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 In biological systems, metalloproteins have evolved to carry out difficult chemical 

transformations with high activity and selectivity through control of the primary and 

secondary coordination spheres. Inorganic chemists have developed organic ligand scaffolds 

to prepare small-molecule model complexes with similar coordination environments to 

active sites of metalloproteins. However, the resulting complexes are often unable to carry 

out the same reactivity as their metalloprotein counterparts because they lack the precise 

control of the secondary coordination sphere.  

The most common secondary coordination sphere interaction in metalloproteins is 

hydrogen bonds (H-bonds). Our group has shown that intramolecular H-bonds can be 

incorporated into rigid ligand scaffolds to facilitate the activation of small molecules. This 

has been demonstrated through the use of tetradentate, anionic, and C3 symmetric ligand 

scaffolds, which when bound to a metal ion have one open coordination site available for 

binding of small molecules. Intramolecular H-bonds have been incorporated through the 

introduction of sulfonamido, urea and amido groups, which can serve as H-bond donors or 
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acceptors. This dissertation focuses on ligand design that systematically changes the H-

bonding network in the secondary coordination sphere around M‒O and M‒OH units.  

The first study investigates the effect of having intramolecular H-bond donors and 

acceptors in the same ligand by developing new ligands based upon the symmetrical 

sulfonamido tripodal ligand [MST]3‒ and the symmetrical urea tripodal ligand [H3buea]3‒. 

Two new hybrid ligand systems ([H1tol]3‒ and [H22tol]3‒) having varying numbers of urea and 

sulfonamido groups were synthesized. These four ligands were used to synthesize a series 

of CoII/III‒OH complexes with varying numbers of intramolecular H-bonds. These complexes 

allowed for the study of the structural and physical properties arising from modification of 

the H-bonding network about a Co‒OH unit.  

The remainder of the dissertation focuses on the development of new hybrid urea 

tripodal ligands ([H33R]3‒) based upon [H3buea]3‒. These ligands were developed to maintain 

a constant primary coordination sphere, while modifying the properties of only one H-bond 

donor. This is accomplished through attaching a substituted phenyl ring with electron-

withdrawing groups on only one of the urea units, which modulates the acidity of this urea 

NH. These ligands were used to synthesize a series of M‒O(H) (M = MnIII/IV/V and FeIII) 

complexes, which showed that their properties are highly dependent on changes to only one 

H-bond. 
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Introduction 

Purpose of Dissertation Research 

Proteins with metal cofactors (denoted metalloproteins) often carry out difficult 

chemical transformations with high activity and selectivity.1–3 The environments 

surrounding the cofactors within the active sites are precisely tuned to facilitate specific 

types of chemical reactions. From the perspective of the metal cofactors, the environment is 

dictated by the primary and secondary coordination spheres around the metal ion(s). The 

primary coordination sphere is governed by the ligands that are covalently bonded to the 

metal ion(s). Coordination chemists have studied the effect of the primary coordination 

spheres on the properties of metal ions for over a century.4,5 Non-covalent interactions, such 

as hydrogen bonds (H-bonds), steric effects, and electrostatic effects are the dominant 

interactions that regulate the secondary coordination sphere. The most common type of 

secondary coordination sphere interaction in metalloproteins is H-bonds, which have bond 

strengths typically ranging from 1 to 15 kcal mol–1.6 

H-bond networks serve a variety of functions, including stabilizing reactive ligands, 

tuning redox potentials, facilitating proton transfer, and positioning substrates for 

reactivity.7,8 The importance of H-bonds in metalloproteins is illustrated in hemoglobin, 

which is a Fe-containing protein that is responsible for transporting O2 from the respiratory 

organs to other tissues in the body. When O2 is bound to the Fe center in hemoglobin, a 

bifurcated H-bond is formed between histidine-206 and the superoxido ligand (Figure 1.1). 

This histidine has been shown to play a crucial structural role in regulating the affinity and 

rate of dioxygen binding to hemoglobin.7,9–13  
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Figure 1.1. Active site of hemoglobin with oxygen bound to the Fe-center (Fe = brown, N = blue, O = 
red). PDB#: 1GZX8 

 The reversible binding of dioxygen in hemoglobin is attributed to the secondary 

coordination sphere around the Fe center and the extended protein environment. This is 

evidenced by the extensive small molecule porphyrin research, which shows that when there 

are no H-bonding interactions or steric restraints, Fe-porphyrin complexes rapidly and 

irreversibly bind dioxygen and form µ-oxo bridged dimers.14–16  There have been many 

examples of synthetic Fe-porphyrin complexes that bind dioxygen; however, they require 

low temperatures to prevent the formation of µ–oxo bridged dimers.17–21 This unproductive 

µ–oxo bridged dimer formation was overcome by the Collman group using substituted 

“picket fence” porphyrins (Figure 1.2). In this work, the Collman group prepared an FeII 

complex using a substituted “picket fence” porphyrin that contains four H-bond donors from 

amide groups. Although these amide NH groups were too far away from the FeIII‒superoxido 

unit to participate in H-bonding, they did provide steric protection to prevent dimerization. 
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This stabilization allowed the Collman group to work at ambient temperatures and use X-

ray diffraction (XRD) to determine the molecular structure of the FeIII–O2 complex. In this 

complex, the binding of dioxygen is reversible and dioxygen evolution can be achieved by 

dissolving the complex in a coordinating solvent, such as pyridine.22–26 Despite having H-

bond donors that are unable to participate in H-bonding with a bound ligand, this FeIII–O2 

complex was one of the first examples of a synthetic system that demonstrated how 

functional groups with H-bond donors could be incorporated into a rigid ligand. 

 

Figure 1.2. Structure of the FeIII―O2 complex prepared by the Collman group using a substituted 
“picket fence” porphyrin.22  

 Synthetic chemists have been interested in rationally incorporating H-bonding 

groups in the secondary coordination sphere around metal ions, in a way that mimics 

metalloprotein environments. However, this task is difficult because small molecule systems 

often have flexible structures, unlike the rigid environments within protein active sites.27 

These flexible structures lead to unwanted H-bonds with solvent molecules or counterions. 

New ligands have been designed containing rigid multidentate frameworks incorporate H-

bond donor and acceptor groups within close proximity to the metal ion, which leads to 
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reproducible intramolecular H-bonds. It is with these rigid frameworks that many groups 

have been able to modulate the secondary coordination sphere around metal ions.28–40 

The Masuda group developed a series of ligands capable of forming intramolecular H-

bonds to probe the effect of H-bonds on the stability of metal complexes. Masada and 

coworkers designed dinuclear CuII peroxide complexes with tripyridine tripodal ligands that 

vary the number of H-bond donating amino groups appended to the pyridine donor atoms 

(Figure 1.3). Resonance Raman spectra of these complexes showed an increase in the ν(O–

O) stretching frequency with increasing number of H-bond donors. The increase in 

stretching frequency suggests that the H-bond interaction to the peroxide ligand reduces 

electron density in the π* orbitals, thereby, increasing the O–O bond strength. This research 

highlighted the stabilizing effect of H-bonds on metal complexes.41  

 

Figure 1.3. A series of ligands used by Masuda to probe the stability of CuII―(μ―O2)―CuII 
complexes.41 

 In a more recent example, the Yang lab has synthesized new CoII complexes with 

tetradentate Schiff base ligands with appended crown-ether cavities that allows for the 

incorporation of alkali and alkaline earth Lewis acidic cations (Na+, K+, Ca2+, Sr2+, and Ba2+) 

(Figure 1.4).42 Cyclic voltammetry of these complexes showed that in comparison to the CoII 

complex without a proximal cation, the CoII/I redox couple is shifted 130 mV positive for Na+ 

and K+, and 230-300 mV positive for Ba2+, Sr2+, and Ca2+. Interestingly, the different Lewis 

acids resulted in a small change in the electronic absorption spectra for the d‒d transition of 
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CoII (Δλmax ~ 15 nm) for these complexes, suggesting the primary coordination sphere 

remains similar. The vibrational frequency of the imine C=N bond for the series shifts slightly 

with the Lewis acid strength of the redox-inactive metal ion (ΔνC=N ~ 22 cm-1). This small 

shift suggests that the redox-inactive metal ions have little effect on the electron density of 

the CoII center. These two observations suggest that this effect is not a result of changes in 

the primary coordination sphere. Rather, this effect likely arises from the incorporation of a 

cationic charge in the secondary coordination sphere of the CoII center, illustrating how 

redox properties of metal ions are influenced by electrostatic interactions in the secondary 

coordination sphere. There are other examples of complexes with redox-inactive metal ions 

appended to the ligand;40,42–50 however, this ligand designed by the Yang group allows for 

structural changes introduced by the redox-inactive metal ions to be minimized, while 

allowing for a large variety of metal ions to be studied. 

 

Figure 1.4. (A) New CoII complexes with redox-inactive metal ions synthesized by the Yang group:  
n = 1 for Na+ and K+; n = 2 for Ca2+, Sr2+, and Ba2+; and (B) the CoII complex lacking redox-inactive 
metal ions used for comparison in this study.42 

Previous Work by the Borovik Group 

The Borovik group is interested in studying the effects of the secondary coordination 

sphere on the properties of metal ions.  We have successfully demonstrated that 
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intramolecular H-bonds can be incorporated into rigid ligands to facilitate the activation of 

small molecules.51 This is achieved primarily by using tetradentate, anionic, nitrogen atom-

based tripodal ligands, which when bound to a metal ion have one open coordination site 

available for binding of small molecules. Using tripodal ligands enforces local C3 symmetry 

around the metal ion, which enables access to a high-spin electronic configuration for the 

metal ion that are difficult to access in other local symmetries. The use of tripodal ligands 

with H-bond donors has allowed for the stabilization of rare M‒oxido species in high-spin 

electronic configurations.51–57  

The Borovik group reported the synthesis and characterization of CoII complexes with 

varying numbers of urea and amide ligands to create a hybrid ligand platform that allowed 

for systematic modulation of the number of H-bond donors in the secondary coordination 

sphere (Figure 1.5). The number of H-bond donors varied from zero (all amide containing 

arms) to three (all urea containing arms). The ligand frameworks containing at least one H-

bond were found to react with dioxygen to generate CoIII–OH complexes. In contrast, the 

complex with no H-bond donors did not react with dioxygen under any conditions. The 

ability to detect the CoIII–OH species can be attributed to the added stability the H-bonds 

provides to the exogenous hydroxido unit. The importance of H-bonds in these complexes is 

further supported by the fact that stability of the series of CoIII–OH complexes increased with 

increasing number H-bond donors. The increased stability of the complexes was attributed 

to the intramolecular H-bonds causing a decrease in the nucleophilicity of the CoIII–OH unit. 

The observed reactivity of the CoII species and stability of the CoIII species show the dynamic 

ability of H-bonds to introduce reactivity, but also stability under different circumstances.38  
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Figure 1.5. Series of four-coordinate trigonal monopyramidal CoII complexes synthesized by the 
Borovik group to study the effect of H-bonding on O2 activation.38 

The Borovik group also has developed systems in which the ligand provides H-bond 

acceptors within the secondary coordination sphere. To investigate the chemistry of H-bond 

accepting moieties, the tripodal ligand platform [MST]3– was designed (Figure 1.6A). While 

[MST]3– has a similar primary coordination sphere to [H3buea]3– (Figure 1.6B), it now has H-

bond accepting sulfonamido groups rather than H-bond donating urea moieties seen in 

[H3buea]3–. The [MST]3–  ligand cavity has been shown to support M–OH2, M–OH, and M–NH3 

complexes, where H-bonding is present between the oxygen atoms of the sulfonamido 

groups and the hydrogen atom(s) of the corresponding exogenous ligand.50,58–61 In addition 

to participating in H-bond, the sulfonamido groups are well suited to serve as a binding site 

for a secondary metal ion. Taking advantage of the auxiliary binding site has allowed for 

preparation of heterobimetallic hydroxido-bridged complexes with a variety of both redox-

inactive and redox-active metal ions (Figure 1.7).40,49,58,62  

 
Figure 1.6. Structure of metal complexes with the (A) [MST]3‒ and (B) [H3buea]3‒ ligands. H-bonding 
is shown with dashed lines. R = 1,3,5-trimethylbenzene. 
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Figure 1.7. Example of hydroxido bridged heterobimetallic complexes with the [MST]3– ligand. MIII = 
Fe, Mn, Ga; MII = Ca, Sr, and Ba.58 

Overview of Chapters 

The research in this dissertation focuses on ligand design that systematically changes 

the H-bonding network in the secondary coordination sphere around M–OH and M–O units.  

The ligands [MST]3– and [H3buea]3– were the design inspiration for the new hybrid ligands 

presented in this thesis, due to the fact that both ligands provide rigid tripodal framework 

that allows for the formation of intramolecular H-bonds to a fifth ligand coordinated to the 

metal ion.  Since the Borovik group has studied both [MST]3– and [H3buea]3– extensively with 

a multitude of transition metal ions, comparisons between analogous complexes prepared 

with new hybrid ligand systems with these functional groups would provide additional 

information on how the secondary coordination sphere influences function.  

 Research in Chapter 2. Two new hybrid ligands [H22tol]3− and [H1tol]3− were 

synthesized, which includes a combination of H-bond donor and acceptor groups from urea 

or sulfonamido moieties (Figure 1.8). The ligand [H22tol]3– contains two H-bond donors from 

two urea moieties and one H-bond acceptor from a lone sulfonamido group; the ligand 

[H1tol]3‒ was prepared to support intramolecular H-bond networks containing two H-bond 
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acceptors from two sulfonamido groups and one H-bond donor from a lone urea. The 

corresponding CoII–OH and CoIII–OH complexes with [H22tol]3– and [H1tol]3‒ ligands were 

synthesized and characterized. In conjunction with the two symmetrical systems, these 

hybrid ligands allowed for study of the structural and physical effects arising from the 

modification of the H-bonding network about a Co‒OH unit. The quantitative electronic 

effect of urea and sulfonamido ligands are evaluated through a ligand field analysis from the 

electronic absorption spectra of the four complexes. The H-bond networks in the series of  

complexes are probed by X-Ray diffraction methods, where the number of intramolecular H-

bonds in the complexes varies from one to three. The stability of the corresponding CoIII‒OH 

complexes increases with increasing number of H-bond donors in the ligand, similar to the 

series of CoIII‒OH complexes discussed above.38   

 
Figure 1.8. Metal complexes synthesized with symmetrical and hybrid ligands in Chapter 2.  

Research in Chapter 3. The results presented in Chapter 2 suggest that the structural 

and reactivity properties of the series of CoII–OH complexes are affected by both the primary 

and secondary coordination sphere. This makes it difficult to isolate how the secondary 
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coordination sphere affects the structure and functional properties of these complexes. A 

new series of hybrid urea based tripodal ligands, based upon [H3buea]3– were developed to 

maintain a nearly constant primary coordination sphere, while modifying the properties of 

only one of the intramolecular H-bond donors. This is accomplished by attaching a para-

substituted phenyl ring on only one of the urea groups, which modulates the acidity of this 

urea NH. These ligands were used to synthesize a series of MnIII‒O(H) complexes and their 

physical properties and reactivity with substrates were evaluated (Figure 1.9). The second 

order rate constants observed for the reaction of the MnIII compounds with 9,10-

dihydroanthracene (DHA) are highly dependent on changes to only one H-bond donor. In 

addition, changing only one H-bond donor causes a significant change in the pKa of the MnIII‒

O(H) complexes. 

 
Figure 1.9. A series of MnIII‒O(H) complexes synthesized and characterized in Chapter 3. 
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Research in Chapter 4. The oxidation chemistry of the MnIII–O(H) complexes  

presented in Chapter 3 are studied using electronic absorbance spectroscopy and electron 

paramagnetic resonance (EPR) spectroscopy. New MnIV and MnV species are generated and 

have different stability than the analogous complexes using the symmetrical urea ligand 

[H3buea]3–. The MnIV complexes were reacted with various acids to generate protonated 

species. Preliminary results suggest that intramolecular proton transfer between H-bonded 

groups upon oxidation of [MnIIIH235F(OH)]2– could be occurring (Scheme 1.1). 

Scheme 1.1. Oxidation of [MnIIIH235F(OH)]2– Showing Possible Intramolecular Proton Transfer 

 

Research in Chapter 5. With the development of the new hybrid urea based tripodal 

ligands developed in Chapter 3, new FeIII–O(H) complexes were synthesized and EPR 

properties were evaluated. The EPR spectra provides information on the protonation state 

of these FeIII complexes. The oxidation chemistry of the FeIII complexes was reported and 

different species were generated depending on which electron withdrawing substituent was 

attached to the modified urea arm. However, upon oxidation, further reactivity occurred to 

produce complexes with identical EPR parameters that are similar to [FeIIIH3buea(OH)]‒. 
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Modulating the Primary and Secondary Coordination Spheres within a Series of   

CoII‒OH Complexes 

Introduction 

The properties and functions of metal complexes are achieved through control of the 

primary and secondary coordination sphere around the metal ions.1–7 As discussed in 

Chapter 1, there is extensive research on controlling properties and function of metal ions 

using primary coordination sphere effects. However, much less is known about how the 

secondary coordination sphere influences reactivity and properties of metal ions. One type 

of important secondary coordination sphere interaction is the hydrogen bond (H-bond), 

which is an attractive interaction between a hydrogen atom bound to an electronegative 

element and another electronegative group. Many different ligand systems have been 

prepared containing H-bond donor and acceptors in order to probe the effect of H-bonds on 

metal ion properties.1–6,8–15 For example, Fout has reported a tripodal pyrrole based ligand 

system that has a flexible secondary coordination sphere featuring three H-bond accepting 

imine moieties when it is bound in its anionic form to the metal ion (Scheme 2.1). However, 

when the ligand is bound in its neutral form, the ligand tautomerizes, resulting in a 

secondary coordination sphere defined by H-bond donors.8,16,17 Anionic and neutral binding 

modes result in formation of stable FeII complexes with axial aquo, hydroxido, or triflate 

ligands.  
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Scheme 2.1. Tripodal Ligand Platform Developed by Fout8 

 

Our group has developed a family of tripodal ligands with differing numbers of H-

bond donors to probe how systematic changes in H-bonding networks affect metal complex 

function.1–5,7 By varying the number of urea and amide moieties in a series of tripodal 

ligands, CoII complexes containing similar primary coordination spheres, but with a range of 

zero to three intramoleular H-bonds could be prepared. CoIII‒OH complexes with increased 

number of H-bond donors showed increased stability and a 0.25 V cathodic shift in their one-

electron reduction potentials.7 Additionally, two tripodal ligands containing either H-bond 

donating groups or accepting groups have been synthesized. The tripodal sulfonamide-

based ligand (N,N',N''-(nitrilotris(ethane-2,1-diyl))tris(2,4,6-trimethylbenzene-

sulfonamido)) [MST]3– (Figure 2.1A) utilizes sulfonamide oxygen atoms as H-bond 

acceptors. This ligand system has been shown to stabilize metal-aqua complexes with MnII, 

FeII, and CoII ions.18 In the tripodal urea-based ligand [H3buea]3– (tris[(N‘-tert-

butylureaylato)-N-ethylene]aminato) (Figure 2.1B), the urea NH groups can be H-bond 

donors. These H-bond donating groups stabilize metal-oxo complexes of MnIII/MnIV/MnV 

and FeIII/FeIV ions and hydroxido complexes of MnII/MnIII/MnIV, FeII/FeIII/FeIV, and CoII/CoIII 

ions.19–22 The anionic urea nitrogen atoms in the [H3buea]3– ligand are more electron-

donating because they are stronger bases than the anionic sulfonamide nitrogen atoms in 
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the [MST]3– ligand, making MII complexes with the [H3buea]3– ligand more potent reducing 

agents.23 This can be seen by a comparison of one-electron reduction potentials of MII 

complexes with the [MST]3‒ and [H3buea]3‒ ligands.24,25 

 

Figure 2.1. Structure of metal complexes made with (A) [MST]3– and (B) [H3buea]3– with H-bond 
donating (blue) and hydrogen bond accepting (red) moieties highlighted. R = -Mesityl. 

 In this chapter, a new series of hybrid tripodal ligands that contain both urea and 

sulfonamide groups was prepared to further examine the effect of intramolecular H-bonding 

groups on the properties of a series of CoII‒OH complexes. The two new hybrid ligands N-

(2‒(bis(2‒(3‒(tert-butyl)ureido)ethyl)amino)ethyl)-4-methylbenzene-sulfonamido 

([H22tol]3−) and N,N′-((2‒(3‒(tert-butyl)ureido)ethyl)azanediyl)bis(ethane-2,1-diyl))bis(4-

methylbenzenesulfonamido) ([H1tol]3−) include aspects of [H3buea]3‒ and [MST]3‒ described 

above. The ligand [H22tol]3‒ includes two H-bond donors from urea groups and a single H-

bond acceptor from a sulfonamido group. The ligand [H1tol]3‒ contains two sulfonamido 

moieties and one urea unit (Figure 2.2). This series of ligands allowed us to probe the 

structural and physical effects of having H-bond donors and acceptors within the same 

ligand. As mentioned before, a sulfonamido is a weaker donor than a urea, and using the 

series of four ligands the donor strength of sulfonamido and urea nitrogens can be 

quantitatively assessed through electronic absorbance spectroscopy.  
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Figure 2.2. The tripodal ligands used in this study, including the previously reported [TST]3‒ and 
[H3buea]3‒.26,27 

Results and Discussion 

Ligand Design and Synthesis. Our group has previously utilized symmetrical tripodal 

ligands based on amides,7,28–30 ureas,4,27 and sulfonamides4,31 to study the effect of the 

secondary coordination sphere on the properties of metal ions. In addition, hybrid ligand 

systems containing urea and other functionalities such as amido or pyridylcarboxyamido 

units have been synthesized and studied.7,32 In this study, the new hybrid ligands [H1tol]3‒ 

and [H22tol]3‒, which contain both urea and sulfonamide groups, were prepared as well as 

their corresponding CoII‒OH complexes. Combining urea and sulfonamide moieties allows 

for systematic modulation of the secondary coordination sphere through variation of the 

intramolecular H-bonding network that surrounds the CoII‒OH units.  

 The preparation of H41tol followed a four-step route (Scheme 2.2) that began with 

treating tris(2‒aminoethyl)amine (tren) with di-tert-butyl dicarbonate to afford the 

monoboc protected species 4 (76% yield), which is converted to disulfonamide 5 (84% 
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yield) after addition of 2 equiv of 4-toluenesulfonyl chloride. Compound 5 was deprotected 

(95% yield) with trifluoroacetic acid (TFA) and then treated with tert-butyl isocyanate to 

afford H41tol (82% yield) after purification. The preparation of H52tol was achieved from the 

diurea compound 7 and 1 equiv of 4-toluenesulfonyl chloride to give H52tol (70% yield) after 

purification (Scheme 2.2).  

Scheme 2.2. Preparative route to H41tol and H52tol 

 

 The syntheses of the CoII complexes is outlined in Scheme 2.3. The CoII‒OH complex 

of [TST]3‒ was synthesized under an argon atmosphere by first deprotonating the ligand 
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precursor with 3 equiv of KH and then adding solid Co(OAc)2 to produce a dark blue solution 

and a white solid (KOAc, 2 equiv). After filtration to remove KOAc, the solution was treated 

with 1 equiv of H2O, which induced a color change to pink. An additional equiv of KH was 

added to the mixture and stirred until gas evolution ceased to give a purple solution. 

K2[CoIITST(OH)] was purified by recrystallization using vapor diffusion of Et2O in a 

dimethylacetamide (DMA) solution of the salt. 

Scheme 2.3. Preparative Routes to CoII‒OH Complexesa 

 

aReagents: (a) 4 KH; (b) Co(OAc)2; (c) H2O; (d) 3 KH; (e) Co(OAc)2; (f) H2O; (g) KH. The synthesis of 
[CoIIH3buea(OH)]2‒ has already been reported.27  

 
The remaining CoII‒OH complexes were prepared by deprotonating the ligand 

precursor with 4 equiv of KH, followed by addition of solid Co(OAc)2 to produce a blue 

solution and solid KOAc (2 equiv). After filtration, K2[CoIIH1tol(OH)], K2[CoIIH22tol(OH)], and 

K2[CoIIH3buea(OH)] were formed after addition of 1 equiv of H2O and recrystallized using 
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the method described for K2[CoIITST(OH)]. All the CoII‒OH complexes are high-spin S = 3/2, 

as determined by their room temperature magnetic moments, which range from 4.10 to 4.49 

µB, and their perpendicular mode electron paramagnetic resonance (EPR) spectra measured 

at 77 K, which contain a prominent feature at g = 3.9. 

 Structural Properties. The molecular structures of the CoII‒OH complexes were 

examined using X-Ray diffraction methods. Single crystals of K2[CoIIH1tol(OH)] could not be 

obtained and the structure of K2[CoIIH3buea(OH)] was reported previously.27 The molecular 

structures of [CoIITST(OH)]2‒, [CoIIH22tol(OH)]2‒, and [CoIIH3buea(OH)]2‒ reveal that the 

coordination environment around the CoII ion adopts a trigonal bipyramidal geometry 

(Figure 2.3), with the trigonal plane formed by three anionic nitrogen donors. Analysis of the 

Co1‒Ntrig distances in the trigonal plane reveal that there are statistically significant 

differences in Co1‒Ntrig bond lengths for urea and sulfonamido donors. Those involving a 

deprotonated urea are shorter than those involving a deprotonated sulfonamide.  The 

average Co1‒Ntrig distance is 2.057(2) Å in [CoIIH3buea(OH)]2‒ and 2.118(6) Å in 

[CoIITST(OH)]2‒. 

The Co1‒O1 distance is related to the amount of H-bonding to the hydroxido ligand. 

As the number of H-bonds donated to the hydroxido ligand increase, the Co1‒O1 distance 

should also increase because the anionic charge of the hydroxido decreases with the number 

of H-bond donors. Conversely, if an H-bond from the hydroxido ligand is accepted by an 

oxygen atom of a sulfonamido arm, the Co1‒O1 distance should decrease. Specifically, for 

[CoIIH3buea(OH)]2‒, the two H-bonds donated by the urea NH donors result in the longest 

Co1‒O1 distance of the series at 2.051(3) Å. However, the Co1‒O1 bond length contracts to 

2.015(2) Å in [CoIIH22tol(OH)]2‒, which contains two intramolecular H-bond donors and one 
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acceptor, due to the presence of a sulfonamido group that serves as a H-bond acceptor. 

Finally, the complex [CoIITST(OH)]2‒ has the shortest Co1‒O1 bond length at 1.953(4) Å, 

since no H-bonds are donated to the hydroxido ligand and one intramolecular H-bond is 

accepted from the hydroxido ligand to a sulfonamido oxygen atom (O2). This single H-bond 

has an O1···O2 distance of 2.808(6) Å that is significantly shorter than the distance of 

2.950(2) Å that is observed in [CoIIH22tol(OH)]2‒. 

 

Figure 2.3. Thermal ellipsoid plots of [CoIIH22tol(OH)]2‒ (A) and [CoIITST(OH)]2‒ (B). Thermal 
ellipsoids are drawn at the 50% probability level, and only urea and hydroxido hydrogen atoms are 
shown for clarity. 

 A trend in the displacement of cobalt ion towards the trigonal plane formed by the 

three anionic nitrogen atoms was observed. [CoIITST(OH)]2‒ has the greatest displacement 

of 0.440 Å towards O1, whereas in the other structures the out of plane distance shortens 

with an increasing number of NH···O1 H-bonds: 0.351 Å in [CoIIH22tol(OH)]2‒ and 0.346 Å in 

[CoIIH3buea(OH)]2‒. The greatest out of plane distance in [CoIITST(OH)]2‒ could arise from 

the contraction in Co1‒O1 distance and the hydroxido ligand being locked in place due to an 

intramolecular H-bond allowing only the CoII ion to move out of the plane. 
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Table 2.1. Selected Bond Distances and Angles for the Three CoII‒OH Complexes 

Distances (Å) or angles (deg) [CoIITST(OH)]2‒ [CoIIH22tol(OH)]2‒ [CoIIH3buea(OH)]2‒ a 

Co1‒N1 2.224(5) 2.213(2) 2.216(5) 
Co1‒N2 2.081(5) 2.039(2) 2.079(4) 
Co1‒N3 2.147(4) 2.175(2) 2.075(4) 
Co1‒N4 2.128(6) 2.049(2) 2.046(4) 
Co1‒O1 1.953(4) 2.015(2) 2.051(4) 

d(O1…O2) 2.808(6) 2.950(2) – 

d(O1…N5) – 2.741(2) 2.829(5) 

d(O1…N6) – 2.851(3) 2.781(5) 

d(O1…N7) – – 2.802(5) 

N1‒Co1‒N2 78.7(2) 80.74(6) 80.2(1) 
N1‒Co1‒N3 78.43(18) 79.12(6) 80.7(1) 
N1‒Co1‒N4 78.5(2) 81.04(6) 80.2(2) 
N2‒Co1‒N3 126.7(2) 108.69(6) 108.1(1) 
N2‒Co1‒N4 110.6(3) 117.79(7) 125.0(2) 
N3‒Co1‒N4 111.6(2) 125.09(6) 108.1(1) 
O1‒Co1‒N1 172.1(2) 176.40(6) 179.3(1) 

aref. 33    

  

Our group3 and others in the literature34 have found correlations between M‒OHn 

bond lengths and the number of intramolecular H-bonds. A progressive lengthening of the 

M‒O(H) bond is observed as the number of intramolecular H-bonds to the hydroxido ligand 

increases because the H-bonds removes electron density from the hydroxido ligand, which 

makes the ligand a weaker donor to the metal ion. This weaker donation to the metal ion 

results in a lengthening of the M‒O(H) bond. The hydroxido ligand can also function as a H-

bond donor, which changes the properties of the hydroxido ligand. When the hydroxido 

ligand serves as a H-bond donor, the hydroxido ligand becomes more basic because the H-

bond reduces the positive charge around the oxygen from proton that is involved in the H-

bond interaction. This interaction causes the hydroxido ligand to become more anionic and 

thereby results in a contraction of the Co1‒O1 distance. This contraction in the Co1‒O1 

distance is observed from [CoIIH3buea(OH)]2‒ to [CoIIH22tol(OH)]2‒ and is attributed to the 

hydroxido ligand serving as a H-bond donor in [CoIIH22(OH)]2‒. However, this effect is 
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minimized by the presence of two intramolecular H-bonds that are formed from urea NH 

groups to the hydroxido ligand in [CoIIH22tol(OH)]2‒. Without any urea groups in 

[CoIITST(OH)]2‒, the Co1‒O1 distance is significantly shorter and the strongest H-bond from 

the hydroxido ligand is formed. The different intramolecular H-bond networks also affect the 

N1‒Co1‒O1 angles, which are the smallest in [CoIITST(OH)]2‒ and progressively increase 

with the number of urea groups. These structural trends suggest that the types of 

intramolecular H-bonds formed with hydroxido ligand affect the properties of the hydroxido 

ligand, thereby resulting in changes in structural properties.  

 Vibrational Properties. Fourier transform infrared spectroscopy (FTIR) was used to 

further probe the vibrations of the O‒H bond (ν(OH)) in the solid state (Table 2.2). The 

energy of the vibration is directly related to the strength of the O‒H bond, while the 

broadness of the vibrational band as measured by the full-width-at-half max (FWHM) 

correlates with the strength of the H-bond formed by the hydroxido ligand. The lowest 

energy ν(O‒H) of 3574 cm‒1 is observed with [CoIITST(OH)]2‒, which also has the broadest 

peak with a full-width-at-half max value of 24 cm‒1. In [CoIIH1tol(OH)]2‒, a split band is 

observed at a higher energy of 3581 and 3602 cm‒1, and for [CoIIH22tol(OH)]2‒, a single band 

is observed at 3625 cm‒1 with a full-width-at-half max value of 9 cm‒1, suggesting that the H-

bond formed from the hydroxido ligand is weaker than the one formed in [CoIITST(OH)]2‒. 

This is supported by the structural data that shows a shorter O1···O2 distance in 

[CoIITST(OH)]2‒. The ν(OH) in [CoIIH3buea(OH)]2‒ was not observed.27 
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Figure 2.4. Solid state FTIR spectra of K2[CoIIH22tol(OH)]2‒ (red line), K2[CoIIH1tol(OH)] (grey line), 
and K2[CoIITST(OH)] (blue line) showing the ν(O‒H) stretch. 
  

 Lower energy ν(O‒H) bands are correlated with shorter Co‒O(H) bond distances in 

this series. In contrast to the previous studies, which have hydroxido ligands that only 

accepts H-bonds from a urea NH donor, all the complexes described herein except 

[CoIIH3buea(OH)]2‒ have ligands that accept a H-bond from the hydroxido ligand. Regardless, 

similar trends in the ν(OH) bands are observed. This vibrational analysis shows that 

[CoIITST(OH)]2‒ has the lowest energy ν(O‒H) band and shortest Co1‒O1 bond length, 

consistent with a strong intramolecular H-bond from the hydroxido ligand to a sulfonamido 

oxygen atom. In addition, the ν(O‒H) bands broaden as the H-bond strengthens, which has 
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also been shown in organic systems (e.g., NH···O=CR2).3 This broadening effect has been 

attributed to an increase in the strength of H-bonds.  

Table 2.2. Vibrational Properties of the CoII‒OH Complexes 

 ν(O‒H) (FWHM, cm‒1) 
[CoIITST(OH)]2‒ 3574 (24) 

[CoIIH1tol(OH)]2‒ 3602, 3581 (16) 

[CoIIH22tol(OH)]2‒ 3625 (9) 

[CoIIH3buea(OH)]2‒ N/A 

  

 Electronic Absorbance Properties. The electronic absorbance spectra for the CoII‒OH 

complexes measured in DMA are characterized by d‒d bands at λmax ~ 470, 550, and 600 nm, 

with extinction coefficients of less than 200 M‒1 cm‒1 (Figure 2.5 and Table 2.3). In addition, 

each complex contains a very weak d‒d band between λmax ~ 700-900 nm with extinction 

coefficients less than 100 M‒1 cm‒1 that is also present in previously reported CoII‒OH 

complexes with trigonal bipyramidal geometry.27  

 

Figure 2.5. Electronic absorbance spectra for [CoIIH3buea(OH)]2‒ (black line), [CoIIH22tol(OH)]2‒ (red 
line), [CoIIH1tol(OH)]2‒ (grey line), and [CoIITST(OH)]2‒ (blue line) recorded in DMA. 

 The low-energy band can be used to evaluate the effect of the deprotonated urea and 

sulfonamido donors to the ligand field. For a high-spin CoII ion in C3v symmetry, ligand field 
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theory predicts that this band should arise from the 4A1 ⟶ 4E transition (Figure 2.6 and 

Table 2.3). The energy of this transition is sensitive to the types of donors in the trigonal 

plane made up of the three anionic nitrogen donors. In the qualitative analysis that follows, 

only the σ-interactions were considered with π-interactions associated with the axial ligands 

assumed to remain constant. This analysis suggests that deprotonated urea donors are 

stronger field ligands than deprotonated sulfonamide donors, as the low-energy band shifts 

to higher energy upon substitution with more deprotonated urea donors. This blue-shift is 

indicative of a larger energy gap in the d-orbital manifold, which suggests improved electron-

donating properties of the ligand. The low-energy electronic absorbance band for the 

symmetric urea-based system [CoIIH3buea(OH)]2‒ is observed at 14,100 cm‒1 (710 nm) and 

shifts to 11,200 cm‒1 (890 nm) in the symmetric sulfonamido-based system    

[CoIITST(OH)]2‒. The two complexes that contain hybrid ligands have absorbance bands that 

are observed at energies in between those of the symmetric systems. [CoIIH22tol(OH)]2‒ and 

[CoIIH1tol(OH)]2‒ have transitions at 13,000 cm‒1 (767 nm) and 12,200 cm‒1 (820 nm), 

respectively. This incremental increase of approximately 1000 cm‒1 observed for the band 

correlates with the number of deprotonated urea donors in the CoII‒OH complexes. This 

effect reflects the increased basicity of a deprotonated urea compared to a deprotonated 

sulfonamide, resulting in a stronger field ligand.23 

Table 2.3. Electronic Absorbance Properties of CoII‒OH Complexes 

 λmax (nm),  (E, cm‒1) 

[CoIITST(OH)]2‒ 890, (11,200) 

[CoIIH1tol(OH)]2‒ 820, (12,200) 

[CoIIH22tol(OH)]2‒ 767, (13,000) 

[CoIIH3buea(OH)]2‒ 710, (14,100) 
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Figure 2.6. Qualitative energy diagram showing the predicted energy manifold for a CoII ion in C3v 
symmetry. 
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 Electrochemical Properties: Cyclic voltammetry (CV) was used to evaluate the 

electrochemical properties of the CoII‒OH complexes. CV experiments were conducted in 

DMA at room temperature and showed a one-electron event that was assigned to the 

CoIII/CoII redox couple (Figure 2.7 and Table 2.4). For all the complexes, the oxidative event 

was quasi-reversible, except [CoIITST(OH)]2‒, which was irreversible. Thus, a comparison of 

the potential of peak anodic current (Ea) is most appropriate since it allows for comparison 

of all the CoII‒OH complexes. In this series, the Ea values range from –0.52 to –1.17 V vs 

FeCp2+/FeCp2, illustrating the ability of this series of tripodal ligands to modulate the redox 

properties of the Co center. Consistent with the findings that the deprotonated urea groups 

are the strongest field ligands, [CoIIH3buea(OH)]2‒ and [CoIIH22tol(OH)]2‒ are the best at 

stabilizing the CoIII oxidation state and have the most negative Ea values of ‒1.17 and ‒0.71 

V vs [FeCp2]+/0. A single sulfonamido group causes a large shift in the Ea value by 0.46 V. The 

effect of adding more sulfoamido groups is diminished when comparing the Ea value of 

[CoIIH22tol(OH)]2‒ and [CoII(H1tol)]2‒ where a difference of only 0.13 V is observed. A 

difference of only 0.06 V is observed when comparing the Ea value of [CoIIH1tol(OH)]2‒ and 

[CoIITST(OH)]2‒. The smaller changes in Ea values could be due to the hydroxido ligand 

donating more electron density to the Co center as the number of H-bonds from the urea to 

the hydroxido decreases. In addition, the H-bonding from the hydroxido to a sulfonamido 

oxygen atom also increases the amount of donation to the Co center.  
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Figure 2.7. Cyclic voltammograms of [CoIIH3buea(OH)]2− (black line), [CoIIH22tol(OH)]2− (red line), 
[CoIIH1tol(OH)]2− (gray line), and [CoIITST(OH)]2− (blue line) recorded in DMA. Measurements were 
done at room temperature under Ar, with a scan rate of 100 mV·s−1. 
 
Table 2.4. Electrochemical Properties of the CoII‒OH Complexes 

 E1/2 (Ea) (V vs [FeCp2]+/0) E (V), ia/ic 

[CoIITST(OH)]2‒ N/A (- 0.52) – 

[CoIIH1tol(OH)]2‒ - 0.905 (- 0.58) 0.485, 1.04  

[CoIIH22tol(OH)]2‒ - 0.828 (- 0.71) 0.380, 1.12  

[CoIIH3buea(OH)]2‒ ‒1.28 (- 1.17) 0.215, 1.07 

   

Oxidized Species. The results from the electrochemical experiments suggested that 

related CoIII‒OH complexes could be accessed at reasonably negative potentials. However, 

the stabilities of the oxidized products differ throughout the series, which can be seen from 
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the CV in Figure 2.7. For example, the CV of [CoIITST(OH)]2‒ shows a completely irreversible 

redox event, which suggests that stability of the analogous CoIII‒OH species is limited. 

The CV data also suggested that [FeCp2]+ could be used as an oxidant for all four 

compounds, and the subsequent oxidation reactions were monitored 

spectrophotometrically. We have previously shown that [CoIIIH3buea(OH)]‒ is sufficiently 

stable enough at room temperature to obtain single crystals and determine the molecular 

structure.7,27 A similar reaction at room temperature with [CoIIH22tol(OH)]2‒ produced a 

species with characteristic absorbance bands matching previously characterized CoIII‒OH 

complexes with a trigonal bipyramidal coordination geometry (Figure 2.8).7,27 This species 

slowly decayed in solution at room temperature with t1/2 ~ 5 d, and the isolation as single 

crystals was not possible (Figure 2.9A and Figure 2.10A). The oxidized form of 

[CoIIH1tol(OH)]2‒ had limited stability with a t1/2 = 16 min at 25 °C (Figure 2.9B and Figure 

2.10B). The complexes [CoIIIH1tol(OH)]‒ and [CoIIITST(OH)]‒ were only stable below ‒ 50 °C. 

A direct comparison in the half-life of [CoIIITST(OH)]‒ to the others could not be made 

because the species decayed too quickly at room temperature to obtain a half-life. A t1/2 = 13 

min was measured at ‒ 20 °C for [CoIIITST(OH)]‒ (Figure 2.9B and Figure 2.10B). 

The stability observed for the CoIII‒OH complexes is similar to a previous study 

conducted by our group with CoIII‒OH complexes with varying number of H-bond donors to 

the hydroxido ligand.7 The study used urea/amidate tripodal ligands, where the number of 

intramolecular H-bond donors varied from zero to three. The stability of the complexes 

increases with the number of urea groups. The stability was attributed to the increasing 

number of intramolecular H-bond donors to the hydroxido ligand. 
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Figure 2.8. Electronic absorbance spectra for [CoIIIH3buea(OH)]‒ (black line), [CoIIIH22tol(OH)]‒ (red 
line), [CoIIIH1tol(OH)]‒ (grey line), [CoIIITST(OH)]‒ (blue line) recorded in a DMF:THF mixture at ‒ 80 
°C. Products were generated by oxidation of CoII‒OH compounds with FeCp2BF4. 

With the series of CoIII‒OH complexes presented in this chapter, the differing 

stabilities are less straightforward. The complexes [CoIIIH3buea(OH)]‒ and [CoIIIH22tol(OH)]‒ 

contain the same number of intramolecular H-bonds, but they have very different stabilities. 

The types of intramolecular H-bond formed in the two complexes are different; 

[CoIIIH3buea(OH)]- has all H-bond donors to the hydroxido ligand, whereas [CoIIIH22tol(OH)]‒ 

has two H-bond donors from ureas and one acceptor from a sulfonamido oxygen. In addition, 

there are large differences in the redox properties of the four complexes in the series that 

correlate with their stabilities. Therefore, the observed stabilities of the four CoIII‒OH 

complexes likely result from a combination of influences from the primary and secondary 

coordination spheres. 
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Figure 2.9. Data used to determine the rate constants for decay of (A) [CoIIIH22tol(OH)]‒ (25 °C), and 
(B) (‒) [CoIIIH1tol(OH)]‒ (25 °C), ( • ) [CoIIITST(OH)]‒ (‒ 20 °C). 
 

 
Figure 2.10. Linear fits used to determine the second order rate constants for decay of (A) 
[CoIIIH22tol(OH)]‒ (25 °C), and (B) (blue line) [CoIIIH1tol(OH)]‒ (25 °C), (black line) [CoIIITST(OH)]‒        
(‒ 20 °C). 
 
Table 2.5. Half-lives and λmax and Extinction Coefficients for the Four CoIII‒OH Complexes 

 t1/2 (m), (T, °C) λmax (nm) (M‒1 cm‒1) 

[CoIIITST(OH)]‒ 13, (‒ 20) 412 (4200), 663 (631) 

[CoIIIH1tol(OH)]‒ 16, (25) 448 (2700) ,693 (506) 

[CoIIIH22tol(OH)]‒ 7200, (25) 498 (3500), 788 (305) 

[CoIIIH3buea(OH)]‒ N/A 485 (3400), 805 (398) 
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Summary and Conclusions 

A preparative route to two new tripodal hybrid ligands [H1tol]3‒ and [H22tol]3‒ 

containing varying numbers of urea and sulfonamide groups was presented. Together with 

the symmetrical ligands [H3buea]3‒ and [TST]3‒, they form a series of ligands that were used 

to probe the effects of H-bond donors and acceptors on the properties of CoII‒OH complexes. 

The molecular structures of three of the four complexes were presented and showed that all 

the CoII‒OH complexes have a trigonal bipyramidal primary coordination sphere, which is 

typical for complexes with these types of tripodal ligands. The structural data presented here 

suggest that the structural properties of the CoII‒OH compounds are influenced by both the 

primary and secondary coordination spheres. For example, the combination of adding H-

bond accepting moieties and decreasing H-bond donating groups in the secondary 

coordination sphere results in the shortening of the Co‒O1 bond length. This effect was 

supported by the vibrational studies that showed commensurate changes in the energies and 

peak broadness associated with the ν(OH) that is bound to the CoII center. 

To assess the effect of changing the primary coordination sphere for the CoII‒OH 

complexes, a qualitative ligand field approach was used to examine the changes in the 4A1 ⟶ 

4E transition. This transition is studied because it is sensitive to the nature of the ligands in 

the trigonal plane. Based on this analysis, the deprotonated urea groups are stronger field 

ligands than the deprotonated sulfonamide groups. Each deprotonated urea within the 

trigonal plane increases the 4A1 ⟶ 4E transition by ~1000 cm‒1. Large shifts in the potentials 

of peak anodic current were observed, which can be explained by changes to both the 

primary and secondary coordination spheres. The CoIII‒OH analogs had varying stabilities 

that correlate with the number of urea groups in the ligands. In [CoIIIH3buea(OH)]- the three 
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urea groups stabilize the CoIII center enough to allow for isolation of crystalline solid at room 

temperature. However, adding more sulfonamide groups to the ligand drastically changes 

the CoIII complexes stability, which highlights the instability of trigonal bipyramidal CoIII‒OH 

complexes. However, identification of a clear cause for the stability of the CoIII‒OH complexes 

could not be obtained. These results illustrate the difficulty in assigning changes in 

properties and reactivity to a single source. The primary and secondary coordination 

spheres influence in these complexes are intertwined.  

Experimental Section 

Materials. 

N,N'-(((2‒aminoethyl)azanediyl)bis(ethane-2,1-diyl))bis(4-methylbenzene-

sulfonamide) and the ligand precursors 1,1',1''-(nitrilotris(ethane-2,1-diyl))tris(3‒(tert-

butyl)urea) (H6buea), N,N',N''-(nitrilotris(ethane-2,1-diyl)tris(4-

methylbenzenesulfonamide) (H3TST), and the metal complex K2[CoIIH3buea(OH)] were 

synthesized using literature procedures.26,27,36 For K2[CoIIH3buea(OH)] a DMA/Et2O 

diffusion was used to crystallize the salt instead of DMA-MeCN/Et2O diffusion. The metal 

precursor CoII(OAc)2 was purchased from Sigma Aldrich in ≥ 99% purity and used as 

received. Potassium hydride (KH) as a 30% dispersion in mineral oil was filtered with a glass 

frit, washed with pentane and Et2O, dried by vacuum and stored under an argon atmosphere. 

The syntheses of the metal complexes were conducted in an argon atmosphere.  

Physical Methods.  

CoII electronic absorbance spectra were collected on a Cary 50 spectrometer and low 

temperature CoIII electronic absorbance spectra were collected on an 8453 Agilent UV-vis 

spectrophotometer equipped with an Unisoku Unispeks cryostat with a 1.00 cm quartz 
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cuvette. Electronic paramagnetic resonance (EPR) spectra were recorded using a Bruker 

EMX spectrometer equipped with an ER041XG microwave bridge, an Oxford Instrument 

liquid-helium quartz cryostat, and a dual mode cavity (ER4116DM). Fourier-transform 

infrared (FTIR) spectra were collected on a Varian 800 Scimitar series FTIR spectrometer in 

Nujol. 1H and 13C nuclear magnetic resonance (NMR) spectroscopies were conducted using 

a Bruker DRX500 spectrometer. Solution magnetic moments were determined by the Evan’s 

method using a Bruker DRX500 spectrometer.37 Cyclic voltammetric experiments were 

conducted using a CHI600C electrochemical analyzer. A 2.0 mm glassy carbon electrode was 

used as the working electrode at scan velocities of 100 mV s‒1. A cobaltocenium/cobaltocene 

couple (CoCp2+/CoCp2) (ΔEp = 0.136 V) was used to monitor the Ag wire reference electrode 

and all potentials are reference to the Fc+/Fc couple.  

Preparative Methods.  

N,N'-(((2‒(3‒(tert-butyl)ureido)ethyl)azanediyl)bis(ethane-2,1-diyl))bis(4-

methylbenzenesulfonamide) (H41tol). N,N'-(((2‒aminoethyl)azanediyl)bis(ethane-2,1-

diyl))bis(4-methylbenzenesulfonamide) (2.507 g, 4.510 mmol) was dissolved in 120 mL of 

dichloromethane (CH2Cl2), and tert-butyl isocyanate (0.507 g, 5.11 mmol) dissolved in 60 

mL of  CH2Cl2 was added dropwise and stirred overnight. Volatiles were removed under 

reduced pressure to give a light yellow powder that was further dried under vacuum. The 

product was dissolved in ethyl acetate (EtOAc) and eluted through a silica plug with EtOAc 

to give 2.50 g (82%) of the desired product as a white solid. FTIR (KBr disc, cm‒1): 3406, 

3289, 2965, 2925, 2870, 1648, 1598, 1550, 1496, 1452, 1324, 1214, 1158, 1093, 950, 815, 

707, 660, 551. 1H NMR (500 MHz, CDCl3, ppm): 1.32 (s, 9H), 2.42 (s, 6H), 2.14 (s, 6H), 2.46 (t, 

2H), 2.51 (t, 4H), 2.96 (m, 4H), 3.15 (q, 2H), 4.96 (s, 1H), 5.22 (t, 1H), 5.89 (br s, 2H), 7.31 (d, 
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4H), 7.79 (d, 4H). 13C NMR (500 MHz, CDCl3, ppm): 158.41, 143.53, 136.86, 129.87, 127.15, 

53.39, 50.28, 41.12, 37.59, 29.53, 21.60. HRMS (ES+) Exact mass calcd for C25H39N5O5S2Na 

[H41tol + Na]+, 576.2290. Found 576.2270.  

 

tert-butyl (2‒(bis(2‒(3‒(tert-butyl)ureido)ethyl)amino)ethyl)carbamate (6). tert-butyl 

(2‒(bis(2‒aminoethyl)amino)ethyl)carbamate (1.292 g, 5.234 mmol) was dissolved in 60 

mL of CH2Cl2 and a 60 mL solution of tert-butyl isocyanate (1.036 g, 10.45 mmol) was added 

dropwise over 30 min. The reaction was allowed to stir overnight under N2, after which the 

solvent was removed under vacuum to afford a white powder. This solid was dissolved in 

5:100 solution of methanol: CH2Cl2 and was eluted through a silica plug with a 5:100 solution 

of methanol: CH2Cl2 to give 1.254 g (54%) of white solid. 1H NMR (500 MHz, CDCl3, ppm): 

1.34 (s, 18H), 1.44 (s, 9H), 2.48 (m, 6H), 3.12 (m, 6H), 5.02 (m, 3H), 5.65 (s, 2H). 13C NMR 

(500 MHz, CDCl3, ppm): 158.71, 156.78, 79.44, 56.16, 55.43, 50.08, 39.10, 38.09, 29.67, 28.49. 

HRMS (ES+) [C21H44N6O4 + H]+, 445.3502. Found 445.3511.  

 

1,1'-(((2‒aminoethyl)azanediyl)bis(ethane-2,1-diyl))bis(3‒(tert-butyl)urea) (7). tert-

butyl (2‒(bis(2‒(3‒(tert-butyl)ureido)ethyl)amino)ethyl)carbamate (6.415 g, 14.43 mmol) 

was dissolved in 40 mL of CH2Cl2, cooled to 0 ºC and 40 mL of trifluoroacetic acid was added 

dropwise under N2. The solution was allowed to stir for an additional 2 h and the volatiles 

were removed under reduced pressure to yield a colorless oil. This oil was stirred with 4 M 

NaOH until a pH of 11 was achieved. This solution was then extracted with 10x20 mL of 

CH2Cl2 and dried over Na2SO4. The solvent was removed by vacuum to afford 3.73 g (75%) 

of the desired product as a white solid. 1H NMR (500 MHz, CDCl3, ppm): 1.31 (s, 18H), 2.47 
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(m, 6H), 2.59 (t, 2H), 3.19 (q, 4H), 5.08 (s, 2H), 5.62 (m, 2H). 13C NMR (500 MHz, CDCl3, ppm): 

158.70, 56.02, 50.07, 39.63, 38.10, 29.65.  HRMS (ES+) [C16H36N6O2 + Na], 367.2798. Found 

367.2808.  

 

N-(2‒(bis(2‒(3‒(tert-butyl)ureido)ethyl)amino)ethyl)-4-methylbenzenesulfonamide 

(H52tol). 1,1'-(((2‒aminoethyl)azanediyl)bis(ethane-2,1-diyl))bis(3‒(tert-butyl)urea) 

(1.210 g, 3.517 mmol) and Et3N (0.613 g, 6.06 mmol) were dissolved in EtOAc (60 mL) and 

treated dropwise with 4-toluenesulfonyl chloride(0.674 g, 3.54 mmol) in EtOAc (60 mL) over 

1 h. The mixture was allowed to stir overnight under N2, after which the resultant solution 

was washed with 2x20 mL of H2O and 15 mL of brine followed by drying over Na2SO4. The 

colorless solution was filtered and dried under reduced pressure to yield a white solid that 

was washed with diethyl ether (Et2O) and vacuumed dried overnight to yield 1.236 g 

(70.5%) of the desired white solid. 1H NMR (500 MHz, CDCl3, ppm): 1.32 (s, 18H), 2.40 (s, 

3H), 2.47 (s, 6H), 2.99 (s, 2H), 3.14 (s, 4H), 5.22 (s, 2H), 5.60 (s, 2H), 6.22 (s, 1H), 7.31 (d, 2H), 

7.76 (d, 2H). 13C NMR (500 MHz, CDCl3, ppm): 158.85, 143.31, 137.37, 129.80, 126.93, 55.53, 

50.05, 46.30, 41.52, 37.87, 29.60, 21.55. HRMS (ES+) [C23H42SN6O4 + Na]+, 521.2886. Found 

521.2872.  

 

K2[CoII(OH)(H1tol)]. Solid KH (0.0289 g, 0.723 mmol) was treated with a 4 mL DMA solution 

of H41tol (0.1003 g, 0.1811 mmol) and stirred until bubbling ceased. Co(OAc)2 (0.0322 g, 

0.182 mmol) was then added as one portion and the resultant solution stirred for 20 min to 

produce a dark purple heterogeneous mixture. Water (3.5 µL, 0.19 mmol) was added via 

syringe that produced an immediate color change to pink. The mixture was stirred for 1.5 h 
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followed by filtration through a medium porous-glass filter and the filtrate was concentrated 

to 1 mL under vacuum. To the pink solution 25 mL of Et2O was added that caused the 

precipitation of a pink solid which was collected on a medium porous-glass filter, washed 

with copious amounts of Et2O, and dried under vacuum. The pink solid was dissolved in 2 

mL of DMA and 10 mL of Et2O was allowed to diffuse resulting in pink precipitate that was 

collected and dried on a glass fritted filter. 0.0586 g (45%) of the desired pink solid was 

obtained. FTIR (Nujol, cm‒1): 3602, 3581, 3214, 3143, 1651, 1600, 1516, 1463, 1376, 1356, 

1323, 1220, 1136, 1079, 1045, 1020, 976, 832, 809, 662. 604. UV/vis (DMA, nm (M‒1 cm‒1)): 

λmax (ε) = 470 (103), 493 (120), 528 (129), 610 (81), 637 (75), 690 (54), 820 (30). µeff (DMSO, 

298K): 4.10 µB. Anal. Calcd (found) for C25H37CoK2N5O6S2: C, 42.60 (42.58); H, 5.29 (5.47); N, 

9.94 (9.95). EPR (X-band, Perpendicular, DMA, 77K): g = 3.9 

 

K2[CoII(OH)(H22tol)]. This salt was prepared using a similar procedure described above for 

K2[CoII(OH)(H1tol)] with H52tol (0.1974 g, 0.3958 mmol), KH (0.0649 g, 1.62 mmol), Co(OAc)2 

(0.0710 g, 0.401 mmol), and H2O (7 μL, 0.4 mmol).  The salt was isolated as a fine pink/purple 

powder after diffusion of Et2O into the DMA solution. The pink/purple solid was collected on 

a medium porous-glass filter, and washed with 20 mL MeCN, 20 mL of THF, and 20 mL of 

Et2O and dried by vacuum to give 0.1422 g (55 %) of the desired product.  FTIR (Nujol mull, 

cm‒1) 3625, 3218, 3142, 1646, 1593, 1514, 1464, 1400, 1378, 1357, 1330, 1268, 1228, 1221, 

1132, 1125, 1105, 1074, 1048, 1019, 977, 891, 839, 817, 795, 720, 660. UV/Vis (DMA, nm 

(M‒1 cm‒1)): λmax (ε) = 472 (80), 488 (90), 528 (120), 767 (30). µeff  (DMSO, 298 K, Evan’s 

Method): 4.26 µB. Anal. Calcd (found) for C23H40CoK2N6O5S.DMA: C, 44.01 (44.28); H, 6.70 

(6.74); N, 13.31 (13.17). EPR (X-band, DMA, 77K): g = 3.8. 



41 

 

K2[CoII(OH)TST]. H3TST (0.3254 g, 0.5345 mmol) was dissolved in 8 mL of DMA and added 

to 3 equiv of neat KH (0.0653 g, 1.63 mmol) and stirred until bubbling ceased. Co(OAc)2 

(0.0951 g, 0.537 mmol) was added and stirred for 1 h to produce a dark blue mixture. The 

blue mixture was filtered through a glass fritted filter and H2O (12 µL, 0.67 mmol) was added 

to the filtrate to give a pink solution that was stirred for 15 min. KH (0.0222 g, 0.555 mmol) 

was added to the solution and it was stirred until bubbling ceased. The solution was filtered 

through a medium porous-glass filter and the filtrate was split into two vials and 10 mL of 

Et2O was allowed to diffuse which resulted in dark purple crystals that were washed with 20 

mL of CH2Cl2 and 30 mL of Et2O and dried by vacuum to give 0.2407 g (59%) of the desired 

purple solid. FTIR (Nujol mull, cm‒1) 3569, 1645, 1597, 1493, 1464, 1376, 1246, 1142, 1112, 

1081, 1044, 1017, 974, 932, 872, 815, 735, 710, 663, 599, 556. UV/Vis (DMA, nm (M‒1 cm‒

1)): λmax (ε) = 522 (170), 660 (65), 890 (35). µeff (DMSO, 298K, Evan’s Method): 4.11 µB. Anal. 

Calcd (found) for C27H36CoK2N4O7S3.0.5CH2Cl2: C, 41.06 (41.16); H, 4.41 (4.52); N, 6.97 

(6.79). EPR (X-band, 77K, perpendicular): g = 3.7. 

 

Oxidation of CoII–OH Complexes. A stock solution of the CoII–OH complex was prepared in 

DMA (20 mL) at room temperature. A 3 mL aliquot of the solution of CoII–OH was transferred 

to a 1 cm quartz cuvette and was sealed with a rubber septum before being transferred to a 

precooled 8453 Agilent UV-vis spectrophotometer equipped with an Unisoku Unispeks 

cryostat and allowed to equilibrate to the desired temperature for at least 15 min. A stock 

solution of [FeCp2]BF4 was prepared in DMA. To the CoII–OH solution, 1 equiv of [FeCp2]BF4 

was added via gas-tight syringe. The high energy band corresponding to the CoIII species 



42 

between 400 – 500 nm was monitored to determine the half-lives of the CoIII–OH compounds 

(Figure 2.9) and treated as 2nd order reaction: half-lives were determined from                 

1/k[CoIII complex]. 

 

X-Ray Crystallographic Methods.  

A Bruker SMART APEX II diffractometer was used for molecular structure determination. 

The APEX238 program package was used to determine the unit-cell parameters and for data 

collection. The raw data was processed using SAINT39 and SADABS40 to yield the reflection 

data file. Subsequent calculations were carried out using the SHELXTL41 program. The 

structures were solved by direct methods and refined to convergence. Crystallographic data 

of the structure determination are given in Table 2.6. Selected bond lengths and angles are 

given in Table 2.1 and the molecular structure of each anion is shown in Figure 2.3. The 

structure of K2[CoIITST(OH)] contained three anions within the asymmetric unit that were 

chemically identical. Two of the anions have disorder within the [TST]3‒ ligand: the anion 

containing Co2 has two tolyl groups that are disordered and the anion containing Co3 has 

one disordered tolyl group. For the anion containing Co2 the disorder was modeled using 

multiple components using partial site-occupancy factors (50:50 for both rings); for the 

anion with Co3 the disorder was modeled with 50:50 site occupancy. The anion containing 

Co3 also had partial disorder within the tren backbone that was modeled as 50:50 disorder. 

The anion of [CoIITST(OH)]2‒ that was not disordered is shown in Figure 2.3 and its metrical 

parameters were used in Table 2.1. 
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Table 2.6. Crystallographic Data for K2[CoIITST(OH)] and K2[CoIIH22tol(OH)]•2DMA 

Salt (K2[CoIITST(OH)])3 K2[CoIIH22tol(OH)]•2DMA 
Empirical Formula C81H102Co3K6N12O21S9 C31H58CoK2N8O7S 
fw 2277.65 824.04 
T (K) 88(2) 88(2) 
space group P21/c P1̅ 
a (Å) 19.4569(14) 11.9841(7) 
b (Å)  32.796(2) 12.9122(7) 
c (Å) 18.3848(13) 14.8689(8) 
α (deg) 90 68.6652(7) 
β (deg) 111.2036(9) 87.4545(8) 
γ (deg) 90 69.8767(7) 
Z 4 2 
V (Å3) 10943.1(13) 2003.73(19) 
δcalcd (Mg/m3) 1.384 1.366 
R1 0.0804 0.0378 
wR2 0.2098 0.0942 
GOF 1.058 1.025 
wR2 = [[w(Fo

2‒Fc
2)2] / [w(Fo

2)2] ]1/2; R1 = ||Fo|-|Fc|| / |Fo|; Goof = S = [[w(Fo
2‒Fc

2)2] / (n-p)]1/2 where n is the 

number of reflections and p is the total number of parameters refined.  
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CHAPTER 3 

MnIII‒Oxido and MnIII‒Hydroxido Complexes with Urea-based Hybrid Ligands 

Introduction 

The previous chapter reported the synthesis of new hybrid sulfonamido and urea 

based ligands and their properties with CoII ions. The secondary coordination sphere was 

systematically varied by changing the number of H-bond donor and acceptor groups. 

However, this study showed that changing from a sulfonamido to a urea causes a measurable 

change in the primary coordination sphere. This makes it difficult to distinguish whether 

changes in properties of metal complexes arise from changes in the H-bonding network or 

the primary coordination sphere. Therefore, studying changes in the secondary coordination 

sphere require new ligands, which keep the primary coordination sphere constant, while 

allowing for systematic changes in the secondary coordination sphere.  

 It is not well understood how varying the strength of H-bonds in the secondary 

coordination sphere effects the function and properties of metal ions. To this end, a new 

series of hybrid ligands were developed to modulate only the secondary coordination 

sphere. This series of hybrid ligands was developed based on a tripodal urea ligand 

[H3buea]3‒ previously synthesized by our group.1 Previous members of our group have 

reported the synthesis and characterization of MnIII‒O and MnIII‒OH complexes using the 

[H3buea]3‒ ligand (Figure 3.1).2 This ligand is capable of providing up to three intramolecular 

H-bonds to an axial ligand. These H-bonds have been shown to stabilize a reactive oxido 

ligand in [MnIIIH3buea(O)]2‒.3 Previous studies with this complex have shown that it is 

capable of doing C‒H bond activation with 9,10-dihydroanthracene (DHA) to produce 

anthracene.4 Understanding how to activate C‒H bonds is of interest to the chemical 
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community because it provides the opportunity to synthesize complex organic molecules in 

a more efficient manner. To this end, new MnIII‒O complexes with hybrid ligands based upon 

[H3buea]3‒, were targeted to develop an understanding of the relationship between H-bonds 

to a MnIII‒O and C‒H bond reactivity. 

  

Figure 3.1. MnIII‒oxido and MnIII‒hydroxido complexes previously reported by the Borovik group 
with the [H3buea]3‒ ligand.3 
 

This chapter will describe the synthesis and characterization of a new series of hybrid 

tripodal urea ligands where two arms contain tert-butyl groups analogous to [H3buea]3‒ and 

the third arm contains a substituted phenyl group in which a variety of substituents were 

placed primarily in the para-position. In para-substituted phenols it has been shown that the 

pKa can be systematically modulated by attaching electron withdrawing or electron donating 

groups.5 Systematically modulating the pKa of the urea NH groups was targeted because pKa 

is related to the strength of the H-bond that can form between the urea NH and a H-bond 

acceptor.6,7 The strongest H-bond arises when the pKa of the two groups involved in the H-

bond are closely matched, such that ΔpKa approaches 0. The goal of this project was to 

modulate the pKa value for a single urea NH within the H-bonding cavity to determined its 

effect on the function of a MnIII–oxido complex toward C–H bond cleavage. The synthesis and 

characterization of MnIII‒oxido and MnIII‒hydroxido complexes with these new hybrid 

ligands will be presented, along with preliminary reactivity studies with external substrates.  
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Results and Discussion 

 Ligand Design and Synthesis. Scheme 3.1 outlines the synthesis of the hybrid ligand 

precursors H63R (R = H, F, F5). The synthesis of the hybrid ligands began with ethylene 

diamine being treated with di-tert-butyl dicarbonate to afford the monoboc protected 

species N-tert-butoxycarbonyl‒1,2‒diaminoethane.8 Tert-butyl isocyanate was added to 

Scheme 3.1. Preparative Route to H63R (R = H = R1 is H63Ph; R = F, R1 = H is H63F; R = F = R1 is H635F) 
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2‒chloroethylamine afford 1-tert-butyl-3‒(2‒chloroethyl)urea,9 which was treated with N-

tert-butoxycarbonyl‒1,2‒diaminoethane to afford the monoboc protected diurea tripod (N’-

tert-butyoxycarbonyl)-N-ethyl]-bis[(N’-tert-butylureayl)-N-ethyl]amine (3a).10 The 

monoboc protected diurea tripod 3a was reacted with trifluoroacetic acid (TFA) to give the 

primary amine (3b)11 and then the desired isocyanate was added to afford the ligand 

precursor H63R.  

 Metal Complex Synthesis. Three MnIII complexes were synthesized by deprotonating 

the appropriate ligand with 4 equivalents (equiv) of KH in dimethylacetamide (DMA), under 

an argon atmosphere and then adding solid MnII(OAc)2 to produce a colorless heterogeneous 

mixture. The mixture was treated with 0.5 equiv of dry O2, resulting in an immediate color 

change to dark purple (for complexes with [H33Ph]3-, [H33F]3-, [H3buea]3-) or dark green 

([H235F]4-, Scheme 3.2). The mixture was filtered to remove KOAc and was purified by vapor 

diffusion of Et2O into the DMA solution of the salt. Since the spectroscopic characterization 

of [MnIIIH3buea(O)]2‒ and [MnIIIH3buea(OH)]‒ have been previously reported, the new Mn 

metal complexes with different hybrid ligands were compared to those reference 

complexes.12  

Scheme 3.2. Preparative Routes to MnIII‒O and MnIII‒OH Complexes 
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 The ligands [H23Ph]4‒ and [H23F]4‒ react with MnII and O2 to produce complexes with 

similar spectroscopic properties to [MnIIIH3buea(O)]2‒, suggesting that they are MnIII‒O 

complexes. In contrast, the more electron withdrawing ligand [H235F]4‒ reacts with MnII and 

O2 to produce a complex with different spectroscopic features to [MnIIIH3buea(O)]2‒ and 

[MnIIIH3buea(OH)]‒. However, the MnIII complex with [H235F]4‒ has similar structural and 

spectroscopic properties to MnIII complex our group previously characterized with a tripodal 

ligand with two urea groups and one carboxyamidopyridyl unit ([H2bupa]3‒).13,14 In the 

complex [MnIIIH2bupa(O)(H)]‒, observations suggested that this complex was a hybrid 

species between an Mn‒oxido and Mn‒hydroxido (Figure 3.2).13 However, structural data 

for the MnIII complex with [H235F]4‒ revealed that the hydrogen atom is located on the 

oxygen, suggesting the complex is a MnIII‒OH complex with a deprotonated urea. The 

following sections will describe the characterization of the MnIII complexes with the  

[H23Ph]4‒, [H23F]4‒, and [H235F]4‒ ligands, and make comparisons to previously reported 

complexes. 

 

Figure 3.2. Possible structure of the complex [MnIIIH2bupa(O)(H)]‒.13 

Electronic Absorbance Properties. The MnIII‒O, MnIII‒OH, MnIV=O, MnIV‒OH, and 

MnV=O complexes with [H3buea]3- have unique electronic absorbance spectra that can be 

used as a powerful tool in determining the protonation state of the oxido ligand.15–18 In 
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particular, [MnIIIH3buea(O)]2‒ and [MnIIIH3buea(OH)]‒ have diagnostic spectra (Figure 

3.3).15 We reasoned that the MnIII–O(H) complexes in this complex would have similar 

spectra to these reference complexes and could be used to assess the protonation states in 

the complexes with the new hybrid ligands.  

 

Figure 3.3. Electronic absorbance spectra of [MnIIIH3buea(O)]2‒ (blue line, 1.4 mM) and 
[MnIIIH3buea(OH)]‒ (green line, 1.4 mM) recorded in DMSO.  

The electronic absorbance spectra for the new MnIII‒O complexes ([MnIIIH33Ph(O)]2‒ 

and [MnIIIH33F(O)]2‒) are characterized by bands at λmax/nm ~ 500 and 710 with extinction 

coefficients less than 500 M‒1 cm‒1 (Figure 3.4 and Table 3.1).15 This is consistent with the 

properties of the previously characterized [MnIIIH3buea(O)]2‒.15 In the MnIII‒O complexes, 

there is a progressive shift of the low-energy band to higher energy as more electron 

withdrawing groups are attached to the phenyl ring. No effect is observed on the high-energy 

band of the MnIII‒O complexes, as it appears at the same energy for all three of the complexes. 

The electronic absorbance spectrum of [MnIIIH235F(OH)]2‒ contains an absorbance band at 

λmax/nm = 675 with an extinction coefficient less than 300 M‒1 cm‒1 (Figure 3.4 and Table 
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3.1). These spectroscopic features are very different than [MnIIIH3buea(OH)]‒, which 

contains absorbance bands at λmax/nm = 427 and 724 with extinction coefficients less than 

550 M‒1 cm‒1.15 A more appropriate comparison of the electronic absorbance spectrum of 

[MnIIIH235F(OH)]2‒ to [MnIIIH2bupa(O)(H)]‒, shows a nearly identical spectrum with an 

absorbance band at λmax/nm = 675 with an extinction coefficient of 360 M‒1 cm‒1.13 These 

complexes are more comparable because the secondary coordination spheres around the 

metal ion in [MnIIIH235F(OH)]2‒ and [MnIIIH2bupa(O)(H)]‒ are more similar than 

[MnIIIH3buea(OH)]‒. In [MnIIIH235F(OH)]2‒ and [MnIIIH2bupa(O)(H)]‒ the molecular structure 

suggests there are three intramolecular H-bonds, whereas [MnIIIH3buea(OH)]‒ contains two 

intramolecular H-bonds (Figure 3.2). 

 

Figure 3.4. Electronic absorbance spectra for [MnIIIH3buea(O)]2‒ (black line), [MnIIIH33Ph(O)]2‒ (red 
line), [MnIIIH33F(O)]2‒ (blue line), and [MnIIIH235F(OH)]2‒ (green line) recorded in DMSO at room 
temperature 
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Table 3.1. Electronic Absorbance Properties of the MnIII‒O and MnIII‒OH Complexes 

 λmax (nm), (ε, M cm‒1) 

[MnIIIH3buea(O)]2‒ 725, (235); 498, (475) 
[MnIIIH33Ph(O)]2‒ 710, (240); 498, (438) 
[MnIIIH33F(O)]2‒ 706, (242); 498, (443) 

[MnIIIH235F(OH)]2‒ 677, (274) 

 
 Solid-State Structural Properties. The molecular structure of [MnIIIH235F(OH)]2‒ was 

examined by X-ray diffraction (XRD) (Figure 3.5 and Table 3.2). A single crystal of 

(NMe4)2[MnIIIH235F(OH)] was obtained by reaction of K2[MnIIIH235F(OH)] with 2 equiv of 

NMe4OAc in acetonitrile and vapor diffusion of Et2O into the acetonitrile solution. Single 

crystals of K2[MnIIIH33Ph(O)] and K2[MnIIIH33F(O)] were attempted with a variety of solvent 

combinations (dimethylformamide (DMF), DMA, dimethyl sulfoxide (DMSO), Et2O, 

tetrahydrofuran (THF)) and counterions (NMe4+, NBu4+, K⊂(2.2.2-cryptand)+), however, 

suitable crystals for XRD were not obtained under any conditions. The structure of 

[MnIIIH3buea(O)]2‒ and [MnIIIH2bupa(O)(H)] (Figure 3.6 and Table 3.3) has been reported 

previously and is discussed here in comparison to [MnIIIH235F(OH)]2‒.  

The molecular structure of [MnIIIH235F(OH)]2‒ revealed a trigonal bipyramidal 

coordination geometry around the MnIII center with the trigonal plane defined by the three 

deprotonated nitrogen donors from the [H235F]4- ligand. The hydrogen atom on O1 was 

located from the difference-Fourier map, which led to the assignment of this complex as a 

MnIII‒OH species. Additionally, the difference-Fourier map showed no residual electron 

density within bonding distance to N7, suggesting N7 is deprotonated. There are statistically 

significant differences in the Mn1‒N bond lengths in the trigonal plane between the different 

nitrogen donors. The Mn1‒N4 bond distance of 2.017(5) Å is shorter than Mn1‒N2 and 

Mn1‒N3 bond distances (2.057(5) and 2.070(5) Å). This likely arises from the strong H-bond 
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Figure 3.5. Thermal ellipsoid plot of [MnIIIH235F(OH)]2‒

. Thermal ellipsoids are drawn at the 50% probability 
level. Hydrogen atoms not involved in H-bonding are 
omitted for clarity. 
 
 

Table 3.2. Selected Bond Distances (Å) 
and Angles (°) for [MnIIIH235F(OH)]2‒ 

Mn1‒O1 1.818(4) 
Mn1‒N1 2.059(5) 
Mn1‒N2 2.055(5) 
Mn1‒N3 2.070(5) 
Mn1‒N4 2.018(5) 
d(N5⋯O1) 2.764(6) 
d(N6⋯O1) 2.796(7) 
d(O1⋯N7) 2.611(6) 
O1‒Mn1‒N1 178.6(2) 
O1‒Mn1‒N2 98.28(18) 
O1‒Mn1‒N3 99.4(2) 
O1‒Mn1‒N4 96.18(18) 
N4‒Mn1‒N1 82.45(19) 
N4‒Mn1‒N2 124.3(2) 
N4‒Mn1‒N3 117.6(2) 
N2‒Mn1‒N1 82.26(19) 
N2‒Mn1‒N3 112.5(2) 
N1‒Mn1‒N3 81.6(2) 

 

 

Figure 3.6. Thermal ellipsoid plot of 
[MnIIIH2bupa(O)(H)]‒. Thermal ellipsoids are drawn at 
the 50% probability level. Hydrogen atoms involved in H-
bonding were not located in the structure. All hydrogen 
atoms are removed for clarity.13 

Table 3.3. Selected Bond Distances (Å) 
and Angles (°) for 
[MnIIIH2bupa(O)(H)]‒ a 

Mn1‒O1 1.822(4) 
Mn1‒N1 2.043(5) 
Mn1‒N2 2.169(4) 
Mn1‒N3 2.022(4) 
Mn1‒N4 2.010(5) 
d(N5⋯O1) 2.654(5) 
d(N6⋯O1) 2.775(5) 
d(N7⋯O1) 2.773(5) 
O1‒Mn1‒N1 175.34(17) 
O1‒Mn1‒N2 95.80(17) 
O1‒Mn1‒N3 99.56(18) 
O1‒Mn1‒N4 99.66(18) 
N4‒Mn1‒N1 82.94(18) 
N4‒Mn1‒N2 114.09(18) 
N4‒Mn1‒N3 122.23(19) 
N2‒Mn1‒N1 79.63(18) 
N2‒Mn1‒N3 117.36(17) 
N1‒Mn1‒N3 82.13(19) 

a average values are reported for the 
four anions in the asymmetric unit 
cell.13 
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that forms between hydroxido ligand and N7, resulting in a contraction of the Mn1‒N4 

distance. The molecular structure suggests the presence of three intramolecular H-bonds. All 

three H-bond interactions have O1⋯N distances of less than 2.8 Å, a distance that is below 

the 3.0 Å distance that is normally used to indicate an H-bond. The O1⋯N7 distance of 

2.612(6) Å is significantly shorter compared to those of N5⋯O1 and N6⋯O1 (2.764(6) and 

2.796(7) Å). In the previously characterized complex [MnIIIH2bupa(O)(H)]‒, the N5⋯O1 

distance of 2.654(5) Å is significantly shorter compared to those of N6⋯O1 and N7⋯O1 

(2.775(5) and 2.773(5) Å).  

A Mn1‒O1 distance of 1.819(4) Å is observed in [MnIIIH235F(OH)]2‒, which is longer 

than the corresponding bond length of 1.780(5) Å found in [MnIIIH3buea(O)]2‒. The 

lengthening of the Mn1‒O1 distance arises because, as discussed above, the MnIII center is 

bound to a hydroxido ligand and not an oxido like in [MnIIIH3buea(O)]2‒. However, this Mn1‒

O1 distance is shorter than the 1.877(2) Å observed in [MnIIIH3buea(OH)]‒.2 The hybrid 

system [MnIIIH2bupa(O)(H)]‒ has a Mn1‒O1 distance of 1.822(4) Å, which statistically 

identical to the 1.819(4) Å that is observed for [MnIIIH235F(OH)]2‒. The Mn1‒N1 distance of 

2.060(5) Å was found to be more comparable to the 2.023(3) Å observed in 

[MnIIIH3buea(OH)]- than the 2.141(5) Å observed in [MnIIIH3buea(O)]2‒. This contraction of 

the Mn1‒N1 distance is a result of a hydroxido ligand having a weaker trans influence than 

an oxido ligand. Additionally, in the hybrid system [MnIIIH2bupa(O)(H)]‒ a similar Mn1‒N1 

distance of 2.043(5) Å is observed.13  

 Magnetic Properties. Electron paramagnetic resonance (EPR) spectroscopy was used 

to evaluate the spin state of the series of MnIII complexes. The parallel-mode EPR spectra 

measured at 10K of the three complexes showed a signal centered around g ~ 8 with a six-
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line hyperfine pattern (Figure 3.7 andTable 3.4). This is indicative of monomeric MnIII with 

a high-spin, S = 2 spin state. The complexes [MnIIIH33Ph(O)]2‒ and [MnIIIH33F(O)]2‒ have 

similar line-shape and hyperfine splitting to the previously reported [MnIIIH3buea(O)]2‒. 

However, the complex [MnIIIH235F(OH)]2‒ has a different line shape and a narrowed 

hyperfine splitting. A subtle change in the hyperfine splitting by 10 MHz is seen between the 

MnIII‒O and MnIII‒OH complexes of [H3buea]3‒; however, a larger change of 20 MHz is seen 

between the [MnIIIH33Ph(O)]2‒ and [MnIIIH235F(OH)]2‒.  

 

 

 

Figure 3.7. Parallel mode EPR spectra of [MnIIIH33Ph(O)]2‒ (red line), [MnIIIH33F(O)]2‒ (blue line), and 
[MnIIIH235F(OH)]2‒ (green line) collected at 10K in a mixture of DMF:THF. 
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Table 3.4. EPR Properties of MnIII‒O(H) Complexes  

 g A (MHz) 

[MnIIIH3buea(O)]2‒ a 8.08 280 
[MnIIIH3buea(OH)]- a 8.14 270 
[MnIIIH33Ph(O)]2‒ 7.95 278 
[MnIIIH33F(O)]2‒ 7.95 278 
[MnIIIH235F(OH)]2‒ 7.97 262 

a EPR parameters previously reported for [MnIIIH3buea(O)]2‒ 18 and [MnIIIH3buea(OH)]‒.17 

pKa Measurements. The pKa was experimentally determined to observe the effect of 

H-bonding on the MnIII complexes. [MnIIIH3buea(O)]2‒ was titrated with 4-aminopyridine 

(pKa = 26.5) and the reaction was monitored spectrophotometrically.19 Upon addition of the 

acid, 4-aminopyridine, clean conversion to [MnIIIH3buea(OH)]- is observed with spectral 

features matching the previously characterized complex (Figure 3.8).20 The pKa of 

[MnIIIH33Ph(O)]2‒  and [MnIIIH33F(O)]2‒ were measured by spectrophotometric titration 

(Figure 3.9 and Figure 3.10) with 2‒aminopyrimidine (pKa = 25.3).19 

 

Figure 3.8. (A) Spectrophotometric titration of [MnIIIH3buea(O)]2‒ with 4-aminopyridine and (B) plot 
of ([Mn‒OH]t/[Mn‒O]t)[A]t vs. [H-A]t to determine the equilibrium constant K.  
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Figure 3.9. (A) Spectrophotometric titration of [MnIIIH33Ph(O)]2‒ with 2‒aminopyrimidine and (B) 
plot of ([Mn‒OH]t/[Mn‒O]t)[A]t vs. [H-A]t, which is used to determine the equilibrium constant K. 
 

 
Figure 3.10. (A) Spectrophotometric titration of [MnIIIH33F(O)]2‒ with 2‒aminopyrimidine and (B) 
plot of ([Mn‒OH]t/[Mn‒O]t)[A]t vs. [H-A]t, which is used to determine the equilibrium constant K. 
 
 The measured pKa values for the four MnIII‒O(H) complexes in DMSO are listed in Table 3.5. 

The complex [MnIIIH3buea(O)]2‒ has the largest pKa of 25.5(1) in the series. Upon adding more 

electron withdrawing substituents, [MnIIIH33Ph(O)]2‒ and [MnIIIH33F(O)]2‒, the pKa drops to 23.7(1) 

and 23.8(1) respectively. The pKa of [MnIIIH33Ph(O)]2‒ and [MnIIIH33F(O)]2‒ are within experimental 

error of each other, but they are approximately 50 times less basic than [MnIIIH3buea(O)]2‒. An 

absolute pKa of [MnIIIH235F(OH)]2‒ was not obtained because of the limited stability of the protonated 
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species. Attempts to bracket the pKa value was investigated by treating [MnIIIH235F(OH)]2‒  with a 

series of acids (Scheme 3.3). The complex does not react upon addition of fluorene (pKa =  22.6), but 

upon addition of indene (pKa = 20.1), a slight growth of indenide can be seen. Finally, when imidazole 

(pKa = 18.6) is added, conversion to a new species no defined absorbance bands between from 300 ‒ 

1000 nm (Figure 3.11), suggesting a bracketing of the pKa from 22.6 to 18.6.19   

Scheme 3.3. Reaction of [MnIIIH235F(OH)]2‒ with Acidsa 

 
a H-A = fluorene, indene, imidazole. 

 

Figure 3.11. Reaction of [MnIIIH335F(OH)]2‒ with imidazole in DMSO at room temperature. 

 These results suggest that the H-bonding network plays an important role in modulating the 

basicity of metal complexes. The decrease in pKa for [MnIIIH33Ph(O)]2‒ and [MnIIIH33F(O)]2‒ could be 

caused by an change in a single H-bond that involves the urea arm with phenyl group. In 

[MnIIIH3buea(O)]2‒, [MnIIIH33Ph(O)]2‒ and [MnIIIH33F(O)]2‒, the data suggests they are all MnIII‒oxido 

complexes, however, in these complexes the environment around the oxido ligand has been 
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modulated resulting in changes in the pKa of the NH group on the different urea-arm. There is no 

statistical difference in the pKa of [MnIIIH33Ph(O)]2‒ and [MnIIIH33F(O)]2‒, which agrees with the para-

Hammett parameter (σp) for ‒H is 0.00 and ‒F is 0.06 that suggests that their electron withdrawing 

properties are similar. In [MnIIIH235F(OH)]2‒, structural and spectroscopic properties indicate that 

the complex is a MnIII‒OH and is more than 1000 times less basic than [MnIIIH3buea(O)]2‒. The most 

basic site in this complex is not known, but is likely the deprotonated urea nitrogen atom.  

Table 3.5. Measured pKa values of MnIII‒O(H) Complexes  

 pKa (DMSO, 26 °C) 

[MnIIIH3buea(O)]2‒ 25.5(1) 
[MnIIIH33Ph(O)]2‒ 23.7(1) 
[MnIIIH33F(O)]2‒ 23.8(1) 

[MnIIIH235F(OH)]2‒ 22.6 – 18.6 

  
 Electrochemical Properties. Cyclic voltammetry (CV) was used to evaluate the redox 

properties of the MnIII‒O(H) complexes. CV experiments performed at room temperature in 

DMSO showed that each complex had a one-electron event that was assigned to the 

MnIV/MnIII redox process (Figure 3.12 and Table 3.6). The redox process was quasi-

reversible for each of the complexes. The E1/2 potentials for the MnIII‒O(H) complexes ranged 

from ‒0.53 to ‒1.04 V vs. [FeCp2]+/0. The potentials for the MnIII‒O complexes ranged from ‒

0.80 V to ‒1.04 V vs. [FeCp2]+/0. The complex with the symmetrical ligand, [MnIIIH3buea(O)]2‒ 

has the most negative E1/2 values. The E1/2 value shifts 240 mV more positive in 

[MnIIIH33F(O)]2‒. This effect could arise from the stronger H-bonding interaction to the oxido 

ligand from the para-fluorophenyl urea NH. This stronger H-bonding interaction makes the 

oxido ligand a weaker donor to the MnIII center than in [MnIIIH3buea(O)]2‒. Moreover, the 

E1/2 value shifts to ‒ 0.53 V vs. [FeCp2]+/0 in [MnIIIH235F(OH)]2‒, which likely arises from a 

combination of two effects. The first effect is that the primary coordination sphere around 

the MnIII center has changed; the fifth ligand is now a hydroxido, which is a weaker donor to 
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the MnIII center than an oxido. The second effect is the change in the H-bond network in the 

secondary coordination sphere of [MnIIIH235F(OH)]2‒. The MnIII‒O(H) complexes in this 

series systemically change only one H-bond in the secondary coordination sphere resulting 

in significant changes to the redox properties of these compounds.   

 

Figure 3.12. Cyclic voltammograms of [MnIIIH3buea(O)]2‒ (black line), [MnIIIH33Ph(O)]2‒ (red line), 
[MnIIIH33F(O)]2‒ (blue line), and [MnIIIH235F(OH)]2‒ (grey line) recorded in DMSO. Measurements 
were done at room temperature under argon at 50 mV s‒1. 
 
Table 3.6. Electrochemical Properties of MnIII‒O(H) Complexes Recorded in DMSO 

 E1/2 (V vs. [FeCp2]+/0) 

[MnIIIH3buea(O)]2‒ ‒ 1.04 
[MnIIIH33Ph(O)]2‒ ‒ 0.84 
[MnIIIH33F(O)]2‒ ‒ 0.80 

[MnIIIH235F(OH)]2‒ ‒ 0.53 

 

Kinetic Properties. Our group has previously reported the reactivity of 

[MnIIIH3buea(O)]2‒ with the substrate 9,10-dihydroanthracene (DHA) and determined a 

second-order rate constant and activation parameters.4 This organic substrate oxidation 
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occurs even though the MnIII‒O complex has redox potentials that are extremely negative 

and are typically associated with reductants (E1/2([MnIIIH3buea(O)]2‒ = ‒ 1.04 V vs 

[FeCp2]+/0) . The low value of the E1/2 suggests that the basicity of the MnIII‒O may play an 

important role in the observed reactivity. To gain further insight into how the reactivity of 

MnIII‒O species reactivity is influenced by H-bonds to the MnIII–O unit, a kinetic analysis was 

conducted for the reaction involving DHA.  

Kinetic data were obtained by spectrophotometrically monitoring absorbance 

features corresponding to the MnIII‒O compounds during their reaction with excess DHA in 

DMSO solutions (Figure 3.13). Under these conditions, the reactions with MnIII‒O and DHA 

exhibited pseudo-first-order kinetics for greater than 3 half-lives. The pseudo-first-order 

rate constant (kobs) varied linearly with the concentration of DHA, which indicates a second-

order rate law (rate = k[Mn‒O(H)][DHA]) (Table 3.7)). For [MnIIIH3buea(O)]2‒, the second 

order rate constant at 20 °C (k = 0.48(4) M‒1 s‒1) is more than an order of magnitude larger 

than the second order rate constant for [MnIIIH33Ph(O)]2‒ and [MnIIIH33F(O)]2‒ (k = 0.030(2) 

and 0.019(2) M‒1 s‒1, respectively) (Figure 3.14 and Figure 3.15).4 The complex 

[MnIIIH235F(OH)]2‒ reacts with DHA on a time-scale that is too slow to determine a second 

order rate constant. Even at elevated temperatures up to 50 °C, the reaction with excess DHA 

does not go through one half-life within a 24 h period. 

Table 3.7. Second Order Rate Constants in the Reaction of DHA with MnIII/IV‒O(H) Complexes 

 k (M‒1 s‒1) 

[MnIIIH3buea(O)]2‒ a 0.48(4) 
[MnIVH3buea(O)]2‒ a 0.026(2) 
[MnIIIH33Ph(O)]2‒ 0.030(2) 
[MnIIIH33F(O)]2‒ 0.019(2) 
[MnIIIH235F(OH)]2‒ Too Slow 

a kinetic data obtained from ref 4 
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The temperature dependence of the second order rate constants were determined for 

[MnIIIH33Ph(O)]2‒ to probe if there were differences in the previously reported activation 

parameters for [MnIIIH3buea(O)]2‒ (Figure 3.14 and  

Table 3.8).4 Activation parameters (ΔH‡, ΔS‡a, or ΔG‡) were calculated from an Eyring 

analysis. [MnIIIH3buea(O)]2‒ and [MnIIIH33Ph(O)]2‒ show positive enthalpy and negative 

entropy of activation, indicating that the reaction proceeds through an associative 

mechanism. However, the activation parameters for [MnIIIH3buea(O)]2‒ and 

[MnIIIH33Ph(O)]2‒ are not statistically different, suggesting that the transition state is similar 

for the two reactions. This is expected for the free energy of activation (ΔG‡) because an 

order of magnitude difference in rate constant is equivalent to ~1.3 kcal mol‒1                                          

(ΔG‡ = RTlnk ‡), which is within error for the experiment.  

One possible reason for the large difference in rate constants [MnIIIH3buea(O)]2‒ and 

the new MnIII‒O(H) complexes is the basicity of the complexes in the series. With the 

increased H-bonding in complexes with [H33Ph]3‒, [H33F]3‒, and [H235F]4- ligands, the basicity 

of these complexes is less than those with [H3buea]3‒. This reactivity could occur by a two-

step mechanism where proton transfer occurs then electron transfer (PT-ET mechanism). If 

the reaction proceeded by a PT-ET mechanism, lower basicity could result in slower reaction 

kinetics. The complex [MnIVH3buea(O)]- has a significantly lower pKa and rate constant than 

[MnIIIH3buea(O)]2‒ (ΔpKa ~ 10, kMn(III)/kMn(IV) ~20), suggesting that the pKa could play an 

important role in this reaction. More electron withdrawing and donating substituents are 

necessary to probe the relationship between H-bonding strength, pKa, and reaction kinetics.  
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Figure 3.13. (A) Example of the spectrophotometric data for the reaction of MnIII‒O with DHA and 
(B) example of rate data used to determine the kobs values for [MnIIIH33Ph(O)]2‒ at 20° C. Each 
independent linear fit represents a different concentration of DHA.  
 
 
 

 

Figure 3.14. Kinetic data for the reaction of [MnIIIH33Ph(O)]2‒ with DHA at various temperatures to 
determine second order rate constants (A) and Eyring plot (B). Temperature Key (°C): 20 (•); 30 (■); 

40 (♦); 50 (►). 

 



65 

 

Figure 3.15. Kinetic data for the reaction of [MnIIIH33F(O)]2‒ with DHA at 20 °C to determine the 
second order rate constant. 
 
Table 3.8. Activation Parameters for Reaction of MnIII/IV(O) Complexes with DHA 

 [MnIIIH33Ph(O)]2‒ [MnIIIH3buea(O)]2‒ [MnIVH3buea(O)]2‒ 

ΔH‡a 15(1) 14(2) 5(1) 
ΔS‡b ‒16(2) ‒14(6) - 49(4) 
ΔG‡a,c 20(2) 18(3) 19(2) 
kd 0.030(2) 0.48(4) 0.026(2) 

a kcal mol‒1. b eu. c 20 °C. d M‒1 s‒1. [MnIIIH3buea(O)]2‒ and [MnIVH3buea(OH)]2‒ were previously 
reported.4 
 

Summary and Conclusion 

In this chapter, a new series of hybrid tripodal urea ligands and the corresponding 

MnIII‒O(H) complexes were reported: [MnIIIH33F(O)]2‒, [MnIIIH33H(O)]2‒, and 

[MnIIIH235F(OH)]2‒. All three have similar trigonal bipyramidal coordination geometry with 

an N4O donor set coordinated to the Mn center. They differ in that one arm of the tripodal 

ligand was modified with a substituted-phenyl urea, which allows for systematic modulation 

of the acidity, and H-bond donor ability, of a single urea NH located in the secondary 

coordination sphere. Changes in H-bond donor strength of the phenyl urea NH group allowed 

for the investigation how a single H-bond can influence the structural, physical and reactivity 
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properties of a metal-oxido complexes. This approach and subsequent study showed that the 

position of the proton can be modulated within the cavity that surrounds a MnIII–O unit: in 

[MnIIIH235F(OH)]2‒, structural and spectroscopic evidence suggest that proton resides on the 

oxido ligand to form a hydroxido species. In the other two hybrid systems, [MnIIIH33F(O)]2‒ 

and [MnIIIH33Ph(O)]2‒, the measured properties suggest MnIII–oxido species are present. In 

the three complexes, there are three intramolecular H-bond involving the MnIII–oxido unit; 

for [MnIIIH33F(O)]2‒ and [MnIIIH33Ph(O)]2‒  the network is the same to that found in the parent 

complex, [MnIIIH3buea(O)]2- with the three NH groups of the urea arms serving as H-bond 

donors. In [MnIIIH235F(OH)]2‒ there are still three intramolecular H-bonds but the network 

is different because one H-bond is reversed. Structural and spectroscopic results agree that 

the proton from the phenyl-urea arm appears to have moved to the MnIII–O unit (forming a 

hydroxido ligand) and remaining N atom is deprotonated (that is, Mn–OH…Nurea is present).  

and thus the H-bond changes is the donor group and a deprotonated in N-atom of the urea.     

Evidence that support this premise is a significant contraction of the Mn1‒O1 distance and 

shift to more positive MnIV/MnIII potential compared to other MnIII‒oxido complexes.  

Moreover, there is a large change in the reactivity toward C–H bond activation. In 

[MnIIIH33F(O)]2‒ and [MnIIIH33Ph(O)]2‒ second order rate constants could be measured that 

are approximately an order of magnitude smaller than that observed for [MnIIIH3buea(O)]2-. 

The exact reason for this difference is not yet known and other complexes in this series are 

being studied by other members of our group to gain more insights. Nevertheless, this 

reaction is nearly stopped in [MnIIIH235F(OH)]2‒, a result that we argue is predominatly 

caused by the changes in the orientation of a single H-bond within the secondary 
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coordination sphere. These results show the strong effect that H-bonds have on the 

properties of metal-oxido complexes and their influence on chemical reactivity.   

Experimental Section 

 General Procedures. Unless otherwise stated, all manipulations were performed 

under an argon atmosphere in a Vac-atmospheres dry box. N,N-Dimethylacetamide was 

purchased from Sigma-Aldrich in 99.8% purity and stirred over BaO for two days, refluxed 

for 1 h, followed by vacuum distillation. 1-tert-Butyl-3‒(2‒chloroethyl)urea, N-tert-

Butoxycarbonyl‒1,2‒diaminoethane, 1,1'-(((2‒aminoethyl)azanediyl)bis(ethane-2,1-

diyl))bis(3‒(tert-butyl)urea), (N’-tert-butyoxycarbonyl)-N-ethyl]-bis[(N’-tert-butylureayl)-

N-ethyl]amine, ligand precursor 1,1′,1″- 

(nitrilotris(ethane-2,1-diyl))tris(3‒(tert-butyl)urea) (H6buea) and the metal complex 

K2[MnIIIH3buea(O)] were synthesized using literature procedures.8–11 (N’-tert-

butyoxycarbonyl)-N-ethyl]-bis[(N’-tert-butylureayl)-N-ethyl]amine was purified by flash 

chromatography over silica gel, eluting with 10% MeOH, 1% Triethylamine, and 89% EtOAc. 

The metal precursor MnII(OAc)2 was purchased from Sigma-Aldrich in ≥ 99% purity and 

used as received. Potassium hydride (KH) as a 30% dispersion in mineral oil was filtered 

with a glass frit and washed with pentane and Et2O, dried by vacuum, and stored under an 

argon atmosphere. DHA was purchased from Sigma-Aldrich in ≥ 99% purity and crystallized 

from ethanol three times, washed with pentane, and dried by vacuum. 4-Aminopyridine was 

purchased from Sigma-Aldrich in ≥ 99% purity and crystallized from toluene and washed 

with Et2O and dried by vacuum. 2‒Aminopyrimidine was purchased from Sigma-Aldrich in 

97% purity and crystallized from EtOH three times, washed with Et2O and dried by vacuum.  



68 

 Physical Methods. Electronic absorption spectra for kinetics experiments were 

recorded in a 1 cm cuvette on an 8453 Agilent UV-Vis spectrometer equipped with an 

Unisoku Unispeks cryostat. Room temperature electronic absorption spectra for 

determining extinction coefficients were recorded in a 1 cm cuvette on a Cary 50 

spectrometer. Room temperature electronic absorption spectra for measuring the pKa of the 

complexes were recorded in a 1 cm cuvette on a Cary 60 in a N2 atmosphere glove box 

connected by fiber optic cables. EPR spectra were recorded using a Bruker EMX 

spectrometer equipped with an ER041XG microwave bridge, an Oxford Instrument liquid-

helium quartz cryostat, and a dual mode cavity (ER4116DM). 1H and 13C nuclear magnetic 

resonance (NMR) spectroscopies were conducted using a Bruker DRX500 spectrometer. 

Cyclic voltammetric experiments were conducted using a CHI600C electrochemical analyzer. 

A 2.0 mm glassy carbon electrode was used as the working electrode at scan velocities of 50 

mV s‒1. A ferrocenium/ferrocene couple (FeCp2+/FeCp2) was used to monitor the Ag wire 

reference electrode, and all potentials are referenced to the [FeCp2]+/0.  

 X-Ray Crystallographic Methods. A Bruker SMART APEX II diffractometer was used for 

molecular structure determination. The APEX221 program package was used to determine 

the unit-cell parameters and for data collection. The raw data was processed using SAINT22 

and SADABS23 to yield the reflection data file. Subsequent calculations were carried out using 

the SHELXTL24 program. The structures were solved by direct methods and refined to 

convergence. The analytical scattering factors25 for neutral atoms were used throughout the 

analysis. Hydrogen atoms on O1, N5, and N6 were located from a difference-Fourier map and 

refined (x,y,z and Uiso) and the remaining hydrogen atoms were included using a riding 

model.  
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Table 3.9. Crystallographic Data for (NMe4)2[MnIIIH235F(OH)]•2MeCN 

 (NMe4)2[MnIIIH235F(OH)]•2MeCN 
Empirical Formula C35H63F5MnN11O4 
Fw 851.90 
T (K) 128(2) 
space group P1 
a (Å) 9.648(3) 
b (Å) 13.538(4) 
c (Å) 17.653(5) 
α (deg) 73.166(4) 
β (deg) 82.859(4) 
γ (deg) 79.983(4) 
Z 2 
V (Å3) 2166.6(10) 
δcalcd (Mg/m3) 1.306 
R1 0.0916 
wR2 0.2662 
GOF 1.007 

  
 Kinetic Studies of MnIII Complexes with Substrates. For a typical experiment, a 1-2 mM 

stock solution of MnIII complex was prepared in DMSO. The concentration of each MnIII 

complex was determined using the extinction coefficient at λmax = 498 nm. A MnIII complex 

solution (2 mL) was added to a 1 cm cuvette containing a stir-bar using a volumetric pipette. 

Stock solutions of substrates were prepared by dissolving 400 to 500 mg in DMSO in a 5 mL 

volumetric flask to generate solutions between 400-500 mM. Solutions of substrates were 

injected by gas-tight syringes and the progress of the reaction was monitored optically. 

Experiments at each temperature were repeated at least three times. The second order rate 

constant for the reaction of [MnIIIH3buea(O)]2‒ with DHA was experimentally determined 

(0.52(4) M-1 s-1) and compared to the previously reported rate (0.48(4) M-1 s-1), and the two 

second order rate constants were found to be within experimental error (Figure 3.16). 
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Figure 3.16. Kinetic data for the reaction of [MnIIIH3buea(O)]2‒ with DHA at 20 °C to determine the 
second order rate constant.4 

 All kinetic experiments were performed with an excess of substrate to achieve 

pseudo-first-order reaction conditions. The absorbance at time ‘t’ (A) of a sample was 

recorded until there was no further changes in the absorbance spectrum. The final 

absorbance was used as the endpoint for the reaction (Ainf). Time was plotted against the 

expression, ln[(A - Ainf)/(Ai – Ainf)] (Ai is the initial absorbance) for the first three half-lives 

of a given reaction to give a linear relationship. The observed pseudo first-order rate 

constants (kobs, s‒1) for each reaction were determined from the plot of ln[(A – Ainf)/(Ai – 

Ainf)] = 2(kobs)(t) (Figure 3.13). The factor of 2 is necessary to account for the stoichiometry 

of the reaction which involves two equiv of MnIII to 1 equiv of DHA. The concentration of DHA 

was plotted against the observed pseudo-first-order rate constant kobs to give a linear 

relationship, where the slope is the second-order rate constant using the relationship kobs = 

k’[DHA]. The second-order rate constants were divided by 4 to normalize for the 4 reactive 

C‒H bonds per DHA molecule (k = k’/4).  
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 Activation parameters were derived from the Eyring plot of 1/T vs. ln(k/T), where T 

is the temperature for each experiment (20, 30, 40, or 50 °C) and k is the corrected second-

order rate constant for each reaction. 

ln (
𝑘

𝑇
) = −

Δ𝐻‡

𝑅

1

𝑇
+ 𝑙𝑛

𝑘𝐵

ℎ
+

Δ𝑆‡

𝑅
                                      (Eq 3.1) 

 pKa Measurements of MnIII Compounds. For a typical experiment, a 1-2 mM stock 

solution of MnIII complex was prepared in DMSO. The concentration of each MnIII complex 

was determined using the extinction coefficient at λmax = 498 nm. A solution of MnIII complex 

(3 mL) was added to a 1 cm cuvette using a volumetric pipette. Stock solutions of acids were 

prepared with concentrations between 0.5-2M. Solutions of acids were injected using 10‒

100 μL syringe and the solutions were allowed to mix and come to equilibrium before each 

titration point was monitored optically.  [MnIIIH3buea(O)]2‒ was titrated with the acid 4-

aminopyridine (pKa = 26.5 in DMSO).19 [MnIIIH33Ph(O)]2‒ and [MnIIIH33F(O)]2‒ were titrated 

with the acid 2‒aminopyrimidine (pKa = 25.3 in DMSO).19  

 The pKa was determined from the plot of [H‒A] vs. [Mn‒OH][A-]/[Mn‒O]. The 

concentrations of [Mn‒O], [Mn‒OH], [H‒A], and [A-] were determined assuming mass 

balance. At the wavelengths monitored, the absorbance due to [H‒A] and [A-] are negligible 

and are excluded. Equation 4.1 describes the initial absorbance at any wavelength, when the 

solution is purely MnIII‒O. The quantity [H‒A]x describes the amount of acid added to the 

solution at any given titration point.  

𝐴𝑖 = 𝜖𝑀𝑛−𝑂𝑙[𝑀𝑛 − 𝑂]𝑖               (Eq 3.2) 

Equation 4.4 describes the final absorbance at any wavelength. The solution is purely MnIII‒

OH and excess acid has been added to convert fully to Mn‒OH. 

𝐴𝑓 = 𝜖𝑀𝑛−𝑂𝐻𝑙[𝑀𝑛 − 𝑂𝐻]𝑓              (Eq 3.3) 
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During the titration, the total concentration of MnIII is equal to the initial concentration of 

[Mn‒O] and the final concentration [Mn‒OH], as described in equation 4.5. 

[𝑀𝑛 − 𝑂]𝑖 = [𝑀𝑛 − 𝑂𝐻]𝑓 = [𝑀𝑛 − 𝑂]𝑡 + [𝑀𝑛 − 𝑂𝐻]𝑡            (Eq 3.4) 

The total concentration of acid/conjugate base at equilibrium is equal to the amount of acid 

added, as described by equation 4.6. 

[𝐻 − 𝐴]𝑥 = [𝐴]𝑡 + [𝐻 − 𝐴]𝑡               (Eq 3.5) 

Assuming mass balance, as described above, the ratio of [Mn‒OH]/Mn‒O] at any point in the 

titration can be described by equation 4.7. 

𝐴𝑡−𝐴𝑖

𝐴𝑓−𝐴𝑡
=

𝜖𝑀𝑛−𝑂[𝑀𝑛−𝑂]𝑡+𝜖𝑀𝑛−𝑂𝐻[𝑀𝑛−𝑂𝐻]𝑡 −𝜖𝑀𝑛−𝑂[𝑀𝑛−𝑂]𝑖

𝜖𝑀𝑛−𝑂𝐻[𝑀𝑛−𝑂𝐻]𝑓−𝜖𝑀𝑛−𝑂[𝑀𝑛−𝑂]𝑡−𝜖𝑀𝑛−𝑂𝐻[𝑀𝑛−𝑂𝐻]𝑡
=

𝜖𝑀𝑛−𝑂([𝑀𝑛−𝑂]𝑡−[𝑀𝑛−𝑂]𝑖)+𝜖𝑀𝑛−𝑂𝐻[𝑀𝑛−𝑂𝐻]𝑡

𝜖𝑀𝑛−𝑂𝐻([𝑀𝑛−𝑂𝐻]𝑓−(𝑀𝑛−𝑂𝐻]𝑡)−𝜖𝑀𝑛−𝑂[𝑀𝑛−𝑂]𝑡
=

𝜖𝑀𝑛−𝑂𝐻[𝑀𝑛−𝑂𝐻]𝑡−𝜖𝑀𝑛−𝑂[𝑀𝑛−𝑂𝐻]𝑡

𝜖𝑀𝑛−𝑂𝐻[𝑀𝑛−𝑂]𝑡−𝜖𝑀𝑛−𝑂[𝑀𝑛−𝑂]𝑡
=

[𝑀𝑛−𝑂𝐻]𝑡

[𝑀𝑛−𝑂]𝑡
  (Eq 3.6) 

Rearrangement of equation 4.7, gives the concentration of Mn‒OH as a function of Mn‒O at 

each titration point, as described in equation 4.8. 

𝐴𝑡−𝐴𝑖

𝐴𝑓−𝐴𝑡
[𝑀𝑛 − 𝑂]𝑡 = [𝑀𝑛 − 𝑂𝐻]𝑡              (Eq 3.7) 

Combining equation 4.5 and 4.8 gives the concentration of Mn‒OH in terms of initial 

concentration of Mn‒O, as described in equation 4.9 

[𝑀𝑛 − 𝑂𝐻]𝑡 =

𝐴𝑡−𝐴𝑖
𝐴𝑓−𝐴𝑡

1+
𝐴𝑡−𝐴𝑖
𝐴𝑓−𝐴𝑡

  [𝑀𝑛 − 𝑂]𝑖               (Eq 3.8) 

At equilibrium, the concentration of Mn‒OH is equal to the concentration of A- (equation 

4.10) 

[𝑀𝑛 − 𝑂𝐻]𝑡 = [𝐴−]𝑡                            (Eq 3.9) 

Combining equation 4.6 and 4.10, gives equation 4.11, which gives the amount of available 

acid in solution, relative to the amount of Mn‒OH. 
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[𝐻 − 𝐴]𝑡 = [𝐻 − 𝐴]𝑥 − [𝑀𝑛 − 𝑂𝐻]𝑡           (Eq 3.10) 

The reaction at equilibrium is described by equation 4.12. 

𝑀𝑛 − 𝑂 + 𝐻 − 𝐴  ⇌ 𝑀𝑛 − 𝑂𝐻 + 𝐴−           (Eq 3.11) 

Therefore, the equilibrium constant for the reaction is described by equation 4.13. 

𝐾 =
[𝑀𝑛−𝑂𝐻]𝑡[𝐴−]𝑡

[𝑀𝑛−𝑂]𝑡[𝐻−𝐴]𝑡
                         (Eq 3.12) 

Equation 4.13 can be rearranged to yield equation 4.14. 

       [𝐻 − 𝐴]𝑡𝐾 =
[𝑀𝑛−𝑂𝐻]𝑡[𝐴−]𝑡

[𝑀𝑛−𝑂]𝑡
            (Eq 3.13) 

Therefore, a plot of [H‒A]t vs. ([Mn‒OH]t/[Mn‒O]t)[A-]t gives the equilibrium constant K. 

These values are given by the previous equations. The pKa can be obtained by using equation 

4.15. 

𝑝𝐾𝑎(𝑀𝑛 − 𝑂𝐻) = log 𝐾 + 𝑝𝐾𝑎(𝐻 − 𝐴)           (Eq 3.14) 

Each titration was done three times and the error in pKa is reported as ± 2σ.  

Preparative Methods. 

1-(2‒(bis(2‒(3‒(tert-butyl)ureido)ethyl)amino)ethyl)-3‒phenylurea (H63Ph). 1,1'-(((2‒

aminoethyl)azanediyl)bis(ethane-2,1-diyl))bis(3‒(tert-butyl)urea) (2.71 g, 7.86 mmol) was 

dissolved in 60 mL of CH2Cl2 and cooled to 0 ⁰C in an ice bath. Phenyl isocyanate (0.961 g, 

0.807 mmol) was dissolved in 60 mL of CH2Cl2 and was added dropwise to the amine over 1 

h. The ice bath was removed and the reaction was stirred overnight. Volatiles were removed 

under reduced pressure to give a white solid. The white solid was purified by column 

chromatography over silica gel, eluting with EtOAc followed by 5:100 MeOH/EtOAc and then 

10:100 MeOH/EtOAc to give 2.70 g of the desired product (75%) . 1H NMR (500 MHz, DMSO, 

ppm): 1.27 (s, 18H), 2.56 (m, 6H), 3.07 (q, 4H), 3.18 (q, 2H), 5.77 (m, 4H) 6.26 (t, 1H), 6.93 (t, 
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1H), 7.26 (t, 2H), 7.45 (d, 2H), 8.59 (s, 1H). 13C NMR (500 MHz, CDCl3, ppm): 158.91, 157.03, 

139.72, 128.98, 122.31, 119.03, 55.65, 50.12, 38.36, 29.71. HRMS (ES+) [C23H41N7O3 + Na+], 

486.3169. Found 486.3159. FTIR (ATR, cm‒1): 3319, 2963, 1632, 1498, 1442, 1389, 1360, 

1276, 1212, 1070, 751, 693. 

 

1-(2‒(bis(2‒(3‒(tert-butyl)ureido)ethyl)amino)ethyl)-3‒(4-fluorophenyl)urea (H63F). 

The ligand precursor was prepared using a similar procedure described above for H63Ph with 

4-fluorophenyl isocyanate (0.446 g, 3.25 mmol) and 1,1'-(((2‒aminoethyl)azanediyl)-

bis(ethane-2,1-diyl))bis(3‒(tert-butyl)urea) (1.15 g, 3.33 mmol). The white solid was 

isolated after removal of solvents by vacuum and purified by column chromatography over 

silica gel, eluting with EtOAc followed by 5:100 MeOH/EtOAc and then 15:100 MeOH/EtOAc 

to give 1.2 g of the desired product (77%).  1H NMR (500 MHz, CDCl3, ppm): 1.25 (s, 18 H), 

2.43 (m, 6H), 3.11 (q, 4H), 3.21 (q, 2H), 5.02 (s, 2H), 5.62 (t, 2H), 6.69 (t, 1H), 6.93 (m, 2H), 

7.36 (m, 2H), 8.00 (s, 1H). 13C NMR (500 MHz, CDCl3, ppm): 158.96, 156.92, 135.77, 120.58, 

115.52, 55.55, 50.21, 38.33, 29.59. HRMS (ES+) [C23H40FN7O3 + Na+], 504.3074. Found 

504.3054. FTIR (ATR, cm‒1): 3318, 2965, 3070, 1635, 1549, 1506, 1453, 1361, 1390, 1276, 

1205, 829, 769.   

 

1-(2‒(bis(2‒(3‒(tert-butyl)ureido)ethyl)amino)ethyl)-3‒(perfluorophenyl)urea 

(H635F).  The ligand precursor was prepared using a similar procedure described above for 

H63Ph with pentafluorophenyl isocyanate (0.458 g, 3.84 mmol) and 1,1'-(((2‒

aminoethyl)azanediyl)bis(ethane-2,1-diyl))bis(3‒(tert-butyl)urea) (1.26 g, 3.67 mmol). The 

white solid was isolated after removal of solvents by vacuum and was purified by column 
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chromatography over silica gel, eluting with EtOAc followed by 5:100 MeOH/EtOAc and then 

10:100 MeOH/EtOAc to give 1.60 g of the desired white solid (78 %). 1H NMR (500 MHz, 

CDCl3, ppm): 1.27 (s, 18H), 2.49 (m, 4H), 2.57 (m, 4H), 3.14 (q, 4H), 3.25 (q, 2H), 5.00 (s, 2H), 

5.56 (t, 2H), 7.13 (t, 1H), 7.84 (s, 1H). 13C NMR (500 MHz, CDCl3, ppm): 159.02, 156.04, 

144.06, 142.15, 139.94, 138.73, 137.94, 136.74, 67.98, 55.67, 50.03, 38.89, 38.43, 29.47, 

25.63 . HRMS (ES+) [C23H36N7O3F5 + H+], 554.2878. Found 554.2894. FTIR (ATR, cm‒1): 3306, 

2967, 2932, 2870, 2826, 1634, 1555, 1519, 1452, 1392, 1360, 1323, 1271, 1240, 1211, 1170, 

1108, 1070, 1036, 1005, 882, 763, 657. 

 

K2[MnIIIH33Ph(O)].  Solid KH (0.0501 g, 1.25 mmol) was treated with a 3 mL DMA solution of 

H63Ph (0.1429 g, 0.3082 mmol) and stirred for 45 min until bubbling ceased. MnII(OAc)2 

(0.0534 g, 0.309 mmol) was then added as one portion and the resultant solution was stirred 

for 1 h to give a colorless heterogeneous mixture. The mixture was transferred to a Schlenk 

flask and sealed with a rubber septum and treated with dry O2 (3.5 mL, 0.16 mmol), which 

produced a purple color immediately. The mixture was allowed to stir for 2 h, then degassed 

under vacuum for 5 min. The purple mixture was filtered through a medium porous-glass 

filter, and 10 mL of Et2O was allowed to diffuse resulting in a purple precipitate after 2 d. The 

purple precipitate was collected on a medium porous-glass filter and washed with 20 mL of 

MeCN and 20 mL of Et2O to give 0.089 g of the desired purple solid (47%). λmax/nm (DMSO, ε, 

M‒1 cm‒1): 710, (240); 498, (438). EPR (DMF:THF, 10 K): g = 8.03, A = 277 MHz). MS (ES+): 

[C23H38K2MnN7O4 + 3K+], 648.13; Found, 648.00. Anal. Calcd (found) for 

C23H38K2MnN7O4•DMA: C, 46.54 (46.46); H, 6.80 (6.98); N, 16.08 (15.59). FTIR (ATR, cm‒1): 
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2960, 2899, 2856, 2811, 1641, 1592, 1574, 1532, 1497, 1478, 1449, 1412, 1384, 1354, 1331, 

1262, 1249, 1219, 1169, 1139, 1098, 1034, 914, 834, 778, 767, 748, 693, 617. 

 

K2[MnIIIH33F(O)].  The salt was prepared using a similar procedure described above for 

K2[MnIIIH33Ph(O)] with KH (0.0385 g, 0.960 mmol), H63F (0.113 g, 0.235 mmol), MnII(OAc)2 

(0.0412 g, 0.238 mmol), and dry O2 (2.6 mL, 0.12 mmol). The salt was isolated as a fine purple 

powder after diffusion of Et2O into the DMA solution. The purple powder was collected on a 

medium porous-glass filter and washed with 20 mL of MeCN and 20 mL of Et2O to give 0.063 

g of the desired purple solid (43%). λmax/nm (DMSO, ε, M‒1 cm‒1): 706, (242), 498, (443). EPR 

(DMF:THF, 10 K): g = 8.04 , A = 278  MHz). MS (ES+): [C23H37K2FMnN7O4 + 3K+], 666.1; Found, 

666.0.  Anal. Calcd (found) for C23H37FK2MnN7O4•DMA: C, 45.37 (45.25); H, 6.49 (6.71); N, 

15.68 (15.70). FTIR (ATR, cm‒1): 2959, 2897, 2856, 1627, 1589, 1530, 1504, 1447, 1411, 

1396, 1383, 1351, 1326, 1257, 1250, 1223, 1198, 1087, 1057, 1036, 1013, 912, 831, 785, 

767, 681, 590.  

 

K2[MnIIIH335F(O)]. The salt was prepared using a similar procedure described above for 

K2[MnIIIH33Ph(O)] with KH (0.0920 g, 2.29 mmol), H635F (0.3155 g, 0.5699 mmol), MnII(OAc)2 

(0.0998 g, 0.577 mmol), and dry O2 (6.4 mL, 0.29 mmol). The salt was isolated as a green 

powder after diffusion of Et2O into the DMA solution. The green precipitate was collected on 

a medium porous-glass filter and washed with 10 mL of MeCN and 20 mL of Et2O to give 

0.265 g (66%) of the desired green solid (66%). Single crystals of (NMe4)2[MnIIIH235F(OH)] 

were obtained by adding 2 equiv of NMe4OAc to a mixture of K2[MnIIIH235F(OH)] in MeCN, 

filtering through a medium porous-glass filter and allowing Et2O to diffuse to give single 
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crystals of the desired product. λmax/nm (DMSO, ε, M‒1 cm‒1): 390 (1350), 677 (274). EPR 

(DMF:THF, 10 K): g = 7.97 , A = 262  MHz). Anal. Calcd (found) for 

C23H33F5K2MnN7O4•0.5Et2O: C, 40.76 (40.52); H, 5.20 (5.53); N, 13.31 (13.27). 
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CHAPTER 4 

MnIV‒O(H) and MnV=O Complexes with Urea-based Hybrid Ligands 

Introduction 

Metal‒oxido complexes have been implicated as important intermediates for 

facilitating difficult chemical transformations in both synthetic and biological systems.1–4 

Some of these reactions include oxygen-atom transfer reactions and hydrogen-atom 

abstraction for external substrates. In addition, high-valent Mn‒oxido species are suggested 

to play an important role in the oxidation of water to dioxygen in the oxygen-evolving 

complex (OEC) of Photosystem II.5–7 The OEC is a Mn4CaO5 cluster that is surrounded by a 

network of hydrogen bonds (H-bonds), which are crucial to function. One of the key roles for 

the H-bond networks is to facilitate movement of protons out of the catalytic site, which is 

essential to the water-splitting reaction.8   

 

Figure 4.1. MnIII‒O(H) complexes reported in the previous chapter.  

In the previous Chapter, a new set of hybrid tripodal ligands were described that  

modulate the H-bond network around MnIII‒O(H) complexes via changes in a single H-bond 

(Figure 4.1). The syntheses of a series of MnIII‒O(H) complexes were reported and in the 

complex [MnIIIH235F(OH)]2‒, the proton is seen to move to the oxido ligand from a urea 
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nitrogen to form a hydroxido ligand and a deprotonated N-atom. The movement of the 

proton is presumably a result of the electron withdrawing nature of the perfluorinated 

phenyl ring appended to the urea, which lowers the pKa of the urea NH to such an extent that 

it can be deprotonated by the basic oxido ligand. It was also shown in chapter 3 that the H-

bonding network plays an important role in the kinetic rates reaction of the MnIII‒O(H) 

complexes with the substrate 9,10-dihydroanthracene (DHA). The complexes with the more 

electron withdrawing substituents attached to the urea were shown to react slower with 

DHA.  

Our group has been able to characterize the MnIII/IV/V‒O and MnII/III/IV‒OH complexes 

with the tripodal urea based ligand [H3buea]3‒ (Scheme 4.1).9–13 The spectroscopic features 

of these complexes are known and are used as references to study the oxidation reactions 

with the MnIII‒O(H) complexes presented in Chapter 3. In this Chapter, the oxidation 

chemistry of [MnIIIH33Ph(O)]2‒ and [MnIIIH235F(OH)]2‒ will be explored. New MnIV and MnV  

Scheme 4.1. Series of Previously Reported Mn-O(H) Complexes with [H3buea]3‒ 

 



82 

complexes with the [H33Ph]3‒ and [H235F]4‒ ligands are prepared and their reactions with 

protons will be investigated. Possible intramolecular proton transfer between a H-bond 

donor/accepter upon oxidation of [MnIIIH235F(OH)]2‒ is discussed. 

Results and Discussion 

 Oxidation of [MnIIIH33Ph(O)]2‒ at Low Temperatures. The complex [MnIIIH33Ph(O)]2‒ 

was reported in the previous chapter and its MnIV/MnIII redox couple was found to be ‒ 0.84 

V vs. [FeCp2]+/0. Consistent with this measurement, treatment of [MnIIIH33Ph(O)]2‒ with one 

equivalent (equiv) of [FeCp2]+ at – 80 °C in a dimethylformamide:tetrahydrofuran 

(DMF:THF) mixture produced a new species that has been assigned as [MnIVH33Ph(O)]‒ 

(Figure 4.2 and Table 4.1). Spectrophotometric monitoring of the reaction showed loss of the 

characteristic bands of [MnIIIH33Ph(O)]2‒ at λmax/nm = 710 and 498 and new bands for 

[MnIVH33Ph(O)]2‒ at λmax/nm (ε/M‒1 cm‒1) = 432 (3500) and 700 (500) (Figure 4.2A) that 

persist at ‒ 80 °C. These features are similar to the absorbance peaks for [MnIVH3buea(O)]‒

that are observed at λmax/nm = 420 and 635, however, the lower energy band for 

[MnIVH33Ph(O)]‒ appears as a shoulder and not a well-defined absorbance band like in 

[MnIVH3buea(O)]‒.11,14  

Monitoring this reaction using perpendicular-mode electron paramagnetic resonance 

(EPR) spectroscopy showed the growth of a new signals at g = 5.52, 5.33, 2.27, 1.76, and 1.34 

consistent with a high-spin S=3/2 MnIV center (Figure 4.2B and Table 4.1). There are two 

sets of a six-line hyperfine patterns, centered at g = 5.33 (A = 183 MHz) and 5.52 (A = 216 

MHz). The measured E/D value for the complex is 0.29, which suggests a slightly more 

rhombic coordination environment than [MnIVH3buea(O)]‒, which has an experimentally 

determined E/D value of 0.26.14 Both MnIV species have highly rhombic EPR spectra, which 
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is due to the Jahn-Teller effect of the MnIV ion in a trigonal field, leading to a distortion of the 

geometry. The slightly more rhombic coordination environment in [MnIVH33Ph(O)]‒ could be 

due to an asymmetry in the H-bonding network supporting the oxo ligand. The phenyl urea 

NH is expected to form a stronger H-bond with the oxido ligand than the other two H-bond 

donors, which could distort the coordination environment in the trigonal plane. However, H-

bonds to an oxido ligand are expected to decrease with increasing oxidation state of the Mn 

center because the oxido ligand becomes more electrophilic with increasing oxidation state, 

so the reason for the more rhombic EPR spectrum is not clear.   

Table 4.1. Selected Properties of MnIV Species 

 λmax (nm), (ε, M‒1 cm‒1) g, (E/D) A, MHz 

[MnIVH3buea(O)]- a 420  5.15 (0.26) 190 
[MnIVH3buea(OH)] a 466 (5700) 5.43, 5.56, 5.01, 5.84 

(0.31), (0.17) 
190, 210, 210, 210 

[MnIVH33Ph(O)]- 432 (3500) 5.32, 5.52, (0.29) 183, 216 
[MnIVH235F(O)(H)]- 411 (3100) 5.13, 5.67, (0.23) 189, 221 

a Data obtained from ref 14–16. [MnIVH3buea(OH)] has two E/D values since there are two species. 

 
Figure 4.2. (A) Absorbance spectra and of the oxidation of [MnIIIH33Ph(O)]2‒ (black line) with 
[FeCp2]+/0 to [MnIVH33Ph(O)]‒ (red line) recorded in DMF:THF at ‒ 80 °C. (B) X-band EPR spectrum of 
[MnIVH33Ph(O)]‒ measured at 10 K; reaction was conducted in DMF:THF at ‒ 80 °C. Inset: Enlargement 
of the g = 5 region. The multi-line hyperfine signal near g = 2 is attributed to a minor impurity from a 
mixed valent dinuclear Mn species 
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Treatment of [MnIVH33Ph(O)]‒ with one equiv of the acid [PhNH3]+ resulted in loss of 

absorbance features at λmax/nm = 432 and 700 nm and growth of a new absorbance band at 

λmax/nm (ε/M‒1 cm‒1) = 485 (3700) (Figure 4.3A). The new species was assigned as 

[MnIVH33Ph(OH)]. The absorbance band attributed to the [MnIVH33Ph(OH)] is slightly red 

shifted relative to the band at λmax/nm  = 466 for [MnIVH3buea(OH)].16 Monitoring the 

protonation reaction by perpendicular-mode EPR spectroscopy corroborated the generation 

of a MnIV species. The spectrum showed growth of new features centered around g = 5.49, 

5.38, 3.01, and 1.45 corresponding to a S = 3/2 MnIV center (Figure 4.3B).  There are two sets 

of a six-line hyperfine patterns centered around g = 5.38 (A = 188 MHz) and 5.49 (A = 210 

MHz). The hyperfine splitting for the MnIV‒OH species is nearly identical to the 190 and 210 

MHz observed for [MnIVH3buea(OH)].16 

 

Figure 4.3. (A) Electronic absorbance spectra and (B) X-band EPR spectrum of the reaction of 
[MnIVH33Ph(O)]‒ with [PhNH3]+ in DMF:THF at ‒ 80 °C. [FeCp2]+ is indicated in the figure with a *. 
Inset: Enlargement of the g = 5 region. The multi-line hyperfine signal near g = 2 is attributed to a 
minor impurity from a mixed valent dinuclear Mn species 
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The [MnIIIH33Ph(O)]2‒ complex can be further oxidized with a subsequent equiv of 

[FeCp2]+ in a DMF:THF solution at ‒ 80 °C. The doubly oxidized MnIII–O compound produces 

a new species that has been assigned as [MnVH33Ph(O)]. Spectrophotometric monitoring of 

the reaction shows loss of the characteristic bands for [MnIIIH33Ph(O)]2‒ and growth of new 

absorbance features at λmax/nm = 425, 618, and 854 (Figure 4.4A). Extinction coefficients 

were not calculated for [MnVH33Ph(O)] because of the instability even at ‒ 80˚C. These new 

absorbance features are comparable to those observed for the previously characterized 

[MnVH3buea(O)] complex (λmax/nm = 430, 620, and 820).11 The resulting MnV=O complex is 

unstable and reacts within minutes at ‒ 80 °C to form a new species with an absorbance 

feature at λmax/nm = 485, matching that of [MnIVH33Ph(OH)]. This reaction could occur by 

[MnVH33Ph(O)] abstracting a H-atom from solvent to form [MnIVH33Ph(OH)].  Monitoring the 

decay of the MnV species shows a half-life of 250 seconds (Figure 4.4B and Figure 4.5). The 

half-life of the hybrid species is significantly shorter than that of the symmetrical 

[MnVH3buea(O)], which was reported to be stable for hours at ‒ 80 °C. One possible cause 

for the increased reactivity of [MnVH33Ph(O)] could arise from the ligand [H33Ph]3‒ providing 

less steric protection than [H3buea]3‒, leaving the MnV=O unit more exposed.  
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Figure 4.4. (A) Electronic absorbance spectra for the reaction of [MnIIIH33Ph(O)]2‒ with 2 equiv of 
[FeCp2]+ and (B) decay of the MnV species. Spectra recorded in a DMF:THF at ‒ 80 °C.  

 

Figure 4.5. (A) Decay of the 854 nm absorbance band of [MnVH33Ph(O)] in DMF:THF at ‒ 80 °C and 
(B) first-order fit used to calculate the half-life.  

Monitoring the reaction using EPR spectroscopy showed loss of the signal 

corresponding to [MnIIIH33Ph(O)]2‒, but no further signals were generated in parallel mode. 

An S = 1 signal is observed for [MnVH3buea(O)], however S = 1 signals are often difficult to 

observe in parallel mode EPR spectroscopy. In addition, the limited stability of the 



87 

[MnVH33Ph(O)] would make observing this signal difficult because the MnV species 

decomposes quickly upon generation at ‒ 80 °C. However, the perpendicular mode EPR 

spectra showed growth of a species with a spectrum matching [MnIVH33Ph(OH)] (Figure 4.6). 

 

Figure 4.6. (A) Full X-band EPR spectra and (B) zoom of g = 5 region of the reaction of 
[MnIVH33Ph(O)]‒ with [PhNH3]+ (bottom) and the reaction of [MnIIIH33Ph(O)]2‒ with 2 equiv [FeCp2]+ 
(top) in DMF:THF at ‒ 80 °C. [FeCp2]+ is indicated in the figure with a *. The multi-line hyperfine signal 
near g = 2 is attributed to a minor impurity from a mixed valent dinuclear Mn species 

 Oxidation of [MnIIIH235F(OH)]2‒ at Low Temperatures. The starting complex 

[MnIIIH235F(OH)]2‒ was reported in the previous chapter. It should be reiterated that this 

complex is a MnIII–OH species and contains a different H-bonding network than 

[MnIIIH33Ph(O)]2‒. Two of the intramolecular H-bonds are derived from the tert-butyl urea 

NH to the hydroxido ligand and the third comes from the hydroxido ligand to the 

deprotonated perfluorinated phenyl urea nitrogen. Due to this difference in the H-bonding 

network, the ligand has a basic site that can allow for movement of a proton within the ligand 

cavity. Treatment of [MnIIIH235F(OH)]2‒ with one equiv of [FeCp2]+ produces a new species 

that has been assigned as [MnIVH235F(O)(H)]‒ (Figure 4.7A and Figure 4.8). The location of 

the proton within the complex is not yet known. Spectrophotometric monitoring of this 
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reaction shows loss of the characteristic bands for [MnIIIH235F(OH)]2‒ at λmax/nm  = 677 and 

growth of new absorbance bands at λmax/nm (ε/M‒1 cm‒1) = 411 (3100) and 650 (580) nm 

(Figure 4.7A). The absorbance bands associated with the new MnIV species are comparable 

to what is observed for [MnIVH33Ph(O)]‒ and [MnIVH3buea(O)]‒. If the compound is more like 

a  MnIV–oxido species that would suggest the proton is localized in the urea N atom rather 

than the exogenous O ligand. The high-energy band at 411 nm in [MnIVH235F(O)(H)]‒ is 

shifted to slightly higher energy than the 432 nm that is observed for [MnIVH33Ph(O)]‒ (Figure 

4.8).  Similar to [MnIVH33Ph(O)]‒ a broad shoulder at near 650 nm is observed rather than the 

more defined absorbance band observed in [MnIVH3buea(O)]‒.  

 

Figure 4.7. (A) Absorbance spectra of the oxidation of [MnIIIH235F(OH)]2‒ (black line) with [FeCp2]+ 
to [MnIVH235F(O)(H)]‒ (red line) and (B) X-band EPR spectrum of [MnIVH235F(O)(H)]‒ measured at 10 
K; Both reactions were conducted in DMF:THF at ‒ 80 °C. Inset: Enlargement of the g = 5 region. 

Monitoring this reaction using EPR spectroscopy showed loss of the signal associated 

with [MnIIIH235F(OH)]2‒ and growth of a new perpendicular mode signal centered at g = 5.67, 

5.13, 2.53, 1.48, and 1.21, which is characteristic of a S = 3/2 species (Figure 4.7B). There are 
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two sets of a six-line hyperfine patterns, centered at g = 5.13 (A = 189 MHz) and, 5.67 (A = 

221 MHz). The hyperfine constant is consistent with a MnIV species, and is slightly higher 

than the 183 and 216 MHz that is observed for [MnIVH33Ph(O)]‒. The  E/D value for the 

complex is 0.23, which suggests that the coordination environment is slightly more 

symmetrical compared to [MnIVH3buea(O)]‒ and [MnIVH33Ph(O)]‒, which have  E/D values of 

0.26 and 0.29, respectively.  

 
Figure 4.8. Electronic absorbance spectra of [MnIVH33Ph(O)]‒ (black line) and [MnIVH235F(O)(H)]‒

(dashed line) recorded in DMF:THF at ‒ 80 °C.  

 The MnIV species was treated with one equiv of the acid [PhNH3]+ to generate a new 

species with absorbance features at λmax/nm (ε/M‒1 cm‒1) = 464 (2700) (Figure 4.9A). These 

features are comparable to what is observed for [MnIVH3buea(OH)] (λmax/nm = 466 nm) and 

[MnIVH33Ph(OH)] (λmax/nm = 485 nm), suggesting a formulation of [MnIVH335F(OH)]. 

Monitoring this reaction using EPR spectroscopy showed growth of a new perpendicular 

mode signal centered at g = 5.50, 5.38 and 1.45  (Figure 4.9B). There are two sets of a six-line 

hyperfine patterns, centered at g = 5.38 (A = 188 MHz) and, 5.50 (A = 208 MHz). The signals 
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and hyperfine constants are similar to what is observed for [MnIVH33Ph(OH)]– (g = 5.38 (A = 

188 MHz) and 5.49 (A = 210 MHz)). 

 

 

Figure 4.9. (A) Electronic absorbance spectra of the reaction of [MnIVH235F(O)(H)]- with [PhNH3]+ 
recorded at ‒ 80 °C and (B) EPR spectrum of the reaction of [MnIVH235F(O)(H)]- with [PhNH3]+ 
recorded at 10K. Both reactions conducted in DMF:THF mixture at ‒ 80 °C. Inset: Enlargement of the 
g = 5 region. 

 [MnIVH235F(O)(H)]‒ does not react further with additional equivalents of [FeCp2]+, 

which suggests that the electrochemical properties have changed relative to [MnIVH33Ph(O)]‒ 

and [MnIVH3buea(O)]‒. The change in redox properties could be attributed to the stronger H-

bond that forms from the perfluorinated phenyl urea, which reduces the amount of donation 

to the MnIV center from the oxido or hydroxido ligand. The donor ability of the coordinated 

nitrogen of the perfluorinated phenyl urea could also be diminished from the electron 

withdrawing groups. Additionally, this could arise from the fifth ligand being a hydroxido 

and not an oxido causing a positive shift in the MnV/IV redox potentials compared to 

[MnIVH3buea(O)]‒ and [MnIVH33Ph(O)]‒. For the oxidation of [MnIVH235F(O)(H)]‒ methylene 
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chloride (CH2Cl2) and THF were used to allow for the use of stronger oxidants than [FeCp2]+. 

K2[MnIIIH235F(OH)] was dissolved in THF by adding 18-crown-6 and was reacted with two 

equiv of [FeCp(C5H4COMe)]+ ([AcFeCp2]+) in CH2Cl2. Spectrophotometric monitoring of the 

reaction revealed growth of new absorbance bands at λmax/nm (ε/M‒1 cm‒1) = 425 (5800), 

634 (3000), and 812 (2100) (Figure 4.10 and Table 4.2) that is stable at ‒ 80 °C. These 

absorbance bands are comparable to the observed features for [MnVH3buea(O)] (λmax/nm = 

430, 620, and 820) and [MnVH33Ph(O)] (λmax/nm = 425, 618, and 854), suggesting the 

possible formulation of the product as [MnVH335F(O)]. The similarity in electronic 

absorbance spectra suggest that the proton could have moved from the oxygen atom to the 

perfluorinated phenyl urea nitrogen. Proton movement with changing oxidation state is not 

surprising due to the decreased pKa of a bound hydroxido or aquo ligand with increased 

oxidation state of the metal center.17 These preliminary results, showing possible 

intramolecular proton movement in [MnVH335F(O)] illustrates how H-bond donors and 

acceptors can facilitate movement of protons without the assistance of solvent, which is 

similar to what is seen in active sites of enzymes. 

 

 

Table 4.2. Electronic Properties of MnV Complexes 

 λmax (nm), (ε, M‒1 cm‒1) 

[MnVH3buea(O)] a 430 (10000), 620 (3400), 820 (3600) 
[MnVH33Ph(O)] b 425, 618, and 854 
[MnVH335F(O)] c 425 (5800), 634 (3000), 812 (2100) 

a recorded in DMF:THF at ‒ 80 °C from ref 11; b recorded in DMF:THF at ‒ 80 °C, extinction coefficients 
are not reported due to instability; c recorded in CH2Cl2:THF at ‒ 80 °C. 

 



92 

 

Figure 4.10. Electronic absorbance spectra of the reaction of [MnIIIH235F(OH)]2‒ with [AcFeCp2]+ 
measured in CH2Cl2:THF at ‒ 80 °C. 

 

Summary and Conclusion 

The new hybrid urea based tripodal ligands are capable of moving protons within the 

ligand cavity. Using the ligands [H33Ph]3‒ and [H235F]4‒, it has been demonstrated that MnIV 

and MnV complexes can be generated. [MnVH33Ph(O)] is significantly less stable in solution 

compared to [MnVH3buea(O)], which could arise from less steric protection provided by 

[H33Ph]3‒ than [H3buea]3‒ or the different H-bonding environments provided by the two 

ligands. While the reactivity of the Mn complexes with [H33Ph]3‒ are different than the 

analogous complexes with [H3buea]3‒, their spectroscopic features support the assignment 

of them to be a Mn‒oxido in the +3, +4, and +5 oxidation states of Mn. However, the 

assignment of Mn‒oxido or Mn‒hydroxido is less clear in complexes with the [H235F]4‒ 

ligand, which only MnIII oxidation state has a clear assignment of the location of the proton 

within the metal complex. In the MnIII state the ligand is a hydroxido, the MnIV state is unclear 
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the position of the proton, and finally in MnV the complex preliminary results suggest the 

complex could be a MnV=O species, but further studies are needed to confirm this. 

[MnIVH33Ph(O)]‒ and [MnIVH235F(O)(H)]‒ can be treated with acids to generate the 

corresponding MnIV‒OH complexes with similar spectroscopic features to that of 

[MnIVH3buea(OH)]. Knowing the spectroscopic features of all the analogous complexes with 

[H3buea]3‒ provides a powerful tool for studying the identity of new complexes with tripodal 

urea ligands. Vibrational studies are still needed to determine the identity of the new MnIV 

and MnV complexes. Other variants of the ligand with different electron withdrawing or 

donating character appended to the phenyl attached to the urea are needed to complete this 

series of complexes and may lead to more discrete species with defined spectroscopic and 

structural properties.  

Experimental Section 

 General Procedures. All manipulations, unless otherwise stated, were performed 

under an argon atmosphere in a Vac-atmospheres dry box. [MnIIIH33Ph(O)]2‒ and 

[MnIIIH235F(OH)]2‒ were prepared according to the procedures in chapter 3. All chemicals 

were purchased from commercial sources and used without further purification unless 

otherwise stated. FeCp2BF4 and AcFcBF4 were prepared according to published 

procedures.18  

 Physical Methods. Electronic absorption spectra were recorded in a 1 cm cuvette on 

an 8453 Agilent UV-Vis spectrometer equipped with an Unisoku Unispeks cryostat. 

Electronic paramagnetic resonance (EPR) spectra were recorded using a Bruker EMX 

spectrometer equipped with an ER041XG microwave bridge, an Oxford Instrument liquid-

helium quartz cryostat, and a dual mode cavity (ER4116DM).  
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 Oxidation of [MnIIIH33Ph(O)]2‒ at Low Temperature using UV-vis Spectroscopy. A stock 

solution of [MnIIIH33Ph(O)]2‒ at 8.9 mM (6.5 mg, 0.011 mmol) was prepared in a DMF:THF 

solution (1.2 mL). In a typical experiment, 3 mL of DMF:THF was loaded into the cuvette, 

sealed with a rubber septum and cooled to ‒ 80 °C for 20 minutes. To the cuvette, 70 µL of 

MnIII solution was transferred to generate a 0.21 mM solution of [MnIIIH33Ph(O)]2‒. A stock 

solution of FeCp2BF4 at 19 mM (5.2 mg, 0.019 mmol) was prepared in a DMF:THF solution 

(1 mL). To the [MnIIIH33Ph(O)]2‒ solution, either one or two equiv of FeCp2BF4 was added via 

gas-tight syringe. The reactions were monitored spectrophotometrically until no further 

changes to the UV-vis spectrum were observed.   

Oxidation of [MnIIIH33Ph(O)]2‒ at Low Temperature using EPR Spectroscopy. A stock 

solution of [MnIIIH33Ph(O)]2‒ at 10 mM (6.2 mg, 0.010 mmol) was prepared in a DMF:THF 

solution (1 mL). In a typical experiment, 250 µL of this MnIII solution was injected into an 

EPR tube, sealed with a rubber septum, and cooled to ‒ 78 °C using a dry-ice/acetone bath 

for 20 minutes. A stock solution of FeCp2BF4 at 68 mM  (18.5 mg, 0.0678 mmol) was prepared 

in a DMF:THF solution (1 mL). To the pre-cooled [MnIIIH33Ph(O)]2‒ solution, one or two equiv 

of FeCp2BF4 was added via gas-tight syringe. The EPR tube was shaken to mix the two 

reactants and the solution was frozen by placing the EPR tube in liquid N2.  

Oxidation of [MnIIIH235F(OH)]2‒ to [MnIVH235F(O)(H)]‒ using UV-vis Spectroscopy. This 

reaction was done using the same procedure described above for the oxidation of 

[MnIIIH33Ph(O)]2‒ using UV-vis spectroscopy. 70 µL of 14mM [MnIIIH235F(OH)]2‒ (9.7 mg, 

0.014 mmol, 1 mL DMF) into 4 mL of DMF:THF solution in the cuvette, 55 μL of 21 mM     

FeCp2BF4 (5.6 mg, 0.021 mmol, 1 mL DMF:THF). 
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Oxidation of [MnIIIH335F(O)]2‒ to [MnVH335F(O)] using UV-vis Spectroscopy. A stock 

solution of [MnIIIH235F(OH)]2‒ at 8.7 mM (6.1 mg, 8.7 mmol) was prepared in a THF solution 

(1 mL) with 18-crown-6 (9.1 mg, 34 mmol). In a typical experiment, 3 mL of CH2Cl2 solution 

was loaded into a cuvette, sealed with a rubber septum, and cooled to ‒ 80 °C for 20 minutes. 

A stock solution of AcFcBF4 at 13 mM (4.2 mg, 0.013 mmol) was prepared in a CH2Cl2 solution 

(1 mL). To the cuvette, 90 µL of AcFcBF4 was added to generate a 0.39 mM solution of 

AcFcBF4. To the pre-cooled solution of AcFcBF4 in CH2Cl2, 65 µL of the [MnIIIH335F(O)]2‒ 

solution in THF was added via a gas-tight syringe. The reaction was monitored 

spectrophotometrically until no further changes to the UV-vis spectrum were observed.   

Oxidation of [MnIIIH235F(OH)]2‒ at Low Temperature using EPR Spectroscopy. This 

reaction was done using the same procedure described above for the oxidation of 

[MnIIIH33Ph(O)]2‒ using EPR spectroscopy. 300 µL of 10 mM [MnIIIH235F(OH)]2‒ (6.2 mg, 

0.010 mmol, 1 mL DMF:THF) in EPR tube and 30 µL of 68 mM FeCp2BF4 at (18.5 mg, 0.0678 

mmol, 1 mL DMF:THF).  

Protonation of [MnIVH33Ph(O)]‒ at Low Temperature using UV-vis Spectroscopy. A 3 mL 

solution of 0.21 mM [MnIVH33Ph(O)]‒ was generated at ‒ 80 °C in a 1 cm cuvette using the 

procedures described above. A stock solution of 44 mM PhNH3BF4 (0.0081 g, 0.045 mmol) 

was prepared in DMF (1 mL). To the cooled solution of [MnIVH33Ph(O)]‒, 15 µL of  PhNH3BF4 

was added via gas-tight syringe. The reactions were monitored spectrophotometrically until 

no further changes to the UV-vis spectrum were observed.   

Protonation of [MnIVH33Ph(O)]‒ at Low Temperature using EPR Spectroscopy. A 200 µL 

solution of 16 mM [MnIVH33Ph(O)]‒ was generated at ‒ 80 °C in an EPR tube using the 

procedures described above. A stock solution of 78 mM PhNH3BF4 (0.014 g, 0.078 mmol) 
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was prepared in DMF:THF  (1 mL). To the cooled solution of [MnIVH33Ph(O)]‒, 30 µL of  

PhNH3BF4 was added via gas-tight syringe. The EPR tube was shaken to mix the two 

reactants and the solution was frozen by placing the EPR tube in liquid N2. 

Protonation of [MnIVH235F(O)(H)]‒ at Low Temperature using UV-vis Spectroscopy. This 

reaction was done using the same procedure described above for the protonation of 

[MnIVH33Ph(O)]2‒ using UV-vis spectroscopy. 4 mL of 0.28 mM [MnIVH235F(O)(H)]‒ in the 

cuvette, 33 µL of PhNH3BF4 (0.0059 g, 0.033 mmol, 1 mL DMF).   

Protonation of [MnIVH235F(O)(H)]‒ at Low Temperature using EPR Spectroscopy. This 

reaction was done using the same procedure described above for the protonation of 

[MnIVH33Ph(O)]2‒ using EPR spectroscopy. 250 µL of 17 mM [MnIVH235F(O)(H)]‒, 56 µL  of 

PhNH3BF4 (0.014 g, 0.078 mmol, 1 mL DMF). 

Calculation of Half-Life for [MnVH33Ph(O)]. A solution of [MnIIIH33Ph(O)]2‒ in DMF:THF 

was oxidized with two equiv of FeCp2BF4, as described in the procedure above. The decay of 

the 854nm absorbance band corresponding to the MnV species was monitored. The 

absorbance at time ‘t’ (A) of a sample was recorded until there was no further changes in the 

absorbance spectrum. The final absorbance was used as the endpoint for the reaction (Ainf). 

Time was plotted against the expression, ln[(A - Ainf)/(Ai – Ainf)] (Ai is the initial absorbance) 

for the first three half-lives of a given reaction to give a linear relationship, suggesting a first-

order decay of the MnV species. The observed first-order rate constants (k, s‒1) for the decay 

was determined from the plot of ln[(A – Ainf)/(Ai – Ainf)] = kt. The half-life was calculated by 

the expression t1/2 = ln(2)/k. 
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Fe‒O(H) Complexes with Hybrid Tripodal Ligands 

Introduction 

Our group has synthesized and characterized FeIII/IV‒O and FeII/III‒OH complexes with 

the ligand [H3buea]3‒.1,2 The electron paramagnetic resonance (EPR) spectra of the FeIII‒O 

([FeIIIH3buea(O)]2-) and FeIII‒OH ([FeIIIH3buea(OH)]-) complexes are indicative of the 

protonation state of the complexes. In [FeIIIH3buea(OH)]-, a rhombic spectrum is observed 

because the presence of a hydroxido ligand results in a distortion to the H-bond cavity. 

However, in [FeIIIH3buea(O)]2- an axial EPR spectrum is found because of the symmetrically 

arrangement of the three tripodal arms around the Fe–O unit. In Chapter 3, the synthesis, 

characterization and properties of MnIII complexes with the hybrid tripodal urea ligands 

[H23R]4‒ was described and compared to the previously characterized complexes with 

[H3buea]3‒. The two ligands [H23Ph]4‒ and [H23F]4‒ produced MnIII‒O complexes, whereas the 

ligand [H235F]4‒ with the most electron withdrawing substituents resulted in a MnIII‒OH 

complex.  In this chapter, preliminary FeIII/IV chemistry with [H23Ph]4‒ and [H235F]4‒ are 

reported. The identity of the axial ligand is probed using EPR spectroscopy and the oxidation 

chemistry of these FeIII complexes are reported.  

Results and Discussion 

Synthesis of FeIII Complexes with [H23Ph]4‒ and [H235F]4‒. The FeIII‒O(H) complex of 

[H23Ph]4‒ and [H235F]4‒ were synthesized by according to the procedure for 

[FeIIIH3buea(O)]2‒ and the MnIII complexes reported in Chapter 3.3 The synthesis 

began by deprotonating the ligand precursor H63Ph or H635F in dimethylacetamide 

(DMA) with 4 equivalents (equiv) of KH under an argon atmosphere and then adding 



100 

FeII(OAc)2 to give a colorless heterogeneous mixture (Scheme 5.1). The mixture was 

treated with 0.5 equiv of dry O2, resulting in an immediate color change to deep red. 

The mixture was filtered to remove KOAc and was purified by vapor diffusion of Et2O 

into the DMA solution of the salt. As shown in Scheme 5.1, the position of the proton is 

not known in the two complexes, however they are written as [FeIIIH33Ph(O)]2‒ and 

[FeIIIH235F(OH)]2‒ for the rest of the chapter because of the data from the MnIII 

complexes presented in Chapter 3. The molecular structures of the two FeIII 

complexes were not obtained by X-ray diffraction (XRD) because suitable single 

crystals could not be obtained.  

Scheme 5.1. Preparative Routes to FeIII Complexes with Hybrid Tripodal Urea Ligands 

 

 Electronic Properties of FeIII Complexes. The electronic properties of the FeIII 

complexes were probed using electronic absorbance spectroscopy and compared to 

[FeIIIH3buea(O)]2‒ and [FeIIIH3buea(OH)]‒ that were previously reported (Figure 5.1 and 

Table 5.1).3,4 The FeIII‒O and FeIII‒OH complexes in this study are characterized by 

absorbance bands at λmax = 387 and 384 nm, respectively with extinction coefficients greater 

than 4000 M‒1 cm‒1. The shifts in the electronic absorbance spectra of these complexes 

depending on their protonation state are more subtle than the MnIII complexes presented in 

Chapter 3.  
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Figure 5.1. Electronic absorbance spectra for [FeIIIH33Ph(O)]2‒ (black line) and [FeIIIH235F(OH)]2‒ (red 
line) recorded in DMA at room temperature.  

 

Table 5.1. Electronic Absorbance Properties of FeIII‒O and FeIII‒OH Complexes 

 λmax (nm), (ε, M cm‒1) 

[FeIIIH3buea(O)]2‒ a 392 (2100) 
[FeIIIH3buea(OH)]‒ a 382 (4000) 

[FeIIIH33Ph(O)]2‒ 387 (6100) 
[FeIIIH235F(O)(H)]2‒ 384 (4900) 

a Data obtained from ref 4 

 EPR Properties of FeIII Complexes. The magnetic properties of the FeIII complexes were 

studied using EPR spectroscopy. The perpendicular-mode EPR spectra are very sensitive to 

the coordination geometry around the FeIII center. The perpendicular mode EPR spectra 

conducted at 10K of [FeIIIH33Ph(O)]2‒ revealed broad signals centered around g = 6.0 and 2.0 

(Figure 5.2), which is representative of an FeIII center with a S = 5/2 spin ground state. The 

spectrum is consistent with the complex having axial symmetry with an E/D value of ~ 0. 

The signal at g = 4.3 represents adventitious FeIII, which is less than 10% of the total FeIII in 

the sample. The axial EPR spectrum is similar to that measured [FeIIIH3buea(O)]2‒, in which 
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the three tripodal arms of the [H3buea]3- ligand are symmetrically arranged around the  FeIII‒

O unit.3 

 The perpendicular-mode EPR spectrum of [FeIIIH235F(OH)]2‒ shows a more rhombic 

signal with features at g = 7.7, 4.9, and 3.9. The signal at g = 4.3 again represents adventitious 

FeIII, which was determined to be less 10% of the total FeIII in the sample by spin 

quantification. This experimentally determined E/D of 0.21 is more rhombic than 

[FeIIIH3buea(OH)]‒ (Figure 5.2).3 The more rhombic EPR spectrum could suggest this 

complex is a FeIII‒OH species, which could arise from a H-bond forming between a hydroxido 

ligand and a deprotonated perfluorinated phenyl urea nitrogen, similar to that found for 

[MnIIIH235F(OH)]2‒ (Chapter 3). In [MnIIIH235F(OH)]2‒ there are statistically significant 

differences in the Mn1‒Ntrig distances, which would result in a more rhombic EPR spectrum 

for the analogous Fe complex. In addition, the EPR spectrum of [FeIIIH3buea(OH)]‒ contains 

signals at  g = 8.9, 5.3, 3.4, and 1.3 with an E/D of 0.17.3 

 
Figure 5.2. Perpendicular mode EPR spectra of [FeIIIH33Ph(O)]2‒ (bottom) and [FeIIIH235F(OH)]2‒ 
(top) recorded in DMA at 10K.   
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Oxidation of [FeIIIH33Ph(O)]2‒. Treatment of [FeIIIH33Ph(O)]2‒ with one equiv of [FeCp2]+ at 

room temperature in DMA results in loss of the characteristic band for [FeIIIH33Ph(O)]2‒ at 

λmax/nm = 387 and growth of new broad absorbance bands at λmax/nm = 450, 600, and 800, 

which is similar to the absorbance spectrum for [FeIVH3buea(O)]‒ (λmax/nm = 350, 440, 550, 

and 808) (Scheme 5.2 and Figure 5.3).1  

Scheme 5.2. Oxidation of [FeIIIH33Ph(O)]2– with [FeCp2]+ 

 

 

 

Figure 5.3. Electronic absorbance spectra of the reaction of [FeIIIH33Ph(O)]2‒ with [FeCp2]+ recorded 
at room temperature in DMA. 
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Monitoring the oxidation reaction by perpendicular mode EPR spectroscopy shows 

loss of the axial signal corresponding to [FeIIIH33Ph(O)]2‒ and growth of a new rhombic signal 

at g = 8.6, 5.2, and 3.4 corresponding to new FeIII species with an S = 5/2 spin ground state 

(Figure 5.4). The new FeIII signal is not present in the starting [FeIIIH33Ph(O)]2‒ sample and 

only forms upon oxidation. This rhombic FeIII accounts for ~ 20% of the starting Fe in the 

sample, as determined by spin quantification. The experimentally determined E/D for the 

new FeIII species is 0.18, which is comparable to the 0.17 that is observed for 

[FeIIIH3buea(OH)]2‒.1  Monitoring the oxidation by parallel mode EPR spectroscopy shows 

no signals in parallel mode corresponding to FeIV. However, the perpendicular mode EPR 

spectra shows no residual [FeCp2]+ left in the reaction, and 80% of the starting Fe is 

unaccounted for. Additional experiments, including Mössbauer studies, are required to 

determine fate and oxidation state(s) of the remaining Fe. 

 

Figure 5.4. Perpendicular mode EPR spectra of [FeIIIH33Ph(O)]2‒ (bottom) and the reaction of [FeIIIH-
33Ph(O)]2‒ with [FeCp2]+ in DMA at ‒ 20 °C (top). EPR spectra collected at 10 K in DMA.  
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Oxidation of [FeIIIH235F(OH)]2‒. Treatment of [FeIIIH335F(OH)]2‒ with one equiv of 

[FeCp2]+ results in loss of the characteristic band for [FeIIIH235F(OH)]2‒ at λmax/nm = 384 

(Figure 5.5). A shoulder at λmax/nm ~ 400 nm is present in the oxidized product. The 

electronic absorbance spectrum shows complete consumption of [FeCp2]+. The new species 

does not have similar absorbance bands to [FeIVH3buea(O)]‒ or the oxidized product of 

[FeIIIH33Ph(O)]2‒.1  

Scheme 5.3. Oxidation of [MnIIIH235F(OH)]2– 

 
 

 
Figure 5.5. Electronic absorbance spectra of the reaction of [FeIIIH235F(OH)]2‒ with [FeCp2]+ recorded 
at ‒ 40 °C in DMF:THF. 

 Monitoring this reaction by perpendicular mode EPR spectroscopy shows loss of the 

starting rhombic signal corresponding to [FeIIIH235F(OH)]2‒ and growth of a new rhombic 
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signal at g = 8.6, 5.2, and 3.4 corresponding to high-spin FeIII (Figure 5.6). This new FeIII 

species has an identical EPR spectrum to the product made from the oxidation of 

[FeIIIH33Ph(O)]2‒ with [FeCp2]+ and has a calculated E/D of 0.18. This rhombic FeIII species is 

only produced upon oxidation and accounts for ~ 20% of the original starting Fe 

concentration. Monitoring the oxidation by parallel-mode EPR spectroscopy shows no 

evidence for FeIV. However, the perpendicular mode EPR spectra shows complete 

consumption of the [FeCp2]+. Similar to the oxidation of [FeIIIH33Ph(O)]2‒, 80% of the starting 

Fe is unaccounted for in the perpendicular and parallel mode EPR spectra and Mössbauer 

studies are required to determine oxidation state of the remaining Fe. 

 

 

Figure 5.6. Perpendicular mode EPR spectra of [FeIIIH235F(OH)]2‒ (bottom) and the reaction of 
[FeIIIH235F(OH)]2‒ with [FeCp2]+ in DMA at ‒ 20 °C (top). EPR spectra collected at 10 K in DMA. 

 The electronic absorbance spectra for the oxidation of [FeIIIH33Ph(O)]2‒ and 

[FeIIIH335F(OH)]2‒ with [FeCp2]+ show different features, however, the EPR spectra shows an 

identical EPR parameters in perpendicular mode accounting for 20% of the total starting Fe 

in the sample (Figure 5.7). The remaining Fe in the sample does not show up in 
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perpendicular or parallel mode EPR spectroscopy: there are two at least possibilities to 

account for this lack of signal.  The first is that upon oxidation to an FeIV species, an FeIII‒(µ‒

O)‒FeIII dimers could be formed, which would not have an EPR signal because of 

antiferromagnetic coupling between the two Fe(III) centers. Alternatively, the FeIV produced 

could be difficult to observe in parallel-mode EPR spectroscopy and Mӧssbauer spectroscopy 

may be needed to determine the oxidation state of the major product.  

 

Figure 5.7. Perpendicular mode EPR spectra of the oxidation of [FeIIIH33Ph(OH)]2‒ (top) and 
[FeIIIH235F(OH)]2‒ (bottom) with [FeCp2]+ in DMA at ‒ 20 °C. EPR spectra collected at 10 K in DMA. 
Both rhombic FeIII signals correspond to 20% of the starting Fe concentration. 

Summary and Conclusions 

New FeIII complexes with [H23Ph]4‒ and [H235F]3‒ were synthesized and characterized. 

The EPR spectrum of [FeIIIH33Ph(O)]2‒ is axial, similar to [FeIIIH3buea(O)]2‒, suggesting it is 

an FeIII‒O complex. In contrast, the EPR spectrum of [FeIIIH235F(OH)]2‒ is rhombic, having an 

E/D = 0.21. These findings suggest a more asymmetric coordination environment than 

[FeIIIH33Ph(O)]2‒, which could result from the compound being a FeIII‒OH with a 
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deprotonated perfluorinated phenyl urea nitrogen, similar to [MnIIIH235F(OH)]2‒ reported in 

Chapter 3.  

These FeIII complexes can be oxidized with [FeCp2]+ to produce species with different 

electronic absorbance spectra. When [FeIIIH33Ph(O)]2‒ is oxidized, it produces an electronic 

absorbance spectrum that is characteristic of [FeIVH3buea(O)]‒. However, the oxidation of 

[FeIIIH235F(OH)]2‒ produces an electronic absorbance spectrum that is unlike other FeIV=O 

species characterized by our group. Monitoring these reactions by EPR spectroscopy shows 

no evidence for FeIV and produces an identical rhombic FeIII species accounting for 20% of 

the starting Fe concentration. The composition of the remaining 80% of Fe is unknown at 

this point and further Mössbauer studies are required to find the composition of these 

species.  

Experimental Section 

General Procedures. All manipulations, unless otherwise stated, were performed 

under an argon atmosphere in a Vac-atmospheres dry box. All chemicals were purchased 

from commercial sources and used without further purification unless otherwise stated.  

N,N-Dimethylacetamide was purchased from Sigma-Aldrich in 99.8% purity and stirred over 

BaO for two days, refluxed for 1 h, followed by vacuum distillation and storage over 4 Å 

molecular sieves. Potassium hydride (KH) as a 30% dispersion in mineral oil was filtered 

with a glass frit and washed with pentane and Et2O, dried by vacuum, and stored under an 

argon atmosphere. FeCp2BF4 was prepared according to the published procedure.5 Ligand 

precursors H63Ph and H635F were prepared according to the procedures in Chapter 3.  

Physical Methods. Electronic absorption spectra for oxidation reactions were 

recorded in a 1 cm cuvette on an 8453 Agilent UV-Vis spectrometer equipped with an 
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Unisoku Unispeks cryostat. Room temperature electronic absorption spectra for 

determining extinction coefficients were recorded in a 1 cm cuvette on a Cary 50 

spectrometer. EPR spectra were recorded using a Bruker EMX spectrometer equipped with 

an ER041XG microwave bridge, an Oxford Instrument liquid-helium quartz cryostat, and a 

dual mode cavity (ER4116DM). 

Oxidation of [FeIIIH33Ph(O)]2‒ using UV/vis spectroscopy. A stock solution of 

[FeIIIH33Ph(O)]2‒ at 17 mM concentration (10 mg, 0.017 mmol) was prepared in a  DMA 

solution (1 mL). In a typical experiment, 4 mL of DMA was loaded in the cuvette and sealed 

with a rubber septum. To the cuvette, 47 µL of FeIII solution was transferred to generate a 

0.20 mM solution of [FeIIIH33Ph(OH)]2‒. A stock solution of FeCp2BF4 at 84 mM (23 mg, 0.084 

mmol) was prepared in DMF:THF solution (1 mL). To the [FeIIIH33Ph(OH)]2‒ solution, one 

equiv of FeCp2BF4 was added via gas-tight syringe. The reactions were monitored 

spectrophotometrically until no further changes to the UV/vis spectrum were observed. 

Oxidation of [FeIIIH33Ph(O)]2‒ using EPR spectroscopy. Solid KH (0.0203 g, 0.506 mmol) 

was treated with a 3 mL DMA solution of H63Ph (0.0564 g, 0.122 mmol) and stirred for 45 

min until bubbling ceased. FeII(OAc)2 (0.0220 g, 0.127 mmol) was then added as one portion 

and the resultant solution was stirred for 1 h to give a colorless heterogeneous mixture. The 

mixture treated with O2 (1.4 mL, 0.063 mmol) to give a deep red mixture. The mixture was 

stirred for 2 h, degassed under vacuum for 5 min, and filtered through a medium porous-

glass filter to give a deep red solution. A stock solution of FeCp2BF4 at 114 mM (0.0312g, 

0.114 mmol) was prepared in DMA solution (1 mL). The deep red solution of [FeIIIH33Ph(O)]2‒ 

was loaded into a EPR tube (150 μL) and cooled to ‒ 20 °C for 15 min. To the solution of 
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[FeIIIH33Ph(O)]2‒ in the EPR tube, one equiv of FeCp2BF4 (50 μL) was added via gas-tight 

syringe and allowed to react for 2 min and then frozen in liquid N2.  

Oxidation of [FeIIIH235F(O)]2‒ using UV/vis spectroscopy. A stock solution of 

[FeIIIH235F(O)]2‒ at 10 mM concentration (7.3 mg, 0.010 mmol) was prepared in DMF:THF 

solution (1 mL). In a typical experiment, 3 mL of DMF:THF was loaded in the cuvette, sealed 

with a rubber septum, and cooled to ‒ 40 °C for 20 minutes. To the cuvette, 60 µL of FeIII 

solution was transferred to generate a 0.20 mM solution of [FeIIIH235F(OH)]2‒. A stock 

solution of FeCp2BF4 at 66 mM (18 mg, 0.066 mmol) was prepared in DMF:THF solution (1 

mL). To the [FeIIIH235F(OH)]2‒ solution, one equiv of FeCp2BF4 was added via gas-tight 

syringe. The reactions were monitored spectrophotometrically until no further changes to 

the UV/vis spectrum were observed.  

Oxidation of [FeIIIH235F(O)]2‒ using EPR spectroscopy. Solid KH (0.0265 g, 0.661 mmol) 

was treated with a 3 mL DMA solution of H635F (0.0892 g, 0.161 mmol) and stirred for 45 

min until bubbling ceased. FeII(OAc)2 (0.0280 g, 0.161 mmol) was then added as one portion 

and the resultant solution was stirred for 1 h to give a colorless heterogeneous mixture. The 

mixture treated with O2 (1.8 mL, 0.080 mmol) to give a deep red mixture. The mixture was 

stirred for 2 h, degassed under vacuum for 5 min, and filtered through a medium porous-

glass filter to give a deep red solution. A stock solution of FeCp2BF4 at 114 mM (0.0312g, 

0.114 mmol) was prepared in DMA solution (1 mL). The deep red solution of 

[FeIIIH235F(OH)]2‒ was loaded into a EPR tube (200 μL) and cooled to ‒ 20 °C for 15 min. To 

the solution of [FeIIIH235F(O)]2‒ in the EPR tube, one equiv of FeCp2BF4 (70 μL) was added 

via gas-tight syringe and allowed to react for 2 min and then frozen in liquid N2. 

Preparative Methods.  



111 

K2[FeIIIH33Ph(O)]. Solid KH (0.0701 g, 1.75 mmol) was treated with a 4 mL DMA 

solution of H63Ph (0.2015 g, 0.4346 mmol) and stirred for 45 min until bubbling ceased. 

FeII(OAc)2 (0.0760 g, 0.437 mmol) was then added as one portion and the resultant solution 

was stirred for 1 hr to give a colorless heterogeneous mixture. The mixture was transferred 

to a schlenk flask and sealed with a rubber septum and treated with dry O2 (5.0 mL, 0.22 

mmol), which produced a red color immediately. The mixture was stirred for 1 h, then 

degassed under vacuum for 5 min. The red mixture was filtered through a medium porous-

glass filter, and 10 mL of Et2O was allowed to diffuse resulting in a red precipitate after 1 day. 

The red precipitate was collected on a medium porous-glass filter and washed with 20 mL 

of MeCN and 20 mL of Et2O to give 0.152 g of the desired red solid (57%). λmax/nm (DMA, ε, 

M‒1 cm‒1): 387, (6100). EPR (DMA, 10 K): g = 6.0, 2.0 (E/D = 0). Anal. Calcd (found) for 

C23H38K2FeN7O4•DMA: C, 46.48 (46.04); H, 6.79 (6.93); N, 16.06 (15.72). FTIR (ATR, cm‒1): 

3286, 2961, 2915, 2910, 2845, 1630, 1590, 1541, 1496, 1484, 1446, 1412, 1395, 1384, 1331, 

1309, 1260, 1208, 1153, 1149, 1122, 1062, 1035, 1013, 982, 910, 752, 696, 654, 595.  

 

K2[FeIIIH235F(OH)]. Solid KH (0.0605 g, 1.51 mmol) was treated with a 4 mL DMA 

solution of H635F (0.2051 mg, 0.3705 mmol) and stirred for 1 h until bubbling ceased. 

FeII(OAc)2 (0.0651 mg, 0.374 mmol) was then added as one portion and the resultant 

solution was stirred for 1 hr to give a colorless heterogeneous mixture. The mixture was 

transferred to a schlenk flask and sealed with a rubber septum and treated with dry O2 (4.2 

mL, 0.19 mmol), which produced a deep red color immediately. The mixture was stirred for 

2 h, then degassed under vacuum for 5 min. The deep red mixture was filtered through a 

medium porous-glass filter, and 15 mL of Et2O layered over the DMA solution of the salt, 
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resulting in a red precipitate after 1 day. The red precipitate was collected on a medium 

porous-glass filter and washed with 10 mL of MeCN and 20 mL of Et2O to give 0.175 g of the 

desired red solid (68%). λmax/nm (DMA, ε, M‒1 cm‒1): 384, (4900). EPR (DMA, 10 K): g = 7.7, 

4.9, 3.9 (E/D = 0.21). FTIR (ATR, cm‒1): 3350, 3252, 3023, 2960, 2924, 2854, 1647, 1583, 

1536, 1484, 1448, 1381, 1357, 1285, 1213, 1147, 983, 953, 782, 710, 668, 635, 566. 
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APPENDIX A 

MII‒OH Complexes with [H33Ph]3‒ and [H33F]3‒ 

Synthesis of Metal Complexes 

Synthesis of K2[MnIIH33Ph(OH)]. A solution of H63Ph was treated with four equiv of 

potassium hydride (KH) in anhydrous dimethylacetmide (DMA). Once H2 evolution had 

ceased, MnII(OAc)2 was added. After 30 min, one equiv of H2O was added and the mixture 

was filtered to remove KOAc. Single crystals of the metal salt were obtained by diffusion of 

diethyl ether (Et2O) into the DMA solution. The molecular structure of K2[MnIIH33Ph(OH)] 

was obtained by X-ray diffraction (XRD), revealing a MnII center with a trigonal bipyramidal 

coordination geometry (Figure A.1 and Table A.1).  

 

Figure A.1. Thermal ellipsoid plot of [MnIIH33Ph(OH)]2‒. Thermal 
ellipsoids are drawn at the 50% probability level. Hydrogen atoms 
bonded to carbon were removed for clarity. 

Table A.1. Selected Bond 
Distances (Å) and Angles (°) 
for [MnIIH33Ph(OH)]2‒ 

Mn1‒O1 2.060(2) 
Mn1‒N1 2.314(2) 
Mn1‒N2 2.157(2) 
Mn1‒N3 2.141(2) 
Mn1‒N4 2.206(2) 
d(N5⋯O1) 2.922(3) 
d(N7⋯O1) 2.744(3) 
O1‒Mn1‒N1 173.99(7) 
O1‒Mn1‒N2 102.72(7) 
O1‒Mn1‒N3 106.27(7) 
O1‒Mn1‒N4 97.90(7) 
N4‒Mn1‒N1 76.09(8) 
N4‒Mn1‒N2 103.76(8) 
N4‒Mn1‒N3 126.13(8) 
N2‒Mn1‒N1 78.75(7) 
N2‒Mn1‒N3 116.22(8) 
N1‒Mn1‒N3 77.94(8) 

 

 

 Synthesis of K2[MnIIH33F(OH)]. The synthesis of was conducting using the same 

methodology as reported above for K2[MnIIH33Ph(OH)], except H63F was used, however the 
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product was obtained as a white powder and single-crystals suitable for XRD were not 

obtained.  

Synthesis of K2[FeIIH33Ph(OH)]. The synthesis was conducted using the same 

methodology as the synthesis of K2[MnIIH33Ph(OH)], except FeII(OAc)2 was used.  The 

molecular structure of K2[FeIIH33Ph(OH)] was obtained by XRD, revealing a FeII center with 

a trigonal bipyramidal coordination geometry. (Figure A.2 and Table A.2) 

 

Figure A.2. Thermal ellipsoid plot of [FeIIH33Ph(OH)]2‒. Thermal 
ellipsoids are drawn at the 50% probability level. Hydrogen atoms 
bonded to carbon were removed for clarity. 
 

 
Table A.2. Selected Bond 
Distances (Å) and Angles (°) 
for [FeIIH33Ph(OH)]2‒ 

Fe1‒O1 2.059(2) 
Fe1‒N1 2.254(3) 
Fe1‒N2 2.097(3) 
Fe1‒N3 2.081(3) 
Fe1‒N4 2.136(3) 
d(N5⋯O1) 2.914(4) 
d(N7⋯O1) 2.731(4) 
O1‒Fe1‒N1 174.14(10) 
O1‒Fe1‒N2 104.29(10) 
O1‒Fe1‒N3 101.99(10) 
O1‒Fe1‒N4 96.82(10) 
N4‒Fe1‒N1 77.90(11) 
N4‒Fe1‒N2 104.59(11) 
N4‒Fe1‒N3 129.65(11) 
N2‒Fe1‒N1 79.71(10) 
N2‒Fe1‒N3 114.98(11) 
N1‒Fe1‒N3 79.83(11) 

 

 Synthesis of K2[FeIIH33F(OH)]. The synthesis was conducted using the same 

methodology as the synthesis of K2[MnIIH33Ph(OH)], except FeII(OAc)2 and H63F were used.  

The molecular structure of K2[FeIIH33F(OH)] was obtained by XRD, revealing a FeII center 

with a trigonal bipyramidal coordination geometry (Figure A.3 and Table A.3).  
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Figure A.3. Thermal ellipsoid plot of [FeIIH33F(OH)]2‒. Thermal 
ellipsoids are drawn at the 50% probability level. Hydrogen atoms 
bonded to carbon were removed for clarity. 
 

 
Table A.3. Selected Bond 
Distances (Å) and Angles (°) 
for [FeIIH33F(OH)]2‒ 

Fe1‒O1 2.057(3) 
Fe1‒N1 2.249(4) 

Fe1‒N2 2.097(3) 

Fe1‒N3 2.093(4) 

Fe1‒N4 2.139(4) 
d(N5⋯O1) 2.924(5) 

d(N7⋯O1) 2.703(5) 
O1‒Fe1‒N1 173.92(13) 

O1‒Fe1‒N2 104.50(13) 
O1‒Fe1‒N3 101.74(14) 

O1‒Fe1‒N4 96.58(13) 

N4‒Fe1‒N1 77.84(14) 
N4‒Fe1‒N2 104.64(14) 

N4‒Fe1‒N3 129.88(15) 
N2‒Fe1‒N1 79.45(13) 

N2‒Fe1‒N3 114.93(15) 

N1‒Fe1‒N3 80.40(14) 
 

Synthesis of K2[CoIIH33Ph(OH)]. The synthesis was conducted using the same 

methodology as the synthesis of K2[MnIIH33Ph(OH)], except CoII(OAc)2 was used.  The 

molecular structure of K2[CoIIH33F(OH)] was obtained by XRD, revealing a CoII center with a 

trigonal bipyramidal coordination geometry (Figure A.4 and Table A.4).  
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Figure A.4. Thermal ellipsoid plot of [CoIIH33Ph(OH)]2‒. Thermal 
ellipsoids are drawn at the 50% probability level. Hydrogen 
atoms bonded to carbon were removed for clarity. 
 

 
Table A.4. Selected Bond 
Distances (Å) and Angles (°) for 
[CoIIH33Ph(OH)]2‒ 

Co1‒O1 2.064(2) 
Co1‒N1 2.207(2) 
Co1‒N2 2.046(2) 
Co1‒N3 2.044(2) 
Co1‒N4 2.097(2) 
d(N5⋯O1) 2.819(3) 
d(N7⋯O1) 2.675(3) 
O1‒Co1‒N1 175.55(8) 
O1‒Co1‒N2 101.66(8) 
O1‒Co1‒N3 100.97(8) 
O1‒Co1‒N4 96.99(8) 
N4‒Co1‒N1 78.86(8) 
N4‒Co1‒N2 107.31(8) 
N4‒Co1‒N3 126.60(9) 
N2‒Co1‒N1 81.25(8) 
N2‒Co1‒N3 117.34(9) 
N1‒Co1‒N3 80.45(8) 

 

Synthesis of K2[CoIIH33F(OH)]. The synthesis was conducted using the same 

methodology as the synthesis of K2[MnIIH33Ph(OH)], except CoII(OAc)2 and H63F was used.  

The molecular structure of K2[CoIIH33F(OH)] was obtained by XRD, revealing a CoII center 

with a trigonal bipyramidal coordination geometry (Figure A.5 and Table A.5).  
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Figure A.5. Thermal ellipsoid plot of [CoIIH33F(OH)]2‒. Thermal 
ellipsoids are drawn at the 50% probability level. Hydrogen 
atoms bonded to carbon were removed for clarity. 
 

Table A.5. Selected Bond 
Distances (Å) and Angles (°) for 
[CoIIH33F(OH)]2‒ 

Co1‒O1 2.065(3)   
 

Co1‒N1 2.202(4) 
Co1‒N2 2.049(4) 
Co1‒N3 2.044(5) 
Co1‒N4 2.092(4) 
d(N5⋯O1) 2.815(6) 
d(N7⋯O1) 2.699(6) 
O1‒Co1‒N1 176.34(15) 
O1‒Co1‒N2 100.15(15) 
O1‒Co1‒N3 101.58(16) 
O1‒Co1‒N4 97.59(15) 
N4‒Co1‒N1 78.76(15) 
N4‒Co1‒N2 107.81(18) 
N4‒Co1‒N3 126.54(18) 
N2‒Co1‒N1 81.35(16) 
N2‒Co1‒N3 116.97(17) 
N1‒Co1‒N3 80.57(16) 

 

Properties of MII‒OH Complexes 

 Electrochemical Properties of MnII‒OH Complexes. The electrochemical properties of 

[MnIIH33Ph(OH)]2‒ and [MnIIH33F(OH)]2‒ were studied using cyclic voltammetry (CV) in 

DMSO. The MnIII/II‒OH redox potentials for [MnIIH33Ph(OH)]2‒ and [MnIIH33F(OH)]2‒  were 

observed at ‒ 1.39 and ‒ 1.41 V vs [FeCp2]+/0, respectively (Figure A.6 and Table A.6). These 

redox potentials are shifted by ~ 0.1 V positive of [MnIIH3buea(OH)]2‒.1 This shift in redox 

potentials is smaller than the ~ 0.2 V positive shift of [MnIIIH33Ph(O)]2‒ compared to 

[MnIIIH3buea(O)]2‒ shown in the chapter 3. This larger shift observed for the series of MnIII‒

O complexes likely arises from a stronger H-bond forming from the MnIII‒O unit compared 

to a MnII‒OH unit. This is supported by the structural data, which shows a shorter N7⋯O1 

distance in [MnIIIH33Ph(O)]2‒ than in [MnIIH33Ph(OH)]2‒.   



118 

 

Figure A.6. CV of [MnIIH33Ph(OH)]2‒ (black) and [MnIIH33F(OH)]2‒ (blue) recorded in DMSO at 10 mV 
s‒1.  

Electrochemical Properties of FeII‒OH Complexes. The electrochemical properties of 

[FeIIH33Ph(OH)]2‒ and [FeIIH33F(OH)]2‒ were studied using cyclic voltammetry (CV) in DMSO. 

The FeIII/II‒OH redox potentials for [FeIIH33Ph(OH)]2‒ and [FeIIH33F(OH)]2‒  were observed at 

‒ 1.68 and ‒ 1.72 V vs [FeCp2]+/0, respectively (Figure A.7 and Table A.6). These redox 

potentials are also shifted by ~ 0.1 V positive of [FeIIH3buea(OH)]2‒, similar to what was 

shown above for MnII.1   

 

Figure A.7. CV of [FeIIH33Ph(OH)]2‒ (bottom) and [FeIIH33F(OH)]2‒ (top) recorded in DMSO at 10 mV 
s‒1. 
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Table A.6. Electrochemical Properties of MnII‒OH Complexes in DMSO 

 E1/2 (V vs Fc+/Fc) 

[MnIIH3buea(OH)]2‒ ‒ 1.51 
[MnIIH33Ph(OH)]2‒ ‒ 1.39 
[MnIIH33F(OH)]2‒ ‒ 1.41 
[FeIIH3buea(OH)]2‒ ‒ 1.79 
[FeIIH33Ph(OH)]2‒ ‒ 1.68 
[FeIIH33F(OH)]2‒ ‒ 1.72 

  
Experimental Section 

 General Procedures. Unless otherwise stated, all manipulations were performed 

under an argon atmosphere in a Vac-atmospheres dry box. All chemicals were purchased 

from commercial sources and used without further purification unless otherwise stated. N,N-

Dimethylacetamide (DMA) was purchased from Sigma-Aldrich in 99.8% purity and stirred 

over BaO for two days, refluxed for 1 h, followed by vacuum distillation. The ligand 

precursors 1-(2‒(bis(2‒(3‒(tert-butyl)ureido)ethyl)amino)ethyl)-3‒phenylurea (H63Ph) 

and 1-(2‒(bis(2‒(3‒(tert-butyl)ureido)ethyl)amino)ethyl)-3‒(4-fluorophenyl)urea (H63F) 

syntheses were described in chapter 3. Potassium hydride (KH) as a 30% dispersion in 

mineral oil was filtered with a glass frit and washed with pentane and Et2O, dried by vacuum, 

and stored under an argon atmosphere. 

Physical Methods. Cyclic voltammetric experiments were conducted using a CHI600C 

electrochemical analyzer. A 2.0 mm glassy carbon electrode was used as the working 

electrode at scan velocities of 10 mV s‒1. A ferrocenium/ferrocene couple ([FeCp2]+/FeCp2) 

was used to monitor the Ag wire reference electrode, and all potentials are referenced to 

[FeCp2]+/0.  

X-Ray Crystallographic Methods. A Bruker SMART APEX II diffractometer was used for 

molecular structure determination. The APEX22 program package was used to determine the 
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unit-cell parameters and for data collection. The raw data was processed using SAINT3 and 

SADABS4 to yield the reflection data file. Subsequent calculations were carried out using the 

SHELXTL5 program. The structure was solved by dual space methods and refined on F2 by 

full-matrix least-squares techniques.  The analytical scattering factors6 for neutral atoms 

were used throughout the analysis. 

[MnIIH33Ph(OH)]2‒: Hydrogen atoms on O1, N5, N6, and N7 were located from a 

difference-Fourier map and refined (x,y,z and Uiso) and the remaining hydrogen atoms were 

included using a riding model. At convergence, wR2 = 0.1438 and Goof = 1.050 for 512 

variables refined against 9280 data (0.74 Å), R1 = 0.0491 for those 7599 data with I > 2.0(I) 

(Table A.7). 

[FeIIH33Ph(OH)]2‒: Hydrogen atoms on O1, N5, N6, and N7 were located from a 

difference-Fourier map and refined (x,y,z and Uiso) and the remaining hydrogen atoms were 

included using a riding model. At convergence, wR2 = 0.1799 and Goof = 1.035 for 512 

variables refined against 10055 data (0.74 Å), R1 = 0.0621 for those 7372 data with I > 

2.0(I) (Table A.7). 

[FeIIH33F(OH)]2‒: Hydrogen atoms on O1, N5, N6, and N7 were located from a 

difference-Fourier map and refined (x,y,z and Uiso) and the remaining hydrogen atoms were 

included using a riding model. At convergence, wR2 = 0.2035 and Goof = 1.026 for 477 

variables refined against 10362 data (0.73 Å), R1 = 0.0690 for those 6521 data with I > 

2.0(I) (Table A.8). There were several high residuals present in the final difference-Fourier 

map.  It was not possible to determine the nature of the residuals although it was probable 

that diethyl ether solvent was present.  The SQUEEZE7 routine in the PLATON8 program 

package was used to account for the electrons in the solvent accessible voids.   
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[CoIIH33Ph(OH)]2‒: Hydrogen atoms on O1, N5, N6, and N7 were located from a 

difference-Fourier map and refined (x,y,z and Uiso) and the remaining hydrogen atoms were 

included using a riding model. There were two molecules of dimethylacetamide present and 

one diethyl ether. At convergence, wR2 = 0.1509 and Goof = 1.035 for 512 variables refined 

against 10211 data (0.74 Å), R1 = 0.0534 for those 8658 data with I > 2.0(I) (Table A.8). 

[CoIIH33F(OH)]2‒: Hydrogen atoms on O1, N5, N6, and N7 were located from a 

difference-Fourier map and refined (x,y,z and Uiso) and the remaining Hydrogen atoms were 

included using a riding model. At convergence, wR2 = 0.2295 and Goof = 1.027 for 450 

variables refined against 7983 data (0.79 Å), R1 = 0.0741 for those 4692 data with I > 2.0(I) 

(Table A.9). There were several high residuals present in the final difference-Fourier map.  It 

was not possible to determine the nature of the residuals although it was probable that 

diethyl ether solvent was present.  The SQUEEZE7 routine in the PLATON8 program package 

was used to account for the electrons in the solvent accessible voids.   

Table A.7. Crystallographic Data for (K2[MnIIH33Ph(OH)])2•4DMA•Et2O and 
(K2[FeIIH33Ph(OH)])2•4DMA•Et2O 

 (K2[MnIIH33Ph(OH)])2•4DMA•Et2O (K2[FeIIH33Ph(OH)])2•4DMA•Et2O 

Empirical Formula C66H124K4Mn2N18O13 C66H124Fe2K4N18O13 

Fw 1644.10 1645.92 

T (K) 133(2) 88(2) 
space group P1 P1 
a (Å) 11.8229(8) 11.7514(18) 
b (Å) 14.0775(9) 14.091(2) 
c (Å) 14.2797(10) 14.370(2) 
α (deg) 70.4628(8) 69.8396(18) 
β (deg) 86.5278(9) 86.4696(19) 
γ (deg) 71.1569(8) 71.6838(18) 
Z 1 1 
V (Å3) 2116.8(2) 2117.8(6) 
δcalcd (Mg/m3) 1.290 1.291 
R1 0.0491 0.0621 
wR2 0.1438 0.1799 
GOF 1.050 1.035 
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Table A.8. Crystallographic Data for K2[FeIIH33F(OH)]•2DMA and (K2[CoIIH33Ph(OH)])2•4DMA•Et2O 

 K2[FeIIH33F(OH)]•2DMA (K2[CoIIH33Ph(OH)])2•4DMA•Et2O 

Empirical Formula C31H56FFeK2N9O6 C66H124Co2K4N18O13 
Fw 803.89 1652.08 
T (K) 88(2) 88(2) 
space group P1 P1 
a (Å) 11.766(3) 11.7258(9) 
b (Å) 14.048(4) 14.0845(11) 
c (Å) 14.474(4) 14.3622(12) 
α (deg) 69.896(3) 69.7980(10) 
β (deg) 86.818(4) 86.2510(10) 
γ (deg) 71.581(3) 71.0230(10) 
Z 2 1 
V (Å3) 2127.8(10) 2102.1(3) 
δcalcd (Mg/m3) 1.255 1.305 
R1 0.0690 0.0534 
wR2 0.2035 0.1509 
GOF 1.026 1.035 

 

 

 
 
 
Table A.9. Crystallographic Data for K2[CoIIH33F(OH)]•2DMA 

 K2[CoIIH33F(OH)]•2DMA 

Empirical Formula C66H124Co2K4N18O13 
Fw 1652.08 
T (K) 88(2) 
space group P1 
a (Å) 11.7258(9) 
b (Å) 14.0845(11) 
c (Å) 14.3622(12) 
α (deg) 69.7980(10) 
β (deg) 86.2510(10) 
γ (deg) 71.0230(10) 
Z 1 
V (Å3) 2102.1(3) 
δcalcd (Mg/m3) 1.305 
R1 0.0534 
wR2 0.1509 
GOF 1.035 
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Preparative Methods. 

K2[MnIIH33Ph(OH)]: Solid KH (0.0515 g, 1.28 mmol) was treated with a 4 mL DMA solution 

of H63Ph (0.146 g, 0.315 mmol) and stirred for 45 min until bubbling ceased. MnII(OAc)2 

(0.0550 g, 0.318 mmol) was then added as one portion and the resultant solution was 

stirred for 1 h to give a colorless heterogeneous mixture. The mixture was treated with H2O 

(6 μL, 0.3 mmol) and stirred for 15 minutes. The colorless mixture was filtered through a 

medium porus-glass filter, and was layered with 15 mL of Et2O, resulting colorless crystals 

after 1 day. The crystals were collected on a medium porous-glass filter and washed with 

20 mL of Et2O to give 0.091 g (47%) of the desired white solid.  

K2[MnIIH33F(OH)]: The salt was prepared using a similar procedure described above for 

K2[MnIIH33Ph(OH)] with KH (0.0271 g, 0.675 mmol), H63F (0.0776 g, 0.161 mmol), 

MnII(OAc)2 (0.0286 g, 0.165 mmol), and H2O (3 μL, 0.2 mmol). The crystals were collected 

on a medium porous-glass filter and washed with 20 mL Et2O to give 0.051 g  (51%) of the 

desired white solid.  

 

K2[FeIIH33Ph(OH)]: The salt was prepared using a similar procedure described above for 

K2[MnIIH33Ph(OH)] with KH (0.0425 g, 1.06 mmol), H63Ph (0.1190 g, 0.2567 mmol), 

FeII(OAc)2 (0.0457 g, 0.263 mmol), and H2O (5 μL, 0.3 mmol). The crystals were collected 

on a medium porous-glass filter and washed with 20 mL Et2O to give 0.082 g  (52%) of the 

desired white solid. 

 

K2[FeIIH33F(OH)]: The salt was prepared using a similar procedure described above for 

K2[MnIIH33Ph(OH)] with KH (0.0431 g, 1.07 mmol), H63F (0.1234 g, 0.2562 mmol), 
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FeII(OAc)2 (0.0456 g, 0.262 mmol), and H2O (5 μL, 0.3 mmol). The crystals were collected 

on a medium porous-glass filter and washed with 20 mL Et2O to give 0.077 g  (48%) of the 

desired white solid. 

 

K2[CoIIH33Ph(OH)]: The salt was prepared using a similar procedure described above for 

K2[MnIIH33Ph(OH)] with KH (0.0303 g, 0.755 mmol), H63Ph (0.0874 g, 0.189 mmol), 

CoII(OAc)2 (0.0330 g, 0.186 mmol), and H2O (5 μL, 0.3 mmol). The crystals were collected 

on a medium porous-glass filter and washed with 20 mL Et2O to give 0.090 g  (78%) of the 

desired pink solid. 

K2[CoIIH33F(OH)]: The salt was prepared using a similar procedure described above for 

K2[MnIIH33Ph(OH)] with KH (0.0520 g, 1.30 mmol), H63F (0.1561 g, 0.3241 mmol), 

CoII(OAc)2 (0.0572 g, 0.323 mmol), and H2O (6 μL, 0.3 mmol). The crystals were collected 

on a medium porous-glass filter and washed with 20 mL Et2O to give 0.085 g  (50%) of the 

desired pink solid. 

References 

(1)  Gupta, R.; MacBeth, C. E.; Young, V. G.; Borovik, A. S. Isolation of Monomeric Mn(III/II)−OH 
and Mn(III)−O Complexes from Water: Evaluation of O−H Bond Dissociation Energies. J. Am. 
Chem. Soc. 2002, 124 (7), 1136–1137. 

(2)  Bruker AXS, I. APEX2 Version 2014.11-0. Madison, WI 2014. 
(3)  Bruker AXS, I. SAINT Version 8.34a. Madison, WI 2013. 
(4)  Sheldrick, G. M. SADABS. Bruker AXS, Inc: Madison 2014. 
(5)  Sheldrick, G. M. SHELXTL. Bruker AXS, Inc: Madison 2014. 
(6)  Wilson, A. J. C.; Geist, V. International Tables for Crystallography. Volume C: Mathematical, 

Physical and Chemical Tables. Kluwer Academic Publishers, Dordrecht/Boston/London 
1992 (Published for the International Union of Crystallography), 883 Seiten, ISBN 0-792-3-
16-38X. Cryst. Res. Technol. 1993, 28 (1), 110–110. 

(7)  Spek, A. L. PLATON SQUEEZE: A Tool for the Calculation of the Disordered Solvent 
Contribution to the Calculated Structure Factors. Acta Crystallogr. Sect. C Struct. Chem. 2015, 
71 (1), 9–18. 

(8)  Spek, A. L. Structure Validation in Chemical Crystallography. Acta Crystallogr. Sect. D Biol. 
Crystallogr. 2009, 65 (2), 148–155. 

 



 

125 

APPENDIX B 

Mn Complexes with Sulfonamido Tripods 

Synthesis of Metal Complexes 

Synthesis of MnII‒OH2 Complexes. A solution of the ligand precursors N,N',N''-

(nitrilotris(ethane-2,1-diyl))tris(4-methylbenzenesulfonamide) (H3TST) and N,N',N''-

(nitrilotris(ethane-2,1-diyl))tris(2,4,6-trimethylbenzenesulfonamide) (H3MST) were 

treated with three equivalents (equiv) of KH in anhydrous dimethylacetamide (DMA). Once 

H2 evolution had ceased, MnII(OAc)2 and NMe4OAc was added and the solution was filtered 

to remove KOAc. To the DMA solution of the salt, diethyl ether (Et2O) was added to 

precipitate (NMe4)[MnIITST] or (NMe4][MnIIMST], which was treated with five equiv of H2O 

in methylene chloride (CH2Cl2) and purified by layering the solution of the salt with pentane 

to give (NMe4)[MnIITST(OH2)] or (NMe4)[MnIIMST(OH2)]. 

Synthesis of MnIII‒OH Complexes. An acetonitrile (MeCN) solution of 

(NMe4)[MnIITST(OH2)] or (NMe4)[MnIIMST(OH2)] was treated with one equiv of the base 

triazabicylclodecene (TBD) and FeCp2BF4 to give an immediate green-blue color. FeCp2 was 

extracted from the MeCN solution using pentane to give a green solution of the salt. Single 

crystals of the salt were obtained by diffusion of Et2O and pentane into the MeCN solution. 

The molecular structure of (TBD-H)[MnIIITST(OH)] was obtained by X-ray diffraction (XRD), 

revealing a MnIII center with a trigonal bipyramidal coordination geometry.  
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Figure B.1. Thermal ellipsoid plot of (TBD-H)[MnIIITST(OH)]. 
Thermal ellipsoids are drawn at the 50% probability level. 
Hydrogen atoms bonded to carbon were removed for clarity. 

 

Table B.1. Selected Bond 
Distances (Å) and Angles (°) 
for (TBD-H)[MnIIITST(OH)] 

Mn1‒O1 1.849(2) 
Mn1‒N1 2.146(2) 
Mn1‒N2 2.063(2) 
Mn1‒N3 2.068(2) 
Mn1‒N4 2.078(2) 
d(O1⋯O2) 2.785(2) 
d(N5⋯O1) 3.040(3) 
d(N5⋯O4) 2.924(2) 
d(N7⋯O3) 2.819(2) 
O1‒Mn1‒N1 178.91(7) 
O1‒Mn1‒N2 98.15(7) 
O1‒Mn1‒N3 100.05(7) 
O1‒Mn1‒N4 100.20(8) 
N4‒Mn1‒N1 80.36(6) 
N4‒Mn1‒N2 120.12(7) 
N4‒Mn1‒N3 114.72(7) 
N2‒Mn1‒N1 80.77(6) 
N2‒Mn1‒N3 117.23(7) 
N1‒Mn1‒N3 80.52(6) 

 

 Synthesis of MnIII–(μ–OH)–Sc3+–(μ–OH)–MnIII. A CH2Cl2 solution of (TBD-

H)[MnIIITST(OH)] or (TBD-H)[MnIIIMST(OH)] was treated with Sc(OTf)3 and 12-crown-4 to 

give an green-blue solution. Single crystals for structure determination by XRD were 

obtained by layering the green-blue solution with pentanes (Figure B.2 and Table B.2).  
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Figure B.2. Thermal ellipsoid plot of ([MnIIIMST(OH)]2Sc3+)+ 
Thermal ellipsoids are drawn at the 50% probability level. 1,3,5-
trimethylbenzene and hydrogen atoms bonded to carbon were 
removed for clarity.  

Table B.2. Selected Bond 
Distances (Å) and Angles (°) 
for ([MnIIIMST(OH)]2Sc3+)+ 

Mn1‒O1 1.869(2) 
Mn1‒N1 2.027(2) 
Mn1‒N2 2.001(2) 
Mn1‒N3 2.051(2) 
Mn1‒N4 2.102(2) 
Sc1‒O1 2.042(2) 
Sc1‒O4 2.101(2) 
Sc1‒O6 2.094(2) 
d(O1⋯O2) 2.591(2) 
O1‒Mn1‒N1 177.56(5) 
O1‒Mn1‒N2 95.32(5) 
O1‒Mn1‒N3 97.91(5) 
O1‒Mn1‒N4 99.31(5) 
N4‒Mn1‒N1 81.78(5) 
N4‒Mn1‒N2 117.46(5) 
N4‒Mn1‒N3 106.26(6) 
N2‒Mn1‒N1 82.25(5) 
N2‒Mn1‒N3 131.30(6) 
N1‒Mn1‒N3 83.84(5) 
O1‒Sc1‒O6 87.61(4) 
O1‒Sc1‒O4 86.56(4) 
O4‒Sc1‒O6 89.93(5) 
Sc1‒O1‒Mn1 125.64(6) 

 

 

Experimental Section 

General Procedures. Unless otherwise stated, all manipulations were performed 

under an argon atmosphere in a Vac-atmospheres dry box. All chemicals were purchased 

from commercial sources and used without further purification unless otherwise stated.   

N,N',N''-(nitrilotris(ethane-2,1-diyl))tris(4-methylbenzenesulfonamide) (H3TST) and 

N,N',N''-(nitrilotris(ethane-2,1-diyl))tris(2,4,6-trimethylbenzenesulfonamide) (H3MST) 

were prepared using literature procedures.1,2 Potassium hydride (KH) as a 30% dispersion 

in mineral oil was filtered with a glass frit, washed with pentane and Et2O, dried by vacuum 

and stored under an argon atmosphere.  
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X-Ray Crystallographic Methods. A Bruker SMART APEX II diffractometer was used for 

molecular structure determination. The APEX23 program package was used to determine the 

unit-cell parameters and for data collection. The raw data was processed using SAINT4 and 

SADABS5 to yield the reflection data file. Subsequent calculations were carried out using the 

SHELXTL6 program. The structure was solved by dual space methods and refined on F2 by 

full-matrix least-squares techniques.  The analytical scattering factors7 for neutral atoms 

were used throughout the analysis. 

(TBD-H)[MnIIITST(OH)]: Hydrogen atoms were included using a riding model. At 

convergence, wR2 = 0.0917 and Goof = 1.021 for 7255 variables refined against 8777 data 

(0.74 Å), R1 = 0.0385 for those 7255 data with I > 2.0(I) (Table B.3). 

([MnIIIMST(OH)]2Sc3+)OTf: H1 was located from a difference-Fourier map and refined 

(x,y,z and Uiso) and the remaining hydrogen atoms were included using a riding model. A 

disordered triflate anion and dichloromethane molecule was present. At convergence, wR2 

= 0.0889 and Goof = 1.034 for 632 variables refined against 11090 data (0.75 Å), R1 = 0.0333 

for those 9921 data with I > 2.0(I) (Table B.3). 
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Table B.3. Crystallographic Data for (TBD-H)[MnIIITST(OH)] 
 (TBD-H)[MnIIITST(OH)] ([MnIIIMST(OH)]2Sc3+)OTf•DCM•OTf 

Empirical Formula C34H48MnN7O7S3 C72H102Cl10F3Mn2N8O17S7Sc 
Fw 817.91 2142.37 
T (K) 88(2) 88(2) 
space group P1  P1  
a (Å) 8.9661(6) 13.1173(9) 
b (Å) 14.6025(10) 14.4587(10) 
c (Å) 14.6574(10) 14.6665(10) 
α (deg) 76.3877(8) 105.9710(10) 
β (deg) 84.8462(8) 110.0770(10) 
γ (deg) 89.8670(9) 104.7210(10) 
Z 2 1 
V (Å3) 1857.3(2) 2317(3) 
δcalcd (Mg/m3) 1.463 1.535 
R1 0.0385 0.0333 
wR2 0.0917 0.0889 
GOF 1.020 1.034 

 

Preparative Methods. 

(NMe4)[MnIITST]: Solid KH (0.0843 g, 2.10 mmol) was treated with a 10 mL DMA solution 

of H3TST (0.4191 g, 0.6884 mmol) and stirred for 45 min until bubbling ceased. MnII(OAc)2 

(0.1190 g, 0.6878 mmol) and NMe4OAc (0.0919 g, 0.6900 mmol) was then added as one 

portion and stirred for 1 hour to give a colorless heterogeneous mixture. The mixture was 

filtered through a medium porus-glass filter and reduced in volume to 3 mL by vacuum. A 

white solid was precipitated by addition of 20 mL of Et2O, collected on a medium porus-glass 

filter, washed with 20 mL of Et2O, and dried by vacuum. 

 

(NMe4)[MnIIMST]: The salt was prepared using a similar procedure described above for 

(NMe4)[MnIIMST] with KH (0.0860 g, 2.14 mmol), H3MST (0.4912 g, 0.7098 mmol), 
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MnII(OAc)2 (0.1231 g, 0.7116 mmol), and NMe4OAc (0.0950 g, 0.714 mmol). A white solid 

was obtained (0.381 g, 66%) and dried by vacuum.  

 

(NMe4)[MnIITST(OH2)]: A solution of (NMe4)[MnIITST] (0.1586 g, 0.2158 mmol) in 3 mL of 

CH2Cl2 was treated with 10 μL of water (0.56 mmol) and stirred for 15 minutes. The colorless 

solution was filtered through diatomaceous earth and a white solid (0.109 g, 67%) was 

precipitated with pentanes.  

 

(NMe4)[MnIIMST(OH2)]: The salt was prepared using a similar procedure described above 

for (NMe4)[MnIIMST(OH2)] with (NMe4)[MnIIMST] (0.2228 g, 0.2720 mmol) and H2O (5 μL, 

0.3 mmol). A white solid was obtained (0.180 g, 79%) and dried by vacuum.  

 

(TBD-H)[MnIIITST(OH)]: A solution of (NMe4)[MnIITST(OH2)] (0.1791 g, 0.2378 mmol) and 

TBD (0.0334 g, 0.240 mmol) in 10 mL of MeCN was treated with FeCp2BF4 (0.0648 g, 0.238 

mmol) in 3 mL of MeCN and allowed to stir for 10 minutes to give a dark blue-green color. 

FeCp2 was extracted with 3x10 mL of pentane to give a dark blue solution. Dark green 

crystals (0.072 g, 37%) suitable for XRD was obtained by diffusion of a 10:1 mixture of 

Et2O:pentane into a solution of the salt.  

 

(TBD-H)[MnIIIMST(OH)]: The salt was prepared using a similar procedure described above 

for (TBD-H)[MnIIITST(OH)] with (NMe4)[MnIIMST] (0.1247 g, 0.1490 mmol), TBD (0.0207 g, 

0.149 mmol), and FeCp2BF4 (0.0407 g, 0.149 mmol). A green solid was obtained (0.050 g, 

79%) and dried by vacuum.  
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([MnIIITST(OH)]2Sc3+)OTf: A solution of and 12-crown-4 (0.0067 g, 0.038 mmol) and 

Sc(OTf)3 (0.0175 g, 0.0356 mmol) in 2 mL CH2Cl2 was treated with (TBD-H)[MnIIIMST(OH)] 

(0.0347 g, 0.0385 mmol) and stirred for 15 minutes to give a green solution. Dark green 

crystals suitable for XRD was obtained by diffusion of a 10:1 mixture of Et2O:pentane into a 

solution of the salt. 
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