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Nature has developed enzymes over millennia that perform difficult chemical 

transformations in mild conditions, using structural controls to aid in the generation of powerful 

reactive intermediates. Metalloenzymes such as cysteine dioxygenase (CDO) and isopenicillin N 

synthase (IPNS) use thiolate ligands coordinated to their metal centers to bind dioxygen and 

produce strong oxidants in the form of FeIII-superoxo and and high-valent Fe-oxo species. The 

similar active sites of CDO and IPNS afford different chemistry due to small variations in their 

ligands stabilizing different intermediates. Similarly, nitrile hydratase (NHase) uses dioxygen to 

modify the thiolates in its coordination sphere to allow for the binding of nitriles and their 

transformations to amides. Dioxygen is produced by the oxygen-evolving complex (OEC) via the 

process of water splitting, a thermodynamically difficult process that Nature accomplishes via a 

cubane cluster of manganese and calcium atoms. This cluster separates that process into 
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thermodynamically simpler steps which allow for the generation of dioxygen using the energy 

from light. 

To examine the factors that allow for the broadly different reactivity performed by CDO, 

IPNS, and NHase, a structurally constrained iron complex [FeIII(S2
Me2N3(Et,Pr)]+ is produced and 

its interactions with oxo-atom donors to produce a sulfenate species is characterized and compared 

to the less constrained complex [FeIII(S2
Me2N3(Pr,Pr)]+. At low temperatures, an oxo-atom donor 

adduct species is observed before formation of that sulfenate, and inhibition studies imply the 

existence of an intermediate FeV-oxo. This species is investigated via computational methods, and 

it is found that the constrained ligand produces a less stable oxo species. 

The reduced complex FeII(S2
Me2N3(Et,Pr) and its reactivity with dioxygen are also 

characterized kinetically and thermodynamically by stopped-flow UV/visible spectroscopy, 

finding evidence that an FeIII-superoxo is formed. Compared to FeII(S2
Me2N3(Pr,Pr), the superoxo 

is formed much more quickly and much more favorably. This superoxo species is transient and 

further reacts with either the solvent or itself, although the product species could not be 

characterized. Reactivity with oxygen in the presence of an excess of weak C–H bonds or with 

deuterated solvent was not found to change the rate of this species’ decay, indicating that the 

process occurring could be an intramolecular process. Computational studies support the 

possibility of a intramolecular process. 

The influence of a cis or trans thiolate is examined via the generation of the asymmetric 

mixed alkoxide/thiolate complexes FeII(SMe2OMe2N3(Pr,Pr)) and [FeIII(SMe2OMe2N3(Pr,Pr))]+ were 

synthesized, and their reactivity with oxo-atom donors and dioxygen was examined. Similar to the 

bis-thiolate complexes, intermediates were observed with oxo-atom donor and oxygen reactivity, 

but products could not be isolated. The preference for binding a substrate cis or trans to a thiolate 
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was studied through computational methods, finding structural evidence that trans binding is 

preferred and predicted spectral evidence that cis binding is preferred. 

Factors influencing the structural flexibility of the OEC were examined using a series of 

model cubane complexes with varying ligand environments. By modifying the exogenous ligands 

of the cubane in small ways, dramatic changes are observed in the structural parameters of the 

cubane as a whole, demonstrating a potential way the OEC controls its structural arrangement 

during the process of water oxidation. 

 



Acknowledgements 

 I have so much to be thankful for, and so many people to thank for helping me complete 

this journey I’ve been on. Foremost, I need to give my deepest thanks to my research advisor Prof. 

Julie Kovacs, there were many times where I felt stuck or needed help to figure out what was going 

with my reactions, and my conversations with her were always invaluable for turning that corner 

and making a breakthrough. It’s in large part thanks to her that I’ve grown so much as a scientist, 

and her passion for her chemistry helped to keep me going when I could not keep myself going. I 

also know I need to thank her for her patience with me, thank you for pushing me every day to be 

a better scientist. 

 I also need to thank the members of the Kovacs group that I worked with and who helped 

me learn and understand better in our every conversation. Thanks to Dr. Ben Leipzig, Dr. Maike 

Lundahl, Dr. Maksym Dedushko, Dr. Penny Poon, Dr. Alexandra Downing, Dr. Maria Greiner, 

Erin Hanada, Julian Smith-Jones, Paige Gannon, Bennet Karel, Tony Vazquez, Chris Woodburn, 

Chris Lowe, and Douglas Baumgardner, your support and friendship during my graduate career 

was a huge part of what kept me going. I’ll miss the Excited State Café, even if the coffee we made 

in lab was never really any good, sitting down and talking about the experiments we were up to 

always was. 

 The entire Department of Chemistry at the University of Washington has been crucial to 

my success here, the support from the Inorganic Division especially. While I always dreaded 

having to prepare to give a Division Meeting talk, the feedback I received every time made the 

whole process worth it. I know several breakthroughs I made in my research were the direct result 

of a good question someone asked me after a presentation or in the hall a few days later. Speaking 

of the hall, the entire third floor of the Chemistry Building has been such a fantastic community, 



ii 

 

 

 

it’s been fantastic knowing that if I don’t understand something an expert is just a few doors away 

and they’re always happy to help answer whatever silly question I have. Thanks especially to the 

Velian, Cossairt, and Xiao groups and the students therein, I’m so appreciative of the openness and 

collaborative nature of the department and the friends I’ve made because of it. Thanks to my 

committee: Profs. Julie Kovacs, Brandi Cossairt, Dianne Xiao, Stefan Stoll, and Ed Lazowska for 

shepherding me through this process and helping me all along the way, also to the professors of 

the department and to all of the professors I worked with or learned from, both at the University 

of Washington and in my undergrad career at Northwestern University. Especially to Prof. Danna 

Freedman, thank you for taking a chance on a second year undergrad and starting my career in 

chemistry! 

 My friends have been such incredible support through my time in graduate school, and I 

want to thank them profusely for all that they’ve done for me. Thanks to Jon Kephart and Ben 

Mitchell especially, it’s been the best going through graduate school with you both, and I’m first 

of all so appreciative of how you’ve helped me learn and grow, and secondly I’m so proud of you 

both for the people you are the work you’re doing, you’re both stars! Thanks to my friends outside 

of graduate school as well, I’m very lucky in that you’re too numerous to name, if you’re reading 

this you certainly made a difference in my life and I don’t think I’ll ever be able to truly express 

how grateful I am that you’re in my life. Whether it’s trivia or climbing or friends from undergrad 

or high school, I’m thankful for your friendships and I’m looking forward to the adventures to 

come. 

 Thank you so much to my family, who have been there for me since the beginning of my 

life. Thank you, Mom and Dad, I wouldn’t be the person I am today if not for you both and thank 

you for always believing in me and pushing me and giving me the opportunities I’ve had. Thanks 



iii 

 

 

 

to Blake and Kyle for believing in me and being there for me, and for letting me compete with you 

when we were growing up together, you two are also a large part of why I’m happy with the person 

I’ve become today. I love you all, and thanks for helping me become who I am! 

 As I’ve been writing this dissertation my cat Gumshoe has been scampering around the 

room and lying next to me and meowing a whole lot at me, I’m writing down for posterity that yes 

as soon as I’m done writing this he’s getting treats and cuddles. Gumbo, once you learn how to 

read you can see why I haven’t had as much time as you want me to have to play with you, I’ve 

been hard at work! He’s the best, I love that guy. 

 

 

 

 

 

 

 If you’re reading this, I need to thank you most of all. I hope you enjoy it!  

 



i 

 

 

 

List of Figures ................................................................................................................................ vi 

List of Tables .............................................................................................................................. xiii 

List of Schemes ............................................................................................................................. xv 

List of Numbered Complexes ...................................................................................................... xvi 

Glossary ............................................................................................................................. xvii 

Chapter 1. Making and Breaking Oxygen-Oxygen Bonds in Nature ....................................... 1 

1.1. Bioinorganic Chemistry .......................................................................................... 1 

1.2. Breaking O-O Bonds in Nature ............................................................................... 2 

1.3. Nitrile Hydratase ..................................................................................................... 6 

1.3.1. Background ................................................................................................ 6 

1.3.2. Structure of Nitrile Hydratase .................................................................... 7 

1.3.3. Mechanism of Nitrile Hydratase ................................................................ 8 

1.3.4. Model Chemistry ........................................................................................ 9 

1.4. Cysteine Dioxygenase ........................................................................................... 12 

1.4.1. Background .............................................................................................. 12 

1.4.2. Structure of Cysteine Dioxygenase .......................................................... 13 

1.4.3. Mechanism of Cysteine Dioxygenase ...................................................... 13 

1.4.4. Model Chemistry ...................................................................................... 15 

1.5. Isopenicillin N Synthase ....................................................................................... 17 

1.5.1. Background .............................................................................................. 17 



ii 

 

 

 

1.5.2. Structure of Isopenicillin N Synthase....................................................... 18 

1.5.3. Mechanism of Isopenicillin N Synthase ................................................... 19 

1.5.4. Model Chemistry ...................................................................................... 20 

1.6. Forming O-O Bonds in Nature ............................................................................. 22 

1.7. The Oxygen-Evolving Complex ........................................................................... 23 

1.7.1. Background .............................................................................................. 23 

1.7.2. Structure of the Oxygen-Evolving Complex ............................................ 24 

1.7.3. Mechanism of the Oxygen-Evolving Complex ........................................ 25 

1.7.4. Model Chemistry ...................................................................................... 27 

1.8. Conclusions ........................................................................................................... 29 

1.9. References ............................................................................................................. 30 

Chapter 2. Ligand Constraint Effects on Oxo-Atom Addition ............................................... 59 

2.1. Introduction ........................................................................................................... 59 

2.2. Experimental ......................................................................................................... 63 

2.3. Results and Discussion ......................................................................................... 71 

2.3.1. Synthesis of a constrained bis-thiolate ligated iron (III) complex and its 

associated persulfide ................................................................................. 71 

2.3.2. Reactivity of [FeIII(S2
Me2N3(Et,Pr)]+ with oxo-atom donors .................... 73 

2.3.3. Low temperature reactivity of [FeIII(S2
Me2N3(Et,Pr)]+ with oxo-atom donors

  .................................................................................................................. 75 



iii 

 

 

 

2.3.4. Possible mechanisms of oxo-atom donor reactivity ................................. 76 

2.3.5. Investigating the presence of an FeV-oxo with inhibition studies ............ 78 

2.3.6. Thermodynamics of binding with pyridine N-oxide ................................ 80 

2.3.7. X-ray crystal structure of PNO bound [FeIII(S2
Me2N3(Et,Pr)]+ ................. 81 

2.3.8. Comparisons with [FeIII(S2
Me2N3(Pr,Pr)]+-PNO ....................................... 82 

2.3.9. Density Functional Theory Calculations .................................................. 84 

2.4. Summary and Conclusions ................................................................................... 84 

2.5. References ............................................................................................................. 85 

Chapter 3. Characterization of a Constrained Reduced Complex and its Interactions with 

Oxygen .................................................................................................................. 93 

3.1. Introduction ........................................................................................................... 93 

3.2. Experimental ....................................................................................................... 100 

3.3. Results and Discussion ....................................................................................... 107 

3.3.1. Isolation of the reduced, constrained complex FeII(S2
Me2N3(Et,Pr)) ...... 107 

3.3.2. Reactivity of FeII(S2
Me2N3(Et,Pr)) with dioxygen .................................. 109 

3.3.3. Generation of an authentic FeIII-superoxo .............................................. 113 

3.3.4. Kinetics and thermodynamics of dioxygen binding to FeII(S2
Me2N3(Et,Pr))  

  ................................................................................................................ 116 

3.3.5. Examination of the rate of reaction between FeII(S2
Me2N3(Et,Pr)) and 

dioxygen in methylene chloride .............................................................. 121 



iv 

 

 

 

3.3.6. Examination of the rate of reaction between FeII(S2
Me2N3(Et,Pr)) and 

dioxygen in toluene. ................................................................................ 124 

3.3.7. Experiments with deuterated substrates ................................................. 126 

3.3.8. Comparisons with the more flexible complex FeII(S2
Me2N2NH(Pr,Pr)) . 128 

3.3.9. Density Functional Theory Calculations ................................................ 130 

3.4. Summary and Conclusions ................................................................................. 133 

3.5. References ........................................................................................................... 134 

Chapter 4. Characterization of an Asymmetric Complex Bound with a Thiolate and an 

Alkoxide .............................................................................................................. 144 

4.1. Introduction ......................................................................................................... 144 

4.2. Experimental ....................................................................................................... 148 

4.3. Results and Discussion ....................................................................................... 154 

4.3.1. Making an asymmetric ligand system .................................................... 154 

4.3.2. X-ray crystal structures of FeII(SMe2,OMe2N2NH(Pr,Pr)) and 

[FeIII(SMe2,OMe2N2NH(Pr,Pr))]+ .............................................................. 157 

4.3.3. Comparisons with symmetric complexes ............................................... 159 

4.3.4. Density Functional Theory calculations ................................................. 162 

4.4. Summary and Conclusions ................................................................................. 166 

4.5. References ........................................................................................................... 167 

Chapter 5. Synthetic Heterometallic “Open” NaMn3O4 Cubane Clusters Containing an 

Exchangeable Exogenous Hydroxide Ligand ..................................................... 175 



v 

 

 

 

5.1. Introduction ......................................................................................................... 175 

5.2. Experimental ....................................................................................................... 179 

5.3. Results and Discussion ....................................................................................... 186 

5.3.1. Synthesis of a Schiff-base-type binucleating ligand .............................. 186 

5.3.2. Synthesis of Mn3Na cubane complexes ................................................. 188 

5.3.3. X-ray crystal structures of three distinct cubane complexes .................. 189 

5.3.4. Structural comparisons of three distinct cubane complexes .................. 190 

5.4. Summary and Conclusions ................................................................................. 195 

5.5. References ........................................................................................................... 196 

  



vi 

 

 

 

List of Figures 

Figure 1-1. Diagrams of 2-His-1-carboxylate facial triad (left) and three histidine triad (right). .. 2 

Figure 1-2. Depictions of the post-translationally modified active site of nitrile hydratase. Left: 

Crystallographic structure of NO-bound NHase (PDB ID: 2AHJ).187 Left: schematic drawing of 

water-bound NHase. ....................................................................................................................... 7 

Figure 1-3. [FeIII(ADIT)2]+, [FeIII(ADIT)(ADIT-H)]2+, [FeIII(ADIT)(ADIT-O)]+, and 

[FeIII(ADIT)(ADIT-OH)]2+.70 ....................................................................................................... 10 

Figure 1-4. Selected model complexes for nitrile hydratase [(Cl2PhPepS)Fe(NO)(DMAP)]-
 by the 

Mascharak group,69 [FeIII(L-O2)]2- by the Chottard group,73,75 and [FeIII((tame-N2SO2
Me2)]2- by the 

Kovacs group.73,75 ......................................................................................................................... 11 

Figure 1-5. Depictions of the active site of cysteine dioxygenase. Left: crystallographic structure 

of human CDO (PDB ID: 2IC1).188 Right: schematic drawing of the active site of CDO. .......... 12 

Figure 1-6. Selected model complexes for cysteine dioxygenase [FeII(LN3SO3)]+ by the Goldberg 

group,93 [TpMe,PhFeCysOEt] by the Limberg group,95 and [FeII(N3PySO2)(NCS)] by the Goldberg 

group.96.......................................................................................................................................... 15 

Figure 1-7. Depictions of the ACV-bound active site of isopenicillin N synthase. Left: 

crystallographic structure of substrate-bound IPNS (PDB ID: IBK0).189 Right: Schematic drawing 

of substrate-bound IPNS. .............................................................................................................. 18 

Figure 1-8. Selected model complexes for isopenicillin N synthase [FeIII(BDPP)(O2)] by the Lee 

group,137 [FeIII(S2
Me2N3(Pr,Pr))(O2)] by the Kovacs group,22 and [(LAdH)FeO2] by the Rittle 

group.141 ........................................................................................................................................ 21 

file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368659
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368660
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368660
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368660
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368661
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368661
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368662
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368662
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368662
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368663
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368663
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368664
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368664
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368664
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368665
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368665
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368665
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368666
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368666
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368666


vii 

 

 

 

Figure 1-9. Depictions of the active site of the oxygen-evolving complex. Left: crystallographic 

structure of the OEC with surrounding protein residues (PDB ID: 5B5E).190 Right: Schematic 

drawing of the OEC with surrounding protein residues. .............................................................. 24 

Figure 1-10. Selected model complexes for the OEC. [(bpy)2(OH2)RuORu(OH2)(bpy)2]4+ by the 

Meyer group,170,171 [Mn4O4((C6H5)2PO2)6] by the Dismukes group,178 and 

LMnIV
3CaO4(OAc)3(THF) by the Agapie group.179 ..................................................................... 28 

Figure 2-1. FeII(S2
Me2N2NH(Pr,Pr)) (1) (left) and [FeIII(S2

Me2N2NH(Pr,Pr))]+ (2) (right). ........... 61 

Figure 2-2. Schematic drawing (left) and ORTEP diagram (right) of [FeIII(S2
Me2N3(Et,Pr))]+ (3). 

Thermal ellipsoids at 50% probability level. ................................................................................ 62 

Figure 2-3. Electronic absorption spectrum of sulfenate species ([FeIII(η2-

SMe2O)(SMe2N3(Pr,Pr)](PF6), (6) and schematic drawing. ............................................................. 72 

Figure 2-4. ORTEP diagrams of [FeIII(η2-SMe2S)(SMe2N3(Et,Pr)](PF6) (4), [FeIII(η2-

SMe2S)(SMe2N3(Pr,Pr)](PF6) (7), [FeIII(η2-SMe2O)(SMe2N3(Et,Pr)](PF6) (6), [FeIII(η2-

SMe2O)(SMe2N3(Pr,Pr)](PF6) (5), with thermal ellipsoids at the 50% probability level. Counterions 

removed for clarity. ....................................................................................................................... 73 

Figure 2-5. Electronic absorbance spectra for the reaction between 0.250 mM of 3 and 1.2 eq. 

IBX-ester at -40 °C. Left: Formation of the oxo-atom donor adduct in one minute. Right: 

Formation of the sulfenate 6 in four hours. ................................................................................... 75 

Figure 2-6. Reaction of 3 with 1.2 eq. pentafluoroiodosylbenzene in DCM at -73 °C in the 

presence of 1000 eq. iodopentafluorobenzene over 15 minutes. .................................................. 78 

Figure 2-7. Left: Van’t Hoff plot for the binding of pyridine N-oxide (PNO) to 3 to form 3-PNO 

in THF. Right: electronic absorption spectrum of 3-PNO at -40 °C with varying amounts of added 

PNO............................................................................................................................................... 80 

file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368667
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368667
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368667
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368668
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368668
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368668
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368669
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368670
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368670
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368671
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368671
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368672
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368672
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368672
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368672
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368673
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368673
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368673
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368674
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368674
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368675
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368675
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368675


viii 

 

 

 

Figure 2-8. ORTEP diagram of [FeIII(S2
Me2N3(Et,Pr))]+-PNO (3-PNO) with thermal ellipsoids at 

the 50% probability level. Counterion omitted for clarity. ........................................................... 81 

Figure 3-1. FeIII-superoxo species generated by CDO (left) and IPNS (right), depicted performing 

their proposed reactive pathways. ................................................................................................. 93 

Figure 3-2. Non-heme FeIII-superoxos without a thiolate in the coordination sphere. From left to 

right: [FeIII(BDPP)(O2)],18 [FeIII(TAML)(O2)]2-,20 [FeIII(LPh)(TpMe2)(O2)],21 and [(LAdH)FeO2].22

....................................................................................................................................................... 96 

Figure 3-3. Non-heme FeIII-superoxos incorporating a thiolate. From left to right: 

FeIII(Me3TACN)(abt)(O2),23 [TpMe,PhFeCysOEt(O2)],27 and [Fe(TpMe2)(2-ATP)(O2)].29 ............. 97 

Figure 3-4. Non-heme FeIII-superoxo complexes from the Kovacs group. Left: 

FeIII(S2
Me2N2NH(Pr,Pr))(O2) (2-superoxo),30 right: FeII(SMe2N4(tren))(O2).36 ............................. 98 

Figure 3-5. Schematic drawing (left) and ORTEP diagram (right) of FeII(S2
Me2N3(Et,Pr)) (8). 

Thermal ellipsoids at the 50% probability level. ........................................................................ 107 

Figure 3-6. Electronic absorption spectrum of the reaction between 8 and O2 in DCM at room 

temperature with a scan interval of 1 minute. ............................................................................. 109 

Figure 3-7. Electronic absorption spectrum of the reaction between 8 and limited O2 in DCM at -

90 °C with a scan interval of 1 minute, showing formation of an intermediate. ........................ 110 

Figure 3-8. Electronic absorption spectra of the reaction between 8 and excess O2 in (clockwise 

from top left) THF, DCM, and toluene at -70 °C. 1 minute between scans, 40 minutes total. .... 111 

Figure 3-9. Electronic absorption spectrum of the reaction between 8 and O2 in MeOH at -50 °C 

with a scan interval of 4 minutes, showing outer sphere electron transfer to form 3. ................ 112 

Figure 3-10. Electronic absorption spectrum of the reaction between 3 and excess KO2 in toluene 

at -60 °C. 1 minute between scans, 90 minutes total. ................................................................. 113 

file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368676
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368676
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368677
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368677
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368678
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368678
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368678
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368679
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368679
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368681
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368681
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368682
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368682
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368683
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368683
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368684
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368684
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368685
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368685
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368686
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368686


ix 

 

 

 

Figure 3-11. Electronic absorbance spectrum of 0.250 mM of potassium permanganate in water 

before and after addition of 250 µL of the acidified reaction of 1.000 mM of 8 and excess O2 in 4 

mL of THF. .................................................................................................................................. 114 

Figure 3-12. Electronic absorption spectrum of the reaction between 8 and excess O2 at -60 °C 

and subsequent acidification, showing progress from 8 to 3-superoxo to 3-hydroperoxo to 3, with 

identities of proposed species labeled by representative λmax. .................................................... 115 

Figure 3-13. Temperature-dependent rate constants kobs for the formation of proposed hydroperoxo 

3-hydroperoxo in the reaction between 8 and O2 in toluene, plotted against [O2]. The zero 

intercepts are consistent with irreversible O2 binding. [8] after mixing = 0.1 mM, [O2] listed 

corresponding to after mixing in the stopped-flow cell. ............................................................. 117 

Figure 3-14. Plot of observed rate constants (kobs) versus the concentration of [8] for the formation 

of 3-hydroperoxo at -40 °C in toluene, showing a first order dependence on [8]. [O2] after mixing 

= 4.35 mM. .................................................................................................................................. 118 

Figure 3-15. Arrhenius plot (left) and Eyring plot (right) for the reaction of 8 and O2 in toluene 

from which thermodynamic parameters were obtained (Table 3-3). Second order rate constants (k) 

were obtained from the slope of kobs vs. [O2] plots (Figure 3-13). [8] = 0.1 mM after mixing. 120 

Figure 3-16. Plot of the rate constant for formation of 3-hydroperoxo from 8 and O2 versus 9,10-

dihydroanthracene (DHA) concentration at various temperatures in DCM, showing no dependence 

on the concentration of DHA. [8] = 0.250 mM for all experiments. .......................................... 122 

Figure 3-17. Plot of the rate constant for formation of 3-hydroperoxo from 8 and O2 versus 9,10-

dihydroanthracene (DHA) concentration at various temperatures in toluene, showing no 

dependence on the concentration of DHA. [8] = 0.250 mM for all experiments. ...................... 125 

file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368687
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368687
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368687
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368688
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368688
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368688
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368689
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368689
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368689
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368689
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368690
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368690
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368690
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368691
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368691
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368691
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368692
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368692
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368692
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368693
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368693
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368693


x 

 

 

 

Figure 3-18. Plot of the rate constant for formation of 3-hydroperoxo from 8 and O2 versus 9,10-

dihydroanthracene (DHA) concentration or d4-DHA in toluene at -50 °C, showing no rate change 

after deuteration. [8] = 0.250 mM for all experiments. .............................................................. 126 

Figure 3-19. Absorbance of the reaction between 8 and O2 at 470 nm in toluene and d8-toluene, 

showing a slight increase in rate in deuterated solvent. ............................................................. 127 

Figure 3-20. TD-DFT calculated electronic absorption spectrum of a bridged Fe–O–O–S complex 

generated from 8 and O2, including natural transition orbitals (NTOs) describing the major 

contribution to each state. ........................................................................................................... 130 

Figure 3-21. TD-DFT calculated electronic absorption spectrum of [FeIIIS2
Me2N3(Et,Pr))(OOH)] 

(3-hydroperoxo), including natural transition orbitals (NTOs) describing the major contribution 

to each state. ................................................................................................................................ 131 

Figure 3-22. TD-DFT calculated electronic absorption spectrum of the superoxo 

[FeIIIS2
Me2N3(Et,Pr))(OO)], including natural transition orbitals (NTOs) describing the major 

contribution to each state. ........................................................................................................... 132 

Figure 4-1. Schematic drawings of [FeII(SMe2N4(tren))]+ (left)46 and [FeII(cyclam-PrS)]+ (right).13

..................................................................................................................................................... 145 

Figure 4-2. Left: Electronic absorption spectrum of FeIII-superoxo 2-superoxo (0.25 mM) in THF 

vs MeOH. Right: Influence of H-bonds on the energy of the 𝛑-symmetry sulfur orbitals and the 

stabilization of the resulting FeIII-SR (purple) versus H-bonded FeIII-SR bonds (red). Reproduced 

from “Kinetic Insights into Dioxygen Activation by Biomimetic Thiolate-Ligated Iron 

Complexes”, Greiner, M. B. ....................................................................................................... 147 

Figure 4-3. Schematic drawings of FeII(SMe2,OMe2N2NH(Pr,Pr)) (9) (left) and 

[FeIII(SMe2,OMe2N2NH(Pr,Pr))]+ (10) (right). ............................................................................... 156 

file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368694
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368694
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368694
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368695
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368695
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368696
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368696
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368696
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368697
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368697
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368697
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368698
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368698
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368698
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368699
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368699
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368700
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368700
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368700
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368700
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368700


xi 

 

 

 

Figure 4-4. ORTEP diagrams of FeII(SMe2,OMe2N2NH(Pr,Pr)) (9) (left) and 

[FeIII(SMe2,OMe2N2NH(Pr,Pr))]+ (10) (right). Thermal ellipsoids at the 50% probability level, 

counterions omitted for clarity. ................................................................................................... 157 

Figure 4-5. Electronic absorption spectrum of the reaction between FeIISMe2,OMe2N2NH(Pr,Pr)) 

(9) in THF at -40 °C. Scans are 1 minute apart. ......................................................................... 160 

Figure 4-6. Electronic absorption spectrum of the reaction of [FeIII(SMe2,OMe2N2NH(Pr,Pr))]+ (10) 

with IBX-ester in THF at -70 °C. Scans are 3 minutes apart. ..................................................... 160 

Figure 4-7. TD-DFT calculated electronic absorption spectrum of FeIISMe2,OMe2N2NH(Pr,Pr)) (9) 

. including natural transition orbitals (NTOs) describing the major contribution to each state. . 162 

Figure 4-8. TD-DFT calculated electronic absorption spectrum of [FeIIISMe2,OMe2N2NH(Pr,Pr))]+ 

(10) . including natural transition orbitals (NTOs) describing the major contribution to each state.

..................................................................................................................................................... 163 

Figure 4-9. TD-DFT calculated electronic absorption spectrum of a superoxo complex formed 

from 9 and O2 with the superoxo bound trans to the thiolate, including natural transition orbitals 

(NTOs) describing the major contribution to each state. ............................................................ 165 

Figure 4-10. TD-DFT calculated electronic absorption spectrum of a superoxo complex formed 

from 9 and O2 with the superoxo bound cis to the thiolate, including natural transition orbitals 

(NTOs) describing the major contribution to each state. ............................................................ 166 

Figure 5-1. Left: The Kok cycle and right: two proposed structures for “closed” (S2A) and “open” 

(S2B) conformations of the S2 state. ............................................................................................. 175 

Figure 5-2. Two proposed mechanisms of O–O bond formation. Left: the nucleophilic attack 

mechanism. Right: the radical coupling mechanism. ................................................................. 176 

file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368702
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368702
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368702
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368703
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368703
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368704
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368704
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368705
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368705
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368706
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368706
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368706
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368707
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368707
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368707
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368708
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368708
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368708
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368709
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368709
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368710
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368710


xii 

 

 

 

Figure 5-3. Structural analogues of the oxygen-evolving complex containing manganese and 

calcium atoms. Left to right: LMnIV
3CaO4(OAc)3(THF),34 [MnIV

3Ca2O4(O2CtBu)8(tBuCO2H)4],36 

and [Mn4CaO4(ButCO2)8 (ButCO2H)2(py)]37 .............................................................................. 177 

Figure 5-4. Schematic drawing (left) and ORTEP diagram (right) of 

Mn(hydroxyphenyldiimine)(Cl) (11). Thermal ellipsoids at the 50% probability level. ............ 186 

Figure 5-5. ORTEP diagram of [(en)NaMn3O4(L3)(OH)] (12) (left) with thermal ellipsoids at 50% 

probability level and schematic drawing of [(en)NaMn3O4(L3)(OH)] (12) (right). ................... 189 

Figure 5-6. ORTEP diagrams of the cores of [(en)NaMn3O4(L3)(OH)] (12), 

[(en)NaMn3O4(L3)(OMe)] (13), and [(py)NaMn3O4(L3)(OH)] (14) with thermal ellipsoids at the 

50% probability level. ................................................................................................................. 193 

  

file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368711
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368711
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368711
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368712
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368712
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368713
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368713
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368714
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368714
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368714


xiii 

 

 

 

List of Tables 

Table 2-1. Crystal data, intensity collectionsa and structure refinement parameters for [FeIII(η2-

SMe2O)(SMe2N3(Et,Pr)](PF6) (6), [FeIII(η2-SMe2S)(SMe2N3(Pr,Pr)](PF6) (7), and 

[FeIIIS2
Me2N3(Et,Pr)(PNO)](PF6) (3-PNO). .................................................................................. 70 

Table 2-2. Selected metrical parameters for [FeIII(η2-SMe2S)(SMe2N3(Et,Pr)](PF6) (4), [FeIII(η2-

SMe2S)(SMe2N3(Pr,Pr)](PF6) (7), [FeIII(η2-SMe2O)(SMe2N3(Et,Pr)](PF6) (6), [FeIII(η2-

SMe2O)(SMe2N3(Pr,Pr)](PF6) (5) .................................................................................................... 74 

Table 2-3. Selected metrical parameters for [FeIII(S2
Me2N3(Pr,Pr))]+-PNO (2-PNO) and 

[FeIII(S2
Me2N3(Et,Pr))]+-PNO (3-PNO) ......................................................................................... 83 

Table 3-1. Crystal data, intensity collectionsa and structure refinement parameters for 

FeII(S2
Me2N3(Et,Pr)) (8). .............................................................................................................. 106 

Table 3-2. Selected metrical parameters for FeII(S2
Me2N3(Pr,Pr)) (1), [FeIII(S2

Me2N3(Pr,Pr))]+ (2), 

FeII(S2
Me2N3(Et,Pr)) (8), and [FeIII(S2

Me2N3(Et,Pr))]+ (3) ............................................................ 108 

Table 3-3. Temperature-dependent rate constants for irreversible O2 binding to 

FeII(S2
Me2N2NH(Pr,Pr)) (1) in THF and for irreversible O2 to FeII(S2N3(Et,Pr)) (8) in toluene. 119 

Table 4-1. Crystal data, intensity collectionsa, and structure refinement parameters for 

FeII(SMe2,OMe2N2NH(Pr,Pr)) (9) and [FeIII(SMe2,OMe2N2NH(Pr,Pr))](PF6) (10). ......................... 153 

Table 4-2. Selected metrical parameters for FeII(S2
Me2N2NH(Pr,Pr)) (1), 

FeII(SMe2,OMe2N2NH(Pr,Pr)) (9), [FeIII(S2
Me2N2NH(Pr,Pr))](PF6) (2), and 

[FeIII(SMe2,OMe2N2NH(Pr,Pr))](PF6) (10). ................................................................................... 158 

Table 4-3. Comparison of empirical and calculated bond lengths of [FeIII(S2
Me2N2NH(Pr,Pr))]+ (2), 

FeIII(S2
Me2N2NH(Pr,Pr))(O2) (2-superoxo), and FeIII(SMe2,OMe2N2NH(Pr,Pr))(O2) (10) with the 

superoxo anion bound cis (cis-10-superoxo) and trans (trans-10-superoxo). ............................ 164 



xiv 

 

 

 

Table 5-1. Crystal data, intensity collectionsa, and structure refinement parameters for 

Mn(hydroxyphenyldiimine)(Cl) (11), [(en)NaMn3O4(L3)(OH)] (12), [(en)NaMn3O4(L3)(OMe)] 

(13), and [(py)NaMn3O4(L3)(OH)] (14) ..................................................................................... 185 

Table 5-2. Selected bond lengths for Mn(hydroxyphenyldiimine)(Cl) (11) .............................. 187 

Table 5-3. Comparison of selected bond lengths (Å), volumes, and deviations from key 

geometrical parameters for cubane clusters [(en)NaMn3O4(L3)(OH)] (12), 

[(en)NaMn3O4(L3)(OMe)] (13), and [(py)NaMn3O4(L3)(OH)] (14). ......................................... 191 

Table 5-4. Comparison of Selected Bond Distances (Å) for cluster 12 and the 1.9 Å structure of 

the OEC. ...................................................................................................................................... 193 

 



xv 

 

 

 

List of Schemes 

Scheme 1-1. General scheme for the activation of dioxygen by FeII and the resulting oxidative 

products. .......................................................................................................................................... 3 

Scheme 1-2. Proposed reaction mechanism of nitrile hydratase. ................................................... 8 

Scheme 1-3. Proposed reaction mechanism of cysteine dioxygenase. ......................................... 14 

Scheme 1-4. Proposed reaction mechanism of isopenicillin N synthase. .................................... 19 

Scheme 1-5. The mechanism of the oxygen evolving complex, including “open” and “closed” 

conformers in the S2 and S3 states. ................................................................................................ 26 

Scheme 2-1. Addition of tert-butyl N-sulfonyloxaziridine to [FeIII(ADIT)2]+ to produce a sulfenate 

and its subsequent protonation by HBF4. ...................................................................................... 59 

Scheme 2-2. General synthesis of bis-thiolate ligated iron complexes, specifically 

FeII(S2
Me2N2NH(Pr,Pr)) (1). .......................................................................................................... 60 

Scheme 2-3. Synthesis of [FeIII(S2
Me2N3(Et,Pr)-Spers]PF6 (4). ...................................................... 72 

Scheme 2-4. Proposed reaction scheme for 2 + ArIO and 3 + ArIO. ........................................... 77 

Scheme 3-1. Reaction between 8 and O2 to produce an FeIII-superoxo 3-superoxo and subsequent 

hydrogen atom abstraction to produce the FeIII-hydroperoxo 3-hydroperoxo. ......................... 112 

Scheme 3-2. Proposed kinetic scheme for the binding of dioxygen and abstraction of a hydrogen 

atom by 1 and 8. .......................................................................................................................... 116 

Scheme 4-1. Synthetic scheme for the production of FeII(SMe2,OMe2N2NH(Pr,Pr)) (9). ............ 154 

Scheme 5-1. Synthesis of [(en)NaMn3O4(L3)(OH)] (12). .......................................................... 188 

 

file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368728
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368728
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368729
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368730
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368731
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368732
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368732
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368733
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368733
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368734
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368734
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368736
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368737
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368737
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368739
file:///C:/Users/dmrog/Dropbox/Thesis/Rogers%20Dissertation.docx%23_Toc131368740


xvi 

 

 

 

List of Numbered Complexes 

1     FeII(S2
Me2N3(Pr,Pr)) 

2     [FeIII(S2
Me2N3(Pr,Pr))]+ 

2-PNO     [FeIII(S2
Me2N3(Pr,Pr))(PNO)]+ 

2-superoxo    [FeIII(S2
Me2N3(Pr,Pr))(O2)] 

2-hydroperoxo  [FeIII(S2
Me2N3(Pr,Pr))(OOH)]   

3     [FeIII(S2
Me2N3(Et,Pr))]+ 

3-PNO     [FeIII(S2
Me2N3(Et,Pr))(PNO)]+ 

3-superoxo    [FeIII(S2
Me2N3(Et,Pr))(O2)] 

3-hydroperoxo  [FeIII(S2
Me2N3(Et,Pr))(OOH)]   

4     [FeIII(S2
Me2N3(Et,Pr)-Spers]PF6 

5     [FeIII(η2-SMe2O)(SMe2N3(Pr,Pr)](PF6) 

6     [FeIII(η2-SMe2O)(SMe2N3(Et,Pr)](PF6) 

7     [FeIII(η2-SMe2S)(SMe2N3(Pr,Pr)](PF6) 

8     FeII(S2
Me2N3(Et,Pr)) 

9     FeII(SMe2,OMe2N2NH(Pr,Pr)) 

10     [FeIII(SMe2,OMe2N2NH(Pr,Pr))](PF6) 

11     Mn(hydroxyphenyldiimine)(Cl) 

12     [(en)NaMn3O4(L3)(OH)] 

13     [(en)NaMn3O4(L3)(OMe)] 

14     [(py)NaMn3O4(L3)(OH)] 

  



xvii 

 

 

 

Glossary 

δ  isomer shift 

Å   Ångström 

ACV   δ-(l-α-aminoadipyl)-l-cysteinyl-d-valine 

Ag  silver 

amu  atomic mass unit 

AspO-   aspartic acid 

ATR   attenuated total reflectance 

AZADOL 2-hydroxy-2-azaadamantane 

Ba  barium 

BDE   bond dissociation energy 

bpy  2,2’-bipyridine 

°C  degree Celsius 

Ca  calcium 

CDO   cysteine dioxygenase 

CHD  1,4-cyclohexadiene 

cm-1  wavenumber 

Co  cobalt 

CO2  carbon dioxide 

CT   charge transfer 

CV   cyclic voltammetry 

CysS-   cysteine 

D  deuterium 

Da  dalton 

DCM   dichloromethane 

DFT   density functional theory 

DHA  9,10-dihydroanthracene 

EAS   electron absorbance spectroscopy 

Ea  activation energy 

en  ethylenediamine 



xviii 

 

 

 

eV  electronvolt 

EPR   electron paramagnetic resonance 

ESI-MS  electrospray-ionization mass spectroscopy 

Et2O   diethyl ether 

EtOH   ethanol  

EXAFS extended X-ray absorption fine structure 

ε   extinction coefficient 

Fe  iron 

FT   Fourier transform 

G  gauss 

∆G   Gibbs free energy 

GHz  gigahertz 

GluO-  Glutamic acid 

H  hydrogen 

ΔH  enthalpy 

ΔH‡   enthalpy of activation 

H2O  water 

H2O2   hydrogen peroxidej 

HAT   hydrogen atom transfer 

HisN   histidine 

HS   high-spin 

HOMO  highest occupied molecular orbital 

Hz   Hertz 

IArF5  pentafluoroiodobenzene 

IBX-ester  isopropyl 2-iodoxybenzoate 

IPNS   isopenicillin N synthase 

J   coupling constant 

K  Kelvin 

KO2   potassium superoxide 

L  liter 

LS   low-spin 



xix 

 

 

 

LUMO  lowest occupied molecular orbital  

MeCN   acetonitrile 

MeOH  methanol 

MHz  megahertz 

Mn  manganese 

N3
-   azide anion 

NHase   nitrile hydratase  

nm  nanometer 

NMR   nuclear magnetic resonance 

NTO   natural transition orbital 

NO   Nitric oxide 

O•   oxyl radical 

O2
•-   superoxide anion 

OEC  oxygen-evolving complex 

OIAr  oxo atom donor 

OH-   hydroxide 

OMe-  methoxide 

OTf-  trifluoromethanesulfonate 

ORTEP  Oak Ridge Thermal-Ellipsoid Program 

PDB   protein data bank 

PFIB   pentafluoroiodosylbenzene   

PhI   iodobenzene 

PhIO   iodosylbenzene 

pKa  acid dissociation constant 

PNO   pyridine-N-oxide 

ppm   parts per million 

PPh3  triphenylphosphine 

PSII  photosystem II 

Ru  ruthenium 

QM/MM quantum mechanics/molecular moduling 

rRaman  resonance Raman 



xx 

 

 

 

ΔS  entropy 

ΔS‡   entropy of activation 

SCE   saturated calomel electrode 

Sr  strontium 

TD-DFT  time-dependent density functional theory 

TFA  trifluoroacetic acid 

THF   tetrahydrofuran 

TMC   1,4,8,11-tetramethyl-1,4,-8,11-tetraaza cyclotetradecane 

TMS  tetramethylsilane 

tren   tris(2-aminoethyl)amine 

UV/Vis  UV-visible  

V  volt 

XAS  X-ray absorption spectroscopy 

XFEL  X-ray free electron laser 

XRD  X-ray diffraction 

μB  Bohr magneton 

μeff   magnetic moment 

σ2
oct   octahedral angle variance 

τ   five-coordinate geometry index 

χT   magnetic susceptibility 

 



1 

 

 

 

Chapter 1.  Making and Breaking Oxygen-Oxygen Bonds in Nature 

1.1.  Bioinorganic Chemistry 

Nature has developed enzymes over the course of billions of years to perform complex 

chemical syntheses to sustain life.1 These transformations are of interest for industrial applications 

as widely varying as waste remediation to pharmaceutical synthesis as well as developing a better 

understanding of biochemical processes in our own bodies so that more effective therapies can be 

created. Enzymes usually require narrow ranges of pH and temperature to properly function, which 

limits their direct usefulness for industrial applications. Additionally, enzymes typically have very 

high selectivity for specific substrates due to a variety of inherent physical or electronic structures, 

further limiting the usefulness of individual enzymes for performing chemistry on broad classes 

of molecules.2 

Metalloenzymes as a class are of great interest due to their wide range of functionalities, 

ranging from cellular replication, dioxygen (O2) transport, water oxidation and photosynthesis, to 

the biosynthesis of neurotransmitters.3,4 The reactivity of each metalloenzyme is determined by 

the unique environment of the metal within the metalloenzyme, including the primary and 

secondary coordination spheres around the active site and the surrounding protein scaffold and its 

water channels.5 By studying the function of these enzymes, we can elucidate how the metal ion’s 

environment modulates its reactivity and use that knowledge to develop better catalysts for 

industrial applications and therapeutics. However, studying these enzymes in vivo has severe 

limitations due to the temperature, and pH range limitations of enzymes, as well as their large size, 

complexity, solubility restrictions, and the short lifetimes of most reactive intermediates. 

Using synthetic biomimetic models offers an aid to better study protein mechanisms. By 

designing small molecule models that mimic the proteins’ active sites, these synthetic complexes 
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can be very useful tools to investigate the reactions catalyzed by the enzymes as part of their 

biological system. These models have the capacity to mimic the coordination environment of the 

active site and through a variety of synthetic means can be tuned to observe reactive intermediates 

within the fundamental steps in the metalloenzyme’s reactivity. The knowledge gained from the 

study of these biomimetic model complexes provides insight into biochemical pathways and can 

inspire the design of efficient, robust, and earth-abundant catalysts, as well as assist the rational 

design of engineered enzymes.6 

1.2.  Breaking O-O Bonds in Nature 

Many of the most important chemical transformations for life involve the use of dioxygen 

as a convenient source for oxidizing a metal center, for the modulation of the electronic structure 

of an associated metal, or for the incorporation and use of oxygen atoms in essential molecules of 

biological systems. There are many enzymes which have been tuned by Nature over millennia to 

effectively bind and use dioxygen. Several motifs occur repeatedly in these enzymes, with the most 

common being the heme environment; a porphyrin ring coordinating a metal (typically an iron or 

cobalt atom) over which electron density can be spread.7 This porphyrin ring is analogous to four 

planar coordinated and linked histidine residues, with two open sites.7,8 In many systems, a fifth 

coordination site is ligated with a cysteine to increase the reactivity and allow for the cleavage of 

Figure 1-1. Diagrams of 2-His-1-carboxylate facial triad (left) and three histidine 

triad (right). 
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strong C-H bonds in hydrocarbons (as in the P450 family of enzymes). The non-heme 

environmental motif typically contains histidines, carboxylates (as aspartic acid), and occasionally 

cysteine in a 2-His-1-carboxylate facial triad pocket, although there are several examples with a 

three histidine triad (Figure 1-1).9–11  

Dioxygen activation in Nature frequently involves a monomeric or a dimeric iron center, 

which activate oxygen in similar ways.12–16 A general scheme for the activation of dioxygen by a 

single FeII center involves the FeII center first binding dioxygen and undergoing a one electron 

oxidation to form an FeIII-superoxo (FeIII-O2
•). This binding involves the formally spin-forbidden 

process of changing triplet dioxygen to singlet dioxygen, which requires the presence of a metal 

in order to transfer an electron at ambient conditions.17,18 This FeIII-superoxo can act to abstract a 

hydrogen atom from a nearby substrate or act as a powerful oxidant. When it performs H-atom 

abstraction (HAT), it becomes an FeIII-hydroperoxo with a weaker and more activated O-O bond 

which can undergo homolytic or heterolytic cleavage to form an FeIV- or FeV-oxo, respectively. 

Both of those high-valent iron oxo species have been shown to be competent oxidants, and they 

can also both perform a second HAT reaction to form an FeIII-hydroxide (Scheme 1-1).19–22 The 

iron oxo can also be trapped by a neighboring thiolate ligand to oxygenate a sulfur, and the 

structure of the enzyme in question has major influence on the specific processes that occur.  

Scheme 1-1. General scheme for the activation of dioxygen by FeII and the resulting 

oxidative products. 
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Understanding how varied enzymatic systems use oxygen as a tool to accomplish their 

difficult chemical transformations can help us to discover new and more efficient pathways to 

generate important moelecules. There are a few major families of non-heme oxygen-interacting 

enzymes, those being monooxygenases, dioxygenases, and biosynthetic oxidases.11 The 

dioxygenase family comprises many enzymes which add two oxygen atoms, both from dioxygen, 

to their substrate. The extradiol dioxygenases bind a catecholic substrate and oxygen in adjacent 

sites, which allows the dioxygen to directly transfer an electron to the substrate via the iron, 

creating two radicals which can recombine to form an FeII-bound alkylperoxo intermediate.23–25 

The substrates undergo a rearrangement to form a lactone with concomitant heterolytic O-O bond 

cleavage, and a further ring opening via hydrolysis of this lactone by the remaining oxygen atom 

derived from O2. Throughout this process, the iron center is not itself oxidized or reduced, 

remaining as a ferrous center for the duration of the catalytic cycle.26,27 The Rieske cis-diol-

forming dioxygenases act similarly, directly adding both atoms of dioxygen to adjacent carbons of 

an unactivated aromatic ring. This requires O2 to be activated to a more powerful form in order to 

successfully attack the aromatic ring. These dioxygenases perform this with a mononuclear iron 

which binds the substrate and dioxygen coupled with a 2Fe-2S cluster subunit which stores an 

additional electron for the reaction.28 They are proposed to perform this transformation via 

formation of first an FeIII-hydroperoxo and then an Fev-oxo-hydroxo which then transfers those 

oxygen atoms to the aromatic substrate. At the end of the cycle, both the mononuclear iron center 

and the 2Fe-2S cluster are oxidized by one electron each.29,30 Dioxygenases also are used to add 

oxygen atoms to aliphatic substrates using 2-oxo acid as a cosubstrate.31 There, a single FeII center 

coordinates both the 2-oxo acid cosubstrate and dioxygen, forming an FeIII-superoxo which attacks 

the cosubstrate and performs homolytic bond cleavage to then afford an FeIV-oxo species. This 
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high valent oxo abstracts a hydrogen atom from the substrate to create an FeIII-hydroxo species 

which rebounds to restore the resting enzyme and add the second atom from dioxygen to the 

substrate.32,33 

The monooxygenases act similarly, adding only one of the two atoms in dioxygen to the 

substrate and the other to a cofactor. Like the 2-oxo acid dioxygenases, dioxygen is activated by 

an FeII center, but unlike the dioxygenases, an FeII-superoxo is only transiently formed on the way 

to a peroxo-bridged FeII-O-O-cofactor species.34 This undergoes heterolytic O-O bond cleavage to 

produce an FeIV-oxo that does electrophilic aromatic substitution on the substrate to produce its 

product.35 The oxidase family also uses dioxygen in a variety of ways, but similar to the strategies 

previously discussed. Dioxygen is bound and activated by the iron center, whereupon it can 

produce a high-valent iron oxo species which can do a second part of a reaction and form an 

oxidized product. Unlike oxygenases, no atoms from dioxygen are incorporated in final products, 

rather, dioxygen is only used as a source of oxidizing equivalents to produce highly potent reactive 

intermediates. These enzymes complete their wide variety of reactivity using the same general 

materials and the same general coordination environments (2-His-1-carboxylate), which indicates 

the major role that steric and electronic effects play in modulating the reactivity that occurs, and 

how a deep understanding of how each factor influences the final product is required to be able to 

apply these to artificial systems.36,37  

Of the wide variety of oxygen-activating iron enzymes, those that bind and activate O2 in 

a cysteine thiolate-coordinate non-heme environment such as nitrile hydratase (NHase), cysteine 

dioxygenase (CDO), and isopenicillin N synthase (IPNS) are of particular interest for study. Both 

CDO and IPNS catalyze the O2-promoted oxidation of cysteinates (RS-), reactions which are 

thermodynamically favored but kinetically slow in the absence of a transition metal catalyst, due 
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to the process being spin-forbidden.38 Both enzymes are proposed to bind O2 to afford highly 

reactive ferric-superoxo intermediates, which can be used to form β-lactam rings as in IPNS39 or 

to oxidize cysteine to cysteine sulfenic acid as in CDO.40–42 Nitrile hydratase is also notable due 

to its post-translational modification of its cysteine residues to form sulfenic and sulfinic acids 

which are necessary for it to catalyze the transformation of nitriles to their corresponding amides.12 

1.3.  Nitrile Hydratase 

1.3.1.  Background 

 Nitrile hydratase is somewhat of an outlier in non-heme iron thiolate enzymes in that it 

does not use dioxygen in its catalytic cycle, rather using it to alter the characteristics of cysteine 

residues bound to the active site in order to accomplish its reactivity. Nitrile hydratases contain 

either FeIII or CoIII centers and they catalyze the stereoselective hydration of nitriles to amides, an 

industrially useful function which transforms what may otherwise be a waste product into 

important chemical precursors like acrylamide, which is itself used to make a variety of polymers 

useful to industry.43,44 Performing this process enzymatically is cheaper and more selective than 

using a copper-catalyzed hydrolysis method, and allows the process to be performed at ambient 

conditions.45 Nitrile hydratases also find use in wastewater treatment, converting toxic and very 

common chemicals such as acetonitrile, acrylonitrile, and benzonitrile which are often found in 

industrial waste streams to their corresponding amides, which can be further decomposed to less 

harmful carboxylic acids.43,46 
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1.3.2.  Structure of Nitrile Hydratase 

 The nitrile hydratase enzyme’s active site is composed of three cysteine residues, one 

serine residue (all from the α subunit of the enzyme), and two arginine residues (from the β subunit 

of the enzyme), with the three cysteines and two main chain amide nitrogen atoms bound to a 

central FeIII or CoIII atom (Figure 1-2).47 A sixth coordination site is occupied by a nitric oxide 

molecule in the inactive state, which can be photolyzed away and replaced with a suitable 

substrate. This binding motif is ubiquitous in NHases,48,49 and is post-translationally modified to 

contain a cysteine-sulfinic acid (-SO2H) and cysteine-sulfenic acid (-SOH), remaining inactive 

unless these oxygens are incorporated.50–52 The process of oxidizing these cysteine residues occurs 

quickly and only once per enzyme in vivo, precluding direct study of the enzyme. A recent EPR 

and mass spectrometry study on an Fe peptide fragment has indicated that it proceeds by first 

oxidizing a high-spin FeII center with dioxygen, which matures through singly-, doubly- and then 

triply-oxidized peptides until a low-spin FeIII center is formed.53 Oxidizing the complex further 

leads to loss of function,54,55 indicating that the cysteine-sulfenic acid is involved in the catalytic 

cycle and does more than modulate the electronic structure of the metal center.56,57  

Figure 1-2. Depictions of the post-translationally modified active site of nitrile 

hydratase. Left: Crystallographic structure of NO-bound NHase (PDB ID: 

2AHJ).187 Left: schematic drawing of water-bound NHase. 
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1.3.3.  Mechanism of Nitrile Hydratase 

 The proposed mechanisms for NHase enzymes use the cysteine-sulfenic acid moiety to 

nucleophilically attack a bound nitrile substrate in order to form a five-membered ring structure 

(Scheme 1-2).57,58 In one mechanism, a nitrile exchanges for the water bound to the sixth 

coordination site of the metal center. It is then nucleophilically attacked by the nearby cysteine-

sulfenic acid to afford a five-membered imidate ring.59 The sulfenic acid sulfur is then attacked by 

the unmodified cysteine thiolate to form a disulfide bond, concomitantly breaking the S-O bond 

and opening the ring. The imidic acid formed by this isomerizes to an amide through a series of 

proton transfers,60 and can be released by the enzyme to bind a new substrate. The newly-formed 

disulfide is attacked by water to regenerate the active catalyst.57 The disulfide switch that is 

invoked in this mechanism is not supported by much experimental evidence, and other proposed 

mechanisms follow a similar route but regenerate the catalyst differently, either using a water 

molecule to simultaneously transfer protons to allow imidic acid isomerization and break the 

disulfide bond,58 or avoiding formation of a disulfide bond entirely by having a cysteine-sulfenic 

Scheme 1-2. Proposed reaction mechanism of nitrile hydratase. 
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acid attack the nitrile substrate unassisted, followed by a similar regeneration of the active catalyst 

with a concerted reformation of the cysteine-sulfenic acid and amide isomerization through an 

external water molecule.61 The ambiguity of the mechanism highlights the need for further research 

into the reactive mechanism in order to be able to produce new catalysts for the economical 

transformation of nitriles to amides.  

1.3.4.  Model Chemistry 

 Due to the lack of directly observable evidence for the mechanism of catalysis and the 

formation of the active site of NHases, model complexes which oxygenate sulfur are a valuable 

area for study. Due to the difficulty of selectively oxygenating sulfur atoms, whether singly or 

doubly or triply, there are few reported complexes with mixed sulfinate/sulfenates, none of which 

involve an iron center,62–66 and there are only a few singly oxygenated (sulfenate) complexes 

compared to doubly (sulfinate) or triply (sulfonate) complexes.67,68 Currently, there are no 

functional model complexes for nitrile hydratase, but mixed N/S Fe complexes have allowed 

investigation into the behavior of NHase and related enzymes. 

 The first step of NHase’s activity involves the photolabilization of a nitric oxide molecule 

in order to make the active site available for binding of the nitrile substrate. Mascharak and 

coworkers have reported a 3N/2S square pyramidal iron complex which in its unmodified state 

does not release NO when photoexcited in noncoordinating solvents. When its aromatic thiolates 

were oxidized by (1S)-(+)-(10-camphorsulfonyl)oxaziridine, NO can be released by 

photoexcitation (Figure 1-4, left).69 This indicates that lowering the electron density at the iron 

center by oxygenating the coordinated sulfurs likely plays a role in the activity of NHase. 
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 In addition to allowing the photolabilization of NO, the oxygenation of bound sulfur atoms 

has been shown to alter the magnetic and electronic properties of the metal center by several model 

complexes. In the Kovacs group alone, the role of thiolates in modulating the electronic structure 

of the metal center has been thoroughly explored.64,70–74 The first of these complexes, 

[FeIII(ADIT)2]+, is a six-coordinate N4/2S iron complex with two identical thiolate ligands (Figure 

1-3, left). One of these two ligands can be oxidized with tert-butyl N-sulfonyloxaziridine, the 

product of which is stable and able to be isolated and crystallographically characterized. This 

product, [FeIII(ADIT)(ADIT-O)]+, has one of the two sulfur atoms oxygenated, and changes the 

color of the complex from green to purple, indicating that the oxygenation has a major effect on 

the irons’ electronic structure (Figure 1-3, center right). XAS, X-ray crystallography, and DFT 

calculations show that the unmodified sulfur atom increases in covalency and that the π-

interactions of the modified sulfur atom are lost. This oxygenated thiolate can be protonated with 

a strong acid to form [FeIII(ADIT)(ADIT-OH)]2+, and its sulfur to metal charge transfer band 

redshifts slightly, as an -S-OH ligand is weaker than an -S-O- ligand (Figure 1-3, right). The 

original [FeIII(ADIT)2]+ can also be protonated with strong acid, which similarly to the oxygen 

addition also blue shifts the sulfur to metal charge transfer band, indicating a similar compensatory 

effect occurs with this process (Figure 1-3, center left).70 Throughout this process, [FeIII(ADIT)2]+ 

and derivatives demonstrate a potential role of the thiolate in NHase, with the complex staying in 

Figure 1-3. [FeIII(ADIT)2]+, [FeIII(ADIT)(ADIT-H)]2+, [FeIII(ADIT)(ADIT-O)]+, 

and [FeIII(ADIT)(ADIT-OH)]2+.70 
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the +3 oxidation state with a low spin-state, as NHase requires for catalytic activity. The bis-

thiolate ligated [FeIII(S2
Me2N3(Pr,Pr))]+ complex was shown to behave similarly, with the 

oxygenated [FeIII(η2-SMe2O)(SMe2)N3(Pr,Pr)]+ also shifting electron density away from the metal 

ion towards the oxygen atom.74  

 While their contribution is important to the role of the thiolate in NHase and related 

enzymes, none of the above complexes feature a 2N/3S environment as NHase does. Two similar 

complexes developed by the Chottard group and the Kovacs group can be used to examine the 

mechanism by which NHase enzymes are post-translationally modified to their active forms 

(Figure 1-4, center and right).73,75 Both of these complexes feature a square-pyramidal tris-

thiolate-ligated FeIII complex that interacts readily with dioxygen, as is proposed that NHase does. 

Addition of O2 results to either complex results in the apical thiolate being doubly oxygenated and 

the equatorial thiolates remaining untouched. Neither complex was shown to be capable of binding 

a sixth ligand opposite the modified thiolate, and as such neither is catalytically active.  

 While there are still no small molecule models with first-row transition metals which 

perform the hydration of nitriles, there has recently been reported a cobalt-containing NHase 

analogue which performs the hydrolysis of isocyanides, a similar reaction which Fe-type NHases 

are capable of performing. The Masuda group developed a complex with a cobalt ion in a square 

Figure 1-4. Selected model complexes for nitrile hydratase 

[(Cl2PhPepS)Fe(NO)(DMAP)]-
 by the Mascharak group,69 [FeIII(L-O2)]2- by the 

Chottard group,73,75 and [FeIII((tame-N2SO2
Me2)]2- by the Kovacs group.73,75 
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pyramidal 2N/3S environment. By exposing this complex to air during its synthesis, they produce 

a quadruply-oxygenated species with two sulfinates. This complex can coordinate tert-butyl 

isocyanide, and in basic aqueous solutions, will catalytically produce tert-butyl amine, albeit with 

small turnover numbers. Using DFT calculations, they find that the reaction proceeds via 

nucleophilic attack of a water molecule on the activated isocyanide substrate.76,77 While this does 

not agree with most accepted probable mechanisms for the hydration of nitriles by nitrile 

hydratase, it does show the value of using small-molecule models to investigate the behavior and 

characteristics of more complicated enzymes. 

1.4.  Cysteine Dioxygenase 

1.4.1.  Background 

 Cysteine dioxygenase is a more traditional non-heme iron thiolate enzyme which uses 

dioxygen in its mechanism to catalyze the transformation of cysteine to cysteine sulfinic 

acid.41,78,79 It is used biologically to regulate the concentration of cysteine,80 the buildup of which 

has been implicated in the advancement of neurodegenerative diseases such as Alzheimer’s and 

Parkinson’s81 and in the progression of certain cancers.82 CDO is a member of the class of thiol 

dioxygenases that catalyze the transformation of specific thiol containing substrates to their 

Figure 1-5. Depictions of the active site of cysteine dioxygenase. Left: 

crystallographic structure of human CDO (PDB ID: 2IC1).188 Right: schematic 

drawing of the active site of CDO. 
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corresponding sulfinic acids.83 While prevalent in mammals and important in the catabolism of 

cysteine, CDO is somewhat new to detailed examination, with the first crystal structure of the 

native iron-containing enzyme only being published in 2006.84 

1.4.2.  Structure of Cysteine Dioxygenase 

 Cysteine dioxygenase is another outlier to the normal 2-His-1-carboxylate binding motif 

of many iron dioxygenases, replacing the carboxylate with a third histidine residue in a facial 

triad.84,85 X-ray crystallographic studies have revealed an FeII metal center bound to those 

histidines, one water molecule, and a free cysteine bound to the metal via the sulfur and the 

nitrogen (Figure 1-5).84,85 However, as crystallographic measurements are not necessarily 

indicative of the structure of the enzyme as it performs catalysis, there was some doubt whether 

this complex represented the active site in part of the catalytic cycle. Resonance Raman, magnetic 

circular dichroism,42 and Mössbauer studies86 were used to demonstrate that binding of cysteine is 

the initial step in the catalytic cycle of CDO, and further, that the resting state is a high-spin FeII 

ion. 

1.4.3.  Mechanism of Cysteine Dioxygenase 

 The mechanism of cysteine dioxygenase is not known unequivocally, however, there are a 

few competing potential mechanisms with supporting evidence. In the resting state, the active site 

consists of the FeII center bound to the three histidines, whereupon a free cysteine binds to the FeII 

ion (Scheme 1-3). The binding of the sulfur was shown by theoretical calculations to lower the 

energetic barrier to the activation of dioxygen by the iron.87,88 An FeIII-superoxo intermediate by 

dioxygen binding cis to the cysteine’s sulfur, which was confirmed by the Pierce group using 

single-turnover experiments on the native enzyme.89 This superoxo intermediate is proposed by 

theoretical quantum mechanics/molecular mechanics (QM/MM) models to attack the neighboring 
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thiolate with its distal oxygen to produce an unusual four-membered RS-FeII-O-O ring structure,88 

with some evidence indicating the FeIII-superoxo and subsequent cyclic structure are stabilized by 

a crosslinked tyrosine and cysteine nearby to the active site.90,91 This proposed bicyclic structure 

then cleaves the O-O bond heterolytically to form a high-valent FeIV-oxo and a singly oxygenated 

sulfenate. This S=O bond can be rotated out of the way to allow the oxo atom to migrate on to the 

cysteine sulfur to afford the cysteine sulfinate bound to an FeII center.  

 It is difficult to gather spectroscopic evidence for these proposed intermediates of the 

enzyme due to temperature and solvent constraints inherent to enzymes. Through the use of a 

combination of spectroscopic and computational studies, however, Jameson and coworkers were 

able to find some evidence of either the FeIII-superoxo species or the FeII-peroxythiolate bicyclic 

intermediate.92 Using transient absorption spectroscopy they were able to observe an intermediate 

Scheme 1-3. Proposed reaction mechanism of cysteine dioxygenase. 
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with peaks at 500 and 640 nm which disappeared within 20 milliseconds. TD-DFT calculations of 

the FeIII-superoxo and FeII-peroxythiolate were found to be substantially similar to the observed 

spectrum, however, there was not enough evidence to definitively assign it to either structure. 

Using insight from a model FeIII-superoxo complex developed by the Kovacs group that will be 

discussed in the next section, it is likely that this transient spectrum can be assigned as the FeIII-

superoxo rather than a FeII-peroxythiolate.22 As of yet there remains no directly observed evidence 

for either the FeII-peroxythiolate or the FeIV-oxo that have been proposed in the mechanism. 

1.4.4.  Model Chemistry 

 Most FeII-thiolate model complexes that react with dioxygen tend to produce oxygenation 

of the central iron atom rather than behave similar to CDO where the thiolate is oxygenated. Fe-

oxo clusters are commonly formed, or disulfide bonds are created. It was only as recently as 2010 

when the Goldberg group reported a model complex which accomplished sulfur oxygenation 

starting with an FeII-SR complex and dioxygen (Figure 1-6, left). Further, isotopic labeling studies 

showed that the only source of oxygen atoms on the thiolato sulfur was from dioxygen,93 which 

has also been reported for CDO through 18O2 isotope studies.94 Since then, there have been several 

reported models which mimic the structure and function of CDO, most employing scorpionate-

style ligands, such as the trispyrazolylborato FeII complex reported by Limberg and coworkers 

which mimics the 3-His-1-cysteine structure of CDO with the trispyrazoloylborato ligand and L-

Figure 1-6. Selected model complexes for cysteine dioxygenase [FeII(LN3SO3)]+ 

by the Goldberg group,93 [TpMe,PhFeCysOEt] by the Limberg group,95 and 

[FeII(N3PySO2)(NCS)] by the Goldberg group.96 
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cysteine ethyl ester, and produces a sulfinic acid when reacted with dioxygen (Figure 1-6, 

center).95 The Goldberg group has reported a complex featuring a pentadentate 4N/1S ligand based 

on the N4Py ligand with one pendant pyridine replaced with a phenylthiolate group. Reacting this 

FeII complex with dioxygen generated a doubly oxygenated sulfinato complex similar to the 

cysteine sulfinic acid produced by CDO (Figure 1-6, right).96 The Goldberg group has also used 

the tridentate triazacyclononane (TACN) ligand to produce an FeII(TACN) aminobenzenethiolate 

complex that oxygenated the ligated sulfur when exposed to dioxygen.97  

 While complexes that mimic the coordination and chemistry of CDO are no longer 

uncommon, there are very few reported and characterized non-heme FeIII-superoxo complexes. 

The Fiedler group recently reported that their trispyrazoloylborato-ligated FeII complex with a less 

reactive substrate (2-aminothiophenolate) reacted with dioxygen to form an FeIII-superoxo which 

they were able to characterize by low temperature electronic absorption and resonance Raman 

experiments. Like CDO with this substrate, this FeIII-superoxo was also found to not oxygenate 

the sulfur atom, instead following an alternate pathway resulting in 2-aminophenyl disulfide.98 The 

Kovacs group has also reported an FeIII-superoxo generated from dioxygen, using the 

[FeII(S2
Me2N3(Pr,Pr))] complex. This complex was characterized with resonance Raman, low 

temperature electronic absorption, Mössbauer spectroscopies and DFT calculations that proved 

formation of an antiferromagnetically coupled FeIII-superoxo species. When warmed to -40 °C, 

this species does perform oxygenation of the coordinated sulfur atom, similar to CDO. However, 

there is evidence that this complex accomplishes this via a mechanism which involves abstracting 

a hydrogen atom to form an FeIII-hydroperoxo, which will be discussed in a later section.22 The 

Kovacs group has also reported an FeIII-superoxo formed with dioxygen using a different ligand 

system, [FeIII(SMe2N4(tren))(O2)]+. This complex also does not oxygenate sulfur, instead forming 
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a μ-oxo dimer; but there is evidence that it forms this dimer via a mechanism involving formation 

of an FeIV-oxo species, similar a proposed intermediate of CDO.99,100 

1.5.  Isopenicillin N Synthase 

1.5.1.  Background 

 Isopenicillin N synthase is an iron biosynthetic oxidase which uses dioxygen as an oxidant 

to form isopenicillin N, a precursor to all β-lactam type antibiotics, which are the most widely used 

class of antibiotic in the world.101 It does this transformation without the assistance of any 

cofactors, managing the four-electron oxidation of its δ-(l-α-aminoadipyl)-l-cysteinyl-d-valine 

(ACV) substrate only by control of the iron center’s electronic structure and the steric profile of 

the active site.102 These β-lactam rings are the key to the penicillin family’s bactericidal nature, as 

they act by inhibiting the synthesis of bacterial cell walls, acting as an irreversible inhibitor of DD-

peptidase, the enzyme responsible for the final crosslinking step of the cell wall construction.103–

105 Currently, the β-lactam family of antibiotics is produced via bulk fermentation of the relevant 

fungi, an efficient but limiting method which is constrained by only being able to produce naturally 

occurring antibiotics.106 The ability of IPNS to perform this ring closure to produce a highly 

strained β-lactam fused to a thiazolidine ring is of great interest, as current methods107 in β-lactam 

synthesis require very particular materials, such as the Staudinger synthesis108 requiring a ketene 

and imine cyclization109 or employing complications such as photoinduced rearrangements110 or 

radical cyclizations.111 Deepening our understanding of the mechanism of IPNS will be crucial for 

discovering new catalysts to perform these sorts of difficult reactions under mild conditions. 
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1.5.2.  Structure of Isopenicillin N Synthase 

 Isopenicillin N synthase uses the standard 2-His-1-carboxylate binding motif, containing 

an FeII metal center coordinated to two histidines, one aspartic acid, a carbonyl from a neighboring 

glutamine, and in the resting state, two water molecules (Figure 1-7).112,113 The substrate ACV 

binds through the thiolate, displacing the glutamine and affording the active form of the 

enzyme.114,115 In order for IPNS to use dioxygen as an oxidant and not form oxygenated products, 

the enzyme’s secondary structure contains several steric and electrostatic controls, enclosing the 

metal center with a hydrophobic cavity within the protein and isolating the reactive complex and 

subsequent intermediates from the external environment.116,117 DFT studies have shown that these 

steric controls help to preclude the formation of a bridged Fe-O-O-S structure seen in the 

mechanism of CDO and to force the products of the reaction away from the more 

thermodynamically favorable sulfur oxidation products and to the more difficult H-atom 

abstraction products.118 The ACV substrate additionally aids in this, contributing to steric controls 

with its dangling valine residue, and assisting in binding dioxygen as superoxide via charge 

donation to the iron center.119,120  

Figure 1-7. Depictions of the ACV-bound active site of isopenicillin N synthase. 

Left: crystallographic structure of substrate-bound IPNS (PDB ID: IBK0).189 Right: 

Schematic drawing of substrate-bound IPNS. 
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1.5.3.  Mechanism of Isopenicillin N Synthase 

 Dioxygen is used in the mechanism of IPNS to sequentially produce two powerful 

oxidants, an FeIII-superoxo and an FeIV-oxo which perform two hydrogen atom abstractions in 

order to form a β-lactam ring fused to a thiazolidine ring (Scheme 1-4). This process begins with 

the displacement of the glutamine and binding of ACV to the iron center via the thiol sulfur, which 

lowers the redox potential of the iron and facilitates the binding of dioxygen opposite to the aspartic 

acid.39 The newly formed FeIII-superoxo can then abstract the hydrogen from the β-carbon of ACV 

to form a thioaldehyde and an FeIII-hydroperoxo. These mediate the closure of the β-lactam ring 

while also generating an FeIV-oxo intermediate,121–123 which can perform a second hydrogen atom 

abstraction from the valinyl β-carbon to make a tertiary radical species that can close the 

thiazolidine ring to afford the product isopenicillin N.117,124–126 

 Like CDO, the reactive intermediates in IPNS have been difficult to directly observe. The 

FeIII-superoxo species has been observed with a combination of transient-state-kinetics, stopped-

flow absorption, and freeze-quench Mössbauer spectroscopies.120 Selectively deuterating the 

cysteine residue of ACV leads to a longer lifetime of the first intermediate species generated by 

the interaction of the ACV-bound FeII complex, allowing Mössbauer spectroscopy to be used to 

Scheme 1-4. Proposed reaction mechanism of isopenicillin N synthase. 
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identify it as a high-spin FeIII magnetically coupled to a superoxide radical. Accumulation of this 

FeIII-superoxo species also precedes the accumulation of the FeIV-oxo intermediate, which is 

independently identified as such by Mössbauer spectroscopy. Kinetic isotope experiments carried 

out with selective deuteration of the valine residue of ACV shows a large effect on the decay of 

this intermediate with no effect on its formation or the formation or decay of the previous FeIII-

superoxo intermediate. These intermediates were also identified crystallographically using 

substrate analogues which cannot complete the bicyclization. Replacing the valine residue with a 

methylcysteine showed formation of the β-lactam and formation of a metal-bound sulfoxide, 

indicating oxidation of the sulfur by the FeIV-oxo,125 and replacing the internal amine which is 

involved in formation of the β-lactam ring with an ester causes an thiocarboxylate to be formed, 

indicating a hydrogen atom abstraction to form a FeIII-hydroperoxo followed by nucleophilic 

attack by the hydroperoxide on the thioaldehyde to form a thiocarboxylic acid.127  

1.5.4.  Model Chemistry 

 IPNS carries out two sequential C-H bond cleavages by high energy intermediates, and it 

is no surprise that a small molecule model which can perform both has not yet been reported. Using 

an FeIV-oxo as an oxidant is quite common, occurring frequently in Nature as the active oxidant in 

the heme iron enzyme family of cytochrome P450128 and in a wide variety of non-heme iron 

enzymes including taurine:α-ketoglutarate dioxygenase (TauD), prolyl-4-hydroxylase, and 

halogenase CytC3.129–131 FeIV-oxo species also occur frequently in biomimetic models of enzymes, 

being frequently invoked as active oxidants and occasionally even reported in a crystal structure, 

and they are the subject of numerous reports and reviews.99,132–136 Ferric superoxides acting as 

agents for hydrogen atom abstraction are much more rare, as they prefer as previously discussed 

to oxidize adjacent sulfurs. The first reported non-heme mononuclear iron-superoxo complex was 
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reported in 2014 by the Lee group, using a pentadentate 3N/2O ligand to support an FeII metal ion 

which reacted with dioxygen at low temperatures to afford an FeIII-superoxo species. They were 

able to characterize this by resonance Raman and Mössbauer spectroscopies, and show that it was 

capable of abstracting a hydrogen atom from 9,10-dihydroanthracene (BDE = 78 kcal/mol) 

(Figure 1-8, left).137,138 The previously discussed FeIII-superoxo reported by the Kovacs group 

forms an FeIII-superoxo complex and in THF will convert to a putative FeIII-hydroperoxo, with an 

observed deuterium isotope effect of kH/kD = 4.8, similar to that of IPNS (kH/kD = 5.6) (Figure 1-8, 

center).22  

 Other FeIII-superoxos have been reported, as in the proposed mechanism of IPNS. The 

Hikichi group in 2015 reported a 5N trispyrazoloylborato- and imidazolylborato-ligated FeII center 

which reacted with dioxygen to form an FeIII-superoxo capable of abstracting hydrogen atoms 

from bonds with C-H bond strengths less than 72.6 kcal/mol.139 The Nam group in 2014 reported 

a 4N square planar tetraamido macrocylic ligand complexed FeII center which reacted with 

dioxygen to form a side-on (η2) FeIII-superoxo complex that did not activate the C-H bonds of 

hydrocarbons such as cyclohexadiene (BDE = 76.0 kcal/mol) and xanthene (BDE = 75.2 

kcal/mol), but that it did show evidence of activating O-H bonds of 2,4-di-tert-butylphenol (BDE 

= 85.9).138,140 The Rittle group in 2021 reported a 3N trigonal FeII complex based on a 

Figure 1-8. Selected model complexes for isopenicillin N synthase 

[FeIII(BDPP)(O2)] by the Lee group,137 [FeIII(S2
Me2N3(Pr,Pr))(O2)] by the Kovacs 

group,22 and [(LAdH)FeO2] by the Rittle group.141 
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phosphinimide scaffold ligand which similarly was shown to activate dioxygen to form a 

tetrahedral FeIII-superoxo capable of activating the N-H bond of diphenylhydrazine (BDE = 73.1 

kcal/mol) to produce azobenzene and as of yet uncharacterized iron products (Figure 1-8, right).141 

These complexes, with the exception of the complex reported by the Kovacs group, do not include 

a sulfur coordinated to the iron center like IPNS does, and additionally unlike IPNS they are only 

capable of abstracting hydrogen atoms from weak bonds. IPNS has the benefit of a dedicated 

support structure inside the enzyme to preclude side products from forming, as well as to carefully 

manage the electronic structure of the iron in the active site, allowing the abstraction of methylene 

C-H bond (BDE = 93 kcal/mol), where the model complexes are subject to the whim of solvent 

interactions and a much more flexible ligand environment. 

1.6.  Forming O-O Bonds in Nature 

 In order to use dioxygen as a convenient source of oxidizing equivalents, energy must first 

be stored in its chemical bonds. For millennia, the atmosphere of Earth was composed of the 

relatively inert gases nitrogen and carbon dioxide and potentially methane.142 About 3.5 billion 

years ago, the first photosynthetic life forms began to produce gaseous oxygen from the abundant 

water, and the Earth’s atmosphere was forever changed from a weakly reducing environment to a 

strongly oxidizing one.143 This was catastrophic for almost everything living at the time, causing 

dramatic cooling due to the oxidation of the strong greenhouse gas methane to the weaker carbon 

dioxide and leading to a series of ice ages,144 but also providing an extremely convenient and 

powerful source of chemical energy to the first eukaryotes.145 

 Photosynthesis, the process of storing the energy of light from the sun via splitting water 

into dioxygen and carbohydrates, is the process which has allowed complex life and civilization 

to flourish both by producing oxygen essential to cellular respiration and the variety of combustion 
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reactions that power our modern world, and by generating the organic molecules plants use for 

growth.146 The heart of this process is the water-splitting reaction, which takes two equivalents of 

water and “splits” them into one equivalent of dioxygen and two equivalents of hydrogen, at the 

cost of about 350 kJ/mol produced.147,148 This is a high energy cost to pay in one step, and Nature 

has developed a catalyst which breaks this process up into more surmountable parts, which 

additionally allows the reaction to take place at ambient conditions with the only energy input 

necessary coming from the sun. 

1.7.  The Oxygen-Evolving Complex 

1.7.1.  Background 

 The way Nature performs the water-splitting reaction is through a tetramanganese calcium 

cubane cluster known as the oxygen-evolving complex (OEC), located in the protein complex 

photosystem II (PSII). First isolated from cyanobacteria and found there and in chloroplasts, the 

OEC is remarkably invariant across the locations that it is found in.149 It is the only natural system 

on Earth that provides organisms with the oxygen they breathe or otherwise consume, and it 

provides a model for the exploitation of efficient solar energy to produce a sort of solar fuel.150 In 

the absence of any sort of catalyst in aqueous solution, the water splitting reaction can still be 

accomplished by application of high electric potential: first one hydrogen atom is removed from a 

water, generating a hydroxyl radical at the cost of about 2.8 eV (a 680 nm visible red photon is 

about 1.8 eV). For 0.7 eV more, this hydroxyl radical and another water molecule can shed another 

hydrogen atom to form hydrogen peroxide, to which another 1 eV added and two hydrogen atoms 

lost will produce dioxygen.151 This is somewhat of a problem, as the drastically differing energetic 

costs for each step would seem to require unique machinery to deliver each different oxidative 



24 

 

 

 

step, however, Nature has managed to use the OEC cluster to tune the energetics of this sequence 

to make them all require approximately the same energy to accomplish. 

1.7.2.  Structure of the Oxygen-Evolving Complex 

 The oxygen-evolving complex consists of a cluster of four manganese atoms and one 

calcium atom bound together by a variety of bridging oxo atoms to form a Mn3CaO4 cubane with 

a “dangling” manganese atom, attached to the greater cubane via another oxo bridge (Figure 1-9). 

A variety of crystallographic studies have determined that the cubane is not completely symmetric, 

with Mn-O bond distances being in the range of 1.8-2.1 Å and Ca-O bond distances being about 

2.4-2.5 Å. The cluster has four associated water molecules, two of which are bound to the dangling 

manganese Mn4, the other two of which are bound to the central calcium atom. These water 

molecules have been speculated to be the substrates of the reaction, although there is not strong 

evidence for any particular water as of yet. Substitution of the calcium ion for a similar strontium 

or barium ion results in greatly decreased or no oxygen-evolving function of the cluster, indicating 

that the calcium plays some role in the reactivity of the OEC.152,153 

Figure 1-9. Depictions of the active site of the oxygen-evolving complex. Left: 

crystallographic structure of the OEC with surrounding protein residues (PDB ID: 

5B5E).190 Right: Schematic drawing of the OEC with surrounding protein residues. 
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 The metal ion cluster is supported by a variety of amino acid residues, largely glutamic 

acids and aspartic acids bound bidentate to two metals across a face of the cubane. There are two 

histidine residues near the cubane as well, one of them bound to Mn1, and one of them not directly 

coordinated to the cluster. Additionally, there is a tyrosine residue termed YZ which is situated 

between the cubane cluster and the reaction center of photosystem II and has been implicated as 

both the delivery mechanism for oxidizing equivalents to the cluster and as an important part of a 

hydrogen bonding network that may function as an exit channel for the protons created by the 

water splitting process. There are two chloride atoms in the vicinity of the cubane cluster with 

indeterminate function, substitution of which with bromide atoms did not inhibit oxygen evolution 

but substitution with iodine did, indicating that they are involved in the mechanism of water 

splitting in some way but potentially only to keep the coordination structure of the cubane intact 

or as part of the egress pathway of the protons.154,155  

1.7.3.  Mechanism of the Oxygen-Evolving Complex 

 Despite extensive study, the exact mechanism of oxygen formation by the OEC is not 

completely understood. However, the generalities of the mechanism have been known for quite 

some time due to pioneering light-flash experiments by Joliot and Kok, resulting in the description 

of the catalytic cycle known as the Kok cycle (sometimes Joliot-Kok cycle) (Scheme 1-5).156,157 

The Kok cycle has five states denoted by the letter S and a number i indicating the amount of 

oxidizing equivalents stored in the cluster. This cycle starts at S0 with three manganese ions in the 

+3 state and one in the +4, and goes up to the S4 state, with three in the +4 state and one in the +5 

(alternatively, all four manganese atoms in the +4 oxidation state and an oxyl somewhere in the 

cluster).158 Upon formation of this S4 state, the enzyme spontaneously converts back to the S0 state 



26 

 

 

 

with concomitant release of a molecule of O2. Because of the transient nature of the S4 state and 

the extreme difficulty of characterizing the S3 state due to its instability,159 the exact mechanism 

of dioxygen formation is unknown. Many mechanisms of O-O bond formation have been 

proposed, but two leading mechanisms are the radical coupling mechanism wherein two MnIV-

oxyl radicals couple to form a peroxo intermediate,160 and a nucleophilic attack mechanism where 

CaII-OH nucleophilically attacks a MnV-oxo to form an O-O bond.161,162 

 During the Kok cycle, the OEC is structurally flexible, and that flexibility is likely 

important to its function. EPR and computational studies have shown that the S2 and S3 states exist 

in two interconvertible forms, an “open” form where the central oxygen atom O5 is closer to the 

dangling manganese, and a “closed” form where O5 is closer to the rest of the cubane.163 

Scheme 1-5. The mechanism of the oxygen evolving complex, including “open” 

and “closed” conformers in the S2 and S3 states. 
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Additionally, depending on whether S2 is “open” or “closed”, the OEC exists in a low- or high-

spin form respectively.164,165 Whether the cubane cluster is “open” or “closed” during the S2 to S3 

transition has important implications regarding potential reaction mechanisms, how and where 

substrate waters bind, and when and from where protons must be removed.166 The “open” and 

“closed” forms of the S2 state have also been proposed to be part of a gating mechanism which 

regulates access to higher Si states to raise the effectiveness of the catalyst.167 The reason for this 

flexibility is currently not entirely understood, but it has been proposed to be due to Jahn-Teller 

effects.168 The S3 state is also heterogeneous, but it has not been fully probed and it remains unclear 

whether its forms are interconvertible.169 

1.7.4.  Model Chemistry 

 The pursuit of an artificial oxygen-evolving catalyst is not new, and there are a wide variety 

of model complexes that can be sorted into either structural or functional analogues of the OEC. 

The two groups rarely overlap, and many functional models do not include manganese atoms. The 

first designed molecule known to function as a catalyst for water oxidation is the famous ruthenium 

“blue dimer” from Meyer and coworkers170,171 which uses an oxo-bridged ruthenium pair to 

catalytically oxidize water in the presence of excess CeIV oxidant (Figure 1-10, left).172 Since the 

publication of the blue dimer, there have been a wide variety of successful catalysts for oxygen 

evolution at a small scale, ranging from electrocatalytic generation of O2 with metal oxide 

materials173 to molecular species with a variety of transition metal centers that have been 

extensively reviewed.174–177 Notably, there are also a range of Mn4O4 complexes which are capable 

of performing the oxygen evolution reaction. These clusters typically operate using some variation 

on a “butterfly” mechanism wherein two oxygens are coupled across a face of an Mn4O4 cubane 

and subsequently released, generating dioxygen and an open Mn4O2 structure which is repaired by 
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the incorporation and subsequent oxidation of water molecules (Figure 1-10, center).178 These 

analogues prove the possibility of dioxygen generation by high-valent manganese clusters, but rely 

on self-assembly and do not include a calcium atom, which is known to be crucial to the function 

of the OEC. Further, the degree of structural flexibility required to proceed through the “butterfly” 

mechanism is not present in the OEC.  

 With the publication of high-resolution crystal structures of the OEC, more directly 

relevant structural models have been able to be developed. The Agapie group has developed a 

series of transition metal cubanes that model the core cubane both including and not including a 

calcium atom or analogue for a calcium atom (Figure 1-10, right).179 Using a multinucleating 

polydentate ligand platform, they have been able to produce Mn3M1O4 cubanes, where M = Mn, 

Sr, Zn, Sc, Y, Ca, Fe, Co, Ni, Cu, Lu, Yb, Tb, Dy, Eu, Gd, Nd, Ce, and La.179–184 The lanthanide 

series was used to probe the effect of redox-inactive metal centers (such as the calcium found in 

the OEC) on the electronic properties of the nearby manganese ions, and it was found that 

increasing the atomic radius of the metal center decreased the redox potential of the complex as a 

whole.181 This echoes what was found in studies replacing the calcium atom in the native OEC 

Figure 1-10. Selected model complexes for the OEC. 

[(bpy)2(OH2)RuORu(OH2)(bpy)2]4+ by the Meyer group,170,171 

[Mn4O4((C6H5)2PO2)6] by the Dismukes group,178 and LMnIV
3CaO4(OAc)3(THF) 

by the Agapie group.179 
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with strontium or barium, where replacement altered the redox structure of the complex.152 

Replacement of the calcium atom for another redox-inactive metal such as Zn or Sc similarly show 

a decrease in redox potential with a decrease in metal ion Lewis acidity.184 Regardless of the 

identity of the fourth metal in these structural analogues, none of them function as competent 

catalysts for the oxygen evolution reaction, however, they can be used to create heterogenous 

material electrocatalysts which do.183 

 There are very few structural models that incorporate the “dangling” manganese atom of 

the OEC. The Agapie group found that by oxidizing a cubane to an MnIV
3GdO4 or MnIV

3CaO4
 

complex desymmetrizes it and creates a unique basic oxygen site which can be used to attach a 

fifth metal to the cubane.185 As of yet, the only fifth metal they have added is Ag+, which they have 

found creates a close structural mimic to the active site of the OEC, but they have not demonstrated 

any oxygen evolution capability. The Zhao group used self-assembly techniques to create a 

Mn4CaO cubane which mimics the S1 state of the OEC. They found that their synthetic complex 

had five accessible redox states, similar to the OEC, and that it can be chemically oxidized to an 

S2 equivalent state. Oxidizing the complex increases the potential required to oxidize each 

sequential step, which may indicate that the purpose of deprotonating the OEC may be to lower 

the redox potential of subsequent oxidation steps.186 Similarly to the Agapie group, they did not 

find that this complex was capable of performing the oxygen evolution reaction. 

1.8.  Conclusions 

 Biomimetic modeling of the active sites of enzymes can allow a greater understanding of 

their mechanisms and what parts of the active site are required for functionality. In particular, due 

to the high reactivity and efficacy of enzymes consuming or producing dioxygen, biomimetic 

models are valuable in making determinations of how and why enzymes react the way they do. In 
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cases such as the structural similarity and reactive differences of IPNS and CDO, biomimetic 

modeling can be used to examine both the formation of highly reactive FeIII-superoxo 

intermediates and to determine why one uses that reactive intermediate to oxygenate sulfur and 

the other uses the same intermediate in a very similar coordination environment to perform 

hydrogen atom abstraction. Through these models, we can achieve greater clarity on the purpose 

of ligands included in the active sites of these complexes, and how they affect the electronic 

structure of the metal to allow the enzyme to perform its transformations. 
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Chapter 2.  Ligand Constraint Effects on Oxo-Atom Addition 

2.1.  Introduction 

 Previous work in the biomimetic modeling of non-heme iron enzymes by the Kovacs group 

has led to the development of a series of related complexes featuring thiolates in the coordination 

sphere. Initially, the properties of nitrile hydratase were probed with [FeIII(ADIT)2]+,1 an N4S2 

complex which matched the structural and electronic properties of NHase. It features a low-spin S 

= 1/2 iron center arising from the covalent contributions of the Fe-S bonds. [FeIII(ADIT)2]+ also 

has an electronic spectrum that is substantially similar to that of NHase, with an absorption band 

at approximately 700 nm matching the 710 nm band of NHase.2 This complex could be reacted 

with a suitable oxo-atom donor such as N-sulfonyloxaziridine to produce a singly oxygenated 

[FeIII(ADIT)(ADIT-O)]+ complex mimicking the oxidized sulfur atoms found in NHase (Scheme 

2-1).3 This complex retained the S = 1/2 spin state of the base complex, with the weakening of the 

iron-sulfenate bond being compensated for by the unmodified thiolate. Its electronic absorption 

spectrum differs somewhat dramatically from the base complex, with the 700 nm band shifting to 

575 nm as a result of the reduced π interactions. When this S=O bond is protonated to form an S-

OH by HBF4, the spin state is still maintained, and the absorption maximum shifts from 575 nm 

to 622 nm due to the renewed π interactions. This complex demonstrated the possibilities that 

Scheme 2-1. Addition of tert-butyl N-sulfonyloxaziridine to [FeIII(ADIT)2]+ to 

produce a sulfenate and its subsequent protonation by HBF4. 
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cysteinates may help to modulate the pKa, lability of ligands, and the redox potentials of the metal 

center. 

A drawback of the [FeIII(ADIT)2]+ system is that it is by design six-coordinate with no 

labile ligands, unlike the active sites it models, which contain one or more labile group to allow 

them to perform their catalysis. A series of N3S2 chiral helical ligands was developed in order to 

provide an open coordination site while also precluding the formation of thiolate-bridged dimers 

or oligomers. These ligands are derived from a Schiff-base condensation involving an amine such 

as bis(3-aminopropyl)amine and a carbonyl with a nearby thiolate such as 3-mercapto-3-methyl-

2-butanone to form a helical chain which encloses a metal center (Scheme 2-2). These ligands 

mimic a bound cysteine residue in an enzyme and allow modifications such as methylation of the 

ligand backbone, shortening or lengthening of the amine linker to control steric effects, and the 

presence of methyl groups or hydrogen atoms β to the coordinating thiolates.4,5 A survey of several 

complexes [MIIS2
R2N3(Pr,Pr)]—where M = Fe, Co, Ni, or Zn and R = H or Me—found that the 

helicity and angular distortion of the ligand was generally correlated with the ionic radius of the 

metal center.4  

 The oxidized iron and cobalt complexes of this series were initially used to study the 

properties of nitrile hydratase, a class of enzyme which performs catalysis using either an iron or 

cobalt center.6,7 It was found that FeII(S2
Me2N2NH(Pr,Pr)) (Figure 2-1, 1) was a pale yellow-green 

Scheme 2-2. General synthesis of bis-thiolate ligated iron complexes, 

specifically FeII(S2
Me2N2NH(Pr,Pr)) (1). 
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complex with λmax (ε, M-1cm-1) = 359 nm (820) that can be oxidized to 

[FeIII(S2
Me2N2NH(Pr,Pr))](PF6) (Figure 2-1, 2) by ferrocenium hexafluorophosphate (FcPF6). 2 is 

a red/brown complex with λmax (ε, M-1cm-1) = 416 nm (4200).4 This complex has a low-spin S = 

1/2 ground state at low temperatures, with a higher spin state becoming thermally accessible 

around 150 K, similar to what was found for NHase.8 While it does not bind nitriles, 2 does 

reversibly coordinate azide, forming a yellow-green complex at low temperatures with λmax (ε, M-

1cm-1) = 330 (7400), 460 (2200), and 708 nm (1600) and reforming 2 when warmed to room 

temperature.9 The cobalt analogue, [CoIII(S2
Me2N2NH(Pr,Pr))](PF6) binds thiocyanates, azide, and 

ammonia, but not nitriles.10,11 Oxidizing one of the two thiolates by air to a sulfinate produces 

[CoIII(SMe2(SO2)N3(Pr,Pr))]+, which does not bind azide or thiocyanate due to a change in geometry 

which forces a substrate to bind trans to the sulfinate and thus to experience the stronger trans 

effect of the sulfinate. Oxidizing the remaining thiolate to a sulfenate produces [Co(III)((η2-

SO)(SO2)N3(Pr,Pr))]+, which is unreactive to previously discussed substrates.12 

 
Figure 2-1. FeII(S2

Me2N2NH(Pr,Pr)) (1) (left) and [FeIII(S2
Me2N2NH(Pr,Pr))]+ (2) 

(right). 
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 By removing a methylene unit from the amide backbone of 2, the electronically similar but 

sterically constrained complex [FeIII(S2
Me2N3(Et,Pr))](PF6) (Figure 2-2, 3) is formed. Compared 

to 2, it retains the same five-coordinate N3S2 environment, but has a S–Fe–N bond angle 9.5° wider 

(141.8° vs 132.3°), giving it a relatively more open sixth coordination site. 2 is largely trigonal 

bipyramidal with τ = 0.763, whereas 3 is closer to square pyramidal with τ = 0.456. This complex 

retains the S = 1/2 spin state over a wider range of temperatures than 2 does. Limiting the flexibility 

of the complex in this way also has effects on the electronic structure of the complex due to the 

modified orbital overlap; it is reduced at -455 mV vs SCE in MeOH compared to -400 mV for 2.5 

 Like 2, 3 is capable of binding a variety of substrates. It binds azide, as 2 does, in the open 

sixth coordination site of the S–Fe–N angle, cis to one sulfur and trans to the other. In 3, azide was 

bound irreversibly in DCM, THF, and MeCN; but reversibly in MeOH, requiring low temperatures 

to generate appreciable amounts of the azide bound complex. The more constrained 3 was found 

to bind azide much more quickly and strongly than 2 in a variety of solvents.5 More notably, 3 was 

found to bind a much wider variety of substrates than 2, coordinating nitriles (the substrate of 

NHase), alcohols, thiocyanates, and amides (the product of NHase). When a substrate is bound to 

Figure 2-2. Schematic drawing (left) and ORTEP diagram (right) of 

[FeIII(S2
Me2N3(Et,Pr))]+ (3). Thermal ellipsoids at 50% probability level. 
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the sixth coordination site, it is typically accompanied by the growth of a peak in the range of 700-

900 nm in the electronic absorption spectrum and a more rhombic EPR spectrum with a wider 

range of g values compared to the five-coordinate complex.13 

 More recent work in the Kovacs group has focused on this class of complexes as 

biomimetic models of cysteine dioxygenase (CDO).14 Work with 2 and oxo-atom donors such as 

iodosylbenzene and isopropyl 2-iodoxybenzoate has shown that 2 forms an Fe-oxo-atom-donor 

adduct species at low temperature, which goes on to form a singly oxygenated Fe–S–O cyclic 

sulfenate species. Further, this reaction was found to be inhibited by the presence of azide ligated 

to the metal center, indicating that the reaction involves direct coordination to the metal center.14 

The exact mechanism of sulfur oxidation has yet to be experimentally proven, however, there is 

some evidence that an FeV-oxo species is formed before converting to the sulfenate species, which 

has also been invoked in proposed mechanisms of cysteine oxidation by CDO. 

2.2.  Experimental 

General Methods 

All reactions were performed under one atmosphere of nitrogen in a glovebox or using 

standard Schlenk techniques unless otherwise indicated. Reagents purchased from commercial 

vendors were of the highest purity available and used without further purification. Pentane, 

toluene, diethyl ether (Et2O), tetrahydrofuran (THF), acetonitrile (MeCN), and dichloromethane 

(DCM) were rigorously degassed and purified using solvent purification columns housed in a 

custom stainless-steel cabinet, dispensed a stainless steel Schlenk line (GlassContour). Methanol 

was distilled from magnesium turnings and iodine and degassed prior to use. 3-mercapto-3-methyl-

2-butanone was synthesized according to literature precedent.4 IBX-ester and 

pentafluoroiodosylbenzene were synthesized as described previously.15–18 



64 

 

 

 

1H-NMR spectra were recorded on a Bruker AV-300, AV-301, or AV-500 FT-NMR 

spectrometer. Chemical shifts are reported in ppm and coupling constants (J) in Hz. EPR spectra 

were recorded on a Bruker EMX CW-EPR spectrometer equipped with a crysostat operating at X-

band frequency at 120 K or a Bruker EMXnano CW-EPR spectrometer equipped with a cryostat 

operating at X-band frequency at 120 K. The EPR spectra were simulated using EasySpin (version 

5.2.35),19 a MATLAB package developed by Stoll and Schweiger (The MathWorks, 

Massachusetts, USA). Electrospray ionization mass spectrometry (ESI-MS) was performed on a 

Bruker Esquire LC-Ion Trap. Low-temperature electronic absorption spectra were recorded using 

a Varian Cary 50 or Agilent Cary 60 spectrophotometer equipped with either a fiber optic cable 

connected to a “dip” attenuated total reflection probe (C-technologies), with a custom built two-

necked solution sample holder equipped with a threaded glass connector (sized to fit the dip probe) 

and purged with argon, or a UNISOKU CoolSpek USP-203 cryostat. 

Calculations were performed using the ORCA v. 4.2.1 quantum chemistry package 

developed by Neese and coworkers,20,21 and employed the polarized triple-zeta basis set def2-

TZVP, the def2/J auxiliary basis set for Coulomb fitting, and the atom-pairwise dispersion 

correction of Grimme (D3BJ).22 Tight convergence criteria were required for self-consistent field 

(SCF) solutions. The Grid4 (GridX4) integration grid size was used for geometry optimizations. 

Calculations were performed using the B3LYP functional, with the resolution of identity (RI) 

chain-of-spheres (RIJCOSX) approximation and initiated from the crystallographic coordinates 

when available.23,24 Analytical frequency calculations were performed on all optimized structures 

to determine whether the obtained stationary points corresponded to local minima. Chemcraft was 

used to visualize the calculated EAS spectra.25 Excited states from TD-DFT were analyzed by 

using natural transition orbtials (NTOs) and by visualizing their difference densities between the 
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ground and excited states. Canonical molecular orbital isosurfaces and natural transition orbitals 

in the TD-DFT calculations were visualized at an isovalue of 0.05 a03 using UCSF ChimeraX.26 

Synthesis of [FeIII(S2
Me2N3(Et,Pr)-Spers](PF6) (4) 

 Sodium methoxide (1.080 g, 20 mmol) was added to 10 mL MeOH in a 20 mL scintillation 

vial with a stir bar. 3-mercapto-3-methyl-2-butanone (2.364 g, 20 mmol) was added to 10 mL 

MeOH in a 20 mL scintillation vial, and the sodium methoxide solution was added to this solution 

with stirring. Iron dichloride (1.266 g, 10 mmol) was added to 30 mL MeOH in a 100 mL Schlenk 

flask, stirred to dissolve, and the sodium methoxide and 3-mercapto-3-methyl-2-butanone solution 

was added dropwise into the Schlenk flask with stirring. The reaction was allowed to stir for 15 

minutes, and N-(2-aminoethyl)-1,3-propanediamine (1.172 g, 10 mmol) in 5 mL MeOH was added 

dropwise to the now cloudy brown solution in the Schlenk flask. This solution was allowed to stir 

for three hours, becoming clear and dark green, and ferrocenium hexafluorophosphate (3.476 g, 

10.5 mmol) was added as a slurry in 5 mL MeOH. The resulting solution was stirred for twelve 

hours at room temperature, and the methanol solvent was removed under vacuum. The crude 

product is washed with diethyl ether to remove ferrocene, redissolved in a minimum of acetonitrile, 

and filtered to remove sodium chloride. The solution is reduced to dryness under vacuum again, 

and the product is recrystallized by layering a saturated MeCN solution with Et2O in a -35 °C 

freezer over about 72 hours, affording very dark red needle-like crystals (1.74 g, 3.17 mmol, 31.7 

% yield). This material is spectroscopically identical to the previously reported method.5  

Synthesis of [FeIII(S2
Me2N3(Et,Pr)](PF6) (3) 

 [FeIII(S2
Me2N3(Et,Pr)-Spers](PF6) (0.750 g, 1.37 mmol) was added to 15 mL MeCN in a 

scintillation vial and stirred to dissolve. Triphenylphosphine (0.646 g, 5.47 mmol) was added to 5 

mL THF and added dropwise to the solution of 4. The reaction was allowed to stir at room 
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temperature overnight, then transferred to a Schlenk flask and reduced to dryness via vacuum. The 

solid was washed with pentane to remove triphenylphosphine oxide, and the crude product was 

dissolved in a minimum of DCM and recrystallized by layering with pentane in a -35 °C freezer 

over about 72 hours, affording dark magenta crystals (0.474 g, 0.918 mmol, 67%). Electronic 

absorption (THF) λmax (ε, M-1cm-1) = 490 (1320), 539 (1340), 730 (160) nm; (DCM) λmax (ε, M-

1cm-1) = 494 (1530), 540 (1540), 712 (360) nm; (toluene) λmax
 = 500, 550, 735 nm. EPR 

(DCM/toluene glass (1:1), 110 K) g = 2.08, 2.03, 1.92. This material is also spectroscopically 

identical to the previously reported method.5 

Synthesis of [FeIII(η2-SMe2O)(SMe2N3(Et,Pr)](PF6) (6) via the addition of IBX-ester to 3 

 [FeIII(S2
Me2N3(Et,Pr)](PF6) (0.100 g, 0.19 mmol) was dissolved in 10 mL DCM, and a 

solution of IBX-ester (0.075 g, 0.23 mmol) in 5 mL DCM was added with stirring. The solution 

was allowed to react for 15 minutes, then transferred to a Schlenk flask and pumped to dryness. 

The red solid was dissolved in a minimum of DCM and recrystallized by layering with pentane, 

affording red crystals. Electronic absorption (THF) λmax (ε, M-1cm-1) = 530 (1610), 740 (190) nm; 

(DCM) λmax (ε, M-1cm-1) = 530 (1740), 740 (180) nm; (toluene) λmax
 (ε, M-1cm-1) = 530 (1500), 

750 (150) nm. EPR (DCM/toluene glass (1:1), 110 K) g = 2.16, 2.10, 1.98. 

Formation of an intermediate via the addition of IBX-ester to 3 

 A 0.500 mM solution of 3 was prepared in 4 mL of THF or DCM under an inert atmosphere 

in a drybox. The solution was transferred via gas-tight syringe to a custom two-neck vial equipped 

with a septum cap and a threaded dip-probe feed-through adaptor that had been purged with argon 

and contained a stir bar. The solution was cooled to -73 °C in an isopropanol/dry ice bath and a 

solution of 1.2 equivalents (250 μL of a 10 mM solution in THF or DCM) of IBX-ester was added, 

and the resulting change in absorbance was monitored by UV/visible spectroscopy. 
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Formation of a green species via the addition of pyridine N-oxide (PNO) to 3 

 A 0.500 mM solution of 3 was prepared in 4 mL of THF or DCM under an inert atmosphere 

in a drybox. The solution was transferred via gas-tight syringe to a custom two-neck vial equipped 

with a septum cap and a threaded dip-probe feed-through adaptor that had been purged with argon 

and contained a stir bar. The solution was cooled to -73 °C in an isopropanol/dry ice bath and a 

solution of 2 equivalents (500 μL of an 8 mM solution in THF or DCM) of was added, and the 

resulting change in absorbance was monitored by UV/visible spectroscopy. This species 3-PNO 

could also be crystallized by adding excess PNO to a concentrated DCM solution of 3 and layering 

the resulting solution with pentane and allowing it to sit for approximately 72 hours in a -35 °C 

freezer. 

Pyridine N-oxide (PNO) binding studies 

 Pyridine N-oxide binding studies were performed using freshly prepared solutions of 

[FeIII(S2
Me2N3(Et,Pr)](PF6) (3) and varying concentrations of PNO in THF or DCM. The solutions 

were prepared in an inert atmosphere glovebox and placed in a modified 1 cm pathlength quartz 

air-free cuvette with a screw top equipped with a rubber septum. Measurements were performed 

using an UNISOKU USP-203-B cryostat and monitored with a Varian Cary 50 spectrophotometer. 

Spectral data was collected at 720 nm, where there is minimal overlap from the starting material 3 

and the product 3-PNO. A saturated solution of 3-PNO was created by adding 126 equivalents of 

PNO to a 0.500 mM solution of 3 where further added PNO was shown to have no effect on the 

observed spectrum. Measurements were performed at 7 temperatures (-70 °C to -10 °C in 10 

degree increments) for THF and at 11 temperatures (-90 °C to 10 °C in 10 degree increments) for 

DCM and at six PNO concentrations (0.500 to 1.000 mM in 0.100 mM increments) for both THF 

and DCM. Equilibrium constants were calculated using the following equations:27,28  
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[𝑭𝒆 − 𝑷𝑵𝑶] =  
𝐴 − 𝜀𝐹𝑒[𝐹𝑒]0

𝜀𝐹𝑒−𝑃𝑁𝑂 − 𝜀𝐹𝑒

(2.1) 

𝐾𝑒𝑞 =  
[𝐹𝑒 − 𝑃𝑁𝑂]

([𝐹𝑒]0] − [𝐹𝑒 − 𝑃𝑁𝑂])([𝑃𝑁𝑂]0 − [𝐹𝑒 − 𝑃𝑁𝑂]
(2.2) 

Thermodynamic parameters were determined from a Van’t Hoff plot. 

Pentafluoroiodosylbenzene (PFIB) inhibition studies 

 A 0.500 mM solution of 3 was prepared in 4 mL of DCM under an inert atmosphere in a 

drybox, both with and without 1000 added equivalents of iodopentafluorobenzene. The solution 

was transferred via gas-tight syringe to a custom two-neck vial equipped with a septum cap and a 

threaded dip-probe feed-through adaptor that had been purged with argon and contained a stir bar. 

The solution was cooled to -73 °C in an isopropanol/dry ice bath and a solution of 1.2 equivalents 

(250 μL of an 10 mM solution in DCM) of pentafluoroiodosylbezene was added, and the resulting 

change in absorbance was monitored by UV/visible spectroscopy. 

X-ray crystallographic structure determination 

 A dark red prism of [FeIII(η2-SMe2O)(SMe2N3(Et,Pr)](PF6) (6), measuring 0.11 x 0.10 x 0.04 

mm3 was mounted on a loop with oil. Data was collected at -173oC on a Bruker APEX II single 

crystal X-ray diffractometer, Mo-radiation. Crystal-to-detector distance was 40 mm and exposure 

time was 10 seconds per frame for all sets. The scan width was 0.5o. Data collection was 100% 

complete to 25o in . A total of 58486 reflections were collected covering the indices, -23<=h<=23, 

-15<=k<=15, -14<=l<=14. 5555 reflections were symmetry independent and the Rint = 0.0698 

indicated that the data was of average quality (0.07). Indexing and unit cell refinement indicated a 

C-centered monoclinic lattice. The space group was found to be C c (No.9).  

A red block of [FeIII(η2-SMe2S)(SMe2N3(Pr,Pr)](PF6) (7), measuring 0.12 x 0.15 x 0.17 mm3 

was mounted on a loop with oil. Data was collected at -173oC on a Bruker APEX II single crystal 



69 

 

 

 

X-ray diffractometer, Mo-radiation. Crystal-to-detector distance was 40 mm and exposure time 

was xx seconds per frame for all sets. The scan width was 0.5o. Data collection was 100% complete 

to 25o in . A total of 11660 reflections were collected covering the indices, -16<=h<=16, -

20<=k<=20, -17<=l<=17. 5937 reflections were symmetry independent and the Rint = 0.0176 

indicated that the data was of excellent quality. Indexing and unit cell refinement indicated a 

monoclinic lattice. The space group was found to be P 21/n (No.14).  

A green plate of [FeIIIS2
Me2N3(Et,Pr)(PNO)](PF6) (3-PNO), measuring 0.19 x 0.09 x 0.03 

mm3 was mounted on a loop with oil. Data was collected at -173oC on a Bruker APEX II single 

crystal X-ray diffractometer, Mo-radiation. Crystal-to-detector distance was 40 mm and exposure 

time was 10 seconds per frame for all sets. The scan width was 0.5o. Data collection was 99.6% 

complete to 25o in . A total of 20128 reflections were collected covering the indices, -14<=h<=14, 

-11<=k<=11, -32<=l<=32. 5445 reflections were symmetry independent and the Rint = 0.0549 

indicated that the data was of better than average quality (0.07). Indexing and unit cell refinement 

indicated a primitive monoclinic lattice. The space group was found to be P 21/n (No.14).  

The data was integrated and scaled using SAINT, SADABS within the APEX2 software 

package by Bruker.29 Solution by direct methods (SHELXT30 or SIR9731,32) produced a complete 

heavy atom phasing model consistent with the proposed structure. The structure was completed by 

difference Fourier synthesis with SHELXL.33 Scattering factors are from Waasmaier and Kirfel34. 

Hydrogen atoms were placed in geometrically idealized positions and constrained to ride on their 

parent atoms with C–H distances in the range 0.95-1.00 Angstrom. Isotropic thermal 

parameters Ueq were fixed such that they were 1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq 

of their parent atom Ueq in case of methyl groups. All non-hydrogen atoms were refined 
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anisotropically by full-matrix least-squares. Structures were visualized using ORTEP-III and POV-

Ray programs.35,36 

Table 2-1. Crystal data, intensity collectionsa and structure refinement parameters 

for [FeIII(η2-SMe2O)(SMe2N3(Et,Pr)](PF6) (6), [FeIII(η2-SMe2S)(SMe2N3(Pr,Pr)](PF6) 

(7), and [FeIIIS2
Me2N3(Et,Pr)(PNO)](PF6) (3-PNO). 

 6 7 3-PNO 

Formula C15 H29 F6 Fe N3 O0.77 P 

S2.23 

C16 H31 F6 Fe N3 P S3 C20 H34 F6 Fe N4 O P 

S2 

Molecular Weight 536.04 562.44 611.45 

Temperature (K) 100(2) 100(2) 100(2) 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group Cc P21/n P21/n 

a, (Å) 17.9331(6) 12.7152(7) 11.6022(18) 

b, (Å) 11.7906(4) 15.4252(8) 9.0139(14) 

c, (Å) 11.1618(4) 12.8723(7) 25.653(4) 

α, (°) 90 90 90 

β, (°) 109.741(2) 109.603(3) 95.770(2) 

γ, (°) 90 90 90 

V (Å3) 2221.37(14) 2378.4(2) 2669.2(7) 

Z 4 4 4 

R1 0.0343 0.0243 0.0624 

Rw 0.0724 0.0542 0.1549 

GooF 1.039 1.043 1.047 

a Mo Ko(,-) ( = 0.71070 Å) radiation; graphite monochromator; -90 ºC. b R =  ||Fo| - |Fc|| /  

|Fo|. cRw = [w(|Fo|-|Fc|)2/wFo
2]1/2, where w-1 = [2

count + (0.05 F2)2]/4F2. 
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2.3.  Results and Discussion 

2.3.1.  Synthesis of a constrained bis-thiolate ligated iron (III) complex and its associated 

persulfide 

 Experiments with 3 were carried out to determine the effect structural constraints on how 

enzymes oxidize sulfur atoms. Complex 3 was originally conceived as a modification of 2 that 

would be incapable of supporting an ideal trigonal bipyramidal structure and thus show greater 

reactivity towards binding a sixth ligand.5 Removing a methylene unit from the backbone of the 

ligand accomplishes just that, retaining similar Fe–S and Fe–N bond lengths while only 

substantially altering the S–Fe–N bond length. To produce 3, a metal-templated Schiff-base 

condensation between 3-mercapto-3-methyl-2-butanone and N-(2-aminoethyl)-1,3-

propanediamine on either iron(II) or iron(III) chloride in the presence of a base. In the case of 

iron(II) chloride, a ferrocenium salt (usually hexafluorophosphate) is added to oxidize the complex 

to FeIII, and in the case of iron(III) chloride, a suitable potassium salt (such as KPF6) is added to 

provide a suitable counterion for further purification steps. Unlike the similar synthesis for 2, 

which produces the desired complex with no intermediate steps, this synthesis produces the 

persulfide ligated [FeIII(S2
Me2N3(Et,Pr)-Spers]PF6 (Scheme 2-3, 4). The mechanism of persulfide 

formation is still unknown. It is known, however, that the persulfide formation occurs after the 

oxidation of the iron because the FeII precursor can be isolated without a third sulfur atom (see 

Chapter 3. ). The additional sulfur atom bound to the sixth coordination site produces an electronic 

absorption spectrum somewhat similar to those of other substrates ligated to 3, with a peak at 553 

nm rather than in the 700s, indicative of poorer orbital overlap. 
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Scheme 2-3. Synthesis of [FeIII(S2
Me2N3(Et,Pr)-Spers]PF6 (4). 

 The persulfide ligated 4 is indicative of 3’s greater affinity for binding a ligand in the sixth 

coordination site; and can be converted into 3 by abstracting the persulfide atom with 

triethylphosphine. As stated previously, the steric constraints of 3 cause it to adopt a structure 

closer to square pyramidal than 2 (τ = 0.456 for 3 vs τ = 0.732 for 2) with similar bond distances 

(Table 2-2) while still retaining the important biomimetic characteristics of 2. Both have a low-

spin (S = 1/2) FeIII center over a wide range of temperatures, two thiolates in the coordination 

sphere, and an open sixth coordination site. The spontaneous formation of a persulfide also 

indicates that the thiolate can be easily oxidized with a suitable reagent (here likely excess 3-

Figure 2-3. Electronic absorption spectrum of sulfenate species ([FeIII(η2-

SMe2O)(SMe2N3(Pr,Pr)](PF6), (6) and schematic drawing. 
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mercapto-3-methyl-2-butanone), and that it should be a suitable location for oxo-atom addition, as 

is observed with 2. 

2.3.2.  Reactivity of [FeIII(S2
Me2N3(Et,Pr)]+ with oxo-atom donors 

 Because 2 was found to react with oxo-atom donors to produce a sulfenate ([FeIII(η2-

SMe2O)(SMe2N3(Pr,Pr)](PF6), (5), (Figure 2-3), reactions were carried out with 3 to determine if it 

exhibits the same reactivity. With the addition of an appropriate oxo-atom donor such as 

iodosylbenzene (PhIO) or isopropyl 2-iodoxybenzoate (IBX-ester), a red sulfenate is quickly 

formed with λmax (ε, M-1cm-1) = 530 (1500). This sulfenate ([FeIII(η2-SMe2O)(SMe2N3(Et,Pr)](PF6), 

(6) was crystallographically characterized and was shown to be substantially similar to the 

sulfenate formed by 2, showing the same connectivity as it and the persulfide 4, as well as a 

persulfide (7) formed as a byproduct in a reaction of 2 that was crystallographically characterized 

(Figure 2-4). The sulfenates show shorter Fe–O bond distances than the persulfides’ Fe–S bond 

distances (5: 2.115(4) Å, 6: 2.138(15) Å vs. 7: 2.3644(4) Å, 4: 2.3687(12) Å) as well as shorter O–

S bond distances than the persulfides’ S–S bond distances (5: 1.446(6) Å, 6: 1.665(12) Å vs. 7: 

2.0073(5) Å, 4: 2.0109(15) Å) (Table 2-2). These are expected, as sulfur has a larger atomic radius 

Figure 2-4. ORTEP diagrams of [FeIII(η2-SMe2S)(SMe2N3(Et,Pr)](PF6) (4), [FeIII(η2-

SMe2S)(SMe2N3(Pr,Pr)](PF6) (7), [FeIII(η2-SMe2O)(SMe2N3(Et,Pr)](PF6) (6), [FeIII(η2-

SMe2O)(SMe2N3(Pr,Pr)](PF6) (5), with thermal ellipsoids at the 50% probability 

level. Counterions removed for clarity. 
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than oxygen. The sulfenates also show shorter Fe–S bonds in general, especially that of the iron-

sulfenate/persulfide sulfur bond (5: 2.1421(17) Å, 6: 2.1779(11) Å vs. 7: 2.2041(4) Å, 4: 

2.2209(12) Å), likely due to inductive effects from the persulfide sulfur being able to donate more 

electron density into the adjacent sulfur than the corresponding sulfenate oxygen. 

Table 2-2. Selected metrical parameters for [FeIII(η2-SMe2S)(SMe2N3(Et,Pr)](PF6) 

(4), [FeIII(η2-SMe2S)(SMe2N3(Pr,Pr)](PF6) (7), [FeIII(η2-SMe2O)(SMe2N3(Et,Pr)](PF6) 

(6), [FeIII(η2-SMe2O)(SMe2N3(Pr,Pr)](PF6) (5) 

 

 The bond angles of the two persulfides are largely similar, with all bond angles with iron 

at the center being within +/- 3° of each other for 7 and 4. This is not the case for the sulfenates, 

likely due to greater constraints imposed by the removal of the methylene unit as well as the shorter 

 4 7 6 5 

Fe–N(1) (Å) 1.944(3) 2.0044(12) 1.941(3) 1.976(4) 

Fe–N(2) (Å) 1.993(4) 2.0374(12) 2.018(4) 2.044(5) 

Fe–N(3) (Å) 1.971(3) 1.9886(12) 1.966(3) 1.954(4) 

Fe–O/S(3) (Å) 2.3687(12) 2.3644(4) 2.138(15) 2.115(4) 

Fe–S(1) (Å) 2.2209(12) 2.2041(4) 2.1779(11) 2.1421(17) 

Fe–S(2) (Å) 2.1694(11) 2.1520(4) 2.1600(10) 2.1477(17) 

S(1)–O/S(3) (Å) 2.0109(15) 2.0073(5) 1.665(12) 1.446(6) 

N(1)–Fe–N(3) (°) 175.55(17) 174.45(5) 176.22(16) 177.99(19) 

N(2)–Fe–S(1) (°) 149.86(12) 152.19(4) 145.71(11) 134.04(15) 

N(2)–Fe–S(2) (°) 108.25(12) 107.62(4) 109.38(11) 113.23(15) 

S(1)–Fe–S(2) (°) 100.57(4) 100.100(15) 104.04(4) 112.60(8) 

N(2)–Fe–O(1) (°) 99.23(12) 100.33(4) 101.1(4) 94.4(2) 

O(1)–Fe–S(1) (°) 51.85(4) 51.985(13) 45.4(4) 39.71(16) 

O(1)–Fe–S(2) (°) 152.38(5) 152.049(16) 149.4(4) 152.28(17) 

τa 0.4282 0.3710 0.5085 0.7325 

a5-coordinate geometry index, τ = (β − α)/60. β is the largest bond angle observed, and α is the second largest 

bond angle. 
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Fe–O and S–O bonds. This can be seen in the τ value (disregarding the sulfenate oxygen or 

persulfide sulfur), where the persulfides 7 and 4 have τ = 0.371 and 0.428 respectively, and the 

sulfenates 5 and 6 have τ = 0.733 and 0.509 respectively. The persulfides adopt a geometry closer 

to square pyramidal, whereas the sulfenates are constrained to be closer to trigonal bipyramidal, 

and additionally remain close to the geometry indices of 2 and 3 (τ = 0.732 and 0.456 respectively), 

indicating that not much structural rearrangement occurs as a result of the inclusion of an oxygen 

atom. This could indicate that the oxygen atom does not greatly affect the electronic structure of 

these complexes, but more detailed theoretical studies are required to demonstrate that 

unambiguously. 

2.3.3.  Low temperature reactivity of [FeIII(S2
Me2N3(Et,Pr)]+ with oxo-atom donors 

 Like 2, 3 was found to interact with oxo-atom donors at low temperature to form a green 

intermediate. When the reaction between 3 and IBX-ester is monitored in DCM at -40 °C, an 

intermediate with λmax = 686 nm immediately forms. In the reaction of 2 and IBX-ester at -73 °C, 

the intermediate is similarly formed very quickly, and converts to the sulfenate 5 over the course 

Figure 2-5. Electronic absorbance spectra for the reaction between 0.250 mM of 3 

and 1.2 eq. IBX-ester at -40 °C. Left: Formation of the oxo-atom donor adduct in 

one minute. Right: Formation of the sulfenate 6 in four hours. 



76 

 

 

 

of 36 minutes. However, the intermediate of 3 and IBX-ester takes four hours to convert to the 

sulfenate 6 at -40 °C, and approximately three days at -73 °C (Figure 2-5). The identity of this 

intermediate is very likely an oxo-atom donor adduct species or an FeV-oxo species, which will be 

discussed in greater detail in the next section. The longer lifetime of the intermediate formed by 3 

may be attributed to constraints imposed by the removal of the methylene unit, as both the case of 

an oxo-atom donor adduct converting directly to the sulfenate or an FeV-oxo converting to the 

sulfenate require the ligand to flex a nearby sulfur atom towards the oxygen atom in order to form 

the bond. Because 3 is more constrained and less flexible than 2, the energy required to perform 

this motion is higher and the intermediate species will be stabilized. The product sulfenate species 

was not found to react further with excess added oxo-atom donor, unusual for small molecule metal 

thiolate complexes. As with 2, 3 does not exhibit reactivity with oxo-atom donors when complexed 

with azide, indicating that the reaction is metal-centered and requires direct coordination to the 

metal to accomplish sulfur oxidation. 

2.3.4.  Possible mechanisms of oxo-atom donor reactivity  

 To form the sulfenate 6 in the reaction of 3 and an oxo-atom donor, first the oxo-atom donor 

must coordinate to the iron center in the open sixth coordination site. From this oxo-atom donor 

adduct species, there are two possible paths (Scheme 2-4). The sulfur could directly 

nucleophilically attack the oxygen of the oxo-atom donor coordinated to the iron, forming the 

sulfenate product with concomitant release of the associated aryl iodide, or the aryl iodide could 

dissociate from the oxygen atom without influence of a sulfur, resulting in a free aryl iodide and 

an FeV-oxo species. This FeV-oxo species would be highly reactive, and could either coordinate a 

free aryl iodide to reform the oxo-atom donor adduct, or the oxo atom could be nucleophilically 

attacked to form the sulfenate 6. The observation of a single intermediate rather than the two that 
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are implied in this scheme indicates that either the nucleophilic attack by the sulfur on the oxygen 

atom or the cleavage of the I-O bond to produce an unobserved FeV-oxo is rate-determining. If the 

observed intermediate were an FeV-oxo, the position and intensity of the associated absorption 

band would remain invariant regardless of the identity of the oxo-atom donor, but using differing 

oxo-atom donors (iodosylbenzene and associated para-substituted derivatives) results in a shift of 

this band. 

 Previous work with Fe-porphyrin systems indicate that O-I bond cleavage is reversible,37 

showing that if an FeV-oxo is in the reaction pathway, the overall rate of generation of the sulfenate 

can be decreased by introducing a competing pathway that reverts the FeV-oxo to an oxo-atom 

donor adduct FeIII-OAr. This approach has been used successfully to find the active oxidant in 

several systems.38–42 

 Using Scheme 2-4 and its associated rate law, we can further investigate the pathway of 

this reaction. The full rate law, including both possible routes, is given by the equation: 

𝑟𝑎𝑡𝑒 =  
𝑘2𝑘3[𝑎𝑑𝑑𝑢𝑐𝑡]

𝑘3 + 𝑘−2[𝐴𝑟𝐼]
+

𝑘1𝑘4[𝐹𝑒𝐼𝐼𝐼][𝐴𝑟𝐼𝑂] + 𝑘−2𝑘4[𝑜𝑥𝑜][𝐴𝑟𝐼] + 𝑘4𝑘−4[𝑠𝑢𝑙𝑓𝑒𝑛𝑎𝑡𝑒][𝐴𝑟𝐼]

𝑘−1 + 𝑘2 + 𝑘4
− 𝑘−4[𝑠𝑢𝑙𝑓𝑒𝑛𝑎𝑡𝑒][𝐴𝑟𝐼] (2.3) 

Scheme 2-4. Proposed reaction scheme for 2 + ArIO and 3 + ArIO. 
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This equation can be simplified by testing if the oxo-atom donor adduct can be reformed by 

addition of excess aryl iodide to the sulfenate, governed by the rate k-4. Performing this experiment 

does not show any generation of the oxo-atom donor adduct species, indicating that k-4 is either 

zero or negligibly small, and it can be disregarded. This simplifies the rate equation to: 

𝑟𝑎𝑡𝑒 =
𝑘2𝑘3[𝑎𝑑𝑑𝑢𝑐𝑡]

𝑘3 + 𝑘−2[𝐴𝑟𝐼]
+

𝑘1𝑘4[𝐹𝑒𝐼𝐼𝐼][𝐴𝑟𝐼𝑂] + 𝑘−2𝑘4[𝑜𝑥𝑜][𝐴𝑟𝐼]

𝑘−1 + 𝑘2 + 𝑘4

(2.4) 

The alternate pathway involves initial dissociation of the aryl iodide to form a transient Fev-oxo, 

which then goes on to form the sulfenate product through an intramolecular nucleophilic attack 

mechanism. This mechanism can be distinguished from the former mechanism through the 

addition of excess aryl iodide, as if k2 is significantly larger than k4, increasing the concentration 

of aryl iodide will decrease the overall rate of the reaction. 

2.3.5.  Investigating the presence of an FeV-oxo with inhibition studies 

 To further examine the rate law of the reaction in Scheme 2-4, studies investigating the 

presence of an FeV-oxo were performed. Because doubly-oxygenated hypervalent iodine oxo-atom 

Figure 2-6. Reaction of 3 with 1.2 eq. pentafluoroiodosylbenzene in DCM at -73 

°C in the presence of 1000 eq. iodopentafluorobenzene over 15 minutes. 
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donors such as IBX-ester create a competent singly oxygenated iodine oxo-atom donor after their 

first oxygen atom is donated and would thus complicate kinetic calculations, a singly oxygenated 

oxo-atom donor was used. Pentafluoroiodosylbenzene (PFIB) was chosen for its solubility in a 

wide variety of solvents (unlike PhIO, which requires methanol to dissolve) and its ability to react 

with 3. No reaction was observed again with the sulfenate 6 in the presence of excess 

pentafluoroiodobezene (IArF5), indicating that the oxo-atom donor adduct cannot be reformed 

from the sulfenate. At -73 °C in the absence of IArF5 at, the sulfenate 6 was formed in 

approximately five minutes, without the observation of an intermediate. With 1000 added 

equivalents of IArF5 in the same conditions (Figure 2-6), the reaction took approximately fifteen 

minutes (a threefold slowdown), indicating that the reaction of 3 with an oxo-atom donor likely 

proceeds through the pathway involving an FeV-oxo as outlined in Scheme 2-4. The same reaction 

performed with 2 results in a more dramatic slowdown with less added IArF5, requiring only 200 

equivalents of added IArF5 to affect a sixfold decrease in rate.17 Further work would be required 

to determine relative rate constants and thermodynamic parameters, but we may postulate that the 

greater slowdown observed with 2 results from a more stable FeV-oxo intermediate. We can 

attribute this to the less constrained ligand backbone allowing rearrangement more favorable for 

stabilizing the intermediate. Because the two competing reactions at that stage are an 

intramolecular rearrangement and the reverse reaction to form the oxo-atom donor adduct, the 

factors governing the rate of the reaction are the magnitudes of k-2 and k3, as well as the 

concentrations of the FeV-oxo and the inhibitor IArF5. Because a greater slowdown is observed for 

the reaction of 2 and PFIB than the reaction of 3 with PFIB despite the lower concentration of 

inhibitor, we can conclude that the intramolecular rate of reaction k3 is slower for the FeV-oxo 
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generated by 2 than for 3, and further that the FeV-oxo generated by 2 is more stable than that 

generated by 3.  

2.3.6.  Thermodynamics of binding with pyridine N-oxide 

 To further examine the interaction of 2 and 3 and an oxo-atom donor, a similar substrate 

that is incapable of completely donating its oxygen atom and that has previously been used to 

generate stable adducts can be used.43 Pyridine-N-oxide (PNO) is a weaker oxidant than 

hypervalent iodine oxo-atom donors, with an N-O bond strength of 72 kcal/mol44 vs. the I-O bond 

strength of hypervalent iodine oxo-atom donors of approximately 44 kcal/mol.45,46 When 

coordinated to both 2 or 3, it does not transfer its oxygen atom to the metal, and binds reversibly, 

requiring a large excess of PNO in solution to completely generate the adduct species 3-PNO. As 

a result, the thermodynamic parameters ΔH and ΔS can be calculated by using a Van’t Hoff plot. 

With 3, binding PNO is spontaneous at room temperature, with ΔH = -28.0 kJ/mol and ΔS = -40.6 

J/molK in THF. The negative entropy of binding is as expected for an associative process. 

Characterization of the thermodynamics of PNO binding to 3 was also performed in DCM, finding 

Figure 2-7. Left: Van’t Hoff plot for the binding of pyridine N-oxide (PNO) to 3 to 

form 3-PNO in THF. Right: electronic absorption spectrum of 3-PNO at -40 °C 

with varying amounts of added PNO. 
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ΔH = -21.5 kJ/mol and ΔS = -31.7 J/molK. The lower enthalpy and entropy of binding are likely 

due to reduced interactions from the less polar solvent (polarity index for THF = 4.0; DCM = 3.1), 

regarding both enthalpic interactions helping to stabilize the bound PNO species and entropic 

interactions requiring less rearrangement of the solvent molecules.  

2.3.7.  X-ray crystal structure of PNO bound [FeIII(S2
Me2N3(Et,Pr)]+ 

 Because the oxo-atom donor adduct species produced with PNO 3-PNO is stable, it can be 

crystallized and a structure collected (Figure 2-8). Complex 3 binds PNO trans to one of the 

thiolate sulfurs and cis to the other, and on the N-H proton on N(2) is opposite the nitrogen from 

the PNO. This indicates that the amine proton is likely not involved in the formation of a sulfenate 

from an oxo-atom donor. The N–O bond length of PNO is 1.332(4) Å, only slightly lengthened 

from that of free PNO (1.31 Å).43 In addition, a long Fe–O distance (2.131(3) Å) shows a weak 

interaction that does not result in the transfer of the oxo atom, expected for the relatively strong 

N–O bond. Because of prior evidence of an FeV-oxo in the pathway to form the sulfenate product, 

this indicates that 3 requires a somewhat weak bond to first form an FeV-oxo before trapping it 

intramolecularly rather than going through a concerted mechanism involving the nearby sulfur 

S(1) nucleophilically attacking the oxo atom and breaking the O–X bond of the donor. 

Figure 2-8. ORTEP diagram of [FeIII(S2
Me2N3(Et,Pr))]+-PNO (3-PNO) with 

thermal ellipsoids at the 50% probability level. Counterion omitted for clarity. 
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2.3.8.  Comparisons with [FeIII(S2
Me2N3(Pr,Pr)]+-PNO 

Complex 2 also binds PNO reversibly without transferring the oxo atom. Like 3-PNO, 2-

PNO binds PNO trans to one sulfur and cis to the other, with the N–H proton facing away from 

the oxygen atom. 2-PNO also does not strongly bind PNO, with an N–O bond length of 1.315(4) 

Å and an Fe–O bond length of 2.124(3) Å, both slightly shorter than 3-PNO. For 2, binding PNO 

is not spontaneous at room temperature, with ΔH = -35.9 kJ/mol and ΔS = -112 J/molK. Compared 

to 3-PNO, 2-PNO has a more exothermic ΔH by almost 8 kJ/mol, and a greater magnitude ΔS by 

just over 70 J/molK. Because of the lower entropic contribution for 3 than for 2, it is more favorable 

to bind PNO to 3 at any temperature above about 110 K, under which it becomes more favorable 

to bind to 2 due to the larger enthalpic contribution. This is likely due to the same ligand constraints 

that make it initially more favorable to bind substrates to 3; the less flexible ligand backbone means 

that the sixth coordination site is more open, but it also has less range of motion to stabilize the 

resultant product. At low temperatures, this boon becomes a curse, with the more constrained 

backbone putting more strain on the sixth binding site than a less constrained one would. This 

crossover point also helps to explain the potentially counterintuitive bond lengths found in the 

crystal structures, where due to the 100 K collection temperature, we find very similar bond 

distances for both structures but slightly shorter distances indicative of a stronger metal-donor 

interaction in 2-PNO. 

2-PNO and 3-PNO retain similar bond lengths compared to each other throughout, with 

almost all Fe-ligand bonds within 0.05 Å of each other between the complexes. Given the identical 

oxidation state of iron, the same coordination environment, and the similar ΔG at the collection 

temperature, this is not surprising. The similarities of the bond angles found in both complexes is 

somewhat unexpected (Table 2-3). The N(2)–Fe–O(1) bond angle is 77.02(13)° in 2-PNO, versus 



83 

 

 

 

78.35(13)° in 3-PNO; and the O(1)–Fe–S(1) bond angle is 91.70(8)° in 2-PNO, compared to 

91.50(8)° in 3-PNO. The N(1)–Fe–O(1) and N(3)–Fe–O(1) bond angles in 2-PNO are 77.02(13)° 

and 97.51(15)° respectively, and 78.35(13)° and 94.31(13)° respectively in 3-PNO. These bond 

angles remaining essentially unchanged implies the ligand constraints are not impactful when 

something is bound to the sixth coordination site, and that the flexibility of the ligand is maintained 

even with one methylene unit removed. Moreover, both complexes seem to be equally competent 

at stabilizing the intermediate, at least for this low temperature. Whether this trend changes at 

higher temperatures is unknown, but higher temperature data collections could result in the 

decomposition of the complexes due to dissociation of the PNO ligand. 

Table 2-3. Selected metrical parameters for [FeIII(S2
Me2N3(Pr,Pr))]+-PNO (2-PNO) 

and [FeIII(S2
Me2N3(Et,Pr))]+-PNO (3-PNO) 

 2-PNO 3-PNO 

N–O (Å) 1.315(4) 1.332(4) 

Fe–O (Å) 2.124(3) 2.131(3) 

Fe–N(1) (Å) 1.986(3) 1.917(4) 

Fe–N(2) (Å) 2.110(3) 2.055(4) 

Fe–N(3) (Å) 1.957(4) 1.954(4) 

Fe–S(1) (Å) 2.1780(12) 2.1924(12) 

Fe–S(2) (Å) 2.1731(13) 2.1845(12) 

N(2)–Fe(1)–S(1) (°) 166.68(11) 168.01(12) 

N(2)–Fe(1)–S(2) (°) 95.12(11) 93.65(11) 

O(1)–Fe(1)–S(1) (°) 91.70(8) 91.50(8) 

O(1)–Fe(1)–S(2) (°) 171.21(9) 172.00(9) 

S(2)–Fe(1)–S(1) (°) 96.58(5) 96.44(5) 

N(1)–Fe(1)–O(1) (°) 88.28(14) 89.61(14) 

N(2)–Fe(1)–O(1) (°) 77.02(13) 78.35(13) 

N(3)–Fe(1)–O(1) (°) 97.51(15) 94.31(13) 
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2.3.9.  Density Functional Theory Calculations 

 To further characterize the relative stabilities of the transient Fe-oxo species, theoretical 

calculations were performed. The sulfenate structures 5 and 6 were modified by removing the bond 

between the oxygen and the sulfur. Calculations were performed in ORCA 4.2.121,47 using the 

B3LYP functional and the polarized triple-zeta basis set def2-TZVP for both the S = 1/2 and S = 

3/2 state, in the absence of an observable or characterizable intermediate to confirm the spin state. 

The iron-oxo moiety of the two complexes was removed after geometry optimization and the 

single point energy recalculated to isolate the contribution from the ligand atoms. By subtracting 

this contribution from the overall potential energy of the FeV-oxo complexes, the energies of the 

two can be compared. The energy for 2-oxo was found to be more stable than 3-oxo by 1.56 

kcal/mol (6.52 kJ/mol) for the S = 1/2 species or 1.94 kcal/mol (8.12 kJ/mol) for the S = 3/2 species. 

While future work should aim to experimentally characterize the transient FeV-oxo species to 

assess the validity of these simulations, they do support the interpretation that 3-oxo is less 

stabilized by the more constrained ligand environment. 

2.4.  Summary and Conclusions 

 Limiting ligand flexibility by the removal of one methylene unit while maintaining the rest 

of the structure has a large impact on the properties of a complex. The more constrained system 

has a greater affinity for ligands due to less reorganizational energy being required to bind a sixth 

ligand. This manifests in its ability to bind nitriles and other substrates at relatively high 

temperature, and dramatically higher rates of formation of intermediates. Additionally, this appears 

in a proclivity to form a persulfide species during oxidation from FeII to FeIII. This persulfide 

complex was compared to the related unmodified ligand persulfide, as well as the two related 

sulfenates formed via a reaction with oxo atom donors. was that with the more flexible ligand, 
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incorporation of an extra sulfur atom dramatically altered the wrapping of the ligand. The less 

flexible ligand remained more constrained and maintained a similar geometry index to the original 

complex. In both complexes, incorporation of an oxygen atom does not greatly change the metrical 

parameters of the complex, implying that the overall electronic structure may be relatively 

unaffected by a sulfenate bound both to the sulfur and the neighboring metal. Reactions with oxo-

atom donors at low temperatures found that the affinity for a sixth ligand did not translate to faster 

overall reaction rates, with the oxo-atom donor adducts of 3 having a much greater lifetime than 

those of 2. Inhibition studies searching for evidence of an FeV-oxo demonstrated that the reaction 

rate of 3 with an oxo-atom donor to form a sulfenate is less affected than the same for 2, potentially 

implying that the FeV-oxo formed by 3 is less able to be stabilized by the ligand. Experiments 

comparing thermodynamic parameters for binding a sixth ligand and comparisons of the crystal 

structures of a bound ligand show that 3 benefits entropically from the constraints upon it, but 

detracts enthalpically, binding ligands more strongly only due to a lower entropic term at high 

temperatures. This is supported by theoretical calculations finding that 2-oxo is more stable than 

3-oxo. 
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Chapter 3.  Characterization of a Constrained Reduced Complex and its 

Interactions with Oxygen 

3.1.  Introduction 

 Despite their structural similarity and similar proposed intermediates, IPNS and CDO 

complete very different catalytic pathways. CDO consists of a histidine triad and an amine and 

thiolate from the coordinated cysteine substrate, and an FeIII-superoxo is implicated in the 

mechanism of formation of the eventual cysteine sulfenic acid (Figure 3-1). During this process, 

both oxygen atoms derived from dioxygen are incorporated into the final product. IPNS features 

two histidines, a carboxylate from an aspartic acid, a water, and a sulfur deriving from its ACV 

substrate. An FeIII-superoxo species has been proposed as the species responsible for the first 

hydrogen atom abstraction and the impetus of the eventual ring closure of the β-lactam ring. After 

this ring closure, a high valent FeIV-oxo is formed, which proceeds to abstract a second hydrogen 

atom to accomplish the closure of the fused thiazolidine ring to complete the bicyclic structure of 

Figure 3-1. FeIII-superoxo species generated by CDO (left) and IPNS (right), 

depicted performing their proposed reactive pathways. 
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the product isopenicillin N. During this process, neither oxygen atom from dioxygen is 

incorporated into isopenicillin N, instead being lost as water molecules. 

 The reasons for the differing activity of the FeIII-superoxos are a pertinent area of current 

study. Both CDO and IPNS should be capable of hydrogen atom abstraction and sulfur oxidation 

respectively, yet both do not generate any appreciable quantity of side products indicative of a 

competing pathway.1 Computational studies investigating the non-native pathways of both CDO 

and IPNS show that the preference in reactivity is governed by a small difference in the activation 

barrier for each reaction. In both, sulfur oxidation produces a significantly more stable end product. 

For IPNS, sulfur oxidation reactivity is avoided through a steric interaction between what would 

be the Fe–O–O–S structure that would form during sulfur oxidation and the valine side chain of 

ACV, an interaction which is introduced due to the shape of the substrate binding pocket. By 

decreasing the stability of this intermediate through steric effects, IPNS selects for hydrogen atom 

abstraction reactivity.2 

 Direct evidence for the formation of high-valent FeIII-superoxos during these catalytic 

cycles is limited. In CDO, computational studies showed that CDO bound dioxygen to form an 

FeIII-superoxo which attacked the bound sulfur of cysteine to form a bicyclic structure including a 

four membered Fe–O–O–S ring structure.3,4 Using single-turnover conditions with the native 

enzyme observed with by transient absorption spectroscopy, an intermediate with absorption 

maxima at 500 and 640 nm was observed, disappearing within approximately 20 ms.5 This 

intermediate was confirmed to be on-pathway via acid quench experiments, and DFT studies 

showed that the identity of the observed intermediate was likely to be either an FeIII-superoxo 

species or the bicyclic ring structure.5 In IPNS, crystallographic6–9 and computational10–13 studies 

have resulted in a proposed mechanism involving initial oxygen binding to the FeII center, resulting 
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in an FeIII-superoxo. This then performs a hydrogen-atom abstraction from the carbon α to the 

cysteine sulfur, forming an FeII-hydroperoxo and a thioaldehyde. The thioaldehyde is attacked by 

the neighboring amide while the O–O bond is heterolytically cleaved to form the β-lactam ring 

and an FeIV-oxo species which abstracts a second hydrogen atom from the valine to eventually 

form isopenicillin N. By using stopped-flow absorption spectroscopy in single-turnover conditions 

to monitor the reaction of IPNS with ACV and dioxygen, an intermediate with absorption maxima 

at 360 and 515 nm appears over about 25 ms, disappearing within a second. Mössbauer spectra 

indicate that this intermediate is an FeIV-oxo, and deuterating the valine substrate showed a large 

effect on the decay of this intermediate, with no effect on its rate of formation, showing that the 

FeIV-oxo intermediate is what cleaves the valine C–H bond. Another signal is transiently observed 

before the formation of the FeIV-oxo intermediate at approximately 630 nm, appearing and 

disappearing over the course of less than 5 ms. By deuterating the carbon α to the cysteine sulfur, 

this intermediate accumulates more significantly, and Mössbauer spectra indicate that it is an FeIII 

complex.14 For both CDO and IPNS, these transient spectra comprise the entirety of the published 

direct evidence for these FeIII-superoxo intermediates at the time of writing. 

 There is little direct evidence for an FeIII-superoxo in these enzymatic systems, and there 

are similary few reported biomimetic models compared to other dioxygen derived intermediates.15–

17 Due to their high reactivity and physical characteristics, FeIII-superoxos are very difficult to 

isolate and characterize. The superoxo radical causes complexes to be quite unstable with typically 

short lifetimes at low temperatures, and it can additionally couple to the metal center, potentially 

making the complex silent in both parallel and perpendicular modes of EPR spectroscopy. Even 

so, there are a few reported and thoroughly characterized non-heme metal-superoxo complexes. 

The first FeIII-superoxo complex derived from a monoiron species was reported by Lee and 
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coworkers in 2014, using the pentadentate N3O2 ligand BDPP to generate a superoxo species by 

reacting the FeII complex with dioxygen. The superoxo species was characterized by electronic 

absorption spectroscopy, with an intense band at 330 nm; resonance Raman spectroscopy 

demonstrating changing vibrational frequencies with isotopic labeling of the oxygen atoms; and 

Mössbauer spectroscopy indicated a high-spin FeIII coupled to a superoxo radical. This complex 

was also found to cleave the C–H bonds of dihydroanthracene (DHA) (BDE = 76.3 kcal/mol) 

(Figure 3-2, left).18 Shortly after, Nam and coworkers reported an FeIII-superoxo supported by the 

N4 TAML ligand, crystallographically characterizing a side-on peroxo generated by reacting the 

FeIII complex with KO2. This features an absorbance band at 490 nm, and was not found to activate 

C-H bonds, but did cleave the O–H bond of 2,4-di-tert-butylphenol (BDE = 84.1 kcal/mol),19 and 

could transfer its peroxo ligand to an identically coordinated manganese complex to generate a 

MnIV-peroxo (Figure 3-2, center left).20 Hikichi and coworkers used a trispyrazolylborato ligand 

with a bidentate imidazolyl borate ligand to make an N5 FeII complex that could be reacted with 

dioxygen to produce an FeIII-superoxo complex with an electronic absorption band at 350 nm, with 

resonance Raman spectroscopy confirming it is a monometallic complex. They were not able to 

crystallographically characterize the iron complex, but a similar CoIII-superoxo was synthesized 

and characterized, showing an end-on superoxo. The FeIII-superoxo complex was also able to 

cleave weak O–H or N–H bonds on substrates with BDE < 72.6 kcal/mol (Figure 3-2, center 

Figure 3-2. Non-heme FeIII-superoxos without a thiolate in the coordination sphere. 

From left to right: [FeIII(BDPP)(O2)],18 [FeIII(TAML)(O2)]2-,20 

[FeIII(LPh)(TpMe2)(O2)],21 and [(LAdH)FeO2].22 
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right).21 Rittle and coworkers recently reported an unusual phosphinamide-ligated N3 FeIII-

superoxo complex, using a three coordinate FeII center to react with dioxygen and produce a 

tetrahedral superoxo complex with absorption features at 420 nm. This complex was also 

crystallographically characterized and was found to be able to cleave the N–H bonds of 

diphenylhydrazine (BDE = 73.1) (Figure 3-2, right).22 

 There are several reported FeIII-superoxo complexes with thiolates in the coordination 

sphere. The Goldberg group has used a triazacyclononane (TACN) ligand in combination with a 

2-aminobenzenethiolate ligand to produce a five-coordinate N4S1 FeII complex. When complex 

was reacted with dioxygen at ambient temperature, it produced 2-aminophenyldisulfide, but at low 

temperature, the same conditions resulted in oxygenation of the substrate (Figure 3-3, left).23 The 

same TACN ligand coordinated to a cobalt center in combination with the dithiolate S2SiMe2 was 

found to form a CoIII-superoxo that was able to be characterized via electronic absorption, 

resonance Raman, and EPR spectroscopies; and was found to be able to cleave the O–H bond of 

TEMPOH (BDE = 69.6 kcal/mol).24 The same complex prepared with an iron center instead 

resulted in a peroxo-bridged dimer, implying the existence of a short-lived FeIII-superoxo, which 

then homolytically cleaves to form an FeIV-oxo which can abstract hydrogen atoms from weak O–

H bonds (BDE < 82.6 kcal/mol).19,25 By modifying the TACN ligand with more sterically hindering 

isopropyl groups, they were able to more closely study factors influencing metal versus ligand 

Figure 3-3. Non-heme FeIII-superoxos incorporating a thiolate. From left to right: 

FeIII(Me3TACN)(abt)(O2),23 [TpMe,PhFeCysOEt(O2)],27 and [Fe(TpMe2)(2-

ATP)(O2)].29 
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oxidation. They found that with added base present, the complex followed a PCET process 

resulting in oxidation of the metal, but in one-electron oxidation conditions, the disulfide product 

was formed.26 The Limberg group used a trispyrazolylborato ligand along with L-cysteine ethyl 

ester bound to an iron center to produce a complex which produced a cysteine sulfenic acid when 

exposed to dioxygen, but did not report characterization of any intermediates (Figure 3-3, 

center).27 The Fiedler group expanded on this work produce a cobalt complex with a modified, less 

sterically hindering ligand set which produces a CoIII-superoxo complex when exposed to 

dioxygen. The intermediate was characterized with EPR and resonance Raman spectroscopies and 

was found to reversibly bind O2. EPR, resonance Raman, and DFT studies showed a low-spin CoIII 

center with almost complete electron transfer to the superoxide anion coordinated to it, and this 

complex did not show oxidation reactivity.28 Using the same less hindered trispyrazolylborato 

ligand and 2-aminothiophenolate rather than L-cysteine ethyl ester, they were able to characterize 

an intermediate with electronic absorption maxima at 490, 655, and 860 nm which decayed at -80 

°C over 10 minutes. This intermediate species was EPR-silent, consistent with an 

antiferromagnetically coupled FeIII-superoxo; and the eventual product of the reaction is EPR-

active. Resonance Raman spectroscopy and TD-DFT studies confirm the identity of the 

intermediate as an FeIII-superoxo, although it does not oxygenate its substrate, instead transferring 

a proton to the superoxo anion and resulting in the formation of a dithiolate (Figure 3-3, right).29  

 
Figure 3-4. Non-heme FeIII-superoxo complexes from the Kovacs group. Left: 

FeIII(S2
Me2N2NH(Pr,Pr))(O2) (2-superoxo),30 right: FeII(SMe2N4(tren))(O2).36 
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 Previous work in the Kovacs group has also led to the formation and characterization of 

non-heme iron superoxo complexes. The previously discussed FeII(S2
Me2N2NH(Pr,Pr)) (1) was 

found to react with dioxygen at low temperatures to produce an FeIII-superoxo species with 

electronic absorption maxima at 409, 520, and 707 nm (Figure 3-4, left). This superoxo species is 

EPR-silent, consistent with an antiferromagnetically coupled FeIII and superoxo radical, and 

isotopic labeling studies in conjunction with resonance Raman spectroscopy confirm that it is an 

FeIII-superoxo. As this complex decays, it converts to another species with λmax = 696 nm that is 

likely an FeIII-hydroperoxo formed via hydrogen-atom abstraction from the THF solvent (BDE = 

92.1 kcal/mol). The same reaction in deuterated THF showed a kinetic isotope effect of 4.8, and 

the reaction rate increased with 100 added equivalents of cyclohexadiene (CHD) (BDE = 76.0 

kcal/mol).19,30 Further experiments to characterize the formation of this FeIII-superoxo used 

stopped-flow kinetic studies to probe the binding of dioxygen in THF and methanol and found that 

oxygen binding was reversible in methanol, but irreversible in THF.31 Specific findings regarding 

the rates of reaction will be discussed later in this chapter. The previously reported complex 

[FeII(SMe2N4(tren))]+ was also found to react with dioxygen and produce an FeIII-superoxo (Figure 

3-4, right).32,33 At low temperatures, this is reversible, and oxygen can be regenerated.34 This 

superoxo can react with another equivalent of [FeII(SMe2N4(tren))]+ to form a transient peroxo-

bridged species which can homolytically cleave its O–O bond to generate two FeIV-oxos which 

have been shown to be capable of abstracting hydrogen atoms from the solvent to form a hydroxo 

species, similar to the final ring closure step of IPNS.35 
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3.2.  Experimental  

General Methods 

All reactions were performed under an atmosphere of nitrogen in a glovebox or using 

standard Schlenk techniques unless otherwise indicated. Reagents purchased from commercial 

vendors were of the highest purity available and used without further purification. Pentane, 

toluene, diethyl ether (Et2O), tetrahydrofuran (THF), acetonitrile (MeCN), and dichloromethane 

(DCM) were rigorously degassed and purified using solvent purification columns housed in a 

custom stainless-steel cabinet, dispensed a stainless steel Schlenk line (GlassContour). Methanol 

was distilled from magnesium turnings and iodine and degassed prior to use. 3-mercapto-3-methyl-

2-butanone was synthesized according to literature precedent.37 IBX-ester and 

pentafluoroiodosylbenzene were synthesized as described previously.38–41 

1H-NMR spectra were recorded on a Bruker AV-300, AV-301, or AV-500 FT-NMR 

spectrometer. Chemical shifts are reported in ppm and coupling constants (J) in Hz. EPR spectra 

were recorded on a Bruker EMX CW-EPR spectrometer operating at X-band frequency at 120 K 

or a Bruker EMXnano CW-EPR spectrometer operating at X-band frequency at 120 K. The EPR 

spectra were simulated using EasySpin (version 5.2.35),42 a computational package developed by 

Stoll and Schweiger and based on MatLab (The MathWorks, Massachusetts, USA). Electrospray 

ionization mass spectrometry (ESI-MS) was performed on a Bruker Esquire LC-Ion Trap. Low-

temperature electronic absorption spectra were recorded using a Varian Cary 50 or Agilent Cary 

60 spectrophotometer equipped with either a fiber optic cable connected to a “dip” attenuated total 

reflection probe (C-technologies), with a custom built two-necked solution sample holder 

equipped with a threaded glass connector (sized to fit the dip probe) and purged with argon, or a 

UNISOKU CoolSpek USP-203 cryostat. 
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Calculations were performed using the ORCA v. 4.2.1 quantum chemistry package 

developed by Neese and coworkers,43,44 and employed the polarized triple-zeta basis set def2-

TZVP, the def2/J auxiliary basis set for Coulomb fitting, and the atom-pairwise dispersion 

correction of Grimme (D3BJ).45 Tight convergence criteria were required for self-consistent field 

(SCF) solutions. The Grid4 (GridX4) integration grid size was used for geometry optimizations. 

Calculations were performed using the B3LYP functional, with the resolution of identity (RI) 

chain-of-spheres (RIJCOSX) approximation and initiated from the crystallographic coordinates 

when available.46,47 Analytical frequency calculations were performed on all optimized structures 

to determine whether the obtained stationary points corresponded to local minima. Chemcraft was 

used to visualize the calculated EAS spectra.48 Excited states from TD-DFT were analyzed by 

using natural transition orbtials (NTOs) and by visualizing their difference densities between the 

ground and excited states. Canonical molecular orbital isosurfaces and natural transition orbitals 

in the TD-DFT calculations were visualized at an isovalue of 0.05 a03 using UCSF ChimeraX.49 

Synthesis of FeII(S2
Me2N3(Et,Pr)) (8) 

Sodium methoxide (0.432 g, 8 mmol) was added to 5 mL MeOH in a 20 mL scintillation 

vial with a stir bar. 3-mercapto-3-methyl-2-butanone (0.945 g, 8 mmol) was added to 5 mL MeOH 

in a 20 mL scintillation vial, and the sodium methoxide solution was added to this solution with 

stirring. Iron dichloride (0.450 g, 4 mmol) was added to 10 mL MeOH in a 50 mL Schlenk flask, 

stirred to dissolve, and the sodium methoxide and 3-mercapto-3-methyl-2-butanone solution was 

added dropwise into the Schlenk flask with stirring. The reaction was allowed to stir for 15 

minutes, and N-(2-aminoethyl)-1,3-propanediamine (0.469 g, 4 mmol) in 5 mL MeOH was added 

dropwise to the now cloudy brown solution in the Schlenk flask. The solution was allowed to stir 

for twelve hours, and was reduced to dryness in vacuo. The crude product was dissolved in 
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acetonitrile and filtered to remove sodium chloride, then reduced again to dryness in vacuo. The 

solid was dissolved in a minimum of DCM, filtered, and layered with pentane in a -35 °C freezer 

for approximately 72 hours to produce greenish brown X-ray quality crystals (0.549 g, 1.48 mmol, 

37%). Electronic absorption (THF) λmax (ε, M-1cm-1) = 328 (3190), 427 (1780) nm; (DCM) λmax 

(ε, M-1cm-1) = 320 (3680), 414 (1430) nm; (toluene) λmax
 (ε, M-1cm-1) = 328 (3250), 435 (1360) 

nm. 

Formation of an intermediate via the addition of O2 to 8 

A 0.250 mM solution of 8 was prepared in 4 mL of THF, DCM, or toluene under an inert 

atmosphere in a drybox. The solution was placed modified 1 cm pathlength quartz air-free cuvette 

with a screw top equipped with a rubber septum. Measurements were performed using an 

UNISOKU USP-203-B cryostat and monitored with a Varian Cary 50 or Agilent Cary 60 

spectrophotometer. A flask with a rubber septum was purged with dry O2 from a cylinder for 15 or 

more minutes, and 5 mL of gas was drawn into a gastight syringe. The gas was injected with a long 

needle to the bottom of the cuvette inside the cryostat, and the solution was monitored by 

UV/visible spectroscopy. 

Stopped-flow kinetic measurements. 

Solutions were prepared in a nitrogen atmosphere glovebox and placed in Hamilton 

gastight syringes equipped with three-way valves. Time-resolved spectra were acquired at low 

temperatures using a TgK Scientific (U.K.) CSF-61DX2 Multi-Mixing CryoStopped-Flow 

Instrument equipped with a tungsten lamp visible light source. This instrument uses PEEK 

(polyether ether ketone) tubing which is inert to all solvents used inside stainless steel plumbing, 

a 1.00 cm3 quartz mixing cell, and an anaerobic kit purged with an inert gas. The temperature 

inside the mixing cell was maintained to ± 0.1 °C, and the mixing time was 2-3 ms. All flow lines 
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of the instrument were extensively washed with the degassed, anhydrous solvent being used before 

charging the driving syringes with solutions containing the reactants. The reactions were studied 

by rapid scanning spectrophotometry detected by a CCD under pseudo-first order conditions with 

excess oxygen. Saturated solutions of O2 were prepared by sparging the solvent with dry O2 from 

a cylinder for 15 or more minutes, then allowing the solution to equilibrate in a 25 °C temperature-

controlled water bath. Dilute O2 solutions were prepared by diluting the appropriate amount of 

degassed solvent already inside a gastight syringe with a saturated solution of O2 prepared as 

described. All concentrations are reported in the “after mixing” conditions. Experiments were 

performed in single-mixing mode, with a 1:1 (v/v) mixing ratio. Rates reported for oxygen 

dependence are the average of three different experiments. Data analysis was performed with 

Kinetic Studio software from TgK Scientific.50 Data was fit to a single wavelength (520 nm) using 

the equation 𝐴𝑡 = 𝐴∞ − (𝐴∞ − 𝐴0)𝑒−𝑘𝑜𝑏𝑠𝑡. The reaction order with respect to O2 was determined 

by varying the O2 concentration over the range of 2.175 mM to 4.35 mM and the temperature from 

-60 °C to -25 °C in five degree increments. 

Generation of observed dioxygen intermediate via 3 and O2 

A saturated solution of 3 was prepared in toluene by stirring an excess quantity of 

crystalline 3 in toluene and filtering through a syringe filter. For the reaction in the presence of 

DHA, 100 equivalents of DHA were added to this solution. The solution was placed modified 1 

cm pathlength quartz air-free cuvette with a screw top equipped with a rubber septum. 

Measurements were performed using an UNISOKU USP-203-B cryostat and monitored with a 

Agilent Cary 60 spectrophotometer. A saturated solution of KO2 was prepared in toluene by 

addition of excess KO2 and Kryptofix® 222 was added to solubilize. 250 µL of this solution was 

added to the solution of 3 inside the cryostat via gastight syringe. 
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Hydrogen atom abstraction studies 

A 0.250 mM solution of 8 and a varying concentration solution of DHA or d4-DHA was 

prepared in 4 mL of DCM or toluene under an inert atmosphere in a drybox. The solution was 

placed modified 1 cm pathlength quartz air-free cuvette with a screw top equipped with a rubber 

septum. Measurements were performed using an UNISOKU USP-203-B cryostat and monitored 

with a Varian Cary 50 or Agilent Cary 60 spectrophotometer. A flask with a rubber septum was 

purged with dry O2 from a cylinder for 15 or more minutes, and 5 mL of gas was drawn into a 

gastight syringe. The gas was injected with a long needle to the bottom of the cuvette inside the 

cryostat. 

Hydrogen peroxide quantitation studies with potassium permanganate 

A 1.000 mM solution of 8 was prepared in 4 mL of toluene under an inert atmosphere in a 

drybox. The solution was placed in a modified 1 cm pathlength quartz air-free cuvette with a screw 

top equipped with a rubber septum. Measurements were performed using an UNISOKU USP-203-

B cryostat and monitored with a Varian Cary 50 or Agilent Cary 60 spectrophotometer. Dry O2 

was added to the reaction as described previously. The reaction was allowed to progress until the 

515 nm intermediate was at a maximum, then neat trifluoroacetic acid was added to produce 

hydrogen peroxide. This solution was filtered through silica to remove ionic species. A 0.25 mM 

solution of potassium permanganate was prepared in 4mL water and placed in a modified 1 cm 

pathlength quartz air-free cuvette with a screw top equipped with a rubber septum. This solution 

was monitored by UV/vis spectroscopy and a 250 µL aliquot of the filtered solution of 8 was 

added, and the decay in permanganate absorbance was observed at the 547 nm wavelength. 
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X-ray crystallographic structure determination 

A green piece of FeII(S2
Me2N3(Et,Pr)) (8), measuring 0.34 x 0.19 x 0.18 mm3 was mounted 

on a loop with oil. Data was collected at -173oC on a Nonius Kappa CCD FR590 single crystal X-

ray diffractometer, Mo-radiation. Crystal-to-detector distance was 40 mm and exposure time was 

60 seconds per degree for all sets. The scan width was 1o. Data collection was 99.2% complete to 

25o in . A total of 15261 merged reflections were collected covering the indices, -24<=h<=23, -

11<=k<=11, -27<=l<=27. 4364 reflections were symmetry independent and the Rint = 0.0414 

indicated that the data was good (average quality 0.07). Indexing and unit cell refinement indicated 

a triclinic lattice. The space group was found to be P b c a (No.61).  

The data was integrated and scaled using SAINT, SADABS within the APEX2 software 

package by Bruker.51 Solution by direct methods (SHELXT52 or SIR9753,54) produced a complete 

heavy atom phasing model consistent with the proposed structure. The structure was completed by 

difference Fourier synthesis with SHELXL.55 Scattering factors are from Waasmaier and Kirfel56. 

Hydrogen atoms were placed in geometrically idealised positions and constrained to ride on their 

parent atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal 

parameters Ueq were fixed such that they were 1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq 

of their parent atom Ueq in case of methyl groups. All non-hydrogen atoms were refined 

anisotropically by full-matrix least-squares. Structures were visualized using ORTEP-III and POV-

Ray programs.57,58 

 

 

 

 



106 

 

 

 

Table 3-1. Crystal data, intensity collectionsa and structure refinement parameters 

for FeII(S2
Me2N3(Et,Pr)) (8). 

 8 

Formula C15 H29 Fe N3 S2 

Molecular Weight 371.38 

Temperature (K) 100(2) 

Crystal System Monoclinic 

Space Group Pbca 

a, (Å) 19.7318(12) 

b, (Å) 8.9395(6) 

c, (Å) 21.3589(15) 

α, (°) 90 

β, (°) 90 

γ, (°) 90 

V (Å3) 3767.5(4) 

Z 8 

R1 0.0389 

Rw 0.0878 

GooF 1.126 

a Mo Ko(,-) ( = 0.71070 Å) radiation; graphite monochromator; -90 ºC. b R =  ||Fo| - |Fc|| /  

|Fo|. cRw = [w(|Fo|-|Fc|)2/wFo
2]1/2, where w-1 = [2

count + (0.05 F2)2]/4F2. 
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3.3.  Results and Discussion 

3.3.1.  Isolation of the reduced, constrained complex FeII(S2
Me2N3(Et,Pr)) 

 Previously in the Kovacs group, [FeIII(S2
Me2N3(Et,Pr))]PF6 (3) was synthesized and 

characterized. In making this complex, it was reported that unlike [FeIII(S2
Me2N2NH(Pr,Pr))][PF6] 

(2), which could be isolated in the reduced form FeII(S2
Me2N2NH(Pr,Pr)) (1) prior to oxidation to 

form 2, that the “reduced compound is extremely air sensitive, making further characterization 

impossible.”59 While the reduced compound is indeed extremely air sensitive, careful handling of 

materials and rigorous degassing procedures has allowed it to be further characterized. To produce 

FeII(S2
Me2N3(Et,Pr)) (8), a metal-templated Schiff-base condensation between 3-mercapto-3-

methyl-2-butanone and N-(2-aminoethyl)-1,3-propanediamine on either iron(II) in the presence of 

a base. Recrystallization of the crude product via layering a saturated dichloromethane solution 

with pentane affords large X-ray quality crystals that can be used to further characterize the 

complex. The reduced complex 8 is a yellow-green complex with electronic absorption maxima at 

λmax (ε) = 414 (1200) and 318 nm (3150) in DCM (Figure 3-5). 

 The structural characteristics of 3 are very similar to 8, and together the more constrained 

3 and 8 are similar to 1 and 2. Upon oxidation, both 1 and 8 shorten their metal-ligand bonds by 

Figure 3-5. Schematic drawing (left) and ORTEP diagram (right) of 

FeII(S2
Me2N3(Et,Pr)) (8). Thermal ellipsoids at the 50% probability level. 
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about 0.2 Å and maintain the same coordination environment. They also maintain a similar 

geometry index (Table 3-2), each becoming very slightly more square pyramidal, likely due to the 

shorter metal-ligand bonds limiting the flexibility of the ligand. As described previously, limiting 

the flexibility of the complex in this way also has effects on the electronic structure of the complex 

due to the modified orbital overlap, with 3 being reduced at a more negative -455 mV vs SCE in 

MeOH compared to -400 mV for 2.59
 

Table 3-2. Selected metrical parameters for FeII(S2
Me2N3(Pr,Pr)) (1), 

[FeIII(S2
Me2N3(Pr,Pr))]+ (2), FeII(S2

Me2N3(Et,Pr)) (8), and [FeIII(S2
Me2N3(Et,Pr))]+ (3) 

 1 2 8 3 

Fe–S(1) (Å) 2.3263(5) 2.133(2) 2.3396(6) 2.117(1) 

Fe–S(2) (Å) 2.3306(5) 2.161(2) 2.3210(6) 2.117(1) 

Fe–N(1) (Å) 2.1556(16) 1.967(4) 2.1213(18) 1.924(2) 

Fe–N(2) (Å) 2.1656(16) 2.049(4) 2.206(2) 2.010(4) 

Fe–N(3) (Å) 2.1815(15) 1.954(4) 2.1145(18) 1.924(2) 

N(1)–Fe–N(3) (°) 172.81(6) 178.1(2) 162.39(7) 174.1(1) 

N(2)–Fe–N(3) (°) 90.96(6) 86.2(2) 84.35(7) 87.9(1) 

N(1)–Fe–N(2) (°) 83.80(6) 94.2(2) 78.40(7) 86.4(1) 

N(3)–Fe–S(2) (°) 105.16(4) 86.4(1) 82.44(5) 86.68(7) 

N(2)–Fe–S(2) (°) 107.79(4) 106.5(1) 105.81(6) 112.5(1) 

N(1)–Fe–S(1) (°) 97.68(5) 86.7(1) 81.53(5) 86.68(7) 

N(2)–Fe–S(1) (°) 125.70(4) 132.3(1) 128.58(6) 141.8(1) 

S(2)–Fe–S(1) (°) 126.17(2) 121.0(1) 125.14(2) 105.67(5) 

τa
 0.777 0.763 0.5635 0.538 

a5-coordinate geometry index, τ = (β − α)/60. β is the largest bond angle observed, and α is the 

second largest bond angle. 
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3.3.2.  Reactivity of FeII(S2
Me2N3(Et,Pr)) with dioxygen 

 The reactivity of 8 with dioxygen was examined. By bubbling dry O2 through a DCM 

solution of 8, the solution immediately changes color from yellow-green to red, shifting the 

absorption maximum from 414 nm to 515 nm. This new feature exists briefly and bleaches out to 

a pale yellow solution, with the absorbance peak decaying to the baseline and no new feature 

taking its place (Figure 3-6). The same reactivity occurs in other solvents, with the same features 

and behavior being observed in THF and toluene with slightly shifted absorbance bands. 

Electrospray mass spectrometry (ESI-MS) of the reaction mixture showed M+16 and M+32 peaks 

with the ratio of M+32 to M+16 declining with time, potentially indicating an initial bound 

superoxo complex and single oxygenation of the complex. However, unlike the analogous reaction 

of 1 and dioxygen,30 no sulfenate was able to be isolated from this reaction. 

 At low temperatures, an intermediate is briefly seen between the 414 nm species and the 

515 nm species. This intermediate species has λmax = 337, 389, and 502 nm in DCM, and converts 

Figure 3-6. Electronic absorption spectrum of the reaction between 8 and O2 in 

DCM at room temperature with a scan interval of 1 minute. 
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cleanly to the species observed at room temperature with λmax = 342, 389, and 515 nm in DCM. 

By using a limited amount of added oxygen, this intermediate species still forms with 10 seconds 

at -90 °C, but its lifetime is greatly increased, implying that the decay pathway of this species is 

due to continued oxidation by dioxygen (Figure 3-7). In THF and toluene, this reaction proceeds 

identically with slightly shifted peak positions: an intermediate species with λmax = 337, 392, and 

505 nm and a final species with λmax = 343, 393, and 515 nm and a slight shoulder at 560 nm in 

THF, and an intermediate species with λmax = 339, 392, and 475 nm and a final species with λmax = 

339, 393, and 515 nm in toluene. Notable is the shoulder evident in the THF spectrum, where 

DCM and toluene have only a small asymmetry in the lowest energy peak (Figure 3-8). In a 

coordinating solvent such as methanol, addition of dioxygen to a solution of 8 results in the 

formation of 3 without any visible intermediates due to the sixth coordination site being blocked 

by the coordinated solvent, and only outer-sphere electron transfer is possible (Figure 3-9). 

Figure 3-7. Electronic absorption spectrum of the reaction between 8 and limited 

O2 in DCM at -90 °C with a scan interval of 1 minute, showing formation of an 

intermediate. 
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 In similar conditions, 1 reacts with dioxygen to first form an FeIII-superoxo, which then 

abstracts a hydrogen atom and converts to the sulfenate 5 in 94% yield. A likely mechanism for 

this reaction is analogous to that of IPNS and is given in Scheme 3-1, where first the FeII complex 

coordinates dioxygen and is oxidized, forming an FeIII-superoxo complex. This superoxo can then 

perform hydrogen atom abstraction on a suitable substrate with a weak enough X-H bond, such as 

an H-atom donor like cyclohexadiene (CHD, BDE = 76 kcal/mol) or 9,10-dihydroanthracene 

(DHA, BDE = 76.3),19 forming an FeIII-hydroperoxo. This hydroperoxo can either homolytically 

or heterolytically cleave, forming an FeIV-oxo and a hydroxyl radical in the former case or an FeV-

oxo and a hydroxide anion in the latter case. For IPNS, the FeIII-hydroperoxo first undergoes a 

reduction to an FeII-hydroperoxo due to its newly generated thioalkyl radical, but the geminal 

dimethyl groups of 1 and 8 prevent the formation of a similar species in the model complex. In 1, 

Figure 3-8. Electronic absorption spectra of the reaction between 8 and excess O2 

in (clockwise from top left) THF, DCM, and toluene at -70 °C. 1 minute between 

scans, 40 minutes total. 
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this step forms an FeIII-hydroperoxo. The newly generated high-valent Fe-oxo species is likely 

capable of abstracting a second hydrogen atom, but due to the significantly greater rate of 

intramolecular reactions versus intermolecular reactions, it undergoes nucleophilic attack from the 

adjacent sulfur to form the product sulfenate species. Given complex 8’s similarity to 1, it is likely 

that it follows a similar pathway. Because previous work using 3 and oxo-atom donors indicated 

that formation of the sulfenate progresses along a pathway involving an FeV-oxo, this reaction not 

producing the sulfenate product also implies that it does not progress to an FeV-oxo. 

Scheme 3-1. Reaction between 8 and O2 to produce an FeIII-superoxo 3-superoxo 

and subsequent hydrogen atom abstraction to produce the FeIII-hydroperoxo 3-

hydroperoxo. 

Figure 3-9. Electronic absorption spectrum of the reaction between 8 and O2 in 

MeOH at -50 °C with a scan interval of 4 minutes, showing outer sphere electron 

transfer to form 3. 
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3.3.3.  Generation of an authentic FeIII-superoxo 

 Using superoxide and 3, an authentic FeIII-superoxo complex can be generated. Reacting 3 

with a saturated potassium superoxide solution solubilized with Kryptofix® 222 in toluene at -60 

°C affords an identical spectrum to that formed by 8 and dioxygen, slowly producing the species 

with a peak at 515 nm. Like the reaction with dioxygen, this species then slowly decays to a pale 

yellow solution with no spectral features (Figure 3-10). The slow growth of the species with a 

peak at 515 nm likely due to the poor solubility of both 3 and KO2 in toluene unfortunately means 

that if the intermediate with a peak at 475 nm forms, it will be able to react and go on to the species 

with a 515 nm peak without being observed. While this experiment does not result in conclusive 

assignments for an FeIII-superoxo or FeIII-hydroperoxo complex, because of 3’s propensity for 

binding ligands and a superoxide anion’s fewer options for interacting with a complex compared 

to oxygen, we can tentatively identify the initial intermediate with λmax = 475 nm as an FeIII-

superoxo 3-superoxo, and the species it converts to tentatively as an FeIII-hydroperoxo 3-

Figure 3-10. Electronic absorption spectrum of the reaction between 3 and excess 

KO2 in toluene at -60 °C. 1 minute between scans, 90 minutes total. 
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hydroperoxo. The identity of the substrate for hydrogen atom abstraction is very probably the 

solvent, although GC/MS experiments to identify a product of this reaction were inconclusive.  

 In order to confirm the generation of a hydroperoxo species, a permanganate assay was 

performed. The proposed hydroperoxo intermediate was generated by addition of excess dioxygen 

to 8 in THF at low temperatures (-60 °C), first forming the proposed superoxo species and slowly 

converted to the proposed hydroperoxo species. Neat trifluoroacetic acid was added, the solution 

was allowed to stir briefly, and then filtered through a plug of silica to remove ionic species. A 250 

µL aliquot was then added to an aqueous solution of potassium permanganate (KMnO4) (0.25 mM) 

(Figure 3-11), and the concentration of KMnO4 was monitored by UV/visible spectroscopy. 

According to the stoichiometry of KMnO4 consumed, one equivalent of hydrogen peroxide is 

produced per equivalent of 8 in the starting solution, consistent with a monomeric FeIII-

hydroperoxo species. Addition of the hydroperoxo intermediate or trifluoroacetic acid alone to 

KMnO4 does not result in any change to the concentration of permanganate in solution. This shows 

that this observed species is indeed an FeIII-hydroperoxo, and because the method of formation of 

Figure 3-11. Electronic absorbance spectrum of 0.250 mM of potassium 

permanganate in water before and after addition of 250 µL of the acidified reaction 

of 1.000 mM of 8 and excess O2 in 4 mL of THF. 
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a hydroperoxo from dioxygen requires a hydrogen atom abstraction, that the preceding 

intermediate is very likely an FeIII-superoxo. 

 The preparation of the hydrogen peroxide assay was also observed via UV/visible 

spectroscopy. Before the addition of trifluoroacetic acid, the reaction of 8 and dioxygen in THF 

proceeds as normal. Upon the addition of trifluoroacetic acid, briefly an intermediate with a low-

energy peak at 760 nm appears, before converting cleanly to the FeIII complex 3 in 97% yield 

according to its absorbance (Figure 3-12). The generation of 3 from 8 and acid shows that the 

ligand sulfur atoms are not being oxidized by direct attack of the dioxygen, and that the reaction 

proceeds through substrates ligated to the iron. The same reaction monitored in toluene results in 

an electric blue solution with λmax = 620 nm due to the trifluoroacetate anion coordinating directly 

to the iron. After filtration through a silica plug to remove ionic species, this solution also 

Figure 3-12. Electronic absorption spectrum of the reaction between 8 and excess 

O2 at -60 °C and subsequent acidification, showing progress from 8 to 3-superoxo 

to 3-hydroperoxo to 3, with identities of proposed species labeled by representative 

λmax. 
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consumes one equivalent of permanganate per equivalent of iron in the starting solution, 

highlighting the effect solvent polarity has on observed species. 

3.3.4.  Kinetics and thermodynamics of dioxygen binding to FeII(S2
Me2N3(Et,Pr)) 

 Cryogenic stopped-flow kinetic studies were performed to characterize the reaction 

between 8 and dioxygen. The growth of the spectral features associated with the superoxo 

FeIII(S2
Me2N3(Et,Pr))(O2) and the hydroperoxo FeIII(S2

Me2N3(Et,Pr))(OOH) were monitored under 

pseudo first order conditions using excess O2. Saturated solutions of O2 were generated by 

bubbling dry O2 gas into a flask sealed with a septum containing toluene for 15 minutes, followed 

by equilibration of the solution in a water bath at 25 °C. The solubility of O2 in toluene was taken 

as 8.7 mM in toluene at 25 °C.60,61 Dilutions were performed according to the method developed 

by Greiner.31 The proposed kinetic scheme for the binding of dioxygen and abstraction of a 

hydrogen atom is shown in Scheme 3-2. The overall rate of formation of the hydroperoxo is given 

by Equation 3.4, where [FeIII] is the concentration of 8, [O2] is the concentration of dioxygen, and 

[XH] is the concentration of abstractable hydrogen atoms. This rate law uses the steady-state 

approximation, assuming that the concentration of the superoxo intermediate quickly reaches an 

equilibrium where its rate of generation is equal to its rate of consumption. A more general 

expression not making this approximation is given as Equation 3.5. 

 

Scheme 3-2. Proposed kinetic scheme for the binding of dioxygen and abstraction 

of a hydrogen atom by 1 and 8. 
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𝑑[𝐹𝑒𝐼𝐼𝐼𝑂𝑂𝐻]

𝑑𝑡
= 𝑘2[𝐹𝑒𝐼𝐼𝐼𝑂2

∙−][𝑋𝐻] (3.1) 

𝑑[𝐹𝑒𝐼𝐼𝐼𝑂2
∙−]

𝑑𝑡
= 0 = 𝑘1[𝐹𝑒𝐼𝐼][𝑂2] − 𝑘−1[𝐹𝑒𝐼𝐼𝐼𝑂2

∙−] − 𝑘2[𝐹𝑒𝐼𝐼𝐼𝑂2
∙−][𝑋𝐻] (3.2) 

[𝐹𝑒𝐼𝐼𝐼𝑂2
∙−] =

𝑘1[𝐹𝑒𝐼𝐼][𝑂2]

𝑘−1 + 𝑘2[𝑋𝐻]
(3.3) 

𝑟𝑎𝑡𝑒 =
𝑑[𝐹𝑒𝐼𝐼𝐼𝑂𝑂𝐻]

𝑑𝑡
=

𝑘1𝑘2[𝐹𝑒𝐼𝐼][𝑂2][𝑋𝐻]

𝑘−1 + 𝑘2[𝑋𝐻]
(3.4) 

𝑟𝑎𝑡𝑒 =
𝑘1𝑘2[𝐹𝑒𝐼𝐼][𝑂2][𝑋𝐻]

𝑘−1 + 𝑘2[𝑋𝐻]
−

𝑘−1
𝑑[𝐹𝑒𝐼𝐼𝐼𝑂2

∙−]
𝑑𝑡

𝑘−1 + 𝑘2[𝑋𝐻]
(3.5) 

 In the case where k-1 is much larger than k2[XH], this simplifies to 𝑟𝑎𝑡𝑒 =

𝑘1𝑘2

𝑘−1
[𝐹𝑒𝐼𝐼][𝑂2][𝑋𝐻], and in the case where k-1 is much smaller than k2[XH], this simplifies to 

𝑟𝑎𝑡𝑒 = 𝑘1[𝐹𝑒𝐼𝐼][𝑂2]. Using pseudo first order conditions, the concentrations of oxygen and of 

Figure 3-13. Temperature-dependent rate constants kobs for the formation of 

proposed hydroperoxo 3-hydroperoxo in the reaction between 8 and O2 in toluene, 

plotted against [O2]. The zero intercepts are consistent with irreversible O2 binding. 

[8] after mixing = 0.1 mM, [O2] listed corresponding to after mixing in the stopped-

flow cell. 
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abstractable hydrogen bonds can be treated as constants, and the rates further simplify to 𝑟𝑎𝑡𝑒 =

𝑘𝑜𝑏𝑠[𝐹𝑒𝐼𝐼] with 𝑘𝑜𝑏𝑠 =
𝑘1𝑘2

𝑘−1
[𝑂2][𝑋𝐻] in the former case and 𝑟𝑎𝑡𝑒 = 𝑘𝑜𝑏𝑠[𝐹𝑒𝐼𝐼] with 𝑟𝑎𝑡𝑒 =

 𝑘1[𝑂2] in the latter case. In both cases, the overall observed rate of formation should be dependent 

only on the concentration of iron. The same is true for the more general equation provided that the 

term 
𝑑[𝐹𝑒𝐼𝐼𝐼𝑂2

∙−]

𝑑𝑡
 is much smaller than the term 

𝑘1𝑘2[𝐹𝑒𝐼𝐼][𝑂2]

𝑘−1
. 

 The reaction between 8 and dioxygen was monitored by stopped-flow UV/visible 

spectroscopy at temperatures ranging from -60 °C to -25 °C. In all cases, the growth of only one 

species with an absorbance maximum at λmax = 520 nm was observed. The kinetic trace of the 

change in absorbance at λmax = 520 nm can be fit to the single exponential equation 𝐴𝑡 = 𝐴∞ −

(𝐴∞ − 𝐴0)𝑒𝑘𝑜𝑏𝑠𝑡 with very small residuals (Figure 3-13).  

Although the formation of the proposed hydroperoxo product of the reaction is a two step 

process which would imply the existence of two observable rate constants via stopped flow, we 

are still able to fit this process with a single exponential (Table 3-3). This indicates that either k1 

Figure 3-14. Plot of observed rate constants (kobs) versus the concentration of [8] 

for the formation of 3-hydroperoxo at -40 °C in toluene, showing a first order 

dependence on [8]. [O2] after mixing = 4.35 mM. 
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or k2 is much larger than the other, and that either upon exposure to dioxygen 8 forms a superoxo 

complex almost immediately, or that once the superoxo intermediate is formed that it almost 

immediately reacts to form a hydroperoxo. As will be discussed in the following section, studies 

with limiting O2 could be helpful in elucidating the properties of this reaction.  

Table 3-3. Temperature-dependent rate constants for irreversible O2 binding to 

FeII(S2
Me2N2NH(Pr,Pr)) (1) in THF and for irreversible O2 to FeII(S2N3(Et,Pr)) (8) 

in toluene. 

Temperature (K) 
1 (M-1s-1) 

THF 

8 (M-1s-1) 

toluene 

273.15 2.66 x 102  

268.15 2.31 x 102  

263.15 1.86 x 102 5.70 x 103 

258.15 1.59 x 102 3.42 x 103 

253.15 1.23 x 102 2.74 x 103 

248.15 1.17 x 102 1.66 x 103 

243.15 8.2 x 101 9.21 x 102 

238.15 7.3 x 101 5.79 x 102 

233.15 5.0 x 101 4.24 x 102 

228.15  3.73 x 102 

223.15  2.44 x 102 

218.15  1.98 x 102 

213.15  1.32 x 102 

ΔH‡ (kJ/mol) 19.3 27.4 

ΔS‡ (J/mol*K) -127 -73.5 

Ea (kJ/mol) 21.4 29.3 

ΔG‡
T=243K (kJ/mol) 50.1 45.2 

 

By varying the concentration of 8 while keeping oxygen concentration constant, the 

observed rate constant kobs was found to be independent of the concentration of 8, confirming the 
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previous findings of the permanganate assay that the reaction is first-order overall with respect to 

8, consistent with the formation of a 1:1 dioxygen adduct (Figure 3-14). The reaction order with 

respect to dioxygen was determined by varying the concentration of dioxygen over the range of 

[O2] = 2.175 mM to 4.35 mM in toluene. The observed rate constant kobs increased linearly with 

increasing dioxygen concentration, consistent with a first order dependence on dioxygen. The 

intercept of these plots was found to be very close to zero over the course of the temperature range. 

Using the more general form of the rate law given in Equation 3.5 which is in the form of 𝑦 =

𝑚𝑥 + 𝑏 , we can conclude that k-1 is either zero or very close to it, and that the binding of oxygen 

to 8 is irreversible. Because of this, we can disregard the second term in Equation 3.5 and it 

becomes identical to the steady-state approximation Equation 3.4.  

 From the observed rate constants for the binding of dioxygen to 8, k1 was obtained at eight 

different temperatures and activation parameters were calculated from Eyring and Arrhenius plots 

(Figure 3-15). For the overall process of binding dioxygen to 8 and abstracting a hydrogen atom 

from a substrate, ΔH‡ = 27.4 kJ/mol and ΔS‡ = -73 J/molK. This negative entropy is expected for 

Figure 3-15. Arrhenius plot (left) and Eyring plot (right) for the reaction of 8 and 

O2 in toluene from which thermodynamic parameters were obtained (Table 3-3). 

Second order rate constants (k) were obtained from the slope of kobs vs. [O2] plots 

(Figure 3-13). [8] = 0.1 mM after mixing. 
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an associative process involving the binding of O2. The activation energy of the reaction, derived 

from an Arrhenius plot, is Ea = 29.3 kJ/mol (Table 3-3).  

3.3.5.  Examination of the rate of reaction between FeII(S2
Me2N3(Et,Pr)) and dioxygen in 

methylene chloride 

 To characterize the reaction between the FeIII-superoxo generated by 8 and O2, reactions 

with substrates with weak C–H bonds were carried out. Solutions of 8 in DCM (BDE = 95.7 

kcal/mol)19 were prepared inside a nitrogen atmosphere glovebox with varying amounts of DHA 

(BDE = 76.3 kcal/mol)19 in an airtight quartz cuvette sealed with a rubber septum. The reaction 

was observed via UV/visible spectroscopy held at a constant temperature by a cryostat. A fixed 

quantity of dioxygen was bubbled through via injection by gastight syringe. Upon addition of O2, 

the 414 nm species converts immediately (within the 5 second scan time of the instrument) to a 

new intermediate with λmax = 337, 389, and 502 nm that has been proposed to be an FeIII-superoxo. 

This FeIII-superoxo converts with varying speed to a species with λmax = 342, 389, and 515 nm that 

has been proposed earlier in the chapter to be an FeIII-hydroperoxo.  

While it seems counterintuitive that using a slower method of observing changes in the 

UV/visible spectrum results in finding an intermediate in the reaction, this can be explained by the 

process of combining the reactants. In the stopped-flow instrument, solutions of 8 and dioxygen 

are forcefully mixed inside the observation chamber, ensuring complete and even distribution of 

both reactants. Inside the cuvette of the cryostat-equipped UV/vis spectrometer, the solution of 8 

and a substrate are already combined, and O2 is introduced via bubbling through the reaction 

mixture with a syringe. Some O2 is dissolved, but the solution does not become saturated and some 

portion of the oxygen stays in the headspace of the cuvette, diffusing slowly into the reaction 
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mixture. This lower concentration of oxygen slows the reaction to form the FeIII-superoxo 

complex. The concentration of the superoxo is given by the equation  

[𝐹𝑒𝐼𝐼𝐼𝑂2
∙−] =

𝑘1[𝑂2][𝐹𝑒𝐼𝐼]0

𝑘2[𝑋𝐻] − 𝑘1[𝑂2]
(𝑒−𝑘1[𝑂2]𝑡 − 𝑒𝑘2[𝑋𝐻]𝑡) (3.6) 

which can be differentiated to give  

[𝐹𝑒𝐼𝐼𝐼𝑂2
∙−]𝑚𝑎𝑥 = [𝐹𝑒𝐼𝐼]0 (

𝑘2[𝑋𝐻]

𝑘1[𝑂2]
)

𝑘2[𝑋𝐻]
𝑘1[𝑂2]−𝑘2[𝑋𝐻]

(3.7) 

𝑡𝑚𝑎𝑥 =
ln(

𝑘2[𝑋𝐻]

𝑘1[𝑂2]
)

𝑘2[𝑋𝐻]−𝑘1[𝑂2]
(3.8)  

With constant k2[XH], tmax (the time at which concentration of the FeIII-superoxo species is at a 

maximum) thus increases as k1[O2] decreases. Because this is dependent only on k1[O2], this does 

not affect measurement of k2[XH]. 62 

Figure 3-16. Plot of the rate constant for formation of 3-hydroperoxo from 8 and 

O2 versus 9,10-dihydroanthracene (DHA) concentration at various temperatures in 

DCM, showing no dependence on the concentration of DHA. [8] = 0.250 mM for 

all experiments. 
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 By keeping the concentrations of 8 and dioxygen constant, changing the concentration of 

easily abstractable C–H bonds should change the rate of the reaction according to Equation 3.4. 

However, when the concentration of DHA was varied from 2.5 mM to 50 mM (10 to 200 

equivalents) from -80 °C to -40 °C, no clear relationship was observed between the concentration 

of DHA present and the rate of the reaction, and no anthracene (the product of C-H activation of 

DHA) was observed by GC/MS (Figure 3-16). The reason for this is unclear but there are several 

possible explanations. It could be that the FeIII-superoxo is capable of abstracting hydrogen atoms 

from very strong C–H bonds such as from the solvent DCM. If this is the case, the concentration 

of DCM in pure DCM is 15.66 M, significantly higher than the 2.5 to 50 mM of DHA added to 

the solution. Even with a significantly lower rate constant k2 due to a stronger C–H bond, the term 

k2[XH] will of similar magnitude or higher given the massively higher concentration, and no 

significant rate change would be observable due to changing the concentration of DHA. It is also 

possible that rather than hydrogen atom abstraction, the FeIII-superoxo complex is performing 

halogen atom abstraction. The C–Cl bond of DCM is much weaker, with BDE = 80.8 kcal/mol.19 

Given the much greater concentration of solvent versus added DHA, the same rate considerations 

as the previous case apply. Another possibility is that the FeIII-superoxo is obtaining a proton 

through an intramolecular reaction. While there is no analogous C–H bond to IPNS α to the sulfur 

atoms of 8, the hydrogen atoms in the ligand backbone could feasibly be in reach of the distal 

oxygen of the superoxo. C–H bonds with an α-N–H are in the range of 90 kcal/mol,19 relatively 

quite strong but not as tightly held as DCM. There is also the hydrogen atom bonded to the middle 

amine of the ligand backbone, with literature BDEs of similar compounds again around 90 

kcal/mol.19 There is also the potential that the observed reactivity is not hydrogen atom abstraction 

at all but proton transfer, however, there are very few if any acidic protons in solution, with the 
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mostly likely culprit being the N–H proton in the middle of the ligand backbone. Crystallographic 

evidence points to this mechanism as unlikely, as all crystal structures of 2 and 3 with a ligand 

bound in the sixth coordination site have that ligand bound opposite the amine nitrogen from that 

proton. A further intramolecular mechanism is possible where an FeIII-superoxo reacts with the 

adjacent sulfur atom to form a four-membered Fe–O–O–S ring, which will be discussed in further 

detail later. The first case of hydrogen atom abstraction from the solvent would be able to be 

confirmed through deuteration of the solvent, but because of the possibility of halogen atom 

abstraction, DCM is a poor solvent for this study.  

3.3.6.  Examination of the rate of reaction between FeII(S2
Me2N3(Et,Pr)) and dioxygen in 

toluene. 

 Due to the possibility of halogen atom abstraction, the same experiment was performed in 

toluene. Toluene has a BDE of 89.7 kcal/mol for the C–H bonds of its methyl group and no other 

abstractable hydrogen atoms. Using the same method as in DCM, the reaction between 8 and O2 

was monitored by UV/vis. The reaction proceeds identically, with the first proposed FeIII-superoxo 

intermediate having λmax = 339, 392, and 475 nm and the final proposed FeIII-hydroperoxo having 

λmax = 339, 393, and 515 nm. Notable is that this reaction proceeds to the proposed FeIII-

hydroperoxo in the absence of any added DHA and any acidic protons (except the possible amine 

proton in the ligand backbone), implying the possibility of HAT from the solvent or from the 

ligand. This reaction was performed at several temperatures, and thermodynamic parameters were 

calculated. The activation barrier Ea of this reaction is 45.65 kj/mol, ΔH‡ = 43.8 kJ/mol and ΔS‡ = 

-79.7 J/molK. The negative entropy is again indicative of an associative process, and the high 

activation barrier reflects the difficulty of cleaving an X–H bond. 
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 To determine if the presence of weak C–H bonds would increase the rate of reaction, 

experiments were carried out varying the concentration of DHA from 12.5 mM to 50 mM (50 to 

200 equivalents vs 8) across -55 °C to -35 °C. Once again, no clear trend between the concentration 

of DHA and the rate of reaction was observed (Figure 3-17). If the assumption is made that HAT 

is occurring exclusively from DHA regardless, and Eyring and Arrhenius plots are constructed, we 

find that the ΔH‡ for the reaction is an enormous 63.1 kJ/mol, and the ΔS‡ is 72.3 J/molK. The 

large positive entropy would reflect a dissociative process, which does not describe the reaction 

between an FeIII-superoxo and an H-atom donor. Further, no anthracene could be detected by 

GC/MS from this reaction. While this does not necessarily rule out the possibility of hydrogen 

atom abstraction being performed by this FeIII-superoxo complex, these results show that there 

may be confounding factors.  

Figure 3-17. Plot of the rate constant for formation of 3-hydroperoxo from 8 and 

O2 versus 9,10-dihydroanthracene (DHA) concentration at various temperatures in 

toluene, showing no dependence on the concentration of DHA. [8] = 0.250 mM for 

all experiments. 
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3.3.7.  Experiments with deuterated substrates 

 While no oxidative products from the reaction between the superoxo species formed by 8 

and dioxygen have been observed directly as yet, it may be possible to indirectly observe the 

reaction through kinetic isotope effects. To examine this, reactions were carried out using d8-

toluene a solvent or with added d4-DHA. The reaction was performed identically to previous 

experiments and monitored by UV/visible spectroscopy. With d4-DHA, there was no observed 

change in rate (Figure 3-18). If the FeIII-superoxo were abstracting a hydrogen atom from DHA, 

a slowdown in rate on the order of 4-5 times would be expected based on those observed for similar 

FeIII-superoxos,63–66 or higher if a tunneling mechanism is involved.67 This result is not surprising 

given the previous experiments indicating no rate dependence on the concentration of DHA and 

the possibility of HAT from the solvent.  

Figure 3-18. Plot of the rate constant for formation of 3-hydroperoxo from 8 and 

O2 versus 9,10-dihydroanthracene (DHA) concentration or d4-DHA in toluene at -

50 °C, showing no rate change after deuteration. [8] = 0.250 mM for all 

experiments. 
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 Reactions were carried out using d8-toluene as the solvent. The reaction progressed 

identically to that using protiated solvent was observed via UV/visible spectroscopy. No change 

in rate was observed (Figure 3-19). The lack of any sort of kinetic isotope effect observed with 

deuterated substrate or solvent is not necessarily conclusive evidence that hydrogen atom transfer 

is not occurring, although it does warrant consideration. It is possible that a kinetic isotope effect 

is not observed because the rate determining step of the reaction does not involve abstracting the 

hydrogen atom of the solvent or substrate. It is also possible that a kinetic isotope effect is not 

observed because the reaction does not involve a hydrogen atom abstraction step. This process 

may also be confounded by saturation kinetics: it is possible that the concentration of substrate in 

solution (either DHA or the solvent) is past a point where more productive collisions between the 

FeIII-superoxo and a substrate can occur, and that increasing the concentration further will not 

increase the rate of the two molecules coordinating to each other to react. However, saturating the 

solution would not prevent the observation of a kinetic isotope effect.68,69 It also remains possible 

that the FeIII-superoxo is abstracting a proton from its own ligand backbone, in which case only 

Figure 3-19. Absorbance of the reaction between 8 and O2 at 470 nm in toluene 

and d8-toluene, showing a slight increase in rate in deuterated solvent. 
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deuteration of the ligand would result in observation of a kinetic isotope effect, and it also remains 

possible that the FeIII-superoxo is forming a four-membered Fe–O–O–S ring. 

3.3.8.  Comparisons with the more flexible complex FeII(S2
Me2N2NH(Pr,Pr)) 

 Previous work in the Kovacs group has characterized an FeIII-superoxo generated from the 

reaction between 1 and O2. This reaction was monitored by stopped-flow, and thermodynamic 

parameters were calculated from the corresponding rates derived from the stopped-flow kinetic 

studies. In THF, ΔH‡ for the binding of dioxygen to FeII was 19.3 kJ/mol in contrast to 8’s 27.4 

kJ/mol in toluene, and ΔS‡ was -127 J/mol*K compared to 8’s -73 J/mol*K (Table 3-3). This is 

similar to the binding of PNO to 3 vs 2, where the more constrained ligand is again found to have 

a less negative ΔS‡ corresponding to less energy required for rearrangement. The solvent likely 

contributes to these values, with the more polar THF contributing more to the change in entropy 

and requiring more energy input enthalpically to break the solvent interactions. Unlike the binding 

of PNO to 3, the more constrained ligand also has a larger ΔH‡. Some care must be taken in 

comparing these values, however, as the individual rates of O2 binding to 8 and the subsequent 

formation of the proposed FeIII-hydroperoxo were not able to be separated. Thus, the ΔH‡ and for 

8 are representative of two bonds forming and one potentially weak bond (the H-atom donor) 

breaking, which would result in a larger change in enthalpy. 

This previous work found that the FeIII-superoxo, with λmax = 409, 523, and 707 nm, 

converted to a proposed FeIII-hydroperoxo species with λmax = 696 nm. The FeIII-superoxo and 

hydroperoxo formed by 8 and O2, in contrast, have no lower energy transitions. DFT studies on 1 

indicated that the low-energy peak is primarily due to a sulfur to metal-superoxo charge transfer 

band. The lack of a comparable band in 3-superoxo and the higher energy UV/visible absorbances 

in general indicate that the corresponding metal-superoxo molecular orbitals are higher in energy. 
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2-superoxo complex was also found to be capable of abstracting hydrogen atoms from the solvent 

THF (BDE = 92 kcal/mol) based on the evidence of an observed kinetic isotope effect. No such 

effect was observed in 8, although a proposed hydroperoxo species is observed despite this. 

 Most notable is that 2-hydroperoxo converts to the previously discussed sulfenate 5 over 

the course of a few hours. Despite the similarity, no progression to the sulfenate 6 has been 

observed in any set of solvent conditions, with added H-atom donors, acid, or salts. This may be 

explained by what is observed in the UV/visible spectra. The lower energy peak is due to a charge 

transfer from the sulfur ligands into the metal and a superoxo or hydroperoxo antibonding orbital, 

and thus that the associated bonding orbital is correspondingly lower. Because of this, we can 

conclude that 3-superoxo and hydroperoxo have a more stable O–O bonding orbital than 2-

superoxo and 2-hydroperoxo, which would occur with a weaker Fe-O bond. This also agrees with 

the previous comparison of ligand binding to 2 and 3 where it was concluded that the FeV-oxo 

formed by 3 was less stable than that of 2. 
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3.3.9.  Density Functional Theory Calculations 

 Theoretical calculations were performed to gain a greater understanding of the processes 

occurring during the reaction of 8 and O2. Geometry optimizations were performed on S = 1/2 

structures of the proposed superoxo formed by the reaction of 8 and O2 and the subsequent 

hydroperoxo complex, and TD-DFT methods were used to calculate electronic absorption spectra 

for those structures. Interestingly, the geometry optimized structure of the superoxo complex 

converged on a structure which did not have a free O2
•-, but rather a Fe–O–O–S bridged structure 

very much like the structure invoked in the catalytic cycle of CDO. This bridged structure was 

calculated to have an intense absorption band at 518 nm, similar to that previously observed in the 

electronic absorption spectrum of the reaction between 8 and O2. This band is primarily attributed 

a superoxo O-dxy(FeIII) π* → N=C π* charge transfer and secondarily to a dxz(FeIII) → dz2(FeIII)-

ligand σ* charge transfer. This structure is also calculated to have a less intense band at 437 nm, 

Figure 3-20. TD-DFT calculated electronic absorption spectrum of a bridged Fe–

O–O–S complex generated from 8 and O2, including natural transition orbitals 

(NTOs) describing the major contribution to each state. 
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due to a dyz(FeIII) → N=C π* charge transfer and secondarily to a superoxo O-dyz(FeIII) π* → dx2-

y2(FeIII)-ligand σ* charge transfer (Figure 3-20). 

 TD-DFT methods were also used to calculate the electronic absorption spectrum for the 

structure of a geometry optimized hydroperoxo complex 3-hydroperoxo. This complex orients 

the hydrogen atom of the hydroperoxide moiety towards the cis sulfur, indicative of hydrogen 

bonding interactions occurring. This structure was calculated to have a very similar electronic 

absorption spectrum to the bridged Fe–O–O–S complex, with its most intense transition occurring 

at 499 nm, and two less intense transitions at 403 and 452 nm. The most intense band is primarily 

due to a sulfur → dxz(FeIII)-OOH π* charge transfer, with additional contributions from dyz(FeIII) 

→ dx2-y2(FeIII)-ligand σ* charge transfers. The lower intensity bands are due to differing 

contributions from the same transitions, with the 403 band arising from primarily the sulfur → 

dxz(FeIII)-hydroperoxo O π* transition and the 452 band arising primarily from the hydroperoxo 

Figure 3-21. TD-DFT calculated electronic absorption spectrum of 

[FeIIIS2
Me2N3(Et,Pr))(OOH)] (3-hydroperoxo), including natural transition orbitals 

(NTOs) describing the major contribution to each state. 
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π* → dxz(FeIII)-OOH π* transition (Figure 3-21). Due to the similarities between the two 

calculated spectra for both the bridged Fe–O–O–S structure and the FeIII-hydroperoxo and both of 

their similarities to the observed product of the reaction, there is unfortunately not enough to rule 

out either structure as a possibility.  

 By removing the hydrogen atom of the geometry optimized FeIII-hydroperoxo, TD-DFT 

calculations were performed on the corresponding FeIII-superoxo complex. Similarly to both the 

bridged Fe–O–O–S complex and the FeIII-hydroperoxo, it was calculated to have an intense 

absorbance at 541 nm, but it additionally has a series of moderately intense absorbances at 501 

nm, adding up to an absorbance band with similar height to the most intense transition. The 541 

band is primarily due to a sulfur → dxz(FeIII)-superoxo π transition, with additional contributions 

from a sulfur-dxz(FeIII)-superoxo σ → dxz(FeIII)-OO π transition. The higher energy bands are due 

Figure 3-22. TD-DFT calculated electronic absorption spectrum of the superoxo 

[FeIIIS2
Me2N3(Et,Pr))(OO)], including natural transition orbitals (NTOs) describing 

the major contribution to each state. 
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in large part to a dyz(FeIII) → dz2(FeIII)-ligand σ* transition, with smaller contributions from the 

previously described transitions. It additionally has a lower energy absorbance band at 990 nm, 

due almost entirely to the sulfur → dxz(FeIII)-OO π transition (Figure 3-22). Like the two 

previously described structures, the calculated spectrum reproduces the spectrum tentatively 

assigned as a hydroperoxo species, but the presence of a secondary absorbance band of similar 

intensity means it more closely reproduces the spectrum tentatively assigned as a superoxo species, 

albeit with lower energy absorbances. Also notable is the 8’s lack of absorbance bands in the 600-

800 nm region like those observed in the less constrained ligand system 1-superoxo or 1-

hydroperoxo are reproduced by theoretical calculations. 

3.4.  Summary and Conclusions 

 Constraining the flexibility of a ligand is again shown to have a dramatic effect on the 

reactivity of a complex. While we cannot make direct comparisons between the thermodynamic 

parameters of 1 and 8 due to 8’s greatly higher kinetic parameters, it has been shown that limiting 

the degrees of freedom of a complex has a large effect on the entropic contribution to the free 

energy of a reaction. The rates of dioxygen binding to the complex were examined and found to 

be much higher than the corresponding reaction in the more constrained system, to the point where 

it is able to also perform a potential hydrogen atom abstraction within the same time period. To 

investigate the HAT activity of 8, reactions were performed in a variety of solvents with varying 

concentrations of H-atom donors. No rate change was observed with increasing concentration, 

although this is not conclusive evidence of HAT not occurring due to potential HAT from the 

solvent or from the ligand backbone. Kinetic isotope studies were performed to attempt to resolve 

this but showed no change in rate. This could be due to a variety of factors, including that a possible 

hydrogen atom transfer step is after the rate determining step, and thus not observable by these 
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means. Despite the much faster pace of these reactions, 8 does not complete the same reactive 

pathway as 1 and end at the previously described sulfenate, instead slowly decaying as a proposed 

hydroperoxo or a peroxo-bridged Fe–O–O–S complex. The exact cause of this remains to be 

determined by further studies. Density functional theory calculations were used to study the 

potential products of the reaction, finding that both a hydroperoxo species or a peroxo bridged Fe–

O–O–S complex both reproduce the observed electronic absorption spectrum. 
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Chapter 4.  Characterization of an Asymmetric Complex Bound with a 

Thiolate and an Alkoxide 

4.1.  Introduction 

 Non-heme iron enzymes that bind dioxygen such as CDO and IPNS perform difficult 

chemical transformations by using the chemical energy stored in dioxygen bonds. A frequently 

occurring residue pattern that supports this is the 2-histidine-1-carboxylate facial triad family, 

which allows an FeII to bind dioxygen and a substrate in close proximity and perform a variety of 

different reactions. Enzymes which activate dioxygen often contain a cysteine in the coordination 

sphere, which help to lower the activation barrier of O2 and to stabilize the generated FeIII-superoxo 

intermediate.1–3 The high covalency of this bond and the nephelauxetic (cloud-expanding) effect 

of sulfur’s orbitals lowers the metal’s reduction potential.4,5 Being able to delocalize electron 

density off of the metal due to this highly covalent bond favors lower spin states.6 These effects 

from incorporating a thiolate coordinated to the metal center have been shown by computational 

studies to lower the energy required to bind oxygen by 26 kcal/mol versus a complex with another 

nitrogen atom bound to the metal center.7 In heme systems, the role of a thiolate is better 

characterized, with studies finding that the thiolate incorporated trans to the binding site of 

dioxygen helps to strengthen the Fe–O bond through stabilization of a low spin-state in the iron 

center, and that the trans effect of the sulfur atom helps to promote cleavage of the O–O bond 

rather than the Fe–O bond.8–10 In contrast, studies in non-heme iron systems found that the same 

effect helped to weaken the Fe–O bond and left the O–O bond unperturbed.2,11,12 

 The role of sulfur in non-heme iron enzymes is not always directly modeled, with very few 

studies modifying the ligand at the site of the thiolate to determine its role in the activation of 

dioxygen. A previous study in the Kovacs group is one of the few, investigating how changing the 
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thiolate for an alkoxide or an amine affects the properties of the complex. Using the tris(2-

aminoethyl)amine based ligand [FeII(SMe2N4(tren))]+ as a basis for one series and the 1,4,8,11-

tetraazacyclotetradecane based [FeII(cyclam-PrS)]+ as the basis for another, two series of 

complexes were made (Figure 4-1). With a thiolate incorporated, the metal ion Lewis acidity was 

lower than with alkoxide or an amine, which helps to maintain an open coordination site. Changing 

a thiolate for an alkoxide also shifted the reduction potential of these complexes cathodically, 

stabilizing the iron in the +3 oxidation state but still allowing easy access the +2 oxidation state. 

The two series are also notable structurally, as the [FeII(SMe2N4(tren))]+ has the open sixth 

coordination site located cis to the thiolate, where the [FeII(cyclam-PrS)]+ series has the sixth 

coordination site trans to the thiolate. The thiolate-ligated complexes demonstrate a strong trans 

effect, which further helps maintain an open coordination site.13  

The reactivity of these series of complexes with dioxygen has been studied. 

[FeII(SMe2N4(tren))]+ reacts readily with O2, reversibly forming an FeIII-superoxo before reacting 

with another equivalent of FeII to form a peroxo-bridged dimer. This dimer then homolytically 

cleaves its O–O bond to form two FeIV-oxo complexes which are capable of abstracting hydrogen 

atoms from methanol. This generates an FeIII-hydroxo complex which reacts with another complex 

in solution to produce one water molecule and an oxo-bridged FeIII dimer.14 DFT studies on these 

Figure 4-1. Schematic drawings of [FeII(SMe2N4(tren))]+ (left)46 and [FeII(cyclam-

PrS)]+ (right).13 
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complexes demonstrated the influence of the cis thiolate on the oxo species, namely that it helps 

to stabilize a low-spin iron center.15 Stopped-flow studies helped to characterize the kinetics and 

thermodynamics of dioxygen binding to the metal center. The reaction proceeds extremely quickly, 

with a very low barrier to O2 binding (ΔH⧧ = 34 kJ mol–1, Ea = 36 kJ mol–1), similar to IPNS.14 

Studies using nitric oxide as a stable analogue to an FeIII-superoxo complex were able to 

structurally and electronically characterize the nature of the iron-ligand interactions, finding that 

the cis sulfur helped to activate the N–O bond.4 A low-spin FeIII-hydroperoxo adduct was also 

studied, with EXAFS experiments finding a short Fe–O bond and an O–O bond stretch lower than 

normal, indicating a weakened O–O bond.16 No studies with an alkoxide replacing the thiolate 

were reported with an iron center, however, studies with the related complex [MnII(SMe2N4(6-Me-

DPEN))]+ and [MnII(OMe2N4(6-Me-DPEN))]+ were performed, finding via vibrational 

spectroscopy and theoretical calculations that a coordinated alkylperoxo ligand was significantly 

stabilized with a cis alkoxide versus a cis thiolate.17,18  

The reactivity of the [FeII(cyclam-PrS)]+ with dioxygen was also studied. Using superoxide 

and an external proton source, [FeII(cyclam-PrS)]+ generates a high-spin FeIII-hydroperoxo 

complex with the hydroperoxo putatively trans to the thiolate. Vibrational data and theoretical 

studies indicated that the Fe-O bond was significantly destabilized upon the introduction of a trans 

thiolate versus an amine or an alkoxide.19 The alkoxide analogue [FeII(cyclam-PrO)]+ was found 

to not have a strong affinity to bind a sixth ligand, although whether this was due to steric or 

electronic effects could not be determined.13 To further investigate the role of the thiolate in 

dioxygen activation, the NO derivative was produced, surprisingly showing binding cis to the 

thiolate ligand.20 Theoretical studies to elucidate the binding mode of a superoxide on a cis or trans 

ligated were inconclusive.21 
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The bis-thiolate ligated complex FeII(S2
Me2N2NH(Pr,Pr)) (1) has also been the subject of 

various studies to characterize how it interacts with dioxygen. Notable for 1 versus the previously 

discussed [FeII(SMe2N4(tren))]+ and [FeII(cyclam-PrS)]+ are its two thiolate ligands, necessitating 

exogenous ligands to bind to its open site both cis and trans to a thiolate. Studies binding nitric 

oxide to the oxidized complex 2 found a linear NO moiety with π-back-donation into the iron. This 

lengthens the mean Fe-S distance and helps to elongate the N–O bond.22 The trans thiolate was 

shown to have a role in labilizing the ligand in the sixth coordination site, allowing reversible 

binding of possible substrates.23–26 1 experiences a blue shift in the thiolate-to-metal charge transfer 

band in protic solvents, and theoretical calculations show that this is a result of hydrogen bonding 

to one of the thiolate ligands (Figure 4-2). This is also observed in the spectrum of its FeIII-

superoxo, where absorption peaks are shifted to higher energy in protic solvents.21 Through 

hydrogen bonding, the strength of the Fe-S interaction is diminished, affecting the kinetics and 

thermodynamics of the reaction significantly.  

 

Figure 4-2. Left: Electronic absorption spectrum of FeIII-superoxo 2-superoxo (0.25 mM) in THF 

vs MeOH. Right: Influence of H-bonds on the energy of the 𝛑-symmetry sulfur orbitals and the 

stabilization of the resulting FeIII-SR (purple) versus H-bonded FeIII-SR bonds (red). Reproduced 

from “Kinetic Insights into Dioxygen Activation by Biomimetic Thiolate-Ligated Iron 

Complexes”, Greiner, M. B. 
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4.2.  Experimental 

General Methods 

All reactions were performed under an atmosphere of nitrogen in a glovebox or using 

standard Schlenk techniques unless otherwise indicated. Reagents purchased from commercial 

vendors were of the highest purity available and used without further purification. Pentane, 

toluene, diethyl ether (Et2O), tetrahydrofuran (THF), acetonitrile (MeCN), and dichloromethane 

(DCM) were rigorously degassed and purified using solvent purification columns housed in a 

custom stainless-steel cabinet, dispensed a stainless steel Schlenk line (GlassContour). Methanol 

was distilled from magnesium turnings and iodine and degassed prior to use. 3-mercapto-3-methyl-

2-butanone was synthesized according to literature precedent.27  

1H-NMR spectra were recorded on a Bruker AV-300, AV-301, or AV-500 FT-NMR 

spectrometer. Chemical shifts are reported in ppm and coupling constants (J) in Hz. Electrospray 

ionization mass spectrometry (ESI-MS) was performed on a Bruker Esquire LC-Ion Trap. Low-

temperature electronic absorption spectra were recorded using a Varian Cary 50 or Agilent Cary 

60 spectrophotometer equipped with either a fiber optic cable connected to a “dip” attenuated total 

reflection probe (C-technologies), with a custom built two-necked solution sample holder 

equipped with a threaded glass connector (sized to fit the dip probe) and purged with argon, or a 

UNISOKU CoolSpek USP-203 cryostat. 

Calculations were performed using the ORCA v. 4.2.1 quantum chemistry package 

developed by Neese and coworkers,28,29 and employed the polarized triple-zeta basis set def2-

TZVP, the def2/J auxiliary basis set for Coulomb fitting, and the atom-pairwise dispersion 

correction of Grimme (D3BJ).30 Tight convergence criteria were required for self-consistent field 

(SCF) solutions. The Grid4 (GridX4) integration grid size was used for geometry optimizations. 
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Calculations were performed using the B3LYP or the CAM-B3LYP functional, with the resolution 

of identity (RI) chain-of-spheres (RIJCOSX) approximation and initiated from the crystallographic 

coordinates when available.31,32 Analytical frequency calculations were performed on all optimized 

structures to determine whether the obtained stationary points corresponded to local minima. 

Chemcraft was used to visualize the calculated EAS spectra.33 Excited states from TD-DFT were 

analyzed by using natural transition orbtials (NTOs) and by visualizing their difference densities 

between the ground and excited states. Canonical molecular orbital isosurfaces and natural 

transition orbitals in the TD-DFT calculations were visualized at an isovalue of 0.05 a03 using 

UCSF ChimeraX.34 

Synthesis of 3-[3-(3-aminopropylamino)propylimino]-2-methyl-2-butanol 

Bis(3-aminopropyl)amine (10.92 g, 83.2 mmol) was added to 20 mL MeOH in a round 

bottom flask. 3-hydroxy-3-methyl-2-butanone (4.25 g, 41.6 mmol) was added to 20 mL MeOH. 

The 3-hydroxy-3-methyl-2-butanone solution was added via addition funnel over the course of 2 

hours, and the solution was heated to 50 °C overnight. The methanol was removed in vacuo and 

the crude reaction mixture was then fractionally distilled at 210 °C to afford 3-[3-(3-

aminopropylamino)propylimino]-2-methyl-2-butanol as a pale yellow oil (4.6 g, 21.3 mmol, 

51.3%). 1H-NMR (300 MHz, CDCl3): δ = 3.34 (t, 2H, J = 6.6 Hz), 2.27 (t, 2H, J = 6.5 Hz), 2.68 

(tt, 4H, J = 7.0, 6.5 Hz), 1.86 (s, 3H), 1.63 (tt, 4H, J = 7.0, 6.5 Hz), 1.29 (s, 6H), 1.18 (s, 3H).  

Synthesis of FeII(SMe2,OMe2N2NH(Pr,Pr)) (9) 

Sodium methoxide (0.452 g, 8.36 mmol) was added to 5 mL MeOH in a 20 mL scintillation 

vial with a stir bar. 3-[3-(3-aminopropylamino)propylimino]-2-methyl-2-butanol (1.000 g, 4.64 

mmol) was added to 5 mL MeOH in a 20 mL scintillation vial, and added to the sodium methoxide 

solution dropwise with stirring. Iron dichloride (0.530 g, 4.18 mmol) was added to 5 mL MeOH, 
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stirred to dissolve, and was added to the sodium methoxide solution with stirring, producing a 

cloudy green solution. 3-mercapto-3-methyl-2-butanone (0.494 g, 4.18 mmol) was dissolved in 5 

mL MeOH in a 20 mL scintillation vial and added dropwise to the iron solution with stirring. The 

green solution was allowed to stir for 12 hours, then transferred to a 50 mL Schlenk flask and the 

solvent was removed by vacuum. The crude product was redissolved in MeCN, filtered to remove 

sodium chloride, and the solvent was removed again by vacuum. The crude product was washed 

with minimal diethyl ether, then dissolved in a minimum of DCM and layered with pentane. The 

solution was allowed to mix for approximately 72 hours in a -35 °C freezer, affording green 

crystals (0.694 g, 1.88 mmol, 45%). Electronic absorption (THF) λmax (ε, M-1cm-1) = 319 (960) 

nm, 420 (520) nm.  

Synthesis of [FeIII(SMe2,OMe2N2NH(Pr,Pr))][PF6] (10) 

Sodium methoxide (0.452 g, 8.36 mmol) was added to 5 mL MeOH in a 50 mL Schlenk 

flask with a stir bar. 3-[3-(3-aminopropylamino)propylimino]-2-methyl-2-butanol (1.000 g, 4.64 

mmol) was added to 5 mL MeOH in a 20 mL scintillation vial, and added to the sodium methoxide 

solution dropwise with stirring. Iron dichloride (0.530 g, 4.18 mmol) was added to 5 mL MeOH, 

stirred to dissolve, and was added to the sodium methoxide solution with stirring, producing a 

cloudy green solution. 3-mercapto-3-methyl-2-butanone (0.494 g, 4.18 mmol) was dissolved in 5 

mL MeOH in a 20 mL scintillation vial and added dropwise to the iron solution with stirring. 

Ferrocenium hexafluorophosphate (1.535 g, 4.64 mmol) was added to 10 mL MeOH and the 

solution was added to the Schlenk flask. The dark brown solution was allowed to stir for 12 hours 

and the solvent was removed by vacuum. The crude product was redissolved in MeCN, filtered to 

remove sodium chloride, and the solvent was removed again by vacuum. The crude product was 

washed with diethyl ether, and subsequently dissolved in a minimum of DCM and layered with 
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pentane. The solution was allowed to mix for approximately 72 hours in a -35 °C freezer, affording 

brown crystals (0.520 g, 1.01 mmol, 24.3%). Electronic absorption (THF) λmax (ε, M-1cm-1) = 414 

(1300) nm.  

Formation of an intermediate via the addition of O2 to 9. 

 A 0.250 mM solution of 9 was prepared in 4 mL of THF under an inert atmosphere in a 

drybox. The solution was placed in a modified 1 cm pathlength quartz air-free cuvette with a screw 

top equipped with a rubber septum. Measurements were performed using an UNISOKU USP-203-

B cryostat and monitored with a Agilent Cary 60 spectrophotometer at -40 °C. A flask with a rubber 

septum was purged with dry O2 from a cylinder for 15 or more minutes, and 5 mL of gas was drawn 

into a gastight syringe. The gas was injected with a long needle to the bottom of the cuvette inside 

the cryostat, and the resulting change was monitored by UV/visible spectroscopy. 

Formation of an intermediate via the addition of IBX-ester to 10. 

 A 0.500 mM solution of 10 was prepared in 4 mL of THF under an inert atmosphere in a 

drybox. The solution was transferred via gas-tight syringe to a custom two-neck vial equipped with 

a septum cap and a threaded dip-probe feed-through adaptor that had been purged with argon and 

contained a stir bar. The solution was cooled to -73 °C in an isopropanol/dry ice bath and a solution 

of 10 equivalents (250 μL of an 80 mM solution in THF) of IBX-ester was added, and the resulting 

change in absorbance was monitored by UV/visible spectroscopy. 

Evans Method of [FeIII(SMe2,OMe2N2NH(Pr,Pr))][PF6] (10) 

1H-NMR spectra were recorded on Bruker AV 301 FT-NMR spectrometers and are referenced to 

residual protio-solvent. Chemical shifts are reported in ppm. The magnetic moment of 1 was 

determined to be μeff = 4.69 B.M (MeOH), and μeff =4.08 B.M. (THF) using the Evans method. 
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X-ray crystallographic structure determination 

A green needle of FeII(SMe2,OMe2N2NH(Pr,Pr)) (9), measuring 0.02 x 0.03 x 0.15 mm3 was 

mounted on a loop with oil. Data was collected at -173oC on a Nonius Kappa CCD FR590 single 

crystal X-ray diffractometer, Mo-radiation. Crystal-to-detector distance was 40 mm and exposure 

time was 90 seconds per degree for all sets. The scan width was 1o. Data collection was 100% 

complete to 25o in . A total of 6287 merged reflections were collected covering the indices, 

0<=h<=10, 0<=k<=24, -24<=l<=24. 3355 reflections were symmetry independent and the Rint = 

0.1669 indicated that the data was worse than average quality (average quality 0.07). Indexing and 

unit cell refinement indicated a triclinic lattice. The space group was found to be Pbca (No.61).  

A red needle of [FeIII(SMe2,OMe2N2NH(Pr,Pr))][PF6] (10), measuring 0.03 x 0.04 x 0.24 

mm3 was mounted on a loop with oil. Data was collected at -173oC on a Nonius Kappa CCD 

FR590 single crystal X-ray diffractometer, Mo-radiation. Crystal-to-detector distance was 40 mm 

and exposure time was 90 seconds per degree for all sets. The scan width was 1o. Data collection 

was 99.9% complete to 25o in . A total of 8954 merged reflections were collected covering the 

indices, -16<=h<=16, -15<=k<=15, -18<=l<=18. 4628 reflections were symmetry independent 

and the Rint = 0.1382 indicated that the data was of worse than average quality (average quality 

0.07). Indexing and unit cell refinement indicated a triclinic lattice. The space group was found to 

be P 21/c (No.14).  

The data was integrated and scaled using SAINT, SADABS within the APEX2 software 

package by Bruker.35 Solution by direct methods (SHELXT36 or SIR9737,38) produced a complete 

heavy atom phasing model consistent with the proposed structure. The structure was completed by 

difference Fourier synthesis with SHELXL.39 Scattering factors are from Waasmaier and Kirfel40. 

Hydrogen atoms were placed in geometrically idealised positions and constrained to ride on their 
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parent atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal 

parameters Ueq were fixed such that they were 1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq 

of their parent atom Ueq in case of methyl groups. All non-hydrogen atoms were refined 

anisotropically by full-matrix least-squares. Structures were visualized using ORTEP-III and POV-

Ray programs.41,42 

Table 4-1. Crystal data, intensity collectionsa, and structure refinement parameters 

for FeII(SMe2,OMe2N2NH(Pr,Pr)) (9) and [FeIII(SMe2,OMe2N2NH(Pr,Pr))](PF6) (10). 

 9 10 

Formula C16 H31 Fe N3 O0.84 S1.16 C16 H31 F6 Fe N3 O0.80 P S1.20 

Molecular 

Weight 

371.97 517.54 

Temperature (K) 100(2) 100(2) 

Crystal System Orthorhombic Monoclinic 

Space Group Pbca P21/c 

a, (Å) 9.207(5) 13.0383(9) 

b, (Å) 20.195(10) 12.0531(8) 

c, (Å) 20.468(10) 14.7542(13) 

α, (°) 90 90 

β, (°) 90 101.923(3) 

γ, (°) 90 90 

V (Å3) 3806(3) 2268.6(3) 

Z 8 4 

R1 0.0485 0.0556 

Rw 0.0674 0.0900 

GooF 0.0803 0.998 

a Mo Ko(,-) ( = 0.71070 Å) radiation; graphite monochromator; -90 ºC. b R =  ||Fo| - |Fc|| /  

|Fo|. cRw = [w(|Fo|-|Fc|)2/wFo
2]1/2, where w-1 = [2

count + (0.05 F2)2]/4F2. 
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4.3.  Results and Discussion 

4.3.1.  Making an asymmetric ligand system 

 To develop a platform where the influence of a trans versus a cis thiolate could be 

elucidated, the mixed thiolate/alkoxide ligand FeII(SMe2,OMe2N2NH(Pr,Pr)) (9, Scheme 4-1) 

complex was developed. Extensive previous work established a synthetic procedure to create 1 

and 3 by performing a metal-templated Schiff base condensation.23,25,26,43 This procedure involves 

reacting 3-mercapto-3-methyl-2-butanone with either bis(3-aminopropyl)amine or N-(2-

aminoethyl)-1,3-propanediamine to form a long chain with thiolates at each end before subsequent 

addition to an iron (II) or (III) salt. This process creates a symmetric complex, as both ends of the 

amine backbone are open for a condensation reaction to occur and there is no kinetic or 

thermodynamic preference for reacting with one end of the amine over the other. This presents a 

problem for creating an asymmetric ligand, as the amines are also far enough apart where addition 

at one end of the molecule does not affect the rate of addition at the other end. This presents an 

issue for protecting one end of the amine to prevent further reaction, as reaction conditions which 

protect one end of the amine will be able to protect both ends of the amine.  

Scheme 4-1. Synthetic scheme for the production of FeII(SMe2,OMe2N2NH(Pr,Pr)) 

(9). 
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 An attempt was made to produce 9 by sequential addition of one equivalent of 3-mercapto-

3-methyl-2-butanone and one equivalent of 3-hydroxy-3-methyl-2-butanone to a dilute solution of 

a bis(3-aminopropyl)amine and iron, however, mass spectrometry of the solution showed that this 

results in a statistical mixture of the bis-thiolate, bis-alkoxide, and the desired mixed 

alkoxide/thiolate complex. Several attempts were made at reacting one equivalent of amine with 

one equivalent of a protecting group such as a tert-butyl carbamate and chromatographically 

separating the desired singly condensed ligand from the doubly condensed and uncondensed 

amine, but the long chain and polar amine made this infeasible. To successfully produce a singly 

condensed amine, 3-hydroxy-3-methyl-2-butanone was added dropwise to a dilute solution of 

excess bis(3-aminoethyl)amine. After the reaction was completed, the excess amine was distilled 

away, leaving primarily the singly condensed ligand with a small amount of doubly condensed 

impurity. This singly condensed ligand can then be reacted with iron (II) chloride and 3-mercapto-

3-methyl-2-butanone to produce the desired complex. It can be crystallized by layering a DCM 

solution with pentane to produce X-ray quality crystals. The reduced complex 9 can then be 

oxidized with ferrocenium hexafluorophosphate to produce [FeIII(SMe2,OMe2N2NH(Pr,Pr))][PF6] 

(10, Figure 4-3). Examination of the electronic structure of 9 shows an absorbance with λmax = 

415 nm. Oxidation to 10 does not greatly affect the electronic absorption spectrum, with a more 

intense peak at λmax = 415 nm, a shoulder at 550 nm and a weak and broad transition at 800 nm. 

The oxidized complex 10 was found to have μeff = 1.99 at room temperature, corresponding to S = 

1/2 (μeff = 1.73) via the Evans method. This is unusual for FeIII thiolate complexes, but is similar 

to what is observed with 2 and 3, which are S = 1/2 at low temperatures and a spin mixture at 

ambient temperature and S = 1/2 at room temperature respectively.23,26 
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Figure 4-3. Schematic drawings of FeII(SMe2,OMe2N2NH(Pr,Pr)) (9) (left) and 

[FeIII(SMe2,OMe2N2NH(Pr,Pr))]+ (10) (right). 

 Mass spectrometry experiments were performed on both 9 and 10 to determine the amount 

of bis-thiolate and bis-alkoxide species present, as well as to characterize how 9 interacts with 

dioxygen. Mass spectrometry of 10 found an M+ peak at 369 m/z, showng with a smaller peak at 

353 m/z, indicative of either a small amount of a bis-alkoxide impurity or a fragmentation losing 

the oxygen atom. There is initially only a small peak at 385 m/z, indicative of either a bis-thiolate 

impurity or the addition of one oxygen atom, but as the scan progresses, the 385 m/z peak grows 

steadily. Since the solution being injected into the spectrometer is homogenous, this could show 

the incorporation of an oxygen atom derived from O2, but whether it is a sulfenate species like that 

found in 2 or 3 cannot be determined from mass spectrometry experiments alone. The reduced 

complex 9 was similarly found to have an M+ peak at 369 m/z, along with a peak arising at 403 

m/z at M+32. This could indicate either an additional sulfur atom or two oxygen atoms, which 

both have a weight of 32 Da. This 403 m/z peak lowers in intensity as the solution ages with the 

concomitant increase in the intensity of the 385 m/z peak, implying that it is a result of 9 reacting 

with O2 to form a transient superoxo (or other O2-derived species) that proceeds to some product 

that incorporates an oxygen derived from O2. 
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4.3.2.  X-ray crystal structures of FeII(SMe2,OMe2N2NH(Pr,Pr)) and 

[FeIII(SMe2,OMe2N2NH(Pr,Pr))]+ 

 Crystallographic experiments were carried out to characterize 9 and 10 (Figure 4-4). Like 

the symmetric complexes, they are roughly trigonal bipyramidal and coordinatively unsaturated. 

The reduced complex 9 has a geometry index of τ = 0.689, which upon oxidation to 10 becomes 

0.806. When oxidized, the bonds to the metal center correspondingly shorten by approximately 

0.1 Å each (Table 4-2). The complexes crystallize with the sulfur and oxygen atoms disordered 

over both positions equally, indicating no preference for one configuration over another, and no 

preference for the thiolate or alkoxide being nearer to the N(2) amine proton. It is currently 

undetermined if this affects ligand binding to the open coordination site, as the symmetric 

complexes tend to bind ligands across the amine from its proton. The molecule also shows no 

preference for one enantiomer over another, with both complexes crystallizing in space groups 

with inversion centers, indicating a 1:1 ratio of both enantiomers. The two ends of the ligand 

exhibit very different bond lengths, as would be expected from a thiolate versus an alkoxide. In 9, 

Figure 4-4. ORTEP diagrams of FeII(SMe2,OMe2N2NH(Pr,Pr)) (9) (left) and 

[FeIII(SMe2,OMe2N2NH(Pr,Pr))]+ (10) (right). Thermal ellipsoids at the 50% 

probability level, counterions omitted for clarity. 
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the Fe–O bond is 1.975(5) Å and the Fe-S bond is 2.3332(16) Å, and when oxidized to 10 those 

lengths become 1.876(11) and 2.171(3) Å respectively. Upon oxidation, the ligand becomes 

slightly more constrained due to shortening bond lengths, and accordingly, the bond angles shift 

slightly. The most open O–Fe–N(2) angle closes somewhat, going from 133.0(2)° to 125.7(5)°, 

correspondingly opening the O–Fe–S angle from 117.9(2)° to 123.0(5)° and the N(2)–Fe–S angle 

from 109.6(11)° to 111.25(13)°.  

Table 4-2. Selected metrical parameters for FeII(S2
Me2N2NH(Pr,Pr)) (1), 

FeII(SMe2,OMe2N2NH(Pr,Pr)) (9), [FeIII(S2
Me2N2NH(Pr,Pr))](PF6) (2), and 

[FeIII(SMe2,OMe2N2NH(Pr,Pr))](PF6) (10). 

 
1 9 2 10 

Fe–S(1)/O(1) (Å) 2.3263(5) 1.975(5) 2.133(2) 1.876(11) 

Fe–S(2)/S(1) (Å) 2.3306(5) 2.3332(16) 2.161(2) 2.171(3) 

Fe–N(1) (Å) 2.1556(16) 2.177(4) 1.967(4) 2.052(4) 

Fe–N(2) (Å) 2.1656(16) 2.180(4) 2.049(4) 2.103(3) 

Fe–N(3) (Å) 2.1815(15) 2.156(4) 1.954(4) 2.051(4) 

N(1)–Fe(1)–N(3) (°) 172.81(6) 171.34(16) 178.1(2) 174.06(15) 

N(2)–Fe(1)–N(3) (°) 90.96(6) 85.66(16) 86.2(2) 84.56(14) 

N(1)–Fe(1)–N(2) (°) 83.80(6) 89.54(15) 94.2(2) 91.61(14) 

N(3)–Fe(1)–S(2)/S(1) (°) 105.16(4) 80.70(12) 86.4(1) 78.1(3) 

N(2)–Fe(1)–S(2)/S(1) (°) 107.79(4) 109.06(11) 106.5(1) 125.7(5) 

N(2)–Fe(1)–S(1)/O(1) (°) 125.70(4) 133.0(2) 86.7(1) 87.20(13) 

N(1)–Fe(1)–S(1)/O(1) (°) 97.68(5) 77.9(2) 132.3(1) 111.25(13) 

S(2)/S(1)–Fe(1)–

S(1)/O(1) (°) 

126.17(2) 117.9(2) 121.0(1) 123.0(5) 

τa 0.777 0.689 0.763 0.806 

a5-coordinate geometry index, τ = (β − α)/60. β is the largest bond angle observed, and α is the second largest bond 

angle. 
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4.3.3.  Comparisons with symmetric complexes 

 The exchange of a thiolate for an alkoxide has large effects on the structure and properties 

of the complex. Foremost, the smaller oxygen atom leads to smaller Fe–O bonds than Fe–S bonds, 

1.975(5) Å versus 2.3263(5) Å in the reduced complex and 1.876(11) Å and 2.133(2) Å (Table 

4-2) in the oxidized complex. For the most part, the rest of the bond lengths involving the metal 

center stay largely unchanged. This single shorter bond length causes the ligand to be more 

constrained, affecting the bond angles of the complexes and the geometry indices. The mixed 

alkoxide/thiolate complex has a geometry index of τ = 0.689 in its reduced form 9 and τ = 0.806 

in its oxidized form 10, changed from τ = 0.777 and τ = 0.763 for 1 and 2 respectively. In the 

reduced complex, this change to a slightly more open complex is driven primarily by the shorter 

Fe–O bond, causing the O/S(1)–Fe–N(2) bond angle to open from 125.70(4)° in the bis-thiolate 

complex to 133.0(2)° in the mixed complex. This is accompanied by a contraction in the O/S(1)–

Fe–S(2) bond angle, from 126.17(2)° in the bis-thiolate to 117.9(2)°. The most dramatic change 

occurs unexpectedly in the N(3)–Fe–S bond angle, contracting from 105.16(4)° in the bis-thiolate 

complex to 80.70(12)° in the mixed complex. This shortening is driven by a rotation of carbon-

carbon bond linking N(3) and the sulfur which allows the sulfur to be more evenly spaced between 

the oxygen and N(2). This same effect may not be observed in the bis-thiolate complex because 

the longer Fe–S bonds allow both sulfurs in the equatorial plane the range of motion to relax 

equally. In the oxidized complex, the shorter Fe–O bond causes the complex to become more 

trigonal bipyramidal, counter to what is observed in the reduced complex. The O/S–Fe–N(2) angle 

widens from 106.5(1)° to 125.7(5)°, accompanied by a greater contraction in the S(2)–Fe–N(2) 

angle from 132.3(1)° to 111.25(13)°. This lowers the variance of the equatorial bond angles, 

reducing the difference between the largest and smallest angles from 25.8° to just 14.5°. 
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 Preliminary reactions were carried out with the mixed alkoxide/thiolate complex to 

determine whether it retained the same chemical properties as the bis-thiolate complex. The 

oxidized complex 10 was reacted with the oxo-atom donor IBX-ester at -73 °C to determine 

Figure 4-6. Electronic absorption spectrum of the reaction of 

[FeIII(SMe2,OMe2N2NH(Pr,Pr))]+ (10) with IBX-ester in THF at -70 °C. Scans are 3 

minutes apart. 

Figure 4-5. Electronic absorption spectrum of the reaction between 

FeIISMe2,OMe2N2NH(Pr,Pr)) (9) in THF at -40 °C. Scans are 1 minute apart. 
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whether a sulfenate complex could be formed, similar to complexes 2 and 3. Upon addition of 

excess IBX-ester, 10 immediately forms a species with λmax = 670 nm, with a second peak growing 

more slowly at λmax = 510 nm (Figure 4-6). This intermediate remains unchanged at low 

temperatures, and upon warming, both peaks decay to the baseline. No sulfenate was able to be 

isolated from this reaction, which could indicate that the complex is being decomposed by the 

addition of another oxygen atom. It could also be that the complex continues to react with the 

excess oxo-atom donor, and that multiple oxidations cause the complex to fall apart. The addition 

of dioxygen to the reduced 9 at -40°C results in the dramatic growth of a band in the region of 300 

nm, with shoulders at 390 and 520 nm, and a weak and broad absorbance at 750 nm (Figure 4-5). 

When warmed, this absorbance decays, with absorbances at 390 and 750 decaying faster than the 

520 band before the spectrum becomes featureless. While more experiments are necessary to 

determine the specifics of these reactions, they bear marked similarity to those of 1 and 2. Like 2, 

the oxidized complex 10 has an absorbance band at 415 nm, and like 2, addition of an oxo atom 

donor leads to the growth of a low-energy absorbance band at approximately 670 nm. However, 

unlike 2, the reaction of 10 and IBX-ester does not seem to proceed to a sulfenate, potentially 

indicating that the role of the second sulfur atom is to stabilize the transient FeV-oxo required for 

sulfenate formation. Like 1, the reaction between 9 and dioxygen leads to a transient species with 

a peak at 520 nm and a low energy band at 750 nm, but again unlike 1, the reaction between 9 and 

O2 does not seem to proceed to a sulfenate. Because a sulfenate necessarily requires binding the 

source of the oxygen atom cis to the sulfur atom, the sulfenate not being observed could also be 

due to a sixth ligand coordinating trans to the sulfur. 
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4.3.4.  Density Functional Theory calculations 

 To further characterize how removing a thiolate in favor of an alkoxide affects the 

electronic structure of 9 and 10, theoretical calculations were performed. Calculations were also 

performed to determine whether binding a substrate (in this case, dioxygen) was more favorable 

cis or trans to the sulfur atom. Calculations were performed on all possible spin states (S = 0, 1, or 

2 for 9 and S = 1/2, 3/2, and 5/2 for 10), and their structural parameters in addition to their 

calculated electronic absorption parameters were compared to empirical parameters. For 9, the 

spin state that best reproduced the empirical data was the S = 2 spin state. This high spin state is 

not unusual for five-coordinate ferrous complexes.23,44 For 10, the spin state which best reproduced 

observed data was the S = 1/2 state, which matches what was found with Evans method. 

 Time-dependent density functional theory (TD-DFT) calculations were performed to 

examine the transitions involved in the electronic absorption spectra of 9 and 10. The reduced 

complex 9 was calculated to have absorption maxima at 451 and 401 nm, similar to the 415 nm 

Figure 4-7. TD-DFT calculated electronic absorption spectrum of 

FeIISMe2,OMe2N2NH(Pr,Pr)) (9) . including natural transition orbitals (NTOs) 

describing the major contribution to each state. 
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band observed empirically. The lower energy band was calculated to be a dxz(FeII) → C=N π* 

transition, and the higher energy band a ligand-dx2-y2(FeII) σ* → C=N π* transition (Figure 4-7). 

In both cases, the C=N bond in question is the bond closest to the alkoxide, with the thiolate staying 

largely uninvolved. The oxidized complex 10 sees a much greater contribution from the thiolate, 

with the calculated lowest energy 685 nm band occurring due to a dyz(FeIII) → ligand-dz2(FeIII) σ* 

transition. The higher energy transitions at 470 and 449 nm are due to a thiolate S-dxz(FeIII) π → 

ligand-dz2(FeIII) σ* transition and a combination of a thiolate S-dxz(FeIII) π → thiolate S-dxz(FeIII) 

π* transition and a thiolate S-dyz(FeIII) σ → thiolate S-dz2(FeIII) σ* respectively (Figure 4-8). 

 Using the hybrid exchange-correlation functional with Coulomb attenuating method 

function CAM-B3LYP, calculations were performed on structures incorporating a superoxo moiety 

either cis or trans to the thiolate sulfur. The calculated energies for the cis and trans structures are 

somewhat close, favoring the trans structure by 12 kcal/mol. However, this energy is reflective 

Figure 4-8. TD-DFT calculated electronic absorption spectrum of 

[FeIIISMe2,OMe2N2NH(Pr,Pr))]+ (10) . including natural transition orbitals (NTOs) 

describing the major contribution to each state. 
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most of the number of atoms and the number of bonds. During geometry optimization of the cis 

superoxo structure, the N(2) amine of the ligand backbone drifts away from the iron center and 

breaks the Fe–N(2) bond. This is likely due to the high degree of backdonation from the thiolate 

which is trans to that nitrogen and the well-established trans effect of thiolates.45 While bond 

lengths cannot be compared to values obtained from a crystal structure of this complex, when 

compared to the similar 2-superoxo complex and the calculations performed on it, both the cis and 

trans structures match closely to previously computed values (Table 4-3). Fe–N, Fe–S/O, and Fe–

OO distances are comparable for all three calculated structures with the exception of the cis thiolate 

complex, which has long Fe–N(2) and Fe–OO bonds, likely due to the influence of a tightly bound 

thiolate, with a Fe–S bond of just 2.200 Å. 

Table 4-3. Comparison of empirical and calculated bond lengths of 

[FeIII(S2
Me2N2NH(Pr,Pr))]+ (2), FeIII(S2

Me2N2NH(Pr,Pr))(O2) (2-superoxo), and 

FeIII(SMe2,OMe2N2NH(Pr,Pr))(O2) (10) with the superoxo anion bound cis (cis-10-

superoxo) and trans (trans-10-superoxo). 

 

Bond 2  2-superoxo cis-10-superoxo trans-10-superoxo 

Fe–S/O(1)cis (Å) 2.133(2)  2.203 2.200 1.838 

Fe–S/O(2)trans (Å) 2.161(2)  2.256 1.894 2.288 

Fe–N(1) (Å) 1.967(4)  1.981 2.015 1.994 

Fe–N(2) (Å) 2.049(4)  2.111 2.434 2.102 

Fe–N(3) (Å) 1.954(4)  1.981 2.048 1.958 

Fe–O (Å) N/A  1.947 2.009 1.960 

O–O (Å) N/A  1.289 1.303 1.307 
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 Despite the cis thiolate structure’s dissimilarity to the other calculated structures, its 

calculated electronic absorbance spectrum is much closer to the observed 2-superoxo than the 

trans thiolate structure’s. The trans superoxo’s calculated electronic absorbance spectrum has a 

broad absorbance band in the 500-600 nm region caused by two strong absorbances at 494 and 

543 nm (Figure 4-9). These are caused by a ligand-dyz(FeIII)-superoxo nonbonding → dz2(FeIII)-

superoxo σ* transition and a dyz(FeIII)-superoxo σ → thiolate S-dz2(FeIII)-superoxo σ* transition 

respectively, with overall little contribution from the thiolate. In contrast, the cis thiolate structure’s 

calculated electronic absorption spectrum has absorbances at 726, 551, and 423 nm, similar to 2-

superoxo’s empirically observed 707, 523, and 409 nm and absorbance bands and the bands 

observed in the reaction between 9 and dioxygen (Figure 4-10). These bands are due to a thiolate 

S px → dxz(FeIII)-superoxo σ*, a thiolate S-dz2(FeIII) σ* → dxz(FeIII)-superoxo σ*, and an alkoxide 

O-dxz(FeIII)-superoxo π* → dyz(FeIII)-superoxo σ* transition respectively. 

Figure 4-9. TD-DFT calculated electronic absorption spectrum of a superoxo 

complex formed from 9 and O2 with the superoxo bound trans to the thiolate, 

including natural transition orbitals (NTOs) describing the major contribution to 

each state. 
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 The strong similarity of the cis thiolate’s electronic absorption spectrum to the observed 

spectrum of 2-superoxo would seem to imply that despite the broken Fe-N(2) bond, it would still 

be the likely isomer for the binding of a substrate. However, the trans thiolate’s calculated 

electronic absorption matches that of 3-superoxo somewhat closely. Examination of the lower 

energy bands in these systems reveals they are largely due to sulfur-to-metal charge transfer bands, 

and in the more constrained system or the system with fewer thiolates, the required orbital 

interactions may not be present. Further characterization would be required to state definitively 

whether a substrate binds cis or trans to the thiolate, with the most effective method likely being 

crystallization with a dioxygen mimic such as azide or nitric oxide. 

4.4.  Summary and Conclusions 

 Exchange of a thiolate for an alkoxide has been preliminarily shown to have an effect on 

the properties of 1 and 2, but not as strong an effect as might be expected. Primarily, the major 

Figure 4-10. TD-DFT calculated electronic absorption spectrum of a superoxo 

complex formed from 9 and O2 with the superoxo bound cis to the thiolate, 

including natural transition orbitals (NTOs) describing the major contribution to 

each state. 



167 

 

 

 

effect of the second sulfur atom seems to be the stabilization of the transient FeV-oxo intermediate 

required for formation of a sulfenate. Beyond the shortening of the Fe–O bond due to the smaller 

radius of an oxygen atom versus a sulfur atom, structural properties are more or less maintained, 

with the complexes remaining roughly trigonal bipyramidal. Complex 10 is still able to bind an 

oxo-atom donor and form an adduct species, although a sulfenate species resulting from this 

reaction is not observed. Complex 9 reacts with dioxygen to form a transient species with a similar 

absorbance profile to the reaction of 1 and dioxygen, but a sulfenate species originating from this 

reaction is also unobserved. Mass spectrometry of these complexes demonstrates that an oxygen 

atom can be incorporated to them via reaction with dioxygen, but whether it is a metal-centered 

transformation remains undetermined. Theoretical calculations suggest that the reduced complex 

in a high-spin state, and that the oxidized complex becomes low-spin. Calculations that were 

performed to determine the most probable mode of substrate binding to the mixed-

alkoxide/thiolate complex were inconclusive, with structural data suggesting that a substrate 

binding trans to a thiolate is preferred, and calculated spectra showing that binding a substrate cis 

to a thiolate better reproduces the empirical data. 
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Chapter 5.  Synthetic Heterometallic “Open” NaMn3O4 Cubane Clusters 

Containing an Exchangeable Exogenous Hydroxide Ligand 

5.1.  Introduction 

 The oxygen-evolving complex (OEC) is a heterometallic cubane cluster, MndangCaMn3O5, 

involved in photosynthetic water oxidation.1–7 The redox-inactive CaII ion is essential for catalytic 

activity, but its precise role in the catalysis of the OEC is presently unknown.8,9 The cubane core 

of the OEC is flexible, especially in the lower S1, S2, and S3 oxidation states of its catalytic cycle, 

and it forms both “open” and “closed” structures that are easily interconverted.1,6,7,10 It has been 

proposed that the interconversion between these two forms acts as a mechanism for gating access 

to higher Si states,2 and that it limits the availability of reactive sites. The “open” conformation is 

deemed open because central oxo atom O(5) is closer to the “dangling” manganese atom and one 

of the cubane core Mn–O distances is longer than a covalent bond, and the “closed” conformation 

is deemed as such because the O(5) atom is closer to the rest of the cubane (Figure 5-1).11 This 

longer distance in the “open” conformation may be because the oxo atom is protonated.3 For the 

S2 state, the OEC exists in a low- or high-spin form depending on whether it is in the “open” or 

Figure 5-1. Left: The Kok cycle and right: two proposed structures for “closed” 

(S2A) and “open” (S2B) conformations of the S2 state. 
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“closed” conformation respectively.10,12 The origin of this flexibility is currently not entirely 

understood, but it has been proposed to be due to Jahn-Teller effects.13  

 The exact mechanism of O–O bond formation by the oxygen-evolving complex is currently 

unknown. Many mechanisms of O–O bond formation have been proposed, but two leading 

mechanisms are the radical coupling mechanism wherein two MnIV-oxyl radicals couple to form 

a peroxo intermediate,14 and a nucleophilic attack mechanism where a CaII-OH nucleophically 

attacks MnV-oxo to form an O–O bond (Figure 5-2, left).15,16 The role of calcium within this 

process is currently unclear, but the O2 evolution of the complex has been shown to decrease when 

the CaII ion is replaced with SrII, and ceases entirely when it is replaced with BaII.7,17 This indicates 

that calcium is directly involved in the O2 evolution process, although whether it is involved 

directly in O–O bond formation or is present to modulate the electronic structure of the OEC is 

unclear.18 Computational studies have indicated that the mechanism of O–O bond formation 

proceeds through the radical coupling mechanism, specifically invoking first a hydroxide bridging 

between a cubane manganese and the calcium atom, and transformation of that hydroxide to an 

oxyl radical which can then form a bond with the bridging O(5) molecule (Figure 5-2, right).19–21 

These studies have found support from a variety of experimental evidence from direct observation 

of the OEC, including X-ray free-electron laser studies finding a short O•••O distance supporting 

Figure 5-2. Two proposed mechanisms of O–O bond formation. Left: the 

nucleophilic attack mechanism. Right: the radical coupling mechanism. 
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an oxyl mechanism;22 serial femtosecond X-ray crystallography and X-ray emission spectroscopy 

finding intricate structural rearrangement between the S2 and S0 states;23 and 17O electron-electron 

double resonance-detected NMR spectroscopy identified a bridging μ-oxo that exchanges on a 

timescale similar to the previously identified substrate.24 The radical coupling mechanism has been 

favored in theoretical studies due to the lower energetic barrier for O–O bond formation, however, 

there is no precedence in small-molecule manganese model chemistry for this mechanism,25 and 

limited evidence in materials chemistry.26–28 

 Model chemistry of the OEC commonly attempts to model both the structure and function 

of the OEC, however, the two groups rarely overlap. While many functional analogues were 

designed with the intention of also being structural analogues with the knowledge of the time, 

greater understanding of the OEC stemming from higher and higher quality crystallographic and 

electronic experiments means that very few, if any, could still be considered structural 

analogues.3,29,30 The enormous breadth of functional analogues prevents detailed discussion here, 

but there are several extensive reviews on the subject.31–33 Structural analogues which incorporate 

both manganese and calcium are also limited, and as such there is a dearth of fundamental studies 

on the role of calcium. The Agapie group’s Mn3CaO4 cubane complex was contrasted with an 

Figure 5-3. Structural analogues of the oxygen-evolving complex containing 

manganese and calcium atoms. Left to right: LMnIV
3CaO4(OAc)3(THF),34 

[MnIV
3Ca2O4(O2CtBu)8(tBuCO2H)4],36 and [Mn4CaO4(ButCO2)8 

(ButCO2H)2(py)]37 
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identically ligated Mn4O4 cubane to investigate possible effects of a redox-inactive ion in the 

cubane (Figure 5-3, left). It was found that the calcium ion allowed for the buildup of localized 

positive charges in the manganese ions, allowing reductions to occur at potentials more than 1 V 

more negative compared to the entirely manganese complex. Additionally, calcium’s lack of redox 

activity prevents the comproportionation of a high-valent and a low-valent manganese center, 

allowing higher oxidation states to be reached. Incorporation of a calcium ion also slightly lowers 

the average Mn•••Mn distances in the cubane.34 They have also been able to add a fifth metal center 

to this cluster through the addition of silver trifluoromethanesulfonate. This fifth metal was shown 

to increase the basicity of a nearby oxo atom via the desymmetrization of the cluster and through 

its coordination.35 The Christou group has reported a self-assembled Mn3Ca2O4 cubane with a 

dangling calcium atom, modeling the less symmetric OEC and allowing study of the magnetic 

properties of the cubane to be characterized, finding that it mimicked the S = 9/2 state of found in 

the S2 state of the OEC (Figure 5-3, center).36 The Zhao group has produced a self-assembled 

Mn4CaO4 complex, allowing the characterization of the “dangling” manganese ion’s contribution 

to the magnetic structure of the cubane core (Figure 5-3, right). It was found that this cluster 

reproduced the observed magnetic structure of the OEC in the S2 state with an S = 9/2 core 

antiferromagnetically coupled to an S = 2 “dangling” manganese. They also reported derivatives 

of this cubane with differing ligands coordinated to the calcium ion or dangling manganese, but 

they did not characterize how those ligands altered the properties of the cluster as a whole.37 
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5.2.  Experimental 

General Methods 

All manipulations were performed in a glovebox under an atmosphere of N2 unless 

otherwise noted. Reagents purchased from commercial vendors were of the highest purity 

available and used without further purification. Toluene, tetrahydrofuran, and diethyl ether were 

rigorously degassed and purified using solvent purification columns housed in a custom steel 

cabinet, dispensed via a stainless steel Schlenk-line (GlassContour). Methanol was distilled from 

magnesium methoxide and degassed prior to use. Pyridine was dried over NaOH and fractionally 

distilled and degassed prior to use. All solvents were additionally stored over molecular sieves for 

at least 24 hours prior to use.  

Synthesis of 1-(3,5-di-tert-butyl-2-hydroxyphenyl) ethanone (A) 

Titanium tetrachloride, TiCl4 (0.832 g, 4.4 mmol), was slowly added to 2,4-di-tert-

butylphenol (0.826 g, 4 mmol) in a Schlenk flask flushed with N2 at room temperature. TiCl4 acts 

as a Lewis acid for direct of ortho-acylation of 2,4-di-tert-butylphenol, according to a previously 

reported procedure.38 The resulting dark cherry-red mixture was stirred at r.t. for 15 minutes until 

gas evolution has stopped. Following this, acetyl chloride (0.235 g, 3 mmol) was added to the solid 

and the resulting thick dark-red solution was stirred at r.t. for 15 minutes. The reaction mixture 

was then brought up to 120 °C and left to stir at this temperature for an additional hour. The reaction 

mixture was then cooled to room temperature, diluted with 15 mL DCM and quenched with 15 mL 

DI H2O. A cloudy dark-orange solution was obtained which was extracted with 3 x 10 mL CH2Cl2. 

The organic layer was washed with 2 x 30 mL DI H2O, dried over Na2SO4 for 30 minutes, and 

concentrated under reduced pressure. 1H NMR (300 MHz, CDCl3): 12.99 (s, OH), 7.56 (s, Ar C-

H), 2.65 (s, CH3C(O)), 1.43 (s, tBu), 1.32 (s, tBu). 
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Synthesis of 2-acetyl-4,6-di-tert-butylphenyl acetate (B-Me) 

In a glovebox, a solution of A (2.48 g, 10.0 mmol) in 20 mL anhydrous THF was added 

dropwise to a rigorously stirred solution of insoluble NaH (0.264 g, 11.0 mmol) in 60 mL THF in 

a 250 mL round-bottom Schlenk flask. The resulting neon-yellow mixture was stirred at 25 ˚C for 

15 minutes until H2 gas evolution has stopped and no trace of unreacted NaH solid was observed. 

Then, acetyl chloride (0.71 mL, 10.0 mmol) was added to the reaction mixture and stirred for 12 

hours. The reaction mixture was removed from the glovebox and quenched with a mixture of ice 

(9 g) and 1N HCl (15 mL). The organic phase was extracted with 3 x 20 mL ethyl acetate, washed 

with 2 x 20 mL brine and 2 x 20 mL DI H2O. The organic layer was dried over NaSO4 for 30 

minutes, filtered, and concentrated under reduced pressure. The desired product was obtained as a 

white powder in 74% yield (2.22 g). 1H NMR (300 MHz, CDCl3): δ = 1.34 (s, 9H, tBu), 1.37 (s, 

9H, tBu), 2.34 (s, 3H, CH3), 2.53 (s, 3H, CH3), 7.57 (d, J = 2.4 Hz, 1H, ArH), 7.59 (d, J = 2.4 Hz 

1H, ArH).  

Synthesis of 1-(3,5-di-tert-butyl-2-hyroxyphenyl)butane-1,3-dione (C-Me). 

To a stirring solution of B-Me (1.00 g, 3.45 mmol) in 80 mL anhydrous THF, a solution of 

KOtBu (0.387 g, 3.45 mmol) in 20 mL THF was added in a glovebox. The reaction was stirred at 

ambient temperatures for 12 hours, after which time the pH was adjusted to pH= 3 using 3M HCl. 

The reaction mixture was then concentrated on rotary evaporator to give a brown oil, which was 

extracted with 100 mL DCM. The organic layer was washed with 2 x 100 mL 5% NaHCO3, 2 x 

100 mL DI H2O, and 2 x 100 mL brine, and then dried over Na2SO4, filtered, and concentrated on 

a rotary evaporator. The resulting oily residue was recrystallized and washed with cold hexanes to 

give a white powder in 47% yield (0.47 g). 1H NMR (300 MHz, CDCl3): δ = 1.31 (s, 9H, tBu), 
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1.43 (s, 9H, tBu), 1.79 (s, 3H, CH3), 2.91 (s, 2H, CH2), 7.57 (d, J = 2.6 Hz, 1H, ArH), 7.81 (d, J = 

2.6 Hz, 1H, ArH), 12,65 (s, 1H, ArOH).  

Synthesis of Mn(hydroxyphenyldiimine)(Cl) (11) 

To a stirred solution of C-Me (0.450 g, 1.54 mmol) in 20 mL diethyl ether in air was added 

a solution of ethylenediamine (0.046 g, 0.77 mmol) in 10 mL diethyl ether. The solution was 

allowed to stir for 12 hours and the solvent was removed in vacuo. 0.100 g of the white solid was 

dissolved in 15 mL MeOH, and a slurry of calcium hydroxide (0.012 g, 0.17 mmol) and manganese 

dichloride (0.021 g, 0.17 mmol) in 10 mL MeOH was added and allowed to stir for 12 hours. The 

dark greenish brown solution was then reduced to dryness via rotary evaporator, and crystals 

suitable for X-ray diffraction were grown via layering a saturated MeOH solution with diethyl 

ether and allowing the solution to mix over approximately 72 hours (0.047 g, 0.07 mmol, 40%).  

Synthesis of [(en)NaMn3O4(L3)(OH)] (12) 

To a stirred solution of 1-(3,5-di-tert-butyl-2-hydroxyphenyl)butane-1,3-dione (C-Me, 60 

mg, 0.207 mmol) and NaOMe (11 mg, 0.207 mmol) in 10 mL of MeOH was added dropwise a 

solution of MnCl2 (26 mg, 0.207 mmol) in 5 mL of MeOH (Scheme S2). The resulting yellow 

solution was stirred for an hour, after which time a solution of ethylenediamine (12.4 mg, 0.207 

mmol) in 1 mL of MeOH was added dropwise. The solution was allowed to stir overnight. The 

resulting golden yellow solution was reduced in volume to approximately 5 mL, and crystals 

suitable for X-ray diffraction were grown via vapor diffusion of the methanol solution and toluene. 

Yield: 42 mg (0.03 mmol, 49%). 

Synthesis of [(en)NaMn3O4(L3)(OMe)] (13)  

Ethylene diamine (0.082 g, 1.37 mmol) was added to C-Me (0.300 g, 1.03 mmol) in 10 

mL of anhydrous THF resulting in an immediate color change to bright yellow. After stirring for 
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one hour, NaOMe (0.054 g, 1.03 mmol) was added, and the reaction mixture was allowed to stir 

for additional 15 minutes, after which time MnSO4H2O (1.03 mmol, 0.169 g) was added. The 

reaction mixture was allowed to stir for 12 hours, and the resulting orange-red reaction mixture 

was filtered through a bed of celite, the solvent was pumped off under vacuum, and the resulting 

red powder was redissolved in a minimal amount of toluene. Crystals suitable for X-ray diffraction 

of 2 were grown by layering DCM on a toluene solution. 

Synthesis of [(py)NaMn3O4(L3)(OH)] (14) 

To a stirred solution of 1-(3,5-di-tert-butyl-2-hydroxyphenyl)butane-1,3-dione (C-Me, 60 mg, 

0.207 mmol) in 5 mL of diethyl ether was added a solution of ethylenediamine (12.4 mg, 0.207 

mmol) in 5 mL of diethyl ether and stirred overnight. The resulting yellow solution was evaporated 

to dryness, re-dissolved in 8 mL of THF, followed by the dropwise addition of a solution of 

NaN(TMS)2 (38 mg, 0.207 mmol) in THF. This solution was stirred for an hour and then 

evaporated to dryness. The resulting yellow solid was re-dissolved in 10 mL of pyridine, and a 

solution of MnCl2 (26 mg, 0.207 mmol) in 5 mL of pyridine was added. The reaction mixture was 

then allowed to stir overnight. The volume of the solution was reduced to approximately 3 mL, 

and crystals suitable for X-ray diffraction were grown via vapor diffusion of this solution and ether. 

Yield: 37 mg (0.029 mmol, 42%). 

X-ray crystallographic structure determination 

A brown needle of singly metalated complex 11, measuring 0.30 x 0.05 x 0.04 mm3 was 

mounted on a loop with oil. Data was collected at -173oC on a Bruker APEX II single crystal X-

ray diffractometer, Mo-radiation. Crystal-to-detector distance was 40 mm and exposure time was 

60 seconds per frame for all sets. The scan width was 0.5o. Data collection was 99.8% complete to 

25o in . A total of 15652 reflections were collected covering the indices, -44<=h<=44, -
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12<=k<=12, -31<=l<=31. 8076 reflections were symmetry independent and the Rint = 0.1589 

indicated that the data was of moderate quality (0.07). Indexing and unit cell refinement indicated 

a C-centered monoclinic lattice. The space group was found to be C 2/c (No.15).  

A gold prism of [(en)NaMn3O4(L3)(OH)] (12) measuring 0.08 x 0.11 x 0.12 mm3 was 

mounted on a loop with oil. Data was collected at -173 oC on a Bruker APEX II single crystal X-

ray diffractometer, with Mo-radiation. The crystal-to-detector distance was 40 mm and exposure 

time was 30 seconds per frame for all sets. The scan width was 0.5o. Data collection was 99.9% 

complete to 25o in . A total of 19494 reflections were collected covering the indices, -21 ≤ h ≤ 

21, -22 ≤ k ≤ 22, -22 ≤ l ≤ 22. 38916 reflections were symmetry independent and the Rint = 0.0920 

indicated that the data was of slightly worse than average quality (0.07). Indexing and unit cell 

refinement indicated a triclinic lattice. The space group was found to be P -1 (No.2).  

A gold prism of [(en)NaMn3O4(L3)(OMe)] (13) measuring 0.09 x 0.06 x 0.05 mm3 was 

mounted on a loop with oil. Data was collected at -173 oC on a Bruker APEX II single crystal X-

ray diffractometer, with Mo-radiation. The crystal-to-detector distance was 40 mm and exposure 

time was 30 seconds per frame for all sets. The scan width was 0.5o. Data collection was 100% 

complete to 25o in . A total of 89545 reflections were collected covering the indices, -18 ≤ h ≤ 

18, -20 ≤ k ≤ 20, -22 ≤ l ≤ 22. 18011 reflections were symmetry independent and the Rint = 0.1139 

indicated that the data was of somewhat worse than average quality (0.07). Indexing and unit cell 

refinement indicated a triclinic lattice. The space group was found to be P -1 (No.2). 

A gold prism of [(py)NaMn3O4(L3)(OH)] (14) measuring 0.13 x 0.06 x 0.06 mm3 was 

mounted on a loop with oil. Data was collected at -173 oC on a Bruker APEX II single crystal X-

ray diffractometer, with Mo-radiation. Crystal-to-detector distance was 40 mm and exposure time 

was 30 seconds per frame for all sets. The scan width was 0.5o. Data collection was 98.3% 
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complete to 25o in . A total of 25830 reflections were collected covering the indices, -20 ≤ h ≤ 

20, -18 ≤ k ≤ 20, -22 ≤ l ≤ 23. 14370 reflections were symmetry independent and the Rint = 0.0828 

indicated that the data was of about average quality (0.07). Indexing and unit cell refinement 

indicated a triclinic lattice. The space group was found to be P -1 (No.2).  

The data was integrated and scaled using SAINT, SADABS within the APEX2 software 

package by Bruker.39 Solution by direct methods (SHELXT40 or SIR9741,42) produced a complete 

heavy atom phasing model consistent with the proposed structure. The structure was completed by 

difference Fourier synthesis with SHELXL.43 Scattering factors are from Waasmaier and Kirfel44. 

Hydrogen atoms were placed in geometrically idealised positions and constrained to ride on their 

parent atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal 

parameters Ueq were fixed such that they were 1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq 

of their parent atom Ueq in case of methyl groups. All non-hydrogen atoms were refined 

anisotropically by full-matrix least-squares. Structures were visualized using ORTEP-III and POV-

Ray programs.45,46 

The asymmetric unit of all three cubane compounds consists of one complete molecule 

with additional solvent molecule(s), in the case of 13 and 14. In the case of 12, all solvent 

molecules were removed via SQUEEZE47–49, however, with 13 the crystal was of sufficient quality 

to resolve one toluene molecule, and with 14 the crystal was of sufficient quality to also resolve 

one disordered pyridine and one Et2O molecule. 
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Table 5-1. Crystal data, intensity collectionsa, and structure refinement parameters 

for Mn(hydroxyphenyldiimine)(Cl) (11), [(en)NaMn3O4(L3)(OH)] (12), 

[(en)NaMn3O4(L3)(OMe)] (13), and [(py)NaMn3O4(L3)(OH)] (14) 

 11 12 13 14 

Formula C40 H60 Cl5 Mn 

N2 O5 

C62 H99 Mn3 N8 

Na O7 

C70 H109 Mn3 N8 

Na O7 

C74 H111 Mn3 N8 

Na O8 

Molecular 

Weight 

881.09 1256.30 1362.46 1428.51 

Temperature 

(K) 

100(2) 100(2) 100(2) 100(2) 

Crystal System Monoclinic Triclinic Triclinic Triclinic 

Space Group C2/c P-1 P-1 P-1 

a, (Å) 37.583(6) 16.3953(18) 14.0391(16) 16.3457(17) 

b, (Å) 10.4011(17) 16.5727(17) 15.6116(18) 16.3492(17) 

c, (Å) 26.386(5) 16.7750(18) 17.2259(18) 18.7332(19) 

α, (°) 90 60.415(4) 80.111(3) 67.655(4) 

β, (°) 119.278(9) 80.346(5) 80.350(3) 64.312(4) 

γ, (°) 90 83.344(5) 81.918(4) 60.052(4) 

V (Å3) 8997(3) 3904.7(7) 3642.4(7) 3822.1(7) 

Z 8 2 2 2 

R1 0.0939 0.0619 0.05147 0.0595 

Rw 0.2373 0.1221 0.1029 0.1132 

GooF 0.979 0.894 1.002 0.997 

a Mo Ko(,-) ( = 0.71070 Å) radiation; graphite monochromator; -90 ºC. b R =  ||Fo| - |Fc|| /  

|Fo|. cRw = [w(|Fo|-|Fc|)2/wFo
2]1/2, where w-1 = [2

count + (0.05 F2)2]/4F2. 
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5.3.  Results and Discussion 

5.3.1.  Synthesis of a Schiff-base-type binucleating ligand 

 To investigate the proposed mechanisms of O–O bond formation in the OEC and to 

characterize the electronic structure of reactive intermediates in the process, a ligand framework 

supporting a bimetallic Mn/Ca or a Mn/Mn system was proposed. A site-differentiated binucleating 

ligand was designed to allow for a high-valent manganese atom and another metal in close 

proximity. To accomplish this, a salen-derivative was chosen, as o-vanillin salen derivatives have 

previously been shown to be able to incorporate both a high-valent manganese and an alkaline 

earth metal.50 The diketone 1-(3,5-di-tert-butyl-2-hydroxylphenyl)butane-1,3-dione was reacted 

with ethylenediamine to afford the a Schiff-base enolate ligand, which could then be deprotonated 

in the presence of manganese to afford the singly metalated Mn(hydroxyphenyldiimine)(Cl) 

complex 11 (Figure 5-4).  

 The singly-metalated manganese complex could be crystallized and characterized via 

single-crystal X-ray diffraction. Unexpectedly, rather than binding in the N2O2 pocket of the 

binucleating ligand, the manganese inserted in the O4 pocket, coordinated in an octahedral 

Figure 5-4. Schematic drawing (left) and ORTEP diagram (right) of 

Mn(hydroxyphenyldiimine)(Cl) (11). Thermal ellipsoids at the 50% probability 

level. 
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geometry to two alkoxide oxygens and two phenoxide oxygens, with the fifth and sixth 

coordination sites being ligated with a chloride anion and with a water molecule 2.8 Å away 

respectively (Figure 5-4). Due to the absence of other anions in the crystal structure, this implies 

that the oxidation state of the manganese center is +5. The Mn–O distances are similar to those 

observed in other MnV complexes in similar environments,50 with an average bond length of 1.880 

Å (Table 5-2). Experiments were carried out to attempt to metalate the second coordination site 

with calcium, however, these were largely unsuccessful and no calcium-containing products were 

able to be isolated. It is possible that the chloride anion could be replaced with another coordinating 

or noncoordinating ligand, as the long Mn–Cl bond length of 2.470(2) Å implies the possibility of 

lability, but no ligand replacement experiments were attempted. 

Table 5-2. Selected bond lengths for Mn(hydroxyphenyldiimine)(Cl) (11) 

 

  Bond length (Å)  

O(1)–Mn(1) 1.864(5) 

O(2)–Mn(1) 1.915(5) 

O(3)–Mn(1) 1.855(5) 

O(4)–Mn(1) 1.911(5) 

Cl(1)–Mn(1) 2.470(2) 

O(5)–Mn(1) 2.797(5) 
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5.3.2.  Synthesis of Mn3Na cubane complexes 

 In the course of these experiments, a fortuitous product was isolated from modified reaction 

conditions for 11. By reacting 1-(3,5-di-tert-butyl-2-hydroxylphenyl)butane-1,3-dione, 

ethylenediamine, manganese dichloride, and sodium methoxide in inert atmosphere, we were able 

to produce a series of NaMn3O4 cubane complexes of similar structure to the core of the OEC 

(Scheme 5-1). These clusters are composed of a flexible ligand that supports an “open” cubane 

structure as well as incorporating an exogenous hydroxide or methoxide ligand opposite the 

sodium atom. The sodium atom is ligated with an ethylenediamine molecule but can be replaced 

with a pyridine molecule by condensing the dione ligand with ethylenediamine and isolating it 

prior to adding the metal. These complexes contain a sodium atom as a byproduct of their method 

of synthesis which could feasibly be replaced with a differing alkaline or alkaline earth metal by 

judicious choice of base. This was attempted with calcium hydroxide and calcium methoxide, and 

while no product was able to be isolated from the reaction mixture, we believe that with fine-tuning 

of the reaction conditions and isolation conditions that it can be successful. These complexes were 

able to be crystallized and characterized via single-crystal X-ray diffraction, but further attempts 

at producing these cubanes in bulk for analysis via cyclic voltammetry and other methods were 

not successful.  

Scheme 5-1. Synthesis of [(en)NaMn3O4(L3)(OH)] (12). 
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5.3.3.  X-ray crystal structures of three distinct cubane complexes 

 Three distinct heterometallic cubane clusters were isolated and characterized. All three 

clusters, [(en)NaMn3O4(L3)(OH)] (12), [(en)NaMn3O4(L3)(OMe)] (13), and 

[(py)NaMn3O4(L3)(OH)] (14), feature manganese ions each ligated by one primary amine (N(1), 

N(3), or N(5), one imine nitrogen (N(2), N(4), or N(6)), a phenoxide oxygen (O(2), O(4), or O(6)), 

and an enolate oxygen (O(1), O(3), or O(5)) all derived from the same ligand, as well as in some 

cases an enolate oxygen provided by an adjacent manganese ion’s ligand. The phenoxide oxygens 

are terminal, whereas the enolate oxygens form vertices of the cubane and bridge manganese 

and/or sodium ions. The hydroxide or methoxide is loosely bound and exchangeable, shown by 

the isolation of two clusters containing different exogenous ligands via the same synthetic method. 

Additionally, based on the bond lengths of the cubane, O(7) is terminal in 13, doubly bridging in 

12, and triply bridging in 14, demonstrating the flexibility of the ligand structure. All three cubanes 

have each of their manganese atoms in either five- or six-coordinate N2O3 or N2O4 environments, 

exhibiting a range of Mn–O bond lengths despite the pseudo-C3 helical symmetry of the ligand 

Figure 5-5. ORTEP diagram of [(en)NaMn3O4(L3)(OH)] (12) (left) with thermal 

ellipsoids at 50% probability level and schematic drawing of 

[(en)NaMn3O4(L3)(OH)] (12) (right). 



190 

 

 

 

environment. Each cluster incorporates either a hydroxide or a methoxide diagonally opposite the 

sodium ion and above a triangular arrangement of three manganese ions. The sodium atom is 

ligated by either ethylenediamine or pyridine, allowing modification of its Lewis acidity. The 

chelated enolate oxygens rather than oxos limit the number of exchangeable sites inside the cubane 

core versus a self-assembled cubane, limiting the number of variables and allowing more specific 

analysis of the role the exogenous ligands play. 

5.3.4.  Structural comparisons of three distinct cubane complexes 

 The differing electron density of the three cubane cores caused by varying the exogenous 

ligand and the sodium atom’s Lewis acidity causes more structural variation than might be 

expected. The ethylenediamine bound cubanes 12 and 13 are open at the corner containing the 

exogenous hydroxide or methoxide ligands, with Mn(1)•••O(7) separations (2.255(2) Å for 12, 

2.2515(19) Å for 13) and Mn(2)•••O(7) (2.2450(19) Å for 13), longer than the sum of their 

covalent radii (2.20 Å) (Table 5-3).51 These differences are also significantly longer than all 

reported five or six coordinate Mn(II)–O alkoxide, phenoxide, or carboxylate bonds 

(approximately 2.115-2.18 Å).52,53 In contrast, 14 is not open at any bond involving O(7), but is 

open between Mn(3)•••O(1) (2.235(3) Å) and Mn(2)•••O(5) (2.237(3) Å), with slightly shorter 

Mn•••Mn distances relative to 12 and 13, reflecting its more compact structure. The distances 

between the oxygens support O(7) being protonated in 12 and 14, as the overage distance between 

O(7) and other core oxygens O(7)•••Oavg is 2.77 Å in 12 and 2.75 Å in 14, compared to the 

distances between other core oxygens and each other, O•••Oavg = 3.14 Å in 12 and 3.16 Å in 14. 

The asymmetry in the cubane can be observed by the deviations from mean distances in the 

clusters, such as that for the Mn–O(7) distance in 14 (±0.003 Å) vs. 12 (± 0.04 Å), indicating the 

hydroxide is more symmetrically bound in 14 than in 12. Additionally, the asymmetry observed in 
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the clusters is independent of the exogenous group, with the deviation from the mean distances for 

Mn-O(7) for 13 being approximately the same as in 12 (± 0.01 Å vs. ± 0.04 Å). In contrast, for 

pyridine-ligated 14, the mean Mn•••Mn separation is slightly larger than in 12 or 13 (3.3440(2) Å 

in 14 vs. 3.410(6) Å in 12 and 3.43(5) Å in 13); and the largest deviation from the mean is for the 

methoxide cluster 13 (± 0.05 Å). 

Table 5-3. Comparison of selected bond lengths (Å), volumes, and deviations from 

key geometrical parameters for cubane clusters [(en)NaMn3O4(L3)(OH)] (12), 

[(en)NaMn3O4(L3)(OMe)] (13), and [(py)NaMn3O4(L3)(OH)] (14). 

 

These distortions in the cubane structure can be further quantified by examining the volumes of 

the cores,54 metrical parameters, octahedral angle variance,55 and the τ value of the five coordinate 

 
12 13 14 

Mn(1)–O(7) 2.255(2) 2.2515(19) 2.210(3) 

Mn(2)–O(7) 2.188(2) 2.2450(19) 2.206(3) 

Mn(3)–O(7) 2.189(3) 2.219(2) 2.203(3) 

Mn(1)–O(1) 2.150(2) 2.1544(18) 2.167(3) 

Mn(2)–O(3) 2.177(2) 2.1306(18) 2.172(3) 

Mn(3)–O(5) 2.178(2) 2.1512(19) 2.169(3) 

Mn(1)–O(3) 2.190(2) 2.2048(19) 2.220(3) 

Mn(2)–O(5) 2.223(2) 2.2191(19) 2.237(3) 

Mn(3)–O(1) 2.211(2) 2.2250(19) 2.235(3) 

Mn•••Mnavg 3.410(6) 3.43(5) 3.440(2) 

O•••O(7)avg 2.77(2) 2.78(4) 2.75(1) 

Na•••Oσ 0.034 0.005 0.012 

Mn•••O(7)σ 0.028 0.014 0.002 

𝜏Mn(1) 0.29 0.24 0.056 

𝜏Mn(2) N/A 0.14 0.022 

𝜏Mn(3) N/A N/A N/A 

σ𝜽(oct)2 Mn(1) 95.8 120.5 114.1 

σ𝜽(oct)2 Mn(2) 125.4 157.8 119.3 

σ𝜽(oct)2 Mn(3) 119.6 100.3 119.2 

Volume (Å3) 10.341 10.401 10.278 
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manganese ions (Table 5-3); all of which are influenced by the exogenous ligands coordinated to 

the sodium ion (ethylenediamine vs. pyridine) and the manganese ions (OH- vs. MeO-). The 

volume of the cluster trends from smallest to largest in the order 14, 12, 13 (10.278 Å3, 10.341 Å3, 

and 10.401 Å3 respectively); decreasing with increasing Na+ coordination number and with OH- 

compared to MeO-. When MeO- (pKa (MeOH) = 15.5) is replaced by the slightly more basic OH-
 

(pKa (HOH) =15.7), electron density is drawn from the manganese ions, making them more Lewis 

acidic; Mn–O(7) bonds become slightly smaller (Mn•••O(7)avg = 2.24(2) for 13 and 2.21(4) for 

12), and the core volume shrinks by 0.060 Å3. When bidentate ethylenediamine is replaced by 

monodentate pyridine, the coordination number of the sodium decreases from five to four, in turn 

decreasing electron density on the sodium ion and increasing its Lewis acidity. This shrinks the 

core volume further by 0.063 Å3, and Na–O distances also become shorter (Na•••Oavg = 2.45(5) in 

12 and 2.40(2) in 14). Without looking at individual bonds, the regularity or symmetry of the 

clusters can be quantified by the standard deviation of the Mn–OR and Na–O distances, which are 

smaller in 14 compared to 12 and 13 (Na•••Oσ = 0.012, Mn•••O(7)σ = 0.002; Na•••Oσ = 0.034, 

Mn•••O(7)σ = 0.028; and Na•••Oσ = 0.005, Mn•••O(7)σ = 0.014 respectively), indicating that 14 is 

more compact, and that 13 is somewhat more symmetric than 12. Further, upon exchanging the 

ethylenediamine for pyridine, the Na•••O(7) distance becomes notably shorter, going from 

3.735(3) Å in 12 to 3.613(3) Å in 14. In contrast, while this distance does change upon exchange 

of OH- for MeO-, it lengthens only slightly, from 3.735(3) Å in 12 to 3.755(2) Å in 13. This 

indicates that the Lewis acidity of the sodium ion has a dramatic effect on the cubane core, much 

more than the identity of the exogenous ligand OH- vs. MeO-. As Ca2+ is more Lewis acidic than 

Na+, demonstrated by the large difference in pKa of their aquo complexes (pKa(Ca-OH2) = 12.60 
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vs. pKa(Na-OH2) = 14.77, a qualitative measure of Lewis acidity),56 it can be expected that 

exchange of the sodium ion for a calcium ion would affect the cubane core even more. 

Table 5-4. Comparison of Selected Bond Distances (Å) for cluster 12 and the 1.9 

Å structure of the OEC. 

 Examining the manganese ions individually also demonstrates the heterogeneity between 

the clusters. The octahedral angle variance 𝜎𝜃(𝑜𝑐𝑡)2, where 𝜎𝜃(𝑜𝑐𝑡)2 = 0 is an ideal octahedron and 

higher values correspond to a more distorted octahedron, can be used to compare the local 

environments of the manganese ions. These range from 𝜎𝜃(𝑜𝑐𝑡)2 = 95.8 – 125.4 for 12, 110.3 – 

157.8 for 13, and 114.1 – 119.3 for 14; indicating that while all manganese ions are in quite 

distorted environments, they are more similarly distorted and thus the cubane is more symmetric 

in 14 compared to 12 and 13, evidenced by the smaller spread of angle variances. The τ values of 

 Bond (Å) 6 OEC  

Na/Ca-Mn(1) 3.3203(15) 3.5 

Na/Ca-Mn(2) 3.4469(14) 3.3 

Na/Ca-Mn(3) 3.3421(14) 3.4 

Mn(1)-Mn(2) 3.4162(7) 2.8 

Mn(2)-Mn(3) 3.4117(8) 2.9 

Mn(1)-Mn(3) 3.4121(8) 3.3 

Figure 5-6. ORTEP diagrams of the cores of [(en)NaMn3O4(L3)(OH)] (12), 

[(en)NaMn3O4(L3)(OMe)] (13), and [(py)NaMn3O4(L3)(OH)] (14) with thermal 

ellipsoids at the 50% probability level. 

 



194 

 

 

 

the five-coordinate manganese ions reflect this as well, with 14’s manganese atoms lying in a 

roughly square pyramidal geometry (τ(Mn(1) = 0.056, τ(Mn(2) = 0.022) compared to 12 and 13’s 

more distorted ligand environments (τ(Mn(1) = 0.29 for 12; τ(Mn(2) = 0.24 and τ(Mn(3) = 0.20 

for 13). These parameters demonstrate that the cubane core supported by this ligand environment 

is quite flexible, and further that it can be dramatically influenced by small changes in Lewis 

acidity of participant metal ions or the basicity of exogenous ligands which in turn affect metal ion 

Lewis acidity. It also suggests that the flexibility and the existence of “open” and “closed” forms 

of the OEC are not necessarily due to Jahn-Teller distortions, given that a d5 MnII ion would not 

be expected to exhibit these effects. 

 While these clusters are not directly comparable to the OEC at any stage of the Kok cycle 

due to their comparatively lower oxidation state, measurements have been performed on the OEC 

to which they are comparable, namely the 1.9 Å structure collected by Umena et al.57 Structures 

of the OEC collected via X-ray diffraction suffer from photoreduction of the manganese ions due 

to incident X-rays,58 and in the case of the 1.9 Å structure, that according to a bond-valence sum 

analysis the manganese ions have oxidation states of +2.8, +2.7, +2.5, and +2.1 for Mn(1) – Mn(4) 

respectively, consistent with assignments of III-III-II-II oxidations states corresponding to a 

nonphysiological S-3 state of the Kok cycle.59,60 In doing so, we can observe that the cation-

manganese distances match quite closely, with all of them in both the 1.9 Å structure and the 

cubane core of 12 being approximately 3.4 Å (Table 5-4). The intermanganese distances differ, 

likely as a result of differing oxidation states or effects stemming from the dangling manganese, 

which is not included in these model clusters. 
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5.4.  Summary and Conclusions 

 These clusters demonstrate that an “open” heterometallic NaMn3O4 cubane cluster core 

forms in a flexible ligand framework when the manganese ions are in lower oxidation states. We 

also conclude that the longer Mn•••O separations in the “open” OEC structure are not necessarily 

due to Jahn-Teller distortions, as our clusters incorporate only d5 Mn(II) ions, which are not subject 

to Jahn-Teller distortions. Rather, the “open” nature of these clusters can be explained by effects 

stemming from the ligand environment of the cluster, especially the Lewis acidity of the sodium 

atom, which is governed by the basicity of the amine bound to it. This work also shows for the 

first time that an exchangeable protonated oxo (OH-) can be incorporated into the cubane core, 

which can be replaced with an exogenous MeO-. While they are not perfectly analogous to the 

OEC, these clusters demonstrate potential sources of structural inhomogeneity other than Jahn-

Teller distortions, and that the redox-inactive ion in these cubanes and the OEC has a dramatic 

influence on the structure of the cluster, including the core volume and the overall symmetry of 

the cluster. Detailed analysis of the structural characteristics of these complexes was performed, 

and provides a window into the myriad ways the OEC may control its structural flexibility. 

 Further study of these clusters of these clusters should involve foremost attempts to replace 

the sodium cation with a more Lewis acidic calcium cation, which should further distort the five-

coordinate manganese ions and make them more accessible to external substrates. While difficult 

to synthesize, the alternate method used to form 14 can be adapted and fine-tuned to exclude 

sodium atoms in favor of calcium atoms, allowing for the formation of a cluster that is even more 

similar to the OEC. Examination of the spin state and the Mn–Mn interactions has yet to be 

performed, and could be used to further examine the causes of the “open” and “closed” states of 

the OEC and how they influence the reactivity of the OEC along the Kok cycle. These clusters 
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may also be able to be chemically oxidized to states similar to those involved in the Kok cycle, 

and once oxidized and isolated, can be used to examine their reactivity with oxo-atom donors to 

investigate the nucleophilic attack method of O–O bond formation. 
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