X-band EPR measurements on [1]+ in CH3NO2 resulted in a 

broadened low intensity spectrum with an estimated gave = 2.19. This behaviour is likely 

due to aggregation of the sample (Figure 3.9a), but presents an example of a Ni(III) 

species. Whereas, the EPR spectrum of [1]+ in CH2Cl2 at 100 K (Figure 3.9b) results in 

the formation of an isotropic signal indicative of Ni(III) species and is likely associated with 

the formation of soluble aggregates upon intermolecular coordination of p-pyridyl groups.  

 

Figure 3.9  a) EPR of [1]+ (0.25 mM) in CH3NO2 at 100 K; Conditions: frequency = 9.39 
GHz, power = 2.0 mW, modulation frequency = 100 kHz, modulation 
amplitude = 0.6 mT, b) EPR of [1]+ (0.5 mM, black solid line) in CH2Cl2 at 
100 K (g = 2.141, simulation: red solid line); Conditions: frequency = 9.39 
GHz, power = 2.0 mW, modulation frequency = 100 kHz, modulation 
amplitude = 0.6 mT. 

Table 3.4  X-Band EPR simulation parameters for [1]+, [2]4+ and [2]4•+. 

Complex g1 g2 g3 gave A [MHz] 
[1]+ a, 100 K - - - ~2.19 - 
[1]+ b, 100 K - - - 2.141 - 
[2]4+ a, 100 K 2.258 2.234 2.024 2.172 61 
[2]4•+ a, 253 K - - - 2.046 - 
[2]4•+ c, 100 K 2.285 2.228 2.023 2.179 53 

a CH3NO2; b CH2Cl2; c CH3CN/CH2Cl2 (1:2).  
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Figure 3.10  a) EPR of [2]4+ (0.125 mM, black line) in CH3NO2 at 100 K (simulation: red 
solid line), b) EPR of [2]4+ (0.125 mM, black line) in CH3CN/CH2Cl2 (1:2), at 
100 K (simulation: red solid line); Conditions: frequency = 9.39 GHz, power 
= 2.0 mW, modulation frequency = 100 kHz, modulation amplitude = 0.6 
mT. 

EPR measurements on a frozen sample of [2]4+ in CH3NO2, resulted in a rhombic 

S = ½ Ni(III)-phenolate complex (Figure 3.10a). Furthermore, an oxidized sample of [2]4+ 

appeared green in solution and immediately changed to an orange colour upon freezing, 

indicating a potential change in the electronic structure. In an attempt to compare the 

electronic structure of the oxidized monomer to the macrocycle, 33% of acetonitrile was 

added to the solution of 2 in dichloromethane for solubilization (2 is insoluble in CH2Cl2). 

However, at low temperature the EPR spectrum of [2]4+ in the CH3CN/CH2Cl2 solvent 

mixture was observed as rhombic (Figure 3.10b) with gave = 2.179, fitted to an octahedral 

S = ½ Ni(III) species. This result was corroborated by an electronic spectrum of [2]4+ in 

CH3CN/CH2Cl2 (1:2), which was obtained through a titration with an oxidant 

([N(C6H3Br2)3]•+[SbF6]-) at 253 K (Appendix B – Figure B5). Upon oxidation, a combination 

of both, the absence of sharp, intense NIR bands coupled with a band generated at ca. 

20,000 cm-1 indicated formation of Ni(III)-phenolate species, rather than a ligand radical. 

This is due to an excess amount of acetonitrile in solution that is able to axially coordinate 
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to the Ni centre upon oxidation.99-100,346 A hyperfine interaction was simulated to two 

nitrogen atoms (S = 1, 53 MHz) coordinated to the Ni(III) centre (see Table 3.4). 

 

Figure 3.11  a) EPR of [2]4•+ (0.5 mM, black line) in CH3NO2 at 253 K (simulation: red 
dashed line), b) EPR of [N(C6H3Br2)3]•+[SbF6]- (0.5 mM, black line) in 
CH3NO2 at 253 K (gave = 2.008, A3 = 23 MHz, simulation: red dashed line); 
Conditions: frequency = 9.39 GHz, power = 2.0 mW, modulation frequency 
= 100 kHz, modulation amplitude = 1.0 mT.  

However, solution EPR analysis of [2]4•+ in CH3NO2 at 253 K is consistent with 

ligand radical formation, affording a broad isotropic signal at gave = 2.046 (Figure 3.11a). 

The increased g value for the ligand radical, in comparison to a free electron (ge = 2.0023), 

is due to the metal contribution to the SOMO (vide infra).60,83 Interestingly, EPR analysis 

of [2]4+ at 100 K affords a Ni(III) signal (rhombic signal, gave = 2.172), consistent with a shift 

in the locus of oxidation from ligand to metal upon freezing (Figure 3.10a).393-396 Complete 

disassembly of [2]4•+ upon freezing is unlikely since the observed EPR spectra for [1]+ and 

[2]4+ at 100 K differ. We suggest that this result is due to axial ligation of a donor species 

to the Ni centres of the macrocycle, forming octahedral Ni(III) species at low temperature.83 

Similar temperature-dependent shifts in EPR signals have been observed for a number of 

monomeric Ni salen ligand radical systems upon freezing.83,87-88,108,113,397 The low intensity 

of the signal is due to capillary measurement (polar solvent) combined with the slow decay 
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of [2]4•+ in solution. An additional signal (three-line pattern) observed in the spectrum 

matches the free oxidant [N(C6H3Br2)3]•+[SbF6]- present in solution at gave = 2.008 (Figure 

3.11b). 

3.2.5. Theoretical Calculations 

Due to the large size of 2, structural minimization was achieved with MMFF (vide 

supra), whereas further optimization and time-dependent density functional theory (TD-

DFT) calculations were performed on a [fragment]+, featuring complex 1 coordinated to 

two Pd(II) nodes (see Figure 3.12). As expected, the oxidized fragment is predicted to be 

a delocalized Ni salen ligand radical with negligible spin density on the Pd nodes. 

However, Ni contribution to the SOMO of the [fragment]+ was calculated to be 14% 

(Figure 3.13), further supporting an increased g value in the EPR spectrum of [2]4•+ (g = 

2.046; Figure 3.11a). This observation matches well with previously established trends, 

where an electron-withdrawing moiety on the para-position of the phenolate, increases the 

metal contribution to the SOMO.83,85 

In addition, the energies and relative intensities of the two low energy bands 

predicted by TD-DFT calculations (Table 3.3 and Figure 3.14) for the oxidized fragment 

are in close agreement with the experimental data for [2]4•+. The donor (bHOMO) and 

acceptor (bLUMO) orbitals attributed to the predicted low energy NIR transition are 

delocalized over the salen ligand, consistent with assignment as a ligand radical IVCT 

transition.80,88,398 The combination of the experimental data and calculations thus support 

ligand-based oxidation of each of the Ni salen units of 2 to form [2]4•+. 

 

Figure 3.12  Structure of the fragment employed for DFT and TD-DFT calculations. 
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Figure 3.13  Spin density plot of [fragment]•+ (SDNi = 14%).  

 

Figure 3.14  TD-DFT predicted low energy transitions for [fragment]•+. Calculated NIR 
transitions at 5,240 cm-1 (red arrow; b-HOMO ® b-LUMO (major 
contribution); oscillator strength, f = 0.2318) and 9,650 cm-1 (black arrow; b-
HOMO-2 ® b-LUMO (major contribution); oscillator strength, f = 0.1247). 
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3.3. Summary 

In conclusion, we report a route to coordination-driven assembly of a square 

macrocycle 2, incorporating four redox-active salen ligands. Oxidation studies and 

electronic structure evaluations for both 1 and 2 were performed under different conditions 

(i.e., solvent, temperature). While oxidation of the Ni salen complex 1 affords a Ni(III) 

species, controlled oxidation of square 2 results in ligand radical formation in each of the 

four Ni salen units, thus highlighting the change in oxidation locus upon coordination-

driven assembly. Several molecules (C60, TTF and TCNQ) were investigated as potential 

guests for the assembly 2. Unfortunately, the large size of the cavity in 2, prevented host-

guest interactions from taking place. However, this study provides a basis for the 

application of supramolecular assemblies containing salen ligand radical units for redox-

controlled host-guest interactions, with reasonably sized cavities. 

3.4. Experimental 

3.4.1. Materials and Methods 

All chemicals used were of the highest grade available and were further purified 

whenever necessary. Pd(en)(NO3)2 was synthesized according to a previous report.399 

The syntheses of the aldehyde precursors, 5-bromo-3-(tert-butyl)-2-hydroxybenzaldehyde 

(SalAldBr)385 and 3-(tert-butyl)-2-hydroxy-5-(pyridin-4-yl)benzaldehyde (SalAldpPy)384 and 

(R,R)-(–)-1,2-cyclohexanediamino-N,N’-bis(3-tert-butyl-5-(4-pyridyl)salicylidene) 

(H2SalpPy)173 have been previously reported. The tris(2,4-dibromophenyl)aminium 

hexafluoroantimonate radical chemical oxidant, [N(C6H3Br2)3]•+[SbF6]- (E1/2 = 1.14 V, 

MeCN)82 was synthesized according to published protocols.345 Electronic spectra were 

obtained on a Cary 5000 spectrophotometer with a custom-designed immersion fiber-optic 

probe with a path-length of 10 mm (Hellma, Inc.). Cyclic voltammetry (CV) was performed 

using a PAR-263A potentiometer, equipped with an Ag wire pseudo-reference electrode, 

a glassy carbon working electrode and a Pt counter electrode with nBu4NPF6 (0.1 M) 

solutions in CH3NO2 under an inert atmosphere. Decamethylferrocene was used as an 

internal standard.348 1H, 13C and 31P NMR spectra were recorded on a Bruker AV-400 or 

Bruker AVANCE II 600 MHz instruments and DOSY NMR was performed on a Bruker 

AVANCE II 600 MHz instrument. Mass spectra were obtained on an Agilent 6210 (for 1) 

and an IonSpec (Agilent), 9.4 T hybride ESI q-Q-q in CH3NO2 (10-3 M) (for 2). Elemental 
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analyses (C, H, N) were performed by Mr. Paul Mulyk at Simon Fraser University on a 

Carlo Erba EA 1110 CHN elemental analyzer. Infrared (IR) measurements were collected 

on a Thermo Nicolet Nexus 670 FT-IR spectrometer equipped with a Pike MIRacle 

attenuated total reflection (ATR) sampling accessory. All EPR spectra were collected 

using a Bruker EMXplus spectrometer operating with a premiumX X-band (~9.5 GHz) 

microwave bridge. Low temperature measurements (100 K and 253 K) of frozen solutions 

used a Bruker nitrogen temperature-control system and a continuous flow cryostat. 

Samples for X-band measurements were placed in 4 mm outer-diameter sample tubes 

with sample volumes of ~200 μL. Samples were prepared in capillaries with EPR tubes 

filled with toluene as an insulator for measurement at 253 K. STEM experiments were run 

on a FEI Tecnai Osiris S/TEM. 

3.4.2. Oxidation Protocol 

Samples of 1+ (0.25 mM) and [2]4•+ (0.125 mM) in CH3NO2 were prepared at 253 

K under nitrogen atmosphere in the immersion fiber-optic probe through the addition of a 

saturated solution of [N(C6H3Br2)3]•+[SbF6]- in CH2Cl2 in 20 μL additions. 

3.4.3. EPR Sample Preparation 

Samples for EPR spectroscopy were prepared by taking an aliquot out of the 

immersion fiber-optic probe and transferring the solution into an EPR tube after 1 and 4 

equivalents of [N(C6H3Br2)3]•+[SbF6]- were added to CH3NO2 solutions of 1 and 2, 

respectively, under an inert atmosphere. EPR tubes containing the solutions of [1]+ and 

[2]4•+ were frozen at 77 K and stored until measurement at 100 K. Samples of [2]4•+ and 

[N(C6H3Br2)3]•+[SbF6]- for EPR measurements at 253 K were prepared by placing each 

sample into a capillary, which was placed directly into an EPR tube containing toluene (at 

253 K). EPR spectra were simulated using EasySpin toolbox in MATLAB. 

3.4.4. X-Ray Analysis 

Single crystal X-ray crystallographic analysis of 1 was performed on a Bruker 

SMART ApexII Duo CCD diffractometer with a TRIUMPH graphite-monochromated Cu Kα 

(λ = 1.54184 Å) Incoatec microsource. Sample A was mounted on a MiTeGen dual-

thickness MicroMounts using Paratone oil. Data was collected at 299 K in a series of φ 
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and ω scans with 1.00˚ image widths and 15 and 30 second exposures. Additional 

crystallographic information can be found in Tables 3.1 and in cif format at CCDC 

deposition #1903336. 

All single-crystal diffraction data were processed and initial solutions found with 

the Bruker ApexII software suite. Subsequent refinements were performed in SHELXL.1 

Hydrogen atoms for the molecule, excluding the cyclohexyl backbone, were added 

geometrically and refined using a riding model. The cyclohexyl ring was modeled as 

disordered, with hydrogens placed using the difference map and refined without 

constraint. 

3.4.5. Scanning Transmission Electron Microscopy (STEM) 

The 400 mesh Copper grid with Ultrathin Lacey Carbon film support was 

suspended onto a droplet of the solution containing 2 (100 µM) in CH3CN. The grid was 

then placed onto a filter paper to absorb the excess of the remaining solution. Images 

were taken on a STEM 1 – FEI Tecnai Osiris operating at 200 kV and 225,000× 

magnification. The average particle diameter was measured using ImageJ software. At 

least 40 measurements were obtained per image (Appendix B – Figure B2a). An elemental 

mapping experiment on 2 (Appendix B – Figure B2b) confirmed the presence of both Ni 

(red) and Pd (green) in the sample, further supporting a self-assembly composition. 

3.4.6. Theoretical Calculations 

DFT and TD-DFT Calculations 

Geometry optimization calculations for the [fragment]+ (a 5+ cation) and 

[Ni(Salen)pPy]+ were completed using the Gaussian 16 program (Revision B.01),400 the 

B3LYP355-356 functional, the 6-31G(d) basis set (C, H, N, O, Ni), LanL2DZ401 (Pd), with a 

polarized continuum model (PCM) for CH2Cl2 (dielectric e = 8.94).359-362 Frequency 

calculations at the same level of theory confirmed that the optimized structure was located 

at a minimum on the potential energy surface. Single-point calculations and the intensities 

of 10 lowest energy transitions using TD-DFT341,365 calculations were performed using the 

B3LYP functional, the TZVP368-369 basis set (C, H, N, O, Ni), LanL2DZ (Pd), with a PCM 

for CH2Cl2.  
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Molecular Mechanics Force Field (MMFF) Calculations  
Merck Molecular Force Field (MMFF)402 calculations were performed on 2 using 

Spartan’18 Parallel Suite from Wavefunction Inc. to obtain a potential ground state 

geometry and approximate size of the positively charged macrocycle (Appendix B – Figure 

B1). Counterions were omitted in the calculation. Calculations at a higher level of theory 

were not successful due to the size and charge of 2. The diameter of 2 was also estimated 

via Stokes-Einstein equation utilizing DOSY NMR data, to be 29.6 Å (vide supra). 

3.4.7. Synthesis 

Synthesis of Ni(Salen)pPy (1) 

 

A solution of Ni(OAc)2•4H2O (0.25 g, 1.0 mmol) in MeOH (20 mL) was added to a 

solution of H2SalpPy (0.59 g, 1.0 mmol) in MeOH (20 mL), followed by triethylamine (0.28 

mL, 2.0 mmol). The solution was then refluxed for 4 hours. Upon cooling of the reaction 

mixture, an olive-green precipitate was collected via vacuum filtration. The precipitate was 

washed with cold methanol. Crystals suitable for X-ray crystallography analysis were 

isolated via slow evaporation of a CH2Cl2 solution. Yield: (0.566 g, 88%). Elemental 

analysis (%) calcd for 1 (C38H42N4NiO2): C, 70.71; H, 6.56; N, 8.68. Found: C, 70.41; H, 

6.70; N, 8.78. ESI-MS m/z: 645.27 ([M+H]+, 100%). IR (ATR): 1591.95 cm-1 (s, vas (C=N) 

and vas (C=C)), 816.71 cm-1 (s, w (CH)). 1H NMR (400 MHz, CDCl3) δ 8.57 (s, 4H), 7.65-

7.35 (m, 10H), 3.10 (br s, 2H), 2.56-2.46 (br m, 2H), 2.02-1.92 (br m, 2H), 1.47 (s, 18H), 

1.40-1.31 (m, 4H) ppm. 13C NMR (100 MHz, CDCl3) δ 165.36, 158.16, 149.96, 141.90, 

129.76, 129.01, 123.31, 120.87, 120.28, 70.08, 35.85, 29.55, 29.25, 28.88, 24.38 ppm. 
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Synthesis of [(Ni(Salen)pPy)4(Pd(en))4]8+ 8[PF6]- (2) 

 

A solution of 1 (14 mg, 21.7 µmol) in THF (2.5 mL) was added to a solution of 

Pd(en)(NO3)2 (6.3 mg, 21.7 µmol) in H2O (7.5 mL). NH4PF6 (70.7 mg, 0.434 mmol) was 

added to the orange solution after 2 hours of stirring at room temperature. The resultant 

mixture was further stirred at room temperature overnight. A red precipitate was then 

collected via vacuum filtration to afford 2. Note 2 is used as the designation for [2]8+(PF6)8 

in the manuscript. Yield: (22.8 mg, 96%). Elemental analysis (%) calcd for 2 

(C160H200F48N24Ni4O8P8Pd4): C, 43.60; H, 4.57; N, 7.63. Found: C, 43.60; H, 4.58; N, 7.24. 

ESI-MS m/z: 736.6 ([M-5PF6
-]5+), 957.2 ([M-4PF6

-]4+), 1323.9 ([M-3PF6
-]3+). IR (ATR): 

1592.91 cm-1 (w br, vas (C=N) and vas (C=C)), 840.81-837.92 cm-1 (s br, vas (FP) from PF6). 
1H NMR (600 MHz, CD3NO2) δ 8.60 (t, J = 6.9 Hz, 4H), 7.82-7.60 (m, 10H), 4.26 (br s, 

2H), 3.25-3.05 (m, 6H), 2.62-2.47 (m, 2H), 1.97-1.85 (m, 2H), 1.55-1.30 (m, 20H) ppm. 
31P NMR (162 MHz, CD3NO2) δ -144.56 (hept, J = 711.2 Hz, PF6) ppm. 19F NMR (376 

MHz, CD3NO2) δ -70.10 (d, J = 710.6 Hz, PF6) ppm. 



85 

Chapter 4. Coordination-Driven Self-Assembly of 
Redox-Active Metallacycles: Interlocked Assembly 
and Oxidation Studies 

Khrystyna Herasymchuk1 performed the synthesis, NMR experiments, 

electrochemistry, in situ monitoring of chemical oxidation via UV-Vis-NIR, EPR 

experiments and theoretical calculations. Greg A. MacNeil1 collected EPR data. Magali 

Allain2 collected data and provided crystallographic structure solutions. Sébastien Goeb2, 

Frédéric Aubriet3, and Vincent Carré3 collected and analyzed mass spectrometry data. 

Eric Ye1 and Sébastien Goeb2 contributed to the NMR section. 

1Simon Fraser University, Burnaby, British Columbia, Canada. 

2Laboratoire MOLTECH-Anjou, University of Angers, Angers, France. 

3University of Lorraine, Metz, France. 

4.1. Introduction 

Self-assembly of two-dimensional and three-dimensional structures, such as 

polygons, cages, and prisms, has become one of the leading research areas in the field 

of supramolecular chemistry.117,370-375 Several approaches to self-assembly have been 

developed and further classified based on the bonding of the components via i)  hydrogen 

bonding, ii) other non-covalent interactions, such as ion-ion, ion-dipole, p-p stacking, 

cation-p, van der Waals, and hydrophobic interactions, and iii) metal-ligand bonding (i.e., 

coordination-driven self-assembly).117 In the case of coordination-driven self-assembly, an 

electron-poor acceptor (i.e., metal complex) and an electron-rich donor (i.e., ligand or 

metalloligand) can self-assemble into structural arrangements of diverse geometry and 

magnitude.146,187,376-378 The energetic intermediacy of coordination bonds (compared to 

covalent and weak non-covalent bonds) allows for reversibility and modulation of the self-

assembly kinetics through the rigidity of the acceptors and donors to achieve a 

thermodynamic minimum.116-117,151 Careful selection and design (i.e., size and shape) of 

the acceptor and donor precursors determines its turning angle and allows for improved 

control over the final assembly.117,151 For example, Figure 4.1a depicts how a 0° acceptor 

and 180° donor self-assemble into a [2+2] rectangle.116-117 
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Figure 4.1  a) Coordination-driven self-assembly of [2+2] rectangle metallacycle from 
a 0° acceptor and 180° donor; b) Catenanes, rotaxanes and knots - 
alternative products of the self-assembly.403-405  

These template-driven assemblies have been applied in catalysis, host-guest 

chemistry, sensing, and drug delivery.117,370-375 Over the last two decades, interlocked 

systems, in particular catenanes,403 rotaxanes,403,406-407 and knots404-405 (see Figure 4.1b), 

have received a lot of attention due to their intriguing structural arrangement and potential 

application as molecular machines and smart materials.408 Arene-linked Ru, Rh and Ir 

metallacycles have been employed in interlocked-type self-assembly as 0° acceptors for 

a multitude of applications.162,371,408 However, in the last decade homobimetallic Ru 

complexes, shown in Figure 4.2, have been studied in depth as catalysts,409 sensors,410-

412 biological agents,413-426 and hosts in host-guest chemistry215,427-428. Specifically, groups 

of Bruno Therrien,414,429-432 Ki-Wan Chi,405,433-438 and Peter Stang412,418,439 have contributed 

greatly to the field of interlocked self-assembly utilizing arene-ruthenium complexes. The 

variable Ru–Ru distance makes these complexes ideal candidates for template-driven 

self-assembly of interlocked-type assemblies.412,424,433,440 
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Figure 4.2  Most commonly used homobimetallic Ru complexes in coordination-driven 
self-assembly of metallacycles.412,424,433,440 

In addition to having potential applications as smart materials, nanoscale devices, 

and molecular machines,371 these interlocked metallacyclic assemblies can display 

photophysical properties that could prove advantageous in display technologies and 

photovoltaics.441 Specifically, NIR absorbing materials have novel optical and electronic 

applications441 that have even been used in biomedical research.442 Utilizing salen-type 

ligands (salen = N2O2 bis(Schiff-base)-bis(phenolate)) in the supramolecular self-

assemblies introduces mixed-valence species upon oxidation that can exhibit low energy 

intervalence charge transfer (IVCT) bands in the NIR.381,443  

Over five decades ago, Kasha described the relationship between molecular 

packing and photophysical properties in terms of spectral shifts, which are based on the 

alignment of transition moment dipoles and exciton coupling.444-445 For instance, an in 

phase transition moment dipole alignment in a cofacial manner results in a blue-shift of 

the band with a doubled intensity in comparison to the monomer (Figure 4.3a). However, 

when this alignment is not planar, the interaction is evaluated based on the angle between 

these transition moment dipoles (Figure 4.3b). Hence, the exciton model is useful in 

describing the resonance interaction between weakly coupled excited states. Our group 

has recently reported on a series of dimers with various orientations of the oxidized Ni 

salen chromophores. For example, a cofacial alignment in a Ni salen dimer (Figure 4.3c) 

showing a Ni–Ni distance of 3.98 Å  in the neutral form results in a blue-shifted IVCT band 

upon oxidation with respect to the oxidized monomeric analogue.381 
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Figure 4.3  a) Planar and b) non-planar exciton models exhibiting band shifting and 
splitting for excited states in a planar orientation to one another (black 
arrows represent transtion moment dipoles;444-445 solid and dashed red 
arrows represent allowed and forbidden transitions, respectively). c) 
Structure of Ni salen dimer with planar orientation of the chromophores, 
with Ni–Ni distance of 3.98 Å.381 (Single crystal X-ray structure was 
generated in Mercury, CCDC 1579266). 

Aside from our recent report on the coordination-driven self-assembly of the 

metallacycle containing Ni(Salen)pPy as a linker,446 and characterization of its redox 

properties, the use of salen complexes in self-assembly is limited, and their redox 

chemistry is virtually unexplored. This chapter outlines the coordination-driven self-

assembly of a redox-active metalloligand, Ni(Salen)pPy, as a 180° donor, and two 

bimetallic Ru complexes, bis-Ru(ox) and bis-Ru(naphtho), as 0° acceptors. The two Ru 

complexes were chosen based on their Ru–Ru distances (5.5 Å vs. 8.3 Å), allowing for 

the self-assembly of these metallacycles to result in arrangements with varying salen-

salen distances. Each assembly is characterized via high resolution mass spectrometry, 

select NMR spectroscopy experiments (1H and 2D experiments, such as DOSY, COSY, 

HSQC, and HMBC), and X-ray crystallography to determine their structural arrangement. 

The associated electronic structure, reversibility and exciton coupling upon oxidation of 

the metallacycles are examined through electrochemical experiments, UV-Vis-NIR, EPR 

and DFT calculations. 
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4.2. Results and Discussion 

4.2.1. Synthesis and Characterization 

The detailed synthesis of the linear ditopic metalloligand Ni(Salen)pPy (1) was 

described in Chapter 3 (see Scheme 3.3). The pillars, homobimetallic Ru complexes, 2a 

and 2b were synthesized according to previously described reports (Appendix C – 

Schemes C1-2).427,447 [Ru(p-cym)Cl2]2 (2) was the starting material for both syntheses, 

where the reflux with an equimolar amount of ammonium oxalate monohydrate in 

chloroform/methanol (1:1) mixture afforded complex Ru2(p-cym)2(ox)Cl2 (or 2-ox-Cl) and 

the reflux with 1 molar equivalent of Naphthazarin and 2 molar equivalents of sodium 

acetate in ethanol yielded complex Ru2(p-cym)2(naphtho)Cl2 (or 2-naphtho-Cl). 

Chloride-to-triflate exchange was performed using 2 molar equivalents of silver triflate at 

room temperature in methanol and dichloromethane to form 2a and 2b, respectively. The 

assembly of metallacycles (3a and 3b) was achieved by reacting equimolar amounts of a 

180° ditopic metalloligand (1) and a 0° ditopic pillar (2a or 2b) in nitromethane at 60°C, as 

outlined in Scheme 4.1. Assembly of 3b’ was only possible in dimethyl sulfoxide and 

methanol (< 0.1 mM), without solid-state isolation. Conversion from 3b to 3b’ can be 

achieved by solubilizing 3b in dimethyl sulfoxide/dichloromethane (1:1) solvent mixture 

(vide infra). 

Scheme 4.1  Self-assembly of metallacycles, 3a, 3b and 3b’. 
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Figure 4.4  ESI-FTICR of 3a (1 mM) in CH3NO2. Insets: experimental (Exp) and 
calculated (Th) isotopic pattern distribution of [3a–4(OTf-)]4+, [3a–3(OTf-)]3+, 
[3a–2(OTf-)]2+, and [(3a)2–3(OTf-)]3+. 

The self-assembly of 3a and 3b was confirmed via Electrospray Ionization – Fourier 

Transform Ion Cyclotron Resonance (ESI-FTICR) mass spectrometry to unambiguously 

support the formation of the monomeric (M2L2, where M = 2a and L = 1) self-assembly 3a 

and a dimeric or interlocked (M4L4, where M = 2b and L = 1) self-assembly 3b (Figures 

4.4 and 4.5, respectively). Characteristic multicharged peaks for 3a at m/z = 602.14, 

852.49, and 1353.20, correspond to [3a–4(OTf-)]4+, [3a–3(OTf-)]3+, [3a–2(OTf-)]2+, 

respectively. A peak at m/z = 1854.00 is likely a result of aggregation, corresponding to 

[(3a)2–3(OTf-)]3+. This has been previously observed for metallacycles in the context of a 

mass spectrometry experiment.194 Similarly, multicharged peaks for 3b at m/z = 1132.82, 

1453.25 and 1987.37 correspond to [3b–5(OTf-)]5+, [3b–4(OTf-)]4+, and [3b–3(OTf-)]3+, 

respectively. The peaks at m/z = 652.16, 919.18, and 1453.25 are attributed to the 

presence of 3b’ as [3b’–4(OTf-)]4+, [3b’–3(OTf-)]3+, and [3b’–2(OTf-)]2+, respectively. This 

highlights the lability of 3b in the gas phase.  
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Figure 4.5  ESI-FTICR of 3b (1 mM) in CH3NO2. Insets: experimental (Exp) and 
calculated (Th) isotopic distribution of [3b–5(OTf-)]5+, [3b–4(OTf-)]4+, and 
[3b–3(OTf-)]3+ and [3b’–4(OTf-)]4+, [3b’–3(OTf-)]3+, and [3b’–2(OTf-)]2+. 

Single crystals of 3a and 3b were obtained from a slow diffusion of diisopropyl 

ether (3a) or diethyl ether (3b) into their concentrated solution of methanol/nitromethane 

(1:1) at room temperature. The solid-state structure of the metallacycle 3a (Figure 4.6, 

Table 4.3), confirms the M2L2 assembly. The Ni salen units are staggered, with Ni–Ni 

distance of 3.84 Å (Figure 4.6b). The smaller cavity size (ca. 23.5 x 4.0 Å) is governed by 

the bis-Ru complex (Ru–Ru: 5.5 Å), in turn directing salen moieties to stagger due to the 

steric bulk of the tert-butyl groups. The crystal structure of metallacycle 3b (Figure 4.7a-

b, Table 4.3) further supports that two M2L2 assemblies are interlocked to form a 

[2]catenane as M4L4. Each Ni salen unit is separated by 4.41-4.90 Å (Figure 4.7b) with a 

twist of ca. 50º between each M2L2 assembly (Figure 4.7a). Ni salen units belonging to 

each individual M2L2 assembly are stacked (i.e., tBu groups oriented in the same direction, 

see Figure 4.7c-d), in contrast to 3a. This orientation aids in minimizing steric interactions 

in the [2]catenane, as each adjacent salen unit is staggered, with an alternate orientation 

of tBu groups. 
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In both solid-state structures, the coordination sphere at the Ni centre closely 

resembles that of the Ni(Salen)pPy complex (1, see Chapter 3, Section 3.2.1) with a slightly 

distorted square planar geometry at the metal centre. Density functional theory 

calculations for 3a are underway and will be described in the future work chapter. 

Computational analysis of 3b was not attempted, due to its structural complexity. 

 

Figure 4.6  a) Single-crystal molecular structure of 3a; b) side view. Hydrogen atoms 
and counterions are excluded for clarity. Coordination sphere distances [Å] 
and angles [º]: Ni-O(1): 1.845(3), Ni-O(2): 1.854(3), Ni-N(1): 1.834(5), Ni-
N(2): 1.841(4), Ru(1)-O(3): 2.093(6), Ru(1)-O(4): 2.118(6), Ru(1)-N(3): 
2.119(5), Ru(2)-O(5): 2.111(6), Ru(2)-O(6): 2.101(5), Ru(1)-N(4): 2.116(5); 
angles: O(1)-Ni-O(2): 85.8(1), O(1)-Ni-N(1): 93.9(2), O(1)-Ni-N(2): 
178.4(2), O(2)-Ni-N(1): 179.1(2), O(2)-Ni-N(2): 94.4(2), N(1)-Ni-N(2): 
86.0(2), O(3)-Ru(1)-N(3): 81.9(2), O(4)-Ru(1)-N(3): 84.2(2), O(3)-Ru(1)-
O(4): 78.8(2), O(5)-Ru(2)-N(4): 84.3(2), O(6)-Ru(2)-N(4): 84.2(2), O(5)-
Ru(2)-O(6): 79.1(2). 
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Figure 4.7  a) Single-crystal molecular structure of 3b; b) Side view, with Ni–Ni 
distances [Å]: Ni(4)-Ni(1): 4.41, Ni(1)-Ni(3): 4.94, Ni(3)-Ni(2): 4.70; c) and 
d) Labeled components of the interlocked structure, with an average Ni–Ni 
distance of ca. 7.70 Å. Hydrogen atoms and counterions are excluded for 
clarity. Coordination sphere distances [Å] and angles [º] are shown in the 
Tables 4.1 and 4.2. 

Table 4.1  Select coordination sphere bond lengths [Å] for 3b. 

Bond [Å] Bond [Å] Bond [Å] 
Ni(1)-O(1) 1.83(1) Ni(4)-N(15) 1.86(1) Ru(5)-O(17) 2.10(2) 
Ni(1)-O(2) 1.85(1) Ni(4)-N(16) 1.85(2) Ru(5)-O(18) 2.11(2) 
Ni(1)-N(3) 1.854(9) Ru(1)-O(5) 2.03(1) Ru(5)-N(9) 2.16(2) 
Ni(1)-N(4) 1.89(1) Ru(1)-O(6) 2.055(7) Ru(6)-O(19) 2.03(2) 
Ni(2)-O(3) 1.88(1) Ru(1)-N(1) 2.130(7) Ru(6)-O(20) 2.03(2) 
Ni(2)-O(4) 1.86(1) Ru(2)-O(7) 2.074(9) Ru(6)-N(13) 2.09(3) 
Ni(2)-N(7) 1.78(1) Ru(2)-O(8) 2.04(1) Ru(7)-O(21) 2.06(1) 
Ni(2)-N(8) 1.82(2) Ru(2)-N(5) 2.118(9) Ru(7)-O(22) 2.067(8) 

Ni(3)-O(13) 1.87(1) Ru(3)-O(9) 2.03(2) Ru(7)-N(10) 2.15(1) 
Ni(3)-O(14) 1.859(8) Ru(3)-O(10) 2.04(1) Ru(8)-O(23) 2.03(1) 
Ni(3)-N(11) 1.85(1) Ru(3)-N(2) 2.12(1) Ru(8)-O(24) 2.04(1) 
Ni(3)-N(12) 1.85(1) Ru(4)-O(11) 2.14(2) Ru(8)-N(14) 2.14(2) 
Ni(4)-O(15) 1.84(1) Ru(4)-O(12) 2.00(1)   
Ni(4)-O(16) 1.84(1) Ru(4)-N(6) 2.11(1)   
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Table 4.2  Select coordination sphere angles [º] for 3b. 

Angle [º] Angle [º] 
O(1)-Ni(1)-O(2) 85.9(5) O(5)-Ru(1)-O(6) 87.3(3) 
O(1)-Ni(1)-N(3) 94.3(4) O(5)-Ru(1)-N(1) 82.5(3) 
O(1)-Ni(1)-N(4) 179.2(5) O(6)-Ru(1)-N(1) 86.5(3) 
O(2)-Ni(1)-N(3) 179.6(5) O(7)-Ru(2)-O(8) 87.6(4) 
O(2)-Ni(1)-N(4) 94.6(5) O(7)-Ru(2)-N(5) 83.5(4) 
N(3)-Ni(1)-N(4) 85.2(5) O(8)-Ru(2)-N(5) 85.0(4) 
O(3)-Ni(2)-O(4) 86.5(6) O(9)-Ru(3)-O(10) 86.6(5) 
O(3)-Ni(2)-N(7) 95.0(5) O(9)-Ru(3)-N(2) 84.3(5) 
O(3)-Ni(2)-N(8) 179.2(7) O(10)-Ru(3)-N(2) 85.3(5) 
O(4)-Ni(2)-N(7) 178.2(7) O(11)-Ru(4)-O(12) 86.2(5) 
O(4)-Ni(2)-N(8) 93.8(8) O(11)-Ru(4)-N(6) 85.4(6) 
N(7)-Ni(2)-N(8) 84.7(7) O(12)-Ru(4)-N(6) 86.7(5) 

O(13)-Ni(3)-O(14) 86.1(4) O(17)-Ru(5)-O(18) 83.9(8) 
O(13)-Ni(3)-N(11) 94.9(5) O(17)-Ru(5)-N(9) 81.7(8) 
O(13)-Ni(3)-N(12) 176.4(5) O(18)-Ru(5)-N(9) 79.5(8) 
O14)-Ni(3)-N(11) 176.8(5) O(19)-Ru(6)-O(20) 86.4(8) 
O(14)-Ni(3)-N(12) 93.6(5) O(19)-Ru(6)-N(13) 81.4(8) 
N(11)-Ni(3)-N(12) 85.5(6) O(20)-Ru(6)-N(13) 84.2(9) 
O(15)-Ni(4)-O(16) 87.0(5) O(21)-Ru(7)-O(22) 87.7(4) 
O(15)-Ni(4)-N(15) 94.1(5) O(21)-Ru(7)-N(10) 82.7(4) 
O(15)-Ni(4)-N(16) 177.6(7) O(22)-Ru(7)-N(10) 84.6(4) 
O(16)-Ni(4)-N(15) 176.3(6) O(23)-Ru(8)-O(24) 87.7(5) 
O(16)-Ni(4)-N(16) 93.8(7) O(23)-Ru(8)-N(14) 84.8(5) 
N(15)-Ni(4)-N(16) 85.3(7) O(24)-Ru(8)-N(14) 86.8(5) 
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Table 4.3  Selected crystallographic data for 3a and 3b. 

 3a 3b 

Formula C120H136N8Ni2O12Ru4, 
4(CF3O3S), 4(CH3NO2) 

2(C136H144N8Ni2O12Ru4), 
8(CF3O3S), 12(CH3NO2) 

Formula weight 3244.52 7133.65 
Crystal dimensions (mm) 0.339 x 0.14 x 0.034 0.278 x 0.233 x 0.155 
Crystal system Triclinic Triclinic 
Space group P-1 P-1 
a (Å) 9.0406(3) 23.2132(5) 
b (Å) 13.4849(4) 23.9176(4) 
c (Å) 30.9740(8) 31.2531(5) 
α (°) 99.290(2) 107.857(2) 
β (°) 95.021(2) 101.654(2) 
γ (°) 103.126(3) 100.603(2) 
V [Å3] 3598.78(19) 15602.3(5) 
Z 1 2 
T (K) 150.0(1) 150.0(1) 
ρcalcd (mg m-3) 1.497 1.518 
µ (mm-1) 4.912 4.614 
2θmax (deg.) 76.720 76.204 
Total reflections 14412 62369 
Observed reflections [I0 ≥ 2σ(I0)] 12350 48924 
wR2 0.2091 0.5177 
R1 0.0912 0.1944 
Goodness-of-fits on F2 1.055 2.172 
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Scheme 4.2  Self-assembly of 1a. 

 
The synthesis and isolation of 1a (Scheme 4.2) was necessary to better 

characterize and compare the redox properties of the monomer (1) to its macrocyclic 

counterparts. For example, oxidation of 1 results in intermolecular interactions due to the 

terminal pyridyl groups coordinating to the Lewis acidic metal centre (vide infra), resulting 

in the inability to characterize its redox properties, as a monomeric unit. The [Ru(en)(p-

cym)OTf][OTf] complex was used as a node to cap the coordinating pyridyl moieties, and 

was synthesized in two steps (Appendix C – Scheme C3).427,448-449 First, [Ru(p-cym)Cl2]2 

was reacted with 2 molar equivalents of ethylenediamine and excess NH4OTf, yielding 

[Ru(en)(p-cym)Cl][OTf]. In the second step, chloride-to-triflate exchange was achieved 

by reacting [Ru(en)(p-cym)Cl][OTf] with AgOTf in dichloromethane. Figure 4.8 (also 

Appendix C – Figures C13-16) shows the 1H NMR spectra of 1 and all Ru intermediates 

in comparison to the final complex, [Ru(en)(p-cym)OTf][OTf]. 

 

Figure 4.8  Comparison of the 1H NMR aromatic region (5.0-9.0 ppm) of 1, [Ru(en)(p-
cym)Cl]OTf, [Ru(en)(p-cym)OTf]OTf and 1a in CD3NO2.  
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The initial assembly of the metallacycles was monitored by 1H NMR spectroscopy. 

Assembly of 3a and 3b was achieved through pyridyl group coordination of 1 to the Ru(II) 

centres. Characterization of the 1H NMR spectra of 3a in nitromethane (Figure 4.9) and 

acetonitrile (Appendix C – Figure C4) confirms an M2L2-type assembly and the formation 

of the rectangular metallacycle. An upfield shift of the a-pyridinyl and b-pyridinyl protons 

from 8.52 and 7.58 ppm in 1 to 7.87 and 7.44 ppm in 3a, respectively, is due to the 

increased shielding from the adjacent p-electron-rich Ni salen unit.440,450 The characteristic 

set of doublets for the p-cymene moiety were observed at 5.69 and 5.86 ppm in 3a, shifted 

downfield slightly compared to 2a (5.69 and 5.81 ppm).440 To confirm a discrete assembly 

of the metallacycle and estimate its hydrodynamic radius, Rh, Diffusion-Oriented 

Spectroscopy (DOSY) was used. 1H DOSY NMR of 3a in nitromethane (see Figure 4.9) 

shows a single alignment of signals with a diffusion rate of DNMR = 3.50 × 10-10 m2 s-1 in 

comparison to 1 (DNMR = 1.38 × 10-9 m2 s-1, Chapter 3), confirming that only one discrete 

self-assembled structure exists in solution. The Stokes-Einstein equation (Equation 1)198 

can be used to approximate the Rh of the macromolecules using the diffusion coefficient 

determined in the 1H DOSY NMR experiment. The hydrodynamic radii for 3a were 

calculated in both nitromethane and acetonitrile to be 10.4 and 10.2 Å, respectively (see 

Table 4.4 for the calculated values). 

 

Figure 4.9  1H NMR with corresponding 1H DOSY NMR of 3a (4 mM) in CD3NO2. (*) 
Solvents: CH3NO2 (4.33 ppm) and H2O (2.06 ppm). 
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where Rh = hydrodynamic radius (in m), T = temperature (in K), k = 

Boltzman constant (1.3806x10-23 J K-1), h = viscosity of the solvent (in Pa 

s), and D = diffusion coefficient of the analyte (in m2/s). 

Table 4.4  Diffusion coefficients (D) and hydrodynamic values (Rh) for 3a and 3b in 
different solvents. 

Metallacycle Solvent D (m2 s-1) log D Hydrodynamic radius, Rh (Å) 
3a CD3NO2 3.50x10-10 -9.46 10.4 
3a CD3CN 6.15x10-10 -9.21 10.2 
3b CD3NO2 2.75x10-10 -9.56 13.2 
3b CD3CN 4.85x10-10 -9.31 13.0 
3b CD2Cl2 4.39x10-10 -9.36 12.1 
3b’ CD2Cl2/DMSO-d6 (1:1) 1.99x10-10 -9.70 11.4a 

Note: DNMR (1) = 1.38x10-9 m2 s-1 in CD3NO2 (see Chapter 3, Figure 3.5); a Calculated using Kendall and Monroe 
relation to estimate viscosity of the solution.451 

Characterization of the self-assembly of 3b in solution is more complicated when 

compared to 3a. The size of the bis-Ru(naphtho) acceptor (Ru–Ru: 8.3 Å) governs the 

possible topologies involved in coordination-driven self-assembly, allowing for the 

formation of an M2L2 rectangle (3b’) or the interlocking of the M2L2 fragments into a 

[2]catenane (3b), as observed in the solid-state. The 1H NMR spectrum of 3b in 

nitromethane (Figure 4.10) presents a complex set of signals, suggesting the formation of 

a [2]catenane – a convoluted structural arrangement. Single alignment of the signals is 

observed in the 1H DOSY NMR spectrum (Figure 4.10), supporting a discrete self-

assembly with DNMR = 2.75 × 10-10 m2 s-1, which equates to Rh value of 13.2 Å (see Table 

4.4). Self-assembly to the [2]catenane in 3b also occurs in acetonitrile, methanol, and 

dichloromethane, in addition to nitromethane (Appendix C – Figures C5-6 for 1H DOSY 

NMR spectra). The hydrodynamic radii for 3b, in all of the above-mentioned solvents, were 

calculated from the diffusion coefficients using the Stokes-Einstein equation (Equation 

1)198 and are displayed in Table 4.4. As expected, the Rh values for 3a are smaller in 

comparison to 3b, ranging from 10.2-10.4 Å and 12.1-13.2 Å, respectively.  
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Figure 4.10  1H NMR with corresponding 1H DOSY NMR of 3b (4 mM) in CD3NO2. (*) 
Solvents: CH3NO2 (4.33 ppm) and H2O (2.06 ppm). 

However, under dilute conditions in methanol (<0.1 mM), and dimethyl sulfoxide, 

the coordination-driven self-assembly of 1 and 2b, results in the formation of 3b’ – an M2L2 

rectangular metallacycle (Appendix C – Figures C8-12). Both, the solvent and the 

concentration dependence, have been reported previously to have an effect on the 

formation of interlocked assemblies with p-cymene bis-Ru acceptors.440,452-455 To further 

characterize the formation of 3b’, a concentration-dependent ESI-FTICR mass 

spectrometry study was completed on 3b. An ~80% conversion from 3b to 3b’ is observed 

upon dilution of the methanol solution from 1 mM to 0.02 mM (Appendix C – Figure C1). 

Furthermore, 3b can be converted to 3b’ by the addition of dimethyl sulfoxide into a 

dichloromethane solution of 3b. Figure 4.11 depicts the transformation, where the 

aromatic region of the 1H NMR spectrum is outlined. The assignment of the resonances 

in the 1H NMR spectrum of the 3b’ is shown in Figure 4.12, together with the DOSY NMR 

spectrum. which shows a single alignment of signals with a diffusion rate of DNMR = 1.99 × 

10-10 m2 s-1. However, in order to evaluate the Rh value, the viscosity of the solution was 

approximated using the Kendall and Monroe equation (Equation 2).451 After taking into the 

account the viscosity of the mixture, the Rh value for 3b’ was determined to be 11.4 Å, an 

expected decrease considering the structural differences between 3b and 3b’.  

                                         ]^
H _⁄ = 	aH]H

H _⁄ +	aK]K
H _⁄                                                              (2) 

where h1 and h2 = viscosity of the solvents (in Pa s), hm = viscosity of the 

mixture (in Pa s), c1 and c2 = mole fraction of the solvents. 
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It should be noted that the conversion from 3b’ to 3b has only been possible upon 

concentration of the solution or removal of the solvent.  

 

Figure 4.11  1H NMR of the titration of DMSO-d6 into DCM-d2 solution of 3b (5.0 to 2.5 
mM); aromatic region: 5.0 – 8.5 ppm. See Appendix C – Figure C7. 

 

Figure 4.12  1H NMR with corresponding 1H DOSY NMR of 3b’ (2 mM) in 
CD2Cl2/DMSO-d6 (1:1); (*) Solvents: CH2Cl2 (5.55 ppm), H2O (3.22 ppm) 
and DMSO (2.50 ppm). 
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4.2.2. Electrochemistry 

The electrochemical properties of metallacycles 3a and 3b were investigated via 

cyclic voltammetry (CV) and differential pulse voltammetry (DPV), and were compared to 

the acceptor (2a and 2b) and donor (1 and 1a) molecules comprising the metallacycles, 

with the potentials shown in Table 4.5. At room temperature, complex 1 undergoes an 

irreversible oxidation at 0.88 V, however, upon cooling the solution to 233 K a quasi-

reversible redox process can be observed at 0.80 V (Appendix C – Figure C17). Despite 

a quasi-reversible redox process at low temperature, the limited reversibility in the 

oxidation of 1 results from an intermolecular interaction between the oxidized molecule 

and the subsequent axial coordination of the pyridyl substituents from additional Ni salen 

units, resulting in structural rearrangement and Ni(III) formation (vide infra).446 This has 

also been observed for 1 in nitromethane (see Chapter 3, Section 3.2.2). Complex 1a was 

synthesized in order to facilitate a direct assignment and comparison of the redox events 

for the Ni salen unit in the metallacycles, 3a and 3b. It consists of a Ni salen with Ru(en)(p-

cym) nodes, preventing any intermolecular interactions upon oxidation. The CV of 1a 

shows two redox processes (Figure 4.13), a quasi-reversible one-electron oxidation at 

0.74 V and a second quasi-reversible one-electron oxidation (E1/2 = 1.20 V as determined 

by DPV), which shows a decrease in reversibility once the scan rate is increased (Figure 

4.13b). These redox potentials are in agreement with a previously reported Ni(Salen)CF3 

complex containing a para-substituent of a similar electron-withdrawing ability and 

matching Hammett constant (see Appendix B – Figure B4).83 

Table 4.5  Redox potentials for 1, 2b, 3a, and 3b vs. Fc+/Fca (1.0 mM (1), 0.5 mM (1a, 
2b, 3a), 0.25 mM (3b), 0.1 M nBu4PF6, scan rate 100 mV s−1, CH2Cl2, 298 
K). 

Compound 1E1/2 (mV) 2E1/2 (mV) 3E1/2 (mV) 4E1/2 (mV) 

Ni(Salen)pPy (1)b - - 800 (170) - 
1ac - - 740 (85) 1200d 
3a - - 850 (140) - 
2be - - 250f 620f 
2b + pyridinee -1310 (170) -900 (160) 850f - 
3b -1340 (180) -870 (160) 820 (160) 1240 (160) 

a Peak-to-peak differences in brackets (|Epa-Epc| in mV). Peak-to-peak difference for the Fc+/Fc couple at 298 K is 200 
mV (1); 115 mV (1a), 220 mV (2b), 160 mV (3a); 150 mV (3b); b At 233 K, 0.1 M nBu4ClO4, see Appendix C – Figure 
C17; c in CH2Cl2/CH3NO2 (9:1); d determined by DPV; e 0.1 M nBu4ClO4, see Appendix C – Figure C18; f Epa only. 
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Figure 4.13  a) Cyclic voltammogram of 1a (0.50 mM, 100 mV s-1) and DPV (0.50 mM, 
20 mV s-1), b) Potential scan rate dependence of 1a (0.50 mM, 50-500 mV 
s-1); Conditions: 0.1 M nBu4PF6 in CH2Cl2/CH3NO2 (9:1) at 298 K. 

Cyclic voltammetry of 3a (Figure 4.14a) reveals only a single reversible redox 

process (E1/2 = 0.85 V) that is characterized as a one-electron oxidation of each salen unit, 

as determined by the chemical oxidation experiments (see Section 4.2.3). The low 

solubility of this metallacycle in dichloromethane precludes using scan-rate dependence 

measurements (Figure 4.14b) to approximate the number of transferred electrons. This 

can be done by calculating the diffusion coefficient using the Randles-Sevcik equation 

(Equation 3). Additionally, in order to rule out bis-Ru pillar (2a moiety) participation in the 

oxidation event, CV of 2a alone and with excess pyridine (Appendix C – Figure C18a) 

revealed no redox processes within the solvent window (-2.4 V – 1.6V), supporting the 

previous assignment. The addition of pyridine to 2a was done to mimic the Ru coordination 

sphere in the metallacycle 3a. 

                                              			345 = 2.69 × 10=>
?
@ABCDC

E
@F

E
@                                             (3) 

where ipa = anodic peak current (in amperes), n = number of electrons 

passed per molecule oxidized, A = area of the electrode (in cm2), C0 = bulk 

concentration of the analyte (in moles/cm3), D0 = diffusion coefficient of the 

analyte (in cm2/s), v = potential scan rate (in V/s). 
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Figure 4.14  a) Cyclic voltammogram of 3a (0.50 mM, 100 mV s-1), b) Potential scan rate 
dependence of 3a (0.50 mM, 50-500 mV s-1); Conditions: 0.1 M nBu4PF6 in 
CH2Cl2 at 298 K. 

 In contrast to 3a, the CV of 3b shows four separate redox events (Figure 4.15a): 

two quasi-reversible reductions (-1.34 V and -0.87 V) and two quasi-reversible oxidations 

(0.82 V and 1.24 V). It should be noted that the peak shape of the redox process at E1/2 = 

0.82 V suggests overlapped couples. Structurally, 3b is composed of four Ni salen units 

and four bis-Ru pillars. The first oxidation process (Figure 4.15b) was determined to be an 

eight-electron transfer, based on the chemical oxidation experiments (see Section 4.2.3). 

Based on the peak height of each redox process shown in Figure 4.15a, it can be 

concluded that each reduction (-1.34 and -0.87 V) is a four-electron process, which is in 

agreement with two sets of four Ru(II) to Ru(I) reductions.456 To further assign the identity 

of the first oxidation event, the CV of 2b was collected alone and with excess pyridine 

(Appendix C – Figure C18b). Two oxidation processes at much lower potentials of 0.25 V 

and 0.62 V were observed for 2b, however, addition of excess pyridine shifted the 

oxidation to 0.85 V, matching that of 3b. In conclusion, the oxidation potential of 0.82 V (in 

3b) can be assigned to four one-electron oxidations of each salen unit and four one-

electron competing oxidations of each naphthazarin linker in the bis-Ru pillar. Finally, the 

Randles-Sevcik equation (Equation 3) was used to calculate the diffusion coefficient using 

the electrochemical data to compare to the value determined via NMR (DNMR = 4.39 × 10-
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10 m2/s). Plotting the change in the current at the anode as a function of the square root of 

scan rate (Equation 4 and 5), provided a linear regression: 

                                                                L45 = 	M(F
E
@)                                                      (4) 

where 

                                                                 L45 = 	
NO%
P

                                                         (5) 

From the slope of the linear regression (Equation 6, Figure 4.15d), DCV was 

calculated to be 3.52 × 10-11 m2/s (for n = 8 electrons).  

                                                    QRSTU = 2.69 × 10=>
?
@BCDC

E
@                                           (6) 

According to the published approximation of the ratio between DNMR and DCV (see 

Equation 7),200 the diffusion values for 3b do not match. In fact, DCV is 12.5 times smaller 

than DNMR. This ratio accounts for the different solvent system used in the NMR experiment 

(deuterated solvent) vs. electrochemistry experiment (solvent with supporting electrolyte). 

However, it has been shown that as the number of electrons transferred per redox event 

increases, the calculated DCV will become significantly lower than DNMR.200 This is due to 

the large three-dimensional shape of the metallacycle, and the fact that the locus of 

oxidation resides on multiple moieties of the molecule, making it impossible for all the 

redox sites to be in contact with the surface of the electrode and get oxidized 

simultaneously.202 As an example, macromolecular redox-active metallacarboranes (Co 

and Fe) with eight redox sites (but one redox process observed in the CV) showed DCV 

values that were almost 40 times smaller than their DNMR value. Additionally, as the 

positive charge of 3b increases upon oxidation the interaction with the electrolyte 

increases, which would also lower its diffusion rate.202 

                                                          	1.04×DNMR	=	DCV                                                    (7) 
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Figure 4.15  a-b) Cyclic voltammogram of 3b (0.25 mM, 100 mV s-1), c) Potential scan 
rate dependence of 3b (0.25 mM, 50-500 mV s-1), d) Linear regression 
between jpa and the inverse scan rate of 3b at 1Epa; Conditions: 0.1 M 
nBu4PF6 in CH2Cl2 at 298 K. 
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4.2.3. Electronic Spectroscopy 

All chemical oxidation experiments were performed using an aminium radical, 

[N(C6H3Br2)3]•+[SbF6]- (E1/2 = 1.14 V vs. Fc+/Fc)82, as an oxidant and monitored by UV-Vis-

NIR spectroscopy. Oxidation of 1 in dichloromethane at room temperature (Figure 4.16a) 

results in no NIR transitions, with the only band at 20,000 cm-1 indicative of metal-based 

oxidation, as evident by EPR analysis (vide infra: gave = 2.141; Chapter 3, Figure 3.9b). 

Furthermore, this spectral feature has been previously observed for [NiII(Salen)CF3] •+ upon 

axial coordination of pyridine molecules, switching the locus of oxidation from ligand to 

metal ([NiIII(Salen)CF3]+), suggesting that intermolecular interactions result in metal-based 

oxidation in 1.83 

 

Figure 4.16  a) Electronic spectra of chemical oxidation of 1 (0.5 mM, black) to [1]+ (red); 
b) Electronic spectra of chemical oxidation of 1a (0.5 mM, black) to [1a]•+ 
(red), Inset: lowest energy NIR band; Conditions: in CH2Cl2, at 195 K (1), 
in 10% CH3NO2 in CH2Cl2 , at 298 K (1a), titrated with 8 mM (1) and 19 mM 
(1a) [N(C6H3Br2)3]•+[SbF6]− as oxidant. Grey spectra represent aliquot 
additions of the oxidant.  

Table 4.6  Spectroscopic properties of [1a]•+, [3a]2•+ and [3b]8•+. 

Metallacycle nmax [cm-1] 
(e [M-1 cm-1]) 

nmax [cm-1] 
(e [M-1 cm-1]) Dn1/2 (Experimental) DnHTL (Calculated) 

[1a]•+ 8,800 (2,000) 4,400 (5,000) 750 3,150 
[3a]2•+ 8,800 (8,500) 4,800 (18,000) 1,000 3,300 
[3b]8•+ 8,800 (37,000) 4,600 (66,000) 1,000 3,250 
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Therefore, a derivative of 1 was designed to have the terminal pyridine groups 

capped to be able to efficiently characterize and compare the electronic structure of the 

metallacycles to a monomeric analogue. The Ru complex [Ru(en)(p-cym)OTf][OTf] was 

chosen as the node to mimic the coordination sphere of the Ru centre in both 3a and 3b. 

The electronic spectrum of [1a]+ shows the evolution of two broad low energy bands at 

8,800 and 4,400 cm-1 (Figure 4.16b), the energy of each band is in agreement with a 

ligand-based oxidation, as it matches the previously characterized ligand radical IVCT 

bands for [Ni(Salen)CF3]•+ and [Ni(Salen)pPy]•+ units in the Pd-containing square.83,446 

Chemical oxidation of 3a and 3b in dichloromethane at room temperature (Figure 

4.17) results in the formation of intense, but slightly broad bands in the NIR region (see 

Table 4.6). Characterization of the energy, intensity, and shape of the NIR bands can help 

in the assignment of the degree of localization in the mixed-valence systems. Class III 

delocalized systems display sharp (Dn1/2 £ 2,000 cm-1) and intense (e ³ 5,000 M-1 cm-1) 

IVCT bands that are solvent independent.80 The Hush equation79-80,457 (Equation 8) was 

used to evaluate the lowest energy NIR bands for [1a]•+, [3a]2•+, and [3b]8•+ (see Table 

4.6). The experimental Dn1/2 values fall under the minimum bandwidth predicted for the 

high-temperature limit (DnHTL), designating them as Class III delocalized systems. This in 

turn matches previously characterized [Ni(Salen)R]•+ (where R = tBu and CF3) complexes 

that also displayed experimental Dn1/2 values 30% lower than predicted.83,85 

                                                     	∆de-f = 	g16R>2)hd^5i                                                           (8) 

where DnHTL = peak width at half height for the high temperature limit (in 

cm-1), R = gas constant (8.3145 J K-1 mol-1), T = temperature (in K), nmax = 

energy of the band (in cm-1). 

The intensity of the low energy bands for [3b]8•+ agrees well with the previously 

reported metallacycle (see Chapter 3, Table 3.3), containing four oxidized salen units as 

well.446 The difference in the intensities of the NIR bands for [1a]•+ and [3a]2•+ could be due 

to their limited solubility in dichloromethane. It should be noted that oxidation of 1a was 

performed in dichloromethane/nitromethane (9:1), however for a Class III delocalized 

system, the solvent should have a limited effect on the IVCT bands.  
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Figure 4.17  a) Electronic spectra of chemical oxidation of 3a (0.01 mM, black) to [3a]2•+ 

(red), Inset: lowest energy NIR band; b) Electronic spectra of chemical 
oxidation of 3b (0.1 mM, black) to [3b]8•+ (red), Inset: lowest energy NIR 
band; Conditions: in CH2Cl2, at 298 K, titrated with 16 mM (3a) and 19 mM 
(3b) [N(C6H3Br2)3]•+[SbF6]− as oxidant. Grey spectra represent aliquot 
additions of the oxidant. Solvent peaks were removed for clarity (5,800-
6,000 cm-1). 
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As expected, addition of the aminium oxidant to 2a results in no reaction (Appendix 

C – Figure C19), as only a band at 11,500 cm-1 is observed, indicative of the unreacted 

oxidant (confirmed by EPR, vide infra).458 Spectral analysis of 2b reveals two bands at 

14,500 and 16,000 cm-1 (Figure 4.18, black spectrum), indicative of intra/intermolecular 

p®p* transitions mixed with metal-to-ligand charge transfer (MLCT) transitions.415,433 

Oxidative titration with one equivalent of the oxidant results in three isosbestic points 

(14,000, 17,000 and 20,500 cm-1) and formation of [2b]+ (see Figure 4.18, red spectrum). 

A new band at 11,000 cm-1 is assigned as an intra-ligand transition of the ligand radical, 

corroborated by a literature example of an organometallic bis-Ru complex bridged by 

anthrasemiquinone, resembling similar spectral features pre and post oxidation.459 

Furthermore, DFT calculations on [2b]+ reveal delocalization of the unpaired electron 

across the naphthazarin ligand scaffold, and TD-DFT calculations predict a number of 

transitions of high intensity in the energy range of the new band at 11,000 cm-1 (Figure 

4.18, green bars and inset). Combined with EPR analysis (vide infra), ligand-based 

oxidation is observed in 2b, leading to the formation of [2b]•+. 

 

Figure 4.18  Electronic spectra of chemical oxidation of 2b (1.0 mM, black) to [2b]•+ 

(red); Green bars are predicted TD-DFT transitions. Conditions: in CH2Cl2, 
at 298 K, titrated with 16 mM [N(C6H3Br2)3]•+[SbF6]− as oxidant. Grey 
spectra represent aliquot additions of the oxidant. Inset: spin density of 
[2b]+. 
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Based on the solid-state structures of 3a and 3b, the exciton model predicts that 

both metallacycles will display a blue-shift of their IVCT band upon oxidation, without any 

band splitting, in comparison to the monomeric analogue ([1a]•+). The distance and 

angular orientation between the transition dipole moments in the metallacycles, [3a]2•+ and 

[3b]8•+, energy shift of the low energy bands in comparison to [1a]•+.444-445 For the 

metallacycle [3a]2•+, where the two salen units are cofacially aligned and 3.84 Å apart, a  

400 cm-1 blue-shift vs. [1a]•+ is observed, consistent with the exciton model (Figures 4.19 

and 4.20a-b). This compares favourably to the previously reported Ni salen dimer 

complex, exhibiting a similar shift (i.e., 330 cm-1) with two salen units cofacially aligned 

and 3.98 Å apart.381 

For the metallacycle 3b, the approximate orientation between the salen units in the 

two interlocked rectangles is ca. 50° (Figure 4.20d), and a difference of 200 cm-1 is 

observed for [3b]8•+ vs. [1a]•+ (Figure 4.19), in accordance with a non-planar exciton model 

in which the chromophores are stacked but not cofacially aligned (Figure 4.20c).445  

 

Figure 4.19  Electronic spectra comparison of the lowest energy bands for [1a]•+ (black), 
[3a]2•+ (red), and [3b]8•+ (blue). The nmax values are traced with dashed lines, 
[1a]•+ (black), [3a]2•+ (red), and [3b]8•+ (blue). Solvent peaks were removed 
for clarity (4,000-4,560 cm-1). 
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Figure 4.20  a) Planar and c) non-planar exciton models exhibiting band shifting and 
splitting for chromophores in a planar orientation to one another (black 
arrows represent transition moment dipoles; solid and dashed red arrows 
represent allowed and forbidden transitions, respectively).444-445 b) Single 
crystal structure of 3a, with Ni–Ni distance of 3.84 Å. d) Single crystal 
structure of 3b, with 50° degree angle between the two interlocked 
rectangles (Ni–Ni distances of 4.41 Å, 4.70 Å, and 4.94 Å). 
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Finally, the reversibility of the oxidation and the stability of the oxidized species 

were investigated through a stepwise in situ reduction and re-oxidation (Figure 4.21). The 

samples of [3a]2•+ and [3b]8•+ were reduced with two and eight molar equivalents of 

decamethylferrocene (FeCp*2; E1/2 = -0.48 V in dichloromethane82), respectively, returning 

to the original spectra (Figure 4.21, black dashed lines). The absorption observed in both 

experiments at 13,000 cm-1 is due to [FeCp*2]+.460 The samples of [3a]2•+ and [3b]8•+ were 

regenerated after re-oxidation with 90% and 70% recovery, respectively, as determined 

by the intensity of the lowest energy bands (Figure 4.21, insets).   

 

Figure 4.21  a) Electronic spectra of the regeneration of [3a]2•+: chemical oxidation of 3a 
(0.01 mM, black solid line) to [3a]2•+ (red solid line), chemical reduction of 
[3a]2•+ back to 3a (black dashed line), second chemical oxidation of 3a to 
[3a]2•+ (red dashed line), Inset: lowest energy NIR bands; b) Electronic 
spectra of the regeneration of [3b]8•+: chemical oxidation of 3b (0.1 mM, 
black solid line) to [3b]8•+ (red solid line), chemical reduction of [3b]8•+ back 
to 3b (black dashed line), second chemical oxidation of 3b to [3b]8•+ (red 
dashed line), Inset: lowest energy NIR bands;  Conditions: in CH2Cl2, at 
298 K, titrated with 16 mM (3a) and 19 mM (3b) [N(C6H3Br2)3]•+[SbF6]- as 
an oxidant and 20 mM Fe(C5(CH3)5)2 as a reductant. Solvent peaks were 
removed for clarity (5,800-6,000 cm-1). 
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4.2.4. Electron Paramagnetic Resonance Spectroscopy 

Room temperature X-band EPR measurements were used to further elaborate on 

the electronic structures of the oxidized metallacycles, 3a and 3b. It is worth mentioning 

that [1]+ was characterized via EPR (see Chapter 3, Figure 3.9b) at 100 K in CH2Cl2, and 

showed an isotropic signal (gave = 2.141) confirming the formation of Ni(III) species upon 

intermolecular coordination of p-pyridyl groups (vide supra). Solution EPR measurement 

of [3a]2•+ in CH2Cl2 (Appendix C – Figure C20) reveals a ligand radical signal at giso = 

2.065, with a deviation of the g value from a free electron (ge = 2.0023) due to the metal 

contribution to the SOMO.60,83 The low intensity of the signal is due to the low solubility of 

3a in CH2Cl2, compounded with the slow decay of [3a]2•+ in solution and necessary 

measurement in a capillary tube. A sample of 2a in the presence of the aminium oxidant 

was evaluated via EPR spectroscopy as well (Appendix C – Figure C19, inset). As 

confirmed by chemical oxidation experiments (vide supra), no oxidation of 2a was 

observed, instead, the EPR spectrum shows a signal due to the oxidant 

([N(C6H3Br2)3]•+[SbF6]-) with g value of 2.007, matching the previously published report.458 

This evidence further supports salen ligand oxidation in [3a]2•+.  

In contrast to 2a, solution EPR measurement of the oxidized bis-Ru(naphtho) 

dimer, [2b]+, shows ligand radical formation with a gave value of 2.007 and Dg = 0.085 

(Table 4.7 and Figure 4.22a). Only a slight deviation from the free electron ge value 

indicates a dominant organic radical character. Similar bis-Ru complexes bridged by 

naphthazarin ligand were reported to form Ru(II)-semiquinone radical complexes with giso 

values of ca. 2.003 and exhibit small g-anisotropy (Dg = 0.058-0.064).459,461 Ru-based 

oxidation would lead to much larger g-anisotropy (i.e., broader signals).462 Furthermore, 

the solution spectrum of [2b]+ displays hyperfine coupling that was simulated in the fast-

motion regime to four 1H nuclear spins (I = 1/2); 99/101Ru contribution was not included in 

the simulation as no satellite hyperfine coupling is observed in the spectrum (99/101Ru: 

12.7% and 17.0% abundance, respectively; I = 5/2).463 Finally, the electronic structure of 

the interlocked metallacycle was analyzed as [3b]8+ in order to evaluate the locus of 

oxidation. Solution EPR measurement of [3b]8+ in CH2Cl2 (Figure 4.22b) reveals a complex 

spectrum, which displays a combination of spectral features from both [2b]•+ and the 

previously described [Ni(Salen)pPy]•+ [4+4] square (see Chapter 3, Figure 3.11a). 

Simulation of the [3b]8•+ spectrum included two components (Figure 4.22b), to represent 
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the oxidation of the salen unit (component 1, gave = 2.025) and the bis-Ru pillar (component 

2, gave = 2.001).446 The deviation of the g value for component 1 from a free electron ge 

value is once again due to the metal (i.e., Ni) contribution to the SOMO.60,83 Finally, the 

gave value calculated for component 2 is in agreement with ligand-based oxidation, similar 

to [2b]+. This suggests that ligands from the four Ni salen units and four bis-Ru pillars 

comprising the metallacycle are oxidized, forming [3b]8•+. 

 

Figure 4.22  a) EPR of [2b]+ (2.8 mM, black solid line) in CH2Cl2 at 298 K (gave = 2.007, 
simulation: red solid line); b) EPR of [3b]8+ (0.5 mM, black solid line) in 
CH2Cl2 at 298 K (simulation sum (red solid line), component 1: gave = 2.025 
(red dashed line), component 2: gave = 2.001 (red dashed line)); Conditions: 
frequency = 9.86 GHz, power = 2.0 mW, modulation frequency = 100 kHz, 
modulation amplitude = 0.1 mT. 

Table 4.7  X-Band EPR simulation parameters for [2b]+ and [3b]8+. 

Complex Components g1 g2 g3 gave AH1 [MHz] 

[2b]+ a - 2.054 1.999 1.969 2.008 156, 67,  
28, 13 

[3b]8+ b 1 2.092 1.997 1.986 2.025 - 
[3b]8+ c 2 2.051 1.965 1.986 2.001 136, 71, 

64, 43 
Line-broadening parameters (lwpp): a [0.1 0.05]; b [0.5 4.5]; c [0.001 0.001]; 
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4.3. Summary 

Coordination-driven self-assembly was employed in the design and synthesis of 

two metallacycles containing Ni(Salen)pPy (1) metalloligand as a 180° donor and two, 

previously reported, bis-Ru(oxalato) and bis-Ru(naphtho) complexes as 0° acceptors. 

Using these bis-Ru complexes provides a strategy for a simple variation of the 

metallacycle cavity size and topology (e.g. interlocking). Characterization of the self-

assembly process revealed a solvent and a concentration dependence in the assembly of 

3b and 3b’ (a non-interlocked, M2L2, assembly). Even though, 3b’ cannot be isolated in 

the solid-state, it was characterized by high resolution mass spectrometry and select NMR 

spectroscopy techniques (1H and 2D experiments, such as DOSY, COSY, HSQC, and 

HMBC). The redox properties of 3b’ were not evaluated, due to the limited solvent system 

that made comparative CV and oxidation experiments impossible. In addition, a new 

complex, 1a, was synthesized and studied as a monomeric analogue of the metallacycles. 

Capping of the para-pyridyl groups prevents the formation of intermolecular interactions 

upon oxidation, unlike 1. Instead, oxidation of 1a affords a ligand-based oxidation as 

evidenced by the generation of low energy IVCT bands at 8,800 and 4,400 cm-1. The redox 

and photophysical properties of the metallacycles, 3a and 3b, were investigated as well. 

Oxidation of 3a results in ligand-based oxidation of the metallosalen units, as 

characterized by low energy IVCT bands (8,800 and 4,800 cm-1) and EPR spectroscopy 

(giso = 2.065). However, oxidation of 3b results in oxidation of two competing sets of 

moieties (an overall 8-electron process), the salen ligand and naphthazarin ligand from 

the bis-Ru pillar. UV-Vis-NIR and EPR spectroscopy corroborate this conclusion with low 

energy IVCT bands (8,800 and 4,600 cm-1) and a complex EPR spectrum for [3b]8•+, 

displaying combined spectral features of [2b]•+ and [Ni(Salen)pPy]•+ (Chapter 3 on [4+4] 

square). Finally, both [3a]2•+ and [3b]8•+ exhibited blue-shifted IVCT bands (400 and 200 

cm-1, respectively) in comparison to the uncoupled molecule ([1a]•+), in agreement with 

the exciton model. Though, all attempts at computational studies of [3a]2•+ were 

unsuccessful at predicting the energies of the excitations though TD-DFT, exciton coupling 

was evident through the prediction in the shift of higher and lower transitions with high and 

low oscillator strengths, respectively. DFT of [3a]2•+ will be described in the future work 

Chapter. Optimization and TD-DFT calculations for [3b]8•+ were not attempted, due to the 

complexity of its structural arrangement. 
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4.4. Experimental 

4.4.1. Materials and Methods 

All chemicals used were of the highest grade available and were further purified whenever 

necessary. Complex 1 was synthesized according to a previous report.446 The syntheses 

of the Ru dimers, 2a447 and 2b427 have been previously reported. The starting materials 

needed in the synthesis of complex 1a, [Ru(en)(p-cym)Cl][OTf] and [Ru(en)(p-

cym)OTf][OTf] were synthesized according to previously established syntheses.427,448-449 

The tris(2,4-dibromophenyl)aminium hexafluoroantimonate radical chemical oxidant, 

[N(C6H3Br2)3]•+[SbF6]- (E1/2 = 1.14 V, MeCN)82 was synthesized according to published 

protocols.345 Electronic spectra were obtained on a Cary 5000 spectrophotometer with a 

custom-designed immersion fiber-optic probe with a path-length of 10 mm (Hellma, Inc.). 

Cyclic voltammetry (CV) was performed using a PAR-263A potentiometer, equipped with 

an Ag wire pseudo-reference electrode, a glassy carbon working electrode and a Pt 

counter electrode with nBu4NPF6 (0.1 M) or nBu4NClO4 (0.1 M) solutions in CH2Cl2 or 

CH2Cl2/CH3NO2 (9:1, v/v) under an inert atmosphere. Decamethylferrocene was used as 

an internal standard.348 1H, 13C and 19F NMR spectra were recorded on a Bruker AV-300, 

Bruker AV-400 or Bruker AVANCE II 600 MHz instruments and DOSY NMR was 

performed on Bruker AVANCE II 600 MHz instrument. Mass spectra were obtained an 

Agilent 6210 and IonSpec (Agilent), 9.4 T hybride ESI q-Q-q in CH3NO2 (1 mM) and 

CH3OH (1 mM and 0.02 mM). Elemental analyses (C, H, N) were performed by Dr. Wen 

Zhou at Simon Fraser University on a Carlo Erba EA 1110 CHN elemental analyzer. All 

EPR spectra were collected using a Bruker EMXplus spectrometer operating with a 

premiumX X-band (~9.5 GHz) microwave bridge. Samples for X-band measurements 

were placed in capillaries inside 4 mm outer-diameter sample tubes with sample volumes 

of ca. 50 μL at 298 K.  

4.4.2. Oxidation Protocol 

Samples of 1+ (0.5 mM), [1a]•+ (0.5 mM), [2a]•+ (0.1 mM), [2b]•+ (1.0 mM), [3a]2•+ 

(0.01 mM), and [3b]8•+ (0.1 mM) in CH2Cl2 (in CH2Cl2:CH3NO2, 9:1 for 1a) were prepared 

at 298 K under nitrogen atmosphere in the immersion fiber-optic probe through the 

addition of a saturated solution of [N(C6H3Br2)3]•+[SbF6]- in CH2Cl2 in 20-50 μL additions. 
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4.4.3. EPR Sample Preparation 

Samples for EPR spectroscopy were prepared in the glovebox by adding 1, 2, or 

8 equivalents of [N(C6H3Br2)3]•+[SbF6]- solution (15 mM) to CH2Cl2 solutions of 2a (1 

equiv.), 2b (1 equiv.), 3a (2 equiv.), and 3b (8 equiv.). Samples of [2a]+ (4.5 mM), [2b]+ 

(2.8 mM), [3a]2+ (0.2 mM), and [3b]8+ (0.5 mM) were each transferred into a capillary, which 

was then placed directly into an empty EPR tube for measurement at 298 K. EPR spectra 

were simulated using EasySpin toolbox in MATLAB. 

4.4.4. X-Ray Analysis 

The X-ray single-crystal diffraction data were collected at 150K on a Rigaku Oxford 

Diffraction SuperNova diffractometer equipped with an Atlas CCD detector and micro-

focus Cu-Kα radiation (λ = 1.54184 Å). The structures were solved by dual-space 

algorithm, expanded and refined on F2 by full matrix least-squares techniques using 

SHELX programs (G. M. Sheldrick, SHELXT 2014/5 and SHELXL 2016/4). All non-H 

atoms were refined anisotropically and multiscan empirical absorption was corrected using 

CrysAlisPro program (CrysAlisPro 1.171.40.45a, Rigaku Oxford Diffraction, 2019). The H 

atoms were placed at calculated positions and refined using a riding model. For the two 

structures, 3a and 3b, the unit cell contains disordered nitromethane, anion molecules and 

incomplete fragments of isopropyl groups, which were not modelled, but the 

corresponding density was accounted for using SQUEEZE/PLATON procedure. 

4.4.5. Theoretical Calculations 

Geometry optimization calculations for [2b]+ were completed using the Gaussian 

16 program (Revision B.01),400 the B3LYP355-356 functional, the 6-31G(d) basis set (C, H, 

O, F, S), LanL2DZ401 (Ru), with a polarized continuum model (PCM) for CH2Cl2 (dielectric 

e = 8.94).359-362 Frequency calculations at the same level of theory confirmed that the 

optimized structure was located at a minimum on the potential energy surface. Single-

point calculations and the intensities of 10 lowest energy transitions using TD-DFT341,365 

calculations were performed using the B3LYP functional, the TZVP368-369 basis set (C, H, 

O, F, S), LanL2DZ (Ru), with a PCM for CH2Cl2.  
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4.4.6. Synthesis 

Complex [Ru(en)(p-cym)Cl][OTf] 

 

To a stirring solution of [Ru(p-cym)Cl2]2 (0.2009 g, 0.328 mmol) in methanol (15.0 mL) 

ethylenediamine (0.0440 mL, 0.659 mmol) was added and the mixture was stirred at room 

temperature for 5 hours. The reaction solution was then gravity filtered, and NH4OTf 

(0.1670 g, 0.999 mmol) was added to the orange filtrate. The solution was stirred for 

additional 30 min at room temperature, and then the solvent was removed in vacuo to 

afford orange solid as crude material. Further purification was achieved through an 

extraction with dichloromethane and water. Dichloromethane layers were combined and 

dried with Na2SO4. Evaporation of the solvent afforded [Ru(en)(p-cym)Cl][OTf] as yellow 

solid. Yield: (0.2300 g, 75%). ESI-MS m/z: 331.05 ([M-OTf]+, 100%).  1H NMR (400 MHz, 

CD3NO2) δ 5.69 (d, 2H, J = 6.4 Hz), 5.54k (d, 2H, J = 6.4 Hz), 5.21 (br s, 2H), 3.34 (br s, 

2H), 2.87 (septet, 1H, J = 6.8 Hz), 2.60-2.66 (m, 4H), 2.24 (s, 3H), 1.30 (d, 6H, J = 6.8 Hz) 

ppm. 13C NMR (151 MHz, CD3NO2) δ 105.96, 98.61, 83.67, 82.13, 45.98, 32.18, 22.71, 

18.39 ppm. 19F NMR (376 MHz, CD3NO2) δ -79.69 ppm. 
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Complex [Ru(en)(p-cym)(OTf)][OTf] 

 

[Ru(en)(p-cym)Cl][OTf] (0.0931 g, 0.194 mmol) and AgOTf (0.0498 g, 0.194 mmol) were 

dissolved in dichloromethane (15.0 mL) and stirred at room temperature for 24 hours. The 

reaction mixture appeared cloudy upon completion of the reaction, it was then filtered 

through Celite to afford yellow clear solution. The solvent was removed in vacuo and the 

final product was isolated as a yellow solid. Yield: (0.1075 g, 93%). 1H NMR (400 MHz, 

CD3NO2) δ 5.60 (d, 2H, J = 6 Hz), 5.75 (d, 2H, J = 6.4 Hz), 5.50 (br s, 2H), 3.85 (br s, 2H), 

2.98 (septet, 1H, J = 6.8 Hz), 2.63-2.75 (m, 2H), 2.48-2.61 (m, 2H), 2.06 (s, 3H), 1.35 (d, 

6H, J = 6.8 Hz) ppm. 13C NMR (151 MHz, CD3NO2) δ 83.23, 80.52, 46.19, 32.36, 22.74, 

18.51 ppm. 19F NMR (376 MHz, CD3NO2) δ -79.01, -79.72 ppm. 

Complex 1a (Ru-Ni-Ru monomer) 

 

A solution of 1 (0.0092 g, 0.0143 mmol) in CH3NO2 (10.0 mL) was added to [Ru(en)(p-

cym)(OTf)][OTf] (0.0170 g, 0.0286 mmol). The solution mixture was then stirred and 

heated at 60°C for 3 hours. The solution was filtered and solvent evaporation resulted in 

1a being isolated as orange solid. Yield: (0.0250 g, 95%). ESI-MS m/z: 767.17 ([M-

2OTf]2+). 1H NMR (400 MHz, CD3NO2) δ 8.56 (d, 2H, J = 6.4 Hz), 7.86-7.88 (m, 2H), 7.84 

(d, 1H, J = 2.8 Hz), 7.78 (s, 1H), 7.74 (d, 1H, J = 2.8 Hz), 5.98 (d, 2H, J = 6 Hz), 5.87 (d, 

2H, J = 6 Hz), 5.69-5.78 (m, 2H), 3.68-3.78 (m, 2H), 3.20-3.25 (m, 1H), 2.75-2.85 (m, 2H), 

2.72 (septet, 1H, J = 6.8 Hz), 2.59-2.66 (m, 2H), 2.30-2.39 (m, 2H), 2.16 (s, 3H), 1.93-199 

(m, 1H), 1.47 (s, 9H), 1.26 (d, 6H, J = 6.8 Hz) ppm. 13C NMR (151 MHz, CD3NO2) δ 153.09, 

141.80, 122.87, 121.90, 120.17, 119.89, 117.58, 107.40, 100.78, 83.94, 83.73, 70.49, 

55.45, 45.35, 35.54, 31.83, 30.36, 28.68, 23.90, 21.33, 16.63 ppm. 19F NMR (376 MHz, 

CD3NO2) δ -79.67 ppm. 



120 

Metallacycle 3a 

 

A solution of 2a (0.0381 g, 0.0445 mmol) in CH3NO2 (5.0 mL) was added to 1 (0.0287 g, 

0.0445 mmol). The solution mixture was then stirred and heated at 60°C for 3.5 hours. 

The solution was filtered and solvent evaporation resulted in 3a being isolated as dark 

orange solid. Yield: (0.0663 g, 99%). Elemental analysis (%) calcd for 3a 

(C124H140F12N8Ni2O24Ru4S4•2CH3NO2): C, 48.41; H, 4.71; N, 4.48. Found: C, 48.11; H, 

4.91; N, 4.03. ESI-FTICR (CH3NO2) m/z calculated: [M2L2 – 4OTf]4+ 602.137, [M2L2 – 

3OTf]3+ 852.500, [M2L2 – 2OTf]2+ 1353.227; found: [M2L2 – 4OTf]4+ 602.140, [M2L2 – 

3OTf]3+ 852.491, [M2L2 – 2OTf]2+ 1353.203. 1H NMR (300 MHz, CD3NO2) δ 7.87 (d, 2HAr), 

7.50 (s, 1HAr), 7.44 (d, 2HAr), 7.30-7.05 (m, 2HAr), 5.77 (dd 4HCym), 3.60-3.40 (m, 1HCy), 

2.86 (hept, 1HiPr), 2.40-2.30 (m, 2HCy), 2.21 (s, 3HMe), 1.90-1.80 (m, 2HCy), 1.50 (s, 9HtBu), 

1.36 (d, 6HiPr) ppm. 13C NMR (151 MHz, CD3NO2) δ 170.92, 151.47, 151.20, 141.33, 

134.77, 132.72, 131.53, 121.64, 119.89, 104.91, 102.65, 97.42, 82.02, 81.37, 71.94, 

70.07, 35.56, 31.05, 29.39, 21.05, 21.03, 16.89 ppm. 19F NMR (376 MHz, CD3NO2) δ -

79.59 ppm. 
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Metallacycle 3b 

 

A solution of 2b (0.0394 g, 0.0412 mmol) in CH3NO2 (5.0 mL) was added to 1 (0.0266 g, 

0.0412 mmol). The solution was then heated at 60°C for 3 hours. Solvent evaporation 

resulted in 3b being isolated as black shiny powder. Yield: (0.0658 g, 99%). Elemental 

analysis (%) calcd for 3a (C140H148F12N8Ni2O24Ru4S4•2CH3NO2): C, 51.27; H, 4.67; N, 4.21. 

Found: C, 51.02; H, 4.57; N, 3.57. ESI-FTICR (CH3NO2) m/z calculated: [M2L2 – 4OTf]4+ 

652.153, [M2L2 – 3OTf]3+ 919.188, [M4L4 – 5OTf]5+ 1132.816, [M4L4 – 4OTf]4+ 1453.259, 

[M4L4 – 3OTf]3+ 1987.329; found: [M2L2 – 4OTf]4+ 652.157, [M2L2 – 3OTf]3+ 919.179, [M4L4 

– 5OTf]5+ 1132.822, [M4L4 – 4OTf]4+ 1453.247, [M4L4 – 3OTf]3+ 1987.371. 19F NMR (376 

MHz, CD3NO2) δ -79.59 ppm.19F NMR (376 MHz, CD2Cl2) δ -78.59 ppm. 
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Metallacycle 3b’ 

 

Metallacycle 3b’ cannot be isolated in the solid-state. Pure samples of 3b’ were 

obtained by assembly in DMSO or dilution of dichloromethane sample of 3b with DMSO 

(1:1). Additionally, ca. 80% conversion to 3b’ can be achieved via dilution in methanol. 

ESI-FTICR (CH3OH, 0.02 mM) m/z calculated: [M2L2 – 4OTf]4+ 652.153, [M2L2 – 3OTf]3+ 

919.188, [M4L4 – 5OTf]5+ 1132.816, [M2L2 – 2OTf]2+/[M4L4 – 4OTf]4+ 1453.259, [M4L4 – 

3OTf]3+ 1987.329; found: [M2L2 – 4OTf]4+ 652.155, [M2L2 – 3OTf]3+ 919.188, [M4L4 – 

5OTf]5+ 1132.816, [M2L2 – 2OTf]2+/[M4L4 – 4OTf]4+ 1453.259, [M4L4 – 3OTf]3+ 1987.320. 1H 

NMR (600 MHz, (1:1) CD2Cl2-DMSO-d6) δ 8.17 (d, 8H, Ha, Ja-b = 6 Hz), 7.77-7.67 (m, 4H, 

Hc), 7.62 (br s, 4H, Hd), 7.53 (br s, 8H, Hb), 7.38 (br s, 4H, Hg), 7.18 (s, 8H, Hnap), 5.79 (d, 

8H, Hk, Jk-l = 6 Hz), 5.60 (d, 8H, Hl, Jl-k = 6 Hz), 2.76 (hept, 4H, Hi, Ji-j = 6.6 Hz), 2.48-2.41 

(m, 4H, He), 2.06 (s, 12H, Hh), 1.87-1.78 (m, 4H, He), 1.35-1.21 (m, 12H, He), 1.28 (d, 24H, 

Hj, Jj-i = 6.6 Hz), 1.26 (s, 36H, Hf) ppm. 13C NMR (151 MHz, (1:1) CD2Cl2-DMSO-d6) δ 

170.1, 164.9, 158.8 (Cd), 150.3 (Ca), 148.9, 140.4, 136.4 (Cnap), 130.9 (Cc), 126.8 (Cg), 

121.0, 120.3 (Cb), 111.0, 102.3, 98.9, 83.8 (Ck), 81.8 (Cl), 69.8, 35.0, 29.8 (Ci), 29.3 (Cf), 

28.3 (cyCe), 28.2 (cyCe), 23.7 (cyCe), 21.5 (Cj), 16.7 (Ch) ppm. 19F NMR (376 MHz, (1:1) 

CD2Cl2-DMSO-d6) δ -78.23 ppm. 
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Chapter 5. Synthesis of Metal Salen Complexes for 
Incorporation into Metal-Organic Frameworks 

Khrystyna Herasymchuk1 performed the synthesis, NMR experiments, in situ 

monitoring of chemical oxidation via UV-Vis-NIR. Kris Mihalic1 contributed to the synthesis 

and characterization of the carboxylic acid derivatives. Bryton Varju1 assisted with diffuse 

reflectance measurements. John Thompson assisted with XRF and supercritical CO2 set-

up. Ania Sergeenko assisted with XRD. Howard Proulx1 manufactured the solid-state 

electrochemical cell. 

1Simon Fraser University, Burnaby, British Columbia, Canada. 

5.1. Introduction 

The industrial dependence on the use of precious metals, such as Ru, Rh, Ir, Pt 

and Au, in applications of catalysis and sensing, is expensive and irreversibly exhaustive. 

A key objective in catalysis is the search for both homogenous and heterogeneous metal 

species incorporating first-row transition metals for selective and efficient conversion of 

organic feedstocks into valuable products. In terms of sensing, the development of 

materials capable of sensing toxic species in the presence of competing analytes is of 

critical importance to industrial processes, as well as early disease detection. The 

development of metal-organic frameworks (MOFs) has led to key advances in areas of 

catalysis, sensing, gas sorption/storage, drug delivery, and separation.464 These robust 

systems offer considerable design flexibility based on the intended application. A MOF 

can be defined as a coordination network consisting of metal ion nodes or clusters and 

organic ligand linkers arranged into 2D and/or 3D assemblies. The de novo synthesis – is 

the solvothermal process of MOF assembly from its individual components (Scheme 5.1). 

Scheme 5.1  Metal-organic framework (MOF) assembly through de novo synthesis. 
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The presence of organic radicals in MOFs shows significant promise in areas of 

magnetic and electronic devices, molecular recognition, and chemical sensing.10,229 The 

use of redox-active ligands provides the means of structural integration of the radical 

species into a MOF. Salen-type ligands (salen = N2O2 bis(Schiff-base)-bis(phenolate)) are 

great candidates for MOF incorporation. There are a handful of reports on metal (M = MnIII, 

CoIII, CuII, RuII/III, FeIII, NiII, CrIII) salen incorporation into MOFs,172,231 with applications in 

gas storage232 and separation233, CO2 capture234, and heterogeneous catalysis235-239. 

However, their mixed-valence properties remain unexplored in the context of radical 

integration. Spectroscopically, intense NIR bands are indicative of ligand radical 

formation,83,85 and in many cases the oxidized complexes are stable in solution and the 

solid-state, showing promise for incorporation into MOFs.  

Scheme 5.2  An example of the two potential mechanisms of action of a MOF containing 
metal salen complexes as linkers with inert nodes. Pathway A – sensing 
an analyte through the coordination to the metal centre and change of the 
locus of oxidation; Pathway B – heterogenous catalysis of C–F bond 
forming chemistry.  

 

As described in previous Chapters, NIR bands can provide significant insight into 

ligand radical formation.83 Hence, the nature of these NIR energy bands in MOFs are of 

significant interest, since the orientation and distance between oxidized salen units can 

influence the excited state coupling of the intense NIR bands.346 As an example, the Ni-

salen-containing MOFs could be investigated for sensing applications (using amines or 
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even nitrogen mustards), as axial ligand binding to Ni leads to large NIR band intensity 

changes, as well as spectral changes in the visible region (Scheme 5.2A).83 The 

incorporation of chiral Mn salen complexes as MOF linkers, in a similar manner to Ni, can 

be advantageous for catalysis research (Scheme 5.2B). Mn salen MOFs could be further 

investigated in C–F bond forming chemistry, as an example.465 Investigation into catalytic 

transesterification, epoxidation and polymerization chemistry can be carried out with other 

transition metals (i.e., Mn and Co) as well. An important aspect for catalytic consideration 

is stability and recyclability of the MOF scaffold catalysts. 

Several ways for incorporation of oxidized metal salen species into MOF materials 

for the purpose of sensing or catalysis can be considered. If the stability of the oxidized 

metal salen linkers allows, they can be incorporated into MOFs through the de novo 

process. However, in the event this is not possible, post-synthetic oxidation or modification 

(e.g. solvent-assisted linker exchange or transmetalation) can be used.220,222-223 Hupp and 

Nguyen have reported on the successful incorporation of metal salen complexes into 

MOFs (vide infra) through a transmetalation process.228,466 Based on these literature 

findings, Mn and Ni salen complexes, shown in Figure 5.1, have been proposed as linkers 

for MOF assembly described in this Chapter. 

 

Figure 5.1  Metal salen complexes designed for incorporation into metal-organic 
frameworks (MOFs). 
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5.2. Results and Discussion 

5.2.1. Synthesis and Characterization 

The typical approach to salen ligand synthesis starts with a condensation reaction 

between an aldehyde and a diamine molecule. However, to incorporate necessary 

functional groups (i.e., secondary coordinating moieties) on the salen ligand, aldehyde 

molecules need to be modified first. Bromination of 3-tert-butylsalicylaldehyde with ca. 

1.05 equivalents of bromine in acetic acid at room temperature afforded 5-bromo-3-tert-

butylsalicylaldehyde (1b) as a dark orange crystalline solid.385 To synthesize 2a-e, a 

Suzuki cross-coupling reaction between 1b and boronic acids (or borane) precursors was 

achieved using 5-10 mol% of Pd(PPh3)4 as the catalyst in a basic solution (see Table 

5.1).384,467-468 The aldehydes 2a-c,e were successfully synthetized, characterized by 1H 

NMR spectroscopy, and purified with an average yield of ca. 38% (Appendix D – Figures 

D1-4). 

Table 5.1  Syntheses of the substituted aldehydes. 

 
Aldehyde Product Base R R’ R1 R2 Yield 

1a 2a NaOH m-Py Et H m-Py 31% 
1b 2b NaHCO3 m-Py Et tBu m-Py 30% 
1b 2c Na2CO3 p-Py OH tBu p-Py 55% 
1b 2e NaHCO3 p-COOMe OH tBu p-PhCOOH 35% 

Note: 2d (R1 = tBu and R2 = p-COOH) was acquired commercially. 

Following successful isolation of the aldehyde compounds, a condensation 

reaction between two equivalents of 2a-e and diaminocyclohexane in ethanol yielded the 

desired salen ligands, 3a-e (see Table 5.2).173,468-469 The identity of the salen ligands (3a-

e) was confirmed by 1H NMR and mass spectrometry (for 3d-e), with yields ranging from 

26% to 99% (Appendix D – Figures D5-9).  
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Table 5.2  Syntheses of the para-substituted salen ligands. 

 
Substituted Aldehyde Product R1 R2 Yield 

2a 3a H m-Py 90% 
2b 3b tBu m-Py 96% 
2c 3c tBu p-Py 56% 
2d 3d tBu p-COOH 99% 
2e 3e tBu p-PhCOOH 26% 

Metalation of 3a-e with Ni(OAc)2·4H2O in methanol afforded complexes 4a-e, 

whereas reaction with Mn(OAc)2·4H2O yielded complexes 5b-c (Table 5.3).470-472 All 

complexes were successfully isolated with yields ranging from 64% to 94%, and 

characterized via 1H NMR and/or mass spectrometry (Appendix D – Figures D10-12). In 

particular, complex 4a was found to be completely insoluble in most organic solvents (i.e., 

chloroform, DMSO, methanol, and toluene) and hence was only characterized using mass 

spectrometry.   

Table 5.3  Syntheses of para-substituted metal salen complexes. 

 
Salen ligand Product M R1 R2 Yield 

3a 4a Ni H m-Py 75% 
3b 4b Ni tBu m-Py 64% 
3c 4c Ni tBu p-Py 88% 
3d 4d Ni tBu p-COOH 94% 
3e 4e Ni tBu p-PhCOOH 89% 
3b 5b Mn-Cl tBu m-Py 78% 
3c 5c Mn-Cl tBu p-Py 64% 
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MOF Assembly 

A successful assembly of a previously reported MOF was achieved using complex 

5c and Zn(NO3)2·6H2O via the de novo synthesis.228 Reacting 5c, Zn(NO3)2·6H2O, 1,2,4,5-

tetrakis(4-carboxyphenyl)benzene (or tetracarboxylic acid), and HNO3 (1 equiv.) in DMF 

resulted in the formation of Mn-MOF (see Scheme 5.3). The reaction vial was kept sealed 

for 40 hours at 80 ºC to produce the final product as brown crystals (Scheme 5.4).  

Scheme 5.3  Assembly of Mn-MOF. 

 

A suitable crystal of Mn-MOF sample was analyzed by X-ray diffraction to confirm 

its structural identity, which matched the previously reported unit cell data.228,466 No other 

crystallographic data was collected due to the fragility of the sample and complexity of the 

structure. Post-synthetic modification was performed on Mn-MOF to obtain Ni-MOF. 

Starting with the demetalation of Mn-MOF with an aqueous H2O2 solution in methanol. 

After 18 hours of gentle shaking of the sample mixture, a crystal-to-crystal transformation 

took place, and the colour of the MOF crystals had changed from brown to bright yellow 

(Scheme 5.4). This observation is in accordance to the published procedure and 

appearance of the demetalated MOF (d-MOF) sample. MOF samples are extremely 

porous and require the solvent to be either exchanged for a fresh solvent (which takes 

time to allow for the solvent to permeate the pores) or completely removed. Before 

remetalation, d-MOF was dried using supercritical CO2 (drying was also successful using 

vacuum on the Schlenk line) and then soaked in methanolic solution of nickel acetate 
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tetrahydrate for 24 hours (Scheme 5.4). Remetalation was confirmed by X-ray 

fluorescence (XRF) spectroscopy. XRF is a non-destructive elemental analysis technique 

relying on the excitation of core electrons and measuring their fluorescence upon 

relaxation. It is a useful technique for identifying ratios of heavy atoms.473-474 XRF was 

used to determine the ratio of Zn to Ni upon remetalation of d-MOF sample, as an 

alternative to Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

used in the published report.228 Standard samples containing known amounts of Mn, Ni, 

and Zn in different ratios were prepared for calibration. A sample of the Ni-MOF was 

analyzed to give a Zn:Ni:Mn ratio of 2:0.67:0.33, which comes close to the reported values 

(i.e., Zn:Ni ratio of 2:0.86; amount of Mn was not reported) as quantitative metalation of 

each salen unit achieves a theoretical ratio of one Ni2+ per two Zn2+ ions in the paddlewheel 

node.228 An increase in Ni incorporation could be achieved through longer reaction times 

of both steps, demetalation and remetalation (Scheme 5.4). Additionally, since XRF is a 

non-destructive technique, testing the samples for completion of the reaction before 

moving on to the next step, could ensure full transmetalation. 

Scheme 5.4  Post-synthetic MOF modification: demetelation of Mn-MOF (brown 
crystals) to d-MOF (yellow crystals) and remetelation to obtain Ni-MOF 
(orange crystals). 

 

 

 

 



130 

5.2.2. Electronic Spectroscopy 

Diffuse reflectance spectroscopy has become a reliable method for the electronic 

structure characterization of solid materials (e.g. MOFs).240-244 The reflectance data 

collected on the solid sample can be converted to represent an “absorbance spectrum” 

through the use of the Kubelka-Munk function (Equation 1).245-247  

                                                    G()) = (HIJ)@

KJ
                                                    (1) 

where R – diffuse reflectance of the sample compared to the background 

(usually MgO or BaSO4). 

The Ni(Salen)tBu complex was chosen as a standard for the diffuse reflectance 

experiment, to compare to the Ni-MOF. The electronic structure of Ni(Salen)tBu, in its 

neutral and oxidized states, has been described in great detail,85 in addition to the stability 

of [Ni(Salen)tBu]•+ in the solid-state, making this complex an ideal candidate for this study. 

Figure 5.2 shows the Kubelka-Munk transform of the diffuse reflectance experiment (a) 

and the solution UV-Vis-NIR spectra (b) on Ni(Salen)tBu (black spectra) and 

[Ni(Salen)tBu]•+ (red spectra). 

 

Figure 5.2  a) Diffuse reflectance spectra of Ni(Salen)tBu (black) and [Ni(Salen)tBu]•+ 
(red, smoothed spectrum); Conditions: dry solid samples, at 298 K. b) 
Electronic spectra of neutral Ni(Salen)tBu (black) and [Ni(Salen)tBu]•+ (red); 
Conditions: 0.5 mM in CH2Cl2, at 298 K.  
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Undoubtedly, the spectral features of Ni(Salen)tBu and [Ni(Salen)tBu]•+ in each 

experiment (Figure 5.2a-b) are very similar. The shoulder of the low energy band at ca. 

12,000 cm-1 is indicative of ligand-based oxidation.85 Based on the experimental 

comparison between the solution and solid-state measurements on Ni(Salen)tBu, it is 

concluded that diffuse reflectance can indeed be a reliable technique for the electronic 

structure evaluation in the solid-state.  

A preliminary diffuse reflectance experiment on neutral and oxidized samples of 

Ni-MOF was completed in order to evaluate the redox properties of this compound (Figure 

5.3). Dry (not powdered) samples of Ni-MOF and [Ni-MOF]+ were placed onto a piece of 

Teflon and analyzed in air. Unfortunately, the diffuse reflectance of both samples did not 

reveal major spectral differences, denoting the possible lack of oxidized components in 

the sample, even though a slight difference in colour is observed (Figure 5.3 inset).  

 

Figure 5.3  Diffuse reflectance spectra of Ni-MOF (black) and [Ni-MOF]+ (red); 
Conditions: dry solid samples, at 298 K. 
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There are a few limitations with this experiment that are worth noting. 1) Ligand-

based oxidation in mixed-valence compounds is usually observed as low energy bands in 

the NIR region.80 The diffuse reflectance instrument used did not allow for measurements 

beyond 10,000 cm-1. 2) Total oxidation of the MOF sample (i.e., oxidation of each Ni salen 

unit) might not have been possible due to the porous nature of the framework not allowing 

the solution-based oxidant to permeate the pores, potentially resulting in a small 

percentage of oxidation to take place (i.e., the surface). 3) The stability of the oxidized 

MOF plays a major role. As noted in Chapters 3 and 4, oxidized metallacycles containing 

4c as the donor linker have shown limited prolonged stability in solution. Therefore, it is to 

be expected that the stability of [Ni-MOF]+ could be limited as well, especially in the air.  
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5.2.3. Solid-State Electrochemistry 

As one of the major drawbacks in the characterization of solid-state redox-active 

compounds is the difficulty of controlling oxidation with a solution-based oxidant, diffuse 

reflectance measurements can be collected in situ during spectroelectrochemistry.240-244 

This eliminates the need for the isolation of the bulk oxidized (or reduced) sample. A solid-

state electrochemical cell was manufactured according to the published design by 

D’Alessandro.475 Scheme 5.5a displays the three-electrode cell – a large Teflon block with 

two connecting arms that hold the counter and reference electrodes. An indium tin oxide 

(ITO) coated quartz slide acts as a working electrode that is connected by copper tape to 

the electrode lead. The sample can usually be attached to the quartz slide by a piece of 

Teflon tape, but ideally LiClO4-intercalated polyvinylchloride (PVC) should be used as a 

substrate.475 The supporting electrolyte chamber (see Scheme 5.5a-b) is filled with 0.1 M 

supporting electrolyte solution and ferrocene (as an internal standard). It is critical for the 

sample to be in contact with the supporting electrolyte solution during the experiment. 

Scheme 5.5  a) Solid-state electrochemical cell; 1 – counter electrode (C.E., Pt wire), 2 
– reference electrode (R.E., Ag wire), 3 – supporting electrolyte chamber, 
4 – working electrode (W.E., ITO coated quartz slide), 5 – copper tape with 
conducting adhesive connecting W.E. to the potentiostat, 6 – solid sample 
adhered to the quartz slide by teflon tape. b) A side view of the cross-
section of the cell. 
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5.3. Summary 

This chapter has focused on the design and synthesis of Mn(III) and Ni(II) salen 

complexes with secondary coordination motifs for incorporation into metal-organic 

frameworks. Functional groups used include para- and meta-pyridyl, para-carboxylic acid 

and para-benzoic acid groups. An account of MOF assembly is described, which uses a 

de novo method of assembly of a Mn(III) salen-based framework, with 

demetalation/remetalation of the Mn-MOF as a post-synthetic modification pathway to 

exchange Mn(III) for Ni(II). This strategy is followed from a previously published report; 

however, the electronic structure of the synthesized Ni-MOF is further explored in neutral 

and oxidized forms. As a preliminary study, Ni-MOF and [Ni-MOF]+ samples were 

analyzed using diffuse reflectance spectroscopy, showing minimal spectral difference 

between the two samples. This speaks to the difficulty of the solution-based oxidation of 

the solid-state material. The shortcomings of this approach include potential oxidant 

decomposition, slow MOF degradation in solution, and the difficulty of the MOF cavity 

permeation by the oxidant. To mitigate these issues, electrochemical oxidation in the solid-

state should be explored. The design and construction of the solid-state 

spectroelectrochemical cell (SEC), to be used in conjunction with diffuse reflectance, is 

also described. 

5.4. Experimental 

5.4.1. Materials and Methods 

All chemicals used were of the highest grade available and were further purified 

whenever necessary. The aldehydes, 1a and 2d, were commercially available. The 

starting material, 1b, was synthesized according to a previous report.385 The synthesis of 

4c is described in Chapter 3. The tris(2,4-dibromophenyl)aminium hexafluoroantimonate 

radical chemical oxidant, [N(C6H3Br2)3]•+[SbF6]- (E1/2 = 1.14 V, MeCN)82 was synthesized 

according to published protocols.345 1H NMR spectra were recorded on a Bruker AV-400 

in either DMSO (dimethyl sulfoxide-d6), or CDCl3. Mass spectra were obtained on Bruker 

Microflex LT MALDI-TOF MS instrument and Agilent 6210 ESI-MS instrument. Elemental 

analyses (C, H, N) were performed by Dr. Paul Mulyk at Simon Fraser University on a 

Carlo Erba EA 1110 CHN elemental analyzer. XRF measurements were done on a 

Panalytical Epsilon 3XLE energy dispersive X-ray fluorescence (EDXRF) spectrometer. 
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Sample drying using supercritical CO2 was done on Supercritical Fluid Technologies, Inc. 

Model SFT-110. Solid-state UV-Vis-NIR absorption spectra were measured by diffuse 

reflectance using an Ocean Optics SD2000 spectrophotometer equipped with tungsten 

halogen and deuterium lamps. Samples were ground into powder and placed on a Teflon 

piece. Teflon was used as a background sample.  

5.4.2. Oxidation Protocol 

A sample of solid-state [Ni(Salen)tBu]•+ was prepared by reacting equimolar 

amounts of Ni(Salen)tBu (0.050 g, 0.083 mmol) and AgSbF6 (0.028 g, 0.083 mmol) in 

CH2Cl2 (1.0 mL) in the glovebox. After an hour of stirring, followed by filtration through 

Celite and solvent evaporation, [Ni(Salen)tBu]•+ was isolated as green solid.85 A solution 

sample of [Ni(Salen)tBu]•+ (0.5 mM) in CH2Cl2 was prepared at 298 K under nitrogen 

atmosphere in the immersion fiber-optic probe through the addition of a saturated solution 

of [N(C6H3Br2)3]•+[SbF6]- in CH2Cl2 in 10-25 μL additions. Preparation of [Ni-MOF]+ sample 

was achieved by the addition of a concentrated solution of NOSbF6 in CH2Cl2 (ca. 1.0 mL) 

to a solid sample of dry Ni-MOF crystals (ca. 1-2 mg) in the glovebox. The sealed vial 

containing the reaction mixture was shaken for 4 hours.  
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5.4.3. Synthesis 

2-Hydroxy-5-(pyridin-3-yl)benzaldehyde (2a) 

 

The synthesis of 2a was followed from the previously published report.467 5-Bromo-

2-hydroxybenzaldehyde, 1a, (0.201 g, 1.00 mmol), diethyl(3-pyridyl)borane (0.163 g, 1.1 

mmol), NaOH (0.121 g, 3.00 mmol), Pd(PPh3)4 (0.058 g, 0.05 mmol, 5 mol%), and Bu4NBr 

(0.162 g, 0.50 mmol) were added to a 50 mL round bottom flask and dissolved in N2-

degassed DME:H2O solvent mixture (30 mL). The reaction mixture was refluxed under N2 

atmosphere for 3.5 hours. Upon cooling, the dark brown reaction mixture was gravity 

filtered to remove black precipitate. The solvent was removed using rotary evaporation to 

yield the crude product, which was purified using column chromatography and EtOAc as 

an eluent to yield the pure product as a yellow solid (0.061 g, 31% yield). 1H NMR (CDCl3, 

400 MHz) δ 11.07 (s, 1H), 10.00 (s, 1H), 8.83 (s, 1H), 8.61 (d, J = 4.1 Hz, 1H), 7.85 (dt, J 

= 7.9, 1.9 Hz, 1H), 7.79-7.69 (m, 2H), 7.39 (dd, J = 7.9, 4.8 Hz, 1H), 7.12 (d, J = 8.3 Hz, 

1H) ppm. 
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3-(tert-Butyl)-2-hydroxy-5-(pyridin-3-yl)benzaldehyde (2b) 

 

The synthesis of 2b was followed from the previously published report.467 5-Bromo-

3-(tert-butyl)-2-hydroxybenzaldehyd, 1b, (0.510 g, 2.00 mmol), diethyl(3-pyridyl)borane 

(0.324 g, 2.20 mmol), NaHCO3 (2.20 mL, 2 M solution), and Pd(PPh3)4 (0.069 g, 0.06 

mmol, 5 mol%) were added to a 25 mL round bottom flask and dissolved in N2-degassed 

DME:H2O solvent mixture (10 mL). The reaction mixture was refluxed under N2 

atmosphere for 24 hours. Upon cooling, the dark brown reaction mixture was gravity 

filtered to remove black precipitate. The filtrate was extracted with EtOAc (4x10 mL), and 

the organic layers were combined and further washed with brine (2x10 mL) and dried with 

Na2SO4. The solvent was removed using rotary evaporation to yield the crude product, 

which was purified using column chromatography and EtOAc as an eluent to yield the 

pure product as an orange solid (0.511 g, 30% yield). 1H NMR (CDCl3, 400 MHz) δ 11.87 

(s, 1H), 9.98 (s, 1H), 8.83 (d, J = 2.4 Hz, 1H), 8.60 (dd, J = 5.0, 1.6 Hz, 1H), 7.86 (dd, J = 

7.9, 0.8 Hz, 1H), 7.73 (d, J = 2.3 Hz, 1H), 7.61 (d, J = 2.3 Hz, 1H), 7.39 (ddd, J = 7.9, 4.8, 

0.9 Hz, 1H), 1.48 (s, 9H) ppm. 
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3-(tert-Butyl)-2-hydroxy-5-(pyridin-4-yl)benzaldehyde (2c) 

 

The synthesis of 2c was followed from the previously published report.384 5-Bromo-

3-(tert-butyl)-2-hydroxybenzaldehyd, 1b, (0.500 g, 1.92 mmol), 4-pyridylboronic acid 

(0.350 g, 2.14 mmol), Na2CO3 (0.310 g, 2.88 mmol), and Pd(PPh3)4 (0.069 g, 0.192 mmol, 

10 mol%) were added to a 100 mL round bottom flask and dissolved in N2-degassed 

dioxane:H2O solvent mixture (3:1 v/v, 50 mL). The reaction mixture was refluxed under N2 

atmosphere for 20 hours. Upon cooling, the dark brown reaction mixture was gravity 

filtered to remove black precipitate. The filtrate was extracted with CH2Cl2 (3x20 mL), the 

organic layers were then dried with Na2SO4. The solvent was removed using rotary 

evaporation to yield the crude product, which was purified using column chromatography 

and EtOAc as an eluent to yield the pure product as an orange solid (0.293 g, 55% yield). 
1H NMR (CDCl3, 400 MHz) δ 11.94 (d, J = 0.6 Hz, 1H), 9.98 (s, 1H), 8.72-8.62 (m, 2H), 

7.81 (d, J = 2.3 Hz, 1H), 7.70 (d, J = 2.4 Hz, 1H), 7.51 (d, J = 6.2 Hz, 2H), 1.48 (s, 9H) 

ppm. 

 

 

 

 

 

 

 

 



139 

3'-(tert-Butyl)-5'-formyl-4'-hydroxy-[1,1'-biphenyl]-4-carboxylic acid (2e) 

 

4-(Methoxycarbonyl) phenylboronic acid (0.409 g, 2.30 mmol), Pd(PPh3)4 (0.069 

g, 0.06 mmol), and 2 M NaHCO3 solution (2.20 mL, 4.40 mmol) were added to a solution 

of 1b (0.512 g, 2.00 mmol) in DME (25 mL). The resulting mixture was heated to reflux for 

18 hours under nitrogen atmosphere. The mixture was diluted with H2O (30 mL) and 

extracted with EtOAc (3 x 25 mL). The organic phase was washed with brine (35 mL) and 

dried with MgSO4. The solvent was evaporated to yield crude product as a dark brown oil, 

which was then dissolved in EtOH (30 mL) and combined with 6 M NaOH solution (15 

mL). The mixture was refluxed for 17 hours and EtOH was removed by rotary evaporation. 

The residue was diluted with water (15 mL) and washed with CHCl3 (3 x 30 mL). 

Concentrated HCl was added to the aqueous phase until it tested acidic and the bright 

orange precipitate was extracted with EtOAc (3 x 40 mL). The organic phase was dried 

with MgSO4 and the solvents were removed by rotary evaporation. The residue was further 

purified via recrystallization in DCM/Hexanes (1:2, 60 mL) to give the desired product as 

an orange solid (0.207 g, 35% yield). 1H NMR (CDCl3, 400 MHz) δ 11.85 (s, 1H), 9.99 (s, 

1H), 8.29 (t, J = 2.0 Hz, 1H), 8.09-8.07 (m, 1H), 7.83-7.79 (m, 1 H), 7.78 (d, J = 2.4 Hz, 1 

H), 7.66 (d, J = 2.4 Hz, 1 H), 7.57 (t, J = 7.6 Hz, 1H), 1.49 (s, 9H) ppm. 
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2,2'-((1E,1'E)-(cyclohexane-1,2-diylbis(azaneylylidene))bis(methaneylylidene))bis 

(4-(pyridin-3-yl)phenol) (3a) 

 

A solution of (1R,2R)-cyclohexane-1,2-diamine (0.123 g, 1.08 mmol) in EtOH (10 

mL) was added to a solution of 2a (0.429 g, 2.16 mmol) in EtOH (10 mL). The resulting 

mixture was heated at reflux for 26 hours. EtOH was removed using rotary evaporation to 

yield the crude product as a yellow solid (0.462 g, 90% crude yield). 1H NMR (CDCl3, 400 

MHz) δ 8.70 (dd, J = 2.4, 0.8 Hz, 2H), 8.51 (dd, J = 4.8, 1.6 Hz, 2H), 8.34 (s, 2H), 7.73 

(ddd, J = 7.9, 2.4, 1.6 Hz, 2H), 7.46 (dd, J = 8.6, 2.3 Hz, 2H), 7.35 (d, J = 2.3 Hz, 2H), 7.29 

(ddd, J = 7.9, 4.8, 0.9 Hz, 2H), 7.00 (d, J = 8.6 Hz, 2H), 3.43-3.32 (m, 2H), 2.02-1.71 (m, 

8H) ppm. 

6,6'-((1E,1'E)-(cyclohexane-1,2-diylbis(azaneylylidene))bis(methaneylylidene))bis 

(2-(tert-butyl)-4-(pyridin-3-yl)phenol) (3b) 

 

A solution of (1R,2R)-cyclohexane-1,2-diamine (0.031 g, 0.27 mmol) in EtOH (10 

mL) was added to a solution of 2b (0.138 g, 0.54 mmol) in EtOH (10 mL). The resulting 

mixture was heated at reflux overnight. EtOH was removed using rotary evaporation to 

yield the pure product as a yellow solid (0.153 g, 96% yield). 1H NMR (CDCl3, 400 MHz) 

δ 8.69 (dd, J = 2.4, 0.9 Hz, 2H), 8.51 (dd, J = 4.8, 1.6 Hz, 2H), 8.36 (s, 2H), 7.72 (dd, J = 

8.0, 0.8 Hz, 2H), 7.43 (d, J = 2.3 Hz, 2H), 7.35-7.27 (m, 2H), 7.19 (d, J = 2.3 Hz, 2H), 3.43-

3.34 (m, 2H), 2.10-1.72 (m, 8H), 1.43 (s, 18H) ppm. 
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6,6'-((1E,1'E)-(cyclohexane-1,2-diylbis(azaneylylidene))bis(methaneylylidene))bis 

(2-(tert-butyl)-4-(pyridin-4-yl)phenol) (3c) 

 

The synthetic pathway was followed according to the published procedure.173 A 

solution of (1R,2R)-cyclohexane-1,2-diamine (0.203 g, 1.78 mmol) in EtOH (10 mL) was 

added to a solution of 2c (0.909 g, 3.56 mmol) in EtOH (10 mL). The resulting mixture was 

heated at reflux overnight. EtOH was removed using rotary evaporation and the residue 

was redissolved in EtOAc and purified using column chromatography to yield the pure 

product as an orange solid (0.590 g, 56% yield). 1H NMR (CDCl3, 400 MHz) δ 8.56 (dd, J 

= 1.6 Hz, 4H), 8.35 (s, 2H), 7.50 (d, J = 2.3 Hz, 2H), 7.33 (dd, J = 1.6 Hz, 4H), 7.25 (d, J 

= 2.3 Hz, 2H), 3.44-3.34 (m, 2H), 2.04 (s, 4H), 1.98-1.88 (m, 2H), 1.88-175 (m, 2H), 1.43 

(s, 18H) ppm. 

5,5'-((1E,1'E)-(cyclohexane-1,2-diylbis(azanylylidene))bis(methanylylidene))bis(3- 

(tert-butyl)-4-hydroxybenzoic acid) (3d) 

 

A solution of (1R,2R)-cyclohexane-1,2-diamine (0.063g, 0.60 mmol) in EtOH (5 

mL) was added to a solution of 2d (0.250 g, 1.10 mmol) in EtOH (10 mL). The resulting 

mixture was stirred and heated to reflux overnight. EtOH was removed using rotary 

evaporation to yield pure compound as a yellow solid. (0.310 g, 99%). MALDI-MS m/z: 

523.110 ([M+H]+, 100%). 1H NMR (DMSO, 400 MHz) δ 8.60 (s, 2H), 7.78 (dd, J = 12.5, 

2.2 Hz, 4H), 3.59-3.54 (m, 2H), 2.05-1.95 (m, 2H), 1.88-1.78 (m, 2H), 1.76-1.64 (m, 2H), 

1.47 (t, 2H), 1.32 (s, 18H) ppm.  
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5',5'''-((1E,1'E)-(cyclohexane-1,2-diylbis(azanylylidene))bis(methanylylidene))bis(3'-

(tert-butyl)-4'-hydroxy-[1,1'-biphenyl]-4-carboxylic acid) (3e) 

 

A solution of (1R,2R)-cyclohexane-1,2-diamine (0.039 g, 0.34 mmol) in EtOH (7 

mL) was added to a solution of 2e (0.207 g, 0.69 mmol) in EtOH (8 mL). The reaction 

mixture was stirred at 70 ºC for 16 hours. The solvent was evaporated by rotary 

evaporation and the residue was sonicated with diethyl ether to afford a brown precipitate. 

The mixture was filtered and the precipitate was air-dried to give the desired product as a 

light brown solid (0.122 g, 26% yield). MALDI-MS m/z: 675.06 ([M+H]+). 1H NMR (CDCl3, 

400 MHz) δ 8.24 (s, 2H), 8.10-7.97 (m, 4H), 7.35-7.62 (m, 8H), 7.08 (s, 2H), 3.37-3.30 (m, 

2H), 2.10 (d, J = 12.4 Hz, 2H), 1.98-1.78 (m, 6H), 1.45 (s, 18H) ppm. 

Nickel (II) 2,2'-((1E,1'E)-(cyclohexane-1,2-diylbis(azaneylylidene))bis(methaneyly-

lidene))bis(4-(pyridin-3-yl)phenol) (4a) 

 

A solution of Ni(OAc)2·4H2O (0.245 g, 0.98 mmol) in MeOH (10 mL) was added to 

a solution of 3a (0.462 g, 0.97 mmol) in MeOH (15 mL), followed by triethylamine (0.28 

mL, 2.0 mmol). The solution was then refluxed for 2 hours. Upon cooling of the reaction 

mixture, a dark orange precipitate was collected via vacuum filtration. The precipitate was 

washed with cold methanol (0.351 g, 75% yield). ESI-MS m/z: 533.15 ([M+H]+, 100%).  
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Nickel (II) 6,6'-((1E,1'E)-(cyclohexane-1,2-diylbis(azaneylylidene))bis(methaneyly-

lidene))bis (2-(tert-butyl)-4-(pyridin-3-yl)phenol) (4b) 

 

 A solution of Ni(OAc)2·4H2O (0.025 g, 0.1 mmol) in MeOH (10 mL) was added to 

a solution of 3b (0.059 g, 0.1 mmol) in MeOH (10 mL), followed by triethylamine (0.03 mL, 

0.2 mmol). The solution was then refluxed for 2 hours. Upon cooling of the reaction 

mixture, a dark brown precipitate was collected via vacuum filtration. The precipitate was 

washed with cold methanol (0.041 g, 64% yield). ESI-MS m/z: 645.27 ([M+H]+, 100%). 1H 

NMR (CDCl3, 400 MHz) δ 8.81 (s, 2H), 8.49 (s, 2H), 7.87 (s, 2H), 7.50 (d, J = 12.0 Hz, 

4H), 7.36 (s, 2H), 3.08 (s, 2H), 2.50 (s, 2H), 1.97 (s, 2H), 1.47 (s, 18H), 1.38 (s, 4H) ppm. 

Nickel (II) 5,5’-((1E,1’E)-(cyclohexane-1,2-diylbis(azanylylidene))bis(methanylylide- 

ne))bis(3-(tert-butyl)-4-hydroxybenzoic acid) (4d) 

 

A solution of Ni(OAc)2·4H2O (0.143 g, 0.57 mmol) in MeOH (20 mL) was added 

dropwise to a solution of 3d (0.300 g, 0.57 mmol) in MeOH (40 mL). The resulting mixture 

was stirred at room temperature overnight. The solvent was removed using rotary 

evaporation to yield the product as an orange solid. (0.314 , 94% yield). Elemental analysis 

(%) calcd for 4d (C30H36N2NiO6·H2O): C, 60.32; H, 6.41; N, 4.69. Found: C, 60.42; H, 6.39; 

N, 4.68. MALDI-MS m/z: 579.974 ([M]+, 100%). 1H NMR (DMSO, 400 MHz) δ 8.03 (s, 2H), 

7.83 (s, 2H) 7.70 (s, 2H), 3.19-3.12 (m, 2H), 1.78 (s, 2H), 1.33 (s, 18H), 1.30-1.20 (m, 6H) 

ppm.  
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Nickel (II) 5',5'''-((1E,1'E)-(cyclohexane-1,2-diylbis(azanylylidene))bis(methanylylid-

ene))bis(3'-(tert-butyl)-4'-hydroxy-[1,1'-biphenyl]-4-carboxylic acid) (4e) 

 

A solution of Ni(OAc)2·4H2O (0.047 g, 0.19 mmol) in MeOH (15 mL) was added 

dropwise to a solution of 3e (0.108 g, 0.16 mmol) in MeOH (30 mL). The resulting mixture 

was stirred and heated at reflux for 3 hours. The precipitate was filtered using vacuum 

filtration and rinsed with ice-cold MeOH to afford a brown solid (0.104 g, 89% yield). 

Elemental analysis (%) calcd for 4e (C42H44N2NiO6·3H2O): C, 64.22; H, 6.42; N, 3.57. 

Found: C, 64.30; H, 6.77; N, 5.21. ESI-MS m/z: 731.248 ([M]+, 100%). 1H NMR (DMSO, 

400 MHz) δ 8.14 (s, 2H), 8.02-7.65 (m, 12H), 7.58-7.42 (m, 4H), 3.17 (s, 4H), 1.95-173 

(m, 2H), 1.40 (s, 18H) ppm.  

Manganese (III) 6,6'-((1E,1'E)-(cyclohexane-1,2-diylbis(azaneylylidene))bis(metha-

neylylidene))bis (2-(tert-butyl)-4-(pyridin-3-yl)phenol) chloride (5b) 

 

A solution of Mn(OAc)2·4H2O (0.047 g, 0.19 mmol) in EtOH (25 mL) was added 

dropwise to a solution of 3b (0.094 g, 0.16 mmol) in EtOH (25 mL). The resulting mixture 

was stirred and heated at reflux for 2 hours under N2 atmosphere. After, solid LiCl (0.022 

g, 0.51 mmol) was added to the flask and the reaction mixture was refluxed in air for an 

additional 2 hours. EtOH was removed in vacuo and water was added (50 mL) to 

precipitate the product with sonication. The precipitate was filtered using vacuum filtration 

and rinsed with ice-cold H2O to afford a brown solid (0.080 g, 78% yield). MALDI-MS m/z: 

641.110 ([M-Cl]+, 100%). 
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Manganese (III) 6,6'-((1E,1'E)-(cyclohexane-1,2-diylbis(azaneylylidene))bis(metha-

neyl-ylidene))bis (2-(tert-butyl)-4-(pyridin-4-yl)phenol) chloride (5c) 

 

A solution of Mn(OAc)2·4H2O (0.015 g, 0.06 mmol) in EtOH (10 mL) was added 

dropwise to a solution of 3c (0.030 g, 0.05 mmol) in EtOH (10 mL). The resulting mixture 

was stirred and heated at reflux for 3 hours under N2 atmosphere. After, solid LiCl (0.007 

g, 0.16 mmol) was added to the flask and the reaction mixture was refluxed in air for an 

additional 4 hours. EtOH was removed in vacuo and water was added (50 mL) to 

precipitate the product with sonication. The precipitate was filtered using vacuum filtration 

and rinsed with ice-cold H2O to give a brown solid (0.022 g, 64% yield). ESI-MS (+) m/z: 

641.27 ([M-Cl]+, 100%). ESI-MS (-) m/z: 676.26 ([M]-, 100%). 

Assembly of Mn-MOF 

 

 Mn-MOF was synthesized according to the previously established procedure.466 

DMF solutions of 5c (0.037 M), 1,2,4,5-tetrakis(4-carboxyphenyl)benzene (0.045 M), 

Zn(NO3)2·6H2O (0.042 M) and HNO3 (2 drops of conc. aqueous acid in 2.0 mL of DMF) 

were prepared. An aliquot of 0.2 mL of each stock solution was added into 10-mL screw-

cap vials. Capped vials, containing the reaction mixture, were placed in a metallic block 

that was heated at 80 ºC for 40 hours to yield brown rectangular crystals.  
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Formation of Ni-MOF 

 

Ni-MOF was synthesized according to the previously established procedure.228 A 

sample of Mn-MOF (~2.5 mg, 0.0018 mmol 5c) was placed in a 2-mL vial to which 1.0 mL 

of a 1:1 v/v solution of H2O2 (30 wt% solution in H2O) and methanol was added. A capped 

vial containing crystals of Mn-MOF in the solution was shaken for 18 hours at room 

temperature. An in situ formation of d-MOF was observed by the appearance of the 

crystals changing colour to bright yellow. After the demetalation, solvent was decanted 

and crystals were rinsed with methanol (~10 mL). The solvent then was exchanged with 

ethanol, which was followed by drying the crystals with supercritical CO2. To the dry 

sample of d-MOF, 0.3 mL of Ni(OAc)2·4H2O stock solution (0.015 M) in dry degassed 

methanol was added. The capped vial was shaken for 24 hours at room temperature. After 

decantation, orange crystals were rinsed with methanol (~10 mL). XRF: Zn/Ni/Mn ratio 

calcd (2:1:0); found (2:0.67:0.33). 
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Chapter 6. Ongoing and Future Work 

6.1. Thesis Summary 

This thesis outlines the design, synthesis and characterization of uranyl 

complexes, large supramolecular assemblies and metal-organic frameworks, all 

containing salen ligands as a source of redox-activity. Electronic structure determination 

of the uranyl salen complexes and various supramolecular assemblies comprised of nickel 

salen complexes, revealed ligand radical formation upon oxidation. The analysis was 

performed using electrochemical and spectroscopic techniques (e.g. UV-Vis-NIR and 

EPR), and theoretical calculations, further supporting that the electronics (i.e., electron-

donating or -withdrawing ability) of the salen ligand exhibits an effect on the radical 

delocalization. In Chapter 6, initial results related to ongoing work and future directions of 

Chapters 2 through 4 will be discussed. 

6.2. Chapter 2  

In Chapter 2, three uranyl (UO2
2+, U(VI) oxidation state) salophen complexes with 

different electron-donating para-phenolate substituents (tBu, OMe, and NMe2) were 

synthesized and the effect of ligand electronics on the electronic structure of the oxidized 

species was investigated. All three oxidized complexes were shown to undergo ligand-

based oxidation with a relatively localized ligand radical character, where localization is 

enhanced as the electron donating ability of the para-phenolate substituents is increased 

(NMe2 > OMe > tBu). The relatively weak and broad low-energy ligand charge transfer 

(CT) transitions observed for the singly oxidized complexes exhibit both intervalence 

charge transfer (IVCT) character and an additional contribution from the 

phenylenediamine backbone.  

Pentavalent uranyl species are of fundamental and environmental interest.476 

However, UO2
+ is highly unstable in solution, as it leads to disproportionation (to U(IV) and 

UO2
2+) and ligand dissociation.285 The first report on isolation of a U(V) salophen complex 

was obtained through electrochemical generation of the UO2
+ species in solution, where 

a weakening of the U=O bond was observed upon reduction of U(VI).477 Aside from 

developing magnetic materials consisting of pentavalent uranyl salophen complexes, 
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Mazzanti and co-workers have also reported on the stabilization of a pentavalent uranyl 

complex using a salan ligand (hydroxybenzyl-3,5-di-tert-butyl)-1,2-dimethylamino-

methane).284-287 Building on the work discussed in Chapter 2, an in situ reduction of the 

UO2(Salophen)R complexes (where R = tBu (1a), OMe (1b), and NMe2 (1c)) and 

consequent reactivity of these complexes should be investigated (see Scheme 6.1). The 

reduction potential of U(VI)/(V) for 1a is -1.60 V vs. Fc+/Fc in MeCN (Table 6.1, Figure 

6.1); this value typically ranges from -1.60 to -1.70 V vs. Fc+/Fc in THF321. This makes 

CoCp*2 (E1/2 = -1.94 V vs. Fc+/Fc in MeCN)82 a good candidate as a reducing agent. 

Scheme 6.1  Investigation of the reactivity of uranyl (UO2
+) salophen complexes initiated 

by the reduction of UO2
2+. 

 

Table 6.1  Redox potentials for 1a vs. Fc+/Fca (1 mM complex, 0.1 M nBu4NClO4, scan 
rate 100 mV s−1, CH3CN, 298 K). 

UO2(Salophen)R 1E1/2 (mV) 2E1/2 (mV) 
R = tBu (1a) -1600 (80) 650 (100) 

a Peak-to-peak differences in brackets (|Epa-Epc| in mV). Peak-to-peak difference for the Fc+/Fc couple is 65 mV. 

 

Figure 6.1  Cyclic voltammogram of 1a; Conditions: 1.0 mM solution in CH3CN, 0.1 M 
nBu4NClO4, T = 298 K, Scan rate: 100 mV/s. 
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6.3. Chapters 3 and 4 

Coordination-driven self-assembly of metallacycles incorporating Ni(Salen)pPy – a 

Ni salen complex equipped with para-pyridyl functional groups for secondary binding, was 

explored in Chapters 3 and 4. Acceptor molecules investigated in this work were 

[Pd(en)]2+ and bis-Ru dimers  [Ru2(p-cym)2(ox)]2+ and [Ru2(p-cym)2(naphtho)]2+. 

6.3.1. Metallacycles with Pd Nodes 

In Chapter 3, through a number of experimental techniques, it was shown that 

equimolar reaction of the donor (Ni(Salen)pPy) and acceptor ([Pd(en)]2+) molecules results 

in formation of a tetrameric assembly (2) with an overall charge of 8+. Oxidation of the 

assembly yields a 12+ species (24•+), with each salen unit being singly oxidized, resulting 

in a tetra-ligand radical species. Although not isolated in the solid-state, electronic 

structure determination of the oxidized square was successfully determined through a 

multitude of experimental techniques (i.e., cyclic voltammetry, in situ oxidation via UV-Vis-

NIR, and EPR spectroscopy) and was further supported by density-functional theory (DFT) 

calculations.  

The self-assembly process is governed by the formation of the most 

thermodynamically stable structure. If there is no significant energetic advantage to a 

single assembly, it can lead to a dynamic equilibrium between two or more macrocyclic 

species.478 Factors such as donor molecule flexibility, solvent polarity, concentration, and 

temperature have an impact on the equilibrium of the self-assembly.159,479-480 However, 

modification of the ancillary ligand on the node has shown to have an effect on the dynamic 

equilibrium of triangle/square arrangement of the metallacycle. Switching the ancillary 

ligands on the Pd(II) node from en (en = ethylenediamine) to dppf (dppf = 1,1’-

ferrocenediyl-bis(diphenyl-phosphine)) ligand could shift the equilibrium towards the 

formation of the triangular assembly due to steric repulsions of the ancillary ligand.478 

Additionally, the dppf group provides a secondary redox site, as each ferrocene unit can 

be oxidized. 
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 Scheme 6.2  Self-assembly of Ni(Salen)pPy donor and Pd(dppf)(OTf)2 acceptor. 

 
The assembly of the metallacycle (Scheme 6.2) was investigated by reacting 

equimolar amounts of Ni(Salen)pPy and Pd(dppf)(OTf)2 in nitromethane at room 

temperature. This reaction was monitored by 1H NMR and resulted in the formation of a 

discrete supramolecular assembly, as evidenced by a single alignment of signals in the 

diffusion ordered NMR spectrum (DOSY) (see Figure 6.2). The structural arrangement of 

the metallacycle cannot be conclusively assigned as a [4+4] square or [3+3] triangle 

assembly based on NMR experiments alone. Mass spectrometry should be used to 

determine its conformation. 

 

Figure 6.2  1H,19F (inset) and DOSY NMR spectra of the self-assembly in CD3NO2. 
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The Stokes-Einstein equation (Equation 1)198 can be used to approximate the Rh 

of the metallacycle using the diffusion coefficient (DNMR) determined in the DOSY NMR 

experiment. The hydrodynamic radii for [(Ni(Salen)pPy)x(Pd(dppf))x]2x+ 2x[OTf]– 

metallacycle in nitromethane was calculated to be 15.2 Å. This hydrodynamic value 

compares well to the Pd(en) macrocycle (2) discussed in Chapter 3 (Rh = 14.8 Å), 

suggesting a [4+4] square assembly.  

                                                         			)* =
,-

./01
                                                              (1) 

where Rh = hydrodynamic radius (in m), T = temperature (in K), k = 

Boltzman constant (1.3806x10-23 J K-1), h = viscosity of the solvent (in Pa 

s), and D = diffusion coefficient of the analyte (in m2/s). 

Table 6.2  Redox potentials for [(Ni(Salen)pPy)x(Pd(dppf))x]2x+ 2x[OTf]– metallacycle 
(0.25 mM) vs. Fc+/Fca in 0.1 M nBu4PF6, scan rate 100 mV s−1, CH2Cl2, 298 
K) 

Compound 1E1/2 (mV) 2E1/2 (mV) 
[(Ni(Salen)pPy)x(Pd(dppf))x]2x+ 2x[OTf]– 800 (120) 1280b 

a Peak-to-peak differences in brackets (|Epa-Epc| in mV). Peak-to-peak difference for the Fc+/Fc couple is 119 mV.  
b Determined by DPV. 

Cyclic voltammetry (CV) of this new metallacycle (see Figure 6.3a and Table 6.2) 

reveals a quasi-reversible redox process at E1/2 = 0.80 V and an irreversible redox process 

at E1/2 = 1.28 V (as determined via differential pulse voltammetry, DPV). Based on 

previous reports of metallacycles containing Pd(dppf) moiety, the redox couple for 

Fe(III)/Fe(II) has been observed in the range of 0.75-0.86 V vs. Fc+/Fc in CH3CN.188-

189,191,478 Moreover, as discussed in Chapters 3-4, the metallacycles containing 

Ni(Salen)pPy complex display redox processes assigned to the oxidation of the salen unit 

in the range of 0.78-0.85 V vs. Fc+/Fc in CH2Cl2. Therefore, the redox couple at E1/2 = 0.80 

V, shown in Figure 6.3a, can be assigned to either six or eight one-electron oxidations of 

each ferrocenyl and salen unit, depending on the structure of the metallacycle. The 

sharpness of the reduction peak observed in Figure 6.3a-b is likely due to an electrode 

adsorption process.481 This sharp peak appears to be less pronounced in the absence of 

the second oxidation at E1/2 = 1.28 V (see Figure 6.3b). 
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Figure 6.3  a) Cyclic voltammogram of [(Ni(Salen)pPy)x(Pd(dppf))x]2x+ 2x[OTf]– 
metallacycle (0.25 mM, 100 mV s-1) and DPV (0.25 mM, 20 mV s-1), b) 
Potential scan rate dependence (0.25 mM, 10-500 mV s-1), d) Linear 
regression between jpa and the inverse scan rate at 1Epa; Conditions: 0.1 M 
nBu4PF6 in CH2Cl2 at 298 K. 

The Randles-Sevcik equation (Equation 2) can be used to approximate the 

diffusion coefficient (DCV) using the electrochemical data from the scan-rate dependence 

experiment (Figure 6.3c). Ideally, DCV can be compared to the diffusion coefficient (DNMR) 

determined via DOSY NMR experiment.  

                                              			345 = 2.69 × 10=>
?
@ABCDC

E
@F

E
@                                             (2) 

where ipa = anodic peak current (in amperes), n = number of electrons 

passed per molecule oxidized, A = area of the electrode (in cm2), C0 = bulk 

concentration of the analyte (in moles/cm3), D0 = diffusion coefficient of the 

analyte (in cm2/s), v = potential scan rate (in V/s). 

Plotting the change in the current at the anode as a function of the square root of 

scan rate (Equation 3 and 4), provided a linear regression: 

                                                                L45 = 	M(F
E
@)                                                      (3) 

where 

                                                                 L45 = 	
NO%
P

                                                         (4) 
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From the slope of the linear regression (Equation 5, Figure 6.3c), DCV was 

calculated to be 3.91 × 10-11 m2/s (for n = 6 electrons) and 1.65 × 10-11 m2/s (for n = 8 

electrons).  

                                                    QRSTU = 2.69 × 10=>
?
@BCDC

E
@                                           (5) 

According to the preliminary electrochemical study, the newly prepared 

[(Ni(Salen)pPy)x(Pd(dppf))x]2x+ 2x[OTf]– metallacycle affords a system that can undergo 

oxidation of up to six or eight electrons, depending on its structural conformation. 1H DOSY 

NMR should be further explored in CH2Cl2 to determine DNMR and compare it to DCV values. 

Moreover, oxidation studies should be carried out to further confirm the locus of oxidation 

and determine the stability of the oxidized metallacycle. Mass spectrometry and X-ray 

crystallography measurements would need to be performed to further characterize the 

structural arrangement of this supramolecular structure. 

6.3.2. Metallacycles with Ru Pillars 

 With respect to Chapter 4, two novel metallacycles (3a and 3b) were designed and 

synthesized from the Ni(Salen)pPy metalloligand as a 180° donor and two, previously 

reported, bis-Ru(ox) and bis-Ru(naphtho) complexes as 0° acceptors. Through the NMR 

and mass spectrometry experiments it was established that the coordination-driven self-

assembly using bis-Ru(naphtho) complex results in interlocked (M4L4, 3b) and 

monomeric (M2L2, 3b’) assemblies, being both solvent and concentration dependent (see 

Chapter 4, Scheme 4.1 for the structure of 3b and 3b’). In addition to the results discussed 

in Chapter 4, it would be of benefit to investigate these assemblies through circular 

dichroism (CD) spectroscopy, in order to evaluate the optical activity and enantiomeric 

nature of the structures.482 CD spectroscopy can also act a useful technique for detection 

of exciton couples and host-guest interactions in chiral systems.158 

 Using bis-Ru complexes provides a strategy for a simple variation of the 

metallacycle cavity size and topology (e.g. interlocking). Other bis-Ru complexes (Figure 

6.4) should be investigated as acceptors in coordination-driven self-assembly with 

Ni(Salen)pPy metalloligand to further study the assembly motif (interlocked vs. non-

interlocked). 
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Figure 6.4  Additional bimetallic Ru complexes used in coordination-driven self-
assembly of metallacycles. 

In addition to the experimental data on oxidation of 3a and 3b discussed in Chapter 

4, DFT calculations predict the doubly oxidized metallacycle [3a]2•+ to be a delocalized Ni 

salen ligand radical, with negligible spin density on the Ru pillars. The Ni contribution to 

the SOMO of the [3a]2•+ was calculated to be ca. 5% (Figure 6.5), further supporting an 

increased g value in the EPR spectrum of [3a]2•+ (g = 2.065; Appendix C – Figure C20) in 

comparison to the free electron value. As stated previously, geometry optimization and 

TD-DFT calculations for [3b]8•+ were not attempted, due to the complexity of the structural 

configuration. 

 

Figure 6.5  Spin density plot of [3a]2•+ (SDNi = 5%). 

Applications such as sensors, electrochemical switches, and electron transfer 

materials have been explored through host-guest chemistry of supramolecular assemblies 

containing redox-active donors.213-214 Taking advantage of the redox properties and the 

solvent and concentration dependence of the self-assembly described in Chapter 4, 

redox-triggered host-guest chemistry of 3b is worth investigating. Guest molecules 
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frequently studied in association with macrocycles and cages are anions, organic and 

inorganic molecules, and gases. By nature, coordination-driven self-assembly relies on 

donor-acceptor interactions and as a result these structures are often positively charged. 

This makes host-guest interactions with neutral guest molecules (e.g. fullerenes, 

coronene, perylene, and pyrene) an extra challenging task.188,199,215-216  

Scheme 6.3  Schematic representation of future studies based on the host-guest-
controlled monomerization reactions of the interlocked self-assembly 3b, 
alongside oxidation. 

 

Outlined in Schemes 6.3 and 6.4 are the potential reactions that can be explored 

with respect to the rearrangement of 3b (i.e., from M4L4 to M2L2) through redox-triggered 

host-guest chemistry or photolysis. Step 1 (in both Schemes 6.3 and 6.4) depicts the 

oxidation of 3b to [3b]8•+ described in Chapter 4. Using [3b]8•+ as a starting point (Step 2, 

Scheme 6.3), addition of a neutral guest such as pyrazine could result in coordination to 

Lewis acidic Ni centres and formation of the monomeric structure. Otherwise, using an 

anionic guest, such as B12F12
2- (considering an increased positive charge of the 

metallacycle) could potentially force the [2]catenane structure of [3b]8•+ to switch to 

[3b’Ìguest]4•+ in order to accommodate the guest molecules. Step 3 investigates whether 

any guest molecules could break the molecular interactions of 3b, pre- or post-assembly 

of the [2]catenane, forming [3b’Ìguest]. Finally, if [3b’Ìguest] assembly can be achieved 

through host-guest chemistry, would its oxidation lead to the formation of [3b’Ìguest]4•+ 

or a redox-triggered release of the guest molecule (Step 4)? 
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Scheme 6.4  Schematic representation of future studies based on photolysis-controlled 
monomerization reactions of the interlocked self-assembly 3b, alongside 
oxidation. 

 

Photolysis has been applied in supramolecular chemistry in directional photo-

induced self-assembly133 and structural modification of macrocycles to induce function483-

485 (e.g. photo-induced modification of azobenzene or dithienylethene to trigger guest 

release). Exploring the photolysis of [3b]8•+ (Scheme 6.4, Step 2) could lead to 

monomerization of the metallacycle to form [3b’]4•+, which can be characterized by the 

absence of exciton coupling due to the large distance between Ni salen units (>7.7 Å). 

This new species, now presents a starting point for further investigation with potential 

guest molecules. A preliminary photolysis study of 3b was investigated (Step 3), in which 

a 1.0 mM solution was prepared in several organic solvents such as CD3NO2, CD2Cl2, 

10% CD3NO2 in CD2Cl2, and CD3CN and characterized using 1H NMR spectroscopy after 

irradiation with a UV lamp (lex = 312 nm). The only solvent system that exhibited spectral 

changes was CD3NO2. A pronounced change in the p-cymene region of the metallacycle 

(see Figure 6.6) is observed after just 2 hours of irradiation; the two doublets present as 

the major signals potentially suggests monomerization of the metallacycle (i.e., M2L2 

formation). Finally, if photolysis of 3b does result in formation of 3b’, an in situ oxidation 

of the sample should be investigated for generation of [3b’]4•+ species. 
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Figure 6.6  Qualitative 1H NMR analysis of the aromatic region (5.5 - 8.5 ppm) of 3b 
(1.0 mM) in CD3NO2 after irradiation for 2 hours with a UV lamp (lex = 312 
nm). 

Characterization of the electronic structure and exciton coupling of [3b’Ìguest]4•+ 

and [3b’]4•+ using EPR and UV-Vis-NIR spectroscopy (no exciton coupling/IVCT band shift 

with respect to 1a; see Chapter 4) is of interest. Additionally, if not possible via X-ray 

crystallography, the evaluation of the structural assembly of [3b’Ìguest]4•+ and [3b’]4•+ 

can be potentially investigated through paramagnetic DOSY NMR, which has been 

recently discussed as a characterization technique for paramagnetic complexes.486 

In conclusion, this thesis has explored the incorporation of salen ligand radical 

species into small molecule complexes, supramolecular self-assemblies, and metal-

organic frameworks. The integration of these redox-active moieties has been strategically 

designed and investigated in their monomeric forms and as building blocks for 

coordination-driven self-assembly of supramolecular metallacycles and three-dimensional 

(3D) frameworks. The evaluation of the locus of oxidation in these systems was 

accomplished through the use of electrochemical, various spectroscopic and theoretical 

techniques. In the case of metallacycles, the investigation of their electronic structures 

upon oxidation brings novelty to the field of supramolecular assemblies. Moreover, the 

work presented in this thesis opens up the possibility to use these systems for redox-

controlled host-guest chemistry, catalysis, and sensing. 
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6.4. Experimental  

6.4.1. Materials and Methods 

All chemicals used were of the highest grade available and were further purified 

whenever necessary. Ni(Salen)pPy
 was synthesized according to a previous report.446 

Cyclic voltammetry (CV) was performed using a PAR-263A potentiometer, equipped with 

an Ag wire pseudo-reference electrode, a glassy carbon working electrode and a Pt 

counter electrode with nBu4NPF6 (0.1 M) solutions in CH2Cl2 under an inert atmosphere. 

Decamethylferrocene was used as an internal standard.348 1H, 31P, and DOSY NMR 

spectra were recorded on a Bruker AV-300 instrument. 

6.4.2. Photolysis Protocol 

A solution of 3b (3.0 mg, 0.47 µmol) in CD3NO2 (0.5 mL) was transferred into the 

NMR tube and irradiated with a UV lamp (lex = 312 nm) for 2 hours. The solution changed 

colour from greenish-brown to reddish-brown. 1H NMR readings were taken at t = 0h, 1h 

and 2h. 

6.4.3. Theoretical Calculations 

Geometry optimization calculations for the [3a]2•+ were completed using the 

Gaussian 16 program (Revision B.01),400 the B3LYP355-356 functional, the 6-31G(d) basis 

set (C, H, N, O, Ni), LanL2DZ401 (Ru), with a polarized continuum model (PCM) for CH2Cl2 

(dielectric e = 8.94).359-362 Single-point calculations were performed using the B3LYP 

functional, the TZVP368-369 basis set (C, H, N, O, Ni), LanL2DZ (Ru), with a PCM for CH2Cl2. 
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6.4.4. Synthesis 

Synthesis of [(Ni(Salen)pPy)x(Pd(dppf))x]2x+ 2x[OTf]– metallacycle, where x = 3 or 4 

 

A green solution of Pd(dppf)(OTf)2 (5.1 mg, 5.3 µmol) in CD3NO2 (400 µL) was 

added to Ni(Salen)pPy (3.4 mg, 5.3 µmol). The resultant mixture was mixed until a clear 

bright red-orange solution was formed. Evaporation of the solvent yielded pure compound 

as red solid. Yield: (8.4 mg, 100%). 1H NMR (300 MHz, CD3NO2) δ 8.14-8.07 (m, 4H), 

7.96 (dd, J = 12.7, 7.6 Hz, 8H), 7.79-7.69 (m, 4H), 7.68-7.59 (m, 8H), 7.56 (s, 2H), 7.49 

(d, J = 2.4 Hz, 2H), 7.36 (d, J = 2.4 Hz, 2H), 7.29 (d, J = 6.1 Hz, 2H), 4.80 (s, 4H), 4.73 (s, 

4H), 3.07 (s, 2H), 2.48 (s, 2H), 1.88 (s, 2H), 1.48-1.22 (m, 22H) ppm. 31P NMR (282 MHz, 

CD3NO2) δ 33.39 ppm. 
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Appendix A.   
 
Supplementary Information for Chapter 2  

 

Figure A1.  IR spectra of H2(Salophen)tBu (a), H2(Salophen)OMe (b), H2(Salophen)NMe2 
(c) and the uranyl complexes 1a-c (d-f), respectively. 
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Figure A2.  POV-Ray representation (50% probability) of 1b, depicting intermolecular 
interaction. 
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Figure A3.  a-c) Electronic spectra of the decay study of [1a-c]+, respectively.  
(t = 0 min - red; t = 5 hr - blue; 30 min scans (grey lines). Conditions: 1.0 
mM solution in CH2Cl2, T = 298 K. 
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Figure A4.  a-c) TD-DFT predicted β-HOMO-1 g β-LUMO NIR transitions for [1a-c]+, 
respectively. 

 

 

 

Figure A5.  a-c) Predicted spin density of [1a-c]+, respectvely, without H2O coordinated 
in the equatorial plane. 
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Figure B1.  MMFF calculation of 2 (Outer diameter = 37 Å, Inner diameter = 20 Å). 

 

Figure B2.  a) STEM image of 2. b) STEM-Energy-dispersive X-ray (EDX) spectrum 
image of Ni (red) and Pd (green), Conditions: 100 µM, magnification: 
225,000×. 
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Figure B3.  Cyclic voltammetry of 1 (0.50 mM, 100 mV/s) – scan direction reversed 
after reaching first redox process; b) Potential scan rate dependence of 1 
(0.50 mM) 50-500 mV/s; Conditions: 0.1 M NBu4PF6 in CH3NO2 at 298 K.  

 

Figure B4.  Hammett plot of first oxidation potential vs. Hammett constant (spara) of 
Ni(Salen)R complexes (where R = tBu, OMe, NMe2, CF3, Py as para-
substituents). 
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Figure B5.  Electronic spectra of the chemical oxidation of 2 (black) to [2]4+ (red); 
Conditions: in CH3CN/CH2Cl2 (1:2), at 253 K, titrated with 4 mM 
[N(C6H3Br2)3]•+[SbF6]− as oxidant. Grey spectra represent aliquot additions 
of the oxidant.   
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Scheme C1. Synthesis of 2a. 

 

Scheme C2. Synthesis of 2b. 

 

Scheme C3. Synthesis of [Ru(en)(p-cym)OTf][OTf]. 
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Figure C1. ESI-FTICR of a dilution study of 3b (1 mM, top and 0.02 mM, bottom) in 
CH3OH. Insets: experimental (Exp) and calculated (Th) isotopic pattern distributions. 
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Figure C2. 1H NMR spectrum of the 3a (4 mM) assembly in CD3NO2. 
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Figure C3. 2D COSY NMR spectrum of 3a (4 mM) in CD3NO2. 

 

 

Figure C4. 1H NMR with corresponding 1H DOSY NMR spectrum of the 3a (4 mM) 
assembly in CD3CN. 
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Figure C5. 1H NMR with corresponding 1H DOSY NMR spectrum of the 3b (2 mM) 
assembly in CD2Cl2. 

 

Figure C6. 1H NMR with corresponding 1H DOSY NMR spectrum of the 3b (2 mM) 
assembly in MeCN. 
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Figure C7. 1H NMR spectra of the titration of DMSO-d6 into CD2Cl2 solution of 3b (5 mM). 

 

Figure C8. Comparison of the 1H NMR spectra of 3b’ assembly in DMSO (4 mM) vs. 
DCM/DMSO mixture (1:1, 2.5 mM). Both spectra were calibrated to DMSO solvent peak 
at 2.50 ppm; (*) denotes CH2Cl2. 
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Figure C9. 2D COSY NMR spectrum of 3b’ in DCM/DMSO mixture (1:1). 
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Figure C10. 2D HSQC NMR spectrum of 3b’ in DCM/DMSO mixture (1:1). 
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Figure C11. 2D HMBC NMR spectrum of 3b’ in DCM/DMSO mixture (1:1). 
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Figure C12. 1H NMR spectra of the dilution of 3b in MeOD from 5 mM to 0.1 mM. 
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Figure C13. 1H NMR spectrum of 1 in CD3NO2. 
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Figure C14. 1H and 19F NMR spectra of [Ru(en)(p-cym)Cl]OTf in CD3NO2. 
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Figure C15. 1H and 19F NMR spectra of [Ru(en)(p-cym)OTf]OTf in CD3NO2. 
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Figure C16. 1H and 19F NMR spectra of 1a in CD3NO2. 

 

Figure C17. a) Cyclic voltammogram of 1 at 298 K, b) Cyclic voltammogram of 1 at 233 
K; Conditions: 1.0 mM, in 0.1 M nBu4PF6 in CH2Cl2. 
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Figure C18. a) Cyclic voltammogram of 2a (black) and 2a + pyridine (red), b) Cyclic 
voltammogram 2b (black) and 2b + pyridine (red); Conditions: 0.5 mM, in 0.1 M nBu4ClO4 
in CH2Cl2. 

 

Figure C19. Electronic spectra of chemical oxidation of 2a (0.01 mM, black), 1 equiv. of 
oxidant added (red), 2 equiv. of oxidant (blue). Inset: EPR spectrum of [2a + 2 equiv. 
oxidant] (4.5 mM, g = 2.007) at in CH2Cl2 at 298 K; Conditions: frequency = 9.86 GHz, 
power = 2.0 mW, modulation frequency = 100 kHz, modulation amplitude = 0.1 mT. 
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Figure C20. EPR of [3a]2+ (0.1 mM, black solid line) in CH2Cl2 at 298 K (giso = 2.065, 
simulation: red solid line); Conditions: frequency = 9.86 GHz, power = 2.0 mW, modulation 
frequency = 100 kHz, modulation amplitude = 0.1 mT. 
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Figure D.1 1H NMR spectrum of 2a in CDCl3. 
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Figure D.2 1H NMR spectrum of 2b in CDCl3. 

 

Figure D.3 1H NMR spectrum of 2c in CDCl3. 
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Figure D.4 1H NMR spectrum of 2e in CDCl3. 

 

Figure D.5 1H NMR spectrum of 3a in CDCl3. 
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Figure D.6 1H NMR spectrum of 3b in CDCl3. 

 

Figure D.7 1H NMR spectrum of 3c in CDCl3. 
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Figure D.8 1H NMR spectrum of 3d in DMSO-d6. 

 

Figure D.9 1H NMR spectrum of 3e in CDCl3. 
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Figure D.10 1H NMR spectrum of 4b in CDCl3. 

 

Figure D.11 1H NMR spectrum of 4d in DMSO-d6. 
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Figure D.12 1H NMR spectrum of 4e in DMSO-d6. 


