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Abstract 

Transition metal complexes with pro-radical ligands have received considerable 

research attention due to their interesting electronic structures, photophysical properties, 

and applications in catalysis. The relative ordering of metal and ligand frontier orbitals in 

a complex incorporating pro-radical ligands dictates whether oxidation/reduction occurs at 

the metal centre or at the ligand. Many metalloenzymes couple redox events at multiple 

metal centres or between metals and pro-radical ligands to facilitate multielectron 

chemistry. Owing to the simplicity of the active sites, many structural and functional 

models have been studied. One class of pro-radical ligand that has been investigated 

extensively are bis-imine bis-phenoxide ligands (i.e. salen) due to their highly modular 

syntheses. In this thesis, projects related to the synthesis, electronic structure, and 

reactivity of mono and bimetallic complexes incorporating the salen framework are 

explored. 

Chapter 2 presents a systematic investigation of the effects of geometry on the 

electronic structure of four bis-oxidized bimetallic Ni salen species. The tunability of their 

intense intervalence charge transfer (IVCT) transitions in the near infrared (NIR) by nearly 

400 nm due to exciton coupling in the excited states is described. For the first time, this 

study demonstrates the applicability of exciton coupling to ligand radical systems 

absorbing in the NIR region. Chapter 3 investigates the ground-state electronic structure 

of a bis-oxidized Co dimer. Enhanced metal participation to the singly occupied molecular 

orbitals results in both high spin Co(III) and Co(II)-L• character in the ground state, and no 

observable band splitting in the NIR due to exciton coupling. Finally, Chapter 4 describes 

a series of oxidized nitridomanganese(V) salen complexes with different para ring 

substituents (R = CF3, tBu, and NMe2), demonstrating that nitride activation is dictated by 

remote ligand electronics. Upon one-electron oxidation, electron deficient ligands afford a 

Mn(VI) species and nitride activation, whereas an electron-rich ligand results in ligand 

based oxidation and resistance to N coupling of the nitrides. This study highlights the 

alternative reactivity pathways that pro-radical ligands impose on metal complexes and 

represents a key step in the use of NH3 as a hydrogen storage medium. The results 

presented herein provide a starting point for further efforts in reactivity with the salen 

platform. 
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Chapter 1. Introduction 

Adapted from: Clarke, R.M.; Herasymchuk, K.; and Storr, T. Coord. Chem. Rev., 2017, 

352, 67-82. 

RMC wrote the introduction as well as sections on manganese, cobalt, and nickel. KH 

contributed sections on copper, as well as ‘other metals’ and salen derivative ligands. 

and 

Clarke, R.M.; and Storr, T. Dalton. Trans., 2014, 43, 9380-9391. 

1.1. Pro-Radical Ligands 

The vast majority of traditional ligands used in inorganic chemistry (ammonia, 

triphenylphosphine, halides) are termed ‘innocent’ – the energy required to oxidize or 

reduce them is significantly higher than that needed to oxidize or reduce the metal centre.1 

Conversely, ligands with energetically accessible levels susceptible to oxidation or 

reduction are termed ‘redox-active’ or ‘non-innocent’.2 Ligands were first recognized as 

suspect in 1966 by Jørgensen and he coined the terms ‘innocent’ and ‘non-innocent’ for 

ligands depending on whether the oxidation state of the central metal ion could be easily 

assigned.3 The relative ordering of the metal and ligand frontier molecular orbitals in a 

transition metal complex (Mn+L) incorporating redox-active ligands dictates whether 

oxidation/reduction occurs at the metal or the ligand (Figure 1.1). 

 

Figure 1.1. Possible oxidation or reduction processes for metal complexes with pro-
radical ligands. Red electrons represent electrons gained or lost in the 
reduction/oxidation event. 

Simple examples of non-innocent ligands include dioxygen (O2), which can 

undergo two one-electron reductions to form superoxide (O2
•-) and peroxide (O2

2-) anions;4 
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and nitric oxide which can exist in cationic (NO+, linear binding), neutral (NO•, bent 

binding), and anionic (NO-, bent binding) forms.5 As an example of the redox ambiguity of 

dioxygen and the associated difficulty in assigning oxidation states when non-innocent 

ligands are involved, the oxygen transport protein oxymyoglobin/oxyhemoglobin is 

illustrated in Figure 1.2. Two electronic structures are possible to explain the observed 

diamagnetic ground state. The first, put forth by Pauling, has the central Fe ion in the +2 

oxidation state, with a neutral O2 ligand bound in the apical position.6 Weiss proposed the 

second electronic structure in which the central Fe ion is in the +3 oxidation state, with an 

antiferromagnetically coupled superoxide ligand in the apical position.7 Only through 

extensive spectroscopic characterization coupled with theoretical investigations can the 

electronic structure be accurately defined, and debate over the nature of Fe-O2 binding in 

proteins persists, with the electronic structure being highly sensitive to factors such as the 

axial ligand and surrounding protein environment.8-12  

 

Figure 1.2. Possible electronic structures of O2 transport proteins proposed by Pauling 
and Weiss that give an STotal = 0, illustrating the redox ambiguity of 
dioxygen, and the resulting effect on the oxidation state of the central Fe. 

Oftentimes, the terms ‘redox-active’ and ‘non-innocent’ are used interchangeably 

in the literature when describing ligands with ambiguous charge states.13 In this thesis, the 

term ‘pro-radical’ ligand is used, as all of the metal complexes prepared within incorporate 

closed-shell dianionic ligands which are subsequently oxidized. 

1.1.1. Pro-Radical Ligands in Nature 

The study of transition metal complexes with pro-radical ligands is an area of 

considerable research interest due to their relevance in biological systems, as well as the 

ability of these ligands to confer noble-metal reactivity to base metals.1, 13-17 Pro-radical 
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ligands are essential in the active sites of many metalloenzymes as the coupling of redox 

events at both metal and ligand allows for efficient multielectron chemistry;18 examples 

include photosystem II,19-20 cytochrome c oxidase21 and P450,22 glyoxal oxidase,23 and 

galactose oxidase.24 

Galactose oxidase (GOase) is a copper containing fungal metalloenzyme that 

catalyzes the oxidation of primary alcohols to aldehydes with the concomitant reduction of 

O2 to H2O2.25-26 The active site coordination sphere is composed of two equatorial histidine 

residues (His496 and His581), a post-translationally modified tyrosine residue (Tyr272) cross-

linked with a cysteine residue (Cys228), and an axial tyrosine residue (Tyr495). Figure 1.3 

depicts the mechanistic steps involved in this transformation.25 The catalytically active 

form, GOox, incorporates a Cu(II) metal centre and a tyrosyl ligand radical, with each 

undergoing one-electron reduction during substrate oxidation.24 

 

Figure 1.3. (A) Galactose oxidase rendered using PyMol,27 (B) Mechanism of aerobic 
oxidation of primary alcohols to aldehydes by galactose oxidase. 

The cytochrome P450 family of monooxygenase enzymes are found in all 

branches of life and are responsible for the hydroxylation of unactivated C-H bonds.28 

Despite sharing less than 20% sequence identity across the P450 gene superfamily 

(>10,000 identified P450 genes),29 all P450s share a common overall fold and topology.30 

The active-site contains a heme group anchored to the protein via a cysteine residue, in 

contrast to the histidine residues employed by O2 transport proteins.31 The cysteine 

residue is proposed to play a role in stabilizing the high-valent Fe-oxo core, as well as 

tuning the pKa of the Fe-oxo species, both critical aspects to the observed reactivity.32 
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Dioxygen uptake is mediated by an Fe(II) centre which through the addition of an electron 

and two protons to the Fe-O2 adduct produces H2O and the active oxidant, ‘Compound 

I’.33 Compound I is highly reactive, and is able to abstract a hydrogen atom (with bond 

dissociation energies (BDEs) as high as 100 kcal mol-1)12 from the substrate, forming an 

Fe(IV)-hydroxo intermediate, which undergoes rapid oxygen-rebound with the substrate 

radical to afford the hydroxylated product.32, 34-35 Reduction to Fe(II) regenerates the O2 

binding species (Figure 1.4). 

 

Figure 1.4. (A) Cytochrome P450 rendered using PyMol,27 (B) Mechanism of action 
of cytochrome P450. 

1.1.2. Synthetic Models Incorporating Pro-Radical Ligands 

The electronic structures of metal complexes containing pro-radical ligands was 

thoroughly investigated long before the identification of their involvement in biological 

systems. As early as the 1960’s, groups at the University of Munich,36 The University of 

Columbia,37-38 and Harvard University39 were investigating the electronic structures of 

metal complexes with dithiolene40 ligands (Figure 1.5). In an initial report by Schrauzer 

and Mayweg, a neutral Ni complex with dithiolene ligands was reported following reaction 

of NiS2 with diphenylacetylene.36 The complex was assigned a square planar Ni(II) 

geometry on the basis of magnetic measurements, as well as its behavior in solution with 

coordiating solvents. This oxidation state assignment necessitated that each ligand be 

one-electron reduced, rather than neutral ligands with a formally Ni(0) centre. Following 

this initial report, Gray and co-workers reported Ni(II) complexes with dithiolene ligands in 

the -2 and -1 charge state, depending on the dithiolene backbone substituent.37-38 

Recognizing the 2-electron difference between the diphenyl-dithiolene complexes 
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reported by Schrauzer and Mayweg, and the cyano-dithiolene complexes reported by 

Gray, Davison and co-workers developed a series of CF3 substituted dithiolene complexes 

that could undergo sequential one-electron redox transformations (Figure 1.5).39 Since 

these initial investigations, there have been a number of reports detailing the electronic 

structure and reactivity of dithiolene complexes using both experimental and theoretical 

methods.41-43 

 

Figure 1.5. (A) Three charge states for dithiolene ligands; (B) Early examples of Ni 
complexes with dithiolene ligands in different charge states. 

Although the dithiolenes were amongst the first studied pro-radical ligands, a 

number of classes have emerged and been thoroughly studied for both electronic structure 

and reactivity reasons. Like dithiolene ligands, o-amidophenolate (ap) ligands have the 

potential to exist in three different charge states (Figure 1.6).44  

 

Figure 1.6. Three potential charge states for o-amidophenolate ligands. R1 is typically 
an aryl group. 

Elegant work by Heyduk and co-workers demonstrated ‘oxidative addition’ and 

‘reductive elimination’ reactions at Zr(IV) supported by o-amidophenolate ligands.45-46 

Exposure of Zr(ap)2(thf)2 to chlorine gas results in chlorine addition at the Zr centre via 

one-electron oxidation of each ap ligand (Zr(IV) has no d electrons to contribute towards 
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the oxidative addition of Cl2) (Scheme 1.1 – top).45 Temperature-dependent magnetic 

measurements suggest that the unpaired electrons in Zr(isq)2Cl2 (isq = o-

iminosemiquinone) are spin-paired to afford a singlet ground state. Zr(isq)2Cl2 can also be 

prepared via complexation of ZrCl4 with 2 equivalents of preoxidized ligand Li(isq) which 

has identical spectroscopic properties to the complex prepared via exposure to Cl2. The 

X-ray metrical parameters of the oxidized complex can also be used to assign radical 

character to the ligands, with contraction of the C-O and C-N bonds suggesting an 

increase in double bond character upon oxidation.47 Elongation of the Zr-O and Zr-N 

bonds is also observed, as the monoanionic isq ligands are weaker donors in comparison 

to their ap counterparts. Finally, the C-C bond lengths in the aromatic rings adopt an 

alternating pattern which is suggestive of quinoidal structures in the oxidized species. In 

a subsequent paper,46 a ‘reductive elimination’ reaction to form biphenyl from Zr(isq)2Ph2 

was reported. The electrons from the reductive elimination reduce the isq ligands back to 

ap moieties (Scheme 1.1 – bottom). 

Scheme 1.1. ‘Oxidative addition’ and ‘reductive elimination’ reactions at Zr(IV) reported 
by Heyduk and co-workers.45-46 

 

Bis(imino)pyridine (PDI) ligands originally developed by Brookhart and Gibson for 

the polymerization of ethylene48-49 have been used extensively by Chirik and co-workers 

for a number of electronic structure50-51 and reactivity studies (Figure 1.7).52-58 These 

complexes find utility in the hydrogenation and hydrosilation of olefins,52 the cyclization of 

enynes and diynes57, and the [2π + 2π] cycloaddition of α,ω-dienes.56 
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Figure 1.7. Possible charge states for the bis(imino)pyridines (PDI) used extensively 
by Chirik and co-workers. 

Scheme 1.2 depicts the catalytic cycle for the [2π + 2π] cycloaddition of α,ω-dienes 

catalyzed by (RPDI)Fe(N2)2; which was previously established via experimental and 

theoretical techniques to be an Fe(II) complex with a doubly reduced [PDI]2- ligand.55 

Cyclization is afforded with electron equivalents from the [PDI]2- ligand, which is re-

reduced to [PDI]2- upon reductive elimination of the product. Spectroscopic (Mössbauer) 

and crystallographic studies on model complexes support a pathway in which the Fe(II) 

oxidation state is maintained throughout the catalytic cycle. 

Scheme 1.2. A [2π + 2π] ring-closing catalytic reaction at Fe(II) reported by Chirik and 
co-workers. E = alkyl, Si-R, N-R; Ar = iPr.56 

 

Owing to the simplicity of the active sites in GOase, P450, and other 

metalloenzymes, many structural and functional small molecule models of these enyzmes 

have been studied.59-66 In particular, Stack and co-workers developed some of the first 

structural and functional models of GOase capable of the catalytic transformation of 

benzylic and allylic alcohols to aldehydes with >1,000 turnovers under mild conditions 
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(Figure 1.8).62, 67 Like galactose oxidase, these models are demonstrated via Cu K-edge 

X-ray absorption spectroscopy (XAS) to contain Cu(II) in both the neutral and one-electron 

oxidized forms of the complexes.  

 

Figure 1.8. Biomimetic Cu(II) models studied by Stack and co-workers for the oxidation 
of alcohols to aldehydes.62, 67 

Biomimetic Fe-oxo model complexes of the cytochrome P450 family and other 

oxygenase enzymes supported by porphyrin and other ligand platforms are abundant in 

the literature.68-72 Early models developed by Groves and co-workers incorporate a 

porphyrinyl radical cation analogous to the electronic structure of Compound I, 

characterized by large downfield shifts of the porphyrin mesityl protons in the 1H NMR 

spectrum, UV-vis spectral features, and Mössbauer parameters (0.05 mm s-1, ΔEQ = 1.49 

mm s-1) indicative of Fe(IV).73 Despite the success in mimicking the observed electronic 

structure and reactivity, the catalytic activity of this and subsequent Fe-oxo porphyrin 

model complexes was hampered by porphyrin decomposition reactions and μ-oxo dimer 

formation. Improved catalytic activities were achieved through incorporation of alkyl, 

halogen, or other substituents to the meso or β-pyrrole positions of the porphyrin ring.74 

1.2. Salen as a Pro-Radical Ligand 

The electronic structure of one-electron oxidized metal complexes of phenolate 

containing ligands such as salen (salen is a common abbreviation for N2O2 bis-Schiff-base 

bis-phenoxide ligands) have been extensively studied due to their modular syntheses 

allowing for facile tuning of both steric and electronic properties, versatility in catalysis, 

and structural similarity (N and O donor moieties) to biological coordination spheres.75-80 

Furthermore, salen ligands are known to coordinate to a wide variety of transition and 

main group elements in a number of oxidation states.81 Traditionally, the term salen refers 
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to ligands specifically prepared via condensation of ethylene diamine with two equivalents 

of salicylaldehyde, but has come to include ligands with varying phenyl ring substituents 

and diamine backbones.82 The imine functionalities can be reduced to afford the 

corresponding tetrahydrosalen analogues,83-86 while half-reduced salen ligands can be 

prepared via reduction of only one imine function.80 The development of synthetic 

methodologies for asymmetric salens (ligands with different substitution patterns on each 

of the phenol moieties) allows for the preparation of a diverse library of ligands (Figure 

1.9).87 

 

Figure 1.9. Synthetic strategies for symmetric and asymmetric salen ligands. 

Metal-salen complexes can exhibit redox activity at either the ligand or the metal 

centre upon one-electron oxidation, depending on the transition metal, the peripheral 

ligand substituents, the solvent, or the temperature. Without the use of ortho- and para-

phenolate protecting groups to prevent radical coupling, oxidized metal-salen complexes 

can be prone to rapid polymerization, restricting the study of oxidized species.88-92 While 

not the focus of this thesis, it is also possible to reduce salen ligands with strong reducing 

agents (Li, Na, K) with the reduction locus (metal or ligand) dependant on the reductant 

employed.93 
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Metal-salen ligand radical complexes are amongst a class of compounds known 

as mixed-valence compounds, which traditionally consist of two metal ions in different 

formal oxidation states bridged by an organic linker (Mn+-L-Mn+1).94-95 The archetypical 

example of a mixed-valence compound of this type is the Creutz-Taube ion, a diruthenium 

complex bridged by a pyrazine ligand with the formula [((NH3)5Ru)(μ-pyz)(Ru(NH3)5)]5+.96 

The mixed-valency is inverted in the case of metal-salen ligand-radical complexes, in 

which two redox-active phenolates are bridged by a transition metal centre (L-Mn+-L•).97-98 

Robin and Day established a classification system for the characterization of mixed-

valence compounds depending on the degree of electronic communication between the 

valencies,99 and Hush provided a theoretical model to describe the intervalence charge 

transfer (IVCT).100 Class I mixed-valence compounds are those that are unable to undergo 

intramolecular electron transfer from one valence site to another due to the distance 

between the valence site, or limited coupling through the spacer group. Class II mixed-

valence compounds are those in which the valences can interconvert under thermal or 

photochemical activation; while Class III mixed-valence compounds are coupled so 

strongly that delocalization occurs and the formal charge on each valence is averaged 

(Figure 1.10). The Creutz-Taube ion is an example of a Class III mixed-valence compound 

in which the Ru centres are best described as Ru2.5+-L-Ru2.5+.95, 101 Class II and III systems 

exhibit IVCT bands in the NIR region of their absorption spectra, and thus information 

pertaining to the degree of delocalization in these systems can be easily extracted.102-103 

Class II mixed-valence species are characterized by broad, relatively weak and solvent 

dependent IVCT bands, whereas compounds belonging to Class III are characterized by 

sharp, intense and solvent independent IVCT bands (Table 1.1). It is important to note 

that while Class III complexes are said to display IVCT transitions, the transitions do not 

involve net transfer of charge from one valence to the other, but instead the IVCT transition 

occurs within the molecular orbital manifold of the system. As a consequence of the 

sensitivity of the IVCT bands to localization/delocalization, and the significant theory 

developed to account for these bands, UV-vis-NIR spectroscopy is routinely employed in 

the study of one-electron oxidized metal-salen complexes to deduce the degree of 

localization/delocalization of the resultant electron hole.95, 104-106 
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Figure 1.10. Potential energy curves for electron transfer in ligand-bridged bimetallic 
complexes (or metal-bridged bis-phenoxide complexes) with negligible 
(Class I), weak (Class II), and strong (Class III) electronic coupling. ETh 
represents the energy required for thermal electron transfer in a Class II 
system. The red arrows represent IVCT transitions. 

Table 1.1. Optical properties of IVCT bands in mixed-valence compounds. 

 Δν1/2 εmax 

Class I No coupling  
Class II ≥ 2,000 cm-1 ≤ 5,000 M-1 cm-1 (solvent dependent) 
Class III ≤ 2,000 cm-1 ≥ 5,000 M-1 cm-1 (solvent independent) 

Δν1/2 = full width at half-maximum of the IVCT transitions. 

While UV-vis-NIR spectroscopy is an invaluable tool for determining the extent to 

which the electron hole is delocalized, other experimental and theoretical techniques are 

routinely employed (Table 1.2). Electrochemical analysis is often the first technique 

investigated as it provides the oxidation potential of the system under study. This allows 

for the careful selection of an appropriate chemical oxidant107 or the potential for 

electrolysis. Information on delocalization can also be determined from electrochemical 

measurements, as two uncoupled phenolate rings (Class I) will undergo oxidation at 

approximately the same potential (effectively doubling the observed current);108 any 

electronic interaction between the two rings however (Class II or III) will manifest as a 

larger separation of oxidation events for each phenolate ring.109-111 Electrochemical data 

can be misleading however, due to the significant dependence of redox potentials on 

solvent, as well as the electrolyte.105 
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Table 1.2. Experimental and theoretical techniques commonly used in studying 
oxidized metal-salen complexes. 

Technique Readout 

UV-vis-NIR spectroscopy 
Energy, shape, and intensity of NIR bands provide insight into 
the electronic structure and degree of radical delocalization 

Electrochemistry 
Accessibility and reversibility of redox processes, stability of 
oxidized forms, coupling between redox-active moieties 

Electron paramagnetic resonance 
(EPR) 

Locus of oxidation. Interaction of unpaired electron with spin-
active nuclei. Ligand-based oxidation results in g values close 
to the free electron value (ge = 2.002319), with any deviation 
associated with metal character in the SOMO 

Resonance Raman (rR) 
Vibrational modes associated with the phenoxyl and phenolate 
ligand redox states. Radical localization results in the 
appearance of both phenoxyl and phenolate bands 

X-ray crystallography 
Ligand and coordination sphere bond length changes that can 
be assigned to localization/delocalization of the ligand radical, 
or metal-based oxidation 

X-ray absorption spectroscopy (XAS) 
Metal oxidation state and nearest neighbor distances in the 
solid-state or frozen solution 

Magnetic susceptibility 
Solid-state and solution (1H Evans’ method)112-113 
measurements to assign ground-state electronic structure 

Theoretical calculations 
Prediction of electronic ground state, visualization of SOMO, 
spin density, and donor/acceptor orbitals associated with NIR 
bands 

 

Metal or ligand-based oxidation can be distinguished in many cases by electron 

paramagnetic resonance (EPR) spectroscopy. Ligand-based radicals will exhibit g values 

close to the free electron value (ge = 2.002319). Furthermore, the observed g value is 

sensitive to metal ion contribution to the singly occupied molecular orbital (SOMO).114-115 

In some cases, hyperfine coupling to spin-active nuclei is resolvable, for example 3 or 5 

line patterns in the gzz component of octahedral pyridine adducts of Ni(III)-salen complexes 

arising from hyperfine coupling to one or two axially bound Npyr atoms (IN = 1). Resonance 

Raman (rR) spectroscopy is a useful tool for assigning an oxidized salen complex as Class 

II or III. Class II complexes exhibit vibrational modes resonant with both phenoxyl π  π* 

and phenolate  Ni(II) ligand-to-metal charge transfer (LMCT) transitions, whereas only 

modes resonant with phenoxyl π  π* transitions are observed for a fully delocalized 

Class III system.116-119 In cases where X-ray quality crystals of oxidized products are 

obtained, solid-state metrical parameters can provide insight into the locus of oxidation 

and degree of delocalization. For example, a symmetric distribution of metrical parameters 

suggests either a fully delocalized electronic structure or metal-based oxidation, whereas 

an asymmetric distribution, with one side of the salen ligand exhibiting a quinoidal 
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distribution of bond lengths, and the other aromatic, is suggestive of a localized electronic 

structure in the solid-state.120 X-ray absorption spectroscopy (XAS) can be used to probe 

the metal oxidation state, as well as nearest neighbor distances in the solid-state or frozen 

solution. For example, in Cu-salen complexes, the Cu K-edge 1s  3d transition is a 

sensitive indicator of Cu oxidation state121 and a shift to higher energy can be attributed to 

an increase in metal oxidation state. Additionally, nearest neighbor distances can be 

obtained, but extracting bond length changes upon oxidation can be complicated for 

salens due to an inability to discriminate between N and O atoms in the backscattering 

data. Finally, theoretical calculations (such as density functional theory – DFT) are very 

useful in further understanding the electronic ground state, visualization of the SOMO and 

spin density, as well as the predicted donor and acceptor orbitals associated with the IVCT 

transition (via time-dependent density functional theory – TD-DFT). There is a tendency 

for DFT calculations to favor more symmetrically delocalized structures,114, 122 and thus 

one must be cautious in interpreting DFT results and consider benchmarking against 

experimental data. 

Factors such as the central metal ion, the peripheral substituents on the ligand, 

and the solvent and temperature all affect the locus of oxidation, as well as the degree of 

localization and subsequent IVCT bands observed in oxidized metal-salen complexes. 

Each of these will be briefly discussed in the following sections. 

1.2.1. Effect of Metal Ion 

The use of different central metal ions has profound effects on the degree of 

localization and observed IVCT bands in oxidized metal-salen complexes. Figure 1.11 

depicts the UV-vis-NIR spectra for neutral and oxidized Ni and Mn salen complexes of the 

same ligand. As evidenced by the intense IVCT band at 4,700 cm-1 (ε = 21,500 M-1 cm-1), 

[NiII(SaltBu)]•+ is a fully delocalized Class III mixed-valence species, while the analogous 

[MnIII(SaltBu)]•+ represents a Class II mixed-valence species on the basis of its weaker and 

broader IVCT band at 6,760 cm-1 (ε ~ 1,000 M-1 cm-1). The extent of delocalization in 

oxidized metal-salen complexes depends on two factors, 1) the number of metal d 

electrons, and 2) the energy of metal d orbitals relative to those of the salen ligand.123 
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Figure 1.11. UV-vis-NIR spectra of (A) Mn(SaltBu) and (B) Ni(SaltBu) in neutral (black) 
and oxidized (red) forms, highlighting the change in IVCT bands observed 
for different metal ions.120, 124 

Oxidation of a salen ligand to a phenoxyl radical causes the π MO (HOMO) of the 

phenolate to become the SOMO of the complex. Charge transfer (CT) occurs from the 

metal-based dπ orbital into the SOMO, and increased CT (due to the population of the dπ 

orbital) into the SOMO results in less geometric distortion between the unoxidized 

phenolate and phenoxyl radical which increases the delocalization of the ground-state 

electronic structure. In the Ni(II) d8 complex, the dπ orbital is doubly occupied and thus 

induces more CT to the SOMO. In the high-spin Mn(III) d4 complex in which the metal dπ 

orbital is singly occupied, CT is possible in both directions (to the metal from the ligand 

and to the ligand from the metal) which enhances the geometric differences between 

phenolate and phenoxyl radical, causing more localized electronic structures. 

The primary mechanism for communication between the two phenolate rings in 

oxidized metal-salen complexes is through the metal centre, analogous to the mediation 

of electronic coupling by the linker group in organic bridged multimetallic complexes such 

as the Creutz-Taube ion. Metal d orbitals with appropriate symmetry that are of relatively 

equal energy to the SOMO can better facilitate coupling between the two pro-radical 

phenolate rings. High-valent metals generally form localized ligand radicals due to 

contracted, low energy metal d orbitals which may also be involved in bonding to axial 

ligands (such as nitrido or oxo – see Chapter 4).115, 125 
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1.2.2. Effect of Peripheral Substituents 

The degree of delocalization of the unpaired electron in oxidized metal-salen 

complexes has been demonstrated to be sensitive to the overall electronics of the ligand 

as dictated by the substituent in the para position of the phenolate ring.114, 125-128 As an 

example, Figure 1.12 highlights the electronic structure differences in a series of oxidized 

Ni(SalR) complexes where R = CF3 (electron withdrawing), tBu (weakly electron donating), 

and NMe2 (strongly electron donating). The EPR spectra of the three complexes reflect a 

decreased spin-density at the Ni(II) centre as the electron donating ability of the para 

substituent increases. The gave values for complexes in which the SOMO has a non-

negligible contribution from the central metal ion are greater than that for the free electron, 

and move closer to the free electron g value as the metal character of the SOMO 

decreases (gave = 2.067 for R = CF3 > 2.023 for R = tBu > 2.004 for R = NMe2).114, 120, 126 

Theoretical calculations reproduce this experimental result, with decreased metal 

contribution to the spin density of the Ni complexes as the electron donating ability of the 

substituent increases (SDNi = 34% for R = CF3 > 16% for R = tBu > 2% for R = NMe2). 

Furthermore, the R = NMe2 complex forms a localized ligand radical based on UV-vis-

NIR, EPR, and DFT experiments. Taken together, these data suggest that participation of 

the NMe2 group in the localization of the electron hole provides a stabilization pathway 

other than delocalization through the central Ni ion.114 

 

Figure 1.12. Spin density plots of Ni(SalR) where R = CF3 (left), tBu (middle), and NMe2 
(right). The DFT calculated contribution of Ni to the SOMO, as well as the 
experimentally observed gave values are shown.114, 126 
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1.2.3. Effect of Solvent and Temperature 

Early investigations into the electronic structure of electrochemically oxidized 

Ni(Sal) complexes were performed in coordinating solvents such as DMF/DMSO and in 

all cases Ni(III) EPR signals were observed (Ni(III) EPR signals are characterized by gave 

values >2.15).92, 129-130 Isolation of a Ni(II)-salen radical was first achieved in 1996 by Peng 

and co-workers, who postulated that initial formation of a Ni(III) species, followed by 

intramolecular electron transfer resulted in the observed stable Ni(II) radical.131 A few 

reports followed which focused on an apparent temperature dependent valence 

tautomerism between Ni(II)-salen radical and Ni(III)-phenolate electronic structures.117, 132-

133 In 2007, two reports described the temperature independence of the Ni(II)-salen radical 

electronic structure, and attributed the previously observed temperature dependent 

valence tautomerism to differences in oxidation protocol (the use of coordinating vs. non-

coordinating counterions), as well as the axial binding of water (or other impurities) at the 

solvent freezing point.120, 134 It was thus concluded that in the absence of axial donors, 

oxidation of Ni(II)-salen complexes results in a phenoxyl radical electronic structure. 

Addition of exogenous ligands (commonly pyridine) shifts the oxidation locus from the 

ligand to the metal, which can be experimentally observed in the EPR spectrum. The EPR 

spectrum of genuine square-planar Ni(II)-phenoxyl radical electronic structures have gave 

values close to that of the free electron, whereas octahedral Ni(III) species exhibit gave 

values >2.15 (Figure 1.13A). Furthermore, depending on the axial donor, hyperfine 

coupling in the gzz component of the EPR spectrum for octahedral Ni(III) complexes is 

characteristic of exogenous ligands coordinating to the Ni centre, with the hyperfine 

coupling constant (Azz) reflective of the strength of interaction. 



17 

 

Figure 1.13. (A) Effect of exogenous ligands (coordinating solvents/anions) on the locus 
of oxidation in Ni(salen) complexes. (B) Temperature dependent valence 
tautomerism observed in oxidized Cu(Sal) complexes. 

Thorough characterization of [Cu(SaltBu)]+ demonstrated that the complex exists as 

two essentially isoenergetic valence tautomers at 298 K, a triplet ferromagnetically 

coupled Cu(II)-phenoxyl radical species (S = 1) and a diamagnetic Cu(III) species (d8, S 

= 0).121 At low temperature (and in the solid-state) the Cu(III) electronic structure is 

stabilized as demonstrated by XAS, X-ray photoelectron spectroscopy (XPS), X-ray 

crystallography, rR and magnetic measurements. Variable temperature UV-vis-NIR, and 

solution susceptibility measurements confirmed the presence of both valence tautomers 

in a ca. 1:1 ratio at 298 K. Shifting to a Cu(III) species at low temperature is similar to the 

temperature dependent valence tautomerism observed in a number of metal-dioxolene 

complexes.135-139 Taken together, the above examples highlight the sensitivity of the 

electronic structures of metal-salen complexes to the coordination environment, and the 

temperature. 

1.3. Multimetallic Cooperativity 

The reversibility of imine formation can be harnessed to synthesize larger 

structures such as ring systems and macromolecules, and there is now increased interest 

in the study of multimetallic salen complexes for applications in catalysis, magnetics, and 

sensing.140-142 Like pro-radical ligands, metalloenzymes are one area of inspiration, as 
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many multimetallic active sites have expanded redox reservoirs in order to drive multi-

electron pathways for small molecule activation.143 Examples include the hydrogenases 

(NiFe, FeFe),144-147 nitrogenases (FeMo, FeV, Fe-only)148-150 and particulate (Cu cluster)151 

and soluble (FeFe) methane monooxygenase (Figure 1.14).152 

 

Figure 1.14. Representative active sites for multimetallic metalloenzymes. 

Numerous small molecule models have been synthesized as a means to better 

understand the functionality of multimetallic active sites to promote chemistry along 

multielectron pathways.153-157 Bimetallic systems offer advantages over their mononuclear 

counterparts via enhanced substrate binding, increase in the rate of electron transfer from 

complex to bound substrate, the inhibition of problematic side reactions, and the 

stabilization of reactive intermediates inside the binding pocket.158 Specific substrates can 

be targeted by tailoring of the binding pocket through the use of rigid or flexible spacers.158 

For example, Collman,153, 159 and more recently, Nocera160-162 have developed 

metallodiporphyrin complexes for O2 activation reactions, and Love has since made use 

of calixpyrroles for similar chemistry (Figure 1.15).163-165  
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Figure 1.15. Selected bimetallic cobalt complexes studied by Collman and co-
workers,153 Nocera and co-workers,160 and Love and co-workers165 for the 
reduction of dioxygen. 

Of particular relevance to this thesis, Sorokin and co-workers recently reported an 

N-bridged diiron species supported by porphyrin (or phthalocyanine) ligands capable of 

oxidizing methane (Scheme 1.3).64, 166-167 Upon oxidation with meta-chloroperoxobenzoic 

acid (m-CPBA), a high-valent Fe(IV)-oxo is formed, which when supported on silica results 

in 43.5% yield of formic acid based on the oxidant. On the basis of EPR and Mössbauer 

data, the N-bridged diiron(IV)-oxo core is strongly antiferromagnetically coupled to give an 

SFe-Fe = 0 species and a porphyrinyl radical cation. Furthermore, the N-bridged diiron(IV)-

oxo is more active in C-H activation reactions than its mononuclear counterpart, as well 

as some of the most active heme and non-heme models reported by Groves73, 168 and 

Nam,169 respectively.  
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Scheme 1.3. Proposed catalytic cycle for the oxidation of methane by N-bridged high-
valent diiron-oxo species supported by porphyrin platforms reported by 
Sorokin and co-workers. 

 

1.4. Multimetallic Salen Complexes 

Salen ligands in particular find great utility due to their excellent replication of 

biological coordination environments, ease of synthesis, and ability to form stable 

complexes with a wide variety of metal ions. Multinucleating salen ligands typically have 

more involved syntheses in comparison to their mononuclear counterparts as a result of 

their multiple metal binding sites joined through rigid or flexible spacers. The design of 

multinuclear salen ligands relies heavily on the nature of the spacer group, which dictates 

both the distance and orientation of the metal centres in the resulting multimetallic complex 

(Figure 1.16A). One technique recently developed by Kleij and co-workers involves the 

templation of ligand precursors with metal ions (Figure 1.16B).170-171 The utility of this 

technique is twofold as it allows for both the non-symmetric synthesis of bimetallic salen 

ligands, as well as the ability to selectivey generate heterobimetallic complexes, which 
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show promise in the field of multifunctional materials and could have great applicability in 

cascade or tandem catalytic processes. 

 

Figure 1.16. (A) Two potential coupling strategies towards multimetallic ligands. (B) 
Strategy developed by Kleij and co-workers for the synthesis of asymmetric 
salen ligands by templation of metal ions. Controlled synthesis of 
heterometallic complexes is possible through the stepwise addition of 
different metal ions (M1 and M2).170-171 

1.4.1. Catalysis 

In the active sites of many metalloenzymes, two or more metal centres are capable 

of simultaneously activating both electrophilic and nucleophilic reactive partners. 

Interestingly, numerous reactivity studies involving metal-salen complexes have 

demonstrated second-order kinetic dependence with respect to the metallosalen 

catalyst.142 As a result, multiple catalytic sites have been incorporated into the same 

molecule as a means to enhance reactivity, and oftentimes cooperativity was observed as 

well as enhanced rates and selectivities.172-176 This methodology has been applied to, for 

example, the hydrolytic kinetic resolution (HKR) of epoxides,177 asymmetric ring opening 

(ARO) of epoxides,172 cycloaddition reactions between enolates and electrophiles,178 
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cyanation of α,β-unsaturated imides,173 nitro-aldol reactions,174 and polymerizations.179 

Outlined below are a few examples that highlight the cooperative nature of this chemistry. 

Initial studies by Jacobsen and co-workers investigated the ARO of epoxides with 

nucleophilic azide using bimetallic Cr(salen) catalysts linked by varying tethers (Scheme 

1.4).172 Varying tether lengths were investigated as a means to increase conformational 

flexibility in the transition state. Significant dependence on tether length was observed, 

with a C5 linker affording the highest intramolecular rate constant, while shorter linkers 

resulted in significantly lower intramolecular rate constants due to the difficulty in obtaining 

the optimal transition state geometry as a result of restricted flexibility. Longer tethers (>5) 

also significantly decrease the magnitude of the intramolecular rate constant as a result 

of the high entropic cost associated with optimal transition state formation. Importantly, 

the catalysis is possible with catalyst concentrations an order of magnitude below the 

lower limit of reactivity for monomeric analogues, while still affording comparable 

enantiopurity of ring opened products. More recent work in the Jacobsen group has 

investigated the conjugate cyanation of α,β-unsaturated imides with bimetallic Al salen 

complexes as a means to incorporate chirality into bifunctional building blocks.173 The 

catalysts display remarkable activity and increased substrate scope in comparison to their 

monomeric Al counterparts.180 

Scheme 1.4. Bimetallic salen complexes linked by varying tether lengths for the catalytic 
asymmetric ring opening of epoxides172 and the conjugate cyanation of α,β-
unsaturated imides.173 
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Complexes in which two metal centres are bound to the same salen moiety have 

also been explored for catalytic applications. Examples from Shibasaki and co-workers 

reported a homobimetallic Ni complex derived from 1,1’-binapthyl-2,2’-diamine, as well as 

a heterobimetallic Cu/Sm complex for the catalysis of Mannich-type reactions with 

nitroacetates, malonates, β-keto esters, and β-keto phosphonates.181-182 The bimetallic Ni 

catalyst affords product with excellent enantio- and diastereoselectivity. Mononuclear 

complexes with the same backbone resulted in ee values of less than 5%, a remarkable 

result illustrating the advantages of bimetallic cooperativity. Recent work has focused on 

the synthesis of 3-aminooxindoles, which are a common structural motif in natural 

products and biologically active compounds, using bimetallic catalysts of Mn, Co, Ni, Cu, 

Zn, and Pd.175 

Scheme 1.5. Bimetallic Ni catalysts developed by Shibasaki and co-workers for 
Mannich-type reactions182 and the synthesis of 3-aminooxindoles.175 

 

 

Although not strictly salen constructs, Agapie and co-workers have reported 

bimetallic Schiff-base catalysts incorporating phenol moieties for polymerization 

reactions.183-187 In one example, copolymerization of amino olefins with ethylene is 

possible. Binding of an amino olefin to one metal centre creates steric bulk at the second 

metal centre, preventing the binding of a second amino olefin. Polymerization occurs at 

the second metal centre due to the lower steric profile of the ethylene monomer over the 
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amino olefin. In this regard, the amino olefin is incorporated into the polymer, rather than 

shutting down catalysis as is generally the case with Lewis basic substrates.  

Scheme 1.6. Co-polymerization of amino olefins with ethylene catalyzed by a bimetallic 
Ni Schiff-base complex reported by Agapie and co-workers.186-187 

 

1.4.2. Magnetics and Small Molecule/Ion Sensing 

Magnetic interactions between paramagnetic metal centres and in certain cases 

pro-radical ligands, in multimetallic salen complexes have provided important information 

on spin interaction mechanisms. The degree of magnetic interaction in multimetallic 

complexes (whether ferromagnetic or antiferromagnetic) is dependent on a number of 

factors including the relative orientation of the relevant magnetic orbitals and the distance 

between the paramagnetic centres. The relative ease and modularity of synthesis make 

the salen framework an ideal medium for studying spin interaction mechanisms.  

Single molecule magnets have attracted widespread attention since the discovery 

of spontaneous magnetization below a critical temperature.188-189 Employing appropriate 

ligand scaffolds can enforce ferromagnetic interactions between metal centres.190 Early 

work reported by Glaser and co-workers employed phloroglucinol as a linker between 

paramagnetic metal-salen units191-193 (m-phenylene linkers are well established to enforce 

ferromagnetic coupling, and have been used extensively to generate high spin organic 

radicals).194 Highly modular ‘triple salen’ (H6talenR) ligands were developed to promote 

ferromagnetic coupling between three metal salen units (Figure 1.17A). These ligands 

combine the phloroglucinol bridging unit for ferromagnetic coupling with the salen 

functionality as a means to (a) utilize a modular ligand set, (b) implement a well-

established, stabilizing coordination environment for first row transition metals, and (c) 
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introduce magnetic anisotropy, which along with high spin ground states is an important 

factor for the design of single-molecule magnets. The ‘triple salen’ ligand has been used 

to produce complexes with a variety of transition metals, including V(IV)=O,195 Mn(III),196 

Fe(III),197 Ni(II),198 and Cu(II).192, 199 Installation of tBu at the ortho position of the phenolate 

ring (R2) results in a systematic folding of the three salen units to produce a bowl-like 

structure (Figure 1.17B). 

 

Figure 1.17. (A) Metal complexes of ‘triple salen’ (talen) ligands developed by Glaser 
and co-workers for magnetics applications. (B) Molecular structure of 
Cu(talentBu2) highlighting the bowl-like structure when tBu is employed in 
the ortho position. (C) Molecular structure of 
[((talentBu2)Mn(III)3)2(Cr(III)(CN)6]3+. Peripheral tBu groups, Mn axially 
bound ligands, and hydrogen atoms omitted for clarity. Rendered using 
PyMol.27 

The bowl-like structure adopted when tBu is installed in the ortho position allows 

for controlled orientation of the three metal centres for binding to facially oriented atoms 

of a hexacyanometallate (Figure 1.17C). Glaser and co-workers have reacted the triple 

salen trinuclear complexes with hexacyanometallates in order to prepare heptanuclear 

complexes of the general formula [((talentBu2)(M1(III)3)2(M2(III)(CN)6)]3+, where M1 = Mn(III), 
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and M2 = Cr(III),200 Fe(III),201-203 and Co(III).204 When M2 = Cr, strong Mn-Cr 

antiferromagnetic interactions force a parallel alignment of the terminal Mn(III) spins (high 

spin, d4, S = 2) leading to an extremely large high-spin ground state (Stotal = 21/2). Coupled 

with the significant single ion anisotropy of the Mn(III) triple salen subunits, this results in 

[Mn(III)6Cr(III)]3+ exhibiting single molecule magnet (SMM) behaviour. 

The use of multimetallic salen assemblies as small-molecule and ion sensors has 

been well documented in the literature, showing considerable promise for practical 

applications.141, 205-210 Multimetallic salen frameworks have been demonstrated to act as 

metallohosts forming adduct complexes with further structural ordering upon substrate 

binding. For example, Chan and co-workers have developed a series of bimetallic salen 

systems separated by a rigid pillar for metal sensing applications (Figure 1.18).211-213 

Backbone components such as xanthene and dibenzofuran were used to alter the binding 

pocket dimensions in which the oxygen atoms are oriented for guest binding. The 

photophysical properties of the complexes were studied in the presence of selected 

cations, and impresssively a selective colorimetric and luminescent response in the 

presence of Pb(II) was reported. Experimental studies and theoretical calculations support 

cation occupation of the O(salphen)-binding cavity in these systems which alters the offset 

π-stacked constacts in the structure. 

 

Figure 1.18. A Pt(Sal) bimetallic complex capable of a selective colorimetric and 
luminescent response to Pb(II) cations reported by Chan and co-
workers.211-213 

1.5. Thesis Synopsis 

In combining the ideas discussed so far, our group, and others, have investigated 

the electronic structures of oxidized monometallic and multimetallic salen complexes.214-

219 The ambiguity often associated with pro-radical ligands is enhanced in the case of 

multimetallic complexes of pro-radical ligands as a result of multiple paramagnetic metal 

centres and magnetic coupling between metal spins. Despite extensive investigations into 
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catalytic properties of multimetallic salen systems, the study of electronic structures that 

may play a role during catalytic turnover are less prevalent. Figure 1.19 depicts some 

binucleating ligands employed by Thomas and co-workers,218-219 as well as Storr and co-

workers214-216 for the electronic structure elucidation in multimetallic salen complexes. 

 

Figure 1.19. Binucleating ligands employed by Thomas and co-workers,218-219 and Storr 
and co-workers.214-216 

As a means to investigate the effects of varying linkers and intermetallic distances 

on the electronic structure of oxidized metal salens, one particular study investigated a Ni 

salen dimer complex in which the salen units were connected via a 1,2-phenylene linker 

(Figure 1.19 – Right).216 Double oxidation affords a bis-ligand radical system in which the 

ligand radicals are confined to each of the Ni(Sal) units, with VT-EPR experiments 

showing no evidence for electronic coupling between the two ligand radicals (a weak 

antiferromagnetic interaction J = -17 cm-1 is predicted by theoretical calculations). The 

oxidized monomeric analogue of the 1,2-phenylene bridged dimer was characterized as 

a fully delocalized Class III system based on the shape and intensity of its NIR features. 

Interestingly, instead of a NIR band of twice the intensity for the doubly oxidized dimer (as 

expected for non-interacting salen units), exciton coupling (vide infra) causes the NIR 

band to split into two bands equally spaced about the monomer transition. In Chapter 2, 

the distance and orientation between ligand radicals is systematically varied in a series of 

new bimetallic Ni(Sal) complexes in order to confirm exciton coupling as the mechanism 

of band splitting observed in the previous 1,2-phenylene linked dimer. New binucleating 

ligands tethered via a 1,3-phenylene linker, 1,4-phenylene linker and a xanthene linker 

are prepared providing a mechanism to tune the energy of the intense ligand radical NIR 

absorption in these systems.  
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The analogous Co complex of the 1,2-phenylene linked dimer is prepared and 

discussed with its monometallic Co counterpart in Chapter 3, with the aim of investigating 

the effects of the central metal ion on the overall electronic structure of bis-oxidized 

bimetallic salen complexes. Significant metal contribution to the SOMOs results in a less 

delocalized electronic structure in comparison to the Ni analogues, resulting in much 

broader NIR features which lack observable splitting due to exciton coupling. 

In Chapter 4, efforts to prepare N-bridged Mn salen complexes analogous to those 

reported by Sorokin and co-workers resulted in the preparation of a series of 

nitridomanganese(V) salen complexes with different para substituents (R = tBu, CF3, 

NMe2). One-electron oxidation of these complexes uncovered interesting nitride activation 

chemistry that was further investigated. These studies demonstrated that nitride activation 

is dictated by remote ligand electronics. For R = tBu and CF3, oxidation affords a Mn(VI) 

species and nitride activation, with dinitrogen homocoupling accelerated by the more 

electron-withdrawing CF3 substituent. Employing an electron-donating substituent (R = 

NMe2) results in a localized (Class II) ligand radical species that is resistant to N coupling 

of the nitrides and is stable in solution at both 195 and 298 K. 

Finally, Chapter 5 discusses ongoing and future directions of the projects outlined 

in Chapters 2-4. Preliminary results on bimetallic catalysis, photo- and acid activation of 

electron-rich oxidized nitridomangenese complexes, as well as N-atom transfer chemistry 

are described. This thesis provides significant new information on how electronic structure 

dictates photophysical properties and reacitivty in monometallic and bimetallic complexes 

employing the salen ligand framework. 
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Chapter 2. Exploiting Exciton Coupling of Ligand 
Radical Intervalence Charge Transfer Transitions to 
Tune NIR Absorption 

Adapted from: Clarke, R.M.1; Jeen, T.1; Rigo, S.1; Thompson, J.R.1; Kaake, L.G.1; Thomas, 

F.2; and Storr, T.1 Chem. Sci., 2018, 9, 1610-1620. 

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

2Départment de Chimie Moléculaire – Chimie Inorganique Redox (CIRE) – UMR CNRS 

5250, Université Joseph Fourier, B.P. 53, 38041 Grenoble Cedex 9, France 

RMC performed the synthesis with assistance from TJ and SR. RMC carried out the 

chemical oxidation, electrochemistry (with assistance from TJ), UV-vis-NIR, EPR 

experiments and theoretical calculations. RMC and JRT performed the crystallography. 

FT collected the EPR data, and simulated the Q-band frequency data. 

2.1. Introduction 

The photophysical properties of molecular aggregates continue to receive 

widespread attention due to their potential incorporation into display and wearable 

technologies,220-221 and photovoltaic devices.222 While the vast majority of molecular 

aggregates absorb in the visible region, there is significant interest in molecules that 

absorb in the near-infrared (NIR) due to the novel optical and electronic applications in 

this energy range.223 NIR absorbing materials include conjugated organic molecules and 

aggregates,224-226 polymers,227 transition metal complexes,228-233 and inorganic materials 

such as quantum dots234 and perovskites.235 Interestingly, mixed valence species can 

exhibit low energy intervalence charge transfer (IVCT) bands in the NIR, providing an 

additional class of low energy absorbing materials.236-237 

The relationship between molecular packing and photophysical properties was 

eloquently described by Kasha, who showed that the alignment of transition dipoles and 

resulting coulombic interaction induces spectral shifts via exciton coupling when compared 

to uncoupled molecules (Figure 2.1).238-240 For transition moment dipoles aligned in a 

head-to-tail fashion (Figure 2.1A, J-aggregates), an in phase alignment of transition 
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moment dipoles corresponds to a red-shifted band of double intensity relative to a 

monomeric analogue; while a blue-shifted band of double intensity is the result of in phase 

transition moment dipoles aligned in a cofacial manner (Figure 2.1B, H-aggregates). 

Chromophores with transition moment dipoles oriented in an oblique arrangement will 

result in both red and blue-shifted bands as both orientations have net in phase alignment 

(Figure 2.1C). Exciton coupling is common in the absorption spectra of aggregated dye 

molecules, and has also been well studied in meso-linked porphyrin arrays,241-243 and the 

π-π* transitions of dipyrinnato244-255 and azadipyrannato256-257 complexes. While the above 

description is sufficient in many cases, materials in alternate geometries and/or exhibiting 

short-range interactions (i.e. orbital overlap) have provided additional mechanisms to tune 

exciton coupling in molecular aggregates.258 

 

Figure 2.1. Exciton coupling of the excited states leads to band shifting and splitting 
relative to the analogous monomeric transition depending on the molecular 
geometry. Solid and dashed lines represent allowed and forbidden 
transitions, respectively. Small black arrows represent transition moment 
dipoles. 

IVCT bands in the NIR provide a sensitive probe of electron transfer, and Robin 

and Day provided a classification system for localized (Class I, where the valences cannot 

interconvert, and Class II where interconversion can occur under thermal or 

photochemical activation) and delocalized (Class III) mixed-valence species,99 with Hush 

providing a theoretical model for intervalence charge transfer in these species.100 

Our group, and others, have investigated the relationship between electronic 

structure and NIR band energy and intensity in transition metal complexes employing pro-

radical ligands.114, 120, 123-124, 126, 216-217, 259-261 Alteration of ligand electronics,114, 261 ligand 

chromophore orientation,216, 262-264 metal ion124, 265 and oxidation state123 are all important 
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factors controlling the energy and intensity of the resulting NIR band in these systems. As 

a practical example, stable Ni(II) dithiolene ligand radical complexes,1, 14, 43, 266-267 which 

exhibit intense NIR absorptions, have been applied as low energy absorbers to limit the 

transmittance of NIR radiation from plasma displays,268 and incorporated into materials for 

electronic applications.269-274 One prevalent class of pro-radical ligand that has been 

investigated extensively are bis-imine bis-phenoxide complexes (i.e. salen) due to their 

facile and highly modular synthesis which allows for tuning of both the steric and electronic 

properties.80, 275-276 As an example, one-electron oxidation of the Ni salen complex 1 

(Figure 2.2) forms the ligand radical [1•]+, which exhibits a sharp, intense IVCT band in the 

NIR (λmax = 4,500 cm-1, ε = 27,700 M-1 cm-1, Δν1/2 = 650 cm-1), indicative of a Class III fully 

delocalized ligand radical in the Robin-Day classification system.216 The ligand radical [1•]+ 

is stable for weeks in CH2Cl2 solution and in a PMMA film, and does not show any 

concentration-dependent aggregation effects in solution. In this chapter, further 

considerations of the applicability of oxidized Ni salen systems, and tunability of the 

intense NIR absorption for NIR absorbing materials is undertaken. A series of salen dimers 

2-5 (Figure 2.2) is investigated to probe salen radical excited state electronic coupling. 

In related work, our group has investigated the synthesis and oxidation of 

multimetallic salen complexes for potential catalytic applications.216-217 While pursuing this 

work, our group synthesized 3 (Figure 2.2) and investigated the doubly oxidized form 

[3••]2+. The NIR region of the absorption spectrum for [3••]2+ exhibited two intense NIR 

bands, equally spaced at higher and lower energies in comparison to the monomer [1•]+. 

While the possibility that the observed splitting was due to different conformers of [3••]2+ 

could not be discounted, experimental and theoretical analysis suggested that the NIR 

band splitting could be accounted for by exciton coupling. Related work in this area has 

demonstrated the interesting intermolecular interactions and resulting photophysical 

properties of salen systems.211-213, 277-283 

In this chapter, a full experimental and theoretical study of exciton coupling in a 

series of bimetallic bis-ligand radical complexes, where the distance and orientation of the 

NIR chromophores are varied systematically is provided (Figure 2.2). The resulting 

analysis supports exciton coupling of the intense NIR bands, providing a mechanism to 

tune the energy of the intense ligand radical NIR absorption in these systems.  
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Figure 2.2. Monometallic and bimetallic salen complexes studied. 1 and 3 – previous 
work;216 2, 4, and 5 – this work. 

2.2. Results 

2.2.1. Synthesis 

The synthetic strategies to form ligands (H4L2, H4L4, and H4L5) and complexes are 

presented in Scheme 2.1-2.3. All three ligands are synthesized via Suzuki coupling of the 

corresponding linking unit and a salicylaldehyde boronate ester, followed by condensation 

with 2 equivalents of a ‘half-salen’ unit (compound 7). Complexes 3, 4, and 5 alternate 

substitution patterns around the central phenylene linker (ortho, meta, and para, 

respectively), while the xanthene spacer is employed in 2. This spacer has been used by 

Nocera to cofacially align porphyrin rings for dioxygen activation reactions,161 Chan for the 

alignment of Pt(Sal) complexes,211-212 and Wasielewski for the alignment of organic 

chromophores.284-285 
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Scheme 2.1. Synthesis of 2. 

 

Reaction Conditions: (i) CH2ClCH2Cl, 52%; (ii) 3 equivalents Ni(OAc)2•4H2O, DMF, 82%. 

Scheme 2.2. Synthesis of 4. 

 

Reaction Conditions: (i) 5% Pd(PPh3)4, K2CO3, 5:1 DME/H2O, 53%; (ii) THF, 75%; (iii) 3 equivalents 
Ni(OAc)2•4H2O, DMF, 91%. 
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Scheme 2.3. Synthesis of 5. 

 

Reaction Conditions: (i) THF, 87%; (ii) 3 equivalents Ni(OAc)2•4H2O, DMF, 88%. 

2.2.2. Solid-State Characterization 

The solid-state structures of new bimetallic Ni(Sal) complexes are presented in 

Figure 2.3-2.5. The Ni N2O2 coordination sphere in all complexes is slightly distorted from 

a square planar geometry likely due to the sterically demanding tBu substituents in the 

ortho positions of the phenols. DFT calculations on 2, 4, and 5 well reproduce the 

coordination sphere bond lengths of the three complexes, with the coordination sphere 

metrical parameters replicated to within ±0.02 Å of the experimental values (Table 2.2). 

Furthermore, the calculations also accurately reproduce the slight asymmetry in the 

coordination spheres due to the asymmetric salen ligands. The individual Ni(Sal) moieties 

are oriented in a trans conformation relative to one another in the solid-state in 2, with the 

sterically demanding tBu substituents facing away from each other. This is in contrast to 

the previously reported cis orientation for 3 in the solid-state, however in solution both 

conformers were observed by VT 1H NMR with a DFT computed rotational barrier of ca. 6 

kcal mol-1.216 DFT calculations on 2 predict the trans conformation to be ca. 2.7 kcal mol-1 

lower in energy in comparison to the cis conformation (vide infra). Additionally, the close 

spatial proximity between the salen moieties enforced by the xanthene spacer (Ni--Ni 
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distance of 3.98 Å) prohibits rotation of the salen units, and thus 2 is locked in a trans 

conformation at room temperature. The recrystallized trans form of 2 was used in all 

subsequent experiments. The angle between the salen planes in 2 is only 8.2°, 

highlighting the essentially cofacial arrangement of the salen units in this derivative (vide 

infra). 

Similarly to 2, 4 adopts a trans conformation of the salen units in the solid-state, 

although DFT calculations predict both cis and trans conformers to be essentially 

isoenergetic (difference of ca. 0.11 kcal mol-1). The observed solid-state trans 

conformation is likely a result of solid-state packing effects and there is expected to be a 

relatively small rotational barrier of the salen units in solution. 

Finally, the solid-state structure of 5 adopts a cis conformation of the salen units, 

in similar fashion to 3. DFT calculations predict both cis and trans conformers to be 

essentially isoenergetic (difference of ca. 0.09 kcal mol-1). Overall, the X-ray results show 

the expected configuration of the salen units in 2, 4, and 5 as mediated by the linker, and 

steric interactions responsible for the restricted rotation of the salen units observed for 2. 

 

Figure 2.3. POV-Ray representation of 2. 
Thermal ellipsoids shown at 50% probability level. Hydrogen atoms and solvent omitted 
for clarity. Ni, cyan; C, gray; O, red; N, blue. Selected interatomic distances [Å] and angles 
[deg]: Ni(1)-O(1): 1.827(2), Ni(1)-O(2): 1.870(2), Ni(1)-N(1): 1.861(2), Ni(1)-N(2): 1.842(2), 
O(1)-C(1): 1.310(3), O(2)-C(27): 1.307(2), Ni(2)-O(3): 1.855(2), Ni(2)-O(4): 1.836(2), 
Ni(2)-N(3): 1.842(2), Ni(2)-N(4): 1.861(2), O(3)-C(55): 1.309(3), O(4)-C(77): 1.313(3); 
Angles: O(1)-Ni(1)-O(2): 85.6(2), O(1)-Ni(1)-N(1): 94.0(1), O(1)-Ni(1)-N(2): 176.3(5), O(2)-
Ni(1)-N(1): 175.2(2), O(2)-Ni(1)-N(2): 94.1(1), N(1)-Ni(1)-N(2): 86.7(6), O(3)-Ni(2)-N(3): 
93.6(8), O(3)-Ni(2)-O(4): 85.9(6), O(3)-Ni(2)-N(4): 178.4(5), O(4)-Ni(2)-N(3): 179.4(5), 
O(4)-Ni(2)-N(4): 93.5(8), N(3)-Ni(2)-N(4): 87.1(1). 
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Figure 2.4. POV-Ray representation of 4. 
Thermal ellipsoids shown at 50% probability level. Hydrogen atoms and solvent omitted 
for clarity. Ni, cyan; C, gray; O, red; N, blue. Selected interatomic distances [Å] and angles 
[deg]: Ni(1)-O(1): 1.832(2), Ni(1)-O(2): 1.854(2), Ni(1)-N(1): 1.859(2), Ni(1)-N(2): 1.845(3), 
O(1)-C(1): 1.311(4), O(2)-C(27): 1.306(4), Ni(2)-O(3): 1.859(2), Ni(2)-O(4): 1.833(2), 
Ni(2)-N(3): 1.851(3), Ni(2)-N(4): 1.855(3), O(3)-C(38): 1.305(3), O(4)-C(60): 1.311(4); 
Angles: O(1)-Ni(1)-N(1): 93.1(1), O(1)-Ni(1)-O(2): 86.3(1), O(1)-Ni(1)-N(2): 177.9(1), N(1)-
Ni(1)-N(2): 87.4(1), N(1)-Ni(1)-O(2): 179.0(1), O(2)-Ni(1)-N(2): 93.1(1), O(3)-Ni(2)-N(3): 
93.6(1), O(3)-Ni(2)-O(4): 85.7(1), O(3)-Ni(2)-N(4): 174.0(1), N(3)-Ni(2)-N(4): 87.3(1), N(3)-
Ni(2)-O(4): 175.5(1), O(4)-Ni(2)-N(4): 93.8(1). 

 

Figure 2.5. POV-Ray representation of 5. 
Thermal ellispoids shown at 50% probability level. Hydrogen atoms and solvent omitted 
for clarity. Ni, cyan; C, gray; O, red; N, blue. Selected interatomic distances [Å] and angles 
[deg]: Ni(1)-O(1): 1.822(3), Ni(1)-O(2): 1.855(3), Ni(1)-N(1): 1.856(3), Ni(1)-N(2): 1.844(4), 
O(1)-C(1): 1.316(5), O(2)-C(27): 1.318(6), Ni(2)-O(3): 1.865(3), Ni(2)-O(4): 1.831(3), 
Ni(2)-N(3): 1.842(4), Ni(2)-N(4): 1.854(4), O(3)-C(38): 1.317(6), O(4)-C(60): 1.307(6); 
Angles: O(1)-Ni(1)-N(1): 93.4(1), O(1)-Ni(1)-O(2): 86.2(1), O(1)-Ni(1)-N(2): 178.5(1), N(1)-
Ni(1)-N(2): 87.0(2), N(1)-Ni(1)-O(2): 176.5(2), O(2)-Ni(1)-N(2): 93.5(2), O(3)-Ni(2)-N(3): 
93.4(1), O(3)-Ni(2)-O(4): 86.3(1), O(3)-Ni(2)-N(4): 176.5(1), N(3)-Ni(2)-N(4): 86.9(2), N(3)-
Ni(2)-O(4): 179.4(1), O(4)-Ni(2)-N(4): 93.4(1). 
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Table 2.1. Selected crystallographic data for 2, 4, and 5. 

 2 4 5 

Formula C92H130N4Ni2O5 C72H96N6Ni2O4 C89H139N4Ni2O4 
Formula weight 1560.31 1226.93 1446.45 
Space group P 21/n P -1 P b c a 
a (Å) 15.5829(11) 11.4567(7) 29.9305(5) 
b (Ǻ) 39.582(3) 13.1358(10) 12.1234(2) 
c (Ǻ) 16.2027(11) 25.5529(16) 47.9429(8) 
α (deg) 90 82.482(5) 90 
β (deg) 110.448(2) 89.480(4) 90 
γ (deg) 90 67.190(5) 90 
V [Ǻ3] 9364.0(11) 3510.7(4) 17396.5(5) 
Z 4 2 8 
T (K) 150 150 296 
ρcalcd (g cm-3) 1.107 1.161 1.105 
λ (Ǻ) 0.77490 1.54178 1.54178 
μ (cm-1) 0.6370 1.043 0.898 
R indicesa with I > 2.0σ(I) (data) 0.0439 0.0599 0.0555 
wR2 0.1126 0.1685 0.1250 
R1 0.0626 0.07934 0.0893 
Goodness-of-fit on F2 1.033 1.044 1.080 

aGoodness-of-fit on F. 

Table 2.2. Experimental and calculated (in parentheses)a coordination sphere 
metrical parameters for the complexes [Å]. 

Complex 
Ni(1)-
O(1) 

Ni(1)-
O(2) 

Ni(1)-
N(1) 

Ni(1)-
N(2) 

Ni(2)-
O(3) 

Ni(2)-
O(4) 

Ni(2)-
N(3) 

Ni(2)-
N(3) 

2 
1.827 

(1.844) 
1.871 

(1.857) 
1.863 

(1.858) 
1.842 

(1.850) 
1.854 

(1.853) 
1.836 

(1.846) 
1.841 

(1.851) 
1.861 

(1.857) 
[2••]2+ 

(broken 
symmetry) 

(1.819) (1.845) (1.851) (1.845) (1.843) (1.819) (1.844) (1.851) 

[2••]2+ 
(triplet) 

(1.824) (1.840) (1.850) (1.845) (1.846) (1.821) (1.846) (1.850) 

4 
1.832 

(1.836) 
1.854 

(1.857) 
1.859 

(1.857) 
1.845 

(1.852) 
1.858 

(1.851) 
1.833 

(1.830) 
1.851 

(1.848) 
1.855 

(1.852) 
[4••]2+ 

(broken 
symmetry) 

(1.823) (1.833) (1.857) (1.840) (1.828) (1.814) (1.837) (1.847) 

[4••]2+ 
(triplet) 

(1.823) (1.833) (1.857) (1.840) (1.828) (1.814) (1.837) (1.847) 

5 
1.822 

(1.830) 
1.855 

(1.852) 
1.856 

(1.852) 
1.844 

(1.848) 
1.865 

(1.852) 
1.831 

(1.830) 
1.842 

(1.848) 
1.854 

(1.852) 
[5••]2+ 

(broken 
symmetry) 

(1.814) (1.829) (1.848) (1.838) (1.829) (1.814) (1.838) (1.848) 

[5••]2+ 
(triplet) 

(1.814) (1.829) (1.848) (1.838) (1.829) (1.814) (1.838) (1.848) 

aSee the Experimental Section for calculation details. 
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2.2.3. Electrochemistry 

The electrochemical behaviour of new bimetallic Ni(Sal) complexes 2, 4, and 5 

was studied by cyclic voltammetry (CV) in CH2Cl2 at 230 K and compared to the 

electrochemical behaviour of 1 and 3 (Figure 2.6).216 All three new complexes are easily 

oxidized in similar ranges to the previously investigated 1 and 3, reflecting the common 

oxidation of the Ni(Sal) units to form a delocalized ligand radical. Both 2 and 5 exhibit two 

closely spaced reversible one-electron redox couples at E1/2 = 330 mV and E1/2 = 470 mV 

for 2 and E1/2 = 300 mV and E1/2 = 410 mV for 5; as well as irreversible oxidation events 

at approximately 800 – 850 mV (Table 2.3). In contrast to the closely spaced first two 

oxidation events for 2 and 5, 4 displays only one reversible oxidation event at low potential 

(E1/2 = 380 mV), albeit a two-electron process reflected in a doubling of the current intensity 

in comparison to 2, 3, and 5, which is further emphasized in the differential pulse 

voltammetry (DPV) data (Figure 2.7).108, 286 This is likely due to the meta 1,3-phenylene 

linker in 4 in comparison to the ortho and para connectors in 3 and 5 which facilitate 

communication between the salen units through the bridge.287-288 The splitting of the first 

two redox processes in 2 is therefore attributable to a small through space interaction 

between the redox-active salen moieties dictated by the xanthene spacer. The electronic 

coupling between the two redox-active salen moieties in [2••]2+, [4••]2+, and [5••]2+ was 

investigated via the difference between the first and second oxidation events (ΔEox) and 

the comproportionation constant, Kc [Eqns. (1) – (3)].102 In the absence of electronic 

coupling, two redox processes separated by a theoretical value of ΔE1/2 = [RT/F] ln 4 (ΔE1/2 

= 28 mV at 233 K) will be observed. This is typically not observed experimentally, instead 

a doubling of current intensity at a single potential is observed.108, 286 Larger separations 

are often indicative of more strongly delocalized one-electron oxidized species.102 The 

small separation between the first two redox events in 2 and 5, as well as the 

corresponding values of Kc suggests limited coupling between the two redox-active salen 

moieties, and that each salen unit is oxidized individually. In comparison, the unresolvable 

value of ΔEox for 4, as well as the doubling of current intensity, suggests negligible coupling 

in this derivative. 
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[(Sal)L(Sal)] + [(Sal•)L(Sal•)] ⇌ 2[(Sal)L(Sal•)] (1) 

𝐾𝑐 =
[(Sal)L(Sal•)]2

[(Sal)L(Sal)][(Sal•)L(Sal•)]
 

(2) 

𝐾𝑐 = exp (
∆𝐸ox𝐹

𝑅𝑇
) 

(3) 

 

Figure 2.6. Cyclic voltammograms of 1-5 (top to bottom). 
Conditions: 1 mM complex, 0.1 M nBu4NClO4, scan rate 100 mV s-1, CH2Cl2, 230 K. 
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Table 2.3. Redox potentials for 1-5 vs. Fc+/Fca,b, and the comproportionation constant 
(Kc). 

Complex E1/2
1 / mV E1/2

2 / mV E1/2
3 / mV 

ΔEox 
(E1/2

2 – E1/2
1) 

Kc (230K)c 

1c 390 (106) 890 (116) - 500 9.04 x 1010 

2 330 (115) 470 (110) 850 (230) 140 1.17 x 103 
3 360 (100) 460 (100) 800 (200) 100 1.55 x 102 
4 380 (140) - 875 (210) 495 - 
5 300 (90) 410 (95) 795 (150) 110 2.57 x 102 

aGiven in volts, peak-to-peak separation given in parentheses. bPeak-to-peak difference for Fc+/Fc couple at 233 K is 
0.15 V. cKc for 1 is within a salen unit, while Kc for 2-5 is between salen fragments. d[216]. 

 

Figure 2.7. Differential pulse voltammetry (DPV) scans of 2 (black line), 4 (blue line), 
and 5 (red line). 

Conditions: 1 mM complex, 0.1 M nBu4NClO4, CH2Cl2, 230 K. 

The Kc values for 2, 3, and 5 are much smaller than the value for 1 (Table 2.3), 

which corresponds to the coupling between the redox-active phenolates within a salen 

unit. While not further investigated, we presume the redox events at high potential for 2-5 

are due to the formation of bis-ligand radical species on the salen units.289 
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2.2.4. Electron Paramagnetic Resonance Spectroscopy 

The X-band EPR spectra of [1•]+ and [2-4••]2+ are presented in Figure 2.8, and that 

of [5••]2+ is shown in Figure 2.10. EPR is an effective tool to study the degree of 

delocalization, and metal participation in the singly occupied molecular orbital (SOMO), in 

transition-metal complexes incorporating redox-active ligands. Furthermore, in this work, 

EPR is a sensitive probe for detecting spin-spin interactions in the bis-ligand radical 

species [2-5••]2+. All five complexes exhibit g values close to that of the free electron, 

indicating a ligand radical species (Table 2.4). The g values are slightly higher than 

expected for purely ligand based radicals (gave > ge ~ 2.0023), which suggests non-

negligible contribution of the Ni centres to the SOMOs. The ligand radical [1•]+ was 

previously investigated and exhibits a rhombic spectrum (gave = 2.048, Table 2.4) with ca. 

13% Ni dxz character in the SOMO (based on DFT).216 
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Figure 2.8. X-band EPR spectra (black) of [1•]+ and [2-4••]2+ recorded in frozen CH2Cl2 
at 0.33 mM. Red lines represent simulations of the experimental data. 
Inset: weak half-field ΔMs = 2 transition for [2••]2+. 

Conditions: frequency = 9.38 GHz ([1•]+ and [3••]2+), 9.64 GHz ([2••]2+ and [4••]2+); power = 
2 mW; modulation frequency = 100 kHz; modulation amplitude = 0.4 mT; T = 6 K. Asterisks 
denote the monoradical [2•]+ impurity (vide infra). 

Table 2.4. EPR simulation parameters for [1•]+ and [2-5••]2+ 

Complex gxx gyy gzz gave D / 10-4 cm-1 E/D 

[1•]+ a 2.061 2.046 2.037 2.048 - - 
[2••]2+ 2.120 2.020 1.980 2.035 75 <0.05 
[3••]2 a 2.090 2.019 2.000 2.036 13 <0.04 
[4••]2 2.047 2.036 2.033 2.038 - - 
[5••]2 2.014 - - 

a[216]. 

The X-band EPR spectrum of [2••]2+ differs substantially from that of [1•]+, exhibiting 

a low field resonance at g = 4 in addition to the features at ca. g = 2. This low field 
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resonance is attributed to a half-field transition (Figure 2.8 – inset), which suggests 

significant population of the triplet spin state. Both the weak intensity and position suggest 

that the zero-field splitting (ZFS) parameters are small.290 The signal at ca. g = 2 contains 

two contributions. The minor component originates from an S = ½ monoradical [2•]+ 

impurity, which is manifest as a relatively sharp rhombic feature at g1 = 2.115, g2 = 2.012, 

and g3 = 1.987 (Figure 2.9). The main spectrum is significantly broader and displays 

outermost resonances assigned to the ΔMs = 1 transitions of the triplet species. This 

assignment is corroborated by EPR measurements at the Q-band frequency, which shows 

a global evolution of the spectrum with frequency that is inconsistent with the presence of 

simple rhombic S = ½ systems (Appendix A – Figure A8). The low resolution of the triplet 

spectrum complicates the determination of accurate ZFS parameters by simulation. By 

using the g values determined for [2•]+ as an initial guess for the simulation of the triplet 

spectra at both X- and Q-band frequencies (Appendix A – Figure A8), the ZFS parameters 

are estimated as |D| = 0.0075 cm-1 with an E/D < 0.05. By using the point dipole 

approximation (Eqn. 4)291 these ZFS parameters afford an interspin distance of 6.9 Å, 

which exceeds the distance between the two mean N2O2 planes measured in the crystal 

structure of 2 (3.98 Å). Such discrepancy is not unexpected for organic diradicals and can 

be taken as evidence of substantial delocalization of the unpaired electrons.292-293 We 

further investigated the magnetic interaction in [2••]2+ via the temperature dependence of 

the ΔMs = 2 signal. A plot of the intensity of the ΔMs = 2 signal as a function of 1/T results 

in a straight line (Appendix A – Figure A9), suggesting a weak interaction between the two 

salen radical units. The magnetic coupling for [2••]2+ is comparable to that reported for 

paracyclophane,294 and Ni(II)-thiazyl p-stacked radical dimers,295 and could be further 

interpreted in terms of a McConnel-I mechanism involving delocalized radicals.296 
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Figure 2.9. X-band EPR spectrum of [2•]+ recorded in frozen CH2Cl2 at 1.2 mM. 
Conditions: frequency = 9.64 GHz; power = 2 mW; modulation frequency = 100 kHz; 
modulation amplitude = 0.4 mT; T = 8 K. The red line represents simulation to the 
experimental data using the parameters given in the text. 

The EPR spectrum for [3••]2+ was previously simulated as a diradical297 by 

considering the individual salen moieties in cis and trans conformations relative to one 

another, with the observed experimental data a combination of the two sub-spectra.216 

Although a half-field transition is not observed, based on the analysis of [2••]2+, the data 

for [3••]2+ was simulated as a triplet species instead of two conformers, with small ZFS 

parameters (Table 2.4). The lack of an observable half-field transition, coupled with the 

small ZFS parameters suggest limited coupling in [3••]2+.297 Using the point dipole 

approximation (Eqn. 4), an interspin distance is calculated as 12.5 Å. This value is again 

larger than the 9.8 Å distance between the Ni centres in the crystal structure of 3, and 

similarly to the analysis of [2••]2+, suggests extensive delocalization of the unpaired 

electrons. It must be stressed that the D values are small for both [2••]2+ and [3••]2+, 

confirming that the spin-spin interactions are weak in both complexes. 

The EPR spectrum of [4••]2+ exhibits a broad signal at gave = 2.038, consistent with 

the other oxidized complexes. A half-field transition was not observed, likely due to the 

large separation between the salen moieties in [4••]2+. In agreement with the above 
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structural and electrochemical data, the EPR spectrum of mono-oxidized [4•]+ (Appendix 

A – Figure A10) is very similar to [4••]2+, but with ca. ½ the intensity.  

Oxidation of 5 to [5••]2+ at low temperature resulted in a very weak EPR signal 

(Figure 2.10 – bottom) with ca. 3% intensity in comparison to a concentration matched 

sample of [4••]2+. It was hypothesized that the lack of signal was either due to sample 

decomposition, or spin-spin interactions due to intermolecular interaction of [5••]2+ at low 

temperature (vide infra). EPR analysis of a solution of [5••]2+ at 298 K affords an isotropic 

signal with a giso = 2.014, supporting the assignment as a bis-ligand radical species, 

although with less contribution of the central Ni atoms to the SOMO. The intensity of the 

doubly integrated signal of [5••]2+ under non-saturating conditions is plotted against the 

concentration in the inset of Figure 2.10. A clear saturation is observed after ca. 0.5 mM, 

indicative of dimerization/aggregation processes above this concentration. 

 

Figure 2.10. Top: Room temperature X-band EPR spectrum of [5••]2+ (black) recorded 
in CH2Cl2 at 0.35 mM (simulation in red). Inset: Saturation curve of the 
signal at giso = 2.014 with increasing concentration suggesting aggregation 
above 0.5 mM. Bottom: X-band EPR spectrum of [5••]2+ oxidized at 77 K. 

Conditions: (Top) frequency = 9.44 GHz; power = 2 mW; modulation frequency = 100 kHz; 
modulation amplitude = 0.15 mT; T = 298 K. (Bottom) frequency = 9.38 GHz; power = 2 
mW; modulation frequency = 100 kHz; modulation amplitude = 0.6 mT; T = 77 K. 
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2.2.5. Electronic Absorption Spectroscopy 

Chemical oxidation of 2, 4, and 5 with two equivalents of [N(C6H3Br2)3][SbF6] at 

198 K resulted in the appearance of intense transitions in the NIR region of the absorption 

spectra (Figure 2.11). In all cases, isosbestic points are observed during the sequential 

addition of oxidant from 0-2 equivalents indicating clean conversion to the respective 

oxidized product (Figure 2.12). For [2••]2+, in which the salen moieties are cofacially 

aligned, the exciton model predicts a blue-shifted and doubly intense band relative to the 

monomeric analogue [1•]+. Indeed, a blue-shifted band by ca. 330 cm-1 relative to the IVCT 

transition observed in [1•]+ is observed. The IVCT band for [2••]2+ is nearly double the 

intensity of the band observed in [1•]+ (42,900 vs. 27,700 M-1 cm-1), with the slightly 

diminished intensity in [2••]2+ likely due to minimal symmetry perturbations resulting in the 

low energy forbidden transition gaining weak intensity.298 Indeed, the low energy transition 

in [2••]2+ is evident as a shoulder in Figure 2.11B. For oblique systems such as [3••]2+ and 

[4••]2+, the exciton model predicts a splitting of bands as both transitions at high and low 

energy are partially allowed (Figure 2.11A and 2.11C). The intensity of the observed bands 

is dependent on the distance and angle between the transition moment dipole moments. 

For [3••]2+, which has an approximate angle of 60° between the two salen units, two NIR 

transitions are observed equally split about the IVCT band in [1•]+.216 For [4••]2+ which has 

a significantly larger angle between the two salen units (120°) and is closer to the parallel 

system, we observe a prominent low energy band red-shifted by ca. 190 cm-1 as well as 

a lower-intensity shoulder corresponding to the higher energy transition predicted by the 

exciton model. 

Finally, the exciton model predicts that [5••]2+ will afford a red-shifted band relative 

to the monomeric analogue. At low temperature, we do not observe a red-shifted IVCT 

band, but a broad transition ranging from 20,000 cm-1 to 10,000 cm-1 (ε = 30,000 M-1 cm-

1), alongside a broad blue-shifted NIR band (λmax = 5,100 cm-1, ε = 29,000 M-1 cm-1, Figure 

2.12D). Heating/sonication of this solution did not change the absorption profile and 

dynamic light scattering (DLS) experiments confirm the presence of large aggregates 

(mean size ~145 nm – Appendix A – Figure A14), likely formed via π-interactions between 

radical cations.299 Oxidation of a dilute solution (0.08 mM) of 5 to [5••]2+ at 298 K did 

however afford a red-shifted band as predicted by the exciton model (Figure 2.11). 

Concentration-dependent EPR studies at 298 K show saturation of the main resonance at 

g = 2 beginning at 0.5 mM, suggesting aggregation above this concentration, and the 
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broadness of the band depicted in Figure 2.11 is likely due to partial aggregation of [5••]2+ 

even at room temperature. Overall, the shifting and/or splitting of the intense IVCT bands 

in the bimetallic bis-ligand radical species is correctly predicted by the exciton model. 

 

Figure 2.11. NIR region in the absorption spectra of [1•]+ and [2-5••]2+. (A) Black line: 
[1•]+, red line: [3••]2+; (B) [2••]2+; (C) [4••]2+; (D) [5••]2+. The dashed black line 
represents λmax for [1•]+. Coloured dashed lines represent λmax for the 
respective bis-ligand radical complex. 

Conditions: CH2Cl2, 0.33 mM complex (A-C), 0.08 mM complex (D), T = 195 K (A-C), 298 
K (D). 
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Figure 2.12. Full oxidation titration data for (A) 2 (black) to [2••]2+ (blue), 0.33 mM; (B) 4 
(black) to [4••]2+ (blue), 0.33 mM; (C) 5 (black) to [5••]2+ (blue), 298 K, 0.08 
mM; (D) 5 to [5••]2+, 195 K, 0.33 mM. Red lines represent the addition of 
one equivalent of oxidant. 

Intermediate grey lines measured during the oxidation titration with [N(C6H3Br2)3][SbF6]. 
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Table 2.5. Spectroscopic properties of the Ni complexes in CH2Cl2 solution.a 

Complexb λmax [cm-1] (ε x 103 [M-1 cm-1]) 

1c 25,400 sh (4.7), 23,900 (8.2), 22,300 sh (5.3), 17,400 w (0.36) 
[1•]+c 32,000 (100), 26,500 (14.6), 25,000 (10.6), 21,700 (7.1), 19,100 (4.1), 11,000 (3.0), 

9,100 (9.2), 5,900 sh (7.1), 4,500 (27.7) 
2 23,800 (15.6), 21,800 sh (8.6), 16,700 w (1.7) 
[2••]2+ 21,000 sh (7.2), 17,800 (3.4), 12,100 (5.8), 8,970 (12.3), 4,830 (42.9) 
3c 23,800 (13.4), 22,300 sh (9.1), 17,400 w (0.42) 
[3••]2+ c 32,000 (100), 26,500 (19.7), 25,000 (16.4), 21,700 (9.9), 19,100 (4.8), 9,260 (10.4), 

4,890 (26.5), 4,200 (21.1) 
4 23,500 (14.5), 21, 850 sh (8.8), 17,500 w (0.8) 
[4••]2+ 21,500 (9.5), 18,500 (4.4), 9,100 (14.0), 5,850 sh (8.2), 4,850 sh (26.1), 4,310 (46.1) 
5 23,500 (14.4), 21,600 sh (9.2), 17,400 w (1.1) 
[5••]2+ 20,200 (28.6), 8,700 sh (8.0), 5,400 sh (27), 4,150 (46.6) 

aNIR transitions in bold. bConditions: 0.33 mM (1-4), 0.08 mM (5), CH2Cl2, 198 K (1-4), 298 K (5); sh = shoulder, w = 
weak. c[215]. 

2.2.6. Theoretical Calculations 

Geometry optimization for both triplet (S = 1) and broken symmetry (BS, S = 0) 

electronic structures for [2••]2+, [4••]2+, and [5••]2+ show a pronounced coordination sphere 

contraction when compared to the neutral analogues (Table 2.2), matching the predicted 

coordination sphere changes for [1•]+ and [3••]2+.216 The two spin states are nearly 

isoenergetic for both [4••]2+ (BS lower in energy by 0.2 kcal mol-1) and [5••]2+ (triplet lower 

in energy by 0.05 kcal mol-1). Interestingly, the BS solution for [2••]2+ is 2.8 kcal mol-1 lower 

in energy in comparison to the triplet solution, thus predicting the most significant spin-

interaction for this species. In all cases, the spin density plots show that the radicals are 

delocalized across the salen moieties, with minimal spin density on the bridging unit 

(Figure 2.13 and Appendix A – Figure A15). 

Time-dependent DFT (TD-DFT) calculations on both triplet and BS solutions for 

the bis-ligand radical species were employed to gain insight into the donor and acceptor 

orbitals, and energy shifts associated with the experimentally observed NIR features. The 

TD-DFT results are similar for both electronic structures, predicting low energy transitions 

with an intensity pattern in line with the exciton model (Table 2.6). For the triplet 

calculations, extensive mixing of the donor and acceptor orbitals results in orbitals 

delocalized over both salen units. For the BS calculations, the donor and acceptor orbitals 

are confined to the individual salen units and match the orbitals associated with the 

predicted low energy transition for the monomer [1•]+.216 The predicted low energy bands 

from the BS TD-DFT calculations are symmetric and antisymmetric linear combinations of 
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the αHOMO  αLUMO and βHOMO  βLUMO local transitions on the individual salen 

radicals, providing further evidence of excited state mixing of the salen chromophores in 

the doubly oxidized dimers (Figure 2.14). 

 

Figure 2.13. Spin density plots for [1•]+ and the broken symmetry (S = 0) solution for [2-
5••]2+. See the experimental section for calculation details. 

Table 2.6. TD-DFT predicted energies and oscillator strengths for the broken 
symmetry (S = 0) solution for the doubly oxidized dimers.a,b,c 

 Low Energy Band High Energy Band 
 Energy (cm-1) Oscillator Strength (f) Energy (cm-1) Oscillator Strength (f) 

[2••]2+ 3,590 0.055 4,995 0.406 
[3••]2+ 4,708 0.270 5,675 0.196 
[4••]2+ 4,935 0.395 5,570 0.092 
[5••]2+ 4,390 0.744 5,495 0.002 

aSee the experimental section for calculation details. bThe TD-DFT predicted NIR band for [1•]+ is at λmax = 5,260 cm-1, f 
= 0.2450. cThe predicted band energies for the triplet (S = 1) solutions match the BS (S = 0) results. 
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For the co-facial orientation in [2••]2+ (S = 0), the high energy band is predicted to 

have significantly increased oscillator strength in comparison to the low energy band (f = 

0.406 vs. f = 0.055, see Table 2.6), in accordance with the experimental results and the 

exciton coupling model. We had previously hypothesized that the NIR band splitting in 

[3••]2+ was a result of exciton coupling of the radical salen units in an oblique geometry,216 

and the data presented herein for the full series of dimers provides confirmation of this 

interpretation. The increased inter-chromophore angle in [4••]2+ relative to [3••]2+, results in 

the low energy band exhibiting significantly greater intensity in comparison to the high 

energy band (Figure 2.11), and this is correctly predicted by the TD-DFT calculations (f = 

0.395 vs. f = 0.092, see Table 2.6). Finally, for the parallel orientation in [5••]2+, only the 

low energy band is predicted to exhibit significant intensity (Table 2.6), reflecting the 

limited capacity of the forbidden transition to gain intensity via symmetry perturbations in 

this chromophore geometry.298 

 

Figure 2.14. Kohn-Sham molecular orbitals for the broken symmetry (S = 0) of [2••]2+ 

associated with the calculated NIR transitions at 4,995 and 3,590 cm-1. The 
predicted low energy bands are symmetric and antisymmetric linear 
combinations of the αHOMO  αLUMO (black arrow), and βHOMO  
βLUMO (red arrow) local transitions on the individual salen radicals. 
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Figure 2.15. Kohn-Sham molecular orbitals for the broken symmetry (S = 0) solution of 
[4••]2+ associated with the calculated NIR transitions at 5,570 and 4,935 cm-

1 (black and red arrows; α/βHOMO  α/βLUMO). Predicted transitions are 
a result of symmetric and asymmetric linear combinations of the orbitals 
shown. 

 

Figure 2.16. Kohn-Sham molecular orbitals for the broken symmetry (S = 0) solution of 
[5••]2+ associated with the calculated NIR transitions at 5,495 and 4,390 cm-

1 (black and red arrows; α/βHOMO  α/βLUMO). Predicted transitions are 
a result of symmetric and asymmetric linear combinations of the orbitals 
shown. 
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2.3. Discussion and Summary 

Investigation of the influence of inter-chromophore distance and relative geometry 

on photophysical properties in discrete dimers provides a mechanism to understand the 

absorption and emission properties in aggregated systems.300-303 In this context, a series 

of bimetallic Ni(Sal) complexes were prepared and studied (2-5), in which the relative 

geometry of the salen units has been systematically varied from coplanar to parallel. All 

complexes are easily oxidized to the corresponding bis-ligand radical species, in which 

the ligand radicals are confined to the individual salen units. The xanthene spacer of 2 has 

previously been employed in photophysical studies of chromophore interactions,284-285 and 

the close Ni--Ni distance of 3.98 Å is within a range for the observation of strong 

interactions via direct wave-function overlap.258 Interestingly, a weak spin-spin interaction 

of the ligand radical units in [2••]2+ is observed via X- and Q-band EPR spectroscopy, and 

this is further corroborated by DFT calculations. EPR simulation of the oblique dimer [3••]2+ 

as a triplet affords very small ZFS parameters, demonstrating that a non-interacting 

diradical description is appropriate for this derivative.291, 297 Most interestingly, for the 

doubly oxidized species, significant shifts in the IVCT bands in the NIR are observed, 

matching that predicted by the exciton model. This study shows, for the first time, the 

applicability of the exciton model to bis-ligand radical systems absorbing in the NIR, and 

demonstrates the ability to tune the energy of absorption by nearly 400 nm in this low 

energy region. We plan to further study the interesting aggregation process and 

associated photophysical properties of the para dimer [5••]2+, which under the current 

conditions is irreversible. 

2.4. Experimental 

2.4.1. Materials 

All chemicals used were of the highest grade available and were purified whenever 

necessary. Literature methods were followed in order to prepare 5,5’-(2,7-di-tert-butyl-9,9-

dimethyl-9H-xanthene-4,5-diyl)bis(3-(tert-butyl)-2-hydroxybenzaldehyde) (6),304 (E)-2-

(1((2-amino-2-methylpropyl)imino)ethyl)-4,6-di-tert-butylphenol (7),214 and 5,5’’-di-tert-

butyl-4,4’’-dihydroxy-[1,1’:4’1’’-terphenyl]-3,3’’-dicarbaldehyde (12).305 The tris(2,4-

dibromophenyl) aminium hexafluoroantimonate radical chemical oxidant 

[N(C6H3Br2)3][SbF6] (E1/2 = 1.14 V vs. Fc+/Fc, MeCN)107 was synthesized according to 



54 

published protocols.306 Electronic spectra were recorded on a Cary 5000 

spectrophotometer with variable pathlength (1 and 10 mm, Hellma, Inc.). Constant 

temperatures were maintained by a dry ice/acetone bath. Cyclic voltammetry (CV) was 

performed on a PAR-263A potentiometer, equipped with a Ag wire reference electrode, a 

Pt disk working electrode, and a Pt counter electrode with nBu4NClO4 (0.1 M) solution in 

CH2Cl2. Decamethylferrocene was used as an internal standard.307 1H NMR spectra were 

recorded on a Bruker AV-400 instrument. Mass spectra (positive ion) were obtained on a 

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. Electron paramagnet resonance (EPR) spectra were collected using 

a Bruker EMXplus spectrometer with a premiumX X-band microwave bridge and a dual 

mode resonator connected to an Oxford Instruments He flow cryostat. Samples for X-band 

EPR measurements were placed in 4 mm outer diameter tubes with sample volumes of 

~250 μL. For the Q-band measurements, the same apparatus was used; with a 33.9 GHz 

microwave bridge and a qwt resonator. EPR spectra were simulated using the EasySpin 

package in MATLAB.308 

2.4.2. X-ray Structure Determination 

All crystal structure plots were produced using ORTEP-3309 and rendered with 

POV-Ray (v.3.6.2).310 A summary of the crystal data and experimental parameters for 

structure determinations is given in Table 2.1. 

2.4.2.1. X-ray Structure Determination of 2 

Single crystal X-ray crystallographic analysis of 2 was performed at 150 K on a D8 

goniostat equipped with a Bruker PHOTON100 CMOS detector at Beamline 11.3.1 at the 

Advanced Light Source (Lawrence Berkeley National Laboratory) using synchrotron 

radiation tuned to λ = 0.7749 Å. For data collection, frames were measured for a duration 

of 2 s at 0.5° intervals of ω. The data frames were collected using the program APEX2 

and processed using the program SAINT routine within APEX2. The data were corrected 

for absorption and beam corrections based on the multiscan technique as implemented in 

SADABS. The structure was solved using the intrinsic phasing method311 and refined with 

ShelXl within ShelXle.312 The structure contained heavily disordered solvent that could not 

be successfully modelled, thus, the PLATON/SQUEEZE313 program was used to generate 
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a ‘solvent-free’ HKLF5 format data set. The equivalent of 4 molecules of hexane and 4 

molecules of CH2Cl2 was removed from the unit cell. All non-hydrogen atoms were refined 

anisotropically. All C-H hydrogen atoms were placed in calculated positions but were not 

refined. CCDC number: 1579266. 

2.4.2.2. X-ray Structure Determination of 4 and 5 

Single crystal X-ray crystallographic analysis of 4 and 5 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. Crystals were 

mounted on a MiTeGen dual-thickness MicroMounts using parabar oil. The data was 

collected at room temperature (approximated to 296 K) (5) and 150(2) K (via an Oxford 

Cryosystems cold-stream) (4). Data was collected in a series of φ and ω scans with 1.00° 

image widths and 60 s exposures. The crystal-to-detector distance was 40 mm. Data was 

processed using the Bruker APEX II software suite. Structures were solved using the 

intrinsic phasing method311 and refined with ShelXl within ShelXle.312 The structure of 5 

contained heavily disordered solvent that could not be successfully modelled, thus, the 

PLATON/SQUEEZE313 program was used to generate a ‘solvent-free’ HKLF5 format data 

set. The equivalent of 28 molecules of hexane was removed from the unit cell. All non-

hydrogen atoms were refined anisotropically. All C-H hydrogen atoms were placed in 

calculated positions but were not refined. CCDC number: 1579267 (4), 1579268 (5). 

2.4.3. Oxidation Protocol 

Under an inert atmosphere at 195 K, 500 μL of a CH2Cl2 solution of the metal 

complex (4.6 mM) was added to 3.0 mL of dry CH2Cl2. Monitored by UV-vis-NIR 

spectroscopy, a saturated solution of [N(C6H3Br2)3][SbF6] in CH2Cl2 was added in 60 μL 

aliquots resulting in clean conversion to the respective one- and two-electron oxidized 

species. 

2.4.4. Theoretical Calculations 

Geometry optimizations were performed using the Gaussian 09 program (Revision 

D.01),314 the B3LYP functional,315-316 and 6-31G(d) basis set on all atoms as this 

functional/basis set combination has afforded a good match to experimental metrical 

parameters in similar salen systems.214-217 Frequency calculations at the same level of 
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theory confirmed that the optimized structures were located at a minimum on the potential 

energy surface. Single-point calculations for energetic analysis were performed using the 

B3LYP functional and the TZVP basis set of Ahlrichs on all atoms.317-318 The intensities of 

the 10 lowest energy electronic transitions were calculated by time-dependent density 

functional theory (TD-DFT)319-320 at the B3LYP/TZVP level with a polarized continuum 

model (PCM) for CH2Cl2 (dielectric ε = 8.94).321-324 

2.4.5. Synthesis 

6-6’-((1E,1’E)-(((((1E,1’E)-((2,7-di-tert-butyl-9,9-dimethyl-9H-xanthene-4,5-diyl)bis(5-

(tert-butyl)-6-hydroxy-3,1-phenylene))bis(methaneylylidene))bis(azaneylylidene))bis(2-

methylpropane-2,1-diyl))bis(azaneylylidene))bis(ethan-1-yl-1-ylidene))bis(2,4-di-tert-

butylphenol) (8): 

 

A 10 mL degassed dichloroethane solution of 6 (0.49 g, 0.73 mmol) was added to 

a refluxing 10 mL degassed dichloroethane solution of 7 (0.47 g, 1.5 mmol). The yellow 

mixture was refluxed for 24 hours, after which the mixture was cooled and the solvent was 

removed in vacuo until only 5 mL remained. Cold methanol was added to the mixture (20 

mL) and a bright yellow precipitate formed which was collected via suction filtration and 

washed with cold methanol (3x5 mL) and pentane (3x5 mL). Yield: 0.48 g, 52%. MALDI-

MS m/z = 1275.51 (100%). 1H NMR (400 MHz, CDCl3): δ = 8.12 (s, 2H), 7.46 (d, J = 2.3 

Hz, 2H), 7.41 (d, J = 2.4 Hz, 2H), 7.35 (m, 4H), 7.32 (d, J = 2.2 Hz, 2H), 7.17 (d, J = 2.4 

Hz, 2H), 3.61 (s, 4H), 2.31 (s, 6H), 1.78 (s, 6H), 1.39 (s, 18H), 1.38 (s, 12H), 1.37 (s, 18H), 

1.29 (s, 18H), 1.17 (s, 18H). 

6-6’-((1E,1’E)-(((((1E,1’E)-((2,7-di-tert-butyl-9,9-dimethyl-9H-xanthene-4,5-diyl)bis(5-

(tert-butyl)-6-hydroxy-3,1-phenylene))bis(methaneylylidene))bis(azaneylylidene))bis(2-

methylpropane-2,1-diyl))bis(azaneylylidene))bis(ethan-1-yl-1-ylidene))bis(2,4-di-tert-

butylphenol)-di-nickel(II) (2): 
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To a solution of 8 (50 mg, 0.039 mmol) in 3 mL dry dimethylformamide (DMF) was 

added a 3 mL dry DMF Ni(OAc)2•4H2O solution (40 mg, 0.16 mmol). The mixture turned 

deep brown upon addition of the metal salt, and was stirred at reflux for 16 hours. The 

mixture was then cooled to room temperature and placed in an ice bath. The brown solid 

precipitate was collected via suction filtration. The crude material was recrystallized in 

CH2Cl2/hexanes (1:1) to obtain light brown crystals suitable for X-ray analysis. Yield: 45 

mg, 82%. MALDI-MS m/z = 1389.51 (100%). 1H NMR (400 MHz, CD2Cl2): δ = 7.52 (s, 

2H), 7.51 (s, 2H), 7.35 (d, J = 2.4 Hz, 2H), 7.27 (d, J = 2.5 Hz, 2H), 7.24 (d, J = 2.4 Hz, 

2H), 7.03 (d, J = 2.4 Hz, 2H), 6.89 (s, 2H), 1.71 (s, 6H), 1.61 (s, 6H), 1.50 (s, 4H), 1.44 (s, 

18H), 1.42 (s, 18H), 1.40 (s, 12 H), 1.35 (s, 18H), 1.24 (s, 18H). Anal. Cald. (%) for 

C85H114N4O5Ni2: C 70.82, H 8.40, N, 3.59; Found: C 70.77, H 8.56, N 3.71. 

5,5’’-di-tert-butyl-4,4’’-dihydroxy-[1,1’:3’,1’’-terphenyl]-3,3’’-dicarbaldehyde (10): 

 

A 2-neck flask was charged with 2-hydroxy-3-tertbutyl-5-‘Bpin’-benzaldehyde (9) 

(500 mg, 1.63 mmol), K2CO3 (215 mg, 1.56 mmol), and Pd(PPh3)4 (55 mg, 0.048 mmol) 

and subjected to three evacuation/refill cycles. 10 mL of degassed DME/H2O (5:1) was 

added to the solids. 1,3-dibromobenzene (93 μL, 0.78 mmol) was added and the mixture 

was heated at reflux for 24 hours, after which the mixture was allowed to cool to room 

temperature. The mixture was extracted with CH2Cl2 (3x20 mL). The solvent was removed 

in vacuo and the crude material was purified via flash column chromatography (2.5% 

EtOAc in hexanes) to afford the title compound as a yellow solid. Yield: 78 mg, 53%. 

MALDI-MS m/z = 430.92 (100%). 1H NMR (400 MHz, CDCl3): δ = 11.83 (s, 2H), 9.99 (s, 

2H), 7.80 (d, J = 2.3 Hz, 2H), 7.70-7.66 (m, 1H), 7.65 (d, J = 2.3 Hz, 2H), 7.55-7.53 (m, 
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3H), 1.49 (s, 18H). Anal. Cald. (%) for C28H30O4: C 78.11, H 7.02; Found (%): C 78.31, H 

7.18. 

3,3’’-di-tert-butyl-5,5’’-bis((E)-((1-(((E)-1-(3,5-di-tert-butyl-2-hydroxyphenyl)ethylidene) 

amino)-2-methylpropan-2-yl)imino)methyl)-[1,1’:3’,1’’-terphenyl]-4,4’’-diol (11): 

 

To a stirring solution of 10 (140 mg, 0.33 mmol) in THF (40 mL) was added 7 (217 

mg, 0.68 mmol). The mixture was heated at reflux for 24 hours, after which it was cooled 

to room temperature. The solvent was removed in vacuo and the crude material was 

recrystallized in hot MeOH. Yield: 250 mg, 75%. MALDI-MS m/z: 1031.95 (100%). 1H NMR 

(500 MHz, CDCl3): δ = 8.55 (s, 2H), 7.66 (d, J = 2.1 Hz, 1H), 7.58 (d, J = 2.3 Hz, 2H), 7.45 

(d, J = 1.3 Hz, 3H), 7.42 (d, J = 2.2 Hz, 2H), 7.38 (d, J = 2.4 Hz, 2H), 7.35 (d, J = 2.4 Hz, 

2H), 3.71 (s, 4H), 2,36 (s, 6H), 1.52 (s, 12H), 1.48 (s, 18H), 1.38 (s, 18H), 1.29 (s, 18H). 

Anal. Cald. (%) for C68H94N4O4: C 79.18, H 9.19, N 5.43; Found (%): C 79.31, H 9.28, N 

5.20. 

3,3’’-di-tert-butyl-5,5’’-bis((E)-((1-(((E)-1-(3,5-di-tert-butyl-2-hydroxyphenyl)ethylidene) 

amino)-2-methylpropan-2-yl)imino)methyl)-[1,1’:3’,1’’-terphenyl]-4,4’’-diol-di-nickel(II) (4): 

 

To a stirring solution of 11 (50 mg, 0.05 mmol) in DMF (5 mL) was added 

Ni(OAc)2•4H2O (48 mg, 0.2 mmol) in DMF (5 mL). The mixture was heated at reflux for 5 

hours, after which it was cooled to room temperature and the dark brown precipitate 

collected via suction filtration. The solid material was washed with H2O (3x5 mL) and 
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recrystallized in CH2Cl2/MeCN at -40°C to yield brown crystals suitable for X-ray analysis. 

Yield: 51 mg, 91%. MALDI-MS m/z = 1143.19 (100%). 1H NMR (500 MHz, CDCl3): δ = 

7.60 (s, 1H), 7.53 (d, J = 2.5 Hz, 2H), 7.45 (s, 2H), 7.34 (m, 3H), 7.30 (d, J = 2.5 Hz, 2H), 

7.21 (d, J = 2.4 Hz, 2H), 7.19 (d, J = 2.5 Hz, 2H), 3.23 (s, 4H), 2.34 (s, 6H), 1.46 (s, 12H), 

1.45 (s, 18H), 1.43 (s, 18H), 1.29 (s, 18H). Anal. Cald. (%) for C68H90N4O4Ni2: C 71.34, H 

7.92, N 4.89; Found (%): C 71.60, H 8.11, N 4.58. 

3,3’’-di-tert-butyl-5,5’’-bis((E)-((1-(((E)-1-(3,5-di-tert-butyl-2-hydroxyphenyl)ethylidene) 

amino)-2-methylpropan-2-yl)imino)methyl)-[1,1’:4’1’’-terphenyl]-4,4’’-diol (13): 

 

To a stirring solution of 12 (100 mg, 0.23 mmol) in THF (40 mL) was added 7 (150 

mg, 0.49 mmol). The mixture was heated at reflux for 24 hours, after which it was cooled 

to room temperature. The solvent was removed in vacuo and the crude material was 

recrystallized in hot MeOH. Yield: 210 mg, 87%. MALDI-MS m/z: 1031.31 (100%). 1H NMR 

(500 MHz, CDCl3): δ = 8.56 (s, 2H), 7.58 (m, 6H), 7.43 (d, J = 2.3 Hz, 2H), 7.39-7.35 (m, 

4H), 3.72 (s, 4H), 2.37 (s, 6H), 1.53 (s, 12H), 1.49 (s, 18H), 1.42 (s, 18H), 1.29 (s, 18H). 

Anal. Cald. (%) for C68H94N4O4: C 79.18, H 9.19, N 5.20; Found (%): C 79.40, H 9.33, N 

4.96. 

3,3’’-di-tert-butyl-5,5’’-bis((E)-((1-(((E)-1-(3,5-di-tert-butyl-2-hydroxyphenyl)ethylidene) 

amino)-2-methylpropan-2-yl)imino)methyl)-[1,1’:4’1’’-terphenyl]-4,4’’-diol-di-nickel(II) (5): 

 

To a stirring solution of 13 (50 mg, 0.05 mmol) in DMF (5 mL) was added 

Ni(OAc)2•4H2O (48 mg, 0.2 mmol) in DMF (5 mL). The mixture was heated at reflux for 5 

hours, after which it was cooled to room temperature. The brown precipitate was collected 
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via suction filtration and washed with cold H2O (3x5 mL). X-ray quality crystals were grown 

from concentrated pyridine solutions. Yield: 50 mg, 88%. MALDI-MS m/z = 1144.31 

(100%). 1H NMR (400 MHz, CDCl3): δ = 7.68 (s, 4H), 7.60 (d, J = 2.5 Hz, 2H), 7.37 (s, 

2H), 7.31 (d, J = 2.3 Hz, 2H), 7.29 (d, J = 2.4 Hz, 2H), 7.09 (d, J = 2.4 Hz, 2H), 3.50 (s, 

4H), 2.07 (s, 6H), 1.46 (s, 18H), 1.45 (s, 18H), 1.39 (s, 12H), 1.26 (s, 18H). Anal. Cald. 

(%) for C68H90N4O4Ni2: C 71.34, H 7.92, N 4.89; Found (%): C 71. 55, H 8.09, N 4.71. 
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Chapter 3. Electronic Structure Description of a 
Doubly Oxidized Bimetallic Cobalt Complex with a 
Proradical Ligand 

Adapted from: Clarke, R.M.; Hazin, K.; Thompson, J.R.; Savard, D.; Prosser, K.E.; and 

Storr, T. Inorg. Chem., 2016, 55, 762-774. 

RMC and KH performed the synthesis. RMC carried out the chemical oxidation, solution 

magnetic susceptibility, electrochemistry, UV-Vis-NIR, EPR analysis and theoretical 

calculations. JRT performed the crystallography. DS collected and interpreted the solid-

state magnetics data. KEP collected the EPR data. 

3.1. Introduction 

50 years ago Balch and Holm reported that reaction of o-phenylenediamine with 

CoCl2•6H2O in aqueous ammonia in the presence of air affords a violet precipitate of the 

formula Co(C6H4(NH)2)2.
325

 The X-ray structure was subsequently solved 20 years later in 

1985 by Peng and co-workers,326 although there remains persistent debate over the 

ground state electronic structure as the spectroscopic oxidation state describing a d6 

Co(III) or a d7 Co(II) electron configuration cannot be unambiguously defined (Figure 

3.1).327 

 

Figure 3.1. Possible electronic structures for Co(C6H4(NH)2)2. 

 In the ensuing years, Co complexes involving pro-radical ligands have been 

investigated extensively due to the interesting electronic structures of both neutral and 

oxidized species. Examples include work by Benisvy and co-workers in which they 

demonstrate the first example of a phenoxyl radical ligand involved in a tetracoordinated 
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Co(II) complex via ligand-based oxidation of one imidazole-phenolate ligand.328 Both 

tetracoordinated Co(II) and square pyramidal Co(III) complexes with radical o-

iminobenzosemiquinonate-type ligands have been prepared,327, 329-330 as well as 

complexes with dithiosemiquinato and o-diiminobenzosemiquinato radical ligands (Figure 

3.2).266, 331-334 

 

Figure 3.2. Selected examples of Co(II) and Co(III) complexes with pro-radical ligands. 
Only resonance forms with radical character are shown. 

 Elegant work by Soper and co-workers demonstrated the utility of o-

amidophenolate ligands in the mediation of oxidative addition and reductive elimination 

reactions at Co(III) in a well-defined cycle for Negishi-like cross-coupling of alkyl halides 

with organozinc reagents (Scheme 3.1).335-336 Both oxidative addition and reductive 

elimination steps require a formal 2 electron oxidation/reduction of the metal centre, 

however in this case, the oxidizing and reducing equivalents come from the o-

amidophenolate ligands as they shuttle between o-amidophenolate (ap) and o-

iminosemiquinone (isq) oxidation states. 



63 

Scheme 3.1. Redox-active ligand-mediated oxidative addition and reductive elimination 
reactions at Co(III) investigated by Soper and co-workers. 

 

Co(Sal) complexes find broad utility in a variety of catalytic transformations, 

including the ring opening of epoxides developed by Jacobsen,337-340 and the oxidation of 

alcohols.341-343 As with many other examples of metallosalen catalysis (see Chapter 1, 

Section 1.4.1), a number of groups have investigated the activity of bimetallic Co(Sal) 

complexes in comparison to monomeric analogues. Coates and co-workers have 

developed covalently linked bimetallic systems for the synthesis of highly isotactic 

polyethers from meso-epoxides in which the selectivity is determined by the helicity of the 

binapthol bond. Racemic catalyst mixtures are able to selectively polymerize each 

enantiomer to produce highly isotactic polyethers in >99% yield (Figure 3.3).179, 344-346 Lu 

and co-workers have employed similar bimetallic catalysts for the copolymerization of CO2 

with meso-epoxides,347-348 while Kleij and co-workers have developed rigid and flexible 

spacers for the construction of ‘strapped’ bimetallic cobalt complexes for the asymmetric 

ring opening (ARO) of epoxides (Figure 3.3).349 In addition to covalent linkage of salen 

complexes, Hong and co-workers reported bimetallic Co(Sal) complexes linked via 

hydrogen bonds for the asymmetric nitro-aldol (Henry) reaction between aryl aldehydes 

and nitromethane (Figure 3.3).174 Low yields and enantioselectivities were observed when 

using monomeric analogues incapable of self-assembly. Modification of the hydrogen-

bonding motifs to urea functionalities on both sides of the cobalt complexes led to 

drastically improved yields and enantioselectivities with a broader substrate scope.350 

Furthermore, the second generation self-assembled catalyst was also employed in the 

HKR of terminal epoxides with excellent results. With catalyst loadings as low as 0.03 

mol%, enantioselectivities of 99% were reported under solvent-free conditions after 8-14 

hours.351 
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Figure 3.3. Select examples of bimetallic Co(Sal) complexes investigated by Coates 
and co-workers,179 Kleij and co-workers,349 and Hong and co-workers174 for 
epoxide polymerizations, ARO of epoxides, and nitro-aldol reactions, 
respectively. 

Although studied extensively in the context of catalysis, the ligand radical 

chemistry of multimetallic salen complexes has received comparitively little attention. We 

have previously studied the geometric and electronic structures of a monometallic Ni(Sal) 

complex and its bimetallic analogue (See Chapter 2, Figure 3.4).216 Upon oxidation with a 

suitable chemical oxidant, the bimetallic Ni(Sal) complex can be oxidized to a bis-ligand 

radical species. In this chapter, this work is extended to the analogous Co complexes as 

a means to study the interplay between pro-radical salen ligands and more easily 

oxidizable metal centres. The structure of the bimetallic Co complex bears resemblance 

to the cofacial porphyrins studied by Collman and co-workers,153 Nocera and co-

workers,160-161 and the Co calixpyrroles studied by Love and co-workers163-165, 352 for 

dioxygen reduction (Figure 1.15). In this work, through extensive experimental and 

theoretical characterization techniques, we show that upon one- and two-electron 

oxidation, respectively, monometallic and bimetallic Co(Sal) complexes form species with 

ligand radical character. However, significant metal contribution to the singly occupied 

molecular orbitals (SOMOs) results in a less delocalized electronic structure in comparison 
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to the Ni analogues, resulting in a much broader low-energy absorption band in the vis-

NIR spectrum lacking observable splitting due to exciton coupling. 

 

Figure 3.4. Monometallic and bimetallic salen complexes studied. 
M = Ni, previous work;216 M = Co, this work. 

3.2. Results 

3.2.1. Synthesis and Solution-State Characterization 

The complexes CoL1 and Co2L2 were prepared in moderate yields by treating 

diethyl ether solutions of H2L1 and H4L2 with Co(OAc2)•4H2O dissolved in MeOH under 

anaerobic conditions. The asymmetric ligand H2L1 is used as it allows CoL1 to more 

closely resemble a metal binding unit of Co2L2. The electronic difference between a phenyl 

substituent and a tert-butyl substituent are minor based on the Hammett parameters (p = 

-0.01 vs -0.20)353 but will need to be considered when determining the locus of oxidation 

in this asymmetric system. Recrystallization of CoL1 and Co2L2 afforded X-ray quality 

crystals (vide infra). Solution magnetic susceptibility measurements (1H NMR Evans 

method112-113) revealed the presence of a low-spin, S = ½ d7 Co(II) ground state for CoL1 

(μeff = 1.75 μB) and an S = 1 ground state for Co2L2 (μeff = 2.75 μB), originating from two 

independent S = ½ d7 Co (II) centres (vide infra). Both complexes display paramagnetically 

shifted 1H NMR spectra, with CoL1 exhibiting two sets of discernible signals originating 

from the asymmetric salen ligand.260 Despite being less soluble, Co2L2 has a similar 

paramagnetically shifted 1H NMR spectrum, albeit with only one set of resonances, likely 

due to fast rotation on the NMR time-scale about the 1,2-phenylene linker at room 

temperature. The solution structure of Co2L2 was further investigated by VT 1H NMR 

spectroscopy, and while the results are not as definitive as similar data for the analogous 

Ni complex (3 in Chapter 2),216 splitting of the upfield resonance at -11 ppm (attributed to 
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the iminic proton) and increased signal broadening in the aromatic region suggests 

rotational restriction at low temperature (1H NMR data can be found in Appendix B – 

Figures B1 – 3). 

3.2.2. Solid-State Characterization of CoL1 and Co2L2 

The solid-state structures of CoL1 and Co2L2 are presented in Figure 3.5 and 

Figure 3.6, respectively. Crystallographic data for both complexes can be found in Table 

3.1. Both complexes exhibit slightly distorted square planar geometries with the expected 

N2O2 coordination sphere of the salen ligand. The slight distortion of the trigonal planar 

geometry is likely due to the sterically demanding tert-butyl groups in the ortho positions 

of the complexes. Co2L2 crystallizes with two molecules of Co2L2 in the asymmetric unit 

and an average intramolecular Co---Co distance of 10 Å. Furthermore, the bimetallic 

complex exists in a cis conformation in the solid-state, with the bulky tert-butyl groups on 

the same side of the molecule, in agreement with the analogous Ni complex.216 This is in 

contrast however, to the Cu complex of H4L2 in which the tert-butyl groups are aligned on 

opposing sides of the complex in the solid-state.354 

 

Figure 3.5. POV-Ray representation of CoL1. 
Thermal ellipsoids shown at 50% probability level. Hydrogen atoms omitted for clarity. Co, 
scarlet; C, grey; O, red; N, blue. Selected interatomic distances [Å] and angles [deg]: 
Co(1)-O(1): 1.875(2), Co(1)-O(2): 1.835(2), Co(1)-N(1): 1.860(2), Co(1)-N(2): 1.872(2), 
C(10)-O(1): 1.315(3), C(25)-O(2): 1.322(3); Angles: O(1)-Co(1)-O(2): 87.7(7), O(1)-Co(1)-
N(2): 172.0(9), O(1)-Co(1)-N(1): 93.5(8), O(2)-Co(1)-N(2): 93.0(9), O(2)-Co(1)-N(1): 
174.9(9), N(2)-Co(1)-N(1): 86.6(9).  
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Figure 3.6. POV-Ray representation of Co2L2. 
Thermal ellipsoids shown at 50% probability level. Hydrogen atoms and solvent omitted 
for clarity. Co, scarlet; C, grey; O, red; N, blue. Selected interatomic distances [Å] and 
angles [deg]: Co(1)-O(1): 1.873(6), Co(1)-O(2): 1.830(5), Co(1)-N(1): 1.842(6), Co(1)-
N(2): 1.870(9), C(10)-O(1): 1.317(1), C(29)-O(2): 1.321(1), Co(2)-O(3): 1.858(7), Co(2)-
O(4): 1.839(6), Co(2)-N(3): 1.856(7), Co(2)-N(4): 1.894(8), C(41)-O(3): 1.331(1), C(60)-
O(4): 1.310(1), Co(1)-Co(2): 10.04; Angles: O(1)-Co(1)-N(1): 92.7(3), O(1)-Co(1)-O(2): 
87.8(3), O(1)-Co(1)-N(2): 173.2(3), O(2)-Co(1)-N(2): 92.9(3), O(2)-Co(1)-N(1): 176.2(3), 
N(1)-Co(1)-N(2): 87.1(3), O(3)-Co(2)-N(3): 92.3(3), O(3)-Co(2)-O(4): 87.6(3), O(3)-Co(2)-
N(4): 178.0(3), O(4)-Co(2)-N(4): 92.5(3), O(4)-Co(2)-N(3): 177.3(3), N(3)-Co(2)-N(4): 
87.5(3). 
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Table 3.1. Selected crystallographic data for CoL1, Co2L2, and [CoL1-H2O]+. 

 CoL1 Co2L2 [CoL1-H2O]+ 

Formula C37H48N2O2Co C68H90N4O4Co2 C37H52CoN2O3Cl2SbF6 
Formula weight 611.7 1145.3 950.4 
Space group P -1 P -1 P21/c 
a (Ǻ) 11.18(2) 16.09(13) 14.60(9) 
b (Ǻ) 11.63(2) 19.86(2) 9.12(7) 
c (Ǻ) 13.73(3) 25.86(3) 32.64(2) 
α (deg) 93 98 90 
β (deg) 97 106 94 
γ (deg) 108 103 90 
V [Ǻ3] 1675 7516 4332 
Z 2 4 4 
T (K) 296 103 293 
ρcalcd (g cm-3) 1.213 1.012 1.457 
λ (Ǻ) 0.7749 0.71073 1.54180 
μ (cm-1) 0.684 0.482 9.610 
R indicesa with I > 2.0σ(I) (data) 0.0379 0.0790 0.0529 
wR2 0.1201 0.2055 0.0569 
R1 0.0589 0.1811 0.0750 
Goodness-of-fit on F2 1.109 0.959 1.1071 

aGoodness-of-fit on F. 

3.2.3. Electrochemistry 

The redox processes for CoL1 and Co2L2 were probed by cyclic voltammetry (CV) 

in CH2Cl2 using tetra-n-butyl-ammonium perchlorate (nBu4NClO4) as the supporting 

electrolyte (Figure 3.7). The redox processes vs. ferrocenium/ferrocene (Fc
+/Fc) are 

reported in Table 3.2. A quasi-reversible one-electron redox process is observed for CoL1 

at 0.16 V versus Fc
+/Fc. An additional two-electron quasi-reversible redox-process is 

observed at 0.76 V (see Section 3.2.9 for further discussion). The redox processes are 

similar to those reported by Thomas and co-workers for a symmetric tBu-substituted 

Co(Sal) complex (0.01 and 0.70 V vs Fc
+/Fc) albeit shifted to slightly more positive 

potentials, likely due to the slight changes in ligand electronics between the symmetric 

and tBu-substituted ligand and H2L1.355 Thomas and co-workers also report a third redox 

process at 0.74 V, which nearly overlaps the second wave at 0.70 V. In the case of CoL1, 

we could not further resolve the two-electron process at 0.76 V (assigned in comparison 

to the internal standard Fc
*). Fujii and co-workers have also investigated the electronic 

structure of a symmetric tBu-substituted Co(Sal) complex with an axially bound triflate 

anion.260 In this case, the first observed redox process was at -0.101 V, which is 0.26 V 

more negative than that observed for CoL1. A number of factors may play a role in the 
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more negative potential, including the use of nBu4OTf as the supporting electrolyte, as well 

as the use of a pre-oxidized complex in the CV experiment. 

Table 3.2. Redox potentials for CoL1 and Co2L2 versus Fc
+/Fc

a,b. 

Complex Epa
1 Epc

1 E1/2
1 Epa

2 Epc
2 E1/2

2 

CoL1 0.25 0.08 0.16 (0.17) 0.86 0.66 0.76 (0.20) 
Co2L2 0.25 0.03 0.14 (0.23) 0.94 0.63 0.78 (0.30) 

aGiven in volts, peak-to-peak separation given in parentheses. bPeak-to-peak difference for Fc+/Fc couple at 233 K is 
0.15 V. 

 

Figure 3.7. Cyclic voltammograms of CoL1 (black line) and Co2L2 (grey line) in CH2Cl2 
at 233 K.  

Conditions: 2.5 mM complex, 0.1 M nBu4NClO4, scan rate 100 mV s-1. 

 Co2L2 displays very similar oxidation processes in comparison to CoL1 (Figure 

3.7); however, the current intensities are effectively doubled with a two-electron redox 

process observed at 0.14 V and a four-electron process observed at 0.78 V. These data 

show that the two Co(Sal) units are effectively isolated, with no observable splitting of the 

redox process (and as a result no communication between the salen moieties) at the limit 

of spectral resolution. 
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3.2.4. Synthesis and Characterization of Oxidized Complexes 

Bulk oxidation of neutral complexes was performed under a dinitrogen atmosphere 

using AgSbF6 as the oxidant (0.65 V vs. Fc
+/Fc in CH2Cl2).107 [CoL1-H2O][SbF6] was 

recrystallized from CH2Cl2/pentane solution, and the molecular structure is presented in 

Figure 3.8. The crystallographic data can be found in Table 3.1. The solid-state structure 

of [CoL1-H2O][SbF6] exhibits a slightly distorted square pyramidal geometry with the N2O2 

coordination sphere from the salen ligand. The complex also bears an apically bound 

adventitious water molecule. A close contact exists between a hydrogen of the axially 

bound water molecule and an F atom of the SbF6 counterion (F4---O3 distance of 2.844 

Å). The Co ion is displaced by 0.147 Å above the plane of the coordinating atoms of the 

salen ligand toward O3. Upon oxidation, the Co-O bond lengths remain essentially the 

same in comparison to CoL1; however, the Co-N bonds become slightly elongated (see 

Table 3.4 in section 3.2.8.1 for a comparison between experimental and computed bond 

lengths). Similar structural data have been reported by Thomas et al. for a para OMe-

substituted Co(Sal) complex.355 The presence of paramagnetically shifted 1H NMR signals 

is a strong indication that the electronic structure does not consist of a low-spin Co(III) 

central metal ion, as this electronic structure would result in a diamagnetic species with a 

1H NMR spectrum with peaks in the usual spectral window. Furthermore, the 

paramagnetic effects are enhanced upon complex oxidation with the 1H NMR spectral 

window of CoL1 widening significantly from -10  25 ppm to -35  60 ppm upon oxidation. 
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Figure 3.8. POV-Ray representation of [CoL1-H2O][SbF6]. 
Thermal ellipsoids shown at 50% probability level. Hydrogen atoms (except those bound 
to O3) and solvent omitted for clarity. Co, scarlet; C, grey; O, red; N, blue; H, white; F, 
yellow-green; Sb, plum. Selected interatomic distances [Å] and angles [deg]: Co(1)-O(1): 
1.868(4), Co(1)-O(2): 1.846(3), Co(1)-N(1): 1.891(4), Co(1)-N(2): 1.892(4), Co(1)-O(3): 
2.124(4), C(10)-O(1): 1.324(6), C(25)-O(2): 1.326(6); Angles: O(1)-Co(1)-N(1): 93.4(2), 
O(1)-Co(1)-O(2): 87.7(2), O(1)-Co(1)-N(2): 170.1(2), O(2)-Co(1)-N(2): 97.1(2), O(2)-
Co(1)-N(1): 171.7(2), N(1)-Co(1)-N(2): 85.8(2), O(3)-Co(1)-O(1): 91.7(2), O(3)-Co(1)-
N(1): 96.4(2), O(3)-Co(1)-O(2): 91.8(2), O(3)-Co(1)-N(2): 98.1(2). 

Similar shifting patterns are observed in the work of Fujii and co-workers, which 

can be attributed to ligand-based radical contributions to the overall electronic structure of 

these complexes upon oxidation.260, 356 Unfortunately, we were unable to isolate X-ray 

quality crystals of [Co2L2-2H2O][2SbF6], although the compound was characterized by a 

number of analytical and spectroscopic methods. Mass spectrometry (MS) analysis of the 

oxidized complexes did not afford the expected molecular ions (ESI-MS or MALDI-MS) 

due to loss of the weakly bound, apical water ligand. 

3.2.5. Electronic Absorption Spectroscopy 

The solution electronic absorption spectra of neutral and oxidized CoL1 and Co2L2 

in the vis-NIR region are shown in Figure 3.9. Both neutral complexes are characterized 

by intense CT transitions at ca. 27,000 cm-1 (14,700 M-1 cm-1 – CoL1, 24,600 M-1 cm-1 – 

Co2L2) and 23,000 cm-1 (14,800 M-1 cm-1 – CoL1, 25,800 M-1 cm-1 – Co2L2); which are in 

good agreement to other reported Co(Sal) systems (Table 3.3).260, 355, 357 Both neutral 



72 

complexes have the same overall spectral shape, with Co2L2 exhibiting double the 

intensity in comparison to CoL1 across all wavelengths, with some minor changes at 

higher energy which likely arise due to the central phenylene linker. The oxidized 

complexes display broad high-energy transitions at ca. 27,000 cm-1 (10,700 M-1 cm-1 – 

[CoL1-H2O]+, 23,200 M-1 cm-1 – [Co2L2-2H2O]2+) and 22,000 cm-1 (5,100 M-1 cm-1 – [CoL1-

H2O]+, 12,500 M-1 cm-1 – [Co2L2-2H2O]2+). Low-energy transitions for each complex 

appear at ca. 11,000 cm-1 (3,600 M-1 cm-1 – [CoL1-H2O]+, 7,700 M-1 cm-1 – [Co2L2-2H2O]2+) 

and 8,500 cm-1 (8,400 M-1 cm1 – [CoL1-H2O]+, 17,800 M-1 cm-1 – [Co2L2-2H2O]2+). The low 

energy transitions are attributed to ligand contributions to the overall electronic structure 

of the oxidized complexes,266, 333 and the nature of the transitions was further analyzed by 

theoretical calculations (vide infra). Thomas and co-workers as well as Fujii and co-

workers both observed similar low-energy bands (~10,000 cm-1; ~6,000 M-1 cm-1) in their 

studies of oxidized monomeric Co(Sal) complexes.260, 355 Both groups studied the same 

salen ligand, the differences in the two complexes being the axially bound ligand (H2O in 

the case of Thomas and co-workers and triflate in the case of Fujii and co-workers), as 

well as the presence of an SbF6
- counterion in the work of Thomas. The low-energy band 

observed in this work for [CoL1-H2O]+ appears at lower energy (8,500 cm-1) and is also 

more intense (8,400 M-1 cm-1), a result which is attributable to slight differences in ligand 

electronics. Furthermore, we investigated the temperature dependence of the low energy 

band (Figure 3.10) at 298 and 195 K. No differences in the band were observed in this 

temperature range, suggesting that the complex is best described as a single electronic 

isomer in the temperature range studied.  

Table 3.3. Spectroscopic properties of the Co complexes in CH2Cl2 solution. 

Complex λmax [cm-1] (ε x 103 [M-1 cm-1]) 

CoL1 27 700 sh (14.3), 26 900 (14.7), 25 600 sh (13.1), 23 400 (14.8), 20 100 sh (3.1) 
[CoL1-H2O]+ 27 000 (10.7), 21 900 (5.1), 11 400 (3.6), 8500 (8.4) 
Co2L2 27 600 sh (24.0), 26 600 (24.6), 25 300 sh (23.0), 23 300 (25.8), 20 100 sh (6.4) 
[Co2L2-2H2O]2+ 27 000 (23.2), 22 600 sh (12.5), 11 200 sh (7.7), 8600 (17.8) 

aConditions: 1 mM complex, CH2Cl2, 298 K, sh = shoulder 
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Figure 3.9. (A) vis-NIR spectra of CoL1 (black line) and [CoL1-H2O]+ (red line). (B) vis-
NIR spectra of Co2L2 (black line) and [Co2L2-2H2O]2+ (red line). DFT 
transitions are shown as vertical green lines (vide infra). 

Conditions: 1 mM complex, CH2Cl2,. 298 K.  

 

Figure 3.10. Temperature dependant Vis-NIR spectra of: (A) [CoL1-H2O]+ and (B) 
[Co2L2-2H2O]2+ at 298 K (black lines) and 195 K (red lines).  

Conditions: 1 mM complex, CH2Cl2, spectra corrected for solvent contraction at low 
temperature. 

Similar to the spectra of the neutral complexes, the oxidized dimer species [Co2L2-

2H2O]2+ displays a doubling of spectral features across all wavelengths, further enforcing 

that the two salen units are isolated in the neutral and oxidized bimetallic complexes. The 
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low energy band in [Co2L2-2H2O]2+ exhibits a ~15% decrease in the overall intensity at 

190 K; however, in the absence of any other characterization data to support a 

temperature-dependent change in electronic structure, this is likely due to factors such as 

lower solubility at decreased temperature.358 

3.2.6. Electron Paramagnetic Resonance Spectroscopy 

The X-band EPR spectra of the neutral and oxidized complexes is presented in 

Figure 3.11. CoL1 displays an EPR spectrum that is consistent with a low-spin Co(II) (S = 

½) ground state. On the basis of reports by our group359 and others,360-361 CoL1 exhibits a 

|yz, 2A2 ground state in frozen CH2Cl2 with hyperfine splitting originating from the I = 7/2 

Co nucleus and the I = 1 14N nuclei of the salen ligand. The EPR spectrum of the dimeric 

complex Co2L2, exhibits a similar shape which can be attributed to two four-coordinate 

Co(II) (S = ½) metal centres, both with |yz, 2A2 ground states in frozen CH2Cl2.359-361 Co2L2 

displays a resolvable eight-line pattern at low field (g ~ 3.35). Further evidence for a lack 

of metal-metal interaction between the two cobalt centres in Co2L2 can be found from the 

EPR spin integration ratio of Co2L2 to CoL1 of ~2.2; indicating minimal coupling between 

metal centres. The above EPR analysis is further corroborated by theoretical calculations 

and solid-state magnetic studies (vide infra).  

The X-band EPR spectra of the oxidized analogues [CoL1-H2O]+ and [Co2L2-

2H2O]2+ are also displayed in Figure 3.11. Both oxidized complexes display 

paramagnetically shifted 1H NMR signals, however both are EPR silent in the X-band 

frequency range to temperatures as low as 10 K. Spin states (triplet and higher spin 

multiplicities) with large zero-field splitting (ZFS) parameters (|D| > ~0.3 cm-1) will have 

EPR allowed transitions outside the energy range of X-band EPR and will thus appear 

silent in this frequency mode (see Section 3.3.7 on solid-state magnetics and Section 

3.2.8.2 for an in-depth DFT investigation of potential spin-states). Thomas and co-workers 

do observe a signal in the Q-band frequency range, which is interpreted as an allowed 

transition within the |-½,+½ doublet for a high-spin (SCo = 3/2) Co ion weakly interacting 

with a ligand-based radical in a structurally similar oxidized monomeric complex.355 
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Figure 3.11. X-band EPR spectra of 0.3 mM solutions of: (A) CoL1 (black line) and 
[CoL1-H2O]+ (red line) and (B) Co2L2 (black line) and [Co2L2-2H2O]2+ (red 
line).  

Conditions: frequency = 9.383 GHz; power = 2.0 mW; modulation frequency = 100 kHz; 
modulation amplitude = 0.6 mT; T = 20 K (neutral), 10 K (oxidized). 

3.2.7. Solid-State Magnetism 

The magnetic susceptibility (χM) vs temperature (T) data for Co2L2, [CoL1-

H2O][SbF6], and [Co2L2-2H2O][2SbF6] were obtained between 1.8 and 300 K under a dc 

applied field of 10,000 Oe, and the χMT vs T plots are presented in Figure 3.12 and Figure 

3.14. For Co2L2, at room temperature, the χMT vs T product (Figure 3.12) of 1.06 cm3 K 

mol-1 corresponds closely to a value of 1.08 cm3 K mol-1 (given g ~ 2.40; S = ½; C = 0.54 

cm3 K mol-1) for two non-interacting square planar Co(II) centres.362-363 A g value of 2.40 

was used for all solid-state magnetics analyses herein as this corresponds closely to an 

average g value reported for a number of square-planar Co(II) complexes with N2O2 

coordination environments.260, 359-361, 364 The spin-only value is lower (0.75), demonstrating 

orbital contributions to the magnetic moment.365 As the temperature is decreased, the χMT 

versus T product increases slowly to a maximum of 1.20 cm3 K mol-1 at 70 K followed by 

a sharp decrease to 0.63 cm3 K mol-1 at 1.8 K. The change in χMT versus T with 

temperature suggests the presence of a combination of both weak ferromagnetic and 

antiferromagnetic interactions in the system. The χMT versus T data above 40 K was fit; 

however, the full temperature range could not be adequately modelled using a standard 
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Ising-Heisenberg model.366 The sharp decrease at low temperature can be caused by the 

presence of magnetic anisotropy and/or thermal depopulation of the low-lying excited 

states. The field dependence of the magnetization was also measured for Co2L2 at 1.8, 3, 

5, and 8 K and is shown in Figure 3.13. At 1.8 K, the magnetization increases to a 

maximum of 2.27(1) μB and does not saturate, which suggests the presence of anisotropy 

in the system. 

 

Figure 3.12. χMT vs T data for Co2L2 (black) and [Co2L2-2H2O][2SbF6] (red) at 10,000 
Oe between 1.8 and 300 K. 

 

Figure 3.13. Field dependence of the magnetization for Co2L2 at 1.8, 3, 5, and 8 K 
between 0 and 7 T. 
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For [CoL1-H2O][SbF6], the χMT versus T product (Figure 3.14) at room 

temperature is 1.08 cm3 K mol-1, which is slightly higher than the product (0.915 cm3 K 

mol-1) for an S = 1 system. Fits of the data were compared for both a d7 Co(II) ligand 

radical electronic structure and a high-spin Co(III) complex. For the d7 Co(II) system, this 

includes one non-interacting S = ½ Co(II) unit (g ~ 2.40; C = 0.54 cm3 K mol-1) and one S 

= ½ ligand radical with a fixed g = 2.00 (C = 0.375 cm3 K mol-1) at 298 K. As the 

temperature decreases, the χMT versus T product slowly decreases to a minimum of 

0.12(1) cm3 K mol-1 at 1.8 K suggesting the presence of antiferromagnetic interactions in 

the system. The field dependence of the magnetization data (Figure 3.15) was measured 

between 0 and 7 T and increases steadily to a maximum of 0.68 μB at 7 T, which indicates 

the presence of anisotropy. The χMT versus T data was well modelled with the Bleaney-

Bowers equation367 (Equations 1 and 2) resulting in the fitting parameters of g = 2.41(1) 

and J = -5.2(1) cm-1 (Figure 3.14, red). This result suggests a weak antiferromagnetic 

interaction between the Co(II) centre and the ligand radical for [CoL1-H2O][SbF6]. 

 

Figure 3.14. χMT versus T data for [CoL1-H2O]+ at 10,000 Oe between 1.8 and 300 K 
(o).  

The solid red line represents the fit to the data for an S = ½ Co(II) unit (g ~ 2.40, C = 0.54 
cm3 K mol-1) antiferromagnetically coupled (J = -5.2(1) cm-1) to an S = ½ ligand radical 
with a fixed g = 2.00 (C = 0.375 cm3 K mol-1). The solid blue line represents the fit to an S 
= 1 Co(III) complex ([D] = 32.3 cm-1, g = 2.079, χTIP < 1 x 10-9 emu). 
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 The χMT versus T data could also be well modelled to an S = 1 system of an 

intermediate-spin Co(III) centre ([D] = 32.3 cm-1; g = 2.079; χTIP < 1 x 10-9 emu; Figure 

3.14, blue), showing that both electronic descriptions satisfy the solid-state magnetism 

data. This analysis is in agreement with a similar oxidized Co(Sal) complex (triflate axial 

ligand) recently reported by Kurahashi and Fujii.260 

𝐻 =  −2𝐽[𝑆1̂𝑆2̂] (1) 

𝜒M𝑇 =
2𝑁𝛽2𝑔2

𝑘

[1]

[3 + exp (−
2𝐽
𝑘𝑇

)]
 (2) 

Interestingly, in work reported by Thomas and co-workers.,355 solid-state magnetic 

data (1.47 cm3 K mol-1) supports a high-spin Co(II) centre strongly antiferromagnetically 

coupled to a phenoxyl radical for a structurally similar oxidized Co salen complex with an 

axial water ligand. These results suggest that the electronic structure of oxidized Co salen 

complexes is sensitive to packing in the solid-state, in addition to the donating ability of 

both the salen and the axial ligand. 

 

Figure 3.15. Field dependence of the magnetization for [CoL1-H2O]+ at 1.8, 3, 5 and 8 
K between 0 and 7 T. 
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For [Co2L2-2H2O]2+, the χMT versus T product (Figure 3.12) at room temperature 

is 1.72(1) cm3 K mol-1, which is close to the value of 1.83 cm3 K mol-1 for two non-

interacting S = ½ Co(II) metal centres (g ~ 2.40; C = 0.54 cm3 K mol-1) and two non-

interacting S = ½ ligand radicals (g ~ 2.00, C = 0.375 cm3 K mol-1). Similarly to Co2L2, as 

the temperature decreases, the χMT versus T product increases to a maximum of 1.77(1) 

cm3 K mol-1 at 90 K and then sharply decreases to a value of 0.29(1) cm3 K mol-1 at 1.8 K. 

This suggests the presence of at least one ferromagnetic and one anti-ferromagnetic 

interaction in the system, similarly to Co2L2. The data, however, could not be modelled to 

a standard Ising-Heisenberg model,366 most likely due to the presence of high anisotropy 

in the system as supported by the absence of saturation in the M versus H data (Figure 

3.16), which increases steadily to the maximum value of 1.23 μB at 7 T. 

 

Figure 3.16. Field dependence of the magnetization for [Co2L2-2H2O]2+ at 1.8, 3, 5, and 
8 K between 0 and 7 T. 

3.2.8. Theoretical Analysis 

3.2.8.1. Neutral CoL1 and Co2L2 

Density functional theory (DFT) calculations on both neutral and oxidized 

complexes provided further insight into their geometric and electronic structures. First, we 

compared the optimized geometry of neutral CoL1 and Co2L2 with the experimental 
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metrical data. The calculations reproduce the coordination sphere bond lengths to within 

0.03 Å (Table 3.4). In addition, the calculations correctly predict the slight asymmetry in 

the coordination sphere due to the asymmetric salen ligands. The VT 1H NMR 

spectroscopy results suggest that Co2L2 is able to freely rotate about the phenylene linker, 

and thus we calculated the energy of the cis and trans conformers. The trans orientation 

is predicted to be 0.42 kcal mol-1 lower in energy in comparison to the cis orientation, 

demonstrating the nearly isoenergetic nature of the two conformers; however, due to the 

solid-state structure of Co2L2 exhibiting the cis conformation, we performed all further 

calculations using this orientation. The electronic structure of the neutral complexes and, 

in particular, the SOMOs, were further investigated, and the DFT calculations accurately 

predict the metal-based character (dyz, dz2) of the SOMOs for both complexes (Figure 

3.17), highlighting the |yz, 2A2 ground states as determined by EPR spectroscopy (Figure 

3.11).360-361 Further evidence for a lack of electronic communication between Co centres 

in Co2L2 is exemplified by the isoenergetic nature of the triplet and BS electronic solutions 

(ΔE = 0.005 kcal mol-1) (Figure 3.18). 

Table 3.4. Experimentala and calculated (in parentheses)b coordination sphere 
metrical parameters for the neutral complexes (in Å). 

Bond CoL1 Co2L2 (S = 1) Co2L2 (S = 0) 

Co1-O1 1.875 (1.853) 1.869 (1.861) 1.869 (1.861) 
Co1-O2 1.835 (1.832) 1.827 (1.840) 1.827 (1.840) 
Co1-N1 1.860 (1.863) 1.848 (1.870) 1.848 (1.870) 
Co1-N2 1.872 (1.866) 1.857 (1.875) 1.857 (1.875) 
Co2-O3 - 1.861 (1.854) 1.861 (1.853) 
Co2-O4 - 1.838 (1.832) 1.838 (1.856) 
Co2-N3 - 1.856 (1.862) 1.856 (1.862) 
Co2-N4 - 1.888 (1.867) 1.888 (1.866) 
Co1--Co2 - 10.03 (9.382) 10.03 (9.383) 

aAverage of two values for experimental data. bSee the Experimental Section for calculation details. 
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Figure 3.17. DFT-predicted SOMOs for CoL1 and Co2L2. 

 

Figure 3.18. (left) Predicted spin-density plot for the BS solution of Co2L2. (right) 
Predicted spin-density plot for the triplet solution of Co2L2. The two 
electronic structure solutions are isoenergetic (ΔE = 0.005 kcal mol-1). 

3.2.8.2. [CoL1-H2O]+ and [Co2L2-2H2O]2+ 

Upon oxidation, a number of potential electronic structures are possible, and we 

sought to determine a computational model that accurately predicted experimental results 

for [CoL1-H2O]+ to apply to the more computationally taxing [Co2L2-2H2O]2+. Possible 

electronic structure descriptions of one-electron oxidized [CoL1-H2O]+ include 

diamagnetic Co(III)(Sal) -  (Co3+-L), and intermediate-spin Co(III)(Sal) -  (↑↑Co3+-L) which 

would both result from metal-based oxidation. Ligand-based oxidations would result in one 

of four electronic structures, low-spin Co(II) coupled antiferromagnetically or 

ferromagnetically to a salen ligand radical, (↑Co2+-↓L•) or (↑Co2+-↑L•) and the high-spin 

states of the previous descriptions, (↑↑↑Co2+-↓L•) or (↑↑↑Co2+-↑L•).  The Co(III) singlet 

electronic structure is much higher in relative energy in comparison to all other calculated 

electronic structures, matching the experimental evidence supporting an alternative 

electronic structure with paramagnetic character (Table 3.5). Interestingly, the 
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intermediate-spin Co(III)-salen (↑↑Co3+-L), low-spin Co(II) ligand radical (↑Co2+-↑L•), and 

high-spin (↑↑↑Co2+-↓L•) initial guesses all converge to the same electronic structure 

solution, referred to as the ‘triplet solution’ for the remainder of this chapter. This solution 

is predicted to be lowest in energy (Table 3.5) and supports strong metal and ligand 

frontier molecular orbital mixing in the oxidized complex. Geometrically, the coordination 

sphere is best replicated by the triplet and BS singlet (↑Co2+-↓L•) solutions with the bond 

lengths of the four coordinate salen atoms reproduced within 0.02 Å (Table 3.6). Table 3.5 

outlines the relative energies of the possible spin states described above. The spin-density 

plots for the two lowest-energy electronic structures are presented in Figure 3.19. As is 

evident in the spin-density plots, binding of an axial water ligand reorders the Co-based d 

orbitals such that the ground-state orbital is now predominantly dz2 in character, in 

excellent agreement with results obtained in other DFT studies on Co salen complexes.355, 

359 The majority of unpaired spin is localized to the central metal ion in the triplet (~75%), 

with the remaining unpaired spin density delocalized across the ligand framework,355 

highlighting the contributions of the intermediate-spin Co(III) and low spin Co(II)L• 

electronic states. Significantly less spin-density is localized at the metal centre in the BS 

singlet ↑Co2+-↓L• (ca. one electron), with the remaining spin-density delocalized across the 

ligand framework. 

Table 3.5. DFT-calculated energy differences of possible spin states for [CoL1-H2O]+ 

Solution Relative Energy (kcal mol-1) 

Co3+-L (closed-shell singlet) +17 
‘Triplet solution’ 0 
Broken symmetry (open-shell) singlet +2.6 
↑↑↑Co2+-↑L• +6.5 

 

Figure 3.19. (left) Predicted spin-density plot for the triplet solution. (right) Predicted 
spin-density plot for the BS anti-ferromagnetically coupled ligand radical 
solution, ↑Co2+-↓L•. 
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Table 3.6. Experimental and calculateda coordination sphere metrical parameters for 
[CoL1-H2O]+ (in Å). 

Bondb [CoL1-H2O]+ (X-ray) [CoL1-H2O]+ (S = 1) [CoL1-H2O]+ (S = 0) 

Co1-O1 1.868 1.848 1.873 
Co1-O2 1.846 1.837 1.852 
Co1-N1 1.891 1.884 1.880 
Co1-N2 1.892 1.883 1.885 
Co1-O3 2.124 2.186 2.235 

aSee the Experimental Section for calculation details. bFor number scheme see Figure 3.10. 

Time-dependent DFT (TD-DFT) accurately predicts the absence of low-energy 

spectral features for CoL1, while correctly predicting the presence of low-energy electronic 

transitions for [CoL1-H2O]+. One band of significant intensity is predicted (10,050 cm-1; f = 

0.2908), which is slightly blue-shifted in comparison to the maximum of the broad low-

energy transition observed experimentally (Figure 3.9 and Figure 3.20). The predicted 

band is a βHOMO  βLUMO transition, and AOMix368 decomposition of relevant MOs into 

constituent components indicates that the predicted transition is predominantly a ligand-

to-metal charge transfer band (LMCT) with a shift in electron density from the salen ligand 

to the metal dyz orbital. However, even though there is a significant shift in electron density 

to the Co centre, the salen ligand remains the dominant component in both donor and 

acceptor orbitals. The BS solution predicts an intense NIR band at low energy (~4,200 cm-

1; f = 0.1395); however, this band is not observed experimentally. 
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Figure 3.20. Kohn-Sham molecular orbitals for the triplet solution of [CoL1-H2O]+ 

associated with the calculated NIR transition at 10,050 cm-1 (βHOMO  
βLUMO).  

MO breakdown calculated using AOMix;368 see the Experimental Section for details. 

We then applied the same calculation protocol to [Co2L2-2H2O]2+, ignoring high-

spin Co(II) spin states as they are predicted to be much higher in energy in comparison to 

the low spin states for [CoL1-H2O]+. The two electronic solutions of lowest energy include 

an overall quintet electronic structure, incorporating two ‘triplet’ Co salen units, as well as 

a BS singlet electronic structure in which ligand radicals and metal-based electrons are 

antiferromagnetically coupled on each salen arm to afford an overall singlet electronic 

structure. The spin-density plots of the two electronic structures are presented in Figure 

3.21. The quintet solution is ~8.5 kcal mol-1 lower in energy in comparison to the BS 

electronic structure solution, in line with expected results from the monomer calculations, 

as well as the experimental magnetic data. Whereas the ligand spin density is equally 

distributed between both phenolate rings in [CoL1-H2O]+, the ligand spin density shifts 

slightly to the outermost phenolate rings in [Co2L2-2H2O]2+. Despite this, in both cases the 

majority (~90%) of spin density is localized to the central Co ions and N2O2 coordination 

sphere. For [Co2L2-2H2O]2+, TD-DFT analysis on the quintet electronic structure solution 

predicts two low-energy transitions that are 353 cm-1 apart (Figure 3.9 and Figure 3.22). 

These transitions are βHOMO  βLUMO and βHOMO  βLUMO+1 transitions, 

respectively and are shown in Figure 3.22. These transitions, like those of [CoL1-H2O]+, 

are both predominantly LMCT in character (as determined by AOMix analysis) in which 
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charge transfers from the phenylene linker to one of the salen units. However, despite 

these predicted transitions, we do not observe splitting of the low-energy band 

experimentally. We also investigated the TD-DFT transitions of the BS singlet solution, in 

which two lower-energy bands (~3,900 cm-1; f = 0.1298 and ~4,600 cm-1; f = 0.1115) are 

predicted. These bands, however, are not observed experimentally, and our 

characterization data together with the data for [CoL1-H2O]+ strongly supports a quintet 

electronic structure for [Co2L2-2H2O]2+. 

 

Figure 3.21. (left) Predicted spin-density plot for the quintet (bis-triplet) spin state. (right) 
Predicted spin-density plot for the bis-BS singlet solution. 
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Figure 3.22. Kohn-Sham molecular orbitals for the quintet solution of [Co2L2-2H2O]2+ 
associated with the calculated NIR transitions at 10 403 cm-1 (βHOMO  
βLUMO; black line) and 10 757 cm-1 (βHOMO  βLUMO+1; red line).  

MO breakdown calculated using AOMix, see the Experimental Section for details. 
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3.2.9. Double Oxidation of CoL1 

Investigation of the CV spectrum of isolated [CoL1-H2O]+ reveals splitting of the 

higher-potential, two-electron redox process into independent one-electron processes 

separated by ~200 mV at 233 K (Figure 3.23). This splitting allowed us to investigate the 

oxidation of CoL1 to the bis-oxidized form using the aminium radical chemical oxidant 

[N(C6H3Br2)3][SbF6] (Eox = 1.14 V vs Fc
+/Fc in MeCN).  

 

Figure 3.23. Cyclic voltammograms of: (left) [CoL1-H2O]+ and (right) [Co2L2-2H2O]2+ at 
298 K (black) and 233 (grey).  

Conditions: 1 mM complex, 0.1 M nBu4NClO4, scan rate 100 mV s-1, CH2Cl2. 

Sequential addition of oxidant under an inert atmosphere at 198 K resulted in clean 

conversion to the doubly oxidized species with isosbestic points at 12,000, 20,000, and 

23,000 cm-1 (Figure 3.24). The doubly oxidized species exhibits a broad shoulder at 

~8,700 cm-1 (ε = 1,700 M-1 cm-1) and a more intense band at 15,000 cm-1 (ε = 6,800 M-1 

cm-1), similar to the electronic spectra observed in other reports on Co(III)-phenoxyl radical 

species.369-371 The overall spectral shape is in good agreement with that observed by 

Thomas and co-workers for an electrochemically generated doubly oxidized Co(Sal) 

complex.355 Furthermore, the EPR spectra for the doubly oxidized species consists of an 

S = ½ signal centered at g = 2.00 (Figure 3.25). A g value that is slightly lower than the 

free electron g value (ge = 2.0023) is common in Co(III) complexes bearing a phenoxyl 

radical, and thus lends support to this electronic structure description for the doubly 
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oxidized complex herein.369, 372-374 This is further emphasized by the appearance of a 57Co 

hyperfine interaction, observed as shoulders on the S = ½ peak, although not fully resolved 

due to broadening of the experimental spectrum. The hyperfine coupling is on the order 

of ~1.2 mT, which is in good agreement with hyperfine coupling constants observed in the 

EPR spectra of other Co(III)-phenoxyl radical complexes.369, 371  

 

Figure 3.24. Oxidation titration of [CoL1-H2O]+ (red) to the doubly oxidized species 
(blue) with the chemical oxidant [N(C6H3Br2)3][SbF6].  

Intermediate grey lines are measured upon sequential addition of oxidant during the 
titration. Conditions: CH2Cl2 and 198 K. 

 The experimental evidence for an electronic structure consisting of a Co(III) metal 

centre bound to a phenoxyl radical is further corroborated by DFT analysis on the doubly 

oxidized species with two axially bound water molecules, [CoL1-2H2O]2+. The spin-density 

plot of DFT-optimized [CoL1-2H2O]2+ is depicted in Figure 3.26, 98% of which is localized 

to the phenyl substituted side of the salen ligand. This is interesting as the Hammett 

parameters would suggest that the tBu substituted side of the molecule would be easiest 

to oxidize (σpara = -0.20 for tBu vs. -0.01 for phenyl). It may be that the phenyl substituent 

stabilizes the ensuing electron hole through extended ‘delocalization’ despite the higher 

Hammett parameter. This result further emphasizes that double oxidation of CoL1 results 

in a genuine Co(III)-phenoxyl radical electronic structure. 
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Figure 3.25. X-band EPR spectrum of doubly oxidized CoL1 (blue) in frozen CH2Cl2 with 
g = 2.00 (blue). Simulation (grey).  

Conditions: frequency = 9.378; power = 2.0 mW; modulation frequency = 100 kHz; 
modulation amplitude = 0.6 mT; T = 100 K. 

 

Figure 3.26. Spin-density plot of the dication [CoL1-2H2O]2+, 98% spin-density localized 
to the salen ligand. 
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3.3. Discussion and Summary 

Neutral complexes CoL1 and Co2L2 were prepared, and characterization of both 

complexes is consistent with the formation of low-spin d7 Co(II) centres bound to dianionic, 

closed-shell salen ligands on the basis of EPR, NMR and X-ray diffraction techniques. The 

central Co ion in CoL1 exists in a slightly distorted square planar environment in the solid 

state. This distortion is also present in the bimetallic complex Co2L2. Of particular interest 

is the lack of spin-spin coupling between the two metal-localized unpaired spins in Co2L2. 

Characterization techniques such as CV, vis-NIR, and EPR all display a doubling of 

spectral intensities relative to CoL1, consistent with a description of Co2L2 having two 

independent metal-salen units. Although solid-state magnetic SQUID data do suggest 

limited coupling at low temperature, the high magnetic anisotropy in the system prevents 

more detailed analysis. These results agree well with the expected findings based on the 

large intramolecular metal-metal separation distance of ca. 10 Å between the two Co 

centres in the complex. 

The geometric and electronic structure of oxidized analogues were studied, using 

[CoL1-H2O]+ to aid in the characterization of [Co2L2-2H2O]2+. Upon oxidation CoL1 gains 

an apically bound water molecule, in similar fashion to the structure reported by Thomas 

and co-workers.355 Unfortunately, we were unable to obtain X-ray quality crystals of 

[Co2L2-2H2O]2+ likely due to the many possible conformers the molecule can adopt as well 

as the presence of two SbF6
- counterions. However, on the basis of characterization data, 

Co2L2 also gains two water molecules upon oxidation, presumably one apically bound to 

each of the two Co centres in the complex. 

Oxidation of CoL1 to [CoL1-H2O]+ affords a complex with significant ligand radical 

character. Solid-state magnetism data for [CoL1-H2O][SbF6] can be fit to either an 

intermediate-spin Co(III) complex or a low-spin d7 Co(II) ligand radical complex with weak 

antiferromagnetic coupling (J = -5.2(1) cm-1) between the metal and ligand (Figure 3.14). 

DFT calculations predict the triplet state to be slightly lower in energy (2.6 kcal mol-1) in 

comparison to the BS antiferromagnetically coupled solution. Interestingly, the 

intermediate-spin Co(III) complex (↑↑Co3+-L), low-spin Co(II) ligand radical (↑Co2+-↑L•), 

and high-spin (↑↑↑Co2+-↓L•) initial guesses converge to the same triplet electronic solution. 

Further analysis of the DFT triplet solution shows this to be a mixture of both the (↑↑Co3+-

L) and (↑Co2+-↑L•) electronic isomers with ca. 75% of the spin density residing on Co. This 



91 

result is in agreement with paramagnetic 1H NMR data analysis by Kurahashi and Fujii.260 

Further oxidation of [CoL1-H2O]+ affords the doubly oxidized species with an electronic 

structure that is best described as a low spin Co(III) ion bound to a phenoxyl radical. 

Isosbestic points in the vis-NIR indicate clean conversion from the singly to doubly 

oxidized species, while EPR and DFT analyses confirm the presence of a Co(III)-phenoxyl 

radical electronic structure. 

While two separate one-electron processes were observed in the CV spectrum of 

Ni2L2 (3 in Chapter 2),216 a single two electron process is observed for Co2L2 (Figure 3.7). 

This result suggests that the locus of oxidation in these approximately geometrically 

equivalent systems differs, facilitating weak coupling in the case of Ni2L2. Comparison of 

the predicted spin-densities of the doubly oxidized [Ni2L2]2+ and [Co2L2]2+ systems shows 

that the locus of oxidation is more contracted in the case of the Co derivative with the 

majority of the spin-density centered on the Co and coordinating atoms. In the case of Ni, 

the spin density is extensively delocalized across the salen moieties, providing a 

mechanism for increased communication between the two salen units.216 

Further evidence for ligand radical character in these systems is evident from the 

low-energy transitions of moderate intensity in the vis-NIR spectrum of both [CoL1-H2O]+ 

and [Co2L2-2H2O]2+. TD-DFT calculations were employed to further investigate the nature 

of these electronic transitions. For [CoL1-H2O]+ the predicted band is predominantly LMCT 

in character with significant ligand contribution to both donor and acceptor orbitals (Figure 

3.20). The analogous one-electron oxidized Ni complex (1 in Chapter 2)216 displays two 

much more intense low-energy bands (λmax = 9,100 cm-1, ε = 9,200 M-1 cm-1 and λmax = 

4,500 cm-1, ε = 27,700 M-1 cm-1) assigned as ligand-ligand charge transfer (LLCT) bands. 

The LMCT character of the low-energy band for [CoL1-H2O]+ results in less overlap 

between the donor and acceptor orbitals in comparison to the Ni derivative, resulting in 

lower intensity.375  

The electronic spectrum of [Co2L2-2H2O]2+ displays a doubling of spectral 

intensities across all wavelengths in comparison to [CoL1-H2O]+. The low-energy 

envelope of transitions was also investigated by TD-DFT calculations. Two low-energy 

transitions are predicted, which fall under the experimentally broad band (Figure 3.9 and 

Figure 3.22), and like [CoL1-H2O]+, both transitions are best described as LMCT 

transitions on the basis of AOMix decompositions analysis. The analogous Ni dimer 
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complex exhibits two intense bands (λmax = 4,890 cm-1, ε = 26 500 M-1 cm-1 and λmax = 

4,200 cm-1 ε = 21,200 M-1 cm-1) in place of the single low-energy band in the oxidized 

monomeric Ni complex (Chapter 2).216 These bands are equally spaced in comparison to 

the band observed for the oxidized monomeric complex (~4,500 cm-1) and are attributed 

to exciton coupling in the excited state.238-239, 376 The broad low-energy band observed in 

the spectrum of [Co2L2-2H2O]2+ does not display resolvable splitting, despite two closely 

spaced transitions predicted by TD-DFT calculations. The interaction between 

chromophores, leading to exciton coupling, is a function of the transition moment dipole 

of the monomer and the angle and distance between the transition moment dipoles in the 

dimer (see Chapter 2).238-239, 377 For an oblique dimer arrangement, as in this case, two 

bands are expected if certain criteria can be met.238, 377-378 The low band intensity, a result 

of the LMCT character and contracted donor and acceptor orbitals, likely limits exciton 

coupling in the case of [Co2L2-2H2O]2+. Overall, we have shown in this chapter that the 

bimetallic Co complex, Co2L2, can be doubly oxidized to the dication and that each salen 

unit remains effectively isolated in both the neutral and oxidized structures. 

3.4. Experimental 

3.4.1. Materials 

All chemicals used were of the highest grade available and were further purified 

whenever necessary.379 Literature methods were followed to prepare the ligands, 1-(2-

hydroxy-3,5-di-tert-butylphenyl)methyl-2,5-diimine-4,4-dimethyl-6-(2-hydroxy-3-tert-butyl-

5-phenyl)phenyl (H2L1) and 1,2-bis(1-(2-hydroxy-3,5-di-tert-butylphenyl)methyl-2,5-

diimine-4,4-dimethyl-6-(2-hydroxy-3,5-di-tert-butylphenyl))benzene (H4L2)216 as well as 

the aminium radical chemical oxidant [N(C6H3Br2)3][SbF6].306 

3.4.2. Instrumentation 

1H NMR spectra were recorded on a Bruker AV-500 instrument. Solution 

paramagnetic susceptibilities were calculated using the Evans method.112-113 Mass spectra 

(positive ion) were obtained on a Bruker Microflex LT MALDI-TOF MS instrument. 

Elemental analyses (C, H, N) were performed by Mr. Farzad Haftbaradaran and Mr. Paul 

Mulyk at Simon Fraser University on a Carlo Erba EA1110 CHN elemental analyzer. 

Electronic spectra were recorded on a Cary 5000 spectrophotometer with a custom-
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designed immersion fiber-optic probe with variable path-length (1 and 10 mm; Hellma, 

Inc.). Constant temperatures were maintained by a dry ice/acetone bath. Solvent 

contraction was accounted for in all variable-temperature (VT) studies. Cyclic voltammetry 

(CV) was performed on a PAR-263A potentiometer, equipped with a Ag wire reference 

electrode, a Pt disk working electrode, and a Pt counter electrode with nBu4NClO4 (0.1 M) 

solution in CH2Cl2. Decamethylferrocene was used as an internal standard. Electron 

paramagnetic resonance (EPR) spectra were collected using a Bruker EMXplus 

spectrometer operating with a premiumX X-band microwave bridge and an HS resonator. 

Low-temperature measurements of frozen solutions used a Bruker ER 4112HV helium 

temperature-control system and continuous flow cryostat. Samples for X-band EPR 

measurements were placed in 4 mm outer-diameter sample tubes with sample volumes 

of ~250 L. 

3.4.3. X-ray Structure Determination 

All crystal structure plots were produced using ORTEP-3309 and rendered with 

POV-Ray (v.3.6.2).310 A summary of the crystal data and experimental parameters for 

structure determinations is given in Table 3.1. 

3.4.3.1. CoL1 

Single-crystal X-ray crystallographic analysis of a block-red crystal of CoL1 was 

performed at the Advanced Light Source (Lawrence Berkeley National Laboratory) using 

synchrotron radiation tuned to λ = 0.7749 Å. Intensity data were collected at 296 K on a 

D8 goniostat equipped with a Bruker APEXII CCD detector at Beamline 11.3.1. For data 

collection frames were measured for a duration of 1 s at 0.3° intervals of  with a maximum 

2value of ~60°. The data frames were collected using the program APEX2 and 

processed using the program SAINT routine within APEX2. The data were corrected for 

absorption and beam corrections based on the multiscan technique as implemented in 

SADABS. The structure was solved by the intrinsic phasing method,311 and subsequent 

refinements were performed using ShelXle.312 All non-hydrogen atoms were refined 

anisotropically. All C-H hydrogen atoms were placed in calculated positions but were not 

refined. CCDC number: 1448640. 
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3.4.3.2. [CoL1-H2O]+ 

Crystallographic analysis of [CoL1-H2O]+ was performed on a Bruker APEX II Duo 

diffractometer with graphite monochromated Cu K radiation. A dark green block crystal 

was mounted on a 150 m MiteGen sample holder. The data were collected at 293 K to a 

maximum 2value of ~60°. Data were collected in a series of  and scans in 0.50° 

widths with 10.0 s exposures. The crystal-to-detector distance was 50 mm. The structure 

was solved by intrinsic phasing311 and refined by least-squares procedures using 

Crystals.380 [CoL1-H2O]+ crystallizes with one molecule of CH2Cl2 solvent in the 

asymmetric unit. All non-hydrogen atoms were refined anisotropically. All C-H hydrogen 

atoms were placed in calculated positions but were not refined. CCDC number: 1448642. 

3.4.3.3. Co2L2 

Crystallographic analysis of Co2L2 was performed on a Bruker X8 APEX II 

diffractometer with graphite monochromated Mo K radiation. An irregular red crystal was 

mounted on a glass fiber. The data were collected at a temperature of 103.15 ± 0.1 K to 

a maximum 2θ value of 45.0°. Data were collected in a series of ϕ and ωscans in 0.50° 

widths with 30.0 s exposures. The crystal-to-detector distance was 40 mm. The complex 

crystallizes as a two-component twin with the two components related by a 180° rotation 

about the (0–0.5 1) reciprocal axis. Data were integrated for both twin components, 

including both overlapped and non-overlapped reflections. The structure was solved by 

direct methods using non-overlapped data from the major twin component. Subsequent 

refinements were performed using an HKLF5 format data set containing complete data 

from component 1 and any overlapped reflections from component 2. The material 

crystallizes with two Co2L2 complexes and hexane solvent in the asymmetric unit. The 

solvent molecules are disordered and cannot be modelled properly; thus the 

PLATON/SQUEEZE313 program was used to generate a “solvent-free” HKLF5 format data 

set. The equivalent of four molecules of hexane were removed from the asymmetric unit. 

All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were included in 

calculated positions but were not refined. The batch scale refinement showed a roughly 

57:43 ratio between major and minor twin components. CCDC number: 1448641. 
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3.4.4. Solid-State Magnetism 

The magnetic properties of Co2L2, [CoL1-H2O]+, and [Co2L2-2H2O]2+ were 

measured using a Quantum Design MPMS-XL7 SQUID magnetometer operating between 

1.8 and 300 K for direct-current (dc) applied fields ranging between -7 and 7 T. The 

measurements were performed on polycrystalline samples of 16.2, 23.7, and 20.4 mg, for 

Co2L2, [CoL1-H2O]+, and [Co2L2-2H2O]2+ respectively, wrapped in a polyethylene 

membrane. The data were corrected for the diamagnetic contribution of the sample holder 

and of the complexes. 

3.4.5. Theoretical Calculations 

Geometry optimizations were performed using the Gaussian 09 program (Revision 

D.01),314 the B3LYP functional,315-316 and the 6-31g(d) basis set on all atoms as this 

functional/basis set combination has afforded a good match to experimental metrical data 

in similar salen systems.214-216 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 for energetic analysis were performed with the B3LYP 

functional and the TZVP basis set of Ahlrichs on all atoms.317-318 Broken-symmetry (BS) 

density functional theory (DFT) calculations were performed with the same functional and 

basis set.381-382 The intensities of the 30 lowest-energy electronic transitions were 

calculated by TD-DFT319-320 at the B3LYP/TZVP level with a polarized continuum model 

(PCM) for CH2Cl2.321-324 AOMix was used for determining atomic orbital compositions 

employing Mulliken population analysis.368 

3.4.6. Synthesis 

1-(2-hydroxy-3,5-di-tert-butylphenyl)methyl-2,5-diimine-4,4-dimethyl-6-(2-hydroxy-3-tert-

butyl-5-phenyl)phenyl cobalt (II) (CoL1): 
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To a solution of H2L1 (340 mg, 0.6 mmol) in diethyl ether (4 mL) was added a 

Co(OAc)2•4H2O solution (155 mg, 0.6 mmol) in methanol (4 mL) under anaerobic 

conditions. The yellow solution immediately changed colour to dark red upon addition of 

the metal salt. The mixture was stirred at room temperature until a dark red precipitate 

formed, which was collected via suction filtration and dried in vacuo. The precipitate was 

recrystallized by slow diffusion of methanol into a concentrated CH2Cl2 solution to afford 

block red crystals. Yield: 290 mg, 74%. Anal. Cald. (%) for C37H48N2O2Co: C 72.65; H 7.91; 

N 4.58; found: C 72.97; H 7.63; N 4.64. MALDI-MS m/z: 611.30 (100%). Solution magnetic 

moment (1H Evans method): μeff = 1.75 μB. 

1,2-bis(1-(2-hydroxy-3,5-di-tert-butylphenyl)methyl-2,5-diimine-4,4-dimethyl-6-(2-

hydroxy-3,5-di-tert-butylphenyl))benzene-di-cobalt (II) (Co2L2): 

 

To a solution of H4L2 (400 mg, 0.4 mmol) in diethyl ether (5 mL) was added a 

Co(OAc)2•4H2O solution (190 mg, 0.8 mmol) in methanol (5 mL) under anaerobic 

conditions. The solution immediately turned from yellow to red upon addition of the metal 

salt. The mixture was stirred at room temperature until a dark red precipitate formed which 

was collected via suction filtration and dried in vacuo. The precipitate was recrystallized 

by slow diffusion of methanol into a concentrated CH2Cl2 solution to afford block red 

crystals. Yield: 200 mg, 45%. MALDI-MS m/z: 1144.48 (100%). Anal. Cald. (%) for 

C68H90N4O4Co2: C 67.36; H 7.54; N 4.55; found: C 67.25; H 7.61; N 4.27. Solution 

magnetic moment (1H Evans method): μeff = 2.75 μB. 

1-(2-hydroxy-3,5-di-tert-butylphenyl)methyl-2,5-diimine-4,4-dimethyl-6-(2-hydroxy-3-tert-

butyl-5-phenyl)phenylaqua cobalt  ([CoL1-H2O]+): 
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To a solution of CoL1 (110 mg, 0.18 mmol) in CH2Cl2 (3 mL) was added a AgSbF6 

solution (60 mg, 0.18 mmol) in CH2Cl2 (3 mL) under anaerobic conditions. The solution 

immediately turned from red to dark green upon addition of oxidant and was stirred at 

room temperature for 30 minutes until a silver mirror formed. The reaction mixture was 

filtered through celite and concentrated in vacuo. The crude material was redissolved in 

CH2Cl2 (2 mL), and pentane was added (2 mL) to precipitate a dark green powder. Crystals 

suitable for X-ray diffraction analysis were grown by slow diffusion of pentane into a 

concentrated CH2Cl2 solution. Yield: 132 mg, 85%. Anal. Cald (%) for 

C37H50N2O3CoSbF6•H2O: C 50.30; H 5.93; N 3.17; found: C 49.92; H 5.90; N 2.97. Solution 

magnetic moment (1H Evans method) μeff = 2.62 μB. 

1,2-bis(1-(2-hydroxy-3,5-di-tert-butylphenyl)methyl-2,5-diimine-4,4-dimethyl-6-(2-

hydroxy-3,5-di-tert-butylphenyl))benzene-di-cobalt ([Co2L2-2H2O]2+): 

 

To a solution of Co2L2 (150 mg, 0.13 mmol) in CH2Cl2 (5 mL) was added a AgSbF6 

solution (90 mg, 0.26 mmol) in CH2Cl2 (5 mL) under anaerobic conditions. The solution 

immediately turned from red to dark green upon addition of oxidant and was stirred at 

room temperature for 30 minutes until a silver mirror formed. The reaction mixture was 

filtered through celite and concentrated in vacuo. The crude solid was redissolved in 
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CH2Cl2 (2 mL), and pentane was added (2 mL) to afford a green precipitate. Yield: 168 

mg, 70%. Anal. Cald. (%) for C68H90N4O4Co2Sb2F12•2H2O: C 49.41; H 5.73; N 3.39; found: 

C 49.12; H 5.47; N 3.40. 
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Chapter 4. Tuning Electronic Structure to Control 
Manganese Nitride Activation 

Adapted from: Clarke, R.M.; and Storr, T. J. Am. Chem. Soc., 2016, 138, 15299-15302. 

4.1. Introduction 

Transition metal complexes bearing terminal nitride (N3-) ligands are of significant 

interest due to the key role they may play in the nitrogen fixation process,383-384 their 

importance in stoichiometric nitrene transfer reactions,385-386 and their utility as 

catalysts.387-388 In the context of nitrogen fixation (both biological and industrial),389 there 

have been a number of important reports of Fe nitride complexes in oxidation states IV,390-

396 V,397-399 and VI,400 and their reactivities are well documented.394, 396, 401 In many cases 

the reactivity of terminal nitride complexes can be rationalized by the nucleophilicity (or 

electrophilicity) of the nitride ligand, which is determined by the metal, oxidation state, and 

ancillary ligands.402 Group 8 nitrides of Ru(VI) and Os(VI) react with a variety of 

nucleophiles as a result of population of M≡N π* antibonding orbitals in the transition 

state.403-411 In addition, reactive electrophilic group 9 terminal nitride complexes of Co,412 

Rh,413 and Ir414-415 have been reported, and a transient terminal nitride of Ni has recently 

been described.416 In contrast to the reactivity of late metal nitrides, early metal nitrides 

are generally more stable and are often a product of N2 activation reactions.417-419 In some 

cases, early transition metal nitrides have been demonstrated to react as nucleophiles.420-

421 Terminal nitrides of Mn(V) exhibit reactivity intermediate between their early and late 

transition metal analogues, and have found utility as nitrene transfer reagents.386 Seminal 

work by Groves and co-workers demonstrated nitrene transfer from a 

nitridomanganese(V) porphyrin complex to cyclooctene upon activation with trifluoroacetic 

anhydride (TFAA),422 and subsequent studies demonstrated the utility of 

nitridomanganese(V) salen complexes in the transfer of nitrene groups to alkenes and silyl 

enol ethers (Scheme 4.1).423-426 Despite the synthetic utility of nitridomanganese(V) 

complexes, all examples require the addition of a Lewis acid such as TFAA or p-

toluenesulfonic anhydride, likely to activate the nitride by conversion to the corresponding 

imide before group transfer to the substrate.427 Nitridomanganese(V) salen complexes 

have found further utility as reagents in the synthesis of other metal-nitrido fragments.428-

433 
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Scheme 4.1. Select examples of nitrene transfer reactions from nitridomanganese(V) 
complexes. (A) nitridomanganese(V) porphyrins for the aziridination of 
cyclooctene; (B-C) nitridomanganese(V) salens for nitrene transfer to 
alkenes and silyl enol ethers. 

 

In this chapter, the oxidative activation of a series of Mn(V) nitrides is investigated 

in which the resulting reactivity is tuned by the electronic properties of the ancillary ligand 

(Scheme 4.2). Metal complexes of salen-type ligands have the potential for redox-activity 

at either the metal or the ligand upon one-electron oxidation, permitting investigation of 

the resultant reactivity upon oxidation of either the metal or ligand in this series of 

nitridomanganese(V) complexes. 
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Scheme 4.2. Oxidation of Mn(V) nitride complexes to afford high-valent metal or ligand 
radical electronic structures; subsequent homocoupling affords N2 in the 
case of the Mn(VI) complexes. 

 

Initial oxidation experiments on Mn(SaltBu)N in the presence of 1 equivalent of 

AgSbF6 resulted in an immediate colour change from green to orange-brown, and 

characterization of the recrystallized product showed quantitative formation of the high-

spin Mn(III) complex [Mn(SaltBu)][SbF6] (see Section 4.4.3), suggesting that oxidation of 

Mn(SaltBu)N resulted in rapid loss of the nitride ligand to afford the crystallographically 

characterized [Mn(SaltBu)][SbF6] product. Lau has extensively studied the N-N 

homocoupling reactivity of various complexes of Ru(VI), Os(VI), and Mn(V) with Schiff 

base ligands.434 While both Ru(VI) and Os(VI) complexes undergo N-N coupling in the 

presence of N-heterocyclic ligands,410, 435-436 Mn nitrides have not been observed to couple 

N2 directly.437 Additional examples of dinitrogen coupling reactions from transition metal 

nitrides include Fe(IV/V) complexes,391, 438 an open-shell Ir complex and its analogous Rh 

complex,413-415 as well as Os and Mo complexes (Figure 4.1).439 
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Figure 4.1. Select examples of coupling of terminal nitrido ligands to yield N2 or μ-N2 
bridged dimeric species. 

4.2. Results 

4.2.1. Synthesis 

Mn(SaltBu)N and Mn(SalCF3)N were prepared via oxidation of the corresponding 

Mn chloride complexes with NaOCl in the presence of NH4OH according to the method 

reported by Carreira and co-workers (Scheme 4.3).426 While Mn(SalNMe2)N could also be 

prepared following this procedure, isolated yields were low (<20%), and thus photolysis of 

the precursor azido complex was employed, which afforded Mn(SalNMe2)N in higher yields 

(Scheme 4.4).440 All three complexes are isolated as microcrystalline solids with 
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diamagnetic d2 (|1A1, dxy)441 ground states, typical of Mn(V) nitrides in (pseudo)tetragonal 

ligand fields (see Appendix C – Figure C1 for 1H NMR spectra).442-443  

Scheme 4.3. Synthesis of Mn(SalCF3)N. 

 

Reaction conditions: (i) 2 equivalents Mn(OAc)2•4H2O, LiCl, EtOH; (ii) NH4OH, NaOCl, 4:1 
CH2Cl2/MeOH. 

Scheme 4.4. Synthesis of Mn(SalNMe2)N. 

 

Reaction conditions: (i) 2 equivalents Mn(OAc)2•4H2O, LiCl, EtOH; (ii) NaN3 (aq), 1:1 
CH2Cl2/MeOH; (iii) hν, C6H6. 

4.2.2. Solid-State Characterization 

The solid-state structures of the two new nitridomanganese(V) complexes 

Mn(SalCF3)N and Mn(SalNMe2)N are presented in Figure 4.2 and Figure 4.3, respectively; 

while the solid-state structure of Mn(SaltBu)N was previously reported by Jørgensen.444 

Select crystallographic data is presented in Table 4.1. All three complexes adopt a 

pseudo-square pyramidal geometry with the nitride ligand adopting the apical position and 

the central manganese ion puckered out of the N2O2 salen plane by ~0.5 Å (R = tBu, 0.507 

Å; R = CF3, 0.431 Å; R = NMe2, 0.496 Å). As described in an analogous Cu salen complex 

with the CF3 ligand, the O-Mn bond lengths are slightly elongated in this derivative due to 
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the reduced donating ability of the electron-deficient CF3 salen ligand.126 The Mn≡N bond 

lengths for both Mn(SalCF3)N (1.526 Å) and Mn(SalNMe2)N (1.514 Å) are in agreement with 

other reported nitridomanganese complexes with terminal nitride ligands. The shorter 

Mn≡N bond in Mn(SalNMe2)N could be a consequence of the increased electron density at 

the metal centre due to the strongly donating NMe2 groups in this derivative. 

 

Figure 4.2. POV-Ray representation of Mn(SalCF3)N. 
Thermal ellipsoids shown at 50% probability level. Hydrogen atoms omitted for clarity. Mn, 
brown; C, grey; O, red; N, blue; F, yellow-green. Selected interatomic distances [Å] and 
angles [deg]: Mn(1)-O(1): 1.917(3), Mn(1)-O(2): 1.922(3), Mn(1)-N(1): 1.950(4), Mn(1)-
N(2): 1.961(4), Mn(1)-N(3): 1.526(5), O(1)-C(1): 1.297(6), O(2)-C(25): 1.303(6); Angles: 
O(1)-Mn(1)-O(2): 84.8(1), O(1)-Mn(1)-N(1): 91.2(2), O(1)-Mn(1)-N(2): 152.9(2), O(1)-
Mn(1)-N(3): 106.0(2), O(2)-Mn(1)-N(2): 90.4(2), O(2)-Mn(1)-N(1): 155.6(2), O(2)-Mn(1)-
N(3): 103.5(2), N(1)-Mn(1)-N(2): 82.3(2), N(1)-Mn(1)-N(3): 100.8(2), N(2)-Mn(1)-N(3): 
101.0(2). 

The solid-state structure of the reduced [Mn(SaltBu)][SbF6] formed quantitatively 

via one-electron oxidation of Mn(SaltBu)N is presented in Figure 4.4. The Mn(III) ion adopts 

a square planar geometry with the salen ligand, with a short Mn-F contact with the SbF6
- 

counterion (2.255 Å). 
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Figure 4.3. POV-Ray representation of Mn(SalNMe2)N.  
Thermal ellipsoids shown at 50% probability level. Hydrogen atoms omitted for clarity. Mn, 
brown; C, grey; O, red; N, blue. Selected interatomic distances [Å] and angles [deg]: 
Mn(1)-O(1): 1.914(3), Mn(1)-O(2): 1.909(3), Mn(1)-N(1): 1.960(4), Mn(1)-N(2): 1.958(3), 
Mn(1)-N(3): 1.514(5), O(1)-C(1): 1.311(5), O(2)-C(26): 1.332(5); Angles: O(1)-Mn(1)-O(2): 
83.2(1), O(1)-Mn(1)-N(1): 90.4(1), O(1)-Mn(1)-N(2): 149.4(1), O(1)-Mn(1)-N(3): 107.3(2), 
O(2)-Mn(1)-N(2): 90.3(1), O(2)-Mn(1)-N(1): 151.1(1), O(2)-Mn(1)-N(3): 106.6(2), N(1)-
Mn(1)-N(2): 80.9(2), N(1)-Mn(1)-N(3): 102.2(2), N(2)-Mn(1)-N(3): 103.2(2). 

 

Figure 4.4. POV-Ray representation of [Mn(SaltBu)][SbF6]. 
Thermal ellipsoids shown at 50% probability level. Hydrogen atoms and solvent omitted 
for clarity. Mn, brown; C, grey; O, red; N, blue; F, yellow-green; Sb, plum. Selected 
interatomic distances [Å] and angles [deg]: Mn(1)-O(1): 1.850(3), Mn(1)-O(2): 1.846(2), 
Mn(1)-N(1): 1.959(3), Mn(1)-N(2): 1.959(4), Mn(1)-F(6): 2.255(2), O(1)-C(1): 1.326(4), 
O(2)-C(28): 1.328(4); Angles: O(1)-Mn(1)-O(2): 93.0(1), O(1)-Mn(1)-N(1): 91.4(1), O(1)-
Mn(1)-N(2): 167.6(1), O(1)-Mn(1)-F(6): 95.3(1), O(2)-Mn(1)-N(1): 92.2(1), O(2)-Mn(1)-
N(1): 174.1(1), O(2)-Mn(1)-F(6): 93.5(1), N(1)-Mn(1)-N(2): 82.7(1), N(1)-Mn(1)-F(6): 
90.0(1), N(2)-Mn(1)-F(6): 95.5(1). 
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Table 4.1. Selected crystallographic data for Mn(SalCF3)N, Mn(SalNMe2)N, and 
[Mn(SaltBu)][SbF6]. 

 Mn(SalCF3)N Mn(SalNMe2)N [MnIII(SaltBu)][SbF6]•CH2Cl2 

Formula C30H34F6MnN3O2 C32H46MnN5O2 C37H54Cl2F6MnN2O2Sb 
Formula weight 637.54 587.68 920.41 
Space group P21 P21/n P21/c 
a (Ǻ) 13.66(2) 9.31(4) 17.49(14) 
b (Ǻ) 26.85(4) 28.13(11) 10.14(9) 
c (Ǻ) 24.51(4) 12.19(5) 24.39(2) 
α (deg) 90 90 90 
β (deg) 90.3(13) 102.81(15) 108.6(2) 
γ (deg) 90 90 90 
V [Ǻ3] 8983.8(2) 3114(2) 4098.49 
Z 12 4 4 
T (K) 150 150 150 
ρcalcd (g cm-3) 1.414 1.253 1.492 
λ (Ǻ) 1.54178 0.71073 0.71073 
μ (cm-1) 4.199 0.460 1.158 
R indicesa with I > 2.0σ(I) (data) 0.0514 0.0778 0.0461 
wR2 0.1223 0.1681 0.1059 
R1 0.0646 0.0940 0.0513 
Goodness-of-fit on F2 0.976 1.267 1.051 

aGoodness-of-fit on F.  

4.2.3. Electrochemistry 

The redox processes of the three nitridomanganese(V) complexes were probed 

electrochemically (CV) in CH2Cl2 using tetra-n-butyl-ammonium perchlorate (nBu4NClO4) 

as the supporting electrolyte (Figure 4.5). The redox processes vs. ferrocenium/ferrocene 

(Fc
+/Fc) are reported in Table 4.2. All three complexes display oxidation events at low 

potential, the first of which is tunable by ca. 490 mV and correlates well with the respective 

Hammett parameters of the para substituent (Figure 4.5 – inset).353, 445-446 Analysis of the 

scan-rate dependence suggested an electrochemical reaction mechanism (EC) for both 

the CF3 and tBu derivatives, while the NMe2 redox couple remained quasi-reversible at all 

scan rates investigated (Figure 4.6). The full CV spectrum of Mn(SaltBu)N exhibits an 

additional redox process at high potential (~0.75 V), however this process is not 

associated with the parent nitridomanganese(V) complex, but rather the reduced 

[Mn(SaltBu)][SbF6] complex upon nitride loss after electrochemical oxidation (Appendix C 

– Figure C2). For the CF3 derivative, this process is not observed in the electrochemical 

region accessible in CH2Cl2, likely due to the electron withdrawing CF3 group. Both CF3 

and tBu derivatives exhibit additional low potential reduction processes (~-0.66 V for R = 

CF3 and ~-0.8 V for R = tBu) which are attributed to reduction of the N2 homocoupling 
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product (Appendix C – Figure C3). Interestingly, these potentials also scale according to 

the electron donating ability of the para substituent, with the more electron withdrawing 

CF3 group, now easier to reduce, appearing at higher potentials than the more electron 

donating tBu substituent. 

 

Figure 4.5. Cyclic voltammograms of Mn(SalR)N. R = CF3 (green); R = tBu (black); and 
R = NMe2 (blue). The first oxidation potential is tunable by ca. 490 mV. 
Inset: Hammett plot of the redox potentials of Mn(SalR)N vs σpara of the para 
ring substituent. 

Conditions: 1 mM complex, 0.1 M nBu4NClO4, scan rate 100 mV s-1, CH2Cl2, 233 K.  

Table 4.2. Redox potentials for Mn(SaltBu)N, Mn(SalCF3)N, and Mn(SalNMe2)N versus 
Fc

+/Fc
a,b. 

R Epa
1 Epc

1 E1/2
1 Epa

2 Epc
2 E1/2

2 

tBu 0.30 0.19 0.25 (0.11) - - - 
CF3 0.51 0.33 0.42 (0.18) - - - 
NMe2 0.03 -0.21 -0.07 (0.19) 0.20 0.00 0.10 (0.20) 

aGiven in volts, peak-to-peak separation in parentheses. bPeak-to-peak difference for Fc+/Fc couple at 233 K is 0.13 V. 
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Figure 4.6. Scan rate dependence of Mn(SalR)N. (A) R = tBu; (B) R = CF3; (C) R = 
NMe2. 

Conditions: 1 mM complex, 0.1 M nBu4NClO4, CH2Cl2, 233 K. Black: 10 mV s-1; red: 25 
mV s-1; green: 50 mV s-1; blue: 100 mV s-1; purple: 200 mV s-1; orange: 500 mV s-1; yellow: 
1000 mV s-1. 

The CV spectrum of the electron-rich NMe2 derivative displays two closely-spaced 

redox processes at -0.07 V and 0.10 V vs. Fc
+/Fc that remain quasi-reversible at all scan 

rates investigated, suggesting that oxidation of Mn(SalNMe2)N results in a different 

electronic structure in comparison to the more electron-poor CF3 and tBu derivatives. 

These potentials were difficult to resolve with cyclic voltammetry, and thus differential 

pulse voltammetry (DPV) was employed in order to better resolve the two oxidation events 

(Figure 4.7). The difference in the first and second oxidation potentials in symmetric 
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oxidized metal salen complexes can provide information on the degree of electronic 

coupling, and the extent of electronic delocalization between two identical redox-active 

phenolates. This of course assumes that both redox events are ligand-based. With the 

first and second oxidation events resolved, the degree of delocalization and a 

comproportionation constant (Kc) can be calculated for Mn(SalNMe2)N using Eqns. 1-3, 

where L represents one phenolate of the salen ligand, and M the Mn metal centre. 

[LML] + [L•ML•]  ⇌ 2[LML•] (1) 

𝐾c =
[LML•]2

[LML][L•ML•]
 (2) 

𝐾c = exp (
∆𝐸1/2𝐹

𝑅𝑇
) 

(3) 

 

The ΔE1/2 value for Mn(SalNMe2)N is small (~170 mV) which indicates that there is 

limited coupling between the two redox-active phenolate rings and results in a 

comproportionation constant at 298 K of ~350. This relatively small comproportionation 

constant warrants calculation of the degree of disproportionation of [Mn(SalNMe2)N]+ in 

solution. Using the Kc value at 298 K and Eqn. 3 above, the solution composition is 

calculated to be ~90% [Mn(SalNMe2)N]+, ~5% Mn(SalNMe2)N, and ~5% [Mn(SalNMe2)N]2+. 

This increases to 99.9% [Mn(SalNMe2)N]+ at 198 K. 
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Figure 4.7. CV curve of Mn(SalNMe2)N (black) overlaid with a differential pulse 
voltammetry (DPV) scan (red) which better resolves the two closely spaced 
oxidation events. 

Conditions: 0.5 mM complex, 0.1 M nBu4NClO4, CH2Cl2, 298 K. 

4.2.4. Electronic Absorption Spectroscopy 

The electronic absorption spectra of neutral Mn(SalR)N are typical of 

nitridomanganese(V) salen complexes with a dxy ground state (Figure 4.8 - Figure 4.10). 

The weak, broad absorption peak at λmax ~ 16,000 cm-1 (ε ~ 300 M-1 cm-1) is assigned as 

a forbidden non-bonding  dπ* transition between the occupied dxy non-bonding orbital 

and the empty π antibonding orbitals (dxz/yz).442 The intense transition at high energy is 

assigned to intraligand azomethine transitions.447 Confirmation of these assignments as 

metal, and ligand-based respectively, is the substituent independent energy of the first 

transition, while the energy of the intense, ligand-based transition is dependent on the 

substituent (CF3: 27,000 cm-1 > tBu: 25,800 cm-1 > NMe2: 23,000 cm-1). 
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Figure 4.8. UV-vis-NiR spectrum of Mn(SaltBu)N (black), and [MnVI(SaltBu)N]+ (red) at 
0.2 mM in CH2Cl2 at 195 K. 

Intermediate grey lines measured during the oxidation titration with [N(C6H3Br2)3][SbF6]. 

The room temperature oxidation of Mn(SaltBu)N results in the crystallographically 

characterized [Mn(SaltBu)][SbF6] with a distinct absorption spectrum to that of the parent 

nitride (Appendix C – Figure C4). In order to potentially trap the reactive N-N homocoupling 

species, oxidation was carried out at 198 K with the aminium radical chemical oxidant 

[N(C6H3Br2)3][SbF6] (E1/2 = 1.14 V vs Fc
+/Fc)107. Sequential addition of oxidant affords a 

species with a UV-vis-NIR spectrum that differs from those of both the starting material 

and the decay product (Figure 4.8). The formation of a low-intensity band was observed 

at λmax = 9,300 cm-1 (ε = 1,100 M-1 cm-1). While broad, weak transitions in the NIR are often 

indicative of localized ligand-based radicals,102-103, 236 EPR analysis of a frozen sample of 

the oxidized product was characteristic of a metal-based, Mn(V)  Mn(VI) oxidation (vide 

infra). The low-energy band was thus assigned as a ligand-to-metal charge transfer 

(LMCT) transition. This assignment was further corroborated by DFT calculations (vide 

infra).  

Oxidation of the electron deficient Mn(SalCF3)N resulted in similar spectral features 

to the tBu derivative (Figure 4.9) with the position of the low-energy LMCT transition blue-
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shifting relative to the tBu derivative (λmax = 11,600 cm-1, ε = 1,000 M-1 cm-1). A blue-shift 

in the LMCT band is expected due to the electron withdrawing CF3 group in this derivative.  

 

Figure 4.9. UV-vis-NIR spectrum of Mn(SalCF3)N (black), and [MnVI(SalCF3)N]+ (red) at 
0.2 mM in CH2Cl2 at 195 K. 

Intermediate grey lines measured during the oxidation titration with [N(C6H3Br2)3][SbF6]. 

Low-temperature oxidation of Mn(SalNMe2)N results in unique UV-vis-NIR spectral 

features in comparison with the tBu and CF3 derivatives. Isosbestic points at 22,800 cm-1 

and 23,700 cm-1 indicate clean conversion from neutral to oxidized species in this 

derivative. Two broad, low energy transitions at λmax = 6,500 cm-1 (ε = 800 M-1 cm-1) and 

λmax = 9,500 cm-1 (ε = 1,000 M-1 cm-1) are present in the spectrum as well as an envelope 

of transitions between 15,000 and 22,000 cm-1 (Figure 4.10). This envelope of transitions 

is also observed in other oxidized metal salen complexes bearing the NMe2 substituent,114-

115 and thus these transitions are predicted to be largely ligand based, and their absence 

in the spectra of the previous derivatives suggests a change in electronic structure. 

Indeed, the EPR spectrum of a frozen solution of [MnV(SalNMe2)]•+ revealed a ligand-based 

oxidation (vide infra). Analysis of the energy, shape, and intensity of NIR bands can reveal 

information pertinent to the degree of delocalization in mixed-valence systems.102 

According to the Robin-Day classification system,99 Class III fully delocalized systems 

exhibit NIR bands with Δν1/2 ≤ 2,000 cm-1 and intensities ε ≥ 5,000 M-1 cm-1, with Class II 
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mixed-valence species exhibiting NIR features that are broader (Δν1/2 ≥ 2,000 cm-1) and 

less intense (ε ≤ 5,000 M-1 cm-1). Based on this classification, and the low-energy 

transitions at λmax = 6,500 cm-1 and 9,500 cm-1, [MnV(SalNMe2)N]•+ is assigned as a Class 

II mixed-valence species. It should be noted that based on the similarities of the low energy 

transitions between the Mn(VI) and Mn(V)-ligand radical species described, one must be 

extremely cautious in assigning oxidation locus in the absence of EPR data. 

 

Figure 4.10. UV-vis-NIR spectrum of Mn(SalNMe2)N (black), and [MnV(SalNMe2)N]•+ (red) 
at 0.2 mM in CH2Cl2 at 195 K. 

Intermediate gray lines measured during the oxidation titration with [N(C6H3Br2)3][SbF6]. 

4.2.5. Electron Paramagnetic Resonance Spectroscopy 

EPR spectroscopy was employed in order to unambiguously identify the locus of 

oxidation in the three oxidized nitridomanganese(V) complexes. The EPR spectra of one-

electron oxidized [Mn(SalR)N]+  recorded at 100 K in frozen CH2Cl2 are presented in Figure 

4.11. The spectra of both [Mn(SaltBu)N]+ and [Mn(SalCF3)N]+ reveals the locus of oxidation 

to be metal centered (Mn(V)  Mn(VI)) in these derivatives. Both spectra display typical 

axial splitting patterns for a d1 metal ion (dxy
1 ground state) with hyperfine coupling to a 

single 55Mn (I = 5/2) nucleus. The g values and hyperfine coupling constants for each 

derivative are presented in Table 4.3, and agree well with two nitridomanganese(VI) 

complexes previously reported by Wieghardt and co-workers.448-449 
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Figure 4.11. X-band EPR spectra of [Mn(SalR)N]+ recorded in frozen CH2Cl2 at 0.4 mM. 
(top) R = tBu; (middle) R = CF3; (bottom) R = NMe2. Grey lines represent 
simulations of the experimental data.  

Conditions: frequency = 9.38 GHz; power = 2.0 mW; modulation frequency = 100 kHz; 
modulation amplitude = 0.6 mT; T = 100 K. 

Table 4.3. EPR simulation parameters for [Mn(SalR)N]+a. 

 gzz gxx = gyy Azz Axx = Ayy 

R = tBu 1.985 1.995 533 181 
R = CF3 1.984 1.995 540 187 
R = NMe2 (100 K) 2.003    
R = NMe2 (298 K) 2.003 AN1 = 13.5; 6 x AH1 = 16.7; AH2 = 2.8; AH3 = 0.8; AMn = 4.2 

aHyperfine values (A) are in MHz 

The EPR spectrum of the one-electron oxidized Mn(SalNMe2)N reveals the locus of 

oxidation in this derivative to be the electron-rich salen ligand as evidenced by the isotropic 

signal centered at giso = 2.003 (Figure 4.11). This demonstrates that sufficiently electron-

donating para substituents are capable of reordering the relative energies of redox-active 

orbitals such that oxidation is no longer metal-centered, but rather ligand-centered in this 

derivative. In addition, unlike the tBu and CF3 derivatives which decay even at low 



115 

temperature to give half an equivalent of N2 and a reduced Mn(III) product (vide infra, 

Section 4.2.6), the oxidized NMe2 derivative is resistant to homocoupling, as the oxidized 

complex is stable at 195 K and decays only minimally over a 48 h period at 298 K 

(Appendix C – Figure C5). The room temperature stability of [MnV(SalNMe2)N]•+ allowed for 

the analysis of its EPR spectrum at room temperature in order to gain insight into the 

degree of localization in this derivative. Based on the NIR bands in Figure 4.10 as well as 

similarity to other radical salen complexes with the NMe2 substituent,114-115 this derivative 

was tentatively assigned as a Class II mixed-valence species. The room temperature 

spectrum of [MnV(SalNMe2)N]•+ recorded in toluene is presented in Figure 4.12 and was 

simulated by considering significant hyperfine interactions to one NMe2 group (1 x N, 6 x 

H) with smaller hyperfine couplings to the central Mn ion and two phenoxyl protons (Table 

4.3). The room-temperature EPR spectrum, and its simulation, thus provide additional 

verification of a localized ligand radical electronic structure for [MnV(SalNMe2)N]•+.  

 

Figure 4.12. X-band EPR spectrum of [Mn(SalNMe2)N]•+ (0.4 mM) recorded in toluene at 
room temperature (blue line). The gray line represents simulation of the 
experimental spectrum.  

Conditions: frequency = 9.86 GHz; power = 2.0 mW; modulation frequency = 100 kHz; 
modulation amplitude = 0.2 mT; T = 298 K. 
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4.2.6. Decay Kinetics 

Despite being able to characterize the reactive Mn(VI) intermediates, slow decay 

of the low energy LMCT bands was observed even at low temperatures (195 K) for both 

tBu and CF3 derivatives (t1/2 tBu = 4 hours; t1/2 CF3 = 1.6 hours). In accordance with the 

crystallographically characterized [Mn(SaltBu)[SbF6], we postulated that a bimolecular 

reaction involving two molecules of [MnVI(SalR)N]+ was responsible for the observed 

decay. The decay of the low-energy absorption bands was well modelled to a second 

order kinetic dependence, suggestive of the proposed bimolecular mechanism, which 

would result in 2 molecules of the crystallographically characterized Mn(III) product, as 

well as half an equivalent of N2 (Figure 4.13). The rate constant for the CF3 derivative (k2 

= 0.86 ± 0.09 M-1 s-1) is approximately 2.5 times larger in comparison to the tBu derivative 

(k2 = 0.34 ± 0.04 M-1 s-1), which can be attributed to the change in peripheral ligand 

electronics (vide infra). Strikingly, the NMe2 derivative is stable under the experimental 

conditions at 195 K and decays only minimally over a 48 hour period at 298 K. The Mn≡N 

stretching band at 1045 cm-1 persists after oxidation with AgSbF6. Furthermore, the slight 

decay at 298 K is not well modelled by second-order kinetics, suggesting that the instability 

of [MnV(SalNMe2)N]•+ is due to a mechanism other than N-N coupling of the nitrides (Figure 

4.13).450 Unfortunately, X-ray quality crystals of the oxidized complex have thus far not 

been isolated. In a recent report, van der Vlugt and co-workers described the preparation 

of a Ru trimer with bridging nitrido ligands, highlighting the alternative reactivity pathways 

that redox-active ligands may impose on transition metal nitrido complexes.451 
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Figure 4.13. Second order kinetic decay plots for [Mn(SalR)N]+ (R = tBu and CF3, 195 K; 
R = NMe2, 298 K). 

Conditions: CH2Cl2, 0.2 mM complex. See Appendix C – Figures C6 & 7 for full triplicate 
kinetic analysis. 

In order to confirm that the mechanism for nitride loss involves an intermolecular 

reaction between two molecules of [MnVI(SalR)N]+, the 50% 15N-labeled complexes were 

prepared. GC-MS measurements were performed on the headspace to monitor the gas 

evolved after oxidation of Mn(SalR)14/15N. Although it was difficult to eliminate atmospheric 

N2 (14N14N, m/z = 28) from the inlet of the instrument,438 we detected 14N15N (m/z = 29) 

and 15N15N (m/z = 30) in a 2:1 ratio, as expected for an intermolecular reaction mechanism 

involving two molecules of 50% 15N-labeled Mn(SalR)14/15N (Table 4.4 and 4.5, Figure 4.14 

and 4.15). 
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Table 4.4. Headspace gas analysis results for the room temperature oxidation of 
Mn(SaltBu)14/15N 10 minutes after addition of AgSbF6. 

m/z Blank 
Vial 1 
Run1 

Vial 1 
Run 2 

Vial 1 
Run 3 

Vial 2 
Run 1 

Vial 2 
Run 2 

Vial 2 
Run 3 

25 0.06 0.03 0.03 0.05 0.04 0.01 0.02 
26 0.04 0.05 0.07 0.03 0.05 0.04 0.04 
27 0.01 0.00 0.00 0.00 0.00 0.01 0.00 

28 (14N14N) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
29 (14N15N) 0.35 17.27 20.65 17.01 13.06 13.72 13.24 
30 (15N15N) 0.10 7.96 9.38 7.56 6.09 6.13 6.75 

31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
32 (O2) 21.22 18.90 18.15 19.34 18.82 18.51 18.40 

33 0.03 0.02 0.04 0.04 0.05 0.03 0.04 
34 0.10 0.12 0.15 0.10 0.11 0.12 0.10 
35 0.17 0.30 0.76 1.29 0.61 0.24 0.50 

See the experimental section for details. 

 

Figure 4.14. Representative GC-MS results (vial 1, run 2 – Table 4.4) for the headspace 
examination of the [MnVI(SaltBu)14/15N]+ decay. (A) headspace of a blank 
sample. (B) headspace of a sample of Mn(SaltBu)14/15N 10 minutes after 
addition of 1 equivalent of AgSbF6 at 298 K. 

14N14N is set at a relative abundance of 100. 
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Table 4.5. Headspace gas analysis results for the room temperature oxidation of 
Mn(SalCF3)14/15N 10 minutes after addition of AgSbF6. 

m/z Blank 
Vial 1 
Run1 

Vial 1 
Run 2 

Vial 1 
Run 3 

Vial 2 
Run 1 

Vial 2 
Run 2 

Vial 2 
Run 3 

25 0.03 0.04 0.09 0.04 0.03 0.03 0.03 
26 0.05 0.04 0.12 0.07 0.04 0.04 0.04 
27 0.01 0.01 0.03 0.00 0.02 0.01 0.02 

28 (14N14N) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
29 (14N15N) 0.68 17.44 12.47 19.70 14.34 16.72 19.59 
30 (15N15N) 0.15 8.85 6.28 8.83 6.70 7.15 8.98 

31 0.00 0.00 0.05 0.05 0.03 0.04 0.00 
32 (O2) 21.76 14.22 16.44 14.46 15.03 16.41 16.32 

33 0.06 0.05 0.07 0.02 0.02 0.03 0.07 
34 0.13 0.07 0.13 0.05 0.04 0.04 0.09 
35 0.25 0.17 0.38 0.34 0.45 0.18 0.31 

See the experimental section for details. 

 

Figure 4.15. Representative GC-MS results (vial 1, run 2 – Table 4.5) for the headspace 
examination of the [MnVI(SalCF3)14/15N]+ decay. (A) headspace of a blank 
sample. (B) headspace of a sample of Mn(SalCF3)14/15N 10 minutes after 
addition of 1 equivalent of AgSbF6 at 298 K. 

14N14N is set at a relative abundance of 100. 

Finally, GC-MS experiments were performed on the headspace of samples of one-

electron oxidized Mn(SalNMe2)14/15N. Up to 24 hours, no N2 was detected in the headspace 

of the reaction vials, again suggesting that the slight room temperature decay of this 

derivative follows a mechanism other than N-coupling of the terminal nitride ligands (Table 

4.6 and 4.7, Figure 4.16). 
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Figure 4.16. Representative GC-MS results for the headspace examination of 
[MnV(SalNMe2)14/15N]+. (A) headspace of a blank sample. (B) headspace of 
a sample of Mn(SalNMe2)14/15N 10 minutes after addition of oxidant. (C) 
headspace of the sample in (B) 24 hours after the addition of oxidant. 

Table 4.6. Headspace gas analysis results for the room temperature oxidation of 
Mn(SalNMe2)14/15N 10 minutes after addition of AgSbF6. 

m/z Blank 
Vial 1 
Run1 

Vial 1 
Run 2 

Vial 1 
Run 3 

Vial 2 
Run 1 

Vial 2 
Run 2 

Vial 2 
Run 3 

25 0.01 0.02 0.02 0.03 0.03 0.02 0.05 
26 0.02 0.12 0.07 0.05 0.07 0.09 0.11 
27 0.00 0.00 0.00 0.01 0.01 0.00 0.01 

28 (14N14N) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
29 (14N15N) 0.61 0.45 0.61 0.44 0.51 0.72 0.67 
30 (15N15N) 0.11 0.08 0.14 0.12 0.15 0.14 0.14 

31 0.00 0.02 0.00 0.01 0.05 0.05 0.03 
32 (O2) 20.94 18.13 18.46 17.91 16.95 16.62 17.41 

33 0.01 0.03 0.02 0.02 0.03 0.04 0.01 
34 0.08 0.14 0.12 0.11 0.09 0.03 0.10 
35 0.25 0.37 0.40 0.48 0.67 0.21 0.71 

See the experimental section for details. 

Table 4.7. Headspace gas analysis results for the room temperature oxidation of 
Mn(SalNMe2)14/15N 24 hours after addition of AgSbF6. 

m/z Blank 
Vial 1 
Run1 

Vial 1 
Run 2 

Vial 1 
Run 3 

Vial 2 
Run 1 

Vial 2 
Run 2 

Vial 2 
Run 3 

25 0.02 0.00 0.02 0.01 0.02 0.01 0.01 
26 0.03 0.01 0.01 0.03 0.02 0.02 0.01 
27 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

28 (14N14N) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
29 (14N15N) 0.36 0.43 0.47 0.49 0.41 0.39 0.40 
30 (15N15N) 0.04 0.04 0.10 0.10 0.06 0.05 0.06 

31 0.01 0.00 0.01 0.00 0.00 0.00 0.00 
32 (O2) 29.69 25.79 30.39 28.67 23.62 23.60 23.67 

33 0.02 0.01 0.03 0.03 0.01 0.02 0.01 
34 0.10 0.10 0.12 0.07 0.09 0.07 0.05 
35 0.09 0.20 0.31 0.20 0.75 0.28 0.14 

See the experimental section for details. 
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4.2.7. Theoretical Calculations 

Theoretical calculations on the oxidized species match the experimental findings, 

predicting a d1
xy Mn(VI) ground state for R = CF3 and tBu and the formation of a localized 

ligand radical for R = NMe2. The singularly occupied molecular orbitals (SOMOs) are 

depicted in Figure 4.17, while the spin density plots are shown in Figure 4.18. The SOMOs 

for the Mn(VI) species are primarily of dxy character, which is non-bonding with respect to 

the nitride ligand. The SOMO for the NMe2 derivative is ligand-based and localized to one 

side of the salen framework, as depicted in both the SOMO and spin density plots. Natural 

bond order (NBO) analysis is consistent with a highly covalent interaction between the Mn 

and terminal nitride ligand in the oxidized forms (Appendix C – Tables C1 & 2), with the 

Mayer bond orders decreasing slightly in the order NMe2 > tBu > CF3 (2.868, 2.732, 2.730). 

The negative spin density localized on the nitride in R = tBu (-0.20) and R = CF3 (-0.24) 

can be rationalized by considering the Mn-N bond as a combination of Mn(VI)≡N3- (SMn = 

½) and Mn(V)=N• (SN = ½) resonance forms. A nitridyl radical resonance form, which could 

be slightly favoured for R = CF3, provides support for a radical coupling pathway to 

produce N2.
413, 415 Recent work by Ménard and co-workers on a similar system is also 

suggestive of a radical coupling pathway (see Section 5.3.1).452 

 

Figure 4.17. DFT predicted SOMOs for [Mn(SalR)N]+. (A) R = tBu; (B) R = CF3; (C) R = 
NMe2. Both R = tBu and CF3 SOMOs are predicted to be of dxy character, 
while the R = NMe2 SOMO is ligand-based, and localized to one side of the 
bis-phenoxide salen ligand. See the experimental section for calculation 
details. 
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Figure 4.18. Spin density plots for the three oxidized complexes. (A) [MnVI(SaltBu)N]+; 
(B) [MnVI(SalCF3)N]+; (C) [MnV(SalNMe2)N]•+. See the experimental section 
for calculation details. 

The spin density plot for [MnV(SalNMe2)N]•+ is in agreement with the results obtained 

via room temperature EPR spectroscopy. The majority of the unpaired spin resides on a 

single NMe2 goup, with significantly less spin density located on the central Mn ion. The 

hyperfine coupling constants to IMn = 5/2 determined from simulation of the EPR data for 

R = tBu/CF3 (Azz ~ 530 MHz, Axx = Ayy ~ 180 MHz) vs. NMe2 (Aiso = 4.2 MHz) reflect the 

different locus of oxidation. 

4.3. Discussion and Summary 

This study provides key insight into the role of ligand electronics in the nitride 

activation process, with the nitride precursors readily synthesized from oxidative 

conditions in the presence of NH4OH. Remarkably, oxidation of neutral Mn(SaltBu)N 

resulted in oxidative nitride coupling to produce N2 and a crystallographically characterized 

Mn(III) species. Low temperature experiments (vis-NIR and EPR spectroscopies) reveal 

the locus of oxidation to be the Mn(V) centre, providing access to a reactive Mn(VI) 

species. The bimolecular N2 coupling was suitably modelled to a second order kinetic 

dependence, and isotopic labelling confirmed that both N atoms are derived from the 

nitridomanganese(VI) complex. DFT calculations demonstrate that the SOMO is dxy in 
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character, and non-bonding with respect to the terminal nitride ligand, as expected based 

on the electronic structure description of the isoelectronic vanadyl ion by Ballhausen and 

Gray (see Appendix C – Figure C11 for a qualitative molecular orbital diagram of a terminal 

nitride in a square pyramidal ligand field).453 

Substitution of the para tBu substituent in Mn(SaltBu)N for the strongly electron 

withdrawing CF3 substituent unsurprisingly also results in metal-based oxidation to Mn(VI). 

Interestingly, CF3 substitution leads to a nearly 2.5-fold increase in the rate of N-N 

coupling, demonstrating that ligand electronics, along with metal oxidation state, play a 

key role in the coupling reaction. DFT calculations reveal a slight increase in the spin 

density localized at the nitride ligand (-0.24 for CF3 vs -0.20 for tBu) which could potentially 

explain the enhanced coupling reactivity by considering the Mn-N bond as a combination 

of Mn(VI)≡N3- (SMn = ½) and Mn(V)=N• (SN = ½) resonance forms. A nitridyl radical 

resonance form, which could be slightly favored for R = CF3, provides further support for 

a radical coupling pathway to produce N2 in this study. 

Finally, substitution to an electron donating NMe2 group at the para position 

resulted in ligand-based oxidation to a localized phenoxyl radical species. This was 

confirmed via room-temperature EPR analysis, as well as theoretical calculations. This 

result demonstrated that sufficiently electron donating substituents are able to re-order the 

relative energies of the redox-active orbitals in nitridomanganese(V) complexes. 

Remarkably, the ligand-radical species is stable at room temperature, which may further 

strengthen the radical coupling pathway for the Mn(VI) species described above. 

Overall, this chapter demonstrates that nitride activation is dictated by remote 

ligand electronics. Further efforts are needed to model the reaction pathway and assess 

the possibility of accessing and activating NH3 adducts of electron-deficient Mn(Sal) 

systems for H2 generation as well as the potential for these systems to activate C-H bonds 

through radical reaction pathways (see Section 5.3). 

4.4. Experimental 

4.4.1. Materials 

All chemicals used were of the highest grade available and were further purified 

whenever necessary. Dichloromethane was dried over CaH2 prior to use. The ligands 
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H2SaltBu, H2SalCF3, and H2SalNMe2, as well as the aminium radical chemical oxidant, 

[N(C6H3Br2)3][SbF6], were synthesized according to published protocols.114, 126, 306, 454-455 

The tBu substituted metal complex Mn(SaltBu)N was also prepared according to published 

protocols.426, 442 

4.4.2. Instrumentation 

Electronic spectra were recorded on a Cary 5000 spectrophotometer with a 

custom-designed immersion fiber-optic probe with variable pathlength (1 and 10 mm; 

Hellma, Inc.). Constant temperatures were maintained by a dry ice/acetone bath. Cyclic 

voltammetry (CV) was performed on 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) solution in CH2Cl2. Decamethylferrocene was used as an internal 

standard.307 1H and 19F NMR spectra were recorded on a Bruker AV-400 instrument. GC-

MS analysis of isotopically labelled N2 following decay of [Mn(SalR)N]+ was performed on 

an Agilent Technologies 6890 series GC system with a 5973 mass selective detector. 

Elemental analyses (C, H, N) were performed by Mr. Paul Mulyk at Simon Fraser 

University on a Carlo Erba EA1110 CHN elemental analyzer. Electron paramagnetic 

resonance (EPR) spectra were collected using a Bruker EMXplus spectrometer operating 

with a premiumX X-band microwave bridge and an HS resonator. Samples for X-band 

EPR measurements were placed in 4 mm outer-diameter tubes with sample volumes of 

~250 μL. EPR spectra were simulated using the EasySpin package in MATLAB.308 

4.4.3. X-ray Structure Determination 

Single-crystal X-ray crystallographic analysis of a block-green (Mn(SalCF3)N) or 

block-brown (Mn(SalNMe2)N and [Mn(SaltBu)][SbF6]) crystal was performed on a Bruker 

APEX II Duo diffractometer with graphite monochromated Cu Kα (Mn(SalCF3)N) or Mo Kα 

(Mn(SalNMe2)N and [Mn(SaltBu)][SbF6]) radiation. The crystals were mounted on a 150 μm 

MiteGen sample holder. The data were collected at 293 K (Mn(SalCF3)N and 

Mn(SalNMe2)N) or 150 K ([Mn(SaltBu)][SbF6]) to a maximum 2 of 50°. Data were collected 

in a series of φ and ω scans in 0.5°-1.0° widths with 10.0 – 60.0 s exposures. The crystal-

to-detector distance was 40 mm. The structures were solved by intrinsic phasing311 and 

subsequent refinements were performed using ShelXle.312 All non-hydrogen atoms were 

refined anisotropically. All C-H hydrogen atoms were placed in calculated positions but 
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were not refined. CCDC numbers: 1497761 ([Mn(SaltBu)][SbF6]), 1497762 

(Mn(SalNMe2)N), 1497763 (Mn(SalCF3)N). 

4.4.4. Oxidation Protocol 

Under an inert atmosphere at 195 K, 100 μL of a dry CH2Cl2 solution of the metal 

complex was diluted into 9.0 mL of dry CH2Cl2 (0.2 mM final concentration). Monitored by 

UV-vis-NIR, a solution containing 50 mg of [N(C6H3Br2)3][SbF6] dissolved in 1 mL of dry 

CH2Cl2 was added in 20 μL additions resulting in clean conversion to the respective one-

electron oxidized species. 

4.4.5. Kinetics Measurements 

Decay experiments for [Mn(SaltBu)N]+ and [Mn(SalCF3)N]+ were monitored after 

addition of 1 eq. of chemical oxidant to dry CH2Cl2 solutions of metal complex under an 

inert atmosphere. 1 eq. was determined first by adding [N(C6H3Br2)3]+•[SbF6]- in 40 μL 

additions to 0.2 mM solutions of metal complex in 9 mL of dry CH2Cl2. The increase of low 

energy bands at ~9300 cm-1 (Mn(SaltBu)N) or ~11 600 cm-1 (Mn(SalCF3)N) was monitored 

until the appearance of a band corresponding to the free [N(C6H3Br2)3]+•[SbF6]- was 

observed. At this point, the reaction vessel was cleaned out and a new 0.2 mM solution of 

metal complex in 9 mL dry CH2Cl2 was prepared. A volume of [N(C6H3Br2)3][SbF6] 

corresponding to a value before the appearance of free [N(C6H3Br2)3][SbF6] was added in 

a single addition and the UV-vis-NIR spectrum was monitored every 15 minutes over a 4 

hour period. This experiment was repeated in triplicate for each derivative.  

4.4.6. Isotopic Detection by GC-MS 

Detection of isotopically labelled N2 from decay of 50% 15N labelled Mn(SalR)N 

was monitored via GC-MS on an Agilent Technologies 6890 series GC system equipped 

with a 5973 mass selective detector using helium as carrier gas, in splitless injection mode. 

In a glovebox, 2 mg (0.003 mmol) of Mn(SalR)N was placed into each of three 1.5 mL vials 

and dissolved in 1 mL dry CH2Cl2. The three vials were sealed with a septum and then 

flushed with argon for 20 minutes each. Subsequently, a stock AgSbF6 (0.009 mmol in 1 

mL CH2Cl2) solution was prepared in a fourth 1.5 mL vial, sealed with a septum and also 

flushed with argon for 20 minutes. 250 μL of the AgSbF6 solution was added to two of the 
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three vials containing 50% 15N labelled Mn(SalR)N. No oxidant was added to the third vial 

in order to use its headspace as a background. 5 μL of the headspace was injected 

manually onto the GC-MS and we observed a peak corresponding to the evolved gas at 

~1.10 minutes. This was done once for the blank and three times each for the two vials 

containing oxidized complex. The peak corresponding to 28N2 was set at 100% relative 

abundance.438 We also examined the headspace of the R = NMe2 derivative 24 hours after 

oxidation in order to rule out slow decomposition via N2 loss. 

4.4.7. Theoretical Calculations 

Geometry optimizations were performed using the Gaussian 09 program (Revision 

D.01),314 the B3LYP functional,315-316 and the 6-31G(d) basis set on all atoms as this 

functional/basis set combination has afforded a good match to experimental metrical data 

in similar salen systems. All calculations employed a polarized continuum model (PCM) 

for CH2Cl2.321-324 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 for energetic analysis, as well as NBO computations were performed 

with the BP86 functional456-459 and the TZVP basis set of Ahlrichs on all atoms.317-318 

Attempts to calculate the Mn(V)=N• (SN = ½) resonance form collapsed to the Mn(VI)≡N3- 

(SMn = ½) electronic structure. The intensities of the 30 lowest-energy electronic transitions 

were calculated by TD-DFT at the BP86/TZVP level.319-320 

4.4.8. Synthesis 

(N,N’-bis(3-tert-butyl-5-trifluoromethylsalicylidene))-1R,2R-(-)-1,2-cyclohexanediamine 

manganese chloride (Mn(SalCF3)Cl): 

 

Mn(OAc)2•4H2O (100 mg, 0.4 mmol) was added to a refluxing ethanol solution (2 

mL) of H2SalCF3 (110 mg, 0.2 mmol). The bright yellow solution immediately turned dark 
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brown and was stirred at reflux for 2 hours. After 2 hours, solid LiCl (25 mg, 0.6 mmol) 

was added and the solution was refluxed for an additional hour. The solution was removed 

from heat and the solvent was removed in vacuo. The crude material was dissolved in 

CH2Cl2 (15 mL) and passed through a pad of silica. The solvent was again removed in 

vacuo and the crude residue redissolved in EtOH (2 mL). Cold water was added dropwise 

until a light brown precipitate formed which was collected via suction filtration. Yield: 110 

mg, 80%. MALDI-MS m/z: 658.62 (100%). Anal. Cald (%) for C30H34ClF6MnN2O2: C 54.68, 

H 5.20, N 4.25; Found: C 54.92, H 5.05, N 4.50. 

(N,N’-bis(3-tert-butyl-5-trifluoromethylsalicylidene))-1R,2R-(-)-1,2-cyclohexanediamine 

manganese nitride (Mn(SalCF3)N): 

 

Mn(SalCF3)Cl (110 mg, 0.17 mmol) was dissolved in a 4:1 mixture of CH2Cl2 and 

MeOH (5 mL total). 5 drops of NH4OH was added to the mixture, which was stirred 

vigorously at room temperature for 30 minutes, after which 5 drops of NaOCl was added 

to the mixture. The mixture was allowed to stir at room temperature for an additional 2 

hours. Water was added (5 mL) and extracted into 3x10 mL CH2Cl2. The organic phase 

was dried over MgSO4 and the solvent was removed in vacuo. The crude material was 

purified by flash column chromatography using CH2Cl2/Hexane (1:1) as eluent. The title 

compound was obtained as a light green powder. Yield: 40 mg, 37%. ATR: ν(Mn≡N) = 

1042 cm-1. MALDI-MS m/z: 637.79 (100%). 1H NMR (500 MHz, CDCl3): δ = 8.03 (s, 1H), 

7.97 (s, 1H), 7.56 (d, J = 2.0 Hz, 1H), 7.53 (d, J = 1.8 Hz, 1H), 7.41 (s, 1H), 7.36 (s, 1H), 

3.53 (m, 1H), 3.03 (m, 1H), 2.68 (m, 1H), 2.52 (d, J = 11.2 Hz, 1H), 2.07 (d, J = 8.1 Hz, 

2H), 1.55 (m, 2H), 1.47 (s, 9H), 1.43 (s, 9H), 1.41 (m, 2H); 19F NMR (400 MHz, CDCl3): δ 

= -61.45, -61.50. Anal. Cald (%) for C30H34F6MnN3O2: C 56.52, H 5.38, N 6.59; Found: C 

56.75, H 5.10, N 6.81. Slow evaporation of a concentrated CH2Cl2/MeOH solution yielded 

block green crystals suitable for X-ray analysis. 
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(N,N’-bis(3-tert-butyl-5-dimethylaminosalicylidene))-1R,2R-(-)-1,2-cyclohexanediamine 

manganese chloride (Mn(SalNMe2)Cl): 

 

Mn(OAc)2•4H2O (100 mg, 0.4 mmol) was added to a refluxing EtOH solution (2 

mL) of H2SalNMe2 (105 mg, 0.2 mmol). The orange solution slowly turned brown and was 

allowed to stir at reflux for 4 hours, at which point solid LiCl (25 mg, 0.6 mmol) was added 

and the mixture was refluxed for an additional 2 hours. The mixture was removed from the 

heat and the solvent was removed in vacuo. The crude material was dissolved in CH2Cl2 

(15 mL) and passed through a pad of silica. The solvent was again removed in vacuo and 

the crude residue was dissolved in hot acetonitrile (2 mL). The hot mixture was placed in 

an ice bath for 30 minutes and dark brown microcrystals were collected via filtration. Yield: 

55 mg, 48%. MALDI-MS m/z: 610.69 (100%, [M+H]); Anal. Cald (%) for C32H46ClMnN4O2: 

C 63.10, H 7.61, N 9.20; Found: C 63.20, H 7.40, N 8.98. 

(N,N’-bis(3-tert-butyl-5-dimethylaminosalicylidene))-1R,2R-(-)-1,2-cyclohexanediamine 

manganese azide (Mn(SalNMe2)N3): 

 

Mn(SalNMe2)Cl (30 mg, 0.05 mmol) was dissolved in a 1:1 mixture of 

dichloromethane and methanol (2 mL total). The mixture was stirred at room temperature 

and an aqueous solution of NaN3 (6.5 mg,  0.1 mmol, 100 μL) was added. The brown 

solution was stirred for 1 hour and the solvent was removed in vacuo. The crude material 

was redissolved in dichloromethane (5 mL) and passed through a pad of celite. The 

solvent was again removed in vacuo and the crude material dissolved in hot acetonitrile 
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(5 mL). The hot mixture was placed in an ice bath and dark brown microcrystals were 

collected via filtration. Yield: 30 mg, 98%. IR (neat): ν(N3) = 2050 cm-1. Anal. Cald (%) for 

C32H46MnN7O2: C 62.42, H 7.53, N 15.92; Found: C 62.06, H 7.70, N 15.77. 

(N,N’-bis(3-tert-butyl-5-dimethylaminosalicylidene))-1R,2R-(-)-1,2-cyclohexanediamine 

manganese nitride (Mn(SalNMe2)N): 

 

A quartz photolysis chamber was charged with Mn(SalNMe2)N3 (30 mg, 0.05 mmol). 

30 mL of benzene was added and the suspension was irradiated for 24 hours with stirring. 

Following irradiation, the benzene was removed in vacuo and the crude material was 

purified via flash column chromatography using dichloromethane/methanol (19:1) as 

eluent (Rf = 0.4). The title compound was obtained as a dark brown powder. Yield: 17 mg, 

60%. IR (neat): ν(Mn≡N) = 1045 cm-1. MALDI-MS m/z: 587.06 (100%). 1H NMR (500 MHz, 

CD2Cl2): δ = 7.99 (d, J = 1.7 Hz, 1H), 7.93 (d, J = 1.9 Hz, 1H), 7.13 (d, J = 3.1 Hz, 1H), 

7.11 (d, J = 3.2 Hz, 1H), 6.48 (d, J = 3.1 Hz, 1H), 6.43 (d, J = 3.2 Hz, 1H), 3.48 (m, 1H), 

2.99 (t, J = 11.3 Hz, 1H), 2.79 (s, 6H), 2,78 (s, 6H), 2.65 (d, J = 9.5 Hz, 1H), 2.48 (d, J = 

12.5 Hz, 1H), 1.98 (d, J = 8.5 Hz, 2H), 1.44 (s, 9H), 1.39 (s, 9H). Anal. Cald (%) for 

C32H46MnN5O2: C 65.40, H 7.89, N 11.92; Found: C 65.12, H 7.82, N 11.56. Slow 

evaporation of a concentrated dichloromethane/methanol solution yielded block-brown 

crystals suitable for X-ray analysis. 

Mn(SalR)15N3: 
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Mn(SaltBu)Cl (100 mg, 0.16 mmol) was dissolved in a 1:1 mixture of 

dichloromethane and methanol (6 mL total). The mixture was stirred at room temperature 

and an aqueous solution of terminally labelled Na15N3 (20 mg, 0.30 mmol, 300 μL) was 

added. The brown solution was stirred at room temperature for 1 hour, after which the 

solvent was removed in vacuo. The crude material was then dissolved in dichloromethane 

(10 mL) and passed through a pad of celite. The solvent was again removed in vacuo and 

the crude material dissolved in hot acetonitrile. The hot mixture was placed in an ice bath 

and dark brown microcrystals were collected via filtration. Yield: 75 mg, 75%. The 15N 

labelled Mn(SalCF3)15N3 and Mn(SalNMe2)15N3 compounds were prepared following the 

same procedure. 

50% 15N labelled Mn(SaltBu)N: 

 

A quartz photolysis chamber was charged with Mn(SaltBu)15N3 (75 mg, 0.12 mmol). 

40 mL of benzene was added and the suspension was irradiated for 24 hours with stirring. 

Following irradiation, the benzene was removed in vacuo and the crude material was 

purified via flash column chromatography using dichloromethane as eluent (Rf = 0.6). The 

title compound was obtained as a dark green powder. Yield: 50 mg, 70%. IR (neat): 

ν(Mn≡14N) = 1043 cm-1; ν(Mn≡15N) = 1016 cm-1. The 50% 15N labelled Mn(SalCF3)N and 

Mn(SalNMe2)N compounds were prepared following the same procedure as for the tBu 

derivative. IR (neat) 50% Mn(SalCF3)15N: ν(Mn≡14N) = 1042 cm-1; ν(Mn≡15N) = 1014 cm-1. 

IR (neat) 50% Mn(SalNMe2)15N: ν(Mn≡14N) = 1045 cm-1; ν(Mn≡15N) = 1020 cm-1. 
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[Mn(SaltBu)][SbF6]: 

 

Under an inert atmosphere, Mn(SaltBu)N (50 mg, 0.08 mmol) was dissolved in 10 

mL dry CH2Cl2. AgSbF6 (27 mg, 0.08 mmol) was added as a 1 mL CH2Cl2 solution. The 

mixture was stirred for 10 minutes, at which point a silver mirror had formed. The mixture 

was filtered and passed through a pad of celite (9:1 CH2Cl2/MeOH) and recrystallized in 

1:1 CH2Cl2/MeOH mixture to yield [Mn(SaltBu)][SbF6] quantitatively (68 mg). Solution 

magnetic moment (1H Evans method):112-113 μeff = 4.83 μB. MALDI-MS m/z = 599.32 [M-

SbF6] (100%). Anal. Cald (%) for C36H52F6MnN2O2Sb: C 51.75, H 6.27, N 3.35; Found: C 

51.58, H 6.03, N 3.18. 
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Chapter 5. Ongoing and Future Directions 

5.1. Thesis Summary 

This thesis presents the results from a number of projects focusing on the design, 

synthesis, electronic structure determination, and reactivity of oxidized mono and 

bimetallic complexes employing the salen ligand framework. Through a suite of 

experimental and theoretical methods, unique spectroscopic handles have been identified 

which can provide insight into both the geometry and electronic structure of ligand radical 

species. Outlined below are ongoing and future endeavors that build off of the results 

obtained and discussed in the previous chapters. 

5.2. Chapter 2 and Chapter 3 

Chapter 2 describes the photophysical properties of a series of bis-oxidized 

bimetallic Ni(Sal) complexes as a result of their electronic structure; whereas Chapter 3 

discusses the electronic structure of an analogous bimetallic Co(Sal) complex. Future 

work on the bimetallic salen constructs described could focus on reactivity (catalytic or 

stoichiometric) as a consequence of electronic structure, as well as the incorporation of 

NIR absorbing complexes into materials. In particular, the aggregate properties of [5••]2+ 

described in Chapter 2 should be investigated in depth. 

5.2.1. Reactivity of Bimetallic Salen Constructs 

Numerous reactivity studies involving metal-salen complexes have demonstrated 

second order kinetic dependence with respect to the metallosalen catalyst.142 As a means 

to enhance reactivity, multiple catalytic sites have been incorporated into the same 

molecule, and in many cases cooperativity was observed.172-176 Furthermore, bimetallic 

systems offer advantages over their monomeric counterparts via enhanced substrate 

binding and the stabilization of reactive intermediates. Rigid or flexible spacers can be 

used to target specific substrates which can interact with the binding pocket through weak 

non-covalent interactions. Future work in the area of the bimetallic salen complexes 

described in Chapters 2 and 3 should focus on reactivity as my current results establish 
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spectroscopic handles that can be used to identify specific geometries and electronic 

structures present during reactivity with substrate. 

5.2.1.1. C-H Fluorination 

Recently, Groves and co-workers developed a series of Mn porphyrin and Mn 

salen systems for the fluorination of benzylic and aliphatic C-H bonds, that make use of 

silver fluoride/tetrabutyl ammonium fluoride trihydrate or triethylamine trihydrofluoride as 

the fluorine source.460-463 Mn(Sal) systems were also proficient catalysts for late stage 

benzylic C-H fluorination with [18F]fluoride, demonstrating the broad applicability of this 

chemistry.461 The proposed mechanism follows a reaction pathway similar to that of 

cytochrome P450 (Scheme 5.1). Mn(III)(L)F (where L = porphyrin or salen) is formed in 

situ and oxidized to a formally Mn(V) species [(L)Mn(V)(O)F] which, analogous to 

Compound I, abstracts a hydrogen atom from the substrate, forming a Mn(IV) species. 

Radical rebound with the Mn(IV)(L)F2 species, which could be formed via displacement of 

the hydroxyl group by a second equivalent of F-, generates the fluorinated product. 

Immediate radical rebound with the Mn(IV) hydroxylated species before OH- displacement 

by fluoride results in undesired reactivity resulting in oxygenated species (alcohols and 

ketones).  

Scheme 5.1. Proposed catalytic cycle for the manganese porphyrin/salen-catalyzed C-
H fluorination reactions reported by Groves and co-workers.460-463 The 
ellipsoid represents the porphyrin/salen ligand. Ethylbenzene is used as an 
example substrate. 
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We envision potential improvements to this chemistry through methodologies 

explored in this thesis. First, employment of bimetallic catalysts may increase the local 

concentration of Mn-F species for immediate fluorine rebound following hydrogen atom 

abstraction, reducing the amount of undesired oxygenated products. Second, through 

careful tuning of the electronics by para group substitution (as described in Chapter 4) the 

reactivity of the hydrogen atom abstracting species may be tunable to enhance rate and 

selectivity of the fluorination catalysts. 

Initial studies have been undertaken, with the preparation of two bimetallic Mn 

complexes for potential use as C-H fluorination catalysts. We employ the 1,2-phenylene 

spacer and the xanthene spacer in order to investigate the influence of metal distance and 

orientation on the reactivity of the catalysts. The achiral diamine backbone employed in 

Chapters 2 and 3 has been replaced with a chiral cyclohexane backbone for potential 

asymmetric activity. The monomeric analogue was also prepared in order to compare the 

activity of bimetallic complexes with monomeric analogues. We also employ the more 

labile triflate anion as this has been shown to be more active in 18F fluorination studies 

(Figure 5.1, see Section 5.4 for experimental details).461 

 

Figure 5.1. Mono and bimetallic Mn complexes prepared for use as fluorination 
catalysts. 

Current results using 4-ethylbiphenyl as substrate show comparable activity to the 

Groves system for the monomeric complex (~6:1 fluorinated to oxygenated product, as 

characterized by 1H/19F NMR and MALDI-MS, see Section 5.4 for experimental details). 

Future work should focus on the activity of the bimetallic catalysts, with further 

modifications to the geometry (different spacer groups) and electronic structure (different 

para substituents) dependent on initial results. 
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5.2.1.2. Oxidative Transformations 

The incorporation of oxidized functions into organic molecules is an inherently 

difficult challenge; the catalysts that do so often contain precious, rare-earth metals such 

as rhodium, iridium, and platinum. Nature has developed metalloenzymes capable of 

selective substrate oxidation using first row transition metals and mild oxidants (O2/H2O2), 

and many structural and functional small molecule models have been developed.59-60, 464 

Future reactivity studies employing the binucleating ligands used in Chapters 2 and 3 (and 

their chiral analogues described above) should be geared towards oxidative 

transformations such as those depicted in Figure 5.2. The use of different spacer groups 

allows for the preparation of a small library of complexes with variation of the distance and 

angle between the metal centres to tune the affinity of the binding pocket to specific 

substrates. Initial studies on Co complexes for the nitro-aldol (Henry) reaction should be 

pursued, as this reaction has previously been shown to be enhanced by bimetallic 

effects.174, 351 Further reactivity studies with the bimetallic Co(Sal) complexes include the 

activation of small molecules such as O2 and quinones (such as 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone, DDQ), both of which are the appropriate size to fit inside the pocket 

created by the 1,2-phenylene spacer.160-161, 163-165, 352 Bimetallic Mn and Fe complexes 

should be prepared as these species could provide access to high-valent metal-oxo 

species for thioether oxidation and C-H hydroxylation.465-466 Finally, the addition of bulky 

monodentate ligands (L, in Figure 5.2) can be used to block peripheral substrate access 

to the metal centres, restricting substrate reactivity to the binding pocket. 

 

Figure 5.2. Potential oxidative transformations to be targeted by multimetallic 
complexes employing mild oxidants (O2/H2O2). 
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5.2.2. Aggregation of [5••]2+ 

Oxidation of the para dimer (5, Chapter 2) at low temperature or at concentrations 

above 0.5 mM results in aggregation which under the current experimental conditions is 

irreversible. While oxidation of dilute solutions of 5 at room temperature did result in the 

expected NIR transitions, significant broadening of the experimental spectra was observed 

likely due to minor aggregation occurring even at room temperature (Appendix A – Figure 

A14). Future studies should focus on understanding the aggregation process for [5••]2+, as 

well as further examination of the interesting photophysical properties of the aggregated 

species. Transmission electron microscopy (TEM) should be used to understand size and 

morphology of the aggregates, providing additional insight over the current DLS 

measurements. My results do suggest a solvent dependence to the observed aggregation 

(Figure 5.3), and this should be explored in more detail. 

 

Figure 5.3. (left) 1 mM solutions of [5••]2+ in CH2Cl2 and toluene; (right) dilution of a 
CH2Cl2 solution (1 mM) of [5••]2+ into toluene (0.2 mM final concentration) 
causes disaggregation of [5••]2+. The black spectrum is recorded at time 0, 
grey lines are recorded every 2.5 minutes until the red spectrum is reached 
(~25 minutes). Isobestic points at 5,000, 18,500, 24,500, and 26,500 cm-1 
indicate clean conversion from one species to another. 
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5.3. Chapter 4 

Chapter 4 outlines the preparation of a series of nitridomanganese(V) salen 

complexes of varying electron donating abilities. Oxidation of these complexes results in 

oxidative coupling of the nitride ligands or a stable ligand-radical species depending on 

the para substituent. The work described in Chapter 4 provides a starting point for many 

further studies on transition metal nitride complexes, including N-atom transfer reactions, 

and C-H bond activation. 

5.3.1. Mechanism for N-N Coupling 

While a number of reports attribute N-N coupling to nitridyl radical character in 

open shell systems (Figure 5.4),413, 415 our current results do not discount the possibility of 

coupling initiated by a donor/acceptor pathway, where nitride lone pair electrons are 

donated into a Mn≡N antibonding orbital (Figure 5.4B).439, 467 In isoelectronic Cr(V) 

systems, Bendix and co-workers demonstrate via elegant EPR studies that spin 

polarization at the nitride increases with elongation of the Cr-N triple bond.468 Initial 

donation from a nitride lone pair into the π* orbital could cause increased spin density to 

be shuttled onto the nitride, facilitating the coupling reaction. Why this is observed in the 

one-electron oxidized species and not the neutral Mn(SalR)N complexes requires further 

investigation, and DFT modelling of the reaction pathway in collaboration with Dr. Sam de 

Visser (Manchester) is currently ongoing, as well as attempts to detect any intermediates 

along the coupling pathway via parallel mode EPR.469-470 

Interestingly, in recent work reported by Ménard and co-workers, oxidation of a 

similar nitridomanganese complex with an unsubstituted salen ligand resulted in 

significant formation of an N-bridged species analogous to that which we initially set out 

to prepare.452 We do not observe this species in our work and speculate that this could be 

due to the use of sterically bulky ortho and para substituents. In addition, the 

crystallographically characterized Mn(III) species described in Chapter 4 exhibits a strong 

counterion interaction (2.255 Å Mn-F distance in the solid-state), and the use of the bulky 

B(C6F5)4
- by Ménard and co-workers may limit the stabilization of the Mn(III) adduct 

observed. 
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Figure 5.4. (A) Orbital interactions involved in a radical coupling pathway. (B) Orbital 
interactions involved in a donor/acceptor coupling pathway. Adapted from 
reference 415. 

5.3.2. N-Atom Transfer 

Transition metal nitrides have found exceptional utility as nitrene transfer reagents 

and future studies should be geared toward investigating the applicability of the complexes 

described in Chapter 4 towards N-atom transfer reactivity. Preliminary reactions with 

phosphines471 or alkyl radicals such as Gomberg’s dimer (Ph3C(C6H5)=CPh2)393, 472 may 

provide insight into the applicability of these systems towards one or two-electron 

chemistry (Figure 5.5). Gomberg’s dimer exists in a temperature dependent equilibrium in 

which the radical is only ~2% abundant at room temperature.473 Goldberg and co-workers 

have very recently reported a series of Gomberg’s dimer derivatives which exist 

exclusively as monomers in solution at room temperature for investigation of the oxygen 

rebound mechanism observed in cytochrome P450 and its models.474 Reactivity of these 

derivatives with the oxidized nitridomanganese complexes should be investigated. 

To determine the feasibility of two electron nitrogen transfer chemistry, reaction 

with phosphines to form phosphoraneiminato ligands should be undertaken. Similar 

reactivity has been reported for Fe nitride complexes.394-395, 471 Depending on the results 

of phosphine reactivity, nitrogen transfer to other substrates such as CO, isonitriles, and 

alkenes may be possible under the right conditions. Avenues for minimizing the 

background N-N coupling reaction through the use of dilute solutions of Mn complex or 

via addition of large excess of substrate could be explored. 



139 

 

Figure 5.5. Exploratory reactions with phosphines (left) and Gomberg’s dimer (right) to 
investigate the feasibility of one and two-electron reactivity pathways. 

5.3.3. C-H Bond Activation 

A further goal of the chemistry described in Chapter 4 is the ability to use high-

valent Mn nitride compounds for the activation of C-H bonds. Inspired by metalloenzymes 

such as cytochrome P450, metal-oxo complexes have found great utility for C-H bond 

activation,464, 475-477 and the analogous metal-imido species are also known.478-479 C-H 

bond activation by metal-nitrido species is rare,409, 480-481 however ligand insertion reactions 

have been reported for nitrides of Ru,482-483 Ir,415 U,484 Fe,485 Co,412, 486 and Ni.416 Using the 

well characterized [RuVI(Sal)(MeOH)N]+,410-411 Lau and co-workers have demonstrated 

elegant intermolecular C-H bond activation of a number of aliphatic and benzylic C-H 

bonds in the presence of pyridine through initial hydrogen atom transfer (HAT, Figure 

5.6).409 Chapter 4 demonstrated the ability to tune the reactivity of the metal nitrido 

fragment using ligand electronics, and future studies could focus on the applicability of 

these systems towards intermolecular C-H activation analogous to those reported by Lau 

and co-workers. Finding conditions that slow or eliminate the current N-N coupling 

pathway in order to facilitate favorable reactivity is of immediate interest. While the 

background N-N coupling reactivity of the electron deficient systems described in Chapter 

4 (R = tBu and CF3) may be too fast to be synthetically useful (t1/2 of ca. 4 hrs for R = tBu 

and 1.5 hrs for R = CF3 at 195 K, and ca. seconds at 298 K) at the current concentrations 

investigated (0.2 mM),125 dilute solutions or reactions carried out with a large excess of 

substrate (e.g. xanthene, BDE = 75.5 kcal mol-1)409 may allow for competitive reaction over 

the N-N background decay. Based on initial results, mechanistic details of the C-H 

activation process should be investigated and the role of peripheral ligand electronics 

assessed for their influence on the product profile. DFT calculations should be used to 

investigate the mechanisms of C-H bond activation reactions, with future 

nitridomanganese complex modifications being informed by the computed reactivity 

pathways. 
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Figure 5.6. Intermolecular C-H bond activation with a Ru nitride supported by the salen 
framework reported by Lau and co-workers.409 

Finally, the electron rich R = NMe2 derivative (which upon oxidation is stable in 

solution at 298 K) may also allow for interesting reactivity under the right conditions. 

Although stable as a ligand-radical at 298 K, strategies for activation of [Mn(SalNMe2)N]+ in 

the presence of substrate include photoactivation, and protonation of the para NMe2 

groups. 

5.3.3.1. Photolysis of [MnV(SalNMe2)N]•+ 

Previous work by other groups demonstrates that photoactivation of transition 

metal nitrides can result in activation reactions at the ancillary ligands or solvent.412, 416, 484, 

486-487 Initial photolysis experiments with [MnV(SalNMe2)N]•+ suggest that exposure to 365 

nm UV light induces homocoupling of the nitrides on the basis of UV-vis data and MALDI-

MS data (MnIII(SalNMe2) m/z = 573.30; Figure 5.7). This could occur via a metal-to-ligand 

charge transfer mechanism, although direct activation of the nitride cannot be discounted 

at this time. As detailed in Chapter 4 for the tBu and CF3 derivatives, detection of 15N2 in 

the headspace of [MnV(SalNMe2)N]•+ following oxidation should be undertaken. Strikingly, 

if the photolysis reaction is carried out in toluene, MS data suggests [MnV(SalNMe2)N]•+ 

activates the C-H bonds of the solvent (m/z = 678.36, BDE = 89.8 kcal mol-1). Like the N-

atom transfer chemistry described above, of immediate concern is finding conditions that 

slow or eliminate the background N-N coupling pathway in order for reaction with substrate 

to occur competitively. It is possible that highly dilute solutions of [Mn(SalNMe2)N]+ with 

excess substrate may allow for C-H bond activation chemistry once subjected to 

photolysis. The product profile and mechanistic details of potential C-H bond reactivity via 
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photolysis should be explored, as this may provide a method for the direct amination of 

unreactive C-H bonds.488  

 

Figure 5.7. UV-vis-NIR spectra of Mn(SalNMe2)N (black), [MnV(SalNMe2)N]•+ (red), and 
after irradiation for ~5 minutes with a long wavelength UV lamp (λex = 365 
nm). Inset: photographs of [MnV(SalNMe2)N]•+ before and after irradiation. 

Conditions: 1 mM complex, oxidized with 1 eq. of AgSbF6 and filtered, 1 cm pathlength, 
CH2Cl2, 298 K. 

Due to the ability to prepare Mn(SalR)N via photolysis of the corresponding azido 

complexes, and depending on the initial reactivity results in the presence of substrate, it 

may be possible to combine photoactivation of MnIII(SalR)N3 (E1/2 ~ 0.8 V vs Fc
+/Fc) with in 

situ oxidation of the resultant MnV(SalR)N (E1/2 = 0.0 – 0.4 V vs Fc
+/Fc) to [Mn(SalR)N]+ into 

a photoelectrocatalytic cycle for the activation of C-H bonds (Scheme 5.2). This is made 

possible due to the lower oxidation potential of the nitridomanganese complex formed 

after photolysis relative to the oxidation potential of the parent azido complex. Selection 

of a chemical oxidant with an oxidation potential higher than MnV(SalR)N but lower than 

MnIII(SalR)N3 will selectively oxidize the photogenerated MnV(SalR)N. This could be done 

with either a chemical oxidant ([N(C6H4Br)3]+, Ag+)107 or with a large surface area electrode 

at a set potential. With a suitable choice of oxidant, this proposed cycle is applicable to all 

Mn(SalR)N species. 
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Before reactivity in the presence of substrates is studied, azide photolysis followed 

by nitride coupling in the presence of a suitable oxidant and excess azide should be 

undertaken to determine the feasibility of Scheme 5.2 (A  B  C  E A…). Addition 

of a large excess of azide to Mn(III) solutions and monitoring the loss of the azide stretch 

in the IR during photoelectrolysis should provide a spectroscopic handle to monitor this 

reactivity.  

For reactions with substrate, N-N homocoupling in this case would not present a 

major disadvantage so long as the azide is added in significant excess. This reactivity 

would present a major advancement in the direct amination of C-H bonds using a 

photoelectrocatalytic cycle. Stoichiometric C-H activation studies investigated previously 

will inform the initial substrate scope as well as the conditions required for efficient 

hydrogen atom transfer (HAT) steps. 

Scheme 5.2. Proposed photoelectrochemical catalytic cycle for the activation of C-H 
bonds with Mn(SalR)N. The ellipsoid represents the salen ligand. 
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5.3.3.2. Protonolysis of [MnV(SalNMe2)N]•+ 

DFT calculations suggest a shift in the oxidation locus from ligand to metal via the 

addition of two equivalents of H+ (Figure 5.8). The cyclic voltammograms of Mn(SalNMe2)N 

in the presence of 1 and 2 equivalents of [H(Et2O)2][BF4] are presented in Figure 5.9. The 

separation of the first two redox events in Mn(SalNMe2)N changes from 170 mV to 630 mV 

upon the addition of one equivalent of acid, as after protonation of one NMe2 group the 

corresponding phenoxide is more difficult to oxidize (Table 5.1). Addition of a second 

equivalent of acid results in significant changes to the CV spectrum. The first oxidation 

event shifts to more positive potentials, and an irreversible reduction process appears at 

ca. -0.5 mV. Analysis of the scan-rate dependence (Figure 5.10) suggests a change in 

electronic structure due to the lack of reversibility in the first oxidation process, and its 

similarity to the scan rate dependence of both R = tBu and CF3 derivatives (Chapter 4) is 

suggestive of N-N homocoupling. Mn(SalNMe2)N remains quasi-reversible in the absence 

of acid at all scan rates studied as shown on the right of Figure 5.10. Protonation of the 

terminal NMe2 groups may provide a mechanism to activate [Mn(SalNMe2)N]+ towards 

reactivity with substrates as a triply charged species may be less likely to undergo 

homocoupling reactivity to yield N2. Experiments should be undertaken to determine the 

degree of background N-N homocoupling (if any) in the presence of 2 equivalents of acid 

at both 195 and 298 K. Following these experiments, reactivity in the presence of substrate 

should be investigated.  

 

Figure 5.8. Spin density plots for [Mn(Sal(NHMe2)(NMe2)N]2+ and [Mn(SalNHMe2)N]3+. See 
the Experimental Section in Chapter 4 for calculation detalis. 



144 

 

Figure 5.9. Cyclic voltammograms of Mn(SalNMe2)N in the presence of 1 and 2 
equivalents of [H(Et2O)2][BF4]. 

Conditions: 1 mM complex, 0.1 M nBu4NClO4, scan rate 100 mV s-1, CH2Cl2, 233 K. 

Table 5.1. Redox potentials for Mn(SaltBu)N (+ 1 and 2 eq. [H(Et2O)2][BF4]) versus 
Fc

+/Fc
a,b. 

 Epa
1 Epc

2 E1/2
1 Epa

2 Epc
2 E1/2

2 ΔE1/2 

Mn(SalNMe2) 0.03 -0.21 -0.07 (0.19) 0.20 0.00 0.10 (0.20) 0.170 
+ 1 eq. [H(Et2O)2][BF4] -0.3 -0.07 -0.19 (0.23) 0.54 0.34 0.44 (0.20) 0.630 
+ 2 eq. [H(Et2O)2][BF4] 0.07 0.2 0.14 - - - - 

aGiven in volts, peak-to-peak separation in parentheses. bPeak-to-peak difference for Fc+/Fc couple at 233 K is 0.16 V. 
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Figure 5.10. Scan rate dependence of Mn(SalNMe2)N with two equivalents of 
[H(Et2O)2][BF4] (left) and without (right). 

Conditions: 1 mM complex, 0.1 M nBu4NClO4, CH2Cl2, 233 K. Black: 10 mV s-1; red: 25 
mV s-1; green: 50 mV s-1; blue: 100 mV s-1; purple: 200 mV s-1; orange: 500 mV s-1; yellow: 
1000 mV s-1. 

5.3.4. Oxidation of Ammonia to H2 and N2 

Ammonia production from its elements H2 and N2, as well as the reverse reaction 

(oxidation of ammonia) represent fundamental steps in the development of NH3 as a 

nitrogen-based fuel and hydrogen storage medium.489-492 Despite the successes of 

homogenous transition-metal-catalyzed N2 reduction chemistry by the groups of 

Schrock,383 Nishibayashi,384, 493-495 Peters,496-498 and others,499-500 much less is known 

about H2 formation following NH3 activation. NH3 represents an ideal hydrogen storage 

medium due it its high capacity (17.6% wt. H2), low cost (~$1.5 kg-1 H2), and ease of 

handling (-33 °C b.p.).501-502 Activation of the N-H bonds in NH3 has been achieved through 

oxidative addition,503-506 deprotonation,507 cooperative reactions between the ligand and 

the metal,508-510 or through multimetallic reaction pathways;511 however, in many cases 

formation of H2 is not observed following N-H bond cleavage.506 Recent efforts in the Chirik 

group demonstrate that upon coordination to low-valent Mo(I/II), the N-H bonds in NH3 are 

weakened from ~100 kcal mol-1 to ~45 kcal mol-1 allowing for the spontaneous evolution 

of H2 upon gentle heating in benzene (Scheme 5.3).512-513 
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Scheme 5.3. Spontaneous hydrogen evolution from a low-valent Mo-NH3 complex 
reported by Chirik and co-workers.512 

 

The work described in Chapter 4 represents the final step in the ammonia oxidation 

sequence and future efforts should be geared toward accessing and activating NH3 

adducts of electron-deficient Mn-salen systems (and other ligand platforms) for H2 

generation. 

5.4. Experimental 

5.4.1. Protocol for C-H Fluorination of 4-Ethylbiphenyl 

The protocol for C-H fluorination reactions follows that outlined by Groves and co-

workers.514 To a Schlenk flask was added the substrate (4-ethylbiphenyl), catalyst (20 

mol%), and 3 equivalents of AgF. The flask was then filled and evacuated with N2 three 

times and a MeCN solution of triethylamine trihydrofluoride was added via syringe. The 

mixture was then heated at 50 °C with stirring. An equivalent of PhIO (as prepared 

according to reference 454) was added slowly while the reaction mixture was under a 

positive flow of N2. A further equivalent of PhIO was added every hour during the 

fluorination reaction until no further product was detected by TLC. The reaction mixture 

was then removed from the heat, diluted with CH2Cl2 and filtered through a short pad of 

silica. Finally, the solvent was removed in vacuo and the crude material purified via flash 

column chromatography using 2.5% ethyl acetate in hexanes as eluent. 

5.4.2. Synthesis 

2-((E)-1-(((1R,2R)-2-aminocyclohexyl)imino)ethyl)-4,6-di-tert-butylphenol (1): 
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1-(3,5-di-tert-butyl-2-hydroxyphenyl)ethan-1-one (500 mg, 2 mmol) was added to 

a stirring ethanol solution (25 mL) of 1,2-diaminocyclohexane (350 mg, 3 mmol). The 

mixture was stirred vigorously for 48 hours, during which it changed to a bright yellow 

colour. The solvent was removed in vacuo and the crude material was passed through a 

pad of silica. Ethyl acetate was used to elute the high Rf fractions, followed by 10% MeOH 

in ethyl acetate to elute the product. The solvent was removed and the product was 

collected as a fine yellow powder. Yield: 450 mg, 65%. MALDI-MS m/z: 344.28 (100%). 

1H NMR (500 MHz, CDCl3): δ = 7.41 (d, J = 2.4 Hz, 1 H), 7.39 (d, J = 2.4 Hz, 1H), 3.35 

(ddd, J = 11.1, 8.9, 4.2 Hz, 1H), 3.01 (ddd, J = 11.0, 8.9, 4.0 Hz, 1H), 2.41 (s, 3H), 1.45 

(s, 9H), 1.32 (s, 9H). 

3-(tert-butyl)-5-((E)-(((1R,2R)-2-(((E)-1-(3,5-di-tert-butyl-2-hydroxyphenyl)ethylidene) 

amino)cyclohexyl)imino)methyl)-[1,1’-biphenyl]-4-ol (2): 

 

To a solution of 1 (40 mg, 0.12 mmol) in MeOH (5 mL) was added solid 5-(tert-

butyl)-4-hydroxy-[1,1’-biphenyl]-3-carbaldehyde (30 mg, 0.12 mmol; prepared according 

to reference 206). The mixture was stirred at reflux for 1 hour during which time a fine 

yellow precipitate formed. The powder was collected by suction filtration and washed with 

cold MeOH (3x2 mL). Yield: 68 mg, 98%. MALDI-MS m/z: 580.41 (100%). 1H NMR (500 

MHz, CD2Cl2): δ = 8.41 (s, 1H), 7.47 (d, J = 2.3 Hz, 1H), 7.43 (m, 1H), 7.41 (d, J = 1.2 Hz, 

1H), 7.37 (m, 2H), 7.31 (d, J = 2.4 Hz, 1H), 7.26 (m, 2H) 7.18 (d, J = 2.3 Hz, 1H), 3.89 – 

3.74 (m, 1H), 3.49 – 3,38 (m, 1H), 2.30 (s, 3H), 1.44 (s, 9H), 1.42 (s, 9H), 1.22 (s, 9H). 
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3-(tert-butyl)-5-((E)-(((1R,2R)-2-(((E)-1-(3,5-di-tert-butyl-2-hydroxyphenyl)ethylidene) 

amino)cyclohexyl)imino)methyl)-[1,1’-biphenyl]-4-ol manganese (III) triflate (3): 

 

To a refluxing solution of 2 (100 mg, 0.17 mmol) in EtOH (5 mL) was added solid 

Mn(OAc)2•4H2O (127 mg, 0.52 mmol). The mixture slowly turned from yellow to dark 

brown and was stirred at reflux for 2 hours, after which it was removed from the heat and 

the solvent was removed in vacuo. The crude reside was dissolved in an acetone/MeOH 

solution (4 mL:3 mL) and passed through a plug of Celite. To the brown solution was 

added 6 mL of 0.5 M triflic acid and the mixture was stirred vigorously for 30 minutes, after 

which point the organic layer was separated, and concentrated in vacuo to result in a 

brown powder. The crude powder was recrystallized from CHCl3/hexanes to yield 3 as a 

microcrystalline material. Yield: 110 mg, 81%. MALDI-MS m/z: 782.29 (100%). Anal. Cald 

(%) for C40H50F3MnN2O5S: C 61.37, H 6.44, N 3.58, S 4.10; Found: C 61.02, H 6.21, N 

3.42, S 4.48. Solution magnetic moment (1H Evans’ Method112-113): μeff = 4.88 μB. 

3,3’’-di-tert-butyl-5,5’’-bis((E)-(((1R,2R)-2-(((E)-1-(3,5-di-tert-butyl-2-hydroxyphenyl) 

ethylidene)amino)cyclohexyl)imino)methyl)-[1,1’:2’,1’’-terphenyl]-4,4’’-diol (4): 

 

To a stirring solution of 1 (88 mg, 0.25 mmol) in dichloroethane (2 mL, 3 Å mol. 

sieves) under N2 was added a solution of 5,5’’-di-tert-butyl-4,4’’-dihydroxy-[1,1’:2’,1’’-

terphenyl]-3,3’’-dicarbaldehyde (50 mg, 0.12 mmol; prepared according to reference 206) 
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in dichloroethane (2 mL). The mixture was stirred at reflux for 20 hours, after which point 

it was removed from the heat and the mol. sieves filtered off. The solvent was removed in 

vacuo and the crude material was purified by flash column chromatography using 10% 

ether in petroleum ether as eluent. Yield: 98 mg, 78%. MALDI-MS m/z: 1082.73 (100%). 

1H NMR (500 MHz, CD2Cl2): δ = 8.31 (s, 2H), 7.34 (d, J = 2.3 Hz, 2H), 7.29 (m, 2H), 7.28 

(d, J = 2.4 Hz, 2H), 7.20 (dd, J = 5.7, 3.2 Hz, 2H), 6.96 (d, J = 2.2 Hz, 2 H), 6.72 (d, J = 

2.2 Hz, 2H), 3.81 (m, 2H), 3.39 (m, 2H), 2.30 (s, 6H), 1.43 (s, 18H), 1.24 (s, 18H), 1.03 (s, 

18H). 

3,3’’-di-tert-butyl-5,5’’-bis((E)-(((1R,2R)-2-(((E)-1-(3,5-di-tert-butyl-2-hydroxyphenyl) 

ethylidene)amino)cyclohexyl)imino)methyl)-[1,1’:2’,1’’-terphenyl]-4,4’’-diol manganese 

(III) triflate (5): 

 

To a refluxing solution of 4 (100 mg, 0.09 mmol) in EtOH (5 mL) was added solid 

Mn(OAc)2•4H2O (55 mg, 0.21 mmol). The mixture slowly turned from yellow to brown and 

was stirred at reflux for 4 hours. The mixture was then removed from the heat, 

concentrated in vacuo and the crude residue redissolved in a mixture of acetone/MeOH 

(4:3, 7 mL total). Triflic acid (30 equivalents, 0.25 mL in 5.5 mL H2O) was added and the 

mixture was stirred vigorously for 30 minutes, and then extracted into CH2Cl2. The solvent 

was reduced and pentane added dropwise to precipitate a fine brown powder which was 

collected by suction filtration. Yield: 88 mg, 61%. MALDI-MS m/z: 1486.57 (100%). Anal. 

Cald (%) for C74H94F6Mn2N4O10S2: C 59.75, H 6.37, N 3.77, S 4.31; Found: C 59.46, H 

6.12, N 3.72, S 4.68. 

6-6’-((1E,1’E)-(((1R,1’R)-(((1E,1’E)-((2,7-di-tert-butyl-9,9-dimethyl-9H-xanthene-4,5-

diyl)bis(5-(tert-butyl)-6-hydroxy-3,1-phenylene))bis(methaneylyidene))bis 
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(azaneylyidene))bis(cyclohexane-2,1-diyl))bis(azaneylyidene))bis(ethan-1-yl-1-

ylidine))bis(2,4-di-tert-butylphenol) (6): 

 

To a stirring solution of 1 (100 mg, 0.29 mmol) in dichloroethane (4 mL, 3 Å mol. 

sieves) was added a dichloroethane solution (4 mL) of 5,5’-(2,7-di-tert-butyl-9,9-dimethyl-

9H-xanthene-4,5-diyl)bis(3-(tert-butyl)-2-hydroxybenzaldehyde) (98 mg, 0.14 mmol; see 

Chapter 2, Scheme 2.1 – Compound 6). The mixture was stirred at reflux for 20 hours, at 

which point it was removed from the heat and the mol. sieves filtered off. The solvent was 

removed in vacuo and the crude material was purified by flash column chromatography 

using 3% ether in petroleum ether as eluent. Yield: 168 mg, 87%. MALDI-MS m/z: 1326.99 

(100%). 1H NMR (500 MHz, CD2Cl2): δ = 7.33 (d, J = 2.4 Hz, 2H), 7.24 (q, J = 2.4 Hz, 4H), 

7.14 (d, J = 2.2 Hz, 2H), 7.05 (d, J = 2.2 Hz, 2H), 7.02 (d, J = 2.4 Hz, 2H), 3.91 (m, 2H), 

3.67 (m, 2H), 2.32 (s, 6H), 1.67 (s, 6H), 1.35 (s, 18H), 1.29 (s, 18H), 1.19 (s, 18H), 1.14 

(s, 18H). 

6-6’-((1E,1’E)-(((1R,1’R)-(((1E,1’E)-((2,7-di-tert-butyl-9,9-dimethyl-9H-xanthene-4,5-

diyl)bis(5-(tert-butyl)-6-hydroxy-3,1-phenylene))bis(methaneylyidene))bis 

(azaneylyidene))bis(cyclohexane-2,1-diyl))bis(azaneylyidene))bis(ethan-1-yl-1-

ylidine))bis(2,4-di-tert-butylphenol) manganese (III) triflate (7): 

 

To a refluxing solution of 6 (120 mg, 0.09 mmol) in EtOH (10 mL) was added solid 

Mn(OAc)2•4H2O (60 mg, 0.21 mmol). The mixture slowly turned from yellow to brown and 

was stirred at reflux for 4 hours. The mixture was then removed from the heat, 
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concentrated in vacuo and the crude residue redissolved in a mixture of acetone/MeOH 

(4:3, 7 mL total). Triflic acid (30 equivalents, 0.25 mL in 5.5 mL H2O) was added and the 

mixture was stirred vigorously for 30 minutes, and then extracted into CH2Cl2. The solvent 

was reduced and pentane added dropwise to precipitate a fine brown powder which was 

collected by suction filtration. Yield: 86 mg, 55%. MALDI-MS m/z: 1730.64 (100%). Anal. 

Cald (%) for C91H118F6Mn2N4O11S2: C 63.11, H 6.87, N 3.23, S 3.70; Found: C 62.99, H 

6.59, N 3.02, S 3.92. 

5.4.3. Photolysis of [Mn(SalNMe2)N]•+ 

To a solution containing 2.5 mg Mn(SalNMe2)N in 2 mL dry CH2Cl2 (2.15 mM) was 

added 0.9 equivalents of AgSbF6 as a CH2Cl2 solution (7 mg AgSbF6 dissolved in 1 mL, 

injected 40 μL). The mixture turned from brown to red/purple and was stirred for 10 

minutes at room temperature before being filtered through a pad of celite to remove the 

Ag(0) precipitate. 500 μL of this solution was added to 500 μL of dry CH2Cl2 in a quartz 

UV-vis cell equipped with a Teflon cap. The solution was irradiated with UV light for 

approximately 5 minutes during which it changed from red to brown. 
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Appendix A.  Supplementary Information for Chapter 2 

 

Figure A1. 1H NMR of 8 recorded in CDCl3. Solvent peaks are denoted with an 
asterisk. Two tBu groups and the backbone methylene groups are very 
close to one another and integrate for 48 protons total. 

 

Figure A2. 1H NMR of 2 recorded in CDCl3. The solvent peak is denoted with an 
asterisk. Two tBu groups and the backbone methylene groups are very 
close to one another and integrate for 48 protons total. 
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Figure A3. 1H NMR of 10 recorded in CDCl3. The solvent peak is denoted with an 
asterisk. 

 

 

Figure A4. 1H NMR of 11 recorded in CDCl3. The solvent peak is denoted with an 
asterisk. 
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Figure A5. 1H NMR of 4 recorded in CDCl3. The solvent peak is denoted with an 
asterisk. Two tBu groups, as well as the backbone methylene groups are 
very close to one another – this region integrates for 48 protons total. 

 

Figure A6. 1H NMR of 13 recorded in CDCl3. The solvent peak is denoted with an 
asterisk. 
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Figure A7. 1H NMR of 5 recorded in CDCl3. Solvent peaks are denoted with asterisks. 
2 tBu groups are very close to one another – this region integrates for 36 
protons total. 

 

Figure A8. Q-band EPR spectrum of [2••]2+ recorded in frozen CH2Cl2 at 0.8 mM. 
Conditions: frequency = 33.92 GHz; power = 1.4 mW; modulation frequency = 100 kHz; 
modulation amplitude = 0.5 mT; T = 6 K. The red line represents simulation to the data 
using the paameters given in the text. The sharp peak originates from the monoradical 
[2•]+. 
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Figure A9. Curie-plot of the half-field signal for [2••]2+. 

 

Figure A10. X-band EPR spectrum of [4•]+ recorded in frozen CH2Cl2 at 1.4 mM. 
Conditions: frequency = 9.64 GHz; power = 2 mW;  modulation frequency = 100 kHz; 
modulation amplitude = 0.2 mT; T = 16 K. The red line represents simulation to the 
experimental data using the parameters: g1 = 2.062, g2 = 2.034, and g3 = 2.002. 
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Figure A11. Beers law plot for 2 (0.1 – 0.9 mM) in CH2Cl2 at 298 K. 

 

Figure A12. Beers law plot for 4 (0.1 – 0.9 mM) in CH2Cl2 at 298 K. 
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Figure A13. Beers law plot for 5 (0.1 – 0.9 mM) in CH2Cl2 at 298 K. 

 

Figure A14. DLS measurements of aggregates formed via low temperature oxidation of 
5 (left) and room temperature oxidation (right). Conditions: 0.33 mM, 
CH2Cl2. 
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Figure A15. Spin density plots for the triplet (S = 1) solutions of [2••]2+, [4••]2+, and [5••]2+. 

 

 

Figure A16. Kohn-Sham molecular orbitals of [2••]2+ (S = 1) associated with the 
calculated NIR transitions at 4,385 cm-1 (βHOMO  βLUMO+1; red arrow, 
oscillator strength, f = 0.0704) and 5,405 cm-1(βHOMO-1  βLUMO; black 
arrow; oscilltor strength, f = 0.3855). 
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Figure A17. Kohn-Sham molecular orbitals of [4••]2+ (S = 1) associated with the 
calculated NIR transitions at 4,935 cm-1 (βHOMO  βLUMO; black arrow; 
oscillator strength, f = 0.3971) and 5,530 cm-1 (βHOMO  βLUMO+1; red 
arrow; oscillator strength, f = 0.0931). 

 

 

Figure A18. Kohn-Sham molecular orbitals of [5••]2+ associated with the calculated NIR 
transitions at 4,300 cm-1 (βHOMO  βLUMO; black arrow; osccilator 
strength, f = 0.7111) and 5,605 cm-1 (βHOMO  βLUMO+1; red arrow; 
oscillator strength, f = 0.002). 
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Appendix B. Supplementary Information for Chapter 3 

 

Figure B1. Paramagnetic VT 1H NMR of Co2L2 in the regions 10  40 ppm and -5  
-30 ppm recorded in CD2Cl2. 
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Figure B2. Paramagnetic 1H NMR of (A) CoL1 and (B) [CoL1-H2O][SbF6]. Solvent 
peaks denoted by asterisks. 

 

Figure B3. Paramagnetic 1H NMR of (A) Co2L2 and (B) [Co2L2-2H2O][2SbF6]. 
Solvent peaks denoted by asterisks. 
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Appendix C Supplementary Information for Chapter 4 

 

Figure C1. 1H NMR spectra of Mn(SalR)N (R = CF3, green; tBu, black; NMe2, blue). 
Solvent peaks are denoted with asterisks. 

 

Figure C2. Cyclic voltrammograms of Mn(SaltBu)N (black line) and [Mn(SaltBu)][SbF6] 
(brown line) recorded in CH2Cl2 at 233 K. 
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Conditions: 1 mM complex, 0.1 M nBu4NClO4, scan rate 100 mV s-1, CH2Cl2, 233 K.  

 

Figure C3. Cyclic voltammograms of Mn(SaltBu)N showing the association of the 
reduction process with the reduced [Mn(SaltBu)]+. Stopping the scan before 
scanning over the first oxidation event (inducing N-N homocoupling, red 
line) results in no observable reduction process. 

 

Figure C4. Vis-NIR spectrum of Mn(SaltBu)N (black line) and [Mn(SaltBu)][SbF6] (red 
line) after addition of 1 equivalent AgSbF6. 

Conditions: 1 mM complex, 1 cm pathlength, CH2Cl2, 298 K. 
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Figure C5. Slow decay of [MnV(SalNMe2)N]•+ after room temperature oxidation with 
AgSbF6 over a 48 hour period at 0.2 mM. Intense absorptions at ~6,000 
cm-1 are due to the solvent. Employing ESI-MS, we see no evidence of 
multinuclear species up to 48 hours. Pathlength is 1 cm. 

 

Figure C6. Kinetics data for the decay of [MnVI(SaltBu)N]+ run in triplicate. See the 
experimental section for full details on oxidation experiments with 
[N(C6H3Br2)3][SbF6]. k2ave = 0.34 ± 0.04 M-1 s-1. 
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Figure C7. Kinetics data for the decay of [MnVI(SalCF3)N]+ run in triplicate. See the 
experimental section for full details on the oxidation experiments with 
[N(C6H3Br2)3][SbF6]. k2ave = 0.86 ± 0.09 M-1 s-1. 

Table C1. NBO analysis of [Mn(SalR)N]+ - alpha spin orbitals. 

R σ bond π bond π bond 

tBu 51.85% Mn 48.15% N 61.38% Mn 38.62% N 61.17% Mn 38.83% N 

s (12.90%) 
p (6.58%) 

d (80.51%) 

s (13.64%) 
p (86.22%) 
d (0.15%) 

s (0.07%) 
p (3.20%) 

d (96.73%) 

s (0.01%) 
p (99.84%) 
d (0.16%) 

s (2.54%) 
p (5.80%) 

d (91.66%) 

s (0.12%) 
p (99.71%) 
d (0.16%) 

CF3 53.49% Mn 46.51% N 60.49% Mn 39.51% N 63.14% Mn 36.86% N 

s (9.15%) 
p (5.11%) 

d (85.74%) 

s (13.12%) 
p (86.72%) 
d (0.15%) 

s (2.63%) 
p (8.05%) 

d (89.31%) 

s (0.00%) 
p (99.83%) 
d (0.16%) 

s (0.00%) 
p (2.89%) 

d (97.10%) 

s (0.13%) 
p (99.70%) 
d (0.17%) 

NMe2 49.10% Mn 50.90% N 50.96% Mn 49.04% N 53.00% Mn 47.00% N 

s (13.81%) 
p (2.46%) 

d (83.73%) 

s (15.02%) 
p (84.86%) 
d (0.12%) 

s (0.62%) 
p (17.22%) 
d (82.16%) 

s (0.00%) 
p (99.85%) 
d (0.15%) 

s (1.02%) 
p (12.72%) 
d (86.26%) 

s (0.01%) 
p (99.84%) 
d (0.15%) 

See the experimental section for calculation details. 

Table C2. NBO analysis of [Mn(SalR)N]+ - beta spin orbitals. 

R σ bond π bond π bond 

tBu 49.22% Mn 50.78% N 50.16% Mn 49.84% N 52.93% Mn 47.07% N 

s (8.26%) 
p (3.33%) 

d (88.40%) 

s (16.38%) 
p (83.48%) 
d (0.14%) 

s (0.96%) 
p (13.50%) 
d (85.54%) 

s (0.01%) 
p (99.85%) 
d (0.14%) 

s (0.00%) 
p (6.40%) 

d (93.60%) 

s (0.14%) 
p (99.71%) 
d (0.14%) 

CF3 49.44% Mn 50.56% N 49.90% Mn 50.10% N 53.03% Mn 46.97% N 

s (7.98%) 
p (2.79%) 

d (89.24%) 

s (16.06%) 
p (83.80%) 
d (0.14%) 

s (1.38%) 
p (13.48%) 
d (85.14%) 

s (0.00%) 
p (99.86%) 
d (0.14%) 

s (0.01%) 
p (6.08%) 

d (93.91%) 

s (0.14%) 
p (99.72%) 
d (0.15%) 

NMe2 47.24% Mn 52.76% N 49.76% Mn 50.24% N 52.54% Mn 47.46% N 

s (16.05%) 
p (4.08%) 

d (79.87%) 

s (15.74%) 
p (84.14%) 
d (0.12%) 

s (0.09%) 
p (18.19%) 
d (81.71%) 

s (0.02%) 
p (99.84%) 
d (0.14%) 

s (1.34%) 
p (9.40%) 

d (89.26%) 

s (0.01%) 
p (99.84%) 
d (0.15%) 

See the experimental section for calculation details. 
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Figure C8. Oxidation titration data for Mn(SaltBu)N (black) to the one-electron oxidized 
species (red). Intermediate grey lines are measured during the oxidation 
titration. The green bar represents the TD-DFT predicted low energy 
transition at 6,868 cm-1 (f = 0.031). TD-DFT predicts this transition to be 
composed largely of ligand-to-metal charge transfter character, as shown 
by the orbitals to the right. 

 

Figure C9. Oxidation titration data for Mn(SalCF3)N (black) to the one-electron oxidized 
species (red). Intermediate grey lines are measured during the oxidation 
titration. The green bar represents the TD-DFT predicted low energy 
transition at 7,681 cm-1 (f = 0.027). TD-DFT predicts this transition to be 
composed largely of ligand-to-metal charge transfter character, as shown 
by the orbitals to the right. 
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Figure C10. Oxidation titration data for Mn(SalNMe2)N (black) to the one-electron 
oxidized species (red). Intermediate grey lines are measured during the 
oxidation titration. The green bar represents the TD-DFT predicted low 
energy transition at 15,000 cm-1 (f = 0.015). The predicted transition is 
composed largely of ligand-to-ligand charge transfer character, as shown 
by the orbitals to the right. TD-DFT also predicts an intense low energy 
transition at 4,677 cm-1 (f = 0.133), however this band is not observed 
experimentally. 

 

Figure C11. Qualitative partial d-orbital splitting diagram for a square-pyramidal Mn(V) 
nitride.515 
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