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Non-heme thiolate-ligated metalloenzymes such as isopenicillin N synthase (IPNS) and 

cysteine dioxygenase (CDO) dioxygen to produce catalytic oxidative intermediates including 

metal -superoxos, -hydroperoxos, and high-valent oxos. Thiolate-ligated metalloenzymes have 

been shown to form highly covalent metal ligand bonds and in return lower the activation energy 

barrier to dioxygen binding. Kinetic investigations of dioxygen binding to metalloenzymes provide 

insights into the mechanism of the enzyme and whether geometric rearrangements, spin-state 

changes, or solvent interactions affect dioxygen binding.  This dissertation investigates the barrier 



Greiner iii 
 

to dioxygen activation of the non-heme alkyl thiolate-ligated iron complex ([FeII(SMe2N4(tren))]+) 

with  variable low temperature stopped-flow kinetics.  The reaction of [FeII(SMe2N4(tren))]+ with 

dioxygen under pseudo first order conditions with excess dioxygen is shown to be first order with 

respect to dioxygen, and second order with respect to iron. These reaction orders are consistent 

with the formation of the peroxo-bridged diferric species [(SMe2N4(tren))FeIII]2(μ-O2)]. However, 

when the conditions are switched, under excess Fe, the first dioxygen derived intermediate FeIII-

superoxo is observed, [FeIII(SMe2N4(tren))(O2)]
+. The global fitting of experimental kinetic data 

determined that the rate determining step was the FeIII-superoxo reacting with another FeII 

molecule to form the peroxo-bridge species, [(SMe2N4(tren))FeIII]2(μ-O2)].   

Low-temperature stopped-flow kinetic studies investigated the reversibility and mechanism of 

a well-characterized dioxygen derived FeIII-superoxo, [FeIII(S2
Me2N2N

H(Pr,Pr))(O2)], in aprotic and 

protic solvents (THF and MeOH). The different environments provided insights into ligand 

constraints and H-bond donors which have been shown to influence dioxygen binding kinetics and 

reversibility. The reaction is faster in aprotic THF versus protic MeOH, as well as irreversible in 

THF and reversible in MeOH.  Hydrogen bonding in MeOH to the thiolate sulfur destabilization 

of the transition state, and an increase in the activation energy of dioxygen binding to FeII. The 

reaction between potassium superoxide and oxidized [FeIII(S2
Me2N2N

H(Pr,Pr))]+  was also 

investigated and the resulting kinetics support the dioxygen binding mechanism to  

[FeII(S2
Me2N2N

H(Pr,Pr))]+  to involve inner-sphere, as opposed to outer-sphere, electron transfer.  

The well characterized FeIII-superoxo [FeIII(S2
Me2N2N

H(Pr,Pr))(O2)] was shown to abstract 

external hydrogens with a BDFE of 93 kcal/mol with a KIE of 4.8 comparable to the strength of 

theβ-hydrogen FeIII-superoxo in IPNS performs. In order to investigate a closer biomimetic model 

to IPNS, the gem-dimethyl groups adjacent to the thiolate sulfurs were removed to incorporate β-
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hydrogens to the sulfur to form the complex, [FeII(S2
β-H2N2N

H(Pr,Pr))]. The structure of [FeII(S2
β-

H2N2N
H(Pr,Pr))] more closely mimics the internal hydrogen abstraction mechanism proposed in 

the native enzyme. The change in the electronics affected the longevity of the FeIII-superoxo 

intermediate and the addition of external hydrogen donors resulted in the observation of Fe 

intermediates. To further explore and isolate the FeIII-superoxo the β-hydrogens were exchanged 

for deuteriums in order to investigate whether an internal or external hydrogen atom abstraction 

occurs causing the shorter lived [FeII(S2
β-H2N2N

H(Pr,Pr))(O2). The synthesis of the β-deuterium 

ligand will be discussed as well as preliminary characterizations of the complex and it’s reactivity.  

The [FeII(Cyclam-PrS)]+ complex was shown to react with potassium superoxide in protic 

conditions to form a high-spin FeIII-hydroperoxo. The hydroperoxo is proposed to be trans to the 

thiolate and is rare for small molecules as the electron density donated to the metal center from the 

sulfur tend to push ligands away. Furthermore, when [FeII(Cyclam-PrS)]+ is reacted with nitric 

oxide, a mimic to dioxygen, a crystal structure of [FeIII(Cyclam-PrS(NO))]+ with the NO ligand 

bound cis to the thiolate. DFT is used to confirm if the FeIII-hydroperoxo is trans or cis to the 

thiolate.  Further investigation of the FeIII-hydroperoxo utilizes dioxygen in protic solvent and 

alkylperoxos to observe if [FeIII(Cyclam-PrS(OOH))]+ can be synthesized with the shunt pathway. 
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Figure 2.7 Log(k2’obs) vs log([O2]) plot showing that the reaction is 1st order overall with 

respects to O2. Conditions [1] = 0.2 mM and [O2] = 4.3 mM in MeOH over a temperature range 

of -50 to -35 °C. Slope = 0.7. ........................................................................................................ 47 

Figure 2.8 The formation of the 3 under pseudo-first order conditions with excess 1 (0.125 mM) 

and limiting [O2] (0.0015 mM) at -40 °C, shows an intermediate, 2, with λmax = 490 nm forms 

prior to 3. ....................................................................................................................................... 48 

Figure 2.9 Dependence of 1 (0.3 mM) in excess [O2] (4.3 mM) in MeOH at -40 °C, shows 

second order dependence of 1 on the formation of 3. ................................................................... 49 

Figure 2.10 Kinetic trace at 560 nm for excess 1 (0.3 mM) and [O2] (0.015 mM) in MeOH at -40 
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Figure 2.11 Log(kobs) vs log([Fe]) plot for the formation of 3 under pseudo-first order conditions 

with excess 1 and limiting O2 show 2nd order dependence on 1. Conditions [1] = 0.3 mM and 

([O2] = 0.015 mM in MeOH over the temperature range of -50 to -35 °C. .................................. 50 

Figure 2.12 ReactLab Model Editor that contains the step-wise model in simply terms, A, B, C 

etc. while labeled with the respected rate that each step represents. Each step is selected to be 

fitted or fixed with initial guesses or experimentally determined values. Each species in the step-

wise model is determined to contribute to the calculated spectrum via “non-abs” or “colored” 

Initial concentrations that represent the spectrum being fitted are also inputted. ......................... 51 

Figure 2.13 Fitted spectrum of the step-wise model where k1 initially was 1 x 105 and k2 initially 

at 1 x 104. Resulted in a fitted spectrum that well reproduces the experimental spectrum under 
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Figure 2.14 Calculated spectra obtained from global fits for the formation of 3 preceded by 2 at -

40 °C with [Fe] = 0.3 mM and [O2] = 0.015 mM and k-1calc fixed to k-1expt. Concentration profiles 

are shown in the inset where [O2] = orange, [2] = green, and [3] = purple. ................................. 55 

Figure 2. 15 Left: Eyring plot for formation of 3 via the reaction between 1 and O2 in MeOH, 

from which the activation parameters ΔH2’expt
‡ = 10(2) kJ•mol-1 and ΔS2’expt

‡ = -100(10) J•mol-

1K-1 were obtained. Right: Arrhenius plot for the formation of 3 via the reaction between O2 and 

1 in MeOH, from which the activation parameter, Ea2’expt = 12(3) kJ•mol-1 was obtained. Rate 

constants, k2’expt, were obtained from the slope of k2’obs vs [O2] plot. .......................................... 55 

Figure 2. 16 Left: Calculated Eyring plot for O2 associated of 1 and O2 in MeOH for the 

formation of 2, from which the activation parameters ΔH1calc
‡ = 34(15) kJ•mol-1 and ΔS1calc

‡ = 

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211762
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211762
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211762
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211763
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211763
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211763
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211764
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211764
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211765
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211765
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211766
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211766
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211766
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211767
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211767
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211767
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211767
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211767
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211768
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211768
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211768
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211769
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211769
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211769
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211770
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211770
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211770
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211770
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211770
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211771
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211771


Greiner xxii 
 

+55(68) J•mol-1K-1 were obtained. Right: Calculated Arrhenius plot for O2 associated of 1 and 

O2 in MeOH for the formation of 2, from which the activation parameter, Ea1calc = 36(2) kJ•mol-1 

was obtained. Calculated rate constants, k1calc, were obtained from global fits at each temperature 

respectively. .................................................................................................................................. 57 

Figure 2. 18 Left: Eyring plot for formation of 3 via the reaction between 1 and O2 in MeOH, 

from which the activation parameters ΔH-1expt
‡ = 15(5) kJ•mol-1 and ΔS-1expt

‡ = -140(20) J•mol-

1K-1 were obtained. Right: Arrhenius plot for the formation of 3 via the reaction between O2 and 

1 in MeOH, from which the activation parameter, Ea-1expt = 16.7(6) kJ•mol-1 was obtained. Rate 

constants, k-1expt, were obtained from the y intercept of k2’obs vs [O2] plot. .................................. 58 

Figure 2. 17 Left: Calculated Eyring plot for formation of 3 of putative 2 and 1 in MeOH, from 

which the activation parameters ΔH2calc
‡ = 44(18) kJ•mol-1 and ΔS2calc

‡ = +30(77) J•mol-1K-1 

were obtained. Right: Calculated Arrhenius plot for formation of 3 of putative 2 and 1 in MeOH, 

from which the activation parameter, Ea2calc = 46(2) kJ•mol-1 was obtained. Calculated rate 

constants, k2calc, were obtained from global fits at each temperature respectively. ...................... 57 

Figure 2. 19 Reaction Coordinate diagram of Gibb’s Free Energy of activation for the 

spontaneous reaction of 1 with O2 to reversibility bind to form superoxo 2 then going on to form 

peroxo-bridged 3. The energy required to reach the transition state for 2 (21.0 kJ•mol-1) is less 

than the energy required to form the transition state of the peroxo-bridged 3 (35.6-37.2 kJ•mol-1). 

Gibb’s Free Energy of Activation were determined via calculated activation parameters from 

global fits. ..................................................................................................................................... 59 
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Figure A.2 Transposing the EAS data from the .CSV generated into the ReactLab™ workbook 
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discretion. Parameters are entered based on kinetic data or chemical intuition of the reaction 

being model. The user decides which parameters will be fitted, calculated by the program, or 

fixed, not changing, usually based on literature or kinetic data obtained from experiments. 

Shown above the “k-1” term is fixed as the data was obtained by the estimate of the y-intercept 

from a plot of kobs (s
-1) versus excess changing [O2]. ................................................................... 71 

Figure A.5 Setting initial concentration conditions for reactants in molarity. Example is of 

excess FeIITrenS (A) with limiting dioxygen (D). Species A and D are set to “non-abs” as they 

don’t contribute to the spectrum. FeIII-superoxo (B) and dimeric FeIII-peroxo (C) initially have no 

concentration and are the predicted two-colored species observed in the collected experimental 

data. ............................................................................................................................................... 73 

Figure A.6 Once all data is entered properly, Update with the GUI to see the three windows 

populate with the entered information. Data is not fit at this time; this is just a check to make sure 

that the workbook and GUI are complete and interacting with one another without and errors. . 74 

Figure A.7 Example of a fitting that has converged. 1. The fitted parameters are updated with 

rates and associated error. 2. The residual and ssq are updated when the fitting has converged, 

the closer to zero the better the fit. 3. The calculated spectra color coded to the reactant labels 

used. 4. Concentration profile of the fitted data. ........................................................................... 75 

Figure A.8 Results tab of the workbook holds all the fitted data. The first set of data is the 

concentration profile, and the second is the calculated spectra. Use of excel allows to graphically 

display the data at the user’s discretion. The workbook can be saved and opened outside of the 

ReactLab™ GUI and edited. ......................................................................................................... 76 

Figure A.9 Utilizing the Update function on the GUI to test the parameters for the model against 

the experimental spectrum observed. Left: k1 is larger than k2 which is in good agreement with 

experimental observations of the identity of species B and C. Right: k2 is larger than k1 which is 

not in agreement with experimental observations. Testing the initial guess of the fit will lead the 

user to adjusting parameters consistent with the experimental results instead of running 

calculations on fits that don’t represent the data. .......................................................................... 78 
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Chapter 3 Figures 

Figure 3.1 Time-resolved spectral changes obtained upon mixing THF solutions of 1 (0.25 mM) 

and O2 (3.95 mM) at -40 °C. Insert: Kinetic trace (λ= 523 nm) showing the formation of 2 

intermediate. All reported concentrations are after mixing in the stopped-flow cell. .................. 82 

Figure 3.2 Plot of observed rate constants (kobs) for the formation of 2 versus 1 concentration at -

40 ˚C in THF. [O2] after mixing = 3.95 mM. This would be consistent with 1st order dependence 

on FeII overall. ............................................................................................................................... 84 

Figure 3.3 Temperature-dependent rate constants kobs for the formation of superoxo 2 in the 

reaction between 1 (0.25 mM) and O2 in THF plotted against [O2]. The intercept of 

approximately 0.0 would be consistent with irreversible O2 binding. .......................................... 85 

Figure 3.4 Temperature-dependent rate constants kobs for the formation of superoxo 2 in the 

reaction between 1 (0.25 mM) and O2 in MeOH plotted against [O2]. The non-zero intercepts 

would be consistent with reversible O2 binding in MeOH. .......................................................... 86 

Figure 3.5 Left: The dissociate rate constant, koff, obtained from the y-intercept of the kobs vs 

[O2] plots of Figure 3.2, does not correlate with temperature in THF. This, coupled with the 

~zero intercept of Figure 3.2 would be consistent with irreversible O2 binding to 1 in THF. 

Right: Correlation between temperature and rate constants for O2 release from superoxo 2, koff, 

in MeOH. Dissociation rate constants, koff, were obtained from the y-intercept of the kobs vs [O2] 

plots of Figure 3.3. ....................................................................................................................... 87 

Figure 3.6 Left: Eyring plot for O2 binding to 1 in THF. Second order rate constants, kon, were 

obtained from the slope of kobs vs [O2] plots (Figure 3.2). [1] = 0.25 mM, after mixing. ........... 88 

Figure 3.7 Left: Eyring plot for O2 binding to 1 in MeOH, from which the activation parameters 

ΔH⧧ = 30(2) kJ•mol−1 and ΔS⧧ = -123(7) J•mol−1 K−1 were obtained. Right: Arrhenius plot for O2 

binding to 1 in MeOH, from which activation parameter Ea= 32(2) kJ•mol−1 was obtained. ...... 89 

Figure 3.8 Time-resolved spectral changes observed in the reaction between 3 (0.1 mM) and 

KO2 (5.0 mM; solubilized with 222-Kryptofix) in THF at -30 °C. Insert: Kinetic trace (λ = 523 

nm) showing the formation of superoxo 2. All reported concentrations are after mixing in the 

stopped-flow cell. .......................................................................................................................... 90 

Figure 3.9 Temperature-dependent rate constants, kobs, for the formation of superoxo 2 in the 

reaction between 3 and KO2 (solubilized with KryptoFix) in THF, plotted against [KO2]. The 

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213713
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213713
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213713
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213714
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213714
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213714
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213715
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213715
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213715
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213716
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213716
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213716
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213717
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213717
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213717
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213717
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213717
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213717
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213718
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213718
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213719
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213719
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213719
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213720
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213720
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213720
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213720
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213721
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213721


Greiner xxv 
 

~zero intercepts would be consistent with irreversible O2
•– binding. [3] = 0.1 mM. 

Concentrations listed correspond to after mixing in the stopped-flow cell. ................................. 91 

Figure 3.10 Zero order dependence of kobs on FeIII concentration under pseudo first order 

conditions with excess KO2 (5 mM). This would be consistent with 1st order dependence on FeIII 

overall. .......................................................................................................................................... 92 

Figure 3.11 Left: Eyring plot for superoxide (KO2 solubilized with KryptoFix) binding to 3 in 

THF. Right: Arrhenius plot for superoxide (KO2 solubilized with KryptoFix) binding to 3 in 

THF. .............................................................................................................................................. 92 

Figure 3.12 Possible mechanisms for the reaction between 1 and O2 involving either outer-

sphere electron transfer (ET) followed by superoxide (O2
•–) binding to oxidized 3, O2 binding 

followed by inner-sphere ET, or a concerted mechanism (diagonal). .......................................... 93 

Figure 3.14 Dissecting the steps involved in O2 release from ferric superoxo 2 to afford reduced 

1, into the individual redox and spin-state changes involved, as well as H-bonded MeOH. ....... 94 

Figure 3.13 Left: Eyring plot for O2 release from superoxo 2 in MeOH, from which the 

activation parameters ΔH⧧ = 32(4) kJ•mol−1 and ΔS⧧ = -170(2) J•mol−1 K−1 were obtained. First 

order rate constants, koff, were obtained from the intercept of kobs versus [O2] plots (Figure 3.4). 

Right: Arrhenius plot for O2 release from superoxo 2 in MeOH, from which the activation 

parameter Ea= 34(4) kJ•mol−1 was obtained. ................................................................................ 94 

Figure 3.15 Left: DFT optimized structure of [FeII(S2
Me2N2N

H(Pr,Pr)]•••H-OMe (1) containing a 

MeOH solvent molecule H-bonded to one of the thiolate sulfurs, S(2). Calculated MeO(1)-

H•••S(2) distance is 2.211 Å. Right: ORTEP diagram of 1 crystallized from MeOH showing the 

MeOH that is H-bonded to one of the thiolate sulfurs, S(1). ........................................................ 96 

Figure 3.16 H-bonding to MeOH causes the RS→Fe band of reduced 1 (0.238 mM) to blue-shift 

relative to its energy in THF. ........................................................................................................ 96 

Figure 3.17 Time-dependent DFT (TD-DFT) calculated electronic absorption spectrum for 1 in 

THF solvent. ................................................................................................................................. 98 

Figure 3.18 Left: Time-dependent DFT (TD-DFT) calculated electronic absorption spectrum for 

[FeII(S2
Me2N2N

H(Pr,Pr)]•••H-OMe (1) containing a MeOH solvent molecule H-bonded to one of 

the thiolate sulfurs, showing that H-bonding causes the S→Fe charge transfer band to blue shift 

relative to that shown in Figure 3.17. Right: Influence of H-bonds on the the 𝛑-symmetry sulfur 

orbitals and the RS→FeII charge transfer (CT) band. ................................................................... 99 

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213721
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213721
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213722
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213722
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213722
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213723
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213723
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213723
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213724
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213724
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213724
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213725
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213725
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213726
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213726
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213726
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213726
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213726
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213727
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213727
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213727
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213727
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213728
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213728
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213729
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213729
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213730
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213730
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213730
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213730
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213730


Greiner xxvi 
 

Figure 3.19 Comparison of the barrier to O2 binding to 1 in THF (green) and MeOH (red) and 5 

in MeOH (black), as well as the release of O2 from 2 and 6 in MeOH. ..................................... 100 

Figure 3.20 Left: Electronic absorption spectrum of FeIII-superoxo 2 (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). ................ 99 

Figure 3.21 TD-DFT calculated spectrum (of superoxo complex [FeIII(S2
Me2N2N

H(Pr,Pr)(O2)]
+ 

(2) in MeOH using a polarizable MeOH continuum model. The calculated 534 nm (18,727 cm-1) 

band is blue shifted by 741 cm-1 relative to the TD DFT calculated band at 556 nm (17,986 cm-1) 

in THF.1....................................................................................................................................... 101 

Figure 3.22 Space-filling depiction of the crystallographic structure of 1 versus the DFT 

calculated structure of superoxo-bound 2 showing the extensive reorganizational barrier caused 

by the single chain ligand backbone. .......................................................................................... 102 

Figure 3.23 Space-filling depiction of the crystallographic structure of 5 versus the DFT 

calculated structure of superoxo-bound 6 showing the minimal ligand rearrangement required to 

bind and release O2 given the less constraining ligand. .............................................................. 103 

Figure 3.24 Space-filling models generated from the crystallographically-determined structure 

of 1 (left) and 3 (middle), and the DFT-optimized geometry of 2 (right) displaying differences in 

the helical wrapping angle, ɸ, and the larger amount of structural rearrangement required for O2
•– 

binding to 3. ................................................................................................................................ 104 

Figure 3.25 Defining the mean CN(2)CFe plane and the mean plane containing N(1)FeN(3) for 

FeII-1 (left), FeIII-superoxo 2 (middle), and FeIII-3 (right). ......................................................... 105 

Figure 3.26 Example of a Grubb’s test calculation in Excel, using a 5-point data set and a 

Grubb’s confidence level of 95%. .............................................................................................. 109 

 

Chapter 4 Figures 

Figure 4. 1 ChemDraw of [FeII(S2
Me2N2N

H(Pr,Pr))] (1), and [FeII(S2
β-H2N2N

H(Pr,Pr))] (4), 

highlighted are the difference between the gem-dimethyl and hydrogens on the alkyl thiolate 

arm. ............................................................................................................................................. 120 

Figure 4. 2 Variable-temperature EAS spectrum of 4 (0.0916 mM) and excess CO in MeOH.22

..................................................................................................................................................... 122 

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213731
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213731
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213732
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213732
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213732
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213733
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213733
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213733
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213733
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213734
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213734
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213734
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213735
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213735
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213735
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213736
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213736
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213736
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213736
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213737
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213737
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213738
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213738
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616859
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616859
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616859
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616860
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616860


Greiner xxvii 
 

Figure 4. 3 EAS observation of 0.5 mM of 4 (green) oxidized with 1 equivalent of ferrocenium 

hexafluorophosphate (blue) then addition of 5 equivalents of tetrabutylammonium azide(red) 

THF at -90 °C. ............................................................................................................................ 123 

Figure 4. 4  EAS observation of 0.5 mM of 4 reacting with 1.1 equivalents of NO gas in THF at 

25 °C. .......................................................................................................................................... 124 

Figure 4. 5 Calculated bond lengths and Fe-N-O angles of FeIII high spin S = 5/2, intermediate 

spin S = 3/2, and low spin S = 1/2 , with their respective geometry optimized structure. .......... 125 

Figure 4. 6 TD-DFT simulated EAS of geometry optimized NO bound FeIII S = 3/2 . The three 

prominent transitions have been labeled. Natural tranistion orbitals (NTO) describing the charge 

transfer (CT) tranistions. Transition at 499 nm is majorily sulfur to ligand, while transition 572 

has both sulfur to ligand and sulfur to Fe and NOπ* CT character. Transition 666 nm mostly has 

sulfur to Fe and NOπ* CT character. .......................................................................................... 127 

Figure 4. 7 A: EAS of an intermediate at 567 nm, and 675 nm formed from 4 and the addition of 

excess O2 in MeOH at -90 ° B: EAS of a similar intermediate seen in A formed from 4 and 

addition of 1.1 eq of Cp2FePF6 in MeOH at -90 °C. .................................................................. 128 

Figure 4. 8 TD-DFT calculate spectra with B3LYP functional for proposed solvent bound FeIII-

OMe species with spin states of S = 5/2 (blue), S = 3/2 (red), and S = 1/2 (green). ................... 129 

Figure 4. 9. EAS of an intermediate at 545 nm formed from 4 and addition of excess O2 in 

MeOH at 25 °C. .......................................................................................................................... 129 

Figure 4. 10  EAS of short-lived proposed FeIII-superoxo of complex 6, through the addition of 

excess O2 in THF at -78 °C over 90 seconds. ............................................................................. 131 

Figure 4. 11. Natural tranistion orbitals (NTO) describing the charge transfer (CT) tranistions. 

State 1 and 2 have both Sp to Fed and OOπ* CT character. State 3 only has Sp to Fed and OOπ* 

CT character. ............................................................................................................................... 134 

Figure 4. 12 TD-DFT simulated EAS of broken symmetry geometry optimized 5. The three 

prominent transitions have been labeled. .................................................................................... 134 

Figure 4. 13. EAS of 5 and addition of 5 equivalents TEMPOH to push the intermediate to form 

a proposed FeIII-OOH in THF at -78 °C. .................................................................................... 139 

Figure 4. 14 Figure 4.14. EAS 3.16 mM 4 and excess O2 in deuterated THF at -78 °C testing the 

intermolecular mechanism of solvent HAT. ............................................................................... 139 

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616861
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616861
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616861
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616862
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616862
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616863
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616863
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616864
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616864
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616864
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616864
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616864
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616865
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616865
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616865
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616866
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616866
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616867
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616867
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616868
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616868
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616869
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616869
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616869
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616870
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616870
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616871
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616871
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616872
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616872


Greiner xxviii 
 

Figure 4. 15  Preliminary EAS spectrum addition of excess dioxygen to [FeII(S2
β-

D2N2N
H(Pr,Pr))] (8) in THF at -73 °C. ........................................................................................ 142 

Figure 4. 16. A. EAS of 4 in bulk THF reacting with 5 equivalents of PhIO dissolved in MeOH 

at -90 °C forming a proposed oxo atom donor metastable intermeidate at 704 nm, and converts to 

a new intermediate at 520 nm. B. EAS of 4 in bulk THF reacting with 5 equivalents of IBX-ester 

dissolved in MeOH at -90 °C and forming a new intermeidate at 675 nm. ................................ 143 

Figure 4. 17 EAS observation of 0.5 mM of 4 (green) oxidized with 1 equivalent of ferrocenium 

hexafluorophosphate (orange) then addition of 1 equivalent of tetrabutylammonium hydroxide 

(yellow) THF at -78 °C. .............................................................................................................. 145 

Figure 4. 18 ORTEP diagram of [FeIII(S2
β-H2N2N

Me(Pr,Pr))] (9) with hydrogens removed, 

showing thermal ellipsoids at the 50% probability level. ........................................................... 145 

Figure 4. 19 13C-NMR (300 MHz, CDCl3) spectrum of d5-(chloroacetone). The * denotes 

solvent peak. ............................................................................................................................... 150 

Figure 4. 20 13C-NMR (300 MHz, DMSO-d6) spectrum of d5-(1-mercaptoacetone, acetate). The 

* denotes solvent peak, and acetic acid. ..................................................................................... 151 

 

Chapter 5 Figures 

Figure 5. 1 ORTEP diagram of [FeIICyclamPr,S]+ (1) with hydrogens removed, showing thermal 

ellipsoids at the 50% probability level. ....................................................................................... 166 

Figure 5. 2 Resonance Raman spectra of 2 generated from 16O2
- (blue), 18O2

- (red), and 

“decayed” product (dashed black) (571 nm excitation @ 183 K in THF/MeOH (right); at 77 K in 

CH2Cl2/THF/MeOH (left).13 ....................................................................................................... 166 

Figure 5. 3 EAS spectrum of (2) when reacted with superoxide (solubilized in 18-crown-6) in 

the presence of an external proton source (MeOH).13 ................................................................ 167 

Figure 5. 4 Left: The reaction of 1 with NO(g) in MeCN. The reaction was initialized at -40 °C, 

and the peak at 518 nm was allowed to maximize. After the band maximized in intensity, the 

solution was gradually warmed to room temperature. Right: ORTEP diagram of 

[FeIIICyclamPr,S(NO)] (3). The complex is six-coordinate, with the NO binding cis to the 

thiolate moiety. The NO has bound in a bent geometry, indicating that the complex is most likely 

in the FeIII oxidation state.14 ........................................................................................................ 167 

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616873
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616873
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616874
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616874
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616874
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616874
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616875
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616875
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616875
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616876
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616876
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616877
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616877
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616878
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616878
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792226
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792226
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792227
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792227
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792227
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792228
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792228
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792229
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792229
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792229
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792229
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792229
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792229


Greiner xxix 
 

Figure 5. 5 EAS spectrum of 2 generated by 1 reacting with dioxygen in DCM at -73 °C forming 

a 530 nm species with similar extinction coefficient as the superoxide generated 2. ................ 168 

Figure 5. 7 TD-DFT simulated EAS of PBE0 geometry optimized cis 2. The three prominent 

transitions have been labeled by wavelength (nm). .................................................................... 170 

Figure 5. 6 TD-DFT simulated EAS of PBE0 geometry optimized trans 2. The three prominent 

transitions have been labeled by wavelength (nm). .................................................................... 170 

Figure 5. 8 Natural transition orbitals (NTO) describing the charge transfer (CT) transitions. 

Each transition is made up of a percentage of S to Fe and O-Oπ* CT character. The trans 

configuration also includes a mixture of S and ligand to Fe CT. ............................................... 171 

Figure 5. 9 Natural transition orbitals (NTO) describing the charge transfer (CT) transitions. 

Each transition is made up of a percentage of S to Fe and O-Oπ* CT character. ...................... 172 

Figure 5. 10. EAS spectrum of 1.5 equivalents of mCPBA reacted with 0.77 mM of (1) in DCM 

at -73 °C. Proposed reactions products are an FeIII-OOR or FeIV-oxo. Scans are 30 seconds apart.

..................................................................................................................................................... 173 

Figure 5. 11 EAS spectrum of 5 equivalents of PhIO in MeOH reacted with 0.77 mM of (1) in 

DCM at -73 °C. Scans are 30 seconds apart. .............................................................................. 175 

Figure 5. 12. (A) EAS spectrum of 1 equivalent of PhIO in MeOH reacted with 0.77 mM of 1 in 

DCM at -73 °C growing into maximum absorbance in 2 hours. (B) EAS spectrum of 1 equivalent 

of FeCp2PF6 in MeOH reacted with 0.77 mM of 1 in DCM at room temperature. .................... 177 

 

   

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792230
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792230
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792231
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792231
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792232
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792232
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792233
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792233
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792233
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792234
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792234
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792235
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792235
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792235
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792236
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792236
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792237
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792237
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.10.docx%23_Toc127792237


Greiner xxx 
 

List of Schemes 

Chapter 1 Schema 

Scheme 1. 1 General scheme for dioxygen activation by mononuclear FeII, and the following 

oxidative species, FeIII-superoxo, FeIII-hydroperoxo, high valent FeIV/V-oxo, and FeIII-hydroxide.

......................................................................................................................................................... 2 

Scheme 1. 2 Left: ChemDraw of a heme porphyrin structure. Right: ChemDraw of the 2-His-1-

carboylate facial triad of non-heme structure.53 .............................................................................. 3 

Scheme 1. 3 Chemdraw depiction of the ligands in Table 1.1.87, 105-108, 113-116 ............................ 15 

 

Chapter 2 Schema 

Scheme 2.1 Reaction scheme for the two pathways for the formation of peroxo-bridged dimer 3 

in the reaction between 1 and O2 and the corresponding rate constants. ...................................... 40 

Scheme 2.2 Scenario 3 where the denominators k-1 and k2[Fe] are equal. The left is simplified in 

terms of k-1 while the right is simplified in terms of k2[Fe]. Both cases do not simplify into a 

kinetic express that can be determined using traditional pseudo-first order kinetic experiments. 44 

Scheme 2.3 Three step mechanism model employed for global fitting of time resolved spectra 

from reactions with 1 and O2. ....................................................................................................... 53 

 

Appendix A Schema 

Scheme A. 1 Three step mechanism model employed for global fitting of time resolved spectra 

from reactions of FeII and dioxygen. ............................................................................................. 71 

 

Chapter 3 Schema 

Scheme 3.1 Formation of 2 via two distinct pathways. Left: 1 plus dioxygen forms 2 via inner 

sphere electron transfer. Right: 3 plus potassium superoxide forms 2 through outer sphere 

electron transfer. ........................................................................................................................... 81 

Scheme 3.2 General Kinetic scheme for formation of 2 from 1 and dioxygen and oxidized 3 and 

superoxide. .................................................................................................................................... 83 

Scheme 3.3 FeII 5 reacts with dioxygen to form a short lived FeIII-superoxo 6 in MeOH.15 ..... 103 

 

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127209741
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127209741
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127209741
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127209742
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127209742
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127209743
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211738
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211738
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211739
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211739
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211739
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211740
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211740
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127212035
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127212035
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213739
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213739
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213739
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213740
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213740
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213741


Greiner xxxi 
 

Chapter 4 Schema 

Scheme 4. 1 Proposed intermolecular hydrogen atom transfer (HAT) ~93 kcal/mol from bulk 

solvent, or substrate. Formation of a FeIII-OOH that undergoes either homolytic or heterolytic O-

O cleavage to form a high valent Fe-oxo that would undergo another HAT to form a FeIII-

hydroxide. ................................................................................................................................... 137 

Scheme 4. 2 Proposed intramolecular hydrogen atom transfer (HAT) of ~93 kcal/mol of the β-

hydrogen of the alkyl thiolate ligand. Formation of the FeII-OOH and thioaldehyde as proposed 

for the IPNS mechanism. Formation of a FeII-OOH that undergoes either homolytic or 

heterolytic O-O cleavage to form a high valent Fe-oxo that would undergo another HAT to form 

a FeIII-hydroxide.......................................................................................................................... 138 

Scheme 4. 3 Overall synthetic route to the deuterated complex [FeIIS2
D-β2N2N

H(Pr,Pr)] (8). ... 141 

  

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528569
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528569
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528569
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528569
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528570
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528570
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528570
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528570
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528570
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127528571


Greiner xxxii 
 

List of Tables 

Chapter 1 Tables 

Table 1.1 Comparison of Kinetic Parameters for Dioxygen Binding to Mononuclear FeII, MnII, 

CoII, and CuI Model complexes* and Biological Active Sites. .................................................... 17 

 

Chapter 2 Tables 

Table 2.1 Temperature-Dependent Kinetics Data for Reversible O2 binding to 1 and Conversion 

of FeIII-superoxo 2 to Dinuclear Peroxo 3 in MeOH with Activation Parameters ....................... 56 

 

Chapter 3 Tables 

Table 3.1 Temperature-Dependent Rate Constants for Irreversible O2 Binding to 

[FeII(S2
Me2N2N

H(Pr,Pr))] (1) in THF, and Reversible O2 Binding to 1 in MeOH......................... 85 

Table 3.2 Temperature-Dependent Second-Order Rate Constants and Activation Parameters for 

KO2 Binding to 3 Under Constant Ionic Strength (0.01 M) maintained via the addition of 

Bu4NPF6. ....................................................................................................................................... 91 

Table 3.3 DFT calculated (using PBE0 functional and def2-TZVP basis set) Mulliken charges 

for the optimized structure of [FeII(S2
Me2N2N

H(Pr,Pr)] (1) in THF and 

[FeII(S2
Me2N2N

H(Pr,Pr)]•••H-OMe (1•••H-OMe), containing a MeOH solvent molecule H-bonded 

to one of the thiolate sulfurs, S(2) (1). .......................................................................................... 97 

Table 3.4 DFT optimized bond lengths (using the B3LYP functional and def2-TZVP basis set) 

versus experimental distances for [FeII(S2
Me2N2N

H(Pr,Pr)]•••H-OMe (1•••H-OMe) containing a 

MeOH solvent molecule H-bonded to one of the thiolate sulfurs, S(2). ...................................... 98 

Table 3.5 Dependence of Activation Parameters on Solvent and Ligand Constraints. ............. 100 

 

Chapter 4 Tables 

Table 4. 1 DFT geometry optimizations with B3LYP functional for proposed FeIII-sulfenate (S = 

5/2, 3/2, and 1/2) compared to crystal structure of 6. ................................................................. 130 

Table 4. 2. Bond distances for core atoms of the [FeII(S2
β-H2N2N

H(Pr,Pr))] (4) and calculated 

[FeIII(S2
B-H2N2N

H(Pr,Pr))-O2) (5). ............................................................................................... 132 

Table 4. 3. Mulliken charges for calculated core atoms of superoxo 3 and 5. ........................... 135 

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211732
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127211732
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213742
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213742
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213743
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213743
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213743
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213744
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213744
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213744
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213744
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213745
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213745
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213745
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.5.docx%23_Toc127213746
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616702
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616702
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616703
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616703
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.7.docx%23_Toc127616704


Greiner xxxiii 
 

 

Chapter 5 Tables 

Table 5. 1 Bond distances for core atoms [FeIIICyclamPr,S(NO)] (3), and calculated trans and 

cis [FeIIICyclamPr,S(OOH)]+ (2). ............................................................................................... 169 

file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.9.docx%23_Toc127787731
file:///C:/Users/maria/OneDrive%20-%20UW/Desktop/Thesis%20Title%20Abstract%20MG%20v.9.docx%23_Toc127787731


Greiner 1 
 

Chapter 1: Dioxygen Activation by Metalloenzymes and Thiolate-

Ligated Biomimetic Models Complexes 

1.1 Transition Metals in Bioinorganic Chemistry 

Enzymes are formed from hundreds or thousands of amino acid chains that are folded in 

specific conformations, such as alpha helices and beta sheets. The specific conformations of the 

enzymes create specific landmarks for substrates to selectively bind and undergo their unique 

chemical processes to yield specific products.1,2 Some enzymes evolved over time to incorporate  

earth abundant (in percentage) first-row transition metals, like manganese (2.33%), iron (5.63%), 

cobalt (0.0025%), and copper (0.006%) to perform reactions essential to sustain life.3-6 The 

incorporation of transition metal ions facilitates the stabilization of the protein structure, the 

activation and transportation of dioxygen, the establishment of a reservoir for electrons for electron 

transport chains, the promotion of thermodynamically challenging catalytic reactivity such as C-

H bond activation, and greener catalysis compared to the use of rare metals.7-10 Transition metals 

can access different oxidation states to allow for different coordination numbers, change spin state, 

and therefore different steric geometries that affect ligand affinities. These slight changes in the 

coordination environment of the transition metal can alter the reactivity of the enzyme.  

Bioinorganic chemistry is a multifaceted discipline that includes enzymology, biochemistry, 

inorganic coordination chemistry, and many spectroscopy techniques, with the goal of 

investigating the functions and mechanisms of metalloenzymes.11 Studying the function of iron in 

metalloenzymes focuses on investigating the environment of the metal ion via the primary 

coordination sphere, and the substrates that bind at the active site.12 While high-resolution crystal 

structures of native enzymes provide insight to the structure of the active sight, there are many 
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limitations of studying large metalloenzymes for their mechanism, such as being temperature 

sensitive and limited solubility non-aqueous solvents.13-15 One approach to studying enzymes is 

by forming biomimetic transition metal complexes. The structural information obtained through 

crystallography allow for synthesis of structurally competent biomimetic models to incorporate 

similar coordination environments around the metal ion. Investigating the reactivity of biomimetic 

models tend to be simpler to monitor and their mechanism can be translated back to the 

metalloenzyme. The advantage of using biomimetic models is further discussed in section 1.4 

1.2 Dioxygen Activation in Metalloenzymes 

Many heme and non-heme iron enzymes activate dioxygen to generate oxidative reactants that 

are important for the functionality of enzymes as shown in Scheme 1.1.16 Activated dioxygen 

contributes to a vast number of reactions, some specific examples are carbon-carbon bond 

cleavage, oxygen-oxygen bond cleavage, hydroxylation, oxygen atom insertion, and hydrogen 

atom abstraction.17-21 In terms of transition metals, dioxygen in the ground state is a paramagnetic 

diradical, or in a triplet state with two unpaired electrons in the anti-bonding π orbitals. The first 

excited state is roughly 95 kJ/mol higher in energy than the non-reactive triplet state and is more 

Scheme 1. 1 General scheme for dioxygen activation by mononuclear FeII, and the following 

oxidative species, FeIII-superoxo, FeIII-hydroperoxo, high valent FeIV/V-oxo, and FeIII-

hydroxide. 
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reactive.22 The use of metals lowers the energy required to access the first excited state by donating 

an electron to the dioxygen to form a metal-superoxo radical.  

The first reactive oxidant species to form is an FeIII-superoxo (FeIII-O2
•-), when FeII reduces 

dioxygen by one electron. As stated above, the transition from the triplet state of dioxygen is spin 

forbidden and needs the metal cofactor to undergo this process. In a heme system (Scheme 1.2, 

left), where electron equivalents are stored in the ligand system or in an electron transport chain, 

the FeIII-superoxo is reduced again to form an FeIII-peroxo and proceeds on to form an FeIII-

hydroperoxo when hydrogen atoms are available in the protein environment. The non-heme 

pathway has more flexibility due to the more “open-faced” (Scheme 1.2, right) environment and 

has the second sphere environment tune the reactivity by having hydrogen-bonding donors, 

acid/base pairs, and non-bonded substrates providing a supply of electrons.23 The FeIII-superoxo is 

able to undergo hydrogen atom abstraction from a substrate to form the FeIII-hydroperoxo. 

Formation of the hydroperoxo weakens the single O-O bond and the O-O bond can either undergo 

homo- or hetero-lytic cleavage to form a high-valent FeIV- or FeV-oxo. The investigation of the 

Scheme 1. 2 Left: ChemDraw of a heme porphyrin structure. Right: ChemDraw of the 2-His-1-

carboylate facial triad of non-heme structure.53 
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mechanism of dioxygen activation remains a research focus in order to develop efficient catalysts 

utilizing inexpensive and environmentally friendly metals.24,33 

 The dioxygen active oxidants are important for the catalytic function of cysteine dioxygenase 

(CDO), which converts excess cysteine into cysteine sulfinic acid.24 In isopenicillin N-synthase 

(IPNS), the FeIII-O2
- undergoes hydrogen atom abstraction (HAT) to form a FeIII-hydroperoxo 

(FeIII-OOH). An FeIII-OOH intermediate is also believed to be responsible for the activity of the 

anticancer drug bleomycin.25 Upon heterolytic O-O bond cleavage FeIII-OOH compounds have 

been shown to covert to an FeV-oxo, which is considered to be the active oxidant of Cytochrome 

P450 (CYP450). The proposed mechanisms will be discussed more in the following sections, 

1.1.2.1, 1.2.2.1, and 1.2.2.2.  

1.3 Effects of Thiolates on Metalloenzymes  

The primary coordination spheres of metalloenzymes are usually made up of nitrogen and 

oxygen atoms, however, some metalloenzymes have thiolates from cysteinate residues bound to 

the metal center.7,12 Thiolate ligated metal ions experience unique properties due to the 

delocalization of electrons. Cysteinates form highly covalent metal-sulfur bonds and experience 

the nephelauxetic effect. The nephelauxetic effect or “cloud expanding” effect, is the 

delocalization of electron density onto the sulfur’s orbitals and lowering the metal ion’s reduction 

potential.26,27 The delocalization of electron density off of the metal center impacts the spin state 

and favors lower spin states.28,29 With regards to dioxygen activation, computational studies have 

shown that incorporating thiolates lowers the energy needed by 26 kcal/mol when dioxygen is 

bound to the metal, in comparison to nitrogen.30  Metal complexes with bound thiolates also have 

intense colored electron absorption transitions, which provide a convenient spectroscopic handle 

to observe their reactivity as they are sensitive to the changes in their ligand environment.31,32 
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1.3.1 Iron Heme-Metalloenzyme Cytochrome P450 

A heme-metalloenzyme is a type of enzyme that is composed of a porphyrin ring, a planar 

structure made up of four pyrrole units connected by methine bridges, with a metal ion in the 

center, typically first row transition metals.34 Cytochrome P450 (CYP450) are the first group of 

metalloenzymes to be classified as a “superfamily” as there are more than 21,000 members to date 

across numerous organisms.35 Cytochrome P450 consists of a heme iron bound by four nitrogens 

in an equatorial plane and is proximally coordinated by a cysteine residue as a thiolate. These 

proteins were discovered by their FeII-carbon monoxide difference spectrum that had an 

absorbance at 450 nm, thus the spectral shift provides a basis for naming of the various enzymes 

and oxidation states of the iron center for the superfamily. CYP450 has been considered the 

chemical blow torch of enzymes as the enzyme family is key in biodegradation of pharmaceuticals, 

and other oxidation chemistry that is chemically challenging.36 The area of industrial catalysis has 

utilized these naturally occurring enzymes for their highly selective and catalytic efficient 

oxidation on a broad range of substrates.37 One example of enzymes performing challenging 

catalytic reactions not seen in nature is from the Arnold group’s investigation of a cytochrome 

P411 that utilizes dioxygen to perform carbene and nitrene transfers.38 Enzyme dioxygen 

activation catalysis is a greener form of chemistry than the use of  trace  earth metals and hazardous 

chemical environments and more sustainable and beneficial to the production of consumer 

products.39,40 
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The mechanism of CYP450, Figure 1.1 has been established through use of X-ray 

crystallography, EPR/ENDOR (electron-nuclear double resonance), resonance Raman 

spectroscopy, and reaction rate measurements for hydrogen and deuterium substituted substrates41-

43 to identify the oxidation state of iron and oxygen active intermediates and mechanism. The 

resting state of the active site of the enzyme consist of a low-spin FeIII that then the electronic 

structure of which is transformed by the binding of hydrocarbon substrate. The binding of the 

substrate converts the iron to high spin by changing the geometry.44 The majority of cytochrome 

P450s require NAD(P)H driven redox partners to supply electrons to reduce metal species. The 

first reduction happens after binding of the substrate to reduce the FeIII hydrocarbon bound to FeII, 

which allows dioxygen to bind and form an FeIII-superoxo. The next reduction occurs to transform 

the FeIII-superoxo to generate a reactive FeIII-peroxo. A series of protonations occur to form a FeIII-

hydroperoxo known as Compound 0. Evidence for Compound 0 includes electron paramagnetic 

Figure 1. 1 Catalytic cycle of dioxygen activation by cytochrome P450. Oxidation and dioxygen 

derived species are highlighted.36 
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resonance (EPR) that revealed a low-spin iron species, and resonance Raman (rRaman) showed 

two vibrational stretches consistent with a bound peroxo species, νO-O = 799 cm-1 and νFe-O = 559 

cm-1.44 The weak O-O stretch provides evidence for a “push and pull” effect from the axial thiolate 

donating electron density back into the iron center. Compound 0 then undergoes heterolytic 

cleavage of the O-O bond by protonating the distal oxygen and forming a high valent formal FeIV-

oxo heme radical,45 meaning that the electron density is delocalized on the thiolate and porphyrin 

ring. The oxo is labeled as Compound 1 and has been observed via cryogenic electronic absorption, 

cryogenic EPR/ENDOR spectroscopy, and extended X-ray absorption fine structure (EXAFS) 

where the Fe-O bond was 1.65 Å.46,47 The FeIV-oxo is considered the chemical blowtorch of 

oxygen insertion as it can activate inert C-H bonds of upwards to 100 kcal/mol.48 The ability to 

activate such strong C-H bonds is attributed to the thiolate donating electrons back into the metal 

making the FeIV-oxo more basic than average metal-oxos.49 Through hydrogen atom abstraction, 

an FeIV-hydroxide, Compound 2, is formed along with a carbon based radical on the hydrocarbon 

substrate. Evidence for the formation of Compound 2 was shown by EXAFS which found the Fe-

O bond to be 1.82 Å.47  Compound 2 has been shown to have to competing pathways to reach the 

resting state, either through the more commonly known radical rebound mechanism or through an 

alkene producing pathway.50,51 The rebound mechanism has been difficult to study in the native 

enzyme, and the mechanism is not fully understood. Recently, a suitable coordination environment 

of a  FeIII-hydroxide (FeIII-OH), which was synthetically challenging to create, yet Goldberg and 

coworkers were able to support an FeIII-OH in a porphyrinoid complex and reacted with various 

carbon radicals to understand that the rebound mechanism proceeds through either a concerted or 

stepwise pathway of electron transfer and cation transfer, much like the mechanism of hydrogen 

atom transfer can be concerted or through a stepwise electron- , proton- transfer.52  
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1.3.2 Non-Heme Metalloenzymes 

Non-heme metalloenzymes share many characteristics of heme metalloenzymes, the key 

difference is that the metal ion is not held in a typical porphyrin ring, but other coordination 

environments such as the 2-histidine-1-carboxylate facial triad.53 The structural difference allows 

for non-heme enzymes to have their substrates or cofactors, such as dioxygen, to interact in a cis 

fashion with the reactive oxygen species.  There are also non-heme enzymes that incorporate 

cysteines and utilize dioxygen to perform their chemistry such as isopenicillin N synthase and 

cysteine dioxygenase. The biomimetic models discussed in this dissertation are applicable to these 

thiolates-ligated enzymes. 



Greiner 9 
 

1.3.2.1 Isopenicillin N Synthase 

Isopenicillin N-synthase (IPNS), a non-heme iron enzyme that contains a metal center bound 

in a 2-histidine-1-carboxylate facial triad with a glutamine, Gln330 side chain, all within a 

hydrophobic environment created by the distorted double-stranded beta helix.54 Once the substrate, 

δ(L-α-aminoadipoyl) -L-cysteinyl-D-valine (ACV)  is bound IPNS contains a cysteine in the first 

coordination sphere.55 IPNS is responsible for synthesizing β-lactams as a precursor to penicillin.56 

Currently, bacteria are becoming resistant to penicillin due to a β-lactamase that targets and breaks 

down the 5-membered β-lactam ring that binds to the cell wall of the bacteria and allows other 

macromolecules to penetrate the cell.57 The development of derivatives of thiazolidine-containing 

β-lactam antibiotics, to which bacteria are less resistant, would be aided by establishing biomimetic 

Figure 1. 2 Proposed mechanism of IPNS with key intermediates labeled: A) FeIII-superoxo, B) 

FeIII-OOH, C) FeII-OOH-thioaldhyde, D) FeIV-oxo.58 
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models of the key reactants proposed in the IPNS mechanism to develop a better understanding of 

their reactivity. 

The proposed mechanism of IPNS has been examined through kinetic, spectroscopic, and 

crystallographic studies of the native Fe enzyme as well as MnII-substituted IPNS.59 Binding of 

the substrate ACV to the Fe results in Cys-SH deprotonation to form an Fe-SCys thiolate bond. 

When exposed to dioxygen, the iron reduces dioxygen to form a reactive FeIII-superoxo (Figure 

1.2, A). The enzyme positions the substrate so that the FeIII-superoxo is poised to abstract a 

hydrogen from the cysteinyl β-carbon (BDFE = 93 kcal/mol).60,61 In order to provide evidence that 

the FeIII-superoxo abstracts the β-hydrogen, the ACV substrate was deuterated in order to 

accumulate the transient superoxo intermediate. Once accumulated, the species was 

spectroscopically observed using rapid freeze-quench Mössbauer spectroscopy, and transient 

electric absorption spectroscopy using a stopped-flow instrument at 515 nm.62,63 Vibrational data 

of the putative superoxo species have yet to be reported.62,63 After abstraction of the β-hydrogen, 

an FeIII-hydroperoxo (Figure 1.2, B) is proposed to form, which is then reduced by the resulting 

thioalkyl radical, to form a reduced FeII-hydroperoxo (Figure 1.2, C) along with a carbon sulfur 

double bond (RC=S). Upon heterolytic cleavage of the putative peroxo O-O bond, water and a 

high valent FeIV-oxo (Figure 1.2, D) form. This second reactive oxidant (FeIV-oxo) then abstracts 

a hydrogen atom from the valinyl iPr group (BDFE = 96 kcal/mol) to form an FeIII-hydroxide 

species, and a valinyl radical, which then attacks the alkyl thiolate to form the final thiazolidine 

ring and the resting state FeII-center.58  

FeIII-superoxos are less well- known to be strong oxidants, especially one that is powerful 

enough to cleave a C-H bond with BDFE = 93 kcal/mol.58 It was previously thought that superoxos 
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were not capable of performing such strong hydrogen atom abstraction. The Kovacs group recently 

published an alkyl thiolate iron complex, [FeII(S2
Me2N2N

H(Pr,Pr)], that can support a FeIII-superoxo 

capable of extracting hydrogens from tetrahydrofuran (THF) that has a BDFE = 92 kcal/mol.64 In 

Chapter 4 structural modification of the [FeII(S2
Me2N2Pr,Pr)] complex will be discussed and 

shown to also support a FeIII-superoxo that has implications of modeling the IPNS mechanism.  

1.3.2.2 Cysteine Dioxygenase 

Another non-heme Fe enzyme surrounded by three histidine residues with a thiolate in the first 

coordination sphere, cysteine dioxygenase (CDO), utilizes dioxygen to oxidize cysteinate (RS-) to 

cysteine sulfinic acid (RSO2
-).65 High levels of cysteine is implicated into the  neurological 

disorders of Parkinson’s and Alzheimer’s66-68, which demonstrate the importance of properly 

functioning cysteine dioxygenase. Another recent study has shown that cysteine is linked to 

Figure 1. 3 Proposed mechanism for cysteine dioxygenase with dioxygen derived species, A) 

FeIII-superoxo, B) FeII-peroxythiolate, and C) FeIV-oxo.72 
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disabling tumor suppression, in that inactive or methylated CDO does not regulate cysteine.69-71 

Tumors use the abundance of cysteine to create a “net” of cysteine to protect themselves from 

chemo or radiation allowing the tumor to metastasize. 

The mechanism by which CDO oxygenates the sulfur of cysteine is not fully understood. One 

proposed mechanism based on theoretical calculations72 is shown below, Figure 1.3. The resting 

state of FeII is such that the substrate cysteine binds to the iron active site via its sulfur atom, which 

lowers the activation energy for oxygen to bind cis to the cysteine’s sulfur to form an FeIII superoxo 

intermediate (Figure 1.3, A). The superoxo is then thought to couple to the sulfur and form a 

bicyclic sulfur iron peroxo intermediate, FeII-peroxythiolate (Figure 1.3, B), which has not been 

seen experimentally, but computationally is a possibility.73 This peroxo can then undergo 

heterolytic cleavage and form a high valent FeV=O and a singly oxygenated sulfur (Figure 1.3, 

C). After the formation of the high valent iron oxo, the oxygen can then cis migrate to the sulfur 

to afford the cysteine sulfinate. A transient absorbance spectrum was collected for CDO yielding 

an intermediate with absorption bands at 500 nm and 650 nm, proposed to be either the FeIII-

superoxo or the peroxy thiolate.74 There have only been a few FeIII-superoxo model complexes 

reported, and only one with an alkyl thiolate.64,75-78 The proposed intermediates B and C have yet 

to be spectroscopically observed in the enzyme.  

1.4 Benefits of Biomimetic Modeling 

Studying the active site of enzymes poses several challenges such as the enzyme-substrate 

interactions, the number of different ligands coordinated to the metal ion and observing the 

intermediates along the catalytic pathway. Some techniques used to investigate the native enzyme 

are quantum mechanics and molecular modeling (QM/MM) and experimental manipulations such 

as freeze quenching the enzyme along the catalytic pathway and utilizing spectroscopic techniques 
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such as Extended X-ray Absorption Fine Structure (EXAFS) and electron paramagnetic resonance 

(EPR) helps to characterize the active site.79-81 

The use of small model molecules is used to study metalloenzymes because the models can 

mimic the coordination environment of the metal ion, through the synthesis of specific ligand 

architectures to provide insight into the electronic and structural properties of the metal ion within 

the enzyme. Transition metal model complexes allow for more stoichiometric control in organic 

solvents, substrate interactions, pH changes, and lower temperatures. Small model molecules can 

be used to probe the mechanism of the enzyme by mimicking the enzyme-substrate complex, via 

kinetics. Being able to stoichiometrically add dioxygen to a small model molecule and monitor the 

reactivity allows one to observe intermediates that are unobservable in the native enzyme. Overall 

biomimetic models permit for better signal to noise or resolution of spectroscopic techniques for 

characterization compared to their biological enzyme.82 Biomimetic models are used to elucidate 

the mechanism of the native enzyme, and the use of kinetics also provides knowledge to elucidate 

reaction steps of the reaction pathway. 

1.5 Kinetic Rates for Dioxygen Binding in Heme, Non-heme, Nitrogen, and Thiolate-

Ligated Models 

Some kinetic techniques to observe dioxygen binding to native enzymes or biomimetic models 

are flash photolysis,83 rapid freeze-quenching,84 and cryogenic stopped-flow.85 Stopped-flow 

combined with electronic absorption spectroscopy provides “real-time” spectroscopic evidence of 

rapid accumulation and decay of intermediates involved in oxygen activation.86 Stopped-flow 

experiments with [FeII(SMe2N4(tren))]+ and [FeII(S2
Me2N2N

H(Pr,Pr)] will be the focus in Chapter 

2 and 3 of this dissertation. The stopped-flow method is generally preferred for solution-phase 

reactions, which include dissolved metal complexes or solubilized gases such as dioxygen. The 
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stopped-flow instrument is equipped with two or more syringes, that are driven by automatic 

pistons, which rapidly inject the reactants into a mixing chamber (Figure 1.4). After mixing, the 

reactants are now at half the concentration of the starting reactants and the solution passes into the 

observation cell. The stainless-steel observation cell is immersed in an ethanol cooling bath and is 

capable of reaching temperatures of -80 °C. As the solution is driven through the observation cell, 

it flows to the stopping syringe, that when filled strikes the stop block, and stops the flow. Once 

the solution is stopped, the recording of the absorption starts, and the change is monitored for a 

length of time. The stopped-flow instrument is equipped with two different collection modes, the 

charge coupled device (CCD) which collects the full spectrum, and the photomultiplier which 

monitors the change in absorption at a single wavelength; mostly used for millisecond timescale 

Figure 1. 4 General schematic of the stopped-flow system. 
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reactions. The observed rates can then be compared to the concentration of reactants to determine 

rate constants. In the case of dioxygen, rate constants can be determined for reversible and 

irreversible reactions with non-heme iron complexes like [FeII(S2
Me2N2N

H(Pr,Pr)], Chapter 3. The 

use of stopped-flow provides kinetic and mechanistic insights applicable to the rational design of 

selective oxidative catalysts. Below is a summary of mononuclear model complexes for which 

dioxygen binding rates and activation parameters have been reported and a brief analysis of some 

of the factors that dictate the reactivity and how they are related to enzymes.  

The contribution of ligand constraints and H-bond donors on the reactivity of biomimetic 

models reported in Table 1.1, are reminiscent of the influence of protein constraints and H-bond 

donors on metalloenzymes for dioxygen binding.  Protein constraints have been shown to have a 

dramatic effect on electronic structure and reactivity of enzymes.87-91 For example, the reduction 

Scheme 1. 3 Chemdraw depiction of the ligands in Table 1.1.87, 105-108, 113-116 
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potential and electron transfer kinetics of blue copper proteins are controlled by protein structural 

constraints.92 Hydrogen-bond donors can also influence the stability of metastable enzyme 

intermediates and influence reaction pathways.93-96 

Comparison of the activation barriers (EA) and rate constants (k) associated with dioxygen 

binding to the porphyrin-like systems such as salen (N,N′-Ethylenebis(salicylimine)), porphyrins, 

or acac (acetylacetone)(Scheme 1.3),97,98 are faster than the non-heme systems.105 The energy of 

activation is also lower for both synthetic and biological systems.99-103 Some non-heme complexes 

containing more flexible ligands with independent arms, such as TPA, TMPA (Tris(2-

pyridylmethyl)amine), tren (Tris(2-aminoethyl)amine), and Tp (Trispyrazolylborate) (Scheme 

1.3), bind dioxygen more readily on par with heme systems. Non-heme iron models that possess a 

rigid backbone like [FeII(S2
Me2N2N

H(Pr,Pr)] have shown to have slower dioxygen binding.105 The 

difference in activation barriers and rate constants can be attributed to the smaller rearrangement 

required for ligands to bind to the more readily accessible open face of a porphyrin-like metal ion.  

This property is important to consider in regards to facilitating O2 release in O2 transport proteins. 

Irreversible O2 binding is important if the enzyme function involves the metal-superoxo species, 

as is the case with IPNS and CDO.    
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Table 1.1 Comparison of Kinetic Parameters for Dioxygen Binding to Mononuclear FeII, 

MnII, CoII, and CuI Model complexes* and Biological Active Sites. 

 Solvent (T) kon, M-1 s-1 

ΔH‡, 

kJ•mol-1 

ΔS‡, 

J•mol-1K-1 

ref 

3-, 4-, and 5-Coordinate Complexes     

[FeII(S2
Me2N2N

H(Pr,Pr)] 

(3.1) 
THF (-40 ˚C)  5.02(5) x 101  19.3(8) -127(4) 

105 

 THF (0 ˚C)  2.66(28) x 102    

 MeOH (-30 ˚C) 0.79(6) 30(2) -123(7)  

 MeOH (0 ˚C) 4.4(5)    

[FeII(SMe2N4(tren))]+ (2.1) MeOH (-40 ˚C) 5.82(3) x 107 34(15) 55(68) 104 

[MnII(SMe2(6-

MeDPEN)]+ 

MeCN (-40 ˚C) 7.17(45) x 102 26(2) -76(7) 106,107 

[CuI(TPA)(THF)]+ THF (25 ˚C) 1.3 x 109 7.62 -45.1 108 

[ NMe2LCuI ] a THF (-80 ˚C) 6.90(2) x 107 32.1 80.1 109 

ImLCuI(MeCN)b THF (-80 ˚C) 1.80(3) x 108 23.4 35.1 109 

L1CuI(MeCN)c THF (-50 ˚C)d 1.56(2) x 103 18(2) -100(10) 110 

(Me6tren)CuI(EtCN) EtCN (-50 ˚C) 8.7(4) x 105 17.1(6) -52(3) 111 

(TMPA)CuI(EtCN) EtCN (-50 ˚C) 5.0(3) x 105 31.6(5) 10(3) 112 

CoII(acacMeDPT) acetone (-50 ˚C) 1.0(1) x 106 5.0 -109 113 

CoII(SalMeDPT) acetone (-50 ˚C) 2.10(4) x 105 12.6 -80 113,115 

CoII(pXyacacMeDPT) acetone (-50 ˚C) 1.74(5) x 106 28 -13 113 

V(N[tBu]Ar)3 toluene (-53 ˚C) 40(3) x 103 13.8(8) -92(4) 114 

[Pd(IPr)2]
e toluene (-80 ˚C) 6.1(1) x 103 18(3) -54(4) 116 

[Pd(IPr)(P(p-tolyl)3)]
e THF (-80 ˚C) 1.2 x 103 9.2 -117 117 

Five Coordinate Porphyrin Complexes     

[Fe(Piv35CIm)] Toluene (25 ˚C) 4.3 x 108 0.75(33) -117(3) 97 

[FeII(Piv2C9)(RS)]1- Toluene (20 ˚C) 3.5 x 106   98 

Biological Systems      

Cyt bo3 Ubiquinol 

Oxidase 
H2O (25 ˚C) 3.8 x 107   100 

H-NOXf H2O (25 ˚C) 2.5(3) x 107   101 

Hemoglobin (⍺-human) H2O (25 ˚C) 2.8 x 107   102 

Fe-Mb (horse) H2O (22 ˚C) 9.8 x 107 23 -30 103 

a NMe2L = DMAE of Scheme 1.3, b ImL = impy1 of Scheme 1.3, c L1 = β-diketiminate (R= 

Me) dThese values were obtained using flash photolysis methods. eIPr = 1,3-

bis(diisopropyl)phenylimidazol-2-ylidene which is an N-heterocyclic carbene, fH-NOX = 

Heme Nitric oxide/Oxygen binding 

*Scheme 1.3 for drawings of the ligands. 
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Chapter 2: Investigation of Rapid Dioxygen Binding by a Non-Heme 

Single Thiolate-Ligated FeII Complex 

Portions of this chapter have been republished or adapted with permission of the Journal of 

American Chemical Society from, “Electronic Structure and Reactivity of Dioxygen-Derived 

Aliphatic Thiolate-Ligated Fe-Peroxo and Fe(IV) Oxo Compounds” Dedushko, Maksym A.; 

Greiner, Maria B.; Downing, Alexandra N.; Coggins, Michael K.; Kovacs, Julie A. J. Am. Chem. 

Soc. 2022, 144, 19, 8515-8528. DOI: 10.1021/jacs.1c07656 

As well as from, “Superoxide Oxidation by a Thiolate-Ligated Iron Complex and Anion 

Inhibition.” Dedushko, Maksym A.; Pikul, Jessica H.; Kovacs Julie A. Inorg. Chem. 2021, 60, 10, 

7250-7261 DOI: 10.1021/acs.inorgchem.1c00336 

 

2.1 Introduction 

Heme and non-heme enzymes utilize dioxygen to carry out biological and environmental 

functions required to sustain life.1-5 Binding of dioxygen in heme enzymes is significantly faster 

than in their non-heme counterparts and characterizing or observing each one electron reduction 

of activated dioxygen is substantially more difficult. Much of our understanding of the properties 

of heme and non-heme iron enzyme dioxygen intermediates such as FeIII-superoxos (FeIII-O2
•-), 

FeIII-peroxos (FeIII-O2
-), and high-valent iron oxos, (FeIV/V=O) comes from small molecule 

chemistry. 6-13 However, only superoxos and binuclear peroxos can be derived from dioxygen, or 

in some cases inorganic superoxides (KO2). As discussed in the introductory chapter, only a small 

number of non-heme iron enzymes incorporate thiolates in the first coordination sphere, and their 

influence on a non-heme iron model will be further discussed here.   
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Previously, the Kovacs group has shown that the solvent bound [FeIII(SMe2N4(tren))(THF)]2+ 

(4) was able to oxidize superoxide (O2
-) to afford quantitatively dioxygen (O2) via a transient FeIII-

superoxo intermediate that is only observable via electronic absorption spectroscopy (EAS) at 

temperatures below -125 °C.14  The proposed short-lived FeIII-superoxo, [FeIII(SMe2N4(tren))(O2)]
+ 

(2), is also observed in the reaction between [FeII(SMe2N4(tren))]+ (1)  and dioxygen at -130 °C in 

MeOH/EtOH (1:1) Figure 2.1, with a characteristic band at λmax = 690 nm. Even under these 

extreme conditions a substantial amount of the peroxo-bridged dinuclear species, 

[(FeIII(SMe2N4(tren)))2(µ-O2)]
2+ (3), at λmax = 465 nm is observed along with the 690 nm band. Note 

that the 465 nm band is asymmetrically broadened at -130 °C due to the addition of two peaks 

Figure 2.1 EAS of [FeII(SMe2N4(tren))]+   1 (0.1 mM) to saturated O2 (~ 3.6 mM) solution of 

MeOH/EtOH (1:1) at -130 °C observed growth of mixture of intermediates. Insert of 500 - 900 

nm region for clarity. 
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centered around 400 and 530 nm. Gaussian fits15 were employed to the EAS spectrum in Figure 

2.1 and are consistent with two species: the proposed FeIII-superoxo 2 that has three bands are λmax 

= 401, 530, and 690 nm, and the binuclear peroxo 3 at 465 nm, Figure 2.2. Slight warming to -

115 °C causes the electronic absorption broad 465 nm band to sharpen and the 690 nm associated 

with 2 to disappear and convert to a second metastable species rapidly and irreversibly, 3 with a 

λmax of 465 nm. Time-dependent density functional theory calculations, specifically broken 

symmetry density functional theory, were performed to elucidate the characteristic peaks that 

would be associated with the proposed species 2, Figure 2.3. Analysis of the natural transition 

orbitals (NTOs) responsible for the observed calculated bands resulted  the higher energy bands to 

Figure 2.2 Gaussian fits (using Fityk15) to EAS of 1 (0.1 mM) and saturated O2 (~ 3.6 mM) in 

1:1 MeOH/EtOH. Experimental data in red, sum of the Gaussian fits to simulated experimental 

data in blue, Gaussian fits to proposed 2 at λmax = 401, 530, 610 and 690 nm in purple, Gaussian 

fit to 3 at λmax = 465 nm in green, and higher energy bands depicted in grey. 
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be  superoxo π*(O-O) → dx
2

-y
2(Fe), and dxy(Fe) → π*(O-O) charge transfers at λmax

calc = 410, 430, 

and 542 nm, supporting the broad nature of the 465 nm band, and the lower energy bands were 

primarily thiolate to metal superoxo (RS- 
→ Fe-O2

•-) charge transfer bands λmax
calc = 692 nm  At 

temperatures ranging from -40 to -115 °C, the 3 is the only species observed to form in reactions 

between 1 and dioxygen under standard EAS where the concentration of O2 is variable and in 

excess. Once 3 is formed, solutions of 3 are stable for weeks in a -80 °C freezer.16 Given the 

relative stability of this intermediate, 3 has been characterized by EAS to have a λmax of 465 nm 

with an extinction coefficient of ~3000 M-1cm-1 in MeOH and is EPR silent in both parallel and 

perpendicular mode. The release of dioxygen was quantitatively determined and consists with a 

Figure 2.3 TD-DFT calculate electronic absorption spectrum of [(FeIII(SMe2N4(tren)))2(µ-O2)]
2+ 

(3), including percentages of natural transition orbitals (NTO) describing the charge transfer 

(CT) transitions. 
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Fe:O2 2:1 ratio. Hydrogen peroxide (H2O2) detection upon acidification of 3 in situ provides 

additional support for an antiferromagnetically coupled peroxo-bridged dimer formation for 3. The 

focus of Chapter 2 will be on kinetic experiments to elucidate the dioxygen activation mechanism 

of 1 to form the putative FeIII-superoxo 2 and its conversion to 3 and provide more evidence for 

the putative 2. 

2.2 Results and Discussion 

2.2.1 Mechanism of Dioxygen Activation 

The general kinetic scheme is shown in Scheme 2.1, the first intermediate for dioxygen 

activation is a FeIII-superoxo and assumed to be reversible as previous evidence of dioxygen 

evolution as described previously. Once 2 is formed it goes on to react with another molecule of 1 

to form the final species of interest, 3. Formation of 3 is assumed to be irreversible upon the 

evidence that 3 is stable via monitoring EAS under an argon stream or under vacuum on for an 

hour. However, there is another pathway possible where 2 is not observed in which 1 reacts with 

dioxygen directly to form 3 at moderately low temperatures respectively.  

The overall rate expression that describes the formation of 3 is represented by Eq 2.1 and can 

be derived using the steady-state approximation with respect to the concentration of FeIII-superoxo 

2, [FeO2].Terms are defined as k1 is the formation of 2, k-1 is the dissociation of dioxygen from 2, 

Scheme 2.1 Reaction scheme for the two pathways for the formation of peroxo-bridged dimer 3 

in the reaction between 1 and O2 and the corresponding rate constants. 
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and k2 for the conversion of the FeIII-superoxo 2 to dinuclear peroxo 3 with another molecule of 

FeII at a given time, [FeII]t, and k2’ is the rate of which 3 is formed without observing the putative 

2. Solving for the FeIII-superoxo concentration, [FeO2], in Eq 2.3 and substituting back into Eq 

2.1, affords the rate expression of Eq 2.4.  

Three scenarios result depending on the relative magnitude of the two terms in the denominator 

of Eq 2.4, k-1 and k2[FeII]t respectively. The scenarios are as followed: (1) k-1 >> k2[FeII]t, (2) 

k2[FeII]t >> k-1, or (3) k-1 = k2[FeII]t. Each case will be described below in detail and discussed in 

terms of kinetic data collected to provide insight into the mechanism of activation of dioxygen by 

1 in the formation of 3.  
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2.2.1.1 Scenario (1): k-1 >> k2[FeII]t 

In the first scenario, the assumption that the rate at which O2 dissociates from FeIII-superoxo 

(k-1) is significantly faster than the rate at which FeII 1 traps FeIII-superoxo 2 (k2[FeII]t), then Eq 

2.5 simplifies to Eq 2.6. This would be equivalent to a rapid pre-equilibrium step involving the 

formation of 2, followed by a rate-determining step involving the formation of 3. The rate of 

formation of 3 under pseudo-first order conditions with excess dioxygen, the rate expression 

simplifies to Eq 2.7, where the observed rate constant, kobs, defined as Eq 2.8, is dependent on the 

concentration of O2, and the slope of a kobs vs [O2] plot would equate to k1k2/k-1. Scenario 1 closely 

examined the kinetic experiments discussed later, and will show that k2 is rate determining and is 

reflected by the slope of kobs vs [O2] plot Figure 2.6, This provided a foothold to calculate the rate 

constant k1 through global analysis. Under conditions of excess FeII 1, the rate expression is 

represented by Eq 2.9 and kobs defined as Eq 2.10 and a plot of kobs vs [FeII]2 would yield a slope 
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also equal to k1k2/k-1. In conditions of excess dioxygen, the assumption that k-1 >> k2[FeII]t is valid 

as the FeIII-superoxo 2 is unobservable on the timescale of the stopped-flow instrument as will be 

discussed below in, and the amount of [FeII]t is very low. Conditions of excess FeII 1, will be 

discussed in scenario 2 and 3, where the k2[FeII]t term are not assumed to be negligible. 

2.2.1.2 Scenario (2): k2[FeII]t >> k-1  

 In scenario (2) where the rate at which FeII 1 reacts with FeIII-superoxo 2 (k2[FeII]t) is 

significantly faster than dioxygen dissociation (k-1) and 1 is in excess, then the rate expression Eq 

2.11 simplifies to Eq 2.12. This assumption would be consistent of dioxygen association, k1, being 

rate determining. The two-term rate expression under pseudo-first order conditions of excess 1, 

Eq 2.13, where a linear plot of k1obs vs [FeII] (Eq 2.14), would have a slope equal to 2k1, while 

k2obs (Eq 2.15) would still contain a conglomerate of rate constants, not easy to tease out with a 

plot of k2obs vs [FeII]. This scenario is ruled out since the second term is negative, and rate constants 

are not negative.   
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2.2.1.3 Scenario (3): k-1 = k2[FeII]t 

The last scenario, albeit more difficult than the last that needs to be considered, is if O2 

dissociation (k-1) is relatively equal to that of superoxo 2 reacting with another molecule of 1, 

(k2[FeII]t). This scenario would be more difficult to prove as the rate terms are convoluted as well, 

and kinetic experiments to determine the individual rate constants are not straightforward. Thus is 

the challenged of two-step reaction with a reversible step, Scheme 2.2.  

2.2.2 Stopped Flow Kinetic Experiments 

The rate of formation of the peroxo-bridged 3 was monitored at a range of low temperatures 

in two different pseudo-first order conditions, i.e., excess O2 or 1, on a cryogenic TgK Scientific 

stopped-flow instrument equipment with EAS in single mixing mode. All concentrations of 

reagents are reported in “after-mix” concentrations. The use of the stopped-flow allowed for 

precise kinetic data to be obtained of short-lived intermediates by either a monitoring at a single 

wavelength, photomultiplier mode, or a full spectrum to be obtained, CCD. As well as have known 

Scheme 2.2 Scenario 3 where the denominators k-1 and k2[Fe] are equal. The left is simplified in 

terms of k-1 while the right is simplified in terms of k2[Fe]. Both cases do not simplify into a kinetic 

express that can be determined using traditional pseudo-first order kinetic experiments.   
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concentration of O2 solutions as the instrument is devoid of head space, unlike electronic 

absorption spectroscopy performed with dip probes in the Kovacs Lab that the dioxygen can be 

dissipate into the headspace.  

2.2.2.1 Pseudo-first order with respect to dioxygen 

The formation of 3 is complete in ~14 milliseconds at -40 °C and is too fast to be monitored 

by the conventional full spectrum mode, CCD, Figure 2.4. Even on the fastest time scale for the 

CCD, the instrument is only able to obtain one scan before the formation of the 3 is over. Thus, 

for excess dioxygen, all kinetic data was obtained as kinetic traces at 465 nm on the photomultiplier 

Figure 2.5. Workup of the kinetic traces via methods of modified absorption versus time to obtain 

linear plots were not used as there are no effective time points to accurately determine the order of 

the rate constant.  

Figure 2.4 Formation of 3 on CCD mode with 1 (0.3 mM) and O2 (4.3 mM) in MeOH at -45°C. 
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  The kinetic trace was fitted using Kinetic Studio to the single exponential of Eq 2.16:  with very 

small residual sum of squares, ssq = 0.00398, to obtain the pseudo-first-order rate constants, Table 

Figure 2.6 Kinetic trace at 465 nm obtained with photomultiplier detector of 1 (0.3 mM) and 

O2 (4.3 mM) at -45 °C in MeOH. 

Figure 2.5 Dependence of the observed rate constant, k2’obs (s
-1), for the formation of 3 

with the changing [O2] (M) over the temperature range of -50 to -35 °C at constant [1] = 

0.3 mM in MeOH 
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2.1. Residuals weren’t improved significantly when fit to a double exponential, or two-step process 

under excess dioxygen conditions as no intermediates are detected prior to formation of 3.  

The peroxo-bridged dinuclear species 3 was monitored by the growth of the absorption band 

at 465 nm under pseudo-first/second-order conditions with excess O2 over the temperature range 

-50 to -35 °C Figure 2.6, with no intermediates detected throughout. Consistent with the reaction 

pathway of 2Fe + O2 to 3, k2’, Scheme 2.1. Reaction runs were taken in quintuplicate and analyzed 

using Grubb’s test17 providing a 95% confidence level on the pseudo-first-order rate constant, 

k2’obs. 

Observed rate constants, k2’obs, were found to increase linearly with increasing dioxygen 

concentrations, indicating that the formation of peroxo-bridged 3 is first order with respect to 

dioxygen. Taking a log of observed rate and log of concentration also gives the order of the 

Figure 2.7 Log(k2’obs) vs log([O2]) plot showing that the reaction is 1st order overall with 

respects to O2. Conditions [1] = 0.2 mM and [O2] = 4.3 mM in MeOH over a temperature range 

of -50 to -35 °C. Slope = 0.7. 
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reagent.18 The log(k2’obs) vs log([O2]) plot yielded a slope of 0.77, Figure 2.7, consistent with the 

mechanism shown in Scheme 2.1, Fe:O2 2:1. The temperature-dependent second-order rate 

constants, k2’expt, were obtained from the slopes of the k2’obs versus [O2] plot Figure 2.6.  

The temperature-dependent non-zero intercept from Figure 2.6 (k2’obs vs O2) indicates that a 

reversible step which is independent of dioxygen is involved in the formation of 3, k-1expt, consistent 

with the mechanism above being dioxygen dissociation of the superoxo.  

Figure 2.8 The formation of the 3 under pseudo-first order conditions with excess 1 (0.125 

mM) and limiting [O2] (0.0015 mM) at -40 °C, shows an intermediate, 2, with λmax = 490 

nm forms prior to 3. 
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2.2.2.2 Pseudo-first-order with respect to 1 

 Under pseudo-first-order conditions with respect to 1 (0.10 – 0.25 mM) and limiting O2 

(0.015 mM), using a CCD detector, over the temperature range -55 to – 40 °C a new intermediate 

is observed at 490 nm, that within 1-2 scans rapidly converts to 3 at 465 nm, Figure 2.8. The 

Figure 2.10 Dependence of 1 (0.3 mM) in excess [O2] (4.3 mM) in MeOH at -40 °C, shows 

second order dependence of 1 on the formation of 3. 

Figure 2.9 Kinetic trace at 560 nm for excess 1 (0.3 mM) and [O2] (0.015 mM) in MeOH at -

40 °C fit to a double exponential. 
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intermediate at 490 nm would most be consistent with that of the superoxo 2, as previous evidence 

suggested and the superoxo would be the precursor to a peroxo-bridged 3. Since 2 is observable 

under conditions of excess 1, before the formation of 3, k2 is consistent with being the rate-

determining step.  Under conditions of excess 1, the kinetic trace was scanned at multiple 

wavelengths and showed that at lower energy (525 nm to 560 nm), there was growth of two distinct 

species. One that grew in rapidly, 2, then a more gradual growth to where it leveled off, or reach 

equilibrium, 3, Figure 2.10. The pseudo-first-order rate constants were collected at λmax of 560 nm 

because there is less overlap between the two intermediates. (2, 490 nm and 3 465 nm) the kinetic 

traces fit best to a two-exponential term, instead of the single exponential as shown above in the 

excess dioxygen condition.  

A double exponential fit would best describe a system that involves two molecules of 1  in the 

mechanism, which is consistent from above, and is confirmed by the log(kobs) vs log([FeII]) plot 

Figure 2.11 Log(kobs) vs log([Fe]) plot for the formation of 3 under pseudo-first order conditions 

with excess 1 and limiting O2 show 2nd order dependence on 1. Conditions [1] = 0.3 mM and 

([O2] = 0.015 mM in MeOH over the temperature range of -50 to -35 °C. 
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that displays a slope of 1.9, giving that the overall formation of the peroxo is second order with 

respect to 1. The observed pseudo-first-order rate constants increase linearly with the increase of 

[FeII]2, which is consistent with FeII being first order in the pseudo-first order conditions, Figure 

2.11. The large non-zero intercept is also consistent with a reversible step as seen above with the 

excess dioxygen study. The slope is equal to k1k2/k-1 and individual rate constants cannot be 

determined experimentally except k-1expt, which is still an estimate. 

2.2.3 Global Fitting to Determine Rate Constants 

Experimentally the rate constants k1 and k2 are difficult to obtain, thus more rigorous 

mathematical methods were employed. Determining the rate constants k1calc and k2calc via global 

fits uses numerical methods of fitting the experimentally obtained data and consider the conditions 

Figure 2.12 ReactLab Model Editor that contains the step-wise model in simply terms, A, B, C etc. 

while labeled with the respected rate that each step represents. Each step is selected to be fitted or 

fixed with initial guesses or experimentally determined values. Each species in the step-wise model 

is determined to contribute to the calculated spectrum via “non-abs” or “colored” Initial 

concentrations that represent the spectrum being fitted are also inputted.  
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of reagents and a sequential model to determine the rate constants. Fitting to the full spectrum 

provided more detail regarding the intermediates involved, than did the single kinetic trace at 465 

nm to obtain a full picture of the mechanism. Spectra collected with the conditions of excess 

dioxygen (2.3 – 4.3 mM) and limiting FeII 1  (0.3 mM) in MeOH did not provide evidence to 

describe k1, since the first scan of these conditions is 0.4 Abs of 3 and the reaction is essentially 

40% complete, Figure 2.4. The spectrum obtained from the excess 1 with limiting dioxygen were 

utilized since a precursor was observed before the final formation of the 3 and would give the most 

accurate fit of k1 scenario, Figure 2.8. Initial conditions of [1] = 0.3 mM and [O2] = 0.015 mM, 

which were both non-absorbing species, as they wouldn’t contribute to the calculated spectra. 1 is 

colorless and does not absorb in the region of 400-600 nm. Initial concentrations of the superoxo 

2 and peroxo 3 were set to 0 mM and selected to be colored as the two intermediates are 

experimentally observed to absorb in the region from 450 – 500 nm. The initial guesses for k1calc 

and k2calc were set to 1x104, which were of the same magnitude as the observed rate constants, 

Figure 2.13 Fitted spectrum of the step-wise model where k1 initially was 1 x 105 and k2 

initially at 1 x 104. Resulted in a fitted spectrum that well reproduces the experimental spectrum 

under excess 1 conditions. 
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k2’expt (k2’obs vs O2). No assumptions of which rate constant was smaller, and selected to be fitted, 

while k-1 was set to the experimentally determine k-1expt values at each temperature (Figure 2.12).  

The step-wise model, shown in Scheme 2.3, used to fit the data is as follows: where A is 1, D is 

dioxygen, B is superoxo 2, and C is peroxo 3. The rate constant associated with A + D → B is k1, 

B → A + D is k-1, and A + B → C is k2. 

Under these conditions, one iteration of the proposed model resulted in the scenario of k2calc 

(107) being much larger than k1calc (104), and the calculated absorption spectrum being the opposite 

of what was observed experimentally, where the 3 species is the low absorbing band at 490 nm, 

and 2 is the strongly absorbing band at 465 nm. Revision of the initial guesses of k1calc and k2calc 

were made to 1 x 105 and 1 x 104, respectively. This scenario resulted in k1calc (107-8) being much 

larger than k2calc (103-4) and reproduced the experimentally observed spectrum (Figure 2.13) with 

3 the species at 465 nm, and the 2 at 490 nm. The described process was repeated at each 

temperature. Rates obtained from global fits are in good agreement with k2 being the rate 

determining step as k2’obs/expt is of the same magnitude as k2calc.  

As shown in the inset of Figure 2.14, 2 at 490 nm forms during the first 40 ms of the reaction 

and then quickly converts to 3 over the next 350 ms under excess 1 and limiting dioxygen 

Scheme 2.3 Three step mechanism model employed for global fitting of time resolved spectra 

from reactions with 1 and O2. 
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conditions. Data points are collected every 25.7 ms when a CCD detector is used and the full 

spectrum is monitored, causing global fits to look linear during the initial part of the reaction. The 
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concentration of 1, which is present in excess under pseudo-first-order conditions remains 

approximately constant. 

Figure 2.14 Calculated spectra obtained from global fits for the formation of 3 preceded by 

2 at -40 °C with [Fe] = 0.3 mM and [O2] = 0.015 mM and k-1calc fixed to k-1expt. Concentration 

profiles are shown in the inset where [O2] = orange, [2] = green, and [3] = purple.  

 

Figure 2. 15 Left: Eyring plot for formation of 3 via the reaction between 1 and O2 in MeOH, 

from which the activation parameters ΔH2’expt
‡ = 10(2) kJ•mol-1 and ΔS2’expt

‡ = -100(10) J•mol-

1K-1 were obtained. Right: Arrhenius plot for the formation of 3 via the reaction between O2 and 

1 in MeOH, from which the activation parameter, Ea2’expt = 12(3) kJ•mol-1 was obtained. Rate 

constants, k2’expt, were obtained from the slope of k2’obs vs [O2] plot. 
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2.2.4 Determination of Activation Parameters with Eyring and Arrhenius Analysis 

The activation parameters for each rate constant, were obtained by Eyring and Arrhenius plots 

(Figure 2.15, 2.16 ,2.17) via experimentally determined second order rate constants, k-1expt and 

k2’expt, or calculated rate constants from global fitting, k1calc and k2calc, respectively, over the 

temperature range of -35 °C to -50 °C. The activation barrier of dioxygen binding (ΔH‡
1calc = 

34(15) kJ•mol-1; ΔS‡
1calc = +55(68) J•mol-1K-1; Ea1calc = 36(2) kJ•mol-1) is significantly lower, 

specifically the activation enthalpy, than the barrier of 2 conversion to 3 (ΔH‡
2calc = 44(18) kJ•mol-

1; ΔS‡
2calc = +30(77) J•mol-1K-1; Ea2calc = 46(2) kJ•mol-1), consistent with k2calc being rate 

determining.   The error associated with the entropy of activation (ΔS‡) is too large to allow a 

meaningful conclusion regarding the associative versus dissociation nature of the system regarding 

k1calc and k2calc. The kinetic barrier of dioxygen release from 2, k-1expt, (ΔH‡
-1expt = 15(5) kJ•mol-1; 

ΔS‡
-1expt = -140(20) J•mol-1K-1; Ea1calc = 16.7(6) kJ•mol-1), is consistent with a rapid pre-

equilibrium involving the formation of 2 from 1. The activation parameters obtained from the 

direct formation of 3 from 1 and dioxygen, k2’expt, is artificially low and does not have physical 

meaning because the rate is a conglomeration of rate constants, k1, k-1, and k2, and would just 

supply insight to the overall system to be that of a small activation barrier of dioxygen binding 

Table 2.1 Temperature-Dependent Kinetics Data for Reversible O2 binding to 1 and 

Conversion of FeIII-superoxo 2 to Dinuclear Peroxo 3 in MeOH with Activation 

Parameters 
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through an associative process (ΔH‡
2’expt = 10(2) kJ•mol-1; ΔS‡

2’expt = -100(100) J•mol-1K-1; Ea2’expt 

= 12(3) kJ•mol-1). Rate constants and activation parameters at each temperature are summarized 

in Table 2.1.   

Based on the calculated activation parameters determined from global fitting, the Gibb’s free 

energy of activation, Figure 2.19 was calculated and revealed that the net reaction is -23.4 kJ•mol-

Figure 2. 17 Left: Calculated Eyring plot for O2 associated of 1 and O2 in MeOH for the 

formation of 2, from which the activation parameters ΔH1calc
‡ = 34(15) kJ•mol-1 and ΔS1calc

‡ = 

+55(68) J•mol-1K-1 were obtained. Right: Calculated Arrhenius plot for O2 associated of 1 and 

O2 in MeOH for the formation of 2, from which the activation parameter, Ea1calc = 36(2) kJ•mol-1 

was obtained. Calculated rate constants, k1calc, were obtained from global fits at each temperature 

respectively. 

Figure 2. 16 Left: Calculated Eyring plot for formation of 3 of putative 2 and 1 in MeOH, from 

which the activation parameters ΔH2calc
‡ = 44(18) kJ•mol-1 and ΔS2calc

‡ = +30(77) J•mol-1K-1 

were obtained. Right: Calculated Arrhenius plot for formation of 3 of putative 2 and 1 in MeOH, 

from which the activation parameter, Ea2calc = 46(2) kJ•mol-1 was obtained. Calculated rate 

constants, k2calc, were obtained from global fits at each temperature respectively. 
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1, and that the formation of the superoxo 2 (21.0 kJ•mol-1) requires less energy than the transition 

state of the peroxo-bridged 3 (Figure 2.19; 35.6 -37.2 kJ•mol-1), consistent with the 2 being short-

lived and unobservable in certain conditions, while the peroxo-bridge 3 is relatively more stable.  

2.3 Conclusions  

The first step of dioxygen activation for both heme and non-heme iron enzymes is the 

formation of FeIII-superoxo (Fe-O2
•-). Dioxygen binding is lower when thiolates are in the first 

coordination sphere, herein kinetic experiments were shown to be consistent with a mechanism 

involving reversible dioxygen binding to 1 and a rapid pre-equilibrium between superoxo 2 and 1 

followed by rate-determining conversion of 2 to 3. In excess dioxygen, a log(kobs) vs log([FeII]) 

plot resulted in that the formation of 3 is second order with respect to 1. The intense absorption 

band at λmax = 465 nm associated with 3 was assigned to a peroxo π*(O-O) to Fe(dz
2) charge-

transfer transition. An intermediate was detected (λmax) = 490 nm) en route to peroxo 3 when 

kinetics data was collected under pseudo-first-order conditions with excess 1 and limiting O2 at 

low temperatures on the millisecond time scale using a cryogenic stopped-flow instruments. The 

barrier to dioxygen binding was shown to be low (ΔH and Ea values), as had been theoretically 

Figure 2. 18 Left: Eyring plot for formation of 3 via the reaction between 1 and O2 in MeOH, 

from which the activation parameters ΔH-1expt
‡ = 15(5) kJ•mol-1 and ΔS-1expt

‡ = -140(20) J•mol-

1K-1 were obtained. Right: Arrhenius plot for the formation of 3 via the reaction between O2 and 

1 in MeOH, from which the activation parameter, Ea-1expt = 16.7(6) kJ•mol-1 was obtained. Rate 

constants, k-1expt, were obtained from the y intercept of k2’obs vs [O2] plot. 
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predicted for thiolate-ligated non heme enzymes such as IPNS. The barrier to the conversion of 

FeIII-superoxo 2 to 3 (ΔH and Ea values) was shown to be significantly higher, consistent with this 

step being rate determining.  

2.4 Experimental Details 

2.4.1 General Methods 

Reagents purchased from commercial vendors were of the highest purity available and used 

without further purification. [FeII(SMe2N4(tren))(PF6/BF4)] 1 was synthesized as previously 

described.19 Methanol (MeOH) was distilled over magnesium turnings and iodine and degassed 

prior to use. All manipulations were performed using Schlenk line techniques or under an N2 

atmosphere in a glovebox.  

Figure 2. 19 Reaction Coordinate diagram of Gibb’s Free Energy of activation for the 

spontaneous reaction of 1 with O2 to reversibly bind to form superoxo 2 then going on to form 

peroxo-bridged 3. The energy required to reach the transition state for 2 (21.0 kJ•mol-1) is less 

than the energy required to form the transition state of the peroxo-bridged 3 (35.6-37.2 kJ•mol-

1). Gibb’s Free Energy of Activation were determined via calculated activation parameters 

from global fits.  
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2.4.2 Kinetic Measurements 

Solutions were prepared in a N2-filled anaerobic glovebox ([O2] < 0.5 ppm) and placed in 

Hamilton gastight (copyright) syringes equipped with nylon three-way values. Time-resolved 

spectra (400 – 700 nm) were acquired at low temperatures using a TgK Scientific (U.K.) CSF-

61DX2 Multi-Mixing CryoStopped-Flow Instrument equipped with a tungsten visible light source. 

The stopped-flow instrument is equipped with PEEK tubing fitted inside stainless-steel plumbing, 

a 1.00 cm3 quartz mixing cell, and an anaerobic kit purged with an inert gas. The temperature in 

the mixing cell was maintained to +/- 0.1 °C, and the mixing time was 2 – 3 ms. All flow lines of 

the instrument were extensively washed with degassed MeOH before charging the driving syringes 

with solutions containing the reactants. Between experiments the flow lines were purged with 7 

mL of the next experiments solutions. The reactions were studied by rapid scanning 

spectrophotometry under pseudo-first order conditions with excess oxygen or iron complex. The 

O2 concentrations was assumed not to change upon cooling, given that the system is closed, and 

the solutions were not in contact with the gas phase (small variations in the solvent density were 

not considered). Dilutions of the O2-saturated solvent were performed anaerobically to obtain the 

desired [O2]. All concentrations reported in stopped-flow experiments refer to “after mixing” 

conditions. Experiments were performed in single-mixing mode, with a 1:1 (v/v) mixing ratio. A 

series of three to six measurements were taken with outliers removed by Grubb’s test 95% 

confidence interval prior to averaging.17 Data analysis was performed with Kinetic Studio software 

from TgK Scientific.20 Data was fit at a single wavelength (465 nm) Eq 2.20 or a double 

exponential at 560 nm using the following equation Eq 2.21: 

𝐴𝑡 = 𝐴∞ − (𝐴∞ − 𝐴0)𝑒
−𝑘𝑜𝑏𝑠𝑡 
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2.4.3 Preparation of Saturated Dioxygen Solution 

Degassed solvent (THF or MeOH) was added to a round bottom flask fitted with a septum cap 

under a nitrogen atmosphere in the glovebox. Dry O2 (from a gas cylinder) was bubbled through 

the solvent at 1 atm for 15 min. The solution was then allowed to equilibrate over 15 minutes at 

25 °C in a temperature-controlled water bath. To load the syringe, the flask containing O2 saturated 

THF or MeOH was inverted, and a gastight syringe equipped with a 3-way valve and needle was 

inserted through the septum (Position A in the Figure to the right). The valve was then turned to 

allow the saturated solution to flow through the open arm of the 3-way valve, leaving no headspace 

in the needle (Position B). The valve was then closed, and the dioxygen solution drawn into the 

syringe (Position C). The concentration of O2 was taken as 8.5 mM in MeOH, and 7.9 mM in THF 

both at 25 °C.21   Dilutions of the O2-saturated solvent were performed anaerobically as described 

above with a prefilled syringe of solvent to obtain the desired [O2]. 

2.4.4 Preparation of Dilution of Minimal Dioxygen Solution 

Dilutions of the O2-saturated solvent were performed anaerobically by attaching a second 

syringe filled with an excess of an appropriate 
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quantity of deoxygenated solvent to the open arm of the 3-way valve (Position D in Figure below). 

Air bubbles trapped in the valve by this process were purged by flowing the excess solvent through 

the needle down to the quantity of solvent necessary for the desired O2 concentration (Position E). 

The valve was then turned to allow the two needles to communicate, and the saturated O2 solution 

was drawn into the deoxygenated solvent until the desired O2 concentration is met (Position F). 

The dilute O2 solution was then allowed to equilibrate for 30 min after which time it was ready for 

use. This dilution process can be repeated in the same manner if it is not practical to attain the 

desired O2 concentration via one dilution. 

2.4.5 ReactLab Kinetics for Global Analysis 

TgK stopped-flow instrument came equipped with Jplus consulting ReactLab™ KINETICS 

version 1.1 ReactLab™ provides global analysis for fitting chemical reaction schemes and 

specified parameters to multi-variable EAS data. ReactLab™ software also offers reaction 

modeling and data simulation capabilities. The program, including all algorithms and the GUI 

frontend has been developed in Matlab® and compiled to produce the final deployable application. 

All raw data, model entry and results output are organized in Excel Workbooks, which are 

launched from, and dynamically linked to the ReactLab™ application. ReactLab™ requires Excel 
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analysis workbooks to retain a strict format, as is provided in the examples and templates. The use 

of Excel provides a familiar spreadsheet format for all experimental and analysis data and results 

and allows the independent application of Excel tools and features for further processing and 

graphical presentation. The Excel workbook saves all the information related to the reaction model 

and all fit related parameters and numerical analysis and can be reviewed independently without 

the ReactLab™ interface. Detailed explanation of setup and execution of ReactLab™ KINETICS 

for global analysis is discussed in Appendix A. 
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Appendix to Chapter 2: Global Fitting 

A. Notes on Global Fits, Numerical Methods, and Analyzing Results 

This appendix contains instructions for software setup, descriptions, and examples of the input 

for performing the Global Fit Numerical Methods via Jplus Consulting ReactLab™ KINETICS 

software developed by Dr Peter King, Professor Marcel Maeder, and Dr. Sarah Cliffor at Jplus 

Consulting in Australia. This appendix is by no means a substitute for the ReactLab™ KINETICS 

manual, which contains detailed explanations of all the material, and more applications of the 

simulation feature that ReactLab™ KINETICS has to offer. The manual is available via: 

https://jplusconsulting.com/products/reactlab-kinetics/ 

A.1.1 Pre-populating Excel workbook  

Note: All buttons selected will be italicized. 

The process of global fitting electronic absorption spectra starts with collecting EAS data via CCD 

mode on the TgK stopped-flow instrument and exporting the data to a .CSV that can be opened in 

Excel. To obtain the .CSV file click the on the drop-down tab File and select the option to Export 

Figure A.1 Exporting EAS spectrum from Kinetic Studio software on the stopped-flow 

instrument to a .CSV to be opened by excel. 

https://jplusconsulting.com/products/reactlab-kinetics/
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As Legacy… Figure A.1. This will bring up a window to save the file as the same name as the 

kinetic studio file (.ksd), and the type will be changed to a (*.csv). Once saved as a .csv, open the 

corresponding “Microsoft excel comma separated values” file. The file will contain the “File Info:” 

of the title of the file in the cell 1A. Column A are the wavelengths in nanometers scanned, and 

Row 2 are the scan time points in seconds. The format of this file needs to be corrected in order to 

copy and paste the Data into the Excel workbook that ReactLab™ will operate with. To do so, 

highlight all the data excluding the cell 1A, open a new sheet and transpose the data so that the 

wavelengths are now in Row 2 and the Time points are in Column A. 

(Tip: To highlight large amounts of cells hold Crtl+Shift and use the arrow keys to highlight the 

columns and rows needed. To copy press Crtl+C. To transpose rows and columns, right click and 

choose the Paste option: Transpose)  

Next, open a template workbook, located in the ReactLab KINETICS file under Excel Kinetics 

Examples. An Excel Workbook will open with various section. Locate the Data tab, this is where 

the EAS data that was transposed will be copied into. Copy the EAS data and right click on the 

yellow box to paste the data in. The “n_times” and “n_lam” will populate with the time points and 

number of wavelengths. Another way to do this process, is to select the original data, and transpose 

the data directly into the workbook as shown in Figure A.2. Once complete, save and rename the 

workbook to a location and name that corresponds to the experiment.  
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Tip: I add “(working)” to the end of the file to designate where I’m messing around with the data 

and initially guessing the models and data.  

A.1.2 Launching ReactLab™ and Opening Workbook 

To open the graphic user interface (GUI) and to interact with the workbook that has been saved 

with the EAS data, launch the ReactLab™ KINETICS software, which will bring up a screen that 

has four blank windows and multiple buttons most of them will be greyed out. Click on Load Excel 

File and open the pre-populated workbook, Figure A.3. Three windows should be displayed, the 

Excel workbook that contains the experimental EAS in the Data tab, the ReactLab™ KINETICS 

interface and a pop-up window of the experimental spectrum with axis of absorbance, time, and 

Figure A.2 Transposing the EAS data from the .CSV generated into the ReactLab™ workbook 

under the data tab. Right click in the yellow box and click on transpose under paste options to 

ensure that the wavelengths are in the row 5 and the time points are in column C. 
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wavelength. The data display also has functions such as zooming and rotating tools for the plots 

and editing access. To close the Excel workbook, select the Close Excel File button on the GUI, 

and a prompt to save changes will appear on the workbook. If at any time the data is changed in 

the Excel workbook the GUI won’t reflect these changes unless the workbook is synchronized, to 

achieve this the button Sync New Data will synchronize the new data. This prevents having to save 

and re-load the workbook to apply edits.  

Figure A.3 Opening up ReactLab™ workbook through the interface by clicking on Load Excel file. 

Workbook opens to the main tab that the user interacts with mainly. 
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A.1.3 Compile a Reaction Model 

To analyze the data, a model of the reaction that is being fitted needs to be compiled. The 

“Model Editor” of the Main tab is where the reaction scheme is entered. The species names, which 

are arbitrary, are entered under the “Reactants” column, such as A, A + B. There are two reaction 

Figure A.4 Entering a plausible model of the reaction for the data to be fitted. Shown is a two-step reaction 

with a reversible first step. Labels are arbitrary and are named based on user discretion. Parameters are 

entered based on kinetic data or chemical intuition of the reaction being model. The user decides which 

parameters will be fitted, calculated by the program, or fixed, not changing, usually based on literature or 

kinetic data obtained from experiments. Shown above the “k-1” term is fixed as the data was obtained by the 

estimate of the y-intercept from a plot of kobs (s
-1) versus excess changing [O2]. 

 

Scheme A. 1 Three step mechanism model employed for global fitting of 

time resolved spectra from reactions of FeII and dioxygen. 
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types to choose from, “>” or “=”. The first is a forward reaction, and the second is syntax for a 

rapid equilibrium step. To enter in a reversible step the input would be the opposite of the forward 

reaction. Below in Scheme A.1 is an example model for FeTrenS (A) reacting with O2 (D) to form 

FeIII-superoxo (B) and the reverse reaction. Then a 2nd step of FeIII-superoxo (B) reacting with 

another molecule of FeTrenS (A) to form the peroxo-bridged dinuclear complex (C). As you can 

see the reaction is broken into three stepwise reactions. Labeling each step is determined by the 

user, in the example below, the first step is k1, the reverse of step one is k-1, and the last step to 

form the product is k2. An example of the input described above into the Model Editor is shown in 

Figure A.4. 

Note: When entering in the model that leading numbers prefixing a species letter or string will 

be interpreted as stoichiometry coefficient for the species, 2A > B is A + A goes to B. Similarly 

trailing numbers are used to represent multiple species in a particular complex, ML, ML2, ML3, 

etc.   

Note: Make sure that each entry in the Excel workbook is properly completed, to do so make 

sure to take focus away from the cell in question by removing the cursor or hitting the return key. 

Failure to do so will result in an error message of “Incomplete worksheet entry” when syncing or 

compiling the model.  

Once the model entry is complete press the Compile Model button on the GUI window. Doing 

so results in ReactLab™ translating the model into internal coefficient form necessary for the 

subsequent numerical calculations of the concentration profiles of all participating species. At the 

same time the “Reactants” species names are extracted and populates the table below the “Model 

Editor” to input initial concentrations of each species and designate which species contributes to 

the absorption spectrum which will be discussed in the “Setting Parameters” section. Other fields, 
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“Sim” and “Results” tab of the worksheet, where excel tables of each of the GUI windows are 

located. Certain key values are also calculated automatically by Excel and are required by 

ReactLab™ in locked cells that cannot be edited.  

A.1.4 Setting Parameters 

 Prior to fitting, numerical parameters known or estimated values are entered in their respective 

fields. Rate constants are entered as absolute values, and may be obtained from literature values, 

experimental data, as shown in the example, or initial guesses. A value must be entered, and the 

user must decide whether the parameters will be fixed or fitted, Figure A.4. Another parameter 

that needs to be set before fitting are the initial concentrations of the species in the reaction model, 

the units should be in molarity (M) and the spectral status of each assigned, “colored”, “non-abs” 

or “known” using the drop-down box. If a species has a known spectrum, the EAS data can be 

placed in the “Aux” tab of the Excel workbook.  

The example shown is for [FeIITrenS] = 0.3 mM (3 x 10-4 M) reacting with [O2] = 0.015 mM 

(1.5 x 10-5 M) and the concentration of the superoxo and peroxo species initially is zero. FeIITrenS 

and dioxygen are set to “non-abs” as FeIITrenS is colorless from 400 to 700 nm, and dioxygen is 

also colorless, while the superoxo and peroxo both participate in the absorption spectrum and are 

set to “colored”, Figure A.5. 

Figure A.5 Setting initial concentration conditions for reactants in molarity. Example is of excess 

FeIITrenS (A) with limiting dioxygen (D). Species A and D are set to “non-abs” as they don’t 

contribute to the spectrum. FeIII-superoxo (B) and dimeric FeIII-peroxo (C) initially have no 

concentration and are the predicted two-colored species observed in the collected experimental data.  
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To ensure all entries are completed properly, Sync New Data will populate the GUI of initial 

spectra, concentration profiles, and residual windows, Figure A.6. At this time, the data is not 

fitted to the model. If entries are not completed properly, and error message of incomplete dataset 

will appear. Typical this error occurs if a cell containing data is selected when updating the GUI, 

make sure to press Enter on the keyboard or click out of cells before syncing with the GUI.  

Figure A.6 Once all data is entered properly, Update with the GUI to see the three windows 

populate with the entered information. Data is not fit at this time; this is just a check to make sure 

that the workbook and GUI are complete and interacting with one another without and errors.  
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A.1.5 Fitting the Model to Experimental Data 

Selecting Fit on the GUI initiates the data fitting algorithm, Figure A.7, which proceeds to 

attempt to minimize the residual square sum (ssq), which is a measure of the difference between 

the real data and that predicted by the current model and prevailing parameters. The default number 

of iterations the algorithm will go through is 50 with a convergence limit of 0.0001. The algorithm 

refines the free parameters of the model using an adaptation of a Marquardt-Levenberg algorithm 

and adjusting the “colored” spectra, according to a least square criterion. Details of the Marquardt-

Levenberg algorithm are described in more detail in the manual, these parameters may be changed 

at the user’s discretion.  

The progress of fitting can be monitored graphically in the ReactLab™ GUI which displays 

both intermediate concentration profiles and spectra as well as the 3D residual surface of the whole 

dataset. Iterations stop according to specific convergence limit for a true minimum, if the fit is not 

converging then at the pre-set iteration maximum is reached.  

1. 

2. 

3. 
4. 

Figure A.7 Example of a fitting that has converged. 1. The fitted parameters are updated with rates and 

associated error. 2. The residual and ssq are updated when the fitting has converged, the closer to zero 

the better the fit. 3. The calculated spectra color coded to the reactant labels used. 4. Concentration 

profile of the fitted data.  
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Once fitted statistical output includes standard deviations for each fitted parameter, the sum of 

squares, ssq, and the standard deviation σ(r). The concentration and spectra matrices are 

automatically updated in the “Results” tab of the workbook, Figure A.8. Any Excel graphs linked 

to these data ranges will be updated accordingly. Good fits result in non-negative absorption 

spectra, and small ssq values, as well as good chemical intuition of fitness to the experimental data.  

Figure A.8 Results tab of the workbook holds all the fitted data. The first set of data is the 

concentration profile, and the second is the calculated spectra. Use of excel allows to 

graphically display the data at the user’s discretion. The workbook can be saved and opened 

outside of the ReactLab™ GUI and edited.  
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Another useful tool is the Update function, which allows checking of a model and the starting 

parameters without executing a fit which attempts to iteratively optimize parameters. The results 

of these calculations along with the residuals are shown graphically and will indicate whether the 

model of the initial parameter values is remotely consistent with the current data or have been 

entered incorrectly. If the discrepancy between measured and calculate data is excessive it is 

improbably that a fit will converge. Experimenting with different initial guesses or models may 

result in more reasonable fits. Example of this is changing the initial values of k1 and k2 and 

updating the GUI. When k1 is larger than k2, Figure A.9 Left, the calculated spectra result in the 

peroxo (C) being the more intense band at 465 nm, and the superoxo (B) intermediate is the low 

absorbing broad band. When these parameters are switched, Figure A.9 Right, B becomes the 

more intense band, while C is now the low absorbance band. The second case is not consistent 

with the experimentally data obtained and would not result in accurately fitted data. 
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Figure A.9 Utilizing the Update function on the GUI to test the parameters for the model against the experimental 

spectrum observed. Left: k1 is larger than k2 which is in good agreement with experimental observations of the 

identity of species B and C. Right: k2 is larger than k1 which is not in agreement with experimental observations. 

Testing the initial guess of the fit will lead the user to adjusting parameters consistent with the experimental results 

instead of running calculations on fits that don’t represent the data.  
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Chapter 3: Cryogenic Stopped-Flow Kinetic Studies Involving the 

Formation of a Thiolate-Ligated FeIII-Superoxo 

Portions of this chapter have been republished or adapted with permission of the Journal of 

American Chemical Society from, “Cryogenic Stopped-Flow Kinetic Studies Involving the 

Formation of a Thiolate-Ligated FeIII-Superoxo” Greiner, Maria B.; Downing, Alexandra N.; 

Blakely, Maike N.; Piquette, Marc C.; Kovacs, Julie A. J. Manuscript Submitted 

As well as from “Formation of a Reactive, Alkyl Thiolate-Ligated FeIII-Superoxo Intermediate 

Derived from Dioxygen” Blakely, Maike N.; Dedushko, Maksym A.; Poon, Penny Chaau Yan; 

Villar-Acevedo, Gloria; Kovacs, Julie A. J. Am. Chem. Soc. 2019, 141, 5, 1867 – 1870. DOI: 

10.1021/jacs.8b12670 

3.1 Introduction 

As described in the introduction the mechanisms of enzymes start with an aquo- species and 

undergo a geometric rearrangement to displace the water and have an open site for dioxygen (O2) 

to bind, as well as a spin-state change. The difference between an aprotic versus protic environment 

would contribute to how well dioxygen would bind leading to the formation of the first 

intermediate ferric-superoxo (FeIII-superoxo) and the reactivity of the oxidative species. In small 

molecules the solvent is varied to best mimic the protein environment, specifically tetrahydrofuran 

(THF) for aprotic, and methanol (MeOH) for protic environments. Studying the effects of these 

solvents of dioxygen binding have been qualitatively investigated, and herein we have made efforts 

to quantitatively evaluate the difference between the two environments for dioxygen binding.   

Only six well-characterized examples of small molecule, non-heme FeIII-superoxo complexes 

have been reported.1-6 For those generated from O2, the reversibility of the reaction was 

qualitatively evaluated by purging a solution with an inert gas and monitoring the intensity of the 

FeIII-superoxo electronic absorption bands. A decrease in intensity, followed by an increase to the 

https://doi.org/10.1021/jacs.8b12670
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FeIII-superoxo’s original value upon the reintroduction of O2 over several cycles provides 

qualitative evidence for reversible O2 binding. Using this method, synthetic small-molecule 

complexes, [FeII(BDPP)] and [FeII(LPh)(TpMe2)], have been shown to reversibly bind O2 in 

tetrahydrofuran (THF) at -80 °C and -60 °C, respectively.4,7 In contrast, the arylthiolate-ligated 

complex, [FeII(TpMe2)(2-ATP)] was qualitatively shown to irreversibly bind O2 in THF at -80 °C.8 

An S = 2 ground state indicates that the electronic structure of [FeIII(O2)(TpMe2)(2-ATP)] is best 

described as a high-spin S = 5/2 FeIII center antiferromagnetically coupled to a superoxide radical.8 

Another example of irreversible O2 binding to a thiolate-ligated first row transition-metal, 

[CoII(Me3TACN)(S2SiMe2)]; revealed through EPR, XAS, and DFT computational studies that 

the cobalt ion maintains electron density consistent with an oxidation state of CoII throughout the 

reaction with dioxygen, suggesting that the thiolate is redox active.9 These examples illustrate 

differing metal- and ligand-dependent reactivities with respect to O2 binding and the transfer of 

electron density onto the O2 moiety, however limited information can be obtained from qualitative 

studies.  

Previously in the Kovacs group, a crystallographically characterized, five-coordinate, reduced 

alkyl thiolate-ligated complex, [FeII(S2
Me2N2N

H(Pr,Pr))] (1) that reacts with O2 to form a well 

characterized, metastable ferric superoxo species, [FeIII(S2
Me2N2N

H(Pr,Pr))(O2)] (2).1 Vibrational 

resonance Raman (rR) data, computational studies, EPR, and 1H NMR spectroscopic data 

established that the electronic structure of superoxo 2 consists of a low-spin FeIII (S = 1/2) ion 

strongly coupled antiferromagnetically (Jcalc = -450 cm-1) to an S = 1/2 superoxo radical,1 

indicating that an electron is transferred from the reduced FeII ion to O2 during the formation of 2, 

Scheme 3.1. The time-dependent DFT (TD-DFT) calculated electronic absorption spectrum of 2 

reproduced the experimental spectrum, and shows that the superoxo π*(O-O) → dxy(Fe) charge 
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transfer transitions are responsible for the higher energy bands, and the thiolate RS- → Fe-O2
•- 

charge transfer transition for the lower energy band.1 Both the calculated and experimental 

spectrum of 2 are similar to that of the putative IPNS superoxo intermediate. 

The focus of Chapter 3 examines the quantitatively investigation of the barrier to, and 

reversibility of, O2 binding to 1 of the corresponding 2 complex in aprotic versus protic solvents, 

THF and MeOH using variable temperature stopped-flow kinetics. As well as explores the 

mechanism of formation of metastable superoxo 2 via two distinct pathways, Scheme 3.1: 

dioxygen binding and inner-sphere electron transfer from five-coordinate 1, and outer-sphere 

electron transfer of oxidized 1, [FeIII(S2
Me2N2N

H(Pr,Pr))]BF4 (3) with KO2 solubilized in 

KryptoFix222® maintain at a constant ionic strength. Time-resolved electronic absorption 

Scheme 3.1 Formation of 2 via two distinct pathways. Left: 1 plus dioxygen forms 2 via 

inner sphere electron transfer. Right: 3 plus potassium superoxide forms 2 through outer 

sphere electron transfer. 
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spectroscopy was used to monitor both reactions using a TgK scientific cryogenic stopped-flow 

instrument. The growth of spectral features associated with 2 in THF and MeOH were monitored 

using a CCD detector. Kinetics were monitored at λ = 523 nm under pseudo first-order conditions 

with excess reagent (O2 or O2
•-). As illustrated in the time-resolved absorption spectrum and kinetic 

trace of Figure 3.1 , superoxo 2 forms in ~20 seconds at -40 °C in THF. The kinetic trace (Figure 

3.1, insert) can be fit to the single exponential Eq 1 with very small residuals.  

 𝐴𝑡 = 𝐴∞ − (𝐴∞ − 𝐴0)𝑒
−𝑘𝑜𝑏𝑠𝑡   Eq 1 

Activation barriers of O2 binding will be compared to another thiolate-ligated non-heme FeII 

complex, [FeII(SMe2N4(tren))]+ (5), and insights into difference in O2 binding rates as well as ligand 

constraints will be discussed.  

3.2 Results and Discussion 

3.2.1 Mechanism of Dioxygen Activation for Superoxo 

Figure 3.1 Time-resolved spectral changes obtained upon mixing THF solutions of 1 (0.25 

mM) and O2 (3.95 mM) at -40 °C. Insert: Kinetic trace (λ= 523 nm) showing the formation of 

2 intermediate. All reported concentrations are after mixing in the stopped-flow cell.  
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The proposed kinetic scheme of 1 reacting with dioxygen, Scheme 3.2, results in the formation 

of relatively meta-stable 2. Over time 2 results in the formation of [FeIII(η2-

SMe2O)(SMe2)N2N
H(Pr,Pr)]+ 4 in various solvents11, and the decay of the 2 preliminary depends on 

the strength of C-H bonds present in solution. The complex 1 does not yield a binuclear species 

along the reaction pathway unlike other non-heme small molecules. The overall rate of formation 

of superoxo 2 is dependent on dioxygen binding rate constant (kon) and the reverse, dissociation 

rate constant (koff) in Eq 2. Since 1 does not form binuclear species, the derived rate law uses the 

Scheme 3.2 General Kinetic scheme for formation of 2 from 1 and dioxygen and 

oxidized 3 and superoxide. 
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assumption of mass balance, that the concentration of 2 at any given time, [FeO2]t, is equal to the 

initial concentration of 1, [FeII]0, plus the concentration of 1 at any given time, [FeII]t, Eq 4. Solving 

for the concentration of 2 yields Eq 5 in terms of [1], and substituting this into Eq 2, yields Eq 6, 

and simplified to Eq 8. Under pseudo-first order kinetics with excess dioxygen, the rate expression 

simplifies to Eq 9, with the observed rate constant (kobs) defined in a linear equation with kon being 

the slope, and koff as the y-intercept, Eq 10. For a reversible process under pseudo first-order 

conditions with excess O2, kobs would be dependent on both kon and koff.
11 The term koff[FeII]0 is 

constant and represented as C in Eq 9, which does not change with time, therefore it does not 

affect the measured rate constants kobs. Also important to note is that the magnitude of C is small 

relative to the other terms when working with sub-mM concentrations of [FeII]0, and thus is 

dropped from Eq 9.11  

Figure 3.2 Plot of observed rate constants (kobs) for the formation of 2 versus 1 concentration 

at -40 ˚C in THF. [O2] after mixing = 3.95 mM. This would be consistent with 1st order 

dependence on FeII overall. 
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Figure 3.3 Temperature-dependent rate constants kobs for the formation of superoxo 

2 in the reaction between 1 (0.25 mM) and O2 in THF plotted against [O2]. The 

intercept of approximately 0.0 would be consistent with irreversible O2 binding.  

 

Table 3.1 Temperature-Dependent Rate Constants for Irreversible O2 Binding 

to [FeII(S2
Me2N2N

H(Pr,Pr))] (1) in THF, and Reversible O2 Binding to 1 in 

MeOH. 
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3.2.2 Low Temperature Kinetics for the Reaction Between O2 and 1  

Under pseudo first-order conditions with excess O2, kobs, obtained from fits to Eq 1 were found 

to be independent of the concentration of 1 in both THF and MeOH (Figure 3.2), confirming that 

the reaction is first-order overall with respect to 1. This would be consistent with the formation of 

a 1:1 dioxygen adduct. Observed rate constants, kobs, were found to increase linearly with 

increasing O2 concentration in both THF (Figure 3.3) and MeOH (Figure 3.4) consistent with 

first-order dependence on O2 (Eq 10).  Second order rate constants (Table 3.1), kon, were obtained 

from the slope of the kobs versus [O2] plot (Figures 3.3 and Figure 3.4) over the temperature range 

-40 ˚C to 0 ˚C in THF, and -30 ˚C to 0 ˚C in MeOH, in 5 ˚C increments. In MeOH, O2 binds to 1, 

Figure 3.4 Temperature-dependent rate constants kobs for the formation of superoxo 2 in the 

reaction between 1 (0.25 mM) and O2 in MeOH plotted against [O2]. The non-zero intercepts 

would be consistent with reversible O2 binding in MeOH. 
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and is released from 2, too slowly to collect data at temperatures below -30 ˚C using a stopped-

flow instrument. Saturated dioxygen solutions were prepared by bubbling dry O2 gas into a small 

round-bottom flask containing dry degassed THF or MeOH for 15 minutes at room temperature. 

The solution was then allowed to equilibrate over 15 minutes at 25 °C in a temperature-controlled 

water bath. Gas-tight syringes were loaded by inverting the flask and using a 3-way valve as 

described in the experimental section. The solubility of O2 was taken as 7.9 mM in THF, and 8.5 

mM in MeOH at 25 °C, respectively.12,13 Dilutions of O2-saturated solvents were performed in an 

atmosphere-free closed system, devoid of head-space using a TgK stopped-flow instrument to 

obtain precise O2 concentrations, the process is explained in detail with figures in 3.4 

Experimental Details. All concentrations of reagents are reported in “after-mix” concentrations. 

Reaction runs were taken in triplicate and quintuplicates and analyzed using Grubb’s test14 

providing a 95% confidence level on the pseudo-first order rate constants observed, kobs. In THF, 

the intercept of kobs vs [O2] was found to be approximately zero over the entire temperature range 

Figure 3.5 Left: The dissociate rate constant, koff, obtained from the y-intercept of the kobs vs 

[O2] plots of Figure 3.2, does not correlate with temperature in THF. This, coupled with the 

~zero intercept of Figure 3.2 would be consistent with irreversible O2 binding to 1 in THF. 

Right: Correlation between temperature and rate constants for O2 release from superoxo 2, koff, 

in MeOH. Dissociation rate constants, koff, were obtained from the y-intercept of the kobs vs 

[O2] plots of Figure 3.3. 
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examined (Figure 3.3), indicating that O2 binds irreversibly to 1 in this solvent. This is supported 

by the fact that no trend in koff vs temperature is observed in THF (Figure 3.5, left). In MeOH, the 

non-zero intercept (Figure 3.4) was found to increase with increasing temperature (Figure 3.5, 

right) consistent with reversible O2 binding in this solvent. Dioxygen dissociation rate constants 

in MeOH, koff, obtained from the intercept of the kobs versus [O2] plot of Figure 3.3, are assembled 

in Table 3.1.  

3.2.3 Kinetic Barrier to O2 Binding. 

Comparison of the second order rate constants, kon, in THF versus MeOH indicates that 

dioxygen binds roughly two orders of magnitude more slowly to 1 in MeOH. Activation 

parameters for O2 binding were obtained from Eyring and Arrhenius plots in THF and MeOH 

(Figure 3.6 and Figure 3.7) are assembled in Table 3.1. The negative entropy of activation (ΔS‡ 

= -127(4) J•mol-1K-1 in THF; ΔS‡ = -123(7) J•mol-1K-1 in MeOH) is consistent with an associative 

mechanism, as opposed to one that involves initial solvent dissociation, in both solvents. If, 

Figure 3.6 Left: Eyring plot for O2 binding to 1 in THF. Second order rate constants, kon, were 

obtained from the slope of kobs vs [O2] plots (Figure 3.2). [1] = 0.25 mM, after mixing. 

 Right: Arrhenius plot for O2 binding to 1 in THF, from which activation parameter Ea= 21.4(8) 

kJ•mol-1 was obtained.  
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however, the entropy change associated with solvent release is less than that of O2 binding, then it 

is possible that solvent release is involved. We have no evidence, however for a derivative of 

reduced 1 containing a coordinated solvent molecule, despite crystallization from coordinating 

solvents acetonitrile (MeCN) or MeOH which reproducibly affords a five-coordinate complex.  

3.2.4 Low-Temperature Kinetics for the Reaction Between [FeIII(S2
Me2N2NH(Pr,Pr))]BF4 

and KO2 

As shown in Scheme 3.1, superoxo compound 2 forms both via the addition of O2 to 1 as well as 

via the addition of KO2 to 3.1 Evidence for this was described previously1 where the electronic 

absorption spectrum identical to that of Figure 3.1 is observed in the reaction between 3 and KO2, 

Figure 3.8. By examining variable temperature kinetics for the reaction between KO2 and 3 we 

were able to determine whether an inner sphere or outer sphere electron transfer mechanism is 

involved. As shown in Figure 3.8, the reaction between 3 and KO2 takes ~15 seconds to go to 

completion at -30 °C under pseudo first-order conditions with excess KO2, and ~27 seconds at -40 

Figure 3.7 Left: Eyring plot for O2 binding to 1 in MeOH, from which the activation parameters 

ΔH⧧ = 30(2) kJ•mol−1 and ΔS⧧ = -123(7) J•mol−1 K−1 were obtained. Right: Arrhenius plot for O2 

binding to 1 in MeOH, from which activation parameter Ea= 32(2) kJ•mol−1 was obtained. 
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°C under the same conditions. Observed pseudo first-order rate constants kobs, obtained from first 

to Eq 1, increase linearly as [KO2] is increased (Figure 3.9) and are independent of the 

concentration of 3 (Figure 3.10). The latter would be consistent with first-order dependence on 

FeIII overall. The reaction order with respect to superoxide (O2
•-) was determined by varying the 

Figure 3.8 Time-resolved spectral changes observed in the reaction between 3 (0.1 mM) 

and KO2 (5.0 mM; solubilized with 222-Kryptofix) in THF at -30 °C. Insert: Kinetic trace 

(λ = 523 nm) showing the formation of superoxo 2. All reported concentrations are after 

mixing in the stopped-flow cell.  
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concentration of KO2 (Figure 3.9) over the range 1.0 mM to 5.0 mM. Second-order rate constants, 

ksuperoxide, were obtained from the slope of kobs vs [KO2] plot of Figure X and are assembled in 

Table 3.2. Activation parameters for O2
•- binding to 3 in THF (Ea = 36.3(9) kJ•mol-1; Table 3.2) 

Figure 3.9 Temperature-dependent rate constants, kobs, for the formation of superoxo 2 in the 

reaction between 3 and KO2 (solubilized with KryptoFix) in THF, plotted against [KO2]. The 

~zero intercepts would be consistent with irreversible O2
•– binding. [3] = 0.1 mM. 

Concentrations listed correspond to after mixing in the stopped-flow cell.   

Table 3.2 Temperature-Dependent Second-Order Rate Constants and Activation 

Parameters for KO2 Binding to 3 Under Constant Ionic Strength (0.01 M) 

maintained via the addition of Bu4NPF6. 
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under constant ionic strength conditions (0.01 M; maintained with Bu4NPF6) were obtained from 

Eyring and Arrhenius plots, Figure 3.11. The Arrhenius parameter, Ea, for KO2 binding to 3 

(Table 3.2) is 14.9 kJ•mol-1 greater than the barrier (Ea = 21.4(8) kJ•mol-1) to O2 binding to 1 

(Scheme 3.1, Table 3.1) in the same solvent. This has implications about the mechanism of the 

reaction between 1 and O2 (vide infra). The negative entropy of activation, ΔS‡, (Table 3.2) is 

Figure 3.10 Zero order dependence of kobs on FeIII concentration under pseudo first order 

conditions with excess KO2 (5 mM). This would be consistent with 1st order dependence on 

FeIII overall. 

Figure 3.11 Left: Eyring plot for superoxide (KO2 solubilized with KryptoFix) binding to 3 in 

THF. Right: Arrhenius plot for superoxide (KO2 solubilized with KryptoFix) binding to 3 in 

THF. 
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consistent with an associative process involving KO2 binding to 3. The smaller (Table 3.2) 

magnitude of ΔS‡ for the KO2 reaction relative to the O2 reaction (Table 3.1) is likely due to the 

release of solvent from the superoxide anion.  

As shown in Figure 3.12, possible mechanism for the formation of superoxo-2 via the reaction 

between 1 and O2 include (1) outer-sphere electron transfer (ET) to afford oxidized 3 and superoxo 

(O2
•-), followed by O2

•- binding to 3 to afford superoxo 2, (2) dioxygen binding to 1 to afford an 

FeII-O2 dioxygen intermediate followed by inner-sphere electron transfer (ET) to afford superoxo 

2, or, (3) a concerted mechanism across the diagonal.  The latter two are indistinguishable. The 

fact that the activation barrier to, Ea, to O2
•- binding to 3 was experimentally determined to be 14.9 

kJ•mol-1 higher than Ea for dioxygen binding to 1 implies that mechanism (2) or (3), involving 

inner-sphere ET, are the most likely mechanisms. The unfavorable thermodynamics of electron 

Figure 3.12 Possible mechanisms for the reaction between 1 and O2 involving either 

outer-sphere electron transfer (ET) followed by superoxide (O2
•–) binding to oxidized 

3, O2 binding followed by inner-sphere ET, or a concerted mechanism (diagonal). 
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transfer from 1 to O2 (Keq = 1.6 x10-8 M-1 calculated using E1/2(FeII-1/FeIII-3) = -0.40 V and 

E1/2(O2
•-/O2) = -0.86 V vs SCE in THF),15 provides additional support for this conclusion.  

3.2.5 Contributions to the Kinetic Barrier for O2 Release from 2 

In MeOH, O2 binds reversibly to 1, in contrast to the irreversible binding in THF as evident by 

the lack of y-intercept observed in the observed rate constant (kobs) versus excess [O2]. The 

Figure 3.13 Left: Eyring plot for O2 release from superoxo 2 in MeOH, from which the activation 

parameters ΔH⧧ = 32(4) kJ•mol−1 and ΔS⧧ = -170(2) J•mol−1 K−1 were obtained. First order rate 

constants, koff, were obtained from the intercept of kobs versus [O2] plots (Figure 3.4). Right: 

Arrhenius plot for O2 release from superoxo 2 in MeOH, from which the activation parameter Ea= 

34(4) kJ•mol−1 was obtained. 

 

Figure 3.14 Dissecting the steps involved in O2 release from ferric superoxo 2 to afford 

reduced 1, into the individual redox and spin-state changes involved, as well as H-bonded 

MeOH. 
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reversible nature of O2 binding in 1 in MeOH is analogous to that observed with thiolate-ligated 5 

in MeOH.16 Activation parameters for O2 release from superoxo 2 in MeOH (ΔH‡ = 32(4) kJ•mol-

1, ΔS‡ = -170(2) J•mol-1K-1, Ea = 34(4) kJ•mol-1) were obtained from Eyring and Arrhenius plots 

(Figure 3.13) and are assembled in Table 3.1. The negative entropy of activation for release of O2 

is unexpected given the dissociative nature, unless one considers the requisite spin-state and 

oxidation state changes, in addition to oxidation state-dependent H-bonding to solvent in reduced 

1 versus oxidized 2. The first two contributions can be broken down into steps as shown in Figure 

3.14. Steps (1) and (4) involve electron transfer from O2
•- to FeIII via inner- and outer-sphere 

mechanisms, respectively. Steps (2) and (3) involve the dissociation of O2 or O2
•-, respectively, 

both of which would contribute towards a positive ΔS‡. The relative redox potential of 1 (-400 

mV vs SCE)10 and O2 in THF (800 mV vs SCE)15, and the principle of microscopic reversibility 

would suggest that a pathway involving steps (3) then (4) is unlikely. Step (1) can be broken down 

further (Figure 3.14, right) into sequential steps involving (a) electron transfer followed by (b) a 

spin-state change(Figure 3.14 right, clockwise), or (c) a spin-state change followed by (d) an 

electron transfer (Figure 3.14 right, counterclockwise). Step (c) would require that the strong 

antiferromagnetic coupling (J = -450 cm-1, or 5.38 kJ•mol-1)1 between the S = 1/2 FeIII ion and S = 

1/2 O2
•- be broken. We know that a spin-state change is required upon O2 release to return to the 

inactivated triplet state, and because 1 is high-spin S = 2 (µeff = 4.69 BM), whereas superoxo 2 

contains a low-spin S = 1/2 FeIII ion. A more ordered state involving adjusted Fe-L bond lengths 

is required in preparation for electron transfer. This would contribute to a negative ΔS‡ term that 

could potentially offset the positive ΔS‡ term typically associated with O2 dissociation.  
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3.2.6 Influence of H-bonds on Kinetic Barriers 

Contributions from oxidation state-dependent H-bonding to solvent would also affect ΔS‡. The 

DFT calculated structure (Figure 3.15, left), calibrated to the electronic absorption spectrum, 

Figure 3.15 Left: DFT optimized structure of [FeII(S2
Me2N2N

H(Pr,Pr)]•••H-OMe (1) 

containing a MeOH solvent molecule H-bonded to one of the thiolate sulfurs, S(2). 

Calculated MeO(1)-H•••S(2) distance is 2.211 Å. Right: ORTEP diagram of 1 crystallized 

from MeOH showing the MeOH that is H-bonded to one of the thiolate sulfurs, S(1). 

 

 

Figure 3.16 H-bonding to MeOH causes the RS→Fe band of reduced 1 (0.238 mM) to 

blue-shift relative to its energy in THF. 
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shows that the thiolate sulfurs of reduced 1 have an average Mulliken charge of -0.676 (Table 

3.3), whereas the thiolate sulfurs of oxidized superoxo 2 have Mulliken charges of -0.395 and -

0.305, for the trans RS- and cis RS-, respectively (Table 3.3). Methanol (MeOH) can potentially 

H-bond to one of both thiolate sulfurs of 1. Hydrogen-bonding would be less likely, or involve 

fewer MeOH molecules, with 2, given that there is less negative charge on the thiolate sulfurs (-

0.676 for FeII-1 vs 0.395 for superoxo-2). Release of one or more H-bonded MeOH molecules 

from 1 upon O2 binding and metal ion oxidation (Figure 3.14) would contribute a positive 

ΔS‡(solvent release) term that slightly offsets the negative ΔS‡(O2 binding) term associated with O2 binding. 

Conversely, O2 release from 2 would involve the addition of at least one H-bonding MeOH to 1 

(Figure 3.14) offsetting the favorable entropy of activation term associated with O2 release. 

Evidence to support RS•••H-OMe H-bond in 1 was obtained by crystallizing 1 from MeOH. As 

shown in the ORTEP diagram of Figure 3.15, right, a MeOH sits nestled in the O2 binding pocket 

and the MeOH proton, H(1), points towards S(1) with a H(1)•••S(1) distance of 2.318 Å. Previous 

structures have shown that exogenous ligands such as N3
- and NO bind to Fe in the pocket that lies 

opposite to the secondary amine proton,17,18 H(2), in the more open N(2)-Fe-S(1) angle, thus we 

Table 3.3 DFT calculated (using PBE0 functional and def2-TZVP basis set) 

Mulliken charges for the optimized structure of [FeII(S2
Me2N2N

H(Pr,Pr)] (1) in THF 

and [FeII(S2
Me2N2N

H(Pr,Pr)]•••H-OMe (1•••H-OMe), containing a MeOH solvent 

molecule H-bonded to one of the thiolate sulfurs, S(2) (1). 
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refer to this as the O2 binding site. Additional evidence to support H-bonding to the thiolates of 1 

is the observed blue-shift of the RS → Fe charge transfer transitions,19 from 420 nm in THF to 385 

nm in MeOH (Figure 3.16). This blue-shift is reproduced in the time-dependent DFT (TD-DFT) 

calculated electronic absorption spectra in THF (Figure 3.17) versus MeOH (Figure 3.18, left). 

Figure 3.17 Time-dependent DFT (TD-DFT) calculated electronic absorption spectrum for 1 in 

THF solvent. 

Table 3.4 DFT optimized bond lengths (using the B3LYP functional and def2-

TZVP basis set) versus experimental distances for [FeII(S2
Me2N2N

H(Pr,Pr)]•••H-

OMe (1•••H-OMe) containing a MeOH solvent molecule H-bonded to one of 

the thiolate sulfurs, S(2). 
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The blue-shift can be explained by the decrease in Mulliken charge on the sulfurs (-0.676 in THF 

to -0.525 in MeOH (Table 3.3)) according to the calculate structure for 1•••HOMe (Figure 

Figure 3.19 Left: Time-dependent DFT (TD-DFT) calculated electronic absorption 

spectrum for [FeII(S2
Me2N2N

H(Pr,Pr)]•••H-OMe (1) containing a MeOH solvent molecule H-

bonded to one of the thiolate sulfurs, showing that H-bonding causes the S→Fe charge 

transfer band to blue shift relative to that shown in Figure 3.17. Right: Influence of H-bonds 

on the the 𝛑-symmetry sulfur orbitals and the RS→FeII charge transfer (CT) band. 

 

 

Figure 3.18 Left: Electronic absorption spectrum of FeIII-superoxo 2 (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). 
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3.15,left), and reflects the stabilization of the Fe-SR molecular orbitals involved in the RS → Fe 

charge transfer band (Figure 3.18, right).19 The DFT optimized RS•••H-OMe distance is 2.211 Å 

with the MeOH H-bonded to one of the sulfurs (Table 3.4). The ramifications of this on the kinetic 

barrier to O2 and release are significant (vide infra).  

*Δϕ is defined as the difference in helical twist angle, ϕ, between the reactant and the product formed in 

the reaction listed. The helical twist angle, ϕ, is defined as the angle separating the least squared plane 

containing the Fe center, the two carbons flanking the equatorial nitrogen, N(2), and the equatorial 

nitrogen (C(6)N(2)C(7)Fe) from the mean plane containing N(1)FeN(3) 

 

Table 3.5 Dependence of Activation Parameters on Solvent and Ligand Constraints. 

 

Figure 3.20 Comparison of the barrier to O2 binding to 1 in THF (green) and 

MeOH (red) and 5 in MeOH (black), as well as the release of O2 from 2 and 6 in 

MeOH. 
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Thiolates have previously been shown by the Solomon group to lower the activation barrier to 

O2 binding to FeII site of IPNS.20 Thiolates have also been shown by our group to form highly 

covalent FeIII-SR bonds21 thereby stabilizing oxidized products such as 2,1,16 and any transition 

states with developing FeIII-SR character. If, on the other hand, the thiolate sulfur is involved in 

H-bonding to a protic solvent, in this case MeOH),19 then the incipient FeIII-SR bond of the 

transition-state would be less stable than it would be otherwise Figure 3.19, resulting in slower 

Figure 3.21 TD-DFT calculated spectrum (of superoxo complex [FeIII(S2
Me2N2N

H(Pr,Pr)(O2)]
+ 

(2) in MeOH using a polarizable MeOH continuum model. The calculated 534 nm (18,727 cm-1) 

band is blue shifted by 741 cm-1 relative to the TD DFT calculated band at 556 nm (17,986 cm-

1) in THF.1 
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reaction rates as is experimentally observed with O2 addition to 1 in MeOH (Table 3.1). This is 

consistent with the experimentally measured free energy of activation, ΔG‡, for dioxygen binding 

to 1 in MeOH (60(3) kJ•mol-1) versus THF (50(1) kJ•mol-1 at 243.15 K, which is 10 kJ•mol-1 

higher in the protic solvent (Figure 3.19, Table 3.5), and is caused by the poor energy match 

between a thiolate sulfur that is engaged in H-bonding and the FeIII d-orbitals (Figure 3.20, right). 

Evidence to support H-bonding to the thiolates of 2 is observed blue-shift of the RS → Fe charge 

transfer transition,19 from 523 nm in THF to 504 nm in MeOH (Figure 3.20, left). This is in good 

agreement with the TD-DFT calculated blue shift of 7.41 nm (Figure 3.21) and is significantly 

smaller than what is observed with 1 implying that H-bonding play a less significant role with 

oxidized superoxo 2. 

3.2.7 Influence of Ligand Constraints on Kinetic Barriers 

Comparison of the free energy of activation, ΔG‡(243.15 K), for O2 release from superoxo 2 

(73(4) kJ•mol-1) in MeOH at 243.15 K Table 3.5 relative to that for [FeIII(SMe2N4(tren))(O2)]
+ (5, 

Scheme 3.3, 49(7) kJ•mol-1)16 under the same conditions, we find that the barrier to O2 release is 

Figure 3.22 Space-filling depiction of the crystallographic structure of 1 versus the DFT 

calculated structure of superoxo-bound 2 showing the extensive reorganizational barrier 

caused by the single chain ligand backbone. 
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24 kJ•mol-1 higher for 2. This likely reflects ligand constraints17,22,23 Figure 3.22 and the ligand 

rearrangement required to form the transition-state necessary for O2 release. The multidentate 

ligand of 1 and superoxo 2 consists of a single chain that wraps around the metal ion in a helical 

fashion Figure 3.22.25 Even minor angle changes at the metal ion in preparation for O2 release 

translate into significant unwinding of the single chain ligand backbone. This reorganizational 

barrier would be mostly entropic in nature. The entropy of activation for O2 binding to 1 in MeOH 

(ΔS‡ = -123(7) J•mol-1K-1), is 178 J•mol-1K-1 less favorable than for O2 binding to 5 (+55(68) 

J•mol-1K-1).16 This factor dominates and is responsible for the large differences in ΔG‡. The lower 

Scheme 3.3 FeII 5 reacts with dioxygen to form a short lived FeIII-superoxo 6 in MeOH.15 

Figure 3.23 Space-filling depiction of the crystallographic structure of 5 versus the DFT 

calculated structure of superoxo-bound 6 showing the minimal ligand rearrangement required to 

bind and release O2 given the less constraining ligand. 
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barrier for O2 release from 6, relative to 3, likely reflects its less constraining tripodal ligand with 

its three independent arms Figure 3.23, Scheme 3.2. This is also reflected in the free energy of 

activation for dioxygen binding to 1 in MeOH at 243.15 K (60(3) kJ•mol-1), ΔG‡(243.15 K), versus 

[FeII(SMe2N4(tren))]+ (5, Scheme 3.3, 21(2) kJ•mol-1) in the same solvent,16 which is 39 kJ•mol-1 

higher Figure 3.19 for the more constrained helical ligand of 1. 

3.2.8 Understanding Why the Kinetic Barrier to O2•- Binding is Higher than the Kinetic 

Barrier to O2 Binding 

Given that oxidized 3 is cationic, one might expect electrostatic attraction to lower the barrier 

to O2
•- binding to 3, relative to O2 binding to neutral 1 (Figure 3.24). This likely would be the case, 

if it weren’t for the oxidation state-dependent ligand constraints imposed by the single chain helical 

ligand.16,23 With five-coordinate 3, the helical twist is “tighter” relative to five-coordinate 1 due to 

the shorter FeIII-L bond lengths. The bond lengths expand upon binding a sixth ligand.17 This 

difference can be quantified by comparing the helical twist angle, ϕ Figure 3.24.23 The angle phi 

Figure 3.24 Space-filling models generated from the crystallographically-determined structure 

of 1 (left) and 3 (middle), and the DFT-optimized geometry of 2 (right) displaying differences 

in the helical wrapping angle, ɸ, and the larger amount of structural rearrangement required for 

O2
•– binding to 3. 
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is defined as the angle separating the least squared plane containing the Fe center, the two carbons 

flanking the equatorial nitrogen, N(2), and the equatorial nitrogen (C(6)N(2)C(7)Fe) from the 

mean plane containing N(1)FeN(3) (Figures 3.25). One can see in Figure 3.24, that the twist angle 

increases, and the ligand wraps more tightly around the metal ion, when O2 binds to FeII causing 

the oxidation to FeIII and a decrease in metal-ligand bond lengths. In contrast, the twist angle 

decreases, and the ligand partially uncoils when O2
•- binds to FeIII-3 (Figure 3.24). The change to 

this angle is larger for FeIII-3 → FeIII-O2
•--2 (87.7 ° - 62.7 ° = 25 °) relative to FeII-1 → FeIII-O2

•-

-2 (62.7 ° - 43.2 ° = 19.5 °). This translates into a larger reorganizational barrier for the KO2 + 3 

reaction relative to the O2 + 1 reaction (Figure 3.24; Table 3.5). 

3.3 Conclusion 

Low-temperature stopped-flow kinetics have been used to determine the most likely 

mechanism, and reversibility of O2 binding to [FeII(S2
Me2N2N

H(Pr,Pr)] (1) to afford a well-

characterized, reactive, thiolate-ligated ferric superoxo compound, [FeIII(S2
Me2N2N

H(Pr,Pr)(O2)] 

(2).1 Thiolates have been previously shown to increase the oxidative potency of iron superoxo and 

high-valent iron oxo compounds, and their ability to cleave strong C-H bonds.1,16,24 These 

Figure 3.25 Defining the mean CN(2)CFe plane and the mean plane containing N(1)FeN(3) for 

FeII-1 (left), FeIII-superoxo 2 (middle), and FeIII-3 (right).  
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exceptional properties are critical in the biosynthesis of β-lactam antibiotics by isopenicillin N 

synthase (IPNS). The complexity of O2 binding to 1 and O2 release from 2 was analyzed in terms 

of contributions from requisite spin-state changes and electron transfer steps, in addition to 

oxidation state-dependent H-bonding to solvent. Comparison of the kinetics of formation of 2 via 

the addition of KO2 to oxidized [FeIII(S2
Me2N2N

H(Pr,Pr)]+ (3) versus the addition of O2 to 1 

provided evidence for a mechanism involving O2 binding to FeII followed by inner-sphere electron 

transfer, as opposed to outer-sphere electron transfer followed by O2
•– binding. Dioxygen was 

shown to bind two orders of magnitude more slowly to 1 in MeOH, relative to THF, and to bind 

reversibly to 1 in MeOH, but irreversibly in THF. Dissociation rate constants, koff, in MeOH were 

obtained from the intercept of a kobs versus [O2] plot. The kinetic barrier to O2 binding was shown 

to be 10 kJ mol−1 higher in MeOH relative to THF, indicating that the transition-state is 

destabilized in the presence of H-bond donors. Evidence for H-bonding to the thiolate sulfur of 1 

was obtained via the presence of a MeOH with an H(1)••••S(1) distance of 2.318 Å when 1 is 

crystallized from MeOH, and an observed blue-shift (by 21.64 nm) of the RS→Fe charge transfer 

transition in THF relative to MeOH. Oxidation state-dependent ligand constraints imposed by the 

single chain helical ligand of 1 and 3 were also shown to dramatically influence O2 binding 

kinetics, relative to previously reported thiolate-ligated [FeII(SMe2N4(tren))]+ (5)17 which contains 

a tripodal ligand with three independent arms. Constraints were quantified by comparing the 

helical twist angle, ɸ, for 1, 2, and 3. The twist angle was shown to increase as the ligand wraps 

around the metal ion more tightly in response to oxidation of the metal ion, i.e., FeII-1→ FeIII-3, 

and decrease in response to the partial uncoiling that occurs when a sixth ligand binds and 3  is 

converted to 2.  The change in twist angle, Δϕ, was shown to be larger for the conversion of 3 to 
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2 (25˚), than for the conversion of 1 to 2  (19.5˚), thus explaining the larger kinetic barrier to KO2 

binding to 3. 

3.4 Experimental Details 

3.4.1 General Methods 

 Reagents purchased from commercial vendors were of the highest purity available and used 

without further purification. [FeII(S2
Me2N2N

H(Pr,Pr)] (1) and [FeIII(S2
Me2N2N

H(Pr,Pr)]BF4 (3) were 

synthesized as previously described.1,17 Methanol (MeOH) was distilled over magnesium turnings 

and iodine and degassed prior to use. Un-stabilized tetrahydrofuran (THF) was rigorously degassed 

and purified using solvent purification columns housed in a custom stainless-steel cabinet, 

dispensed via a stainless steel Schlenk line (GlassContour). All manipulations were performed 

using Schlenk line techniques or under an N2 atmosphere in a glovebox.  

3.4.2 Evans Method of [FeII(S2
Me2N2NH(Pr,Pr)] (1) 

 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.  

3.4.3 Kinetic Measurements 

 Solutions were prepared in a N2-filled anaerobic glove-box ([O2] <1 ppm) and placed in Hamilton 

gastight® syringes equipped with three-way valves. Time-resolved spectra (350−820 nm) were 

acquired at low temperatures using a TgK Scientific (U.K.) CSF-61DX2 Multi-Mixing 

CryoStopped-Flow Instrument equipped with a tungsten visible light source. The stopped-flow 

instrument is equipped with PEEK tubing fitted inside stainless-steel plumbing, a 1.00 cm3 quartz 

mixing cell, and an anaerobic kit purged with an inert gas. The temperature in the mixing cell was 
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maintained to ± 0.1 °C, and the mixing time was 2-3 ms. All flow lines of the instrument were 

extensively washed with degassed, anhydrous THF before charging the driving syringes with 

solutions containing the reactants. The reactions were studied by rapid scanning 

spectrophotometry under pseudo-first order conditions with excess oxygen or superoxide. 

Saturated solutions of O2 were prepared as described below.  The O2 concentration was assumed 

not to change upon cooling, given that the system is closed, and the solutions were not in contact 

with the gas phase (small variations in the solvent density were not taken into account). Dilutions 

of the O2-saturated solvent were performed anaerobically to obtain the desired [O2]. Potassium 

superoxide solutions were prepared as described below. All concentrations reported in stopped-

flow experiments refer to the “after mixing” conditions. Experiments were performed in single-

mixing mode, with a 1:1 (v/v) mixing ratio.  A series of three or four measurements gave an 

acceptable standard deviation (within 10%). Rates reported for the oxygen dependence are the 

average of at least three different experiments. Data analysis was performed with Kinetic Studio 

software from TgK Scientific.33 Data was fit at a single wavelength (523.5 nm) using the following 

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 1.975 mM to 3.95 mM in THF, and 2.55 mM to 4.25 mM in MeOH, while maintaining a 

constant FeII concentration of 0.1 mM.  

Kinetics for the formation of superoxo-2 via an alternate route involving KO2 + FeIII-3 were 

monitored at λ = 523 nm under pseudo first order conditions with excess KO2, 1 mM to 5 mM 

(solubilized with KryptofixR 222) using a TgK stopped-flow instrument and CCD detector. 
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Constant ionic strength or 10 mM conditions were maintained by adding an appropriate amount 

of Bu4NPF6. Kinetics traces were fit to the single exponential of Eq 1 with very small residuals.  

3.4.4 Grubb’s Test Calculation 

 The Grubb’s test is a statistical method to find a single outlier in a normally distributed 

data set. The test only finds a single outlier in the data set; once found, the outlier is removed, 

and the data set compared to the critical G-value determined for the data set. To start, calculate 

the average, standard deviation, and the population of the data set, Figure 3.26. The Grubb’s 

value for each point is calculated by taking the absolute value of the average minus the value 

divided by the standard deviation. The Grubb’s value for each data point is then compared to the 

known Grubb’s values for a specific count and difference confidence intervals, in this case for 

5% for a count of 5 is a Grubb’s value of 1.672. Since all of the data points individual Grubb’s 

values fall below the 1.672, none of the data points are excluded and included in a 95% 

confidence interval.  

Figure 3.26 Example of a Grubb’s test calculation in Excel, using a 5-point data set and a 

Grubb’s confidence level of 95%.  
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3.4.5 Preparation of Saturated Dioxygen Solutions 

Degassed solvent (THF or MeOH) was added to a round bottom flask fitted with a septum cap 

under a nitrogen atmosphere in the glovebox. Dry O2 (from a gas cylinder) was bubbled through 

the solvent at 1 atm for 15 min. The solution was then allowed to equilibrate over 15 minutes at 

25 °C in a temperature-controlled water bath. To load the syringe, the flask containing O2 saturated 

THF or MeOH was inverted, and a gastight syringe equipped with a 3-way valve and needle was 

inserted through the septum (Position A in the Figure to the right). The valve was then turned to 

allow the saturated solution to flow through the open arm of the 3-way valve, leaving no headspace 

in the needle (Position B). The valve was then closed, and the dioxygen solution drawn into the 

syringe (Position C). The concentration of O2 was taken as 8.5 mM in MeOH, and 7.9 mM in THF 

both at 25 °C.12,13   Dilutions of the O2-saturated solvent were performed anaerobically as described 

above with a prefilled syringe of solvent to obtain the desired [O2]. 
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3.4.5 Dilution of Dioxygen Solutions 

Dilutions of the O2-saturated solvent were performed anaerobically by attaching a second 

syringe filled with an excess of an appropriate 

quantity of deoxygenated solvent to the open arm of the 3-way valve (Position D in Figure below). 

Air bubbles trapped in the valve by this process were purged by flowing the excess solvent through 

the needle down to the quantity of solvent necessary for the desired O2 concentration (Position E). 

The valve was then turned to allow the two needles to communicate, and the saturated O2 solution 

was drawn into the deoxygenated solvent until the desired O2 concentration is met (Position F). 

The dilute O2 solution was then allowed to equilibrate for 30 min after which time it was ready for 

use. This dilution process can be repeated in the same manner if it is not practical to attain the 

desired O2 concentration via one dilution. 

3.4.6 Preparation of Potassium Superoxide Solutions 

A very fine powder of KO2 was weighed out on an analytical balance, and then 1 eq. of 

Kyrptofix®222 was added to solubilize the KO2 in THF and vigorously stirred at RT in a glovebox 

for at least 20 mins and used within 6 hours of preparation. An appropriate amount of Bu4NPF6 
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([Bu4NPF6] = 11.8 – 17.8 mM (pre-mix concentrations)) weighed out on an analytical balance, 

was added to maintain a constant ionic strength of 10 mM (post-mix concentration).  

3.4.7 Computational Details 

Calculations were performed using the ORCA v. 4.2.1 quantum chemistry package 

developed by Neese and coworkers,25 and employed a polarized triple-zeta def2-TZVP basis set, 

the def2/J auxiliary basis set for Coulomb fitting, and the atom-pairwise dispersion correction of 

Grimme (D3BJ).26 Tight convergence criteria were required for self-consistent field (SCF) 

solutions. The Grid4 (GridX4) integration grid size, and the conductor-like polarizable 

continuum model with the dielectric constant  = 7.25 for tetrahydrofuran solvent 

(CPCM(THF)), or the dielectric constant  = 32.63 for methanol solvent (CPCM(MeOH)), were 

used for geometry optimizations.27 Geometry optimizations and analytical frequency calculations 

were performed using the PBE0 functional, with the resolution of identity (RI) chain-of-spheres 

(RIJCOSX) approximation,28,29 and initiated from the crystallographic coordinates when 

available. Analytical frequency calculations were performed on all optimized structures to 

determine whether the obtained stationary points corresponded to local minima. 

Calculations for the FeIII-superoxo complex, [FeIII(S2
Me2N3(Pr,Pr)(O2)]

+ (2) employed the 

broken-symmetry formalism to model coupled paramagnetic sites. The previously reported1 DFT 

optimized structure of superoxo [FeIII(S2
Me2N3(Pr,Pr))(O2)] (2) was used as a starting point for 

the calculated structure in a polarizable continuum model in MeOH.  Hybrid time-dependent 

DFT (TD-DFT) calculations employed the RIJCOSX and the Tamm-Dancoff approximations 

(TDA).30,31 The Fermi level, i.e., the halfway between the calculated HOMO and LUMO 

energies, was set to 0 eV in molecular orbital (MO) analysis. Excited states from TD-DFT 

calculations were analyzed using Natural Transition orbitals (NTOs) and by visualizing their 
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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 a0
3 using UCSF Chimera.32  
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Chapter 4: Dioxygen Reactivity with Thiolate-Ligated Iron 

Biomimetic Model Related to IPNS 

Portions of this chapter have been republished or adapted with permission of the Journal of 

American Chemical Society from, “Reactivity of Five-Coordinate Models for the Thiolate-Ligated 

Fe Site of Nitrile Hydratase” Ellison, Jeffrey, J.; Nienstedt, Andrew; Shoner, Steven C.; Barnhart, 

David; Cowen, Jerry A.; Kovacs, Julie A. J. Am. Chem. Soc. 1998, 120, 23, 5691-5700. DOI: 

10.1021/ja973129q 

4.1 Introduction 

Most non-heme iron enzymes that bind dioxygen to form superoxos are capable of an array of 

reactions such as, hydrogen atom abstraction, sulfur oxidation, oxo atom transfer, and more. Many 

components govern the specific reaction the superoxo undergoes including the substrate, 

orientation of substrate, and protein binding pocket environment.1-4 One aspect of protein 

environments that affects their reactivity, aprotic versus protic residues, was explored in Chapter 

3 with [FeII(S2
Me2N2N

H(Pr,Pr))]. Another aspect is the folding and configuration of the active site 

and the orientation of the substrate binding, which also affects the specific reactivity.5,6 The 

Solomon group performed computational studies on the enzymes of IPNS and CDO superoxo 

structures to investigate the activation barrier and preference of hydrogen atom abstraction (HAA) 

over electrophilic sulfur attack (SOX). These studies found that the protein binding pocket that 

holds the tripeptide substrate (β (L-alpha-aminoadipoyl)-L-cysteinyl-D-valine) ACV keeps the 

Val side chain in place through van der Waals interactions. The energy barrier of HAA was found 

to be 6.7 kcal/mol lower than that of SOX.9,10 If the ACV substrate isn’t constrained, then the SOX 

reaction becomes energetically favored. 
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Chapter 4 will be focusing on a model relevant to IPNS, whose proposed enzymatic 

mechanism was laid out in section 1.3.2.1. A main feature of this mechanism is that the FeIII-

superoxo’s distal oxygen is in close proximity to a β-hydrogen, which is supported by the dioxygen 

mimic, NO-bound form of IPNS.7,11 Small molecule analogues of metalloenzyme active sites can 

be used to study the mechanism of dioxygen activation and provide insights into the metal-centered 

intermediate’s oxidation state and electronic structure.1,12,13 The first intermediate in dioxygen 

activation pathways is a metal-superoxo. The degree of electron transfer is variable and the formal 

oxidation of first-row transition-metal superoxo complexes (FeII-O2 or FeIII-O2
-) has been 

debated.14,15   

Previously, in the Kovacs group, a bio-inspired small molecule model of the active site of IPNS 

was synthesized that supports an FeIII-superoxo, [FeII(S2
Me2N2N

H(Pr,Pr))] (1), Figure 4.1 left.16 

The scaffold includes a bis propylamine backbone, along with two alkyl thiolates bound to an iron 

metal ion in a square pyramidal fashion. Modifications to this scaffold include shortening the 

amine backbone and substitutions of the imine hydrogens or gem-dimethyl groups on the thiolate 

portion. To create a better mimic of the active sites of IPNS, the gem-dimethyl groups were 

Figure 4. 1 ChemDraw of [FeII(S2
Me2N2N

H(Pr,Pr))] (1)16, and [FeII(S2
β-H2N2N

H(Pr,Pr))] (4)22, 

highlighted are the difference between the gem-dimethyl and hydrogens on the alkyl thiolate 

arm.  
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switched out for hydrogens to form [FeII(S2
β-H2N2N

H(Pr,Pr))] (4) (Figure 4.1, right). The small 

molecule model now contained similar strength cysteine C—H bond strength (93 kcal/mol)17 as 

the native enzyme. EAS (Figure 4.10) and time dependent DFT (Figure 4.11) experiments 

demonstrated that 4 is capable of forming a superoxo, [FeIII(S2
β-H2N2N

H(Pr,Pr))-O2]  5. 

The focus of Chapter 4 explores the reactivity of dioxygen with 4, a non-heme iron complex 

with a structure capable of a β-hydrogen abstraction, and insights into whether a thiolate-ligated 

metal-superoxo can abstract such a high energy C-H bond. Proposed mechanisms of both an intra- 

and intermolecular HAT will be explored. Density functional theory will (DFT) also be utilized to 

understand properties of the short-lived metastable intermediates that accompany dioxygen 

reactivity with 4.  

4.2 Results and Discussion 

4.2.1 Probing the Reactivity of [FeII(S2
β-H2N2NH(Pr,Pr))] (4) with Dioxygen Inhibitors and 

Mimics 

Dioxygen mimics have been utilized to probe the substrate binding site of enzymes that 

activate dioxygen and biomimetic models. Since dioxygen can oxidize ligands or thiolates around 

the metal center, investigating whether the substrate binds to the metal is essential for evaluating 

the functionality of the small model molecule to be related back to the native enzyme’s reactivity. 

Dioxygen inhibitors such as carbon monoxide (CO) and azides (N3
-) can bind to the metal center 

at various oxidation states, FeII and FeIII respectively, and bind reversibly. Nitric oxide (NO•) acts 

as a dioxygen mimic binding to the metal, and since NO has one less electron, makes a stable metal 

nitrosyl complex that allows for observation of analogous dioxygen binding without going on to 

form other oxidation products.18-21 
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4.2.1.1 Addition of Carbon Monoxide to [FeII(S2
β-H2N2NH(Pr,Pr))] (4) 

Previously in the Kovacs group, 4ox, [FeIII(S2
β-H2N2N

H(Pr,Pr))] was not able to be isolated as 

a stable product, thus the reactivity of reduced 4 was investigated with carbon monoxide (CO), 

Figure 4.2. The variable-temperature EAS spectra in Figure 4.2, demonstrates that CO-bound 4 

does not form unless the temperature is near or below 0 °C. As the solution is cooled to -97 °C the 

band at 498 nm grows in appreciably, and the solution changes from a chartreuse green to intense 

red solution. As the temperature is raised, the spectrum shifts back to unbound 4, as the 376 nm 

band. The formation of CO-bound 4 is also supported by IR with υCO
 stretch as 1929 cm-1.22 

Reversible CO binding is common among FeII complexes23-26, and the lower energy υCO stretch of 

4 suggests significant π back donation due to the thiolate. The 6th coordinate FeII 4 with an 

Figure 4. 2 Variable-temperature EAS spectrum of 4 (0.0916 mM) and excess 

CO in MeOH.22 
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absorption band at 498 nm is of importance later in this chapter when discussing the intramolecular 

mechanism of IPNS, as an FeII 6th coordinate species is proposed.  

4.2.1.2 Addition of Tetrabutylammonium azide to [FeII(S2
β-H2N2NH(Pr,Pr))] (4) 

Azides are known as dioxygen inhibitors as they bind to the 6th position of the metal center, 

and provide evidence that dioxygen activation is metal mediated, instead of being an outer-sphere 

oxidant.27,28 Azides do not react with FeII, thus 4 needed to be oxidized in situ using a known outer 

sphere oxidant ferrocenium hexafluorophosphate (FeCp2PF6) forming 4-ox. The addition of 

tetrabutylammonium azide (TBAN3) to oxidized (in situ) 4 (λmax = 410, 565, and 675 nm) resulted 

in formation of a new species with λmax = 470 and 700 nm in THF at -90 °C, Figure 4.3. Dioxygen 

was introduced after the new species was formed, and showed no reactivity, providing evidence 

that the new species has azide coordinated. At low temperature the stability of the species last for 

Figure 4. 3 EAS observation of 0.5 mM of 4 (green) oxidized with 1 equivalent of 

ferrocenium hexafluorophosphate (blue) then addition of 5 equivalents of 

tetrabutylammonium azide(red) THF at -90 °C. 
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4 hours and attempts of crystallization have been unsuccessful. Previously, FeII 4 was reacted with 

azide and no reaction was observed.22 Thus the new species is proposed as the azide bound 4 and 

is consistent with other alkyl thiolate azide bound FeIII.29,30 Further investigations with EPR will 

help to characterize the proposed azide bound species 4-N3. 

4.2.1.3 Nitric Oxide Reactivity with [FeII(S2
β-H2N2NH(Pr,Pr))] (4) 

Analogous to the enzymatic studies done on IPNS with NO to probe the O2 binding site and 

obtaining a crystal structure with NO bound and in the vicinity of the β-hydrogen on the thiolate, 

which is consistent with the proposed mechanism of HAA. Complex 4 was reacted with nitric 

oxide to generate a proposed NO bound FeIII species. To a frozen solution of 4, 1.1 equivalents of 

NO gas was given through a high-vacuum line and allowed to thaw at room temperature and 

brought back into the glovebox under an inert atmosphere. As the solution thawed a color change 

was observed from chartreuse green to forest green. An aliquot was taken and diluted to 0.5 mM 

Figure 4. 4  EAS observation of 0.5 mM of 4 reacting with 1.1 equivalents of NO gas in THF 

at 25 °C. 
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and observed by EAS to have a shoulder at 416 nm and one broad band feature at 677 nm (Figure 

4.4). This solution was exposed to O2 and did not react or decay in appreciable timeframe. Previous 

DFT calculations support the assignment of a band from the 600-700 nm as the complex in the 

FeIII state with a sixth ligand bound. Preliminary IR experiments were completed and showed two 

new peaks at 1764 and 1720 cm-1 which can likely be attributed to symmetric and antisymmetric 

υNO stretches, as well as a υNH stretch at 3268 cm-1 from the amine backbone. Attempts to obtain a 

crystal structure are ongoing, and an effort to elucidate structural and electron details of the NO-

bound complex via density functional theory (DFT) were performed. 

Figure 4. 5 Calculated bond lengths and Fe-N-O angles of FeIII high spin S = 5/2, 

intermediate spin S = 3/2, and low spin S = 1/2 , with their respective geometry optimized 

structure.  
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Nitric oxide is a linear molecule that has one unpaired electron that reacts with transition metals 

to yield metal nitrosyls. Binding to the metal center causes the unpaired electron to delocalize 

changing the metal-N-O angle from 180°. Due to the delocalization, determination of the oxidation 

of the metal center is supported by a crystal structure to analyze the M-N-O angle.31-33 DFT was 

performed on multiple spin states for an FeIII metal center (S = 1/2, 3/2, 5/2) to accommodate the 

d6 or d7 electron configuration of the Fe-NO bound of 4. The starting point for the geometry 

optimization was the crystal structure of 4, with a linear NO molecule bound in the 6th ligand 

position (Figure 4.5).  

The results of the DFT calculations for bonds, N-O angle, and the distance of the β-hydrogen 

and distal oxygen are summarized in Figure 4.5. For the high spin S = 5/2 case, the geometry 

optimized structure has the NO ligand unbound, which does not make a viable intermediate for the 

species observed in the EAS. Both low spin S = 1/2 and intermediate spin S = 3/2 are reasonable 

configurations of the species observed, and time-dependent DFT was performed on these two 

options. The TD-DFT for the intermediate spin was the closest to the experimental spectrum with 

a band at 666 nm, Figure 4.6. Detailed natural transition orbitals are shown with the percentages 

of the two major transitions, sulfur to ligand charge transfers, and sulfur to a mixture of metal and 

NOπ* charge transfers. Calculated IR was performed on the intermediate spin structure and 

revealed to have a major stretch at 1548 cm-1 which is not in agreement with the experimental IR 

obtained. The experimental IR is more consistent with a linear NO structure, than the theoretical 

bend NO for the FeIII S = 3/2 structure.  

Preliminary results of 4 reacting with NO resulted in generation of a new species with bands 

at 416 and 677 nm via EAS and IR stretches at 1764 and 1720 cm-1. Calculated structures of 

varying spin state reveal that an FeIII S = 3/2 to be most like the experimental species, however the  
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calculated IR does not agree with experimental, and further investigation is needed. Another 

technique that would give more information as to the identity of the NO generated species is EPR. 

However, due to the nature of the electron delocalization, EPR may not be as conclusive as for 

other FeIII paramagnetic species. 

4.2.2 Dioxygen Reactivity with [FeII(S2
β-H2N2NH(Pr,Pr))] (4) 

Previous work with 1 revealed that the rate of formation of 3 is approximately 60 times faster 

in THF than MeOH, suggesting that hydrogen bonding facilitates the ligand rearrangement 

required for O2 to bind.1 Applying this observation to 4, one would expect that the rate of formation 

of 5 would be more easily observed via EAS in MeOH. However, the reactivity of 4 with O2 is 

different in aprotic versus protic solvents, in that the O2 binds to the Fe center to form an observable 

FeIII-superoxo in THF at low temperatures, but at low temperatures in MeOH, O2 behaves as an 

Figure 4. 6 TD-DFT simulated EAS of geometry optimized NO bound FeIII S = 3/2 . The three 

prominent transitions have been labeled. Natural tranistion orbitals (NTO) describing the charge 

transfer (CT) tranistions. Transition at 499 nm is majorily sulfur to ligand, while transition 572 has 

both sulfur to ligand and sulfur to Fe and NOπ* CT character. Transition 666 nm mostly has sulfur 

to Fe and NOπ* CT character. 
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outer sphere oxidant and forms a putative solvent-bound [FeIII(S2
β-H2N2N

H(Pr,Pr))(OMe)]species 

(4-OMe). 

4.2.2.1 Dioxygen Reactivity in Protic Methanol (MeOH) 

Spectral features of an FeIII-solvent bound species include a band at 675 nm and a shoulder at 

567 nm that grow in over 44 minutes when 4 is reacted with excess O2 in MeOH at low 

temperatures, Figure 4.7, A. An identical species is generated when 4 is oxidized in MeOH by a 

standard outer-sphere oxidant ferrocenium hexafluorophosphate (Cp2FePF6) in MeOH (Figure 

4.7, B). When the oxidant is dissolved in acetonitrile (MeCN) and added to 4 in THF at -78° C the 

main absorption band at 675 nm shifts to 670 nm. Further characterization is required to confirm 

the identity of this species and attempts with EPR have been unsuccessful. DFT was also used to 

aid in the identification and geometry optimized structures of FeIII-methoxy (FeIII-OMe) at various 

spin states (S = 5/2, 3/2, 1/2) were employed to reproduce the EAS spectrum, Figure 4.9. The TD-

B A 

Figure 4. 7 A: EAS of an intermediate at 567 nm, and 675 nm formed from 4 and the addition of 

excess O2 in MeOH at -90 ° B: EAS of a similar intermediate seen in A formed from 4 and addition 

of 1.1 eq of Cp2FePF6 in MeOH at -90 °C. 

 



Greiner 129 
 

DFT calculated spectra did not match with the experimentally observed putative solvent bound 

FeIII species and requires further fine-tuning. 

Figure 4. 9 TD-DFT calculate spectra with B3LYP functional for proposed solvent bound FeIII-

OMe species with spin states of S = 5/2 (blue), S = 3/2 (red), and S = 1/2 (green). 

 

Figure 4. 8. EAS of an intermediate at 545 nm formed from 4 and addition of excess O2 in 

MeOH at 25 °C. 
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When 4 is reacted with O2 at room temperature in MeOH; a species at 545 nm grows in 

shortly, before converting to a featureless spectrum (Figure 4.9). Comparing the reactivity of O2 

at room temperature with other complexes in the propyl, propyl amine family (Pr,Pr) this species 

is most likely an FeIII-sulfenate. Complexes, FeIII(η2SMe2O)(SMe2)N2N
H(Pr,Pr)]+, [FeIII(η2-

SMe2O)(SMe2)N2N
Me(Pr,Pr)]+, [FeIII(η2-SMe2O)(SMe2)N2N

H(Et,Pr)]+  have been characterized with 

X-ray crystal structures and all three display absorption bands in the 500-550 nm region.30,34,57 

The use of DFT geometry optimized structures of a sulfenate species generated from 4 compared 

to the crystal structure of [FeIII(η2-SMe2O)(SMe2)N2N
H(Pr,Pr)]+ (6),34 reveal that the sulfenate 

species derived from 4 may be S = 5/2 or 1/2 (Table 4.1). The TD-DFT of each of the spin 

states, however, did not reproduce the experimental spectrum, and require further geometry 

optimizations with different basis sets and functionals. Further characterization via EPR and 

mass spectroscopy are difficult due to the short life span, 45 seconds, of the species. A trend is 

Table 4. 1 DFT geometry optimizations with B3LYP functional 

for proposed FeIII-sulfenate (S = 5/2, 3/2, and 1/2) compared to 

crystal structure of 6.  
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occurring with 4 in that the lifespan of intermediates and reactions are much shorter relative to 

the gem-dimethyl systems. 

4.2.2.2 Dioxygen Reactivity in Aprotic Tetrahydrofuran (THF) 

The reaction of 4 with dioxygen results in the growth of bands at 400, 530, and 704 nm in the 

electronic absorption spectrum (Figure 4.10). The EAS spectrum is similar to that found for 

superoxo 3 ([FeIII(S2
Me2N2N

H(Pr,Pr))-O2]) (409, 520, 707 nm). The proposed FeIII-superoxo 

formed from complex 4, [FeIII(S2
β-H2N2N

H(Pr,Pr))-O2] (5), has a lifetime of 90 seconds and is 

significantly shorter-lived than 3, that has a lifetime of 10 minutes. By exchanging the gem-

dimethyls for β-hydrogens, 4 has a more positive reduction potential of -270 mV (vs. SCE)35 

compared to that 1 at -425 mV (vs. SCE)35 indicating that 4 is more difficult to oxidize to FeIII, 

likely because the +3 oxidation state is less stable. The gem-dimethyls of 1 may donate electron 

Figure 4. 10  EAS of short-lived proposed FeIII-superoxo of complex 5, through the 

addition of excess O2 in THF at -78 °C over 90 seconds. 
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density onto the thiolates allowing the +3oxidation state of Fe to be more stable. The difference in 

reduction potential supports an understanding of why 4 forms a much a shorter-lived putative FeIII-

superoxo intermediate, which can only be observed at lower temperatures. The oxidation potentials 

also reflect the HOMO/LUMO energetic gap of a complex, where a less negative reduction 

potential indicates that the HOMO is lower in energy with 4, and therefore also likely lower for 

species 5, which would cause the sulfur to metal charge transfer band to shift to lower energies, 

explaining the slight red-shift in its absorption bands relative to 3.  

4.2.3 Computational Experiments for Superoxo Intermediates  

Density functional theory (DFT) geometry optimizations were performed with the PBE0 

functional and the polarized triple-zeta def2-TZVP starting from the crystal structure previously 

reported for azide-bound [FeIIIS2
Me2N2N

H(Pr,Pr)(N3)]
 (7),35 since azide is structurally similar to O2 

Table 4. 2. Bond distances for core atoms of the [FeII(S2
β-

H2N2N
H(Pr,Pr))] (4) and calculated [FeIII(S2

B-H2N2N
H(Pr,Pr))-O2) (5).  

  Bond (Å) Crystal 4 Calc. 4 Calc. 3 Calc. 6 

Fe-S(1) 2.35412(4) 2.341 2.203 2.224 

Fe-S(2) 2.3453(4) 2.345 2.256 2.305 

Fe-N(1) 2.1519(11) 2.158 1.981 1.996 

Fe-N(2) 2.1612(11) 2.200 2.111 2.121 

Fe-N(3) 2.1670(11) 2.158 1.981 1.996 

Fe-O N/A N/A 1.947 1.947 

O-O N/A N/A 1.289 1.306 

5 
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and used to probe activation sites of enzymes instead of O2.
12 The structure of 7 was modified to 

fit the structure of 5 by removing the gem-dimethyls and replacing them with hydrogens, and the 

O-O bond position replaced the proximal and middle nitrogen atoms of the azide while the terminal 

nitrogen was removed. The FeIII metal center was assumed to be S = 1/2, based on previous 

knowledge that thiolates tend to stabilize low spin-state species due to the nephelauxetic effect.13 

The calculated structure of putative FeIII-superoxo 5 contains an O2 moiety cis to one of the thiolate 

sulfurs with an O-O bond length of 1.306 Å, consistent with a superoxo. The bond lengths for 

crystallographically characterized 4 are compared with DFT-calculated 5 in Table 4.2. The Fe-S 

bond (Fe-S(1) = 2.224 Å) for the thiolate that is trans to the superoxo moiety, O2 is shorter than 

the cis Fe-S bond (Fe-S(2) = 2.305 Å). One would expect that the binding of O2 would have a push 

effect on the trans thiolate and elongate the (Fe-S(1)) bond, but that does not appear to be the case. 

The shorter Fe-S bond indicates that the bond is more covalent and pushes the thiolate’s electron 

density back onto the metal center, which may be contributing to the strength of the FeIII-superoxo 

and the C-H bond activation capability. Broken symmetry geometry optimizations14,16 were used 
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in order to model coupled paramagnetic sites, as previously seen with 3, where the high-spin (HS) 

case was calculated for FeIII(S = 1/2 ↑)-O2
•- (S = 1/2 ↑) as well as the low-spin (LS) case in which 

the spin on the FeIII metal center is flipped to give a final total spin of S = 0; FeIII(S = 1/2 ↓)-O2
•- 

Figure 4. 12 TD-DFT simulated EAS of broken symmetry geometry optimized 5. The three 

prominent transitions have been labeled.  

 

Figure 4. 11. Natural tranistion orbitals (NTO) describing the charge transfer (CT) tranistions. 

State 1 and 2 have both Sp to Fed and OOπ* CT character. State 3 only has Sp to Fed and OOπ* CT 

character.  
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(S = 1/2 ↑).14,15  Finally, the energies from the HS and LS broken symmetry states were used to 

estimate the coupling constant, J, using the equation J = -(EHS – ELS)/(<S2>HS - <S2>LS),15 which 

is valid over the entire coupling strength regime. EHS and ELS are the energies of the HS and LS 

states, and <S2> are the expectation values of the squared spin operator for the HS and LS states, 

respectively. The coupling constant of Jcalc = - 580 cm-1, was obtained for putative 5, compared to 

the Jcalc = - 450 cm-1 for 3,16 in which 2J is the energy required for the electron to go from the LS 

to HS. The more negative J value indicates that the unpaired spins are strongly 

antiferromagnetically coupled.  

Time dependent DFT (TD-DFT) was performed on 5 with the broken symmetry geometry 

optimized structure and employed the CAM-B3LYP functional, a polarized triple-zeta def2-TZVP 

basis set, the def2/J auxiliary basis set and RIJONX approximation for Coulomb fitting. The 

simulated EAS excited state of 5 (Figure 4.11) has three prominent natural transition orbitals 

Table 4. 3. Mulliken charges for calculated 

core atoms of superoxo 3 and 5.   

 

Mulliken Charges Calc. 3 Calc. 6 

Fe -0.062 -0.035 

trans-Sulfur -0.395 -0.337 

cis-Sulfur -0.305 -0.324 

Proximal Oxygen -0.095 -0.078 

Distal Oxygen -0.262 -0.280 
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(NTO) describing the charge transfer (CT) transitions at 361 nm, 480 nm, and 703 nm that are in 

good agreement with the experimentally observed 5 (Figure 4.10). States 1 and 2 are comprised 

mostly of Sp to Fed and O-Oπ* and O-Oπ* to Fed charge transfers, while State 3 is comprised of 

Sp to Fed and O-Oπ* (Figure 4.12). The trend that the RS- character contributions to CT transitions 

increases as the energy increases is consistent with the previously reported DFT of 3.16 

Investigation of the local electron density via Mulliken charges of 3 and 5, have shown that the 

trans-thiolate (-0.337) has slightly more electron density than the cis-thiolate (-0.324) (Table 4.3), 

as well as, an increase in negative charge on the distal oxygen consistent of the superoxo. The 

increased electron density on the distal oxygen also supports thiolate donation of electron density 

into the metal ion and then into the O-Oπ* bond of the Fe-superoxo aiding in the reactivity and 

cleavage C-H bonds of 93 kcal/mol. Overall, the computational experiments provided are 

consistent with 5 being assigned as a short-lived FeIII-superoxo.  
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4.2.4 Proposed Mechanisms 

 Possible reactions to consider following the formation of FeIII-superoxo via hydrogen 

atom transfer (HAT) are either intermolecular HAT from either substrate or solvent, as shown 

previously with 3,16 (Scheme 4.1) or intramolecular HAT from the β C-H bond of the alkyl 

thiolate (Scheme 4.2), as closely mimics the proposed mechanism of IPNS. In both scenarios, 

the FeIII-hydroperoxo species would form and then could undergo homolytic or heterolytic O-O 

bond cleavage to form a high valent FeIV-oxo or FeV-oxo species, respectively, and proceed to 

perform another HAT.  

Scheme 4. 1 Proposed intermolecular hydrogen atom transfer (HAT) ~93 kcal/mol 

from bulk solvent, or substrate. Formation of a FeIII-OOH that undergoes either 

homolytic or heterolytic O-O cleavage to form a high valent Fe-oxo that would 

undergo another HAT to form a FeIII-hydroxide.  
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4.2.4.1 Intermolecular HAT Evidence 

In order to test for the intermolecular HAT a weak H-atom donor, TEMPO-H (BDFE = 70 

kcal/mol36) was added to the reaction in order to push the mechanism to favor intermolecular over 

intramolecular, lower the activation barrier, and build up a large enough concentration of a putative 

FeIII-OOH (λmax = 664 nm) so that it could be spectroscopically observed prior to O-O bond 

cleavage. When O2 is added to 4 in the presence of TEMPO-H at low temperatures in THF, a new 

species was observed via EAS at λmax = 664 nm that then goes on to form another species at 565 

nm. The addition of TEMPO-H to the initially formed FeIII-superoxo 5 produced the same results 

(Figure 4.13). The reactivity is consistent with the formation of a putative Fe(III)-OOH.  

Scheme 4. 2 Proposed intramolecular hydrogen atom transfer (HAT) of ~93 kcal/mol of the β-

hydrogen of the alkyl thiolate ligand. Formation of the FeII-OOH and thioaldehyde as proposed for 

the IPNS mechanism. Formation of a FeII-OOH that undergoes either homolytic or heterolytic O-O 

cleavage to form a high valent Fe-oxo that would undergo another HAT to form a FeII-hydroxide.  
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Another experiment to support an intermolecular HAT mechanism was to observe if the 

formation of the FeIII-superoxo were to slow down when the bulk solvent was d8-THF, thereby 

demonstrating a kinetic isotope effect (KIE). Complex 3 was observed to have a KIE = 4.8 in 

THF/d8-THF.16 However, the addition of dioxygen to 4 in d8-THF solution did not result in a 

Figure 4. 13. EAS of 5 and addition of 5 equivalents TEMPOH to push the intermediate to form 

a proposed FeIII-OOH in THF at -78 °C. 

 

Figure 4. 14 Figure 4.14. EAS 3.16 mM 4 and excess O2 in deuterated THF at -78 °C testing 

the intermolecular mechanism of solvent HAT.  
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longer lived intermediate which had the same spectral features as 5, and further continued to 

produce a featureless spectrum (Figure 4.14).  

4.2.4.2 Intramolecular HAT Evidence 

The intramolecular HAT reaction mechanism is of interest in that it closely mimics the 

mechanism of the IPNS enzyme (Scheme 4.2). The DFT calculated structure of 5 shows that the 

terminal oxygen is 3.273 Å away from the β-hydrogen, however with rotation about the Fe-O 

bond, the distance could decrease to 2.271-1.764 Å. Molecular mechanics calculations using 

Avogadro, resulted in the β-hydrogen being within the range of feeling a strong, mostly covalent 

force from the distal oxygen.37
 Intramolecular abstraction of a H-atom from the β C-H bond would 

lead to the formation of a FeIII-hydroperoxo intermediate. After which, the β-carbon radical may 

form a thioaldehyde and reduce the FeIII center to FeII if the mechanism were analogous to IPNS. 

This mechanistic pathway agrees more with what we observe experimentally since the observed 

HAT is relatively fast, 90 seconds, and is not influenced by bulk solvent. The rearrangement and 

formation of an FeII-hydroperoxo would shift the sulfur-to-metal charge transfer band to the 

ultraviolet region making observation by EAS difficult. The resulting FeII-hydroperoxo could 

either undergo homolytic or heterolytic O-O bond cleavage to form an FeIII-oxo or an FeIV-oxo. A 

key feature of this mechanism is the formation of a thioaldehyde. Thioaldehydes have largely been 

considered as intrinsically unstable and transient intermediates since their calculated π bond 

energies decrease to an extent of 30-40 kcal/mol less than second row organic counterparts.38 

Observing the reactivity of thioaldehydes are usually carried out via in situ chemical trapping such 

as Diels-Alder cycloadditions or reacting with amines to generate their corresponding imines.39 

Generation of more stable aliphatic and aromatic thioaldehydes have been previously synthesized 

using bulky mesomeric stabilization to allow for characterization by NMR (C13: 230-255 δ), EAS 
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(500-600 nm), and IR (1275-1030 cm-1) in mild conditions.38 Future experiments would be to add 

substrates to trap the proposed thioaldehyde proposed to form via an intramolecular HAT 

mechanism.  

4.2.5 Deuterating the Ligand Framework 

The next step in investigating the intramolecular mechanism was to deuterate the β-hydrogen 

positions of complex 4. By doing so the rate of formation of the proposed FeIII-superoxo 

intermediate would be expected to experience a kinetic isotope effect, allowing the FeIII-superoxo 

to be longer lived, relative to the undeuterated complex, 4. In order to deuterate the β-hydrogen 

position, a new ligand, d5-(1-mercaptoacetone, acetate) (Scheme 4.3), was synthesized. The 

formation of d5-chloroacetone is light sensitive and with the addition of the moderator MeOH the 

reaction required no further purification as the side product d4-(1,3-dichloroacetone) is produced 

in trace amounts. 40 The use of thioacetic acid to replace the halogen was used to protect the 

thiolate, as thiolates are known to form disulfide bonds or become oxidized. The metal templated 

Schiff base condensation with additional base deprotects the thiolate then the condensation to yield 

crude [FeIIS2
D-β2N2N

H(Pr,Pr)] (8).  

Scheme 4. 3 Overall synthetic route to the deuterated complex [FeIIS2
D-β2N2N

H(Pr,Pr)] (8).  
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4.2.6 Dioxygen Reactivity with [FeII(S2
β-D2N2NH(Pr,Pr))] (8) 

The addition of excess dioxygen to crude [FeII(S2
β-D2N2N

H(Pr,Pr))] (8) in MeOH and THF at 

25 °C (Figure 4.15) results in the formation of a fleeting dioxygen sensitive intermediate. The 

intermediate is formed and decayed around 45 seconds, on par with the protonated complex.  

Further purification and repeat experiments at lower temperatures are needed to be confident in 

that the proposed deuterated FeIII-superoxo intermediate is longer lived compared to the FeIII-

superoxo of 5, and if so, provides direct evidence that 4 proceeds through an intramolecular 

mechanism analogous to IPNS mechanism, and thiolate ligated FeIII-superoxos are capable of 

abstracting C-H bonds of 93 kcal/mol.  

4.2.7 Reactivity of [FeII(S2
β-H2N2NH(Pr,Pr))] (4) with Oxo Atom Donors 

In order to investigate the second active oxidant of the IPNS mechanism, a high valent FeIV-

oxo, oxo atom donors were employed. Oxo atom donor such as iodosylbenzene (PhIO) are a two-

electron oxidant that provide an alternative route to produce high valent Fe-oxos, and by-passes 

Figure 4. 15 Preliminary EAS spectrum addition of excess dioxygen to [FeII(S2
β-D2N2N

H(Pr,Pr))] 

(8) in MeOH (Left) THF (Right) at 25 °C. 
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dioxygen-produced radicals (e.g., OH•) that could compete for reactivity. The Kovacs group have 

found that oxo atom donors form oxo atom adducts and sulfenates.30,34,43,44,57 Oxo atom donors 

were shown to react with complex 4 as indicated by the formation of new metastable intermediates 

with charge transfer bands in the 600-700 nm region (Figure 4.16). These transitions are in good 

agreement with the DFT calculated RS--to- metal charge transfer band for the formation of an oxo 

atom donor FeIII species.34 In addition, λmax is dependent on the type of oxo atom donor, indicating 

that they bind to the iron’s 6th position. After the addition of iodosylbenzene (PhIO) to 4, the 

metastable intermediate at 704 nm converts to a new intermediate at 520 nm. The new intermediate 

could be a sulfenate similar to the gem di-methyl 634, a high valent Fe-oxo42-44, or a Fe-OH species 

that forms following the formation of a high valent oxo.  

The difference in reactivity between dioxygen and oxo atom donors with 4, is the ability to 

form the sulfenate. Dioxygen reactivity results in the formation of a superoxo capable of 

abstraction the β hydrogen from the ligand backbone, and the proposed thioaldehyde that forms 

A B 

Figure 4. 16. A. EAS of 4 in bulk THF reacting with 5 equivalents of PhIO dissolved in MeOH 

at -90 °C forming a proposed oxo atom donor metastable intermeidate at 704 nm, and converts to 

a new intermediate at 520 nm. B. EAS of 4 in bulk THF reacting with 5 equivalents of IBX-ester 

dissolved in MeOH at -90 °C and forming a new intermeidate at 675 nm. 
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captures electron density on the thiolate resulting in no further reaction with the remaining oxygen 

to form the sulfenate bond. Whereas during a reaction with oxo atom donors, the distance to the β 

hydrogen is much greater, and the adjacent thiolate has lone pairs that are accessible to react with 

the oxo, once donated. Another possibility for the identity of the new intermediate at 520 nm is 

that it is a high valent Fe-oxo. A high valent Fe-oxo would be expected to be highly reactive and 

capable of cleaving C-H bonds of up to 100 kcal/ mol.45 Bulk THF or MeOH have C-H bonds of 

93.6 and 95.6 kcal/mol,46 respectively. If HAT is occurring after the formation of a high valent Fe 

species, then the next species to be formed would be an FeIII-hydroxide, which can be generated 

authentically by reacting 4 with a hydroxide source in the presence of an outer sphere oxidant (e.g. 

Cp2Fe+) to get obtain a benchmark of where this species would be observed via EAS.  Preliminary 

results of forming an authentic [FeIII(S2
β-H2N2N

H(Pr,Pr))(OH)] (4-OH) was generated by reacting 
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4-ox with 1 equivalent of tetrabutylammonium hydroxide (TBAOH) solubilized in MeOH which 

resulted in a new species at 574 nm, Figure  4.17. 

 

4.3 Conclusions 

The generation of an electronically similar, but shorter-lived (~90 sec) FeIII-superoxo 5, 

capable of abstracting hydrogen atoms of BDFE of ~93 kcal/mol either from solvent 

(intermolecular) or from the β-hydrogen on the complex (intramolecular) was discussed. The 

mechanism of HAT was explored with investigations of intermolecular HAT by addition of weak 

Figure 4. 17 EAS observation of 0.5 mM of 4 (green) oxidized with 1 equivalent of 

ferrocenium hexafluorophosphate (orange) then addition of 1 equivalent of 

tetrabutylammonium hydroxide (yellow) THF at -78 °C. 

Figure 4. 18 ORTEP diagram of [FeIII(S2
β-H2N2N

Me(Pr,Pr))] (9) with hydrogens removed, showing 

thermal ellipsoids at the 50% probability level. 
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hydrogen donors (TEMPOH) or deuterated solvent (d8-THF) to trap or slow down the short-lived 

5 to the next proposed intermediate FeIII-OOH. No observation of a change in rate in bulk 

deuterated solvent provided evidence that the mechanism is most likely intramolecular HAT, 

similar to the IPNS mechanism. A motivation to investigate the intramolecular HAT mechanism 

led to the formation of the deuterated complex 8 and preliminary reactivity with O2 to produce a 

relatively longer lived FeIII-superoxo compared to 5. Further characterization with EPR and X-ray 

crystallography, and trapping a thioaldehyde with external reagents of various intermediates is 

needed to comment on their identity and are difficult due to the short lifespan of the intermediates. 

Fine-tuning of DFT calculations to verify the species and interrogate the unique electronic 

structure that the β hydrogen system of 4 provides.  

The intramolecular mechanism also mimics the IPNS mechanism of forming a thioaldehyde 

that may have importance for directing the reactivity of the second active oxidant, a high valent 

Fe-oxo to close the β -lactam ring. Oxo-atom donors were employed with complex 4 in order to 

generate an oxo-atom adduct, which may perform HAT from the β-H on the ligand or from solvent 

producing a putative FeIII-OH, 4-OH.  The β-hydrogen scaffold is very open to further 

investigations or other modifications to compare sterics and electronics of forming dioxygen active 

intermediates. One such complex that has been synthesized is [FeIII(S2
β-H2N2N

Me(Pr,Pr))] (9) 

Figure 4.18, and has preliminary results of dioxygen reactivity on par with 

[FeIII(S2
Me2N2N

Me(Pr,Pr))].  
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4.4 Experimental Details 

4.4.1 General Methods 

All reactions were performed under dinitrogen atmosphere in a glovebox, standard Schlenk 

techniques, or using a custom-made solution cell with a threaded glass connector to fit a dip probe. 

Reagents purchased from commercial vendors were of the highest purity and used without further 

purification. Acetonitrile (MeCN), toluene, diethyl ether (Et2O), tetrahydrofuran (THF), 

dichloromethane (DCM) were rigorously degassed and purified using solvent purification columns 

housed in a custom stainless-steel cabinet, dispensed via a stainless steel Schlenk-line 

(GlassContour). Methanol (MeOH) was distilled from magnesium methoxide and degassed prior 

to use. The synthesis of 3-methyl-3-mercapto-2-butanone and [FeIIS2
β-H2N2N

H(Pr,Pr)]•MeOH 

were done according to literature precedent.35 

1H-NMR and 2H-NMR spectra were recorded on Bruker AV 300 or AV 301 FT-NMR 

spectrometers and are referenced to an internal standard of tetramethylsilane (TMS). 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. Gas chromatography-

mass spectrometry (GM-MS) was performed on an Agilent 5973 inert gas chromatograph/mass 

spectrometer (GC/MS). Infrared spectroscopy (IR) was performed on a Perkin Elmer FT-IR/FIR 

spectrometer with nujol mull on KBr.  

Low-temperature electronic absorption spectra were recorded using a Varian Cary 50 or 60 

spectrophotometers equipped with a fiber optic cable connected to a “dip” attenuated total 

reflection probe (C-technologies), with a custom-built two-neck solution sample holder with a 

threaded glass connector (sized to fit the dip probe) purged with argon gas. Modeling and 
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molecular mechanics were performed on Avogadro (version 1.2.0).47 Cyclic voltammograms were 

recorded in MeCN (0.1 M tetrabutylammonium(PF6) solution) using a CH instruments (CHI600E) 

potentiostat with a glassy carbon working electrode, a Ag/AgNO3 working electrode, and a 

platinum auxiliary electrode. Magnetic susceptibility data were acquired by Evan’s method as 

modified for a superconducting solenoid.48 Temperatures were obtained using Van Geet’s 

method.49 

Calculations were performed using the ORCA v. 4.1. quantum chemistry package developed 

by Neese and coworkers,50 and employed a polarized triple-zeta def2-TZVP basis set, the def2/J 

auxiliary basis set for Coulomb fitting, and the atom-pairwise dispersion correction of Grimme 

(D3BJ).51 Tight convergence criteria were required for self-consistent field (SCF) solutions. The 

Grid4 (GridX4) integration grid size, and the conductor-like polarizable continuum model with the 

dielectric constant e = 7.25 for tetrahydrofuran solvent (CPCM(THF)), were used for geometry 

optimizations.52 Geometry optimizations and analytical frequency calculations were performed 

using the CAM-B3LYP functional, with the resolution of identity (RI) chain-of-spheres 

(RIJCOSX) approximation,53,54 and initiated from the crystallographic coordinates when available. 

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 

calculated EAS and IR spectra.55 Excited states from TD-DFT calculations were analyzed using 

Natural Transition orbitals (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 Chimera.56 
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4.4.2 Synthesis of [FeII(S2
β-H2N2NH(Pr,Pr))]•MeOH (4) 

Sodium methoxide (0.324 g, 6 mmol) was added to 10 mL MeOH in a 20 mL scintillation vial 

with a stir bar. 2,5-dihydroxy-2,5-dimethyl-1,4-dithiane (0.541 g, 3 mmol) was added to the 

reaction mixture and stirred at room temperature for 10 minutes and chilled at -30 °C for 30 

minutes. In an additional scintillation vial iron(II) chloride (0.380 g, 3 mmol) was dissolved in 10 

mL MeOH and chilled at -30 °C for 30 minutes. The iron solution was slowly added, over thirty 

minutes while stirring at room temperature, and storing the iron solution in the freezer between 

pipet additions, to afford a translucent green solution. The reaction is stirred for 1 hour. 3,3’-

Iminobis(propylamine) (0.394 g, 3 mmol) was added dropwise to the green solution and stirred for 

an additional three hours before being placed in the -30 °C freezer overnight. The solvent was 

reduced to ~4 mL by vacuum and filtered over celite. The solution was completely dried under 

vacuum and dissolved in minimal MeOH and filtered over a bed of wet celite. The solids were 

recrystallized from MeOH/Ether layering to afford green crystals (0.452 g, 1.25 mmol, 42% yield). 

Electronic absorption (MeOH) λmax (ε, M-1cm-1) = 376 (930) nm; (THF) λmax (ε) = 420 (970) nm; 

(H2O) λmax (ε) =359 (820) nm; (MeCN) λmax (ε) = 396 (860) nm. Ambient temperature (297 K) 

µeff) 5.15 µB in MeOH solution. IR ν (cm-1): 1637 (imine). Anal. Calcd for FeC12H23N3S2: C, 

43.77; H, 7.04; N, 12.76. Found: C, 43.36; H, 6.95; N, 12.63.26  
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4.4.3 Synthesis of d5-(chloroacetone) 

Adapted from the patent: US4310702A.40 In a 100 mL round bottom schlenk flask fitted with 

a stir bar, d6-acetone (4.375 g, 100 mmol, 1 equivalent), and methanol (300 mmol, 3 equivalent) 

were dissolved in 50 mL of DCM. Sulfuryl chloride (8.181 g, 110 mmol, 1.1 equivalent) were 

added dropwise over 10 minutes. After gaseous evolution of HCl, SO2, and chloromethane has 

stopped, the reaction was refluxed for 2 hours, washed with saturated NaHCO3, H2O, and dried 

over Na2SO4. The solvent removed under vacuum to yield d5-chloroacetone as a slight yellow 

liquid (1.148 g, 3.13 mmol, 67% yield). 13C-NMR (300 MHz, CDCl3): δ = 199.65, 47.97, 25.90. 

GC-MS calcd for [C3D5OCl ]
+ 97 found: 97.  

Figure 4. 19 13C-NMR (300 MHz, CDCl3) spectrum of d5-(chloroacetone). 

The * denotes solvent peak. 
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4.4.4 Synthesis of d5(1-mercaptoacetone, acetate) 

 In a 100 mL round bottom Schlenk flask fitted with a stir bar, thioacetic acid (4.719 g, 68.2 

mmol 1.1 equivalent) and triethylamine (7.529 g, 74.4 mmol, 1.2 equivalent) were cooled to 0 °C. 

D5-(chloroacetone) (6.049 g, 62 mmol, 1 equivalent) was added dropwise over 30 minutes to yield 

a dark orange gel. The reaction mixture was stirred overnight under inert atmosphere. Next, the 

gel was dissolved in 1:3 ethyl acetate:hexanes and run through a silica plug to obtain a foul 

smelling dark orange liquid. The solution was removed with vacuum evaporation to yield the 

desired product as a dark orange foul-smelling liquid. 13C-NMR (300 MHz, CDCl3): δ = 203, 194, 

37, 30, 27.  

Figure 4. 20 13C-NMR (300 MHz, DMSO-d6) spectrum of d5-(1-

mercaptoacetone, acetate). The * denotes solvent peak, and acetic acid. 
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4.4.5 Synthesis of [FeII(S2
β-D2N2NH(Pr,Pr))]•MeOH (8) 

Sodium methoxide (0.324 g, 6 mmol) was added to 10 mL MeOH in a 20 mL scintillation vial 

with a stir bar. D5(1-mercaptoacetone, acetate) (0.541 g, 3 mmol) was added to the reaction mixture 

and stirred at room temperature for 10 minutes. Next, 3,3’-Iminobis(propylamine) (0.394 g, 3 

mmol) was added dropwise and stirred for 20 minutes, then chilled at -30 °C for 30 minutes. In an 

additional scintillation vial iron(II) chloride (0.380 g, 3 mmol) was dissolved in 10 mL MeOH and 

chilled at -30 °C for 30 minutes. The iron solution was slowly added, over thirty minutes while 

stirring at room temperature, and storing the iron solution in the freezer between pipet additions, 

to afford a translucent green-brown solution. The reaction is stirred for three hours before being 

placed in the -30 °C freezer overnight. The solvent was reduced to ~4 mL by vacuum and filtered 

over celite. The solution was completely dried under vacuum and dissolved in minimal MeCN and 

filtered over a bed of wet celite and dried under vacuum. The solids were recrystallized from 

MeOH/Ether layering to afford green crystals in black liquid. Yield has not been calculated. 

Electronic absorption and extinction coefficients needed for MeOH and THF.  

4.4.6 Generation of proposed [FeIII(S2
β-H2N2NH(Pr,Pr))(O2)] 5 with excess O2  

A 0.5 mM solution of (4) was prepared in 5 mL of THF under an inert atmosphere in a drybox. 

The solution was transferred via gastight syringe to a custom-made dip probe cell, previously 

purged with argon, and cooled to -78 ˚C. The solution had O2 bubbled through the solution and 

the formation of a short-lived intermediate formed and was characterized by EAS with λmax = 400 

nm, 530 nm, 704 nm. 

4.4.7 Generation of proposed [FeIIIS2
β-H2N2NH(Pr,Pr)(OMe] with excess O2  

A 0.5 mM solution of (4) was prepared in 5 mL of MeOH under an inert atmosphere in a 

drybox and transferred to a long neck quartz cuvette with an airtight cap. The resulting solution 
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was cooled to -90 °C via liquid nitrogen temperature-controlled cryostat. A gastight syringe was 

filled with pure O2 from a purged round bottom flask and added to the cooled solution. Formation 

of an intermediate species characterized by EAS with the λmax = 665 and a shoulder at 567 nm.  

4.4.8 Generation of solvent bound [FeIIIS2
β-H2N2NH(Pr,Pr)(MeOH)].  

A 0.5 mM of solution of (4) was prepared in 5 mL of MeOH under an inert atmosphere in a 

drybox and transferred to a long neck quartz cuvette with an airtight cap. The resulting solution 

was cooled to -90 °C via liquid nitrogen temperature-controlled cryostat. Addition of 1.1 

equivalents of ferrocenium hexafluorophosphate in 250 µL MeCN 0.55 mM to the solution 

generated the formation of an orange species characterized by EAS with λmax = 665 nm, 414 nm, 

and a shoulder at 567 nm.  

4.4.9 Generation of azide bound [FeIIIS2
β-H2N2NH(Pr,Pr)(N3)].  

A 0.5 mM of solution of (4) was prepared in 5 mL of MeOH under an inert atmosphere in a 

drybox and transferred to a long neck quartz cuvette with an airtight cap. The resulting solution 

was cooled to -73 °C. Addition of 1.1 equivalents of ferrocenium hexafluorophosphate in 250 µL 

MeCN 0.55 mM then 5 equivalents of tetrabutylammonium azide added. Generation of a red 

species characterized by EAS with λmax = 470, 700 nm. 

4.4.10 Addition of PhIO to [FeII(S2
β-H2N2NH(Pr,Pr))]•MeOH (4)  

A 0.5 mM solution of (4) was prepared in THF under an inert atmosphere in a drybox. The 

solution was transferred via gastight syringe to a custom-made dip probe cell, previously purged 

with argon. The solution was cooled to -78 °C. Addition of 5 equivalents of PhIO in 250 µL MeOH 

(1.25 x 10-5 mol) via gastight syringe and the formation of a green species characterized by EAS 

with λmax = 704 nm.  
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4.4.11 Addition of IBX-ester to [FeII(S2
β-H2N2NH(Pr,Pr))]•MeOH (4)  

A 0.5 mM solution of (4) was prepared in THF under an inert atmosphere in a drybox. The 

solution was transferred via gastight syringe to a custom-made dip probe cell, previously purged 

with argon. The solution was cooled to -78 °C. Addition of 5 equivalents of IBX-ester in 250 µL 

MeOH (1.25 x 10-5 mmol) via gastight syringe and the formation of a green species characterized 

by EAS with λmax = 675 nm. 

4.4.12 Generation of hydroxide bound [FeIII(S2
β-H2N2NH(Pr,Pr))(OH)] (4-OH). 

A 0.5 mM of solution of (4) was prepared in 5 mL of MeOH under an inert atmosphere in a 

drybox and transferred to a long neck quartz cuvette with an airtight cap. The resulting solution 

was cooled to -73 °C. Addition of 1.1 equivalents of ferrocenium hexafluorophosphate in 250 µL 

MeCN 0.55 mM then 1 equivalent of tetrabutylammonium hydroxide solubilized in MeOH in 250 

µL was added. Generation of a yellow species characterized by EAS with λmax = 574 nm. 

4.4.13 Generation of nitrosyl bound [FeII(S2
β-H2N2NH(Pr,Pr))] (4).  

A 30 mM solution of 4 was prepared in THF under an inert atmosphere in a drybox and 

transferred to a high vacuum line in a long neck schlenk flask. The resulting solution was frozen 

with liquid nitrogen and 1 atmosphere of nitric oxide gas was transferred. The solution was allowed 

to thaw and brought back into the glovebox. The solution was diluted to 0.5 mM and 5 mL was 

transferred to a long neck quartz cuvette with an airtight cap. Generation of a forest green species 

characterized by EAS with λmax = 416, and 677 nm.  

4.4.14 Generation of hydroperoxo bound [FeIIIS2
β-H2N2NH(Pr,Pr)(OOH)].  

A 0.5 mM of solution of (4) was prepared in 5 mL of THF under an inert atmosphere in a 

drybox and transferred to a long neck quartz cuvette with an airtight cap. The resulting solution 
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was cooled to -73 °C. Addition of 5 equivalents of TEMPOH was added to 4, then excess dry 

dioxygen from a tank was bubbled into solution.  Generation of a green species characterized by 

EAS with λmax = 664 nm. 
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Chapter 5: Investigation of Thiolate Ligated FeIII-Hydroperoxo 

Derived from Dioxygen in Porphyrin Like Ligand Framework 

Portions of this chapter have been republished or adapted with permission of the Journal of 

American Chemical Society from, “A Functional Model for the Cysteinate-Ligated Non-Heme 

Iron Enzyme Superoxide Reductase (SOR)” Kitagawa, T.; Dey, A.; Lugo-Mas, P.; Benedict, J. B.; 

Kaminsky, W.; Solomon, E.; Kovacs, Julie A. J. Am. Chem. Soc. 2006, 128, 45, 14448-14449. 

DOI: 10.1021/ja064870d 

5.1 Introduction 

Enzyme dioxygen activation catalysis is a greener form of chemistry and more sustainable and 

beneficial to production of consumer products versus rare earth metal catalysis.1,2 Investigation of 

the mechanism of dioxygen activation remains a focus to develop efficient catalysts utilizing 

inexpensive and environmentally friendly metals.3 Dioxygen derived oxidative reactants such as 

transition-metal hydroperoxos are capable of oxygen atom transfer, hydrogen atom transfer, and 

aldehyde deformylation.4-6 The oxidizing power of hydroperoxos has been thought to be weaker 

than their high-valent oxo counterparts. However, the reactivity studied involves FeIII-OOH 

lacking thiolates in the first coordination sphere, and thiolates have been shown to enhance the 

strength dioxygen generated metal-oxidants.7-10 Iron-hydroperoxo compounds can be generated 

from dioxygen, or through the shunt pathway via the addition of H2O2. The shunt pathway is an 
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alternate route to forming hydroperoxos by using organic peroxides as opposed to diatomic 

dioxygen and generating single oxygen active intermediates after O-O bond cleavage.11,12 

Previous work in the Kovacs lab, has shown that the reaction between a high-spin, S = 2 propyl 

thiolate ligated cyclam complex, [FeIICyclamPr,S]+ (1, Figure 5.1) and superoxide in the presence 

of an external proton source forms a well-defined high-spin, S = 5/2, [FeIIICyclamPr,S(OOH)]+ (2) 

with g-values of 2.26, 2.11, and 1.91.14 Complex 2 has a characteristic electronic absorption band 

at 530 nm, Figure 5.5.13 Resonance Raman revealed an 16O–16O stretch at 891 cm-1 , an 18O–18O 

Figure 5. 1 ORTEP diagram of [FeIICyclamPr,S]+ (1) with hydrogens removed, showing 

thermal ellipsoids at the 50% probability level. 

 

Figure 5. 2 Resonance Raman spectra of 2 generated from 16O2
- (blue), 18O2

- (red), and “decayed” 

product (dashed black) (571 nm excitation @ 183 K in THF/MeOH (right); at 77 K in 

CH2Cl2/THF/MeOH (left).13 
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stretch at 856 cm-1, and Fe-16O stretches at 419 cm-1 and an Fe-18O stretch at 400 cm-1 indicating a 

typical end-on peroxo, Figure 5.2.13 The FeIII-hydroperoxo is a rare example of a high-spin species 

with a trans thiolate. A dioxygen mimic, nitric oxide gas, was also previously introduced to 

[FeIICyclamPr,S]+ at low temperature to reveal an absorption band at 518 nm and a crystal 

structure, Figure 5.4 was obtained to show the NO ligand cis to the thiolate with the macrocycle 

undergoing rearrangement to provide space for the NO ligand.14 Due to the ligand rearrangement 

that 1 undergoes with NO, the dioxygen intermediate 2 may bind the oxygen moiety either trans 

or cis to the thiolate. 

The emphasis of Chapter 5 will be determining whether FeIII-OOH 2 can be generated using 

1 and dioxygen and utilizing density functional theory (DFT) and time-dependent DFT (TD-DFT) 

Figure 5. 3 EAS spectrum of (2) when reacted with superoxide (solubilized in 18-crown-6) in 

the presence of an external proton source (MeOH).13  

 

Figure 5. 4 Left: The reaction of 1 with NO(g) in MeCN. The reaction was initialized at -40 °C, 

and the peak at 518 nm was allowed to maximize. After the band maximized in intensity, the 

solution was gradually warmed to room temperature. Right: ORTEP diagram of 

[FeIIICyclamPr,S(NO)] (3). The complex is six-coordinate, with the NO binding cis to the thiolate 

moiety. The NO has bound in a bent geometry, indicating that the complex is most likely in the 

FeIII oxidation state.14 
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to elucidate whether the hydroperoxo binds cis or trans to the thiolate. We also hoped to generate 

more stable alkylperoxo derivatives of 2, FeIII-OOR, in order to determine their oxidizing strength.  

5.2 Results and Discussion 

5.2.1 Dioxygen Reactivity 

The addition of dioxygen to complex 1 affords a purple species with an absorption band at 530 

nm (Figure 5.5) with molar absorptivity similar to hydroperoxo 2 generated from KO2 and 82 eq. 

of MeOH as a proton source. The dioxygen generated 530 nm species is proposed to be an FeIII-

OOH, generated by dioxygen activation followed by HAT from DCM solvent (BDE = 100 

kcal/mol), or a Fe(III)-superoxo, DCM, with a C-H bond strength of 100 kcal/mol,15 or hydrogen 

bonding to stabilize the proposed superoxo species from the hydrogens on the macrocycle.  Further 

characterization is required such as EPR, or resonance Raman, to compare authentic samples of 

FeIII-OOH 2 to confirm that dioxygen activation of 1 can form an FeIII-OOH in a “greener” way. 

Figure 5. 5 EAS spectrum of 2 generated by 1 reacting with dioxygen in DCM at -73 °C 

forming a 530 nm species with similar extinction coefficient as the superoxide generated 2. 
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5.2.2 Computational Experiments for Hydroperoxo Intermediate 

Density function theory (DFT) geometry optimizations were performed with the PBE0 

functional and the polarized triple zeta def2-TZVP starting from the crystal structure previously 

reported [FeIICyclamPr,S]+ (1)13 The structure of 1 was modified to fit the structure of 2 by adding 

the hydroperoxo ligand (OOH-) trans to the thiolate. The FeIII metal center was assumed to be S = 

5/2, based on the spin-state of the experimental EPR for 2. The same conditions were applied for 

the cis FeIII-OOH. Frequency calculations were also performed and had no negative modes, 

confirming valid structures for both trans and cis hydroperoxos. The calculated structures for NO 

bound 3, trans FeIII-OOH, and cis FeIII-OOH are summarized in Table 5.1. The Fe-S bond (Fe-S 

= 2.37597 Å) for the thiolate that is trans to the hydroperoxo (OOH-) is relatively the same length 

as the cis Fe-S bond (Fe-S = 2.37696 Å). One would expect that binding of OOH- would have a 

“push-pull effect” on the trans thiolate and elongate the Fe-S bond. However, this effect is seen 

on both configurations of 2 as the atom bound to the Fe center trans to the thiolate is elongated, 

Table 5. 1 Bond distances for core atoms of cis-[FeIIICyclamPr,S(NO)] (3), 

obtained from X-ray crystallography, and calculated trans and cis 

[FeIIICyclamPr,S(OOH)]+ (2). 
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the Fe-O (1.95933 Å) bond and Fe-N4 (2.24377 Å), for trans and cis configuration, respectively. 

The oxygen-oxygen (O-O) bond in both geometries agrees with agree with other metal-

hydroperoxo O-O bonds (1.40-1.43 Å).16 

 Time dependent DFT (TD-DFT) calculations were performed on trans and cis 2 with the PBE0 

functional, a polarized triple-zeta def2-TZVP basis set, the def2/J auxiliary basis set and RIJONX 

Figure 5. 6 TD-DFT simulated EAS of PBE0 geometry optimized trans 2. The three 

prominent transitions have been labeled by wavelength (nm). 

Figure 5. 7 TD-DFT simulated EAS of PBE0 geometry optimized cis 2. The three prominent 

transitions have been labeled by wavelength (nm). 
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approximation for Coulomb fitting. The simulated EAS excited state for trans 2 (Figure 5.6) has 

three prominent natural transition orbitals (NTO) describing the charge transfer (CT) transitions at 

395, 508, and 690 nm. The simulated spectrum does not agree with the experimentally observed 2 

formed from dioxygen. The calculated EAS spectrum of cis 2 (Figure 5.7) also is comprised of 

three NTOs at 362, 490, and 583 nm. The simulated spectrum does not fully agree with the 

experimental spectrum of dioxygen generated 2, however is a closer match than the trans 

configuration.  

Analysis of the charge transfer transitions for trans (Figure 5.8) and cis (Figure 5.9) 

configurations were evaluated. The main component for trans FeIII-OOH is a sulfur to Fe mixed 

with O-Oπ*, while the cis FeIII-OOH is sulfur and O-Oπ* to Fe charge transfers, and is mostly 

Figure 5. 8 Natural transition orbitals (NTO) describing the charge transfer (CT) transitions. 

Each transition is made up of a percentage of S to Fe and O-Oπ* CT character. The trans 

configuration also includes a mixture of S and ligand to Fe CT. 
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responsible for the lower energy transitions, while the higher energy transition bands are a mixture 

of sulfur to Fe or O-Oπ* to Fe CTs. The trans FeIII-OOH also had a small component of sulfur and 

ligand to Fe and O-Oπ* CT that the cis configuration did not possess. Overall, the identity of the 

product formed via the activation of dioxygen by 1 not represented by the calculated structures of 

trans or cis FeIII-OOH, or a better calculated model is needed. Calculated models for a FeIII-

superoxo are in progress and should be looked into further as to whether the dioxygen generated 

intermediate with a λmax of 530 nm is such.  

5.2.3 Shunt Pathway Hydroperoxo 

Other pathways to generate non-heme FeIII-OOH include reacting hydrogen peroxide with 

complex (1) in the presence of base (known as the shunt pathway).11,12 The shunt pathway provides 

a more controlled generation of an FeIII-OOH, given that superoxide is poorly soluble and can 

reversibly bind to metal centers. However, the reactivity of hydrogen peroxide and base can also 

lead to the formation of a µ-peroxo dimeric species if the peroxo reacts with another equivalent of 

Figure 5. 9 Natural transition orbitals (NTO) describing the charge transfer (CT) transitions. 

Each transition is made up of a percentage of S to Fe and O-Oπ* CT character.  
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FeII. Hydrogen peroxide can also oxygenate the sulfur instead of binding to the metal center, 

causing decomposition of the complex. To avoid this, a two-electron oxidant, meta-chlorobenzoic 

acid(mCPBA) was employed in order to determine whether the shunt pathway is achievable and 

form a stable FeIII-alkylperoxo (FeIII-OOR) that is less likely to convert to a µ-peroxo dimeric 

species. 

5.2.3.1 Addition of mCPBA  

To investigate whether an alkylperoxo derivative of 2, FeIII-OOR, can be generated via a shunt 

pathway,18-20 1.5 equivalents of mCPBA was reacted with 1 in dichloromethane (DCM) at -73 °C 

(Figure 5.10). The use of 1.5 equivalents of the oxidant was used based on established Fenton 

chemistry,21 in which 0.5 equivalents are used to oxidized FeII to FeIII, while the hydroxide and 

benzoic acid would deprotonate the remaining equivalent of mCPBA to form the alkylperoxo 

which then binds to the open site of FeIII and forms FeIII-OOR. The expected EAS of an FeIII-OOR 

Figure 5. 10. EAS spectrum of 1.5 equivalents of mCPBA reacted with 0.77 mM of (1) in DCM 

at -73 °C. Proposed reactions products are either an FeIII-OOR or FeIV-oxo. Scans are 30 seconds 

apart. 
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would be similar to the 530 nm of the reported FeIII-OOH with a slight shift of the absorption band 

due to the alkyl group. However, upon addition of 1.5 equivalents of mCPBA to 1, a metastable 

turquoise species with a λmax = 620 nm and a shoulder at 483 nm formed (Figure 5.10). This is 

significantly different from FeIII-OOH (2). Attempts at characterization of this intermediate with 

mass spectrometry, EPR, and XAS is ongoing. Proposed identities of this species, are (a) an FeIII-

OOR, or if the O-O bond of the mCPBA cleaved and acted as an oxo-atom donor (b) an FeIV-oxo. 

Both species can be distinguished from each other using electron paramagnetic resonance (EPR) 

and determining the spin states. Another technique to distinguish the proposed species is to 

perform X-ray absorption spectroscopy (XAS) to determine the oxidation state of the iron. 

Vibrational data will also help to determine the identity of the species, since the FeIII-OOR has a 

strong O-O bond and weak Fe-O bond, while the FeIV-oxo would have a stronger Fe=O bond 

relative to the former. An 18O labelled derivative of mCPBA will be introduced in order to verify 

the assignments.  
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5.2.3.2 Oxo Atom Donor Reactivity with [FeIIICyclamPr,S]+(1) 

To pinpoint the identity of the metastable 620 nm species formed from mCPBA, another two-

electron oxidant and oxo-atom donor iodosylbenzene (PhIO) was used.22,23 Since PhIO acts as an 

oxo-atom donor, the formation of an FeIII-OOR should not be observed. When 5 equivalents of 

PhIO in MeOH are added to 1 in a solution of DCM at -73 °C, a green metastable intermediate 

grows in over the course of one minute (Figure 5.11), which has an absorption band at 607 nm. 

Attempts to characterize this intermediate by mass spectrometry, EPR, and XAS is ongoing. A 

proposed structure for this green intermediate is an FeIV-oxo, however, the Kovacs group have 

observed that at low temperatures PhIO can bind to an FeIII open site and form an adduct FeIII-

OIPh before cleaving the I-O bond.24-26 To determine if the PhIO forms an adduct, reactivity of 

FeII (1) with pyridine N-oxide will be performed. The N-O bond of pyridine N-oxide is 72 

kcal/mol27 and stronger than the I-O bond (44 kcal/mol)28 of PhIO making the adduct less likely 

Figure 5. 11 EAS spectrum of 5 equivalents of PhIO in MeOH reacted with 0.77 mM of (1) in 

DCM at -73 °C. Scans are 30 seconds apart. 
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to less favorable to undergo N-O bond cleavage. By using different oxo-atom donors with a variety 

of I-O bond strengths the EAS would be expected to shift if the green species is an oxo atom donor 

ArIO-FeIII adduct. EPR spectroscopy will be performed for the same reasons discussed previously 

in order to determine whether the green species has non-integer or integer spin, along with XAS.  

Another proposed intermediate for this 607 nm species is an FeIII-OH, forms via hydrogen atom 

abstraction by the FeIV-oxo from MeOH. Adding another hydrogen atom source such as TEMPO-

H (65.2 kcal/mol)29 and observing the rate of formation of a putative FeIII-OH along with a kinetic 

isotope effect will help to determine experimentally whether an FeIV-oxo is present and performing 

HAT.  

To determine if the reactive species is an FeIII-OH, a stepwise reaction will be performed and 

monitored by EAS, in order to generate an authentic FeIII-OH in situ by using an outer-sphere 

oxidant, ferrocenium hexafluorophoshate (FeCp2PF6) to oxidize 1 to [FeIIICyclamPr-S]+ in the 

presence of tetrabutylammonium hydroxide. To investigate if the species generated by either the 

mCPBA and PhIO reactions are solvent bound (FeIII-MeOH), 1 equivalent of PhIO was reacted 

with 4 in DCM at -73 °C to yield a λmax of 545 nm (Figure 5.12A). The λmax of this species is 

similar to the 540 nm species generated when 1 equivalent of FeCp2PF6 in MeOH was added to 1 
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in DCM at room temperature (Figure 5.12B). Characterization is required in order to determine 

the identity of this species. The species at λmax = 620 nm seen when 1 is reacted with 1.5 equivalents 

of mCPBA to generate a FeIII-OOR was unanticipated. The use of PhIO to determine if the FeIV-

oxo is generated in either reaction is inconclusive without additional spectroscopic methods. 

Characterization methods such as EPR, XAS, and resonance Raman are needed in order to 

determine the nature of the species generated by the reaction of 1 with mCPBA and PhIO. The 

identity of the species will elucidate if the shunt pathway is possible in generating a thiolate ligated 

FeIII-OOR.  

5.3 Conclusions 

Complex 1 has been shown to react with oxygen to afford a λmax = 530 nm purple species with 

similar extinction coefficient to 2 formed with superoxide in the presence of protons. 

Investigations using calculated models and simulating EAS spectra give evidence that the purple 

species may not be a trans or cis FeIII-OOH.  Complex 1 was reacted with a two-electron oxidant 

to investigate if 2 can be generated via a shunt pathway using readily soluble oxidant, mCPBA. 

A B 

Figure 5. 12. (A) EAS spectrum of 1 equivalent of PhIO in MeOH reacted with 0.77 mM of 1 in 

DCM at -73 °C growing into maximum absorbance in 2 hours. (B) EAS spectrum of 1 equivalent 

of FeCp2PF6 in MeOH reacted with 0.77 mM of 1 in DCM at room temperature. 
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When 1 was reacted with mCPBA, a turquoise intermediate at 620 nm formed instantly. To 

determine the identity of the 620 nm metastable intermediate, the use of a two-electron oxidant 

and oxo-atom donor, PhIO was used. When 1 was reacted with PhIO a green intermediate grew in 

at 607 nm within a minute. The proposed identity of the intermediates require further 

characterization, with an emphasis on the use of EPR, XAS, and resonance Raman in order to 

describe these species.   

5.4 Experimental Details 

5.4.1 General Methods 

All reactions were performed under dinitrogen atmosphere in a glovebox, standard Schlenk 

techniques, or using a custom-made solution cell with a threaded glass connector to fit a dip probe. 

Reagents purchased from commercial vendors were of the highest purity and used without further 

purification. Acetonitrile (MeCN), toluene, diethyl ether (Et2O), tetrahydrofuran (THF), 

dichloromethane (DCM) were rigorously degassed and purified using solvent purification columns 

housed in a custom stainless-steel cabinet, dispensed via a stainless steel Schlenk-line 

(GlassContour). Methanol (MeOH) was distilled from calcium methoxide and degassed prior to 

use. The synthesis of [FeIICyclamPr,S]PF6 (1) was previously reported.13 

1H-NMR spectra were recorded on Bruker AV 300 or AV 301 FT-NMR spectrometers and are 

referenced to an internal standard of tetramethylsilane (TMS). 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. Gas chromatography-mass spectrometry (GM-MS) 

was performed on an Agilent 5973 inert gas chromatograph/mass spectrometer (GC/MS). Infrared 

spectroscopy (IR) was performed on a Perkin Elmer FT-IR/FIR spectrometer with nujol mull on 

KBr.  
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Low-temperature electronic absorption spectra were recorded using a Varian Cary 50 or 60 

spectrophotometers equipped with a fiber optic cable connected to a “dip” attenuated total 

reflection probe (C-technologies), with a custom-built two-neck solution sample holder with a 

threaded glass connector (sized to fit the dip probe) purged with argon gas. Modeling and 

molecular mechanics were performed on Avogadro (version 1.2.0).30 Cyclic voltammograms were 

recorded in MeCN (0.1 M tetrabutylammonium(PF6) solution) using a CH instruments (CHI600E) 

potentiostat with a glassy carbon working electrode, a Ag/AgNO3 working electrode, and a 

platinum auxiliary electrode. Magnetic susceptibility data were acquired by Evan’s method as 

modified for a superconducting solenoid.31 Temperatures were obtained using Van Geet’s 

method.32 

Calculations were performed using the ORCA v. 4.1. quantum chemistry package developed 

by Neese and coworkers,33 and employed a polarized triple-zeta def2-TZVP basis set, the def2/J 

auxiliary basis set for Coulomb fitting, and the atom-pairwise dispersion correction of Grimme 

(D3BJ).34 Tight convergence criteria were required for self-consistent field (SCF) solutions. The 

Grid4 (GridX4) integration grid size, and the conductor-like polarizable continuum model with the 

dielectric constant e = 7.25 for tetrahydrofuran solvent (CPCM(THF)), were used for geometry 

optimizations.35 Geometry optimizations and analytical frequency calculations were performed 

using the CAM-B3LYP functional, with the resolution of identity (RI) chain-of-spheres 

(RIJCOSX) approximation,36,37 and initiated from the crystallographic coordinates when available. 

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 

calculated EAS and IR spectra.38 Excited states from TD-DFT calculations were analyzed using 

Natural Transition orbitals (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 Chimera.39 

5.4.2 Generation of purple intermediate with O2 to 1.  

A solution of (1) (3.85 x 10-3 mmol) was dissolved in 5 mL DCM, placed in an argon purged dip probe 

cell and cooled to -73˚C. The solution was opened to air. The formation of a purple species 

characterized by EAS with λmax = 530 nm. 

5.4.3 Generation of turquoise intermediate with 1.5 equivalents mCPBA to 1.  

 A solution of (1) (3.85 x 10-3 mmol) was dissolved in 5 mL (solvent), placed in an argon purged dip 

probe cell and brought to -73 ˚C. 1.5 equivalents mCPBA (5.7 x 10-3 mmol) was added to the 

solution. Instantaneous formation of a turquoise blue species characterized by EAS with the λmax 

= 620 nm and a shoulder at 483 nm.  

5.4.4 Generation green intermediate with 5 equivalents PhIO to 1.  

A solution of (1) (3.85 x 10-3 mmol) was dissolved in 5 mL DCM, placed in an argon purged dip probe 

cell and brought to -73 ˚C. Addition of 5 equivalents of PhIO in 250 µL MeOH (0.019 mmol) to 

the solution generated the formation of a green species grew in over 6 minutes characterized by 

EAS with λmax = 607 nm.  

5.4.5 Generation of proposed FeIII solvent bound species with 1 equivalents PhIO to 1.  

A solution of (1) (3.85 x 10-3 mmol) was dissolved in 5 mL DCM, placed in an argon purged dip probe 

cell and cooled to -73 ˚C. Addition of 1 equivalent of PhIO in 250 µL MeOH (3.85 x 10-3 mmol) and 

formation of a green species characterized by EAS with λmax = 545 nm. 
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5.4.6 Generation of proposed FeIII solvent bound species with 1 equivalents FeCp2PF6 to 1. 

 A solution of (1) (3.85 x 10-3 mmol) was dissolved in 5 mL DCM, placed in an argon purged dip probe 

cell and cooled to -73 ˚C. Addition of 1 equivalent of FeCp2PF6 in 250 µL MeOH (3.85 x 10-3 mmol) 

generated a species characterized by EAS with λmax = 540 nm.  
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