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Abstract 

Many enzymes utilize metallocofactors to catalyze chemical transformations important to 

creating a sustainable world.  Our research focuses on using electron paramagnetic resonance 

(EPR) spectroscopy as our main tool to study these metallocofactors, and the transformations 

that they catalyze. My research has more specifically involved the bio-assembly of the active site 

found in [FeFe]-hydrogenase enzymes. [FeFe]-hydrogenases are the most active enzymes in the 

production of molecular hydrogen.  Their energetic efficiency and capacity to reduce protons to 

form H2 makes hydrogenases important research targets in this context of renewable energy and 

sustainability.  These [FeFe]-hydrogenase enzymes contain an active site H-cluster, consisting of 

a [4Fe-4S]H cluster linked to a [2Fe]H subcluster with CO, CN- and azadithiolate ligands.  The 

research presented here focuses on understanding the biosynthesis of this H-cluster active site, 

and the role that the radical S-adenosyl-L-methionine (SAM) maturase enzyme HydG plays.  The 

overall HydG reaction converts tyrosine, cysteine, and Fe(II) to the 

[Fe(II)(CN)(CO)2(cysteinate)]- product, Complex B.  This HydG product is a diamagnetic (S = 0) 

low spin Fe(II) complex and is thus undetectable by EPR spectroscopy.  We chose to use 57Fe 

Mössbauer spectroscopy to probe the chemical environment of the Complex B Fe, even in its 

diamagnetic state.  I observed evidence of the product Fe species, during HydG turnover by 57Fe 

Mössbauer spectroscopy.  With low isomer shifts and small quadrupolar splitting, the results are 

consistent with the expected low spin ferrous product of Complex B.  I was able to observe this 

species in both fully and selectively 57Fe labeled HydG experiments.  The product Complex B 

subsequently serves as the substrate for the following radical SAM enzyme HydE, which 

activates the inert low spin Fe(II) complex for dimerization, either within HydE or on the protein 

HydF.  This dimerization results in the formation of an Fe2S2(CO)4(CN)2 species needing only 

the addition of the CH2NHCH2 component of the adt bridge to complete the binuclear subcluster.   



 iv 

In addition to the work with radical SAM maturase enzymes, I have worked on several 

collaborations through EPR spectroscopy.  I present work in collaboration with John Arnold’s 

group at UC Berkeley, examining the electronic structure of Actinide compounds. We 

successfully observed a Uranium(III) species that was reduced to an EPR silent integer spin 

Uranium(II).  I also present recent work in collaboration with Alan Balch’s group here at UC 

Davis, where we observed and characterized the formation of DABCO radical species.     
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Chapter 1 
 
Introduction to Spectroscopic Methods  
 
1.1. Introduction to Electron Paramagnetic Resonance (EPR) Spectroscopy 
 

Electron Paramagnetic Resonance spectroscopy (EPR) is a magnetic resonance technique 

used to study paramagnetic systems.  In the area of chemistry and biochemistry, paramagnetic 

systems are often encountered as organic free radicals or transition metal ions with unpaired 

electrons.1  EPR spectra of these unpaired electrons provides invaluable information on the 

environment and electronic geometry of the system under study.  This Section will give a brief 

and concise overview on the theoretical background of EPR spectroscopy that has been applied 

in the research presented in subsequent Chapters.    

 
 
1.1.1. Spin Magnetic Moment and the Influence of Magnetic Fields  
 

 
Figure 1.1.1.1.    (Left) Electron with magnetic moment μe precessing around an applied 

magnetic field (B).  (Right) Representation of the space quantization of the electron spin angular 

momentum for a S = ½.   
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 It is convenient to consider an electron as a particle of mass me and charge e rotating 

about an axis with spin angular momentum S.  The allowed orientations for the spin angular 

momentum along the z-axis are given by the ms values of the spin, where ms is the electron spin 

angular momentum quantum number, with 2S+1 values in integral steps between +S and -S: 

ms = -S, -S+1…S-1, S 

This unpaired electron can be thought of as a moving charged particle that will produce a current 

generating a magnetic dipole moment (µe) (Figure 1.1.1.1.).  The magnetic dipole µe is related to 

the gyromagnetic ratio by the following equation: 

µe = - ɣSℏ	=	-ge !ℏ#$!
S	

Here ge is the free-electron g-factor, with an approximate value of 2.0023.  This equation is 

commonly expressed in terms of the Bohr magneton (β = !ℏ#$!
  = 9.274 x 10-24 J T-1): 

µe = -ge βS 

The negative sign in the equation is due to the negative charge on the electron and the 

assignment that ge and β are both positive values.  This indicates that the magnetic moment is 

collinear and anti-parallel to the direction of the spin angular momentum (Figure 1.1.1.1.).   

 The electron spin states are degenerate in the absence of a magnetic field, but this 

degeneracy is removed as soon as an external magnetic field (B) is applied (the magnetic field B 

is taken to be along the z-axis).  The z-component of the electron’s magnetic moment (µz) along 

the applied magnetic field can be related to the ms spin states, resulting in two magnetic dipole 

moments (for ms = ±½).      

µz	=	-geβms 
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The energy of the interaction between the electron magnetic moment and the axis aligned along 

the external magnetic field can be represented by: 

E = -µzB	

Substituting the expression for the magnetic dipole moment results in the following energy term: 

E	=	geβmsB 

The two components of the magnetic dipole along the z-direction give two states of different 

energy, stabilized when aligned parallel to the applied field and destabilized when aligned anti-

parallel.  The interaction of these magnetic moments with B is called the Zeeman effect or 

Zeeman interaction (Figure 1.1.1.2.).2  The magnitude of this effect varies linearly with the 

intensity of B.   

 In an EPR spectroscopy experiment, a paramagnetic sample is placed in an external 

magnetic field B causing the unpaired electron spin states to align parallel or antiparallel to the 

field.  The sample is then irradiated with electromagnetic radiation (h').  When the energy 

quantum (h') matches the energy difference (ΔE) between electron spin states, resonance 

absorption occurs flipping the spin (Figure 1.1.1.2.):   

ΔE = h'	= geβB. 
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Figure 1.1.1.2.  (Left) The electron Zeeman interaction, displaying the energy levels for an 

unpaired electron in an external magnetic field.  (Right) Resonant energy absorption leading to 

an electron spin flip resulting in an EPR signal.  EPR signal displayed as an absorption (Top) and 

first derivative (Bottom).1 

 

The selection rule for EPR transitions to occur is Δms = ±1, which is required to conserve 

angular momentum.  To find the conditions for which resonance can occur, either the frequency 

of electromagnetic radiation or the magnetic field strength can be varied while holding the other 

constant.  Conventionally, standard instrumentation has utilized a fixed frequency (commonly 

between 3-36 GHz) and a variable magnetic field.1, 3  In addition, as the temperature is lowered 

the population of spins in the more stable orientation will increase due to the Boltzmann 

distribution.  With more spins being in the lower energy state, the probability of absorbing 

microwaves will also be increased.  The sensitivity is therefore improved at lower temperature, 

with most experiments being run between 4–77K.    
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1.1.2. The Hyperfine Interaction  
 

The presence of nuclei with magnetic spin (I) adds further magnetic interactions to the 

paramagnetic spin system, which can result in multiline EPR spectra.  For isotopes with nuclear 

spin, an interaction with the magnetic field B will result in nuclear Zeeman splitting.  The 

interaction between the nuclear magnetic moment and the unpaired electron is described by the 

hyperfine interaction.     

Nuclei that possess a non-zero nuclear spin quantum number, I, will have an associated 

magnetic moment analogous to an unpaired electron: 

µN = gN βNI 

Where gN is the effective nuclear g-factor, βN is the nuclear magneton (βN = !ℏ#$"
  = 5.0508 x 10-27 

J T-1), and mp is the mass of a proton.  In the presence of an applied magnetic field, a nucleus can 

adopt 2I+1 orientations, as specified by the allowed values of mI.   

mI = -I, -I+1…I-1, I 

Like the spin of an unpaired electron, the z-component of the nuclear magnetic dipole moment is 

related to the nuclear spin, mI, by: 

µz	=	gNβNmI 

The degeneracy of the 2I+1 nuclear energy levels is removed by the influence of a magnetic 

field.  The energy of individual nuclear Zeeman levels is given by: 

E	=	gNβNmIB 

The gap between Zeeman energy levels is related through the gyromagnetic ratio and magnetic 

field, ɣB, which gives smaller splitting’s than the electron Zeeman separation due to the smaller 

value for βN.   
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For an unpaired electron interacting with a nuclear magnetic moment, each of the non-

degenerate electron Zeeman levels will split into 2I+1 nuclear Zeeman levels.  For a simple S = 

½, I = ½ system, this would result into four discrete energy levels and two EPR allowed 

transitions separated by the strength of the hyperfine interaction. (Figure 1.1.2.).   

 

Figure 1.1.2.  (Left) Energy level diagram with a fixed magnetic field for a S = ½ and I = ½ 

system.  Labeled are the electron Zeeman interaction, nuclear Zeeman interaction, and resulting 

is hyperfine perturbation.  (Right) EPR spectrum showing the two transitions due to the hyperfine 

interaction on the unpaired electron and the magnitude of the isotropic hyperfine interaction a0.1     

 

The electron spin energies can be summarized as: 

E	=	geβmsB	-	gNβNmIB + amsmI 

The final term amsmI arises from the interaction between the electron and nuclear magnetic 

dipole moments.  The extent of the perturbation to the energy levels is reflected in the magnitude 



 7 

by the hyperfine splitting a.  Two factors contribute to the hyperfine interaction arising from the 

space inside and outside of the nuclear volume.  These are the isotropic (a0) and anisotropic or 

dipolar interactions (T).     

 Inside the nucleus, the hyperfine originating from the nuclear magnetic dipole is constant 

in all directions.  This hyperfine interaction is called the isotropic hyperfine interaction (a0), or 

Fermi contact interaction and is a result of the probability that the unpaired electron will be at the 

nucleus.  The magnitude of the experimentally observed isotropic hyperfine coupling can be 

related to the spin density located at a specific nucleus.  The second contribution to the hyperfine 

interaction arises from a dipole-dipole interaction (T), due to the hyperfine interaction through 

the space external to the nucleus.  The energy of this dipole interaction depends on the 

orientation and distance between the electron and nuclear magnetic dipole moments.  If the 

molecule containing the unpaired electron is rapidly tumbling, the anisotropy with respect to the 

external field is averaged.  Dipole-dipole hyperfine interactions can therefore be observed best in 

solid state spectra which will be discussed further in the next section.     
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1.1.3. Anisotropy in g and A 

 
Figure 1.1.3.1.  (Left) Diagram of a paramagnetic sample in a magnetic field (axis Z’) and 

principal g axes (x,y,z).  (Right) Orientation of external magnetic field with orthogonal g tensor 

axes (x,y,z) with cartesian coordinates and angles θ and φ.   

 

 EPR spectra of paramagnetic centers can be studied in the solid phase as single crystals, 

solid powders, or frozen solutions.  This section will discuss in more detail the latter two cases 

where the sample contains a paramagnetic center randomly oriented with respect to the applied 

magnetic field as a solid powder or frozen solution, resulting in a powder spectrum.  The 

information attained from a powder spectrum includes the anisotropic g and A tensors, 

containing additional information about the symmetry, bonding, structure, and electronic 

configuration of the paramagnetic system.   

If a paramagnetic system is anisotropic and placed into a magnetic field, it may take up to 

nine numbers (3x3 array known as a tensor) to fully characterize it.  The g-values may also show 

significant deviation from that of a free electron (ge = 2.0023).  The source of this deviation is 
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primarily due to the interaction of the unpaired electron spin with the magnetic field and is 

orientationally dependent.  The localization of the unpaired electron within a particular orbital 

introduces orbital angular momentum, and so spin-orbit coupling is the source of this anisotropy 

in g.  A g tensor is needed to fully describe anisotropic interactions.  This tensor can be described 

by principal axes rotating in cartesian space (specified by the angles θ and φ) (Figure 1.1.3.1).  

For resonance absorption to occur, one must satisfy the previous resonance equation: 

ΔE = h'	= g(θ,φ) βB 

The effective anisotropic g value for any orientation (θ,φ), with respect to the magnetic field B, 

can be found from the following equation:  

g(θ,φ) = (g2
xxcos2 φsin2 θ+g2

yysin2φsin2 θ+g2
zzcos2 θ)1/2 

EPR spectra calculated according to this equation exhibit the following limiting cases (Figure 

1.1.3.2.).  When gx = gy = gz, the magnetic moment is independent of orientation, it is isotropic 

and a symmetric EPR signal will be observed.  When gx = gy < gz or gx = gy > gz, the spectrum is 

said to be axial.  In axial spectra the two common g values are often referred to as g⟂ and g∥.  

Finally, when gx ≠ gy ≠ gz the spectrum is said to be rhombic.   

 

Figure 1.1.3.2.  (Top) Spectral envelopes for a S = ½ paramagnetic center and the corresponding 

first derivative EPR spectrum (Bottom).   
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 In the same way that the value of g is most completely described as a tensor, the 

hyperfine interaction as well has anisotropy and must be fully described through the A tensor.  

The anisotropic behavior of the hyperfine interaction will be described in more detail in Section 

1.1.6.   

 
1.1.4. The Quadrupole Interaction 
 
 Many nuclei have I > ½ , which means a non-spherical distribution of charge is present at 

the nucleus and this generates a quadrupole moment (P).  The quadrupole moment interacts with 

the electric field gradient at the nucleus.  Therefore, analysis of the nuclear-quadrupole parameter 

(P) provides valuable information on the nature of the atomic orbitals at the nucleus and the 

electron distributions.  The principal values of the nuclear quadrupole tensor (P) are: 

Pxx = [-(e2qQ/(4h))](1-() 

Pyy = [-(e2qQ/(4h))](1+() 

Pzz = e2qQ/(2h) 

Where (	is the asymmetry parameter and Q is the electric quadrupole moment.  Since the 

quadrupole tensor P is traceless, it can be determined by the two parameters	(	and Q.  The 

quadrupole coupling does not contribute to the frequencies of EPR transitions, it creates only 

small second order perturbations in the energy levels that are often unnoticeable in EPR spectra 

(Figure 1.1.4.).  Quadrupole effects to the first order are readily observed in hyperfine spectra, 

such as ENDOR, which will be described in more detail in Section 1.1.6.    
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Figure 1.1.4.  (Left) Energy level diagram with a fixed magnetic field for a S = ½ and I = 1 

system.  Labeled are the electron Zeeman interaction, nuclear Zeeman interaction, hyperfine, and 

quadrupole perturbation.  (Right) EPR spectrum showing the three transitions due to the 

hyperfine and quadrupole interactions on the unpaired electron.1  

 

1.1.5. Zero-Field Splitting  
 
 Many paramagnetic systems have S > ½, where the unpaired electrons have dipole-dipole 

interactions analogous to the hyperfine interaction.  The dipole-dipole interaction is anisotropic 

and depends on the distance between the electrons and their relative orientation to each other.  

The dipole-dipole interaction is described by the dipolar tensor D.  In these systems the electron 

energy levels will not be degenerate in the absence of a magnetic field and the energy level 

splitting is known as zero-field splitting (ZFS).  Diagonalizing the traceless tensor D results in 

the parameters D and E which characterize the dipole interaction:  

D = 3/2Dzz;  E = ½(Dxx-Dyy) 
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Two unpaired electrons with total spin S = 1, will be split by this dipole-dipole interaction into 

three energy levels corresponding to the ms value -1, 0, and +1.  This example illustrated in 

Figure 1.1.5.1., which shows the effect of weak zero-field splitting, leading to EPR transitions at 

different energies than would otherwise be expected for a free electron.   

 

Figure 1.1.5.1.  Effect of weak zero-field splitting on the EPR spectrum of a triplet state, S = 1.  

The EPR transitions, Δms ± 1, are labeled with arrows.4   

 

  In the case of transition metal ions, zero-field splitting is dominated by spin-orbit 

coupling rather than dipole-dipole interactions.  Zero-field splitting in these paramagnetic 

systems can be much stronger than any other magnetic interactions, including the electron 

Zeeman interaction.  This shifts any observable transitions outside the range of a standard X-

band frequency.  High frequency/high field EPR instruments are needed to observe transitions 

between energy levels in these complex paramagnetic systems, though in many cases the energy 

splitting is still too large.  For paramagnetic systems with an integer spin (S = 1, 2…), transitions 

between energy levels (called non-Kramer’s doublets) are often difficult to observe.  Parallel 
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mode is often used to study integer spin systems, in which the microwave irradiation is parallel 

to the external magnetic field.  Half-integer spin systems (S = 3/2, 5/2…) are often easier to 

observe in a standard perpendicular EPR experiment.  Though if the zero-field splitting is too 

large, only transitions within each energy level doublet (called Kramer’s doublets) is possible 

(Figure 1.1.5.2.).  These transitions can be treated as effective S’ = ½ systems, whose anisotropy 

depends on the ratio between the zero field splitting parameters E/D.        

 

Figure 1.1.5.2.  Effect of strong zero-field splitting on the EPR spectrum of a S = 5/2 system.  

The EPR transitions, Δms ± 1, are labeled with arrows.4   

 

1.1.6.  The Full Spin Hamiltonian 

 The shape and intensity of the experimental EPR spectrum for a paramagnetic system can 

be fully interpreted by constructing a “spin Hamiltonian”.  This is done by adding the operators 

describing the magnetic interactions involving its unpaired electrons.  Combining the interactions 
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introduced in the preceding sections that describe the electron and nuclear spins with each other 

and their environment, the following complete spin Hamiltonian can be constructed:  

Ĥ = ge βS + SDS + SAI 

The first term takes into account the electron Zeeman interaction which is dependent on the 

magnetic field, and the following two terms account for the zero-field splitting and nuclear 

hyperfine interactions which are both independent of the applied magnetic field.  Depending on 

the electron and nuclear spin quantum numbers and the magnitude of their interactions, some 

terms may be neglected or further added in to describe the paramagnetic system.   

  

 
1.1.7. Electron nuclear double resonance (ENDOR) Spectroscopy 
 
 EPR Spectra provide useful information about paramagnetic systems through the 

observable g-values, but detailed information about the electron-nuclear hyperfine and 

quadrupole interactions is often left unresolved because of how small the energy values are for 

these interactions.  Pulsed EPR techniques like Electron Spin Echo Envelope Modulation 

(ESEEM) and Electron Nuclear Double Resonance (ENDOR) can be used to study these 

hyperfine interactions that are otherwise too small to be resolved within the EPR linewidth.  This 

section will focus specifically on ENDOR and how it can be used to gain structural information 

about paramagnetic systems.   

 ENDOR observes nuclear spin flip transitions within an electron spin manifold.  The 

resonance lines are narrower in ENDOR spectroscopy, on the order of a thousand or more in 

enhanced resolution.  In an ENDOR experiment, the magnetic field is set on a particular line in 

the EPR spectrum, such as in the example with a S = ½, I = ½ (Figure 1.1.2.).  The EPR 

transition is partially or fully saturated, then the radio frequency is swept.  When the 
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radiofrequency matches a NMR transition, the nuclear spin flips.  The flipping of the nuclear spin 

causes the spin populations to no longer be equal and this restores EPR absorption.   

 In an ENDOR experiment, there are three limiting cases depending on the strength of the 

hyperfine relative to the Larmor frequency, vN: 

vN > A/2 vENDOR = vN ± A/2 

vN = A/2 vENDOR = vN ± A/2 = 2vN 

vN < A/2 vENDOR = A/2 ± vN 

The result of these three limiting cases can be seen in Figure 1.1.6.1.  In the case of weak 

hyperfine, the ENDOR spectrum will be observed centered at the Larmor frequency vN, with 

splitting equal to the hyperfine value A.  On the opposite extreme, when the hyperfine interaction 

is strong it will be centered at A/2, with a splitting of 2vN.   
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Figure 1.1.7.1.  (Left) Energy level diagram with a fixed magnetic field for a S = ½ and I = ½ 

system.  Solid arrow show EPR transitions and dotted arrows show NMR transitions.  (Right) 

ENDOR response stick spectrum.1 
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In the case for when I ≥ 1, the quadrupole interaction must also be considered.  Each 

ENDOR peak is further split by the quadrupole moment into 2I lines dictated by the following 

equation: 

v ± (mI) = )'% 	± 	
&
#	 	± 	

()(#$#+,)
# ) 

The hyperfine coupling observed may again be weak or strong, though for each case the 

observed quadrupole splitting is the same, 3P (Figure 1.1.7.2.). 

 

Figure 1.1.7.2.   (Left) Energy level diagram with a fixed magnetic field for a S = ½ and I = 1 

system.  Solid arrow show EPR transitions and dotted arrows show NMR transitions.  (Right) 

ENDOR response stick spectrum for weak (Top) or strong (bottom) hyperfine interaction.1 

 

 ENDOR spectra may be collected with continuous wave (CW) EPR instrumentation, by 

holding the magnetic field static and sweeping an applied radiofrequency for NMR transitions.  

Pulsed ENDOR techniques may also be used which can give better-resolved ENDOR line shapes 
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and resolve weaker hyperfine couplings.  There are two fundamental pulsed ENDOR techniques, 

Mims and Davies ENDOR.5, 6  Mims ENDOR is based on a three-pulse stimulated electron spin 

echo:  +/2	–	/	-	+/2	–	T	-	+/2	–	/	–	echo	(Figure 1.1.7.3.).		A radiofrequency pulse is applied 

during time T.  Mims ENDOR is most useful for small hyperfine couplings less than 4 MHz.  For 

larger hyperfine couplings, Davies ENDOR is more useful having the sequence,	+	–	T	–	+/2	–	/	–	

+	–	/	–	echo.		Again, the radiofrequency pulse is applied during time T.   

 

Figure 1.1.7.3.  Schematic representation of Mims and Davies ENDOR.6 
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1.2. Introduction to Mössbauer Spectroscopy  
 
 The Mössbauer Effect has been observed for 43 elements and has been used to study the 

electronic environment by probing the magnetism, electronic relaxation, chemical bonding, or 

redox properties of these nuclei.  The most utilized Mössbauer isotope is 57Fe, which has allowed 

Mössbauer spectroscopy to play an important role in characterizing iron-containing compounds 

in inorganic chemistry and metallobiochemistry.7  This section will outline the basic principles 

for 57Fe Mössbauer Spectroscopy, a spectroscopic technique utilized in later chapters.    

 
1.2.1. The Mössbauer Effect 
 

 
Figure 1.2.1.  Decay scheme of 57Co and emission of Mössbauer ɣ-radiation.  Sample containing 

57Fe undergoes resonant absorption.   

 
 
 Mössbauer spectroscopy is based on recoilless emission and resonant absorption of ɣ-

radiation by atomic nuclei.  For nuclear ɣ-resonance absorption to occur, the ɣ-radiation must be 

emitted by nuclei of the same isotope as the absorber.  In the case of 57Fe Mössbauer 
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spectroscopy, 57Co is the ɣ-ray source.  57Co has a half-life (t1/2) of 270 days and decays by K-

capture, yielding 57Fe in a 136 keV excited state.  Within 10 ns, the 136 keV state of 57Fe 

undergoes a transition to the ground state either directly by the emission of a 136 keV ɣ-photon  

(15%), or via the 14.4 keV Mössbauer excited state by the emission of a 122 keV photon first 

(85%) (Figure 1.2.1.).8  This 57Co Mössbauer source is prepared by diffusing the radioactive 

isotope into a matrix of nonmagnetic metal with cubic crystal lattice, typically rhodium metal.  It 

is essential that the solid matrix impose neither a magnetic moment nor an electric field gradient 

to the source nuclei.  In addition to using low temperatures, the solid metal matrix increases the 

probability that the ɣ-radiation will be emitted recoilless.  The ɣ-photon that is emitted without 

recoil will have the correct energy to be absorbed by a 57Fe nucleus, whereby a transition to an 

excited state takes place.  This phenomenon is known as nuclear resonance absorption, or the 

Mössbauer effect.9, 10   

 

1.2.2. The Mössbauer Transmission Spectrum 

 In a Mössbauer experiment, the radioactive source is periodically moved with controlled 

velocities +v toward and away -v away from the absorber (Figure 1.2.2.).  The forward and 

backward motion modulates the energy of the ɣ-photons arriving at the absorber because of the 

Doppler effect:  

Eɣ = E0(1+v/c) 

The transmitted ɣ-rays are detected and recorded as a function of the Doppler velocity, which 

yields a Mössbauer spectrum.  For a standard 57Fe experiment, the Doppler velocity is given in 

mm s-1 with 1 mm s-1 = 4.8 x 10-8 eV.   
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 A source moving with velocity v will contain an unsplit emission line with a Lorentzian 

line shape and natural line width 9.		The number of recoil-free emitted ɣ-rays with energy Eɣ in 

the range E to E+dE is given by: 

N(E,v) = fsN0
.(#/)

01+1$(,2%&)3
'
2(./#)'

 

Here the total number of ɣ-quanta emitted by the source per unit time traveling toward the 

detector is N0 and fs is the recoil-free fraction. E0 is the mean energy of the nuclear transition, and 

E0(1+v/c) is the Doppler-shifted center of the emission line.  For the absorber, we assume the 

mean energy E0 between nuclear excited and ground states are the same as the source, but with 

an additional shift ΔE due to the chemical environment.  The absorption line would be expected 

to have the same Lorentzian line shape as the emission line, assuming the same full-width at half 

maximum 9.	The absorption line would have the cross section σ(E) given by: 

σ(E) = σ0
(./#)'

(1+1$+51)'2(./#)' 

In the case of 57Fe the σ(E) is 2.56x10-18 cm2.  For an actual experimental Mössbauer spectrum of 

a thin single-line absorber, with Lorentzian line width, the full-width at half maximum is twice 

that natural line width of the separate emission and absorption lines: 9exp = 29 (Figure 1.2.2.).   
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Figure 1.2.2.  Schematic illustration of a Mössbauer experiment.  (Left) Experimental set up of 

source and absorber for doppler shifted ɣ-radiation.  (Right) Mössbauer transmission spectrum.11   

 

 
1.2.3. Mössbauer Hyperfine Interactions  
 
 57Fe nuclei are exposed to electric and magnetic fields created by the electrons on the 

absorber atom or by other atoms in the nearby chemical environment.  These fields interact with 

the magnetic dipole moment of the 57Fe nucleus and perturb its nuclear energy states.  This 

nuclear hyperfine interaction may shift nuclear energy levels such as in the electric monopole 

interaction, or split degenerate energy levels as seen in the electric quadrupole interaction and 

magnetic dipole interaction.11-13  Most of the valuable information regarding a chemical system 

can be extracted from these hyperfine interactions.  The following is a brief overview of the three 

main hyperfine interactions that perturb the Mössbauer nuclei’s energy levels.     
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1.2.3.1. The Mössbauer Isomer shift (:)  

 The electric monopole interaction between a nucleus and its environment is a product of 

the nuclear charge distribution ZeR2 and the electronic charge density e|ψ(0)|2 at the nucleus.  

Nuclei of the same mass and charge but with different nuclear states will have different charge 

distributions (ZeRg
2 ≠ ZeRe

2).  Therefore, the energies of a Mössbauer nuclei found in different 

chemical environments, in the ground state and excited state will be shifted by different energies 

relative to those of a bare nucleus.  This occurrence is responsible for the Mössbauer isomer shift 

(:).14  Provided that the electron densities |ψ(0)|s2 and |ψ(0)|A2 at the Mössbauer nuclei in the 

source and the absorber material are different because of different chemical compositions, the 

transition energies Esource and Eabsorber will also be different.  For this reason, ɣ-resonant absorption 

in the Mössbauer experiment does not appear at a Doppler velocity of zero but is instead shifted 

by an amount (:), the isomer shift (Figure 1.2.3.1.).  For a comparison of experimental 

Mössbauer isomer shifts, the values must be referenced to a common standard.  For 57Fe 

Mössbauer spectroscopy, the spectrometer is usually calibrated by using the known absorption 

spectrum of metallic iron (;-iron).   
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Figure 1.2.3.1.  (Left) Diagram showing the electric monopole interaction between the nuclear 

charge and the electron density, shifting the energy of the nuclear states.  (Right) The resulting 

Mössbauer transmission spectrum with the isomer shift labeled.11   

 

 The electron density |ψ(0)|2 at the nucleus primarily originates from the ability of s-

electrons to penetrate the nucleus.  The core-shell 1s and 2s electrons have the largest direct 

effect to the s-electron density found at the nucleus.  This s-electron density will increase or 

decrease based on the amount of shielding of nuclear potential by other electrons.  An additional 

indirect effect to the s-electron density experienced at the nucleus, is by the participation of 

valence s-orbitals in the formation of molecular orbitals (MOs).  The isomer shift (:) can 

therefore an excellent probe into oxidation state, spin state, and chemical bonds formed by the 

Mössbauer nuclei.  A chemical environment that increases s-electron density at the nucleus leads 

to lower isomer shifts, whereas decreasing the s-electron density has the opposite effect leading 

to higher isomer shifts.  Therefore, high oxidation states tend to have low isomer shifts due to 

decreased shielding of core s-electrons.  Covalent (soft) ligands give lower isomer shifts in 
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comparison to ionic (hard) ligands because of better orbital overlap with valence s-electrons.  

Ligands that are excellent +-acceptors will as well lead to lower isomer shifts as they shift 

electron density away from the nuclei and onto the ligand, decreasing shielding of core s-

electrons.  Finally, the length of the iron-ligand bond that forms is also a strong determinant of 

the isomer shift observed.  Compounds that exhibit strong short covalent bonds lead to 

contraction of the orbitals on the Mössbauer nuclei.  For this reason, ligands with excellent σ-

donor and +-acceptor properties will exhibit low isomer shifts.		 

    

1.2.3.2. Quadrupolar Splitting (ΔEQ) 
 

 
Figure 1.2.3.2.  (Left) Diagram showing the quadrupole splitting of the excited state of 57Fe with 

I = 3/2 into two degenerate sublevels with energy separation ΔEQ = 2EQ.  (Right) The resulting 

Mössbauer transmission spectrum with quadrupole splitting and isomer shift labeled.11   

 
 
 
 As described previously in Section 1.1.4., an 57Fe nucleus will be subject to a quadrupole 

moment in the excited state.  The electric quadrupole interaction causes a splitting of the (2I + 1) 
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magnetic substates without shifting the mean energy of the nuclear spin manifold.  For 57Fe, the 

ground state remains unsplit because of the lack of quadrupole moment for I = ½, though the 

excited state with I = 3/2 splits into two doubly degenerate substates (Figure 1.2.3.2.).  The 

energy difference ΔEQ between the two substates is given by:  

ΔEQ = EQ(±3/2) – EQ(±1/2) = eQVzz/2 

The parameter ΔEQ provides information about bond properties and local symmetry at the iron 

site.  Since the quadrupole interaction does not alter the mean energy of the nuclear ground and 

excited states, the isomer shift (<) and quadrupole splitting (ΔEQ) can be determined directly 

from the spectrum.   

 Valence electrons belonging to the Mössbauer nuclei make the strongest contribution to 

the electric field gradient and therefore the observed quadrupole splitting.  Large quadrupole 

splitting results when the electric field gradient deviates from spherical symmetry, which is 

determined by the molecular orbitals formed between the Mössbauer atom and the ligands.  An 

example is the difference seen in quadrupole splitting for high-spin and low-spin Fe(II).  

Assuming an octahedral ligand environment, low-spin Fe(II) would have a near spherical electric 

field gradient with evenly distributed valence electrons, leading to  small quadrupole splitting.  

Whereas high spin Fe(II) contains asymmetrically distributed valence electrons, giving the often 

observed large quadrupole splitting.  The quadrupole splitting value is thus very informative to 

the ligand coordination environment for the Mössbauer nuclei.   

 
1.2.3.3.  The Magnetic Dipole Moment  
 
 As previously described in Section 1.1.2., a nucleus with spin quantum number I > 0 will 

interact with a magnetic field through its magnetic dipole moment μN.  The nuclear Zeeman 

interaction will the split the nuclear state with spin quantum number I into 2I+1 equally spaced 
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and nondegenerate substates.  For 57Fe, the magnetic dipole interaction splits the excited state I = 

3/2 into four magnetic substates and the ground state I = ½ into two substates (Figure 1.2.3.3.).  

The allowed transitions are given by, ΔI = 1 ΔmI = 0, ±1 resulting in 6 allowed transitions.  The 

magnetic hyperfine splitting allows the determination of the effective magnetic field acting on 

the nucleus, which can be a superposition of an applied magnetic field Bext and an internal field 

Bint arising from a magnetic moment of the valence electrons.  Magnetically split spectra are 

most frequently observed at low temperatures where relaxation is slow.         

 

Figure 1.2.3.3.  (Left) Magnetic dipole splitting in 57Fe and (Right) resulting Mössbauer 

transmission spectrum.11 
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1.2.3.4. Combined Electric and Magnetic Hyperfine Interactions 

 Most frequently, a nuclear state is perturbed simultaneously by all three types of 

hyperfine interaction – electric monopole, electric quadrupole, and magnetic dipole.   

Ĥ = <E + ĤQ + ĤM 

The monopole interaction <E, which yields the isomer shift, can be treated easily as it is additive 

to all transition energies.  The Magnetic dipole interaction ĤM and electric quadrupole interaction 

ĤQ both depend on the magnetic quantum numbers of the nuclear spin.  Often, they can be 

treated as a perturbation if one interaction of the two is much weaker than the other.  However, if 

the interactions are of the same order of magnitude gNμNB ≈ eQVzz/2 the full nuclear Hamiltonian 

must be evaluated.   
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Chapter 2 
 
Radical S-adenosyl methionine (SAM) enzyme HydG and the Biosynthesis of 
the [FeFe]-hydrogenase H-cluster active site 
 
2.1.  Introduction to Radical S-adenosyl methionine (SAM) enzymes 

 
 

 
Scheme 2.1.1.  General mechanism of Radical SAM enzymes to generate a 5’-dAdo radical.1  

 

 
Radical SAM enzymes are metalloenzymes that utilize a unique [Fe4-S4]RS cluster and S-

Adenosylmethionine (SAM) co-substrate to catalyze a variety of biochemical reactions.2  

Bioinformatics had initially identified 650 members of this Radical SAM family, but the number 

has since grown to include over 100,000 homologous enzymes.3, 4  To biochemically be 

considered part of the Radical SAM family, enzymes must contain a unique three-cysteine motif 

that binds the [Fe4-S4]RS cluster.  This structure leaves the apical iron free to bind SAM in a 

bidentate manner.  The [CX3CX2C] motif is associated with a single domain and is conserved in 

more than 90% of known Radical SAM proteins.4  SAM as a co-substrate has long been known 

to be important in cellular methylation, transcription, translation, gene regulation, signal 

transduction, and the biosynthesis of essential metabolites.1, 5  But the more recent emergence of 

Radical SAM enzymes has revealed a large array of catalytic reactions from the formation of 

metallocofactors such as those found in [FeFe]-hydrogenase to organic cofactors such as biotin.  



 31 

Radical SAM enzymes also have critical importance to human health.  If dysfunctional, Radical 

SAM enzymes may lead to diseases such as amyotrophic lateral sclerosis (ALS), congenital heart 

disease, impaired cardiac and respiratory function, and diabetes mellitus.1  A detailed 

mechanistic understanding of Radical SAM catalysis therefore underscores a wide range of 

research areas including the environment and human health.     

It is widely accepted that the general mechanism for Radical SAMs begins with SAM 

binding to the apical Fe of the [Fe4-S4]RS cluster, inner-sphere electron transfer from the reduced 

cluster to the sulfonium atom results in bond cleavage of a S-C bond (Scheme 2.1.1).6, 7  

Depending on orientation of SAM to the [Fe4-S4]RS cluster, orbital overlap into antibonding 

orbitals may lead to homolytic cleavage of S-C forming either catalytically active 5’-dAdo 

radical or the 3-amino-3-carboxypropyl radical.  In the case of SAM-methylation, heterolytic 

bond cleavage of the S-C bond leads to methyl transfer from SAM to an available enzyme-based 

nucleophile. 8  Recently direct observation of the 5’-dAdo radical by EPR has come through two 

different approaches.9, 10  In one approach flash photolysis led to the cleavage of the S-C bond in 

the absence of substrate, generating an isolated 5’-dAdo radical.9  In the second approach, an 

alternate substrate altered the thermodynamics such that the 5’-dAdo radical reached an 

equilibrium with the non-natural substrate.10  In each case, the 5’-dAdo radical can be easily 

identified with its unique proton hyperfine pattern generated from the two hydrogens on the 5’-

carbon and one from the 4’-carbon (Scheme 2.1.1., Figure 2.1.1.).  In the natural catalytic cycle, 

the generated 5’-dAdo radical, a strong oxidant, will catalyze a variety of important 

transformations by hydrogen atom abstraction or in more rare instances substrate reduction.     
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Figure 2.1.1. X-band (9.4 GHz) CW EPR spectrum of the 5’-dAdo• and total simulation (red 

trace). Simulation parameters g = [2.006 2.004 2.002], A(5’Endo) [-25 -58 -107], A(5’Exo) [-25 -58 

-107], A(4’Endo) [69 62 79].10   
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2.2 Introduction to [FeFe]-hydrogenase and the H-cluster 
 

 
Scheme 2.2.1.  Maturation of apo-HydA.  pdb: 1HFE 
 
 

[FeFe]-hydrogenases are the most active enzymes in the production of molecular 

hydrogen.  Their reversible catalysis, consuming or producing hydrogen, fulfills the metabolic 

demands of diverse bacteria and many eukaryotes.11  Their energetic efficiency and capacity to 

reduce protons to form H2 makes hydrogenases important research targets in the context of 

renewable energy.12, 13  In efforts to replicate these catalysts, much attention has focused on their 

active sites.  The active site of [FeFe]-hydrogenase, the H-cluster, contains a [4Fe-4S]H with 

three cysteine-ligated Fe’s and a fourth Fe linked by a cysteinate bridge to the proximal Fe of a 

unique [2Fe]H active site. This binuclear  [2Fe]H  active site has two CO and two CN- terminal 

ligands, plus a bridging azadithiolate (adt), and a bridge from an additional CO (Scheme 

2.2.1.).14, 15  Despite being phylogenetically unrelated, the active sites across all classes of 

hydrogenases [FeFe], [NiFe] and the [Fe]-only also feature thiolate and CO ligation.11  This 

distinctive environment enables catalysis by stabilizing low spin states and the formation of 

hydride and dihydrogen complexes. 16   
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 The three CO and CN- ligands bound on the H-cluster can be seen by FTIR in a region 

free of other protein bands.  Reduced states for the H-cluster provide stronger back-bonding to 

the CO ligands, leading to FTIR bond stretches at lower frequency.  Signals from CN- and CO 

can be used to monitor the appearance and disappearance of the various H-cluster oxidation 

states.17  The H-cluster when poised in paramagnetic oxidation states will each give characteristic 

EPR signals.  The Hox state, found in all known [FeFe] hydrogenases, is a mixed valent binuclear 

subcluster ([4Fe-4S]2+[Fe(I)Fe(II)]).  When CO inhibits the Hox state, the Hox-CO state is 

produced with the same electronic structure but different EPR and FTIR spectra.  Reducing the 

Hox state results in the Hred state, ([4Fe-4S]2+[Fe(I)Fe(I)]), which is EPR silent.  [FeFe]-

hydrogenase from Chlamydomonas rheinhardtii can be even further reduced to ([4Fe-

4S]+[Fe(I)Fe(I)]), in which the additional electron is stored in the cubane subcluster.  The EPR 

spectrum for this “super-reduced”, Hsred, state is typical for a [4Fe-4S] cluster.18, 19  Collectively 

these H-cluster oxidation states establish the possible states that would exist during enzymatic 

turnover (Scheme 2.2.2.).   
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Scheme 2.2.2.  Potential mechanism of [FeFe]-hydrogenase in Chlamydomonas rheinhardtii.  

{H+} indicates a proton associated in the active site, close to the H-cluster.  The cube represents 

the [4Fe-4S] cluster linked to the dinuclear Fe subcluster.  The rectangular box around the 

dinuclear Fe represents the uncertainty in bonding during catalytic turnover between Fe and the 

CO and CN ligands.20     

 Two “resting states” exist for [FeFe]-hydrogenase during the catalytic cycle, the Hox and 

Hred state.  Following a model that involves proton coupled electron transfer, additional transient 

states can be proposed to complete the mechanism involving a metal hydride and completed H2 

molecule ([Fe(II)Fe(II)]H-, [Fe(II)Fe(I)]H2)(Scheme 2.2.2.).12, 21, 22  Through this proposed 

catalytic mechanism, the [4Fe-4S] subcluster remains in the oxidized for all states except the 

Hsred state.  Protein cyclic voltammetry studies have shown that at the low potential where Hsred 
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occurs, high catalytic currents from hydrogen production are observed.19  This observation 

strongly suggests that the Hsred state is part of the catalytic mechanism.  In the proposed catalytic 

mechanism, an available proton in the vicinity to the Hsred state would be able to quickly generate 

a hydride bound to the mixed valence state (Hox) which combines with a proton available at the 

adt amine group to form H2, reestablishing the Hox resting state.  DFT and experimental studies 

support the hydride formed in the catalytic cycle to be a terminal hydride, in place of a more 

stable bridging hydride species.23-29  The unique structure of the H-cluster and protein 

environment allow for this catalytic cycle to produce H2 up to ~104 molecules per second at room 

temperature.30       

 Our research into the chemistry of the active site of the [FeFe]-hydrogenase has recently 

focused on its biosynthesis involving three Fe-S cluster containing “maturase” enzymes, HydE, 

HydF, and HydG.31-33  In addition to the three maturases, the biosynthesis of the[2Fe] H-cluster 

requires low molecular weight components, including some amino acids and small molecule 

cofactors (Scheme 2.2.1.).  Two of these maturases, HydE and HydG, belong to the radical S-

adenosyl-L-methionine (SAM) superfamily of enzymes.2   Evidence suggests a sequential 

mechanism for the maturation, from HydG to HydE and finally HydF (Scheme 2.2.3.).34  Much 

of the biosynthetic mechanism has come as the result of studying HydG, HydE, and HydF in vivo 

and in vitro by heterologously expressing the proteins from Clostridium acetobutylicum and 

Shewanella oneidensis.  E. Coli having only the hydA1 gene produces a protein with only the 

[4Fe-4S]H component of the H-cluster.35  This apo-HydA can be activated with protein extract 

containing HydE, HydF, and HydG.36  Kuchenreuther et al. demonstrated the ability to carry out 

an in vitro maturation with individually expressed HydE, HydF, and HydG.37  Results 

highlighted that only HydG was absolutely required for producing active [FeFe] hydrogenase.  In 
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another separate semisynthetic approach, [Fe2(adt)(CN)2(CO)4]2- was prepared and shown to be 

capable of maturing an apo-HydA, including in the absence of HydF.38, 39      

 

Scheme 2.2.3.  Sequential model for the biosynthesis of the H-cluster in [FeFe]-hydrogenase 

from the maturase enzymes HydE, HydF, and HydG using molecular components L-Tyr, L-Cys, 

and L-Ser.34     
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 The maturase enzymes HydE, HydF, and HydG each play a unique role in the maturation 

of the H-cluster, of which many of mechanistic details are currently being resolved.  HydG, a 

known Radical SAM enzyme, uses SAM to cleave L-Tyrosine (L-Tyr) to produce 

dehydroglycine (DHG) and p-cresol as a byproduct.40  This cleavage is analogous to the enzyme 

ThiH.41  HydG is responsible for producing CO and CN- from the substrate L-Tyr that eventually 

bind to produce a [Fe(II)(CN)(CO)2(cysteinate)]- product, which will be discussed in detail in the 

following section.  The remaining components found on the completed H-cluster that are not 

sourced from the product of HydG, are the CH2NHCH2 of the adt bridge.  It was originally 

proposed that the bridge was assembled and installed by HydE alone, but recent evidence 

suggested additional proteins are needed for the complete assembly of the bridge.33, 42, 43  The 

detailed mechanism for HydE and HydF is currently under investigation.       

 
2.3.  The Catalytic Mechanism for the Radical SAM enzyme HydG 

 

Figure 2.3.1.  (Left) HydG with observed Fe-S clusters in the reduced state (Right). pdb: 4WCX 
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A variety of experiments, crucially including 57Fe ENDOR studies, have shown that the 

biosynthesis of the H-cluster begins with HydG.44, 45  HydG is a bifunctional enzyme, containing 

two Fe-S clusters, a N-terminal [4Fe-4S]RS cluster, and a C-terminal [4Fe-4S]aux cluster (Figure 

2.3.1).  The C-terminal [4Fe-4S]aux cluster is unique, being linked to an additional fifth “dangler” 

Fe(II) by the thiolate of a labile cysteine.46  The overall HydG reaction converts tyrosine, 

cysteine, and Fe(II) to the [Fe(II)(CN)(CO)2(cysteinate)]- product (or “synthon”). The process 

begins at the [4Fe-4S]RS cluster, which generate a 5’-deoxyadenosyl radical (5’-dAdo•) that 

abstracts an H-atom from the amine of its substrate L-tyrosine (L-Tyr).  This dehydrotyrosyl 

radical fragments at its C#-Cβ bond to give a 4-oxidobenzyl radical (4OB•) that is observable by 

EPR,47, 48 along with a proposed dehydroglycine (DHG) intermediate (Scheme 2.3.1).  Fe-bound 

CO and CN- are formed from the DHG intermediate via a radical cascade, as unveiled by  

computational QM/MM studies.34, 49  Time-resolved FTIR and freeze quench EPR experiments 

have been used to follow the details of CO and CN- binding to the dangler Fe. The first tyrosine 

lysis leads to an intermediate, Complex A, with one CN- and one CO bound. A second tyrosine 

lysis leads to the [Fe(II)(CN)(CO)2(cysteinate)]-  product, termed Complex B, and a cyanide-

bound [4Fe-4S]aux cluster that is regenerated into the resting state of HydG with exogenous 

cysteine and Fe2+ (Scheme 2.3.2).44, 50   This [Fe(II)(CN)(CO)2(cysteinate)]- product then serves 

as the substrate for the second radical SAM enzyme HydE51-53, which activates the inert low spin 

Fe(II) complex for dimerization, either within HydE or on the protein HydF34.  This dimerization 

results in the formation of an Fe2S2(CO)4(CN)2 species needing only the addition of the 

CH2NHCH2 component of the adt bridge to complete the binuclear subcluster.  Semisynthetic 

approaches to [2Fe] H-cluster biosynthesis have shown that a synthetic version of Complex B, 

termed Syn-B, is also capable of in vitro maturation by acting as the substrate for HydE in the 
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absence of HydG.51, 52  This highlights the importance of the [Fe(II)(CN)(CO)2(cysteinate)]- 

organometallic product structure along the maturation pathway and preventing the release of 

cytotoxic CO and CN-. 

 

 

Scheme 2.3.1.  Proposed mechanism by which the [4Fe-4S]RS cluster of HydG cleaves L-Tyr 

into p-Cresol, CO and CN-. 

 

When reduced by dithionite (DTH), HydG typically displays two EPR signals: an S = ½ 

signal corresponding to the [4Fe-4S]RS (RS = radical SAM) cluster, and a distinctive S = 5/2 

signal corresponding to a unique [5Fe-4S]aux cluster. This unique [5Fe-4S]aux cluster is composed 

of a [4Fe-4S]aux cluster coupled to a dangler Fe ion (high spin, S = 2 before CO/CN binding) 

(Figure 2.3.3).46, 47, 54-56  The latter S = 5/2 signal serves as a useful spectroscopic marker for 

monitoring conversion of the [5Fe-4S]aux cluster into Complex A and Complex B.  This indirect 

probe allows monitoring of the conversion of the ferrous “dangler” to low spin (S = 0) state upon 

the CO/CN- binding (Scheme 2.3.2).   
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Scheme 2.3.2.  Proposed mechanism by which the auxiliary cluster of HydG generates an 

[Fe(II)(CN)(CO)2(cysteinate)]- (Complex B) with Complex A as an intermediate.        

 

The chemistry of HydG is initiated by reductant in the presence of SAM and L-Tyr, 

which induces generation of CO and CN- at the radical SAM site.  As initially determined by 

FTIR spectroscopy,44 freeze quenching about 30 s after the addition of SAM, L-Tyr, and 

reductant gives Complex A.  According to EPR spectroscopic analysis, the cryotrapped Complex 

A consists of a reduced [4Fe-4S]aux-Fe(CO)(CN)-L-cysteinate species.  Complex A is 

characterized by a rhombic S = ½ EPR signal with g = [2.057, 1.920, 1.883] (Figure 2.3.2).50  

Freeze quenching at longer times (ca. 5 minutes) reveals a new species, characterized by an EPR 
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signal also indicative of an S = 1/2 species (g = [2.084, 1.930, 1.925]), assigned to the adduct 

[4Fe-4S]aux-CN produced alongside Complex B (Figure 2.3.3, Figure 2.3.4).  The timescale for 

the evolution of Complex B by EPR and FTIR spectroscopies match.   

The two S = ½ sets of signals are assigned to Fe(II)(Cys)(CN)(CO)x species bound to the 

[4Fe-4S]aux cluster.  These species are the 5Fe ensembles Complex A-[4Fe-4S]aux (x = 1) and 

Complex B-[4Fe-4S]aux (x = 2), respectively.  In the former, the dangler Fe(II) site is bound to 

Cys, CO, CN- and a protein histidine.  The coordination sphere of the dangler Fe in Complex B-

[4Fe-4S]aux is better defined, consisting of tridentate Cys, as well as CN- and two CO ligands.  

Subsequent to the formation of Complex A-[4Fe-4S]aux, two processes occur, the lysis of a 

second tyrosine produces one equiv each of CO and CN-.  These ligands attack the 5Fe ensemble 

Complex A-[4Fe-4S]aux sequentially.  First the CO binds to the dangler Fe to give the 5Fe 

ensembles Complex B-[4Fe-4S]aux.  Subsequently, the second CN- attacks the site-differentiated 

Fe of the [4Fe-4S] cluster, displacing Complex B and forming an EPR-detectable cyanide-bound 

[4Fe-4S]aux cluster (Scheme 2.3.2).54   The released [Fe(II)(CN)(CO)2(cysteinate)]-  complex then 

transfer to HydE, the next enzyme on the biosynthesis pathway.  The EPR signal assigned to 

[4Fe-4S]aux-CN continues to increase when the enzyme is allowed to turnover for up to 60 min 

(Section 2.3.3).    At this stage, the S = 5/2 EPR signal from the resting state [5Fe-4S] cluster 

nearly vanishes.  Thus, all of [4Fe-4S]aux is poised in the CN-bound state alongside the 

production of Complex B.  In addition, the contribution of Complex A in the S = 1/2 region of 

the EPR spectrum also disappears, at which point nearly all the dangler Fe is converted to 

Complex B (Figure 2.3.3, Figure 2.3.4). 
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Figure 2.3.2.  X-band (9.4 GHz) CW EPR of HydG after turnover for 24s with DTH, SAM, and 

L-Tyr (black trace), and total simulation (magenta trace). Bottom: simulations of the top black 

trace with three species: SAM-bound [4Fe-4S]RS
+ cluster (26.3%, blue trace), unknown structure 

(37.6%, green trace), Complex A (36.1%, red trace), and OB radical (<1%, black trace).  The 

parameters for X-band (9.4 GHz) CW EPR are temperature, 10 K; microwave power, 0.1 mW; 

modulation amplitude, 0.5 mT.50 
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Figure 2.3.3.  X-band (9.4 GHz) CW-EPR of HydG (Top) in the presence of DTH and SAM. 

(Bottom) HydG after 60 min turnover in the presence of DTH, SAM, and L-Tyr.  Conditions: 

temperature, 10 K; microwave power 1 mW (Left), 0.1 mW (Right); modulation amplitude, 0.5 

mT.     
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Figure 2.3.4.  X-band (9.4 GHz) CW EPR of HydG after turnover for 60 min with DTH, SAM, 

and L-Tyr (black trace), and total simulation (magenta trace). Bottom: simulations of the top 

black trace with three species SAM-bound [4Fe-4S]RS
+ cluster (44%, blue trace), unknown 

structure (27%, green trace), and CN-bound [4Fe-4S]Aux
+ cluster (29%, purple trace).  The 

parameters for X-band (9.4 GHz) CW EPR are temperature, 10 K; microwave power, 0.1 mW; 

modulation amplitude, 0.5 mT. 

 

 

 

 

 



 46 

2.4  Materials and Methods  

Non-isotopically enriched chemicals were purchased from common commercial vendors.   

Tyrosine solutions were prepared by first dissolving L-tyrosine to a final concentration of 200 

mM in 600 mM KOH solution, followed by diluting into 100 mM Hepes buffer (pH = 7.2).   

 

2.4.1  Expression and Purification of HydG 
 

The pET-21(b) Strep-tag II-hydG was used to produce the Shewanella oneidensis 

(So)HydGWT containing an N-terminal affinity tag.  HydG was expressed in Escherichia coli 

strain BL21(DE3) DiscR strain under anaerobic conditions (<2 ppm O2).  Four liters of cells were 

grown in 25 g/L LB media containing 40 µg/L kanamycin, 100 µg/mL amphicillin, 4 mM Fe3+, 

0.5% (w/v) glucose and 100 mM 3-(N-morpholino)propane sulfonic acid (MOPs, pH = 7.8), at 

30°C to an OD600 of ~0.5.  The cultures were pooled, transferred to an anaerobic chamber, and 

supplemented with 5 mM L-Cys and 10 mM fumarate.  The pooled culture was stirred in the 

anaerobic chamber at room temperature (25 °C) for 1 hr to use up the remaining oxygen, then 

induced by 0.50 mM isopropyl b-D-1-thiogalactopyranoside (IPTG).  Cells were further 

incubated in the anaerobic chamber with gentle stirring at room temperature for 20 h before 

transferred into the centrifugation bottles (inside the glovebox) and pelleted by centrifugation.  

The cells were then lysed using 1x BugBusterâ Protein Extraction Reagent (Novagen), in HEPES 

pH = 8.0, with freshly-made sodium dithionite, 25 U/mL benzonase, 1 kU/mL rLysozyme (EMD 

Millipore) and EDTA-free protease inhibitor table (Roche).  Lysates were clarified by 

centrifugation for 15 min at 18,000 rpm.  HydG was isolated using a Strep-Tactinâ Superflowâ 

high capacity resin (IBA GmbH) washed with 50 mM HEPEs buffer (pH = 8.0) with 50 mM 

KCl and eluted with 50 mM HEPEs buffer (pH = 8.0) with 50mM KCl and 3.0 mM desbiotin .  
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The HydG protein eluate fractions were frozen using liquid N2 in the as-isolated state and 

without desalting or concentration.   

 

2.4.2  Sample Preparation 

EPR samples were prepared in an anaerobic glove box under a N2 atmosphere (< 2 ppm 

O2) and frozen using liquid nitrogen before spectroscopic analysis.  Unless otherwise indicated, 

the final substrate concentrations for these samples and all other samples were as follows:  

freshly thawed HydG fractions, ~100-300 µM was concentrated to a final sample concentration 

of 700 – 1000 µM; DTH, 10 mM; L-Tyr, 10 mM; SAM, 5 – 10 mM; L-Cys, 5 mM.  Other than 

HydG, each component was added as a solution of 10-fold  to 20-fold higher concentration than 

its final concentration.  For example DTH (4 µL at 200 mM), L-Tyr (8 µL at 100 mM), SAM (8 

µL at 100 mM), to HydG (60 µL at 1000 µM).  Reagents were added in the order DTH, SAM, 

and L-Tyr to initiate turnover.   

 

2.4.3 Continuous-wave (CW) EPR Spectroscopy & Mössbauer spectroscopy 

EPR spectroscopy was performed in the Cal-EPR center in Department of Chemistry, 

University of California at Davis.  CW-EPR experiments were performed on the Bruker Biospin 

EleXsys E500 spectrometer with a super high Q resonator (ER4122SHQE) in perpendicular 

mode.  Cryogenic temperatures were achieved by using ESR900 liquid helium cryostat with a 

temperature controller (Oxford Instrument ITC503) and gas flow controller.  All CW-EPR 

spectra were recorded under slow-passage, non-saturating conditions.  Spectrometer settings 

were as following: conversion time = 60 ms, modulation amplitude = 0.5 mT, modulation 

frequency = 100 kHz, and other settings as given in the corresponding figure captions.  
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Simulations of CW and pulse EPR spectra were performed in Matlab 2021a with EasySpin 

5.2.35 toolbox57.   

Mössbauer spectra were recorded at zero field on a See Co. MS4 spectrometer equipped 

with a Janis 9T MOSS-OM-12SVT cryostat.  Spectra were calibrated using an Fe foil standard at 

room temperature.  Spectra were process and least-squares fit using MossWinn.  Quadruopole 

doublets were fit to Voigt profiles with Lorentzian linewidths and variable Gaussian linewidths.   

 

2.5.  Zero-Field Splitting of the Aux-Cluster in HydG 
 

 
Figure 2.5.1.  Exchange coupling scheme for the auxiliary cluster of HydG with 

antiferromagnetic (Left) and ferromagnetic (Right) exchange.  Blue: [Fe2+Fe2+] mixed-valence 

pairs; green [Fe2.5+Fe2.5+] mixed-valence pairs; and red: Fe2+ “dangler” ion.46      

 

    

 
 The auxiliary cluster of HydG is composed of a [4Fe-4S]+ aux-cluster, S = ½, coupled to 

a high spin Fe(II), S = 2, giving the observed S = 5/2 species when reduced (Figure 2.5.1).46  The 

unpaired electron’s energy levels arrange into “Kramer’s doublets”, separated by a few wave 
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numbers in the absence of magnetic fields (Section 1.1.5.).  When magnetic fields are applied 

these Kramer’s doublets split into spin up and spin down sublevels.  EPR absorption will be 

observed when the operating frequency matches the splitting produced by the magnetic field 

strength, transitioning an electron’s spin state.  If D>0, the energy difference between the lowest-

lying Kramer’s doublet and the middle doublet for a S = 5/2 paramagnetic system will be equal 

to 2D, whereas the difference between the middle and uppermost doublet will equal to 4D 

(Figure 1.1.5.2.).  When the temperature approaches very low values (~1K), the spins will 

populate only the lowest Kramer’s doublet.  Increasing the temperature causes the spins to 

populate the middle and upper doublets until the temperature is raised high enough that each 

doublet approaches equal 1/3 spin population.  To determine the zero-field splitting of the S = 5/2 

auxiliary cluster in HydG, the temperature dependence was examined from 5K to 20K for 

SoHydG (Figure 2.5.2) and TiHydG (Figure 2.5.5).  Analysis to determine the zero field 

splitting value D, was done by fitting the peak intensity at geff= 9.5 and geff= 4.7 to a Boltzmann 

distribution (Equation 2.5.1, and 2.5.2.).58      
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Equation 2.5.1.  EPR Intensity/Amplitude relationship with temperature and zero field splitting.   
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Figure 2.5.2.  CW EPR of SoHydG auxiliary cluster at various temperatures: 5 K (red trace), 6 K 

(purple trace), 8 K (navy trace), 10 K (blue trace), 15 K (black trace), and 20 K (green trace).  

The parameters for X-band (9.4 GHz) CW EPR are temperature, 10 K; microwave power, 5 

mW; modulation amplitude, 0.5 mT.   
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Figure 2.5.3.  SoHydG temperature dependence peak intensity at (Top) geff= 9.5 (64-98 mT) and 

(Bottom) geff= 4.7 (106–166mT) fit to Equation 2.5.1.  Only the lowest 4 temperatures were 

used in the second trace to improve the accuracy of the fit.    
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Data may also be fit to a Boltzmann equation having the form: 
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Equation 2.5.2.  EPR signal intensity in relation to a Boltzmann distribution. 
 

 

 
Figure 2.5.4.  SoHydG temperature dependence peak intensity at geff= 9.5 (I2) and geff= 4.7 (I1) fit 

to Equation 2.5.2.  Only the lowest 4 temperatures were used in the second trace to improve the 

accuracy of the fit. 
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Figure 2.5.5.  CW EPR of TiHydG auxiliary cluster at various temperatures: 5 K (red trace), 7 K 

(purple trace), 10 K (blue trace), 15 K (black trace), and 20 K (green trace).  The parameters for 

X-band (9.4 GHz) CW EPR are temperature, 10 K; microwave power, 5 mW; modulation 

amplitude, 0.5 mT.   
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Figure 2.5.6.  TiHydG temperature dependence peak intensity at (Top) geff= 9.5 (64-98 mT) and 

(Bottom) geff= 4.7 (106–166mT) fit to Equation 2.5.1. 
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Figure 2.5.7.  TiHydG temperature dependence peak intensity at geff= 9.5 (I2) and geff= 4.7 (I1) fit 

to Equation 2.5.2.  Only the lowest 4 temperatures were used in the second trace to improve the 

accuracy of the fit. 

 

 Results for SoHydG temperature dependence data fit to Equation 2.5.1 give a zero-field 

splitting D value of 3.193 cm-1.  When fit to Equation 2.5.2, the value of D = 3.989 cm-1.  The 

discrepancy in values likely comes from the improved fit of the values to the latter equation. This 

suggests that D = 3.989 cm-1 is a more accurate value, which agrees well with the previously 

published value of D = 4.5 cm-1.54  Temperature dependence data for TiHydG when fit to 

Equation 2.5.1, gives D = 2.302 cm-1.  When fit to Equation 2.5.2, D = 2.290 cm-1 can be 

extracted.  The close agreement in values indicates the accuracy of the zero-field splitting value 

of 2.3 cm-1 for the S = 5/2 signal seen for TiHydG.  Overall the difference seen in the value of D 
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for TiHydG and SoHydG, reflects differences in the ligand environment created by the protein 

secondary structure for the high spin Fe(II) and [4Fe-4S] aux cluster.   

 
2.6. Catalytic Turnover of HydG at Extended Periods 
 
 While the EPR species observed when HydG turns over at short time periods is well 

established (Section 2.3), the changes that occur at longer periods of time have been less 

known.50  In order to establish species generated concomitantly with Complex B, EPR samples 

were freeze Quenched at time points >10 min (Figure 2.6.1 and Figure 2.6.4).  Simulating the 

individual EPR spectra (Figure 2.6.2 and Figure 2.6.5) and mapping out the intensities gives a 

visual indication which species are changing during turnover (Figure 2.6.3).  An EPR signal 

associated with a SAM-bound [4Fe-4S]RS cluster, g = [2.009 1.884 1.845] displays a cycling 

behavior, increasing and decreasing as the enzymes catalyzes the cleavage of L-Tyr.  The EPR 

absorption associated with Complex A g = [2.058 1.921 1.885] equally shows a cycling pattern 

as it is converted into the product Complex B inside the enzyme.  At time periods that display a 

decrease in SAM-bound [4Fe-4S]RS cluster and Complex A, it appears that the Unknown EPR 

species increases, though it is possible that it remains relatively constant over time.  Close 

examination of cycling time points (Figure 2.6.1 and 2.6.4) reveals an additional species that 

steadily grows in with a shoulder at g = 2.083.  This axial signal can be seen clearly when the 

spectra are simulated (Figure 2.6.2 and 2.6.5).  This species is associated with a cyanide-bound 

[4Fe-4S]aux
+ cluster, g = [2.083 1.930 1.925], that is generated simultaneously with the formation 

of Complex B (Scheme 2.3.2).  This species serves as an indirect marker to produce the 

diamagnetic product Complex B.  Stopped flow FTIR data previously published indicated that 

the enzyme reaches a product maximum at 20 min.  To examine if HydG under ambient 

conditions continues to produce more product Complex B if allowed to react for longer periods 
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of time, samples were prepared to observe turnover by EPR all the way up to 60 min (Figure 

2.6.6).  Once simulated, the EPR data becomes visually clear that the cyanide-bound [4Fe-4S]+
aux 

cluster species continues to accumulate, indicating that product Complex B continues to be 

generated.  This data establishes useful time points for future experiments completed with 

Mössbauer spectroscopy, to directly observe the product Fe in Complex B.   

 

 
Figure 2.6.1.  X-band (9.4 GHz) CW EPR of HydG after turnover from top to bottom 10 min, 15 

min, 20 min, and 25 min with DTH, SAM, and L-Tyr.  The parameters for X-band (9.4 GHz) 

CW EPR are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 0.5 mT.   
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Figure 2.6.2.  Top: CW EPR of HydG after turnover for 20 min with DTH, SAM, and L-Tyr 

(black trace), and total simulation (magenta trace). Bottom: simulations of the top black trace 

with four species SAM-bound [4Fe-4S]RS
+ cluster g = [2.009 1.884 1.845] (5%, blue trace), 

unknown structure g = [2.044 1.943 1.885] (46%, green trace), Complex A g = [2.058 1.921 

1.885] (15%, red trace), and cyanide-bound [4Fe-4S]aux
+ cluster g = [2.080 1.930 1.920] (19%, 

purple trace) (Full simulation details in Supplemental Information).  The parameters for X-band 

(9.4 GHz) CW EPR are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 

0.5 mT. 
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Figure 2.6.3.  EPR simulation data from time point experiments in Figure 2.6.1., plotted as a 

percentage of the overall simulation vs. time.   
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Figure 2.6.4.  X-band (9.4 GHz) CW EPR of HydG after turnover from top to bottom 8 min, 11 

min, 14 min, 16 min, 18 min, and 20 min with DTH, SAM, and L-Tyr.  The parameters for X-

band (9.4 GHz) CW EPR are temperature, 10 K; microwave power, 0.1 mW; modulation 

amplitude, 0.5 mT.   
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Figure 2.6.5.  Top: CW EPR of HydG after turnover for 18 min with DTH, SAM, and L-Tyr 

(black trace), and total simulation (magenta trace). Bottom: simulations of the top black trace 

with four species SAM-bound [4Fe-4S]RS
+ cluster g = [2.009 1.881 1.842] (15%, blue trace), 

unknown structure g = [2.044 1.943 1.904] (35%, green trace), Complex A g = [2.057 1.919 

1.883] (31%, red trace), and cyanide-bound [4Fe-4S]aux
+ cluster g = [2.083 1.930 1.925] (19%, 

purple trace) (Full simulation details in Supplemental Information).  The parameters for X-band 

(9.4 GHz) CW EPR are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 

0.5 mT. 

 



 62 

 
Figure 2.6.6.  X-band (9.4 GHz) CW EPR of HydG after turnover for (Top)  20 min and 

(Bottom) 60 min with DTH, SAM, and L-Tyr.  The parameters for X-band (9.4 GHz) CW EPR 

are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 0.5 mT.   
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Figure 2.6.7.  Top: CW EPR of HydG after turnover for 60 min with DTH, SAM, and L-Tyr 

(black trace), and total simulation (magenta trace). Bottom: simulations of the top black trace 

with four species SAM-bound [4Fe-4S]RS
+ cluster g = [2.009 1.882 1.843] (16%, blue trace), 

unknown structure g = [2.044 1.943 1.902] (34%, green trace), Complex A g = [2.057 1.917 

1.883] (20%, red trace), and cyanide-bound [4Fe-4S]aux
+ cluster g = [2.084 1.926 1.925] (30%, 

purple trace) (Full simulation details in Supplemental Information).  The parameters for X-band 

(9.4 GHz) CW EPR are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 

0.5 mT. 
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2.6.1 Regenerating Resting State HydG with L-Cysteine 
  
 To examine the ability for the enzyme to regenerate back to the resting state, turnover 

was performed in the presence of L-Cysteine (L-Cys).  Enzymatic turnover up to 60 minutes in 

the presence of L-Cys results in an EPR spectrum which lacks the axial signal at g = 2.084, the 

signal associated with the cyanide-bound [4Fe-4S]aux
+ cluster (Figure 2.6.1.1.).  Instead, the 

spectrum displays a strong signal at g = 2.057, a peak typically characteristic of Complex A.  

Though if the enzyme is poised in the resting state with L-Cys bound at the auxiliary cluster and 

lacks the high spin Fe(II) ion, the EPR signal produced will be nearly identical to that for 

Complex A.  To examine if the resulting signal is primarily a result of Complex A or a resting 

state enzyme lacking the “dangler” high spin Fe(II) ion, the enzyme was incubated in the 

presence of excess DTH, SAM, 1-13C-L-Tyr, and 3-13C-L-Cys, allowed to turnover for 60 min 

and then frozen to be examined by Mims ENDOR (Figure 2.6.1.2.).  Results from Mims 

ENDOR indicate the presence of hyperfine from the intermediate Complex A and L-Cys bound 

to the Auxiliary cluster.  Hyperfine from both 13C atoms, on CO and on L-Cys are observed 

(Figure 2.6.1.3.).50  This experiment demonstrates that after 60 min with the mixture of substrate 

and cofactor, but lacking additional Fe, the resulting enzyme exists in a mixture of species which 

includes intermediate Complex A and an enzyme that has fully regenerated to the resting state 

that lacks the “dangler” Fe.     

 In a final set of experiments HydG was allowed to turn over for 60 min, then a sub 

stoichiometric amount of L-Cys was added and frozen at time periods after addition.  In 

comparison to a control sample, EPR samples frozen after 20 and 60 s after L-Cys was added 

show an incremental decrease in the signal at g = 2.083 and an overall loss in EPR intensity 

(Figure 2.6.1.4.).  An interesting observation from this experiment is that the EPR signal 
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associated with L-Cys lacking the “dangler” Fe at g = 2.057 does not immediately grow in.  

Possibilities for this result could be that the [4Fe-4S]aux cluster is not immediately in a reduced 

state, but instead undergoes oxidation as cyanide is released.  Further studies are needed to 

determine the exact fate of the cyanide ligand that is released from the enzyme upon turnover 

with L-Cys.   

 
 

Figure 2.6.1.1.  X-band (9.4 GHz) CW EPR of HydG after turnover for (Top) 60 min with DTH, 

SAM, and L-Tyr and (Bottom) with DTH, SAM, L-Tyr, and L-Cys.  The parameters for X-band 

(9.4 GHz) CW EPR are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 

0.5 mT.   
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Figure 2.6.1.2.  X-band (9.4 GHz) CW EPR of HydG after turnover for (Top) 60 min with DTH, 

SAM, L-Tyr, and 3-13C-L-Cys and (Bottom) with DTH, SAM, 1-13C-L-Tyr, and 3-13C-L-Cys.  

The parameters for X-band (9.4 GHz) CW EPR are temperature, 10 K; microwave power, 0.1 

mW; modulation amplitude, 0.5 mT.   
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Figure 2.6.1.3.  Field-dependent 13C Mims-ENDOR spectra of the HydG reaction mixture 

generated by using 1-13C-Tyr (red trace) + 3-13C-Cys (blue trace).  The parameters for the 

simulations are g = [2.058, 1.922, 1.881]; A = [0.20, 0.31, 0.28] MHz, Euler angle, [0, 30, 0]º 

(red trace).  A = [1.00, 0.20, 1.00] MHz; Euler angle, [60, 35, 60]º (blue trace).  The parameters 

for Mims-ENDOR are temperature, 10 K; +/2,	12	ns;	/,	300	ns;	radio	frequency	pulse,	30	µs.			
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Figure 2.6.1.4.  X-band (9.4 GHz) CW EPR of HydG after turnover for 60 min (black trace) 

with DTH, SAM, L-Tyr, then L-Cys added and frozen after 20 s (navy trace) and 60 s (blue 

trace).  The parameters for X-band (9.4 GHz) CW EPR are temperature, 10 K; microwave 

power, 0.1 mW; modulation amplitude, 0.5 mT. 
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2.7.  HydG Mutants Y97F & R327K 

 The binding pocket for HydG is structured to coordinate L-Tyr in the vicinity of SAM 

and the [4Fe-4S]RS cluster for efficient catalytic turnover.  Among the conserved residues in the 

binding pocket across lyase enzymes are an L-Arg that coordinates to the carboxylic end of the 

amino acid and a L-Tyr that coordinates to the substrate amine (Figure 2.7.1).  To examine these 

residues effect on catalysis and to potentially allow for binding of non-natural substrates, a 

“bump and hole” approach was pursued by mutating the two highly conserved amino acid 

residues Arginine-327 and Tyrosine-97.  Mutating these residues can potentially remove any 

electrostatic or steric interference that may inhibit specific non-natural substrates from binding 

near the active site [4Fe–4S]RS cluster. 

The specific mutations that were undertaken here were arginine to lysine (R327K) and 

tyrosine to phenylalanine (Y97F).  The mutation R327K retains the same charge but removes 

additional steric hinderance from the larger R-side chain on arginine.  The second mutation 

Y97F, changes the polarization at the binding pocket and slightly removes steric hinderance of 

the hydroxyl group.  These two changes could open the door to non-natural substrates that may 

otherwise not bind at the active site.     
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Figure 2.7.1.  Crystal structure of TiHydG (PDB:4WCX) showing SAM bound to the [4Fe-4S]RS 

cluster. pdb: 4WCX 
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2.7.1. Preparing Site Specific Mutations 

 HydGR327K and HydGY97F mutants were generated using the QuikChange Lightning 

(Agilent) site-directed mutagenesis kit.  Sequencing was performed at the UC Davis, UC DNA 

sequencing facility.   

[FeFe]-hydrogenase H-cluster radical SAM maturase HydG [Shewanella oneidensis] sequence: 
 

1  msthehhsit vsdynpnvsf iddqaiwqai edashpsrdq iqailekarq ceglsireta 

61  lllqnqdkal dealfavare ikntiygnri vmfaplyvsn hcanscsycg fnadnhelkr 

121  ktlkqdeirq evtileemgh krilavygeh prnnvqaive siqtmysvkq gkggeirrin 

181  vncapmsved fkqlktaaig tyqcfqetyh qdtyskvhlk gkktdylyrl yamhrameag 

241  iddvgigalf glydhrfell amlthvqqle kdcgigphti sfpriepahg salsekppye 

301  vddecfkriv aitrlavpyt glimstrena alrkellelg vsqisagsrt apggyqdskl 

361  nqhdaeqfsl gdhramdeii yelvtdsdai psfctgcyrk grtgdhfmgl akqqfigkfc 

421  qpnalitfre ylndyasdkt reagnalier elakmspsre rnvrsclkkp mrvngisiyk 

 

2.7.2. Results of Site-Specific Mutations on Catalytic Turnover 

 The mutants HydGR327K and HydGY97F were first examined for their ability to turnover in 

the presence of the natural substrate L-Tyr.  HydGR327K showed no signs of turning over in 

comparison to wild type enzyme (Figure 2.7.2.1.).  This may be due to the mutant enzyme 

lacking the “dangler” high spin Fe(II), and being incapable of forming the intermediate Complex 

A or an inability to bind L-Tyr.  Because the mutant did show the resting state S = 5/2 signal, it is 

likely then that this mutant is unable to bind the natural substrate L-Tyr.  The contact formed by 

L-Arg may also play an important role in triggering the beginning of catalytic turnover.  The 

mutant HydGY97F on the other hand, displayed a small amount of activity with a weak signal at g 
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= 2.057 (Figure 2.7.2.2). This signal at g = 2.057, a sign of the formation of Complex A, is much 

smaller in comparison to HydGwt.  To determine if the overall kinetics had been impeded, EPR 

spectra at longer time points were recorded.  These spectra show an increase in the signal of 

Complex A at g = 2.06 and a further decrease of the SAM-bound [4Fe-4S] cluster signal seen at 

g = 2.01 (Figure 2.7.2.3).  This indicates that the mutation of tyrosine to phenylalanine impedes 

the ability for L-Tyr to bind but does not completely abolish catalytic activity.  The remainder of 

the protein in HydGY97F mutant is still capable of functioning as normal.     
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Figure 2.7.2.1.  X-band (9.4 GHz) CW EPR of SoHydG after turnover for (Left)  24s and 

HydGR327K (Right) 24 s with DTH, SAM, and L-Tyr.  The parameters for X-band (9.4 GHz) CW 

EPR are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 0.5 mT.   

 

Figure 2.7.2.2.    X-band (9.4 GHz) CW EPR of SoHydG after turnover for (Left)  24s and 

HydGY97F (Right) 24 s with DTH, SAM, and L-Tyr.  The parameters for X-band (9.4 GHz) CW 

EPR are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 0.5 mT.   
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Figure 2.7.2.3.  X-band (9.4 GHz) CW EPR of HydGY97F after turnover for 24s (black trace), 60s 

(navy trace), and 80s (blue trace) with DTH, SAM, and L-Tyr.  The parameters for X-band (9.4 

GHz) CW EPR are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 0.5 

mT.   
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2.7.3 HydGR327K and HydGY97F with Non-natural Substrates 

 To determine if non-natural substrates could trigger SAM cleavage inside of the HydG 

mutants, the following substrates were tested in the presence of DTH and SAM. 

 

Table 2.7.3.1.  Non-natural substrates and catalytic activity 

Substrate Structure Y97FSoHydGY97F R327KSoHydG 

L-Tyrosine 

 

Yes No 

Cis-p-coumaric acid 

 

No No 

4-hydroxyphenyl 

propionic acid (HPPA) 
 

No No 

(S)-3,3,3-trifluoro-2-(4-

hydroxybenzyl) 

propanoic acid  

No No 

L-Tyrosinol 

 

No No 

   

 Results show that none of the alternative substrates were capable of catalytically 

activating the mutant HydGR327K, including 4-hydroxyphenyl propionic acid and Cis-P-coumaric 

acid which are capable of activating HydGwt.  This emphasizes the importance of the conserved 

arginine amino acid residue in enzyme activation.  The results with the mutant HydGY97F show 



 76 

that Tyrosine-97 is necessary to bind substrates with a carboxylic acid end group, and possibly in 

triggering the enzyme to cleave SAM.  While the mutant HydGY97F had a small amount of 

activity towards natural substrate, it surprisingly did not show any activity to the non-natural 

substrates tested.  Cis-p-coumaric acid and 4-hydroxyphenyl propionic acid also did not show 

any catalytic activity.  This demonstrates that the hydrogen bonding network has likely been 

disrupted by this mutation, preventing proper activation of the enzyme.  The natural substrate L-

Tyr to a small extent must be able to maintain or restore this hydrogen bonding network through 

the substrate amine group.  Future experiments to test these observations would involve using 

non-natural substrates that retain the hydrogen bonding nature of the amine group. 
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Chapter 3  
 
Characterizing the biosynthesis of the [Fe(II)(CN)(CO)2(cysteinate)]- 
organometallic product from fully labeled 57Fe HydG 
 
3.1. 57Fe Mössbauer of [FeFe]-hydrogenase and Biomimetic compounds 

 Hydrogenases, [FeFe], [NiFe] and the [Fe] only form utilize low valent Fe at the active 

site to perform catalysis (Section 2.2.).  Mössbauer spectroscopy of the dinuclear center of 

[FeFe]-hydrogenase was first accomplished with the organism Clostridium pasteurianum.1  The 

Hred state of the enzyme showed a single quadrupole doublet with < = 0.08 mm s-1, ΔEQ = 0.87 

mm s-1 indicating low spin Fe.  Mössbauer spectra of the different H-cluster oxidation states were 

later reported with only minor changes to <	and	ΔEQ.2  Table 3.1.1. lists Mössbauer values for 

the H-cluster in [FeFe]-hydrogenase.  Low <	values between 0.08 - 0.18 with small ΔEQ values 

0.55 - 1.09 are characteristic of the low spin Fe seen in the H-cluster. 

Table 3.1.1.  Mössbauer parameters for low spin Fe in the active site of [FeFe]-hydrogenase 
 
Compounds <, mm s-1 ΔEQ, mm s-1 Ref. 
 
[FeFe]-hydrogenase 

   

Hred, Clostridium pasteurianum 0.08 0.87 1 
Hred, Desulfovibrio vulgaris 
Hox 

Hox-CO 

0.13 
0.16 

0.17, 0.13 

0.85 
1.09 

0.70, 0.65 

2 
 

Hox-CO, Chlamydomonas reinhardtii 0.16, 0.08 0.89, 0.55 3 
    

 

 In a semisynthetic approach, [57Fe2(adt)(CN)2(CO)4]2- was synthesized and used to mature 

an apo-[FeFe]-hydrogenase enzyme from Chlamydomonas reinhardtii.3  The result is a holo-

[FeFe]-hydrogenase that is selectively labeled with a [257Fe]H subcluster.  This enzyme poised in 

an Hox-CO state gave the following Mössbauer values: <1 = 0.16 mm s-1, <2 = 0.08 mm s-1 and 
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ΔEQ1 = 0.89 mm s-1, ΔEQ2 = 0.55 mm s-1.  These results differ slightly from a fully 57Fe labeled 

enzyme, likely due the increased accuracy of a selectively labeled experiment over a fully 

labeled enzyme.   

 

3.2. Oxidation states and Spin Dependent delocalization of Iron-Sulfur Clusters 

 To correctly interpret Mössbauer spectra of Radical SAM maturase enzymes, it is 

important to understand and review the electronic structure for the various types of Fe-S cluster 

motifs.4  Because radial distributions of d and s electrons overlap, isomer shifts < provide a 

measure of the d electron density and serve as good indicators of oxidation state for Fe (Section 

1.2.3.1).  [Fe2-S2]+ clusters exhibit two distinct quadrupole doublets with <1 = 0.30 mm s-1 and <2 

= 0.72 mm s-1, indicating two valence localized species of Fe3+ and Fe2+ respectively.  Fe ions in 

this case antiferromagnetically couple to give an overall S = ½ (Figure 3.2.1).  Mössbauer 

spectra of [Fe3S4]+ exhibit one quadrupole doublet  < = 0.27 mm s-1, indicating three equivalent 

Fe3+.  Reduction gives an overall S = 2 state with a Mössbauer spectrum containing a 1:2 ratio of 

quadrupole doublets.  The minor doublet has < = 0.32 mm s-1 characteristic of Fe3+ whereas the 

major doublet has < = 0.46 mm s-1, a value halfway between Fe2+ and Fe3+ suggesting a valence 

delocalized pair with an oxidation state of Fe2.5+.  The overall spin state of S = 2 arises from the 

antiferromagnetic coupling of the Fe3+ (S = 5/2) to the Fe2.5+ pair (S = 9/2).  Spin state 

delocalization can explain the behavior of the delocalized Fe2.5+ pair, in which two Fe3+ ions 

ferromagnetically align their spins allowing the additional electron to delocalize across the dimer 

with opposite spin.5, 6  [4Fe-4S] clusters can exist in three common oxidation states (Figure 

3.2.1.).  In the most oxidized state, the cluster exists as a pair of Fe3+ ions and a Fe2.5+ pair.  One 
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electron reduction gives a [4Fe-4S]2+ cluster composed of two Fe2.5+ pairs, and reduction by a 

final electron gives the fully reduced state [4Fe-4S]+ containing a Fe2.5+ pair along with a pair of 

Fe2+ ions.  NMR studies have shown that the delocalized Fe2.5+ pair can reside on different Fe2S2 

faces and exists in rapid equilibrium between different forms.7        

 

Figure 3.2.1.  Fe-S clusters showing localized and delocalized oxidation states.  Localized 

Fe3+(red), localized Fe2+(blue), and delocalized Fe2.5+ pairs (green).4     
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3.3. 57Fe Mössbauer and EPR Spectroscopy of fully labeled HydG 
 

To pursue observation of diamagnetic, EPR silent intermediate(s) and product from the 

HydG catalytic cycle we turned to Mössbauer spectroscopy.  The first requirement for these 

experiments is to prepare HydG enzyme containing the 57Fe isotope.  Given the simplicity in 

experimental design, fully labeled enzyme was chosen to pursue first.     

 
3.3.1. Expression and Purification of 57Fe HydG 
 

57Fe was purchased from Isoflex and had a purity of 95.56%.  All additives except for 

tyrosine were dissolved in 100 mM HEPES buffer (pH = 7.2) with 50 mM KCl and adjusted to 

pH = 7.5 before use.  57Fe solution was prepared in a fume hood, using ice baths to chill the 

reacting solution.  To prepare ~50 mL of ~56 mM 57Fe (final pH of ~5), metallic 57Fe was 

dissolved using aqua regia.  First, 3 mL of nitric acid (> 65%) was added to 100 mg of metallic 

57Fe in a 250 mL Erlenmeyer flask.  Next, 4 mL of 12 M hydrochloric acid was added dropwise.  

After the 57Fe had completely dissolved, 14 mL of 5 M sodium hydroxide was slowly added for 

partial neutralization, followed by 5 mL of 1.5 M sodium citrate and 5 mL of 1 M ammonium 

hydroxide.   

57Fe fully labeled HydG was prepared by expressing in E. coli grown in medium 

supplemented with ~200 µM 57Fe instead of natural abundance Fe (as described in Section 

2.3.1.).  Using a colorimetric assay described by Fish8, the growth medium prepared from 

commercial LB Broth Miller (RPI Research Products International) contained < 7 µM natural 

abundance Fe.   
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Fe assay procedure: 

Reagent A:  Iron-releasing agent (prepared fresh).  0.6 N HCl, 2.25% (w/v) (0.142 M) KMnO4   

Reagent B:  Reducing, Iron-chelating reagent.  6.5 mM Ferrozine, 13.1 mM neocuprine, 2 M 

ascorbic acid, 5 M ammonium acetate.   

Iron standard:  6 µg/mL ferrous ethyleneammonium sulfate, 0.01 N HCl.   

Directions: 

0.5 mL of Reagent A was added to 1.0 mL of growth media containing LB broth (20 g/L), 

MOPs buffer (100 mM, pH = 8.0), glucose (0.50%), kanamycin (40 ug/L), and amphicillin 

(100 ug/L).  This digestion mixture was incubated for 2 hr at 60ºC.  Following digestion, 0.1 

mL of reagent B was added to each sample and standard solution.  The result is a magenta 

colored Fe(II) [Ferrozine]3
2+ complex which can be measured at 562 nm.      

  The resulting Fe content assay resulted in a value of 6.4 +/- 0.7 µM of natural 

abundance Fe.  The growth media had been enriched with 220 µM of 57Fe (95.56% purity), 

resulting in 93.5% 57Fe enrichment of HydG protein.   
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Figure 3.3.1.1.  Fe Standard Curve  

3.3.2. Materials and Methods 

EPR and Mössbauer samples were prepared as described in Section 2.4.1.  EPR and 

Mössbauer samples that were prepared in parallel originated from the same reacting protein 

solution and were separated into their respective sample holders immediately before freezing in 

liquid nitrogen simultaneously.     

 
3.3.3. Observing the [Fe(II)(CN)(CO)2(cysteinate)]- product, Complex B, by 57Fe Mössbauer 

Spectroscopy  

Mössbauer experiments were performed to directly observe the formation of Complex B 

and gain insight into its electronic structure.  Fully labeled 57Fe HydG was prepared by 

expressing the enzyme in excess soluble 57Fe as ferric ammonium citrate.  EPR analysis of this 

fully labeled enzyme displays the expected 57Fe broadening in the SAM-bound [4Fe-4S]RS 

resting state (Figure 3.3.3.1).   The 57Fe Mössbauer spectrum at zero field (Figure 3.3.3.2 and 
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Figure 3.3.3.3.) features well-resolved quadrupole doublets for the [4Fe-4S]RS cluster, [4Fe-

4S]aux cluster, and the dangler Fe2+, which is high spin.  These findings are in close agreement 

with Mössbauer parameters previously published for HydG. 9    Having established that our 

HydG was fully 57Fe-labeled, experiments were initiated by the addition of DTH, SAM, and L-

Tyr.  Samples were frozen at various times and analyzed by Mössbauer and EPR spectroscopy.  

After 60 min, the EPR spectrum reveals the expected shoulder at g = 2.084, assigned to the 

cyanide-bound [4Fe-4S]aux cluster. Concomitantly, the low field S = 5/2 signal associated with 

[4Fe-4S]aux had diminished (Figure 3.3.3.1. and Figure 3.3.3.4.).  Directly overlaying the 

Mössbauer spectra clarifies apparent changes that occur during turnover (Figure 3.3.3.6.).   

Notably the high spin Fe2+ dangler species has decreased and an increase in gamma ray 

absorption can be observed at lower velocity, indicating the presence of new Fe species.  Also 

observed was a slight shift in the signals for the [4Fe-4S]aux cluster.  This shift may be attributed 

to the dangler Fe and cysteine molecule now being detached from the [4Fe-4S]aux cluster, and the 

apical 4th Fe is now bound by CN-.  The best fit Mössbauer parameters for the cyanide-bound 

[4Fe-4S]aux cluster are <1 = 0.47 mm s-1, ΔEQ1 = 1.20 mm s-1 for the Fe2.5+ pair, and <2 = 0.51 mm 

s-1, ΔEQ2 = 1.61 mm s-1 for the Fe2+ pair.  Subtracting the total 57Fe Mössbauer parameters of 

resting state HydG, including observed auxiliary cluster and “dangler” Fe2+ changes, reveals a 

new Fe species that is apparently generated during turnover (Figure 3.3.3.7.).  EPR spectroscopy 

of samples that were prepared in parallel, freeze-quenched at 60 min confirms the presence of 

Complex B, with no trace of the intermediate Complex A (Figure 3.3.3.4.).  The new Fe species 

observed by Mössbauer, can be simulated as a single quadrupole doublet species with the 

parameters < = 0.10 mm s-1, ΔEQ = 0.66 mm s-1 (Figure 3.3.3.7.), which is taken to be those 

associated with the [Fe(II)(CN)(CO)2(cysteinate)]-, Complex B, product.     
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Figure 3.3.3.1.  a. Top: CW EPR of 57Fe HydG auxiliary cluster. Bottom: CW EPR of 57Fe 

HydG auxiliary cluster after turnover for 60 min with DTH, SAM, and L-Tyr.  b. CW EPR of 

57Fe HydG SAM-bound [4Fe-4S]RS
+ cluster (black trace) and natural abundance Fe HydG SAM-

bound [4Fe-4S]RS
+ (dotted trace).  The parameters for X-band (9.4 GHz) CW EPR are 

temperature, 10 K; microwave power, 5 mW (a), 0.1 mW (b); modulation amplitude, 0.5 mT.   
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Figure 3.3.3.2.  Mössbauer spectrum (zero field, 85 K) of 57Fe HydG.   

 

Figure 3.3.3.3. Mössbauer spectrum (zero field, 80 K) of 57Fe HydG with the total fit (red trace) 

and components corresponding to the dangler Fe2+ (green trace), the [4Fe-4S]+
aux (purple trace) 

and [4Fe-4S]+
RS (blue trace) mixed valence pairs, and adventitiously bound Fe (black trace).  

(See appendix SI Table 1 for fitting details). 



 92 

&2 = 1.347 
 

δ  

(mm s-1) 

ΔEQ 

 (mm s-1) 

Area 
(%) 

Relative 
Ratio 

Adventitious Fe 0.80 3.00 8.8 0.9 

Dangler Fe 1.15 3.23 15.7 1.6 

Aux1 0.46 1.59 18.8 2.0 

Aux2 0.38 1.14 18.8 2.0 

RS1 0.37 1.26 19.1 2.0 

RS2 0.35 0.89 18.8 2.0 

Table 3.3.3.1.  Mössbauer fitting parameters corresponding to SI Fig. 2 
 

 

Figure 3.3.3.4. Top: CW EPR of 57Fe HydG after turnover for 60 min with DTH, SAM, and L-

Tyr (black trace), and total simulation (magenta trace). Bottom: simulations of the top black trace 

with three species SAM-bound [4Fe-4S]RS
+ cluster g = [2.009 1.884 1.843] (22%, blue trace), 

unknown structure g = [2.045 1.947 1.903] (10%, green trace), and cyanide-bound [4Fe-4S]aux
+ 

cluster g = [2.084 1.929 1.920] (50%, purple trace).  The parameters for X-band (9.4 GHz) CW 

EPR are temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 0.5 mT.   
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Figure 3.3.3.5. (Left) Mössbauer spectrum (zero field, 85 K) of 57Fe HydG.  (Right) Mössbauer 

spectrum (zero field, 85 K) of 57Fe HydG after turnover for 60 min with DTH, SAM, and L-Tyr. 

 

Figure 3.3.3.6. Mössbauer spectra (zero field, 85 K) of 57Fe HydG after turnover with 10 mM 

DTH, 10 L-Tyr, and 5 mM SAM after 60 min (blue circles) directly overlaid on resting state 

HydG control sample (black circles).   
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Figure 3.3.3.7. Difference spectrum (black trace) between 60 min experimental spectrum and 

resting state simulation, total simulation (red trace)(See Table 1 for Mössbauer fitting 

parameters).   
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Chapter 4  
 
Characterizing the biosynthesis of the [Fe(II)(CN)(CO)2(cysteinate)]- 
organometallic product from selectively labeled 57Fe HydG 
 
4.1. Introduction to the “dangler” Fe of HydG 
 
 Enzymes containing Fe-S clusters that incorporate heteroatoms are known to catalyze a 

variety of biochemical reactions.  Nitrogenase enzymes may contain Mo or V in their Fe-S active 

sites to reduce N2 to NH3, and Carbon monoxide dehydrogenase/acetyl-CoA synthase utilize a 

Ni-Fe-S cluster to reduce CO2 in CO fixation.1, 2  An artificial method to incorporate heteroatoms 

into an Fe-S cluster is to remove a corner site Fe with a metal chelator and reconstitute with a 

different metal ion.  Removing the non-cysteinal-coordinated Fe from the 4Fe-4S cubane in 

Pyrococcus furiosus ferredoxin, and replacing it with a another metal (M = Co, Ni, Zn, Cd, Cu, 

Cr) has previously produced a series of new MFe3S4 clusters with new redox and spectroscopic 

properties.3-7  HydG has a labile Fe capable of exchange, such as that seen in Pyrococcus furiosus 

ferredoxin.  The 5th “dangler” Fe, found at the auxiliary cluster by catalytic design is more labile 

than the Fe found in the auxiliary or Radical SAM Fe-S clusters.8-10  The Fe and L-Cys at the 

“dangler” position have shown to be exchangeable for Ni, Co, and Selenocysteine.8, 11  The 

auxiliary Fe-S cluster typically displays a resting state S = 5/2, the coupling between a high spin 

Fe2+ S = 2 and [4Fe-4S] cluster S = ½ (Section 2.3.2).  If the dangler Fe is removed and a Ni2+ ion 

(S = 1) is incorporated then a unique S = 3/2 signal can be observed by EPR, the result of 

coupling between Ni2+ S = 1 and [4Fe-4S] cluster S = ½.  Whereas if the auxiliary cluster is 

reconstituted with Co2+ (S = 3/2) the coupling with the [4Fe-4S]aux cluster results in an EPR silent 

S = 2 or S = 1 state.  This spin state can derive from either ferromagnetic or antiferromagnetic 

coupling.  The results of these previous experiments indicate that HydG will also easily be 
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susceptible to exchange with different isotopes of Fe, opening it up to selective Mössbauer 

Spectroscopy experiments.       

 
4.1.1. Metal chelators removing the Dangler Fe 

 Various metal chelators were tested to find a chelator capable of removing the “dangler” 

Fe at the auxiliary cluster without causing damage to the protein.   Imidazole, nitrilotriacetic acid 

(NTA), 2,2’-bipyridine, and ethylene diamine triacetic acid (EDTA) were all incubated with 

HydG for 20 min, then washed away using amicon filters (10-kDa cutoff).  After 3 

centrifuge/wash cycles with buffer, the remaining protein was frozen into EPR samples (Figure 

4.1.1.1. and Figure 4.1.1.2.).  Results display the metal chelators potential to remove the 

“dangler” Fe.  The resulting S = ½  EPR signal after treatment with metal chelator is associated 

with the auxiliary cluster, g = 2.06.  Imidazole showed only a slight ability to remove the high 

spin Fe(II) ion, whereas NTA and 2,2’-bipyridine were more successful.  EDTA was the most 

efficient at removing large amounts of the dangler Fe.  EPR taken at lower field also reflect these 

results.  The extent to which the S = 5/2 signal decreases relative to a control sample is 

proportional to the amount of dangler Fe that had been removed.  An important observation in 

addition to these results, was that all metal chelators caused some level of protein precipitation 

except for 2,2’-bipyridine.  This gentle nature, along with the visible red color that 2,2’-

bipyridine produces when it binds ferrous Fe made it a suitable choice for experiments removing 

the “dangler” Fe.   
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Figure 4.1.1.1.  X-band (9.4 GHz) CW EPR of HydG treated with the metal chelators (Top to 

Bottom) imidazole, nitrilotriacetic acid, 2,2’-bipyridine, and EDTA in the presence of DTH and 

SAM.  The parameters for X-band (9.4 GHz) CW EPR are temperature, 10 K; microwave power, 

0.1 mW; modulation amplitude, 0.5 mT.   
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Figure 4.1.1.2.  X-band (9.4 GHz) CW EPR of HydG auxiliary cluster treated with the metal 

chelators (Top to Bottom) control sample, imidazole, nitrilotriacetic acid, 2,2’-bipyridine, and 

EDTA in the presence of DTH and SAM.  The parameters for X-band (9.4 GHz) CW EPR are 

temperature, 10 K; microwave power, 0.1 mW; modulation amplitude, 0.5 mT.   

4.1.2.  Preparing 57Fe dangler labeled HydG 

DTH, SAM, L-Cys, and either EDTA or Bipyridine solutions were added to freshly 

thawed solutions of HydG (in that order).  The resulting solution was mixed gently and allowed 

to stand at room temperature for 5 min.  The solution was then diluted 10-fold with buffer 

containing DTH, SAM, and L-Cys and subsequently concentrated 10-fold using an Amicon 

centrifugal filter (10-kDa cutoff).  This was repeated as many times as necessary.  In the case for 

Bipyridine, the process was repeated until any visible red color had completely washed through.  
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Samples were then incubated with excess 57Fe2+ (ferrous ammonium citrate) along with DTH, 

SAM, and L-Cys.  The protein solution was then washed a total of 3 times as previously 

described9 until all the excess 57Fe2+ had been removed.        

 

Figure 4.1.2.1.  Mössbauer spectra comparing resting state HydG prepared by removal of the 

“dangler” Fe with (Left) EDTA and (Right) 2,2’-bipyridine, followed by reconstitution with 

57Fe2+.   
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4.1.3. Observing the [Fe(II)(CN)(CO)2(cysteinate)]- product, Complex B, by 57Fe Mössbauer 

Spectroscopy in selectively labeled HydG 

Experiments were next carried out on the prepared HydG with the dangler Fe2+ 

selectively labeled with 57Fe.  The goal of these measurements was to further confirm the newly 

observed Fe species from Complex B, through 57Fe Mössbauer spectroscopy (Section 3.3.3.).  

Labeling was achieved in two steps, starting with isotope exchange of the dangler Fe followed by 

activation to poise the selectively-labeled HydG in a state relevant to catalysis. In the first step, 

freshly thawed samples HydG were treated with a metal chelator bipyridine to give the 

metastable HydG-danglerFe. This species was immediately reconstituted with 57Fe2+ in the form of 

soluble ferrous ammonium citrate.  In this way, the dangler position was selectively labeled 

(Figure 4.1.3.2.).  The demetallation-remetallation sequence introduces some impurities as 

indicated by weak absorptions that match 57Fe Mössbauer values seen for [4Fe-4S]RS and [4Fe-

4S]aux clusters.  This labile behavior of Fe "corner sites” is typical of site-differentiated [4Fe-4S] 

clusters (Figure 4.1.3.3.).12-20  The dominant signals in the Mössbauer spectrum of the 57Fe-

labeled sample are from the high spin dangler Fe.  Allowing this selectively 57Fe labeled HydG to 

undergo catalysis in the presence of DTH, SAM, and L-Tyr for 60 min produces changes in the 

Mössbauer and EPR spectra.  In the Mössbauer spectrum the high spin dangler Fe2+ signal 

decreases and a new Fe species appears at a low isomer shift value.  Signals for the [4Fe-4S]RS 

and [4Fe-4S]aux clusters had no noticeable change (Figure 4.1.3.1.).  The observable changes are 

consistent with those seen in the MB spectra of fully 57Fe-labeled HydG.  The EPR spectrum of a 

sample prepared in parallel contained the cyanide-bound [4Fe-4S]aux cluster signal and displayed 

a decrease in the characteristic S = 5/2 signal at low-field (Figure 4.1.3.1. and Figure 4.1.3.4.).  

EPR simulation also reveals the presence of the intermediate Complex A, a result of the enzyme 
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not completely turning over to Complex B.  This partial conversion is tentatively attributed to 

damage to HydG reactivity from the 57Fe labeling process.  Nevertheless, the 57Fe Mössbauer 

spectrum after 60 min under turnover conditions displays a clear decrease in the signal for the 

high spin dangler Fe2+ along with the appearance of at least two new Fe species at lower velocity 

(Figure 4.1.3.6.). The change in the Mössbauer spectrum is now simulated as a mixture of two 

species, Complex A and Complex B.  By holding the parameters for Complex B constant, it is 

then possible to extract the parameters for Complex A: < = 0.12 mm s-1 and ΔEQ = 0.45 mm s-1 

(Figure 4.1.3.7.).  Being very similar structurally, Complex A and Complex B have nearly 

indistinguishable 57Fe Mössbauer parameters at zero-field. 

     

 

Figure 4.1.3.1. a. Top: CW EPR of 57Fe selectively labeled HydG auxiliary cluster. Bottom: CW 

EPR of 57Fe selectively labeled HydG auxiliary cluster after turnover for 60 min with DTH, 

SAM, and L-Tyr.  b. CW EPR of selectively 57Fe labeled HydG SAM-bound [4Fe-4S]RS
+ cluster 

(black trace).  The parameters for X-band (9.4 GHz) CW EPR are temperature, 10 K; microwave 

power, 5 mW (a), 0.1 mW (b); modulation amplitude, 0.5 mT. 
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Figure 4.1.3.2.   Mössbauer spectrum (zero field, 90 K) of 57Fe selectively labeled HydG.   

 

Figure 4.1.3.3.  Mössbauer spectrum (zero field, 90 K) of selectively labeled 57Fe HydG with the 

total fit (red trace) and components corresponding to the dangler Fe2+ (green trace), Fe Impurity 

#1 (blue trace) and Fe Impurity #2 (purple trace).   
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&2 = 1.42  δ 

(mm s-1) 

ΔEQ 

(mm s-1) 

Area (%) 

Dangler Fe 1.07 3.53 68.9 

Fe Impurity 0.36 1.05 18.4 

Fe Impurity 0.60 1.58 12.7 

Table 4.1.3.1.  Mössbauer fitting parameters corresponding to Figure 4.1.3.3. 
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Figure 4.1.3.4. Top: CW EPR of selectively 57Fe labeled HydG after turnover for 60 min with 

DTH, SAM, and L-Tyr (black trace), and total simulation (magenta trace). Bottom: simulations 

of the top black trace with four species SAM-bound [4Fe-4S]RS
+ cluster g = [2.009 1.883 1.843] 

(17%, blue trace), unknown structure g = [2.044 1.943 1.902] (36%, green trace), Complex A g = 

[2.058 1.917 1.883] (24%, red trace), and cyanide-bound [4Fe-4S]aux
+ cluster g = [2.083 1.925 

1.920] (23%, purple trace) (Full simulation details in Supplemental Information).  The 

parameters for X-band (9.4 GHz) CW EPR are temperature, 10 K; microwave power, 0.1 mW; 

modulation amplitude, 0.5 mT. 
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Figure 4.1.3.5. (Left) Mössbauer spectrum (zero field, 90 K) of 57Fe selectively labeled HydG. 

(Right) Mössbauer spectrum (zero field, 90 K) of 57Fe selectively labeled HydG after turnover 

for 60 min with DTH, SAM, and L-Tyr.   
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Figure 4.1.3.6. Mössbauer spectra (zero field, 90 K) of selective 57Fe labeled HydG after 

turnover with 10 mM DTH, 10 mM L-Tyr, and 10 mM SAM after 60 min (blue circles) directly 

overlaid on selective 57Fe labeled resting state HydG control (black circles).   
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Figure 4.1.3.7. Difference spectrum (black trace) between 60 min experimental spectrum and 

resting state simulation, total simulation (red trace).  Complex A (50%, green trace) and 

Complex B (50%, blue trace). 
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4.2. 57Fe Mössbauer of SynB 

It has been shown previously that HydG can be functionally replaced by a synthetic 

compound, Syn-B, in the in vitro maturation of the H-cluster. 21-23 Syn-B can serve as the 

substrate for the radical SAM enzyme HydE.22, 23 As previously described,21 while not amenable 

for single crystal diffraction, Syn-B is most consistent with a chemical formula of 

(Et4N)4{FeI2[Fe(Cys)(CN)(CO)2(H2O)]4}++, i.e., a cluster composed of 4 

[Fe(Cys)(CN)(CO)2(H2O)] centers bound to FeI2. It clearly contains the [Fe(Cys)(CN)(CO)2] 

core structure necessary for its reactivity in H-cluster maturation. The presence of a high spin 

Fe(II) center could additionally help to stabilize Complex B. To compare the electronic structure 

of the Fe centers in Syn-B to that of the Fe(CN)(CO) species formed in HydG, we went on to 

characterize Syn-B by Mossbauer spectroscopy. To this end, Syn-B was prepared as an all 57Fe 

version.  This 57Fe-SynB exhibits consistent physical properties as that prepared with natural-

abundance Fe. (Section 4.4.).  The Mössbauer spectrum for Syn-B exhibits signals at < = 0.11 

mm s-1 and ΔEQ = 0.68 mm s-1 assigned to low spin Fe2+ ion bound by L-cysteine, CO, and CN- 

(Figure 4.2.1., Table 4.3.1.).  A second signal with < = 1.41 mm s-1 and ΔEQ1 = 3.00 is 

consistent with high spin Fe2+.   
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Figure 4.2.1. a. Mössbauer spectrum (1kG field, 4.2 K) of 57Fe Syn-B with total fit (red trace) 

and components corresponding to low spin ferrous species (59%, blue trace) and high spin 

ferrous species (41%, purple trace).  b.  57Fe SynB Mössbauer spectrum (bottom) and 57Fe HydG 

Mössbauer difference spectrum (top) displaying Complex B.  (Difference spectrum of 57Fe HydG 

has been resized for comparison).   

 

 
4.3. Discussion of 57Fe Mössbauer Results for Fully and Selectively Labeled Experiments 

The 57Fe Syn-B Mössbauer results can serve as a basis for comparison to Mössbauer 

parameters seen for Complex B (Figure 4.2.1.1.) along with 57Fe Mössbauer results from the 

prior studies of mono-nuclear Fe biomimetic models of [FeFe]-hydrogenases (Table 4.3.1.).  In 

all of these examples, the Fe ion has a low spin Fe(II) oxidation state and is hexacoordinated by a 

comparable set of ligands, which includes carbonyls.  These similarities result in observed low 

isomer shifts < = 0.007 – 0.15 mm s-1 and small quadrupole splittings ΔEQ = 0.43 – 0.91.24, 25 
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Table 4.3.1.  Mössbauer parameters for low spin Fe in Complex B, Syn-B, and select 
biomimetic models of [FeFe]-hydrogenase 
 
Compounds <, mm s-1 ΔEQ, mm s-1 Ref. 
 
Complex B, Shewanella oneidensis 

 
0.10 

 
0.66 

 
This work 

    
Biomimetic models    

[Fe(PS3)(CO)(CN)]2- 0.15 0.91 34 
[FeI2(CO)3IMes] 0.007 0.48 35 
[FeI2(CO)2PMe3] 0.063 0.69 35 

[FeI2(CO)3PPh3] 0.090 0.43 35 
(Et4N)4{FeI2[Fe(Cys)(CN)(CO)2(H2O)]4}, Syn-B 0.11 0.68 This work 

Compounds 1,6, and 7 from ref 35 
 

Prior to this work, the characterization of the two early biosynthetic intermediates, 

Complexes A and B, rested on stopped flow FTIR and EPR spectroscopy.26, 27  Here we have 

employed 57Fe Mössbauer spectroscopy to observe the formation of these two Fe species 

produced within HydG.  Both fully and selectively “dangler-Fe” 57Fe labeled HydG show 

consistent results in the production of the product Complex B, with Mössbauer simulation 

parameters < = 0.10 mm s-1, ΔEQ = 0.66 mm s-1.  The Mössbauer values for the observed product 

Complex B are consistent with its assignment as [Fe(II)(CN)(CO)2(cysteinate)]-.  Specifically, 

the observed low isomer shift of <	=	0.10	mm	s-1	is typical of low spin ferrous species.  Both of 

the strong field ligands CO and CN- increase the s-electron density at the Fe nucleus through σ-

donation and + back bonding.28  However, the most significant contributing factor that CO and 

CN- have to the observed low isomer shift would be the shorter bonds that they form through 

back bonding.  The shortened bonds result in a contraction of orbitals on Fe, increasing the s-

electron density experienced at the nucleus.29  The small quadrupole splitting for Complex B of 

ΔEQ = 0.66 mm s-1 is the expected result of a low spin ferrous electron configuration, with a 

coordination structure of high symmetry.   
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Taking the simulation parameters from the fully labeled experiment has also allowed for 

us to extract the parameters of Complex A, having values of < = 0.12 mm s-1, ΔEQ = 0.45 mm s-1.  

We also report Mössbauer results for the 57Fe Syn-B complex, with < = 0.11 mm s-1, ΔEQ = 0.68 

mm s-1.  The excellent agreement of Complex B with published 57Fe Mössbauer parameters for 

mononuclear biomimetic models of the H-cluster and 57Fe Syn-B establishes the key role that 

HydG plays.  Not only in producing CO and CN-, but in resetting the electronic structure of a 

ferrous ion from high to low spin, on path towards H-cluster maturation.  The addition of CO, 

CN-, and thiolate ligation by HydG is an important prerequisite to the catalytic transformations 

that occur on the rSAM enzyme HydE.  Although further mechanistic details for HydE and the 

maturase enzyme HydF must still be resolved, including how the electronic structure evolves as 

two [Fe(II)(CN)(CO)2(cysteinate)]- synthons are activated for dimerization by  HydE, and as the 

azadithiolate bridge is installed in the final completion of the H-cluster. 
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4.4. Preparation of 57Fe SynB 

 

Scheme 4.4.1. Preparation of 57Fe SynB 

 

4.4.1. 57FeBr2   

57FeBr2 was prepared by a modified procedure30.   A 100 mL Schlenk flask was charged 

with 57Fe metal powder (1.75 mmol, 100 mg) and 20 mL degassed MeOH in a glovebox. To this 

was added degassed HBr (10.5 mmol, 1.2 mL, 48% aqueous). The mixture was allowed to heat 

at 60 °C under N2 atmosphere. A light-yellow homogenous solution was obtained after 

overnight, at which point iron particles were completely consumed. The solvents were removed 

under vacuum at 60 °C. The resulting orange solid, 57Fe(MeOH)6Br2, was further heated at 160 

57Fe
HBr (aq. 48%)

57FeBr2

57FeBr2

3.0 equiv 
K/anthracene

[57Fe(anthracene)2]-
CO

K2
57Fe2(CO)8

57Fe3(CO)12

100 mg 370 mg/99%

215 mg 63 mg/37%

57Fe3(CO)12
UV under CO

57Fe(CO)5

1) NaHMDS
THF

2) Et4NBr
MeCN

Et4N[57Fe(CO)4(CN)]

36.7 mg 61 mg/86%

Et4N[57Fe(CO)4(CN)]

AgBF4

1.0 equiv I2

L-cysteine
2.0 equiv KOH

K2cys

Et4N[57FeI2(CO)3(CN)]

[57Fe]syn-B

MeOH

THF THF Et2O

THF

MeOH

MeOH
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°C in an oil bath under vacuum for 5 h to remove coordinating MeOH. Oily residue adsorbed on 

the interior wall of the flask was carefully washed down to the bottom with THF in the glovebox 

and the mixture was subject to heating at 160 C° under vacuum again to afford a bright-yellow 

solid of anhydrous 57FeBr2 (370 mg, 99%). 

4.4.2. K2
57Fe2(CO)8 

K2
57Fe2(CO)8 was prepared by a modified procedure31, 32. In a 20 mL vial, freshly cut 

potassium (3.6 mmol, 141 mg) was stirred with anthracene (3.6 mmol, 641 mg) in dry THF (18 

mL) overnight, leaving a deep blue solution. In a separate 20 mL vial, 57FeBr2 (1 mmol, 215 mg) 

was stirred in THF (4 mL) overnight to prepare a pale suspension. The above two solutions were 

respectively transferred to 100 mL round-bottomed flasks and cooled to -78 °C. At this 

temperature, the suspension of 57FeBr2 was cannula transferred to the solution of potassium 

anthracene slowly. The resulting dark solution (∼ 50 mL) was allowed to warm to room 

temperature gradually over a course of 5 h. A dark brown solution of K[57Fe(anthracene)2] was 

formed and then subject to a cooling bath at -78 C°. Dry CO (99.999%) was bubbled into the 

solution at this temperature for 1.5 h. After that, a CO balloon (1.5 L) was attached to the 

headspace of the flask to keep a constant atmosphere of CO. The reaction mixture was allowed 

to warm to room temperature overnight, producing a blackish-grey suspension. Et2O (50 mL) 

was added to the suspension to cause a precipitation. The mixture was filtered via an M frit to 

give a black solid, which was rinsed with THF/Et2O (1:1, 80 mL) three times to completely 

remove anthracene. After vacuum drying, a grey solid (400 mg) was obtained. The solid contains 

both crude K2
57Fe2(CO)8 and KBr, which was good enough for the following oxidation reaction 

(since the KBr salt was not redox active). 
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4.4.3. 57Fe3(CO)12  

Fe3(CO)12 was prepared by a modified procedure33.  The solid (400 mg) containing 

K2
57Fe2(CO)8 and KBr was ground to a fine powder and then stirred in Et2O (20 mL) to give a grey 

suspension. In a separate flask, excess AgBF4 (3.2 mmol, 624 mg) was dissolved in Et2O (30 mL). 

To this clear solution was added the above grey suspension, causing an immediate color change 

from colorless to greenish black. After vigorously stirring for 2 h, the reaction mixture was filtered 

via a pad of silica gel in a glovebox to remove inorganic metal particles and salts (Ag metal, AgBF4, 

KBr, and KBF4). The green filtrate was concentrated to dryness, affording a black solid of 

57Fe3(CO)12 (63 mg/37% isolated yield based on Fe). The FT-IR spectrum of 57Fe3(CO)12 was 

consistent with that reported for Fe3(CO)12 (Figure 4.4.3.1.). 57Fe3(CO)12 was further confirmed by 

the high resolution EI mass spectroscopy (HR-MS calculated for [M]+: 506.7455, found: 506.7452) 

(Figure 4.4.3.2.). 
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Figure 4.4.3.1. IR spectrum of 57Fe3(CO)12 in a THF solution at 22 °C. 
 

 

Figure 4.4.3.2. HR-MS spectrum of 57Fe3(CO)12. 
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4.4.4. 57Fe(CO)5 (in THF)  

Fe(CO)5 was prepared in laboratories before34, 35.  However, the reported procedures 

required the use of hydrogen gas either at high temperature or high pressure, which was not 

readily available in common synthetic labs. Herein we developed a facile method to prepare 

Fe(CO)5 at ambient conditions. In a 100 mL round-bottomed flask, 57Fe3(CO)12 (0.072 mmol, 

36.7 mg) was dissolved in THF (40 mL). The green solution was sparged with dry CO for 0.5 h 

and then irradiated with UV light (254 nm). UV irradiation was stopped when the color turned to 

orange (∼ 1.5 h), at which point a clean solution of 57Fe(CO)5 was afforded. 57Fe(CO)5 was 

confirmed by FT-IR and the yield was determined by external standard calibration (98% based 

on Fe) (Figure 4.4.4.1. and Figure 4.4.4.2.). The orange solution was brought into the glovebox 

and dried over molecular sieves (4Å, 10% w/v) at room temperature for 24 h to obtain a 

moisture-free solution of 57Fe(CO)5. 57Fe(CO)5 was not separated from the solvent and used as in 

the solution. Note: A glass stopper instead of rubber septum is recommended for sealing the flask 

with aid of grease during drying. 
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Figure 4.4.4.1. IR spectra of 57Fe(CO)5 in THF solutions with varied concentrations at 22 °C. 
 

 

Figure 4.4.4.2. Calibration plot of concentration of 57Fe(CO)5 and peak area. 
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4.4.5. Et4N[57Fe(CO)4(CN)]  

Et4N[57Fe(CO)4(CN)] was prepared by a modified procedure36.  To the orange solution of 

57Fe(CO)5 (0.21 mmol) was added NaN(SiMe3)2 (0.23 mmol, 43 mg) in THF. The reaction 

mixture was stirred at room temperature overnight. The reaction was also monitored by infrared 

spectroscopy. When 57Fe(CO)5 was fully consumed (in ∼ 4 h), the solvents were evaporated 

under vacuum. The residue was dissolved in MeCN (40 mL), to which Et4NBr (0.26 mmol, 55 

mg) was added. The reaction mixture was kept stirring overnight. This cation exchange reaction 

was also monitored by the diagnostic peak of CN- on FT-IR. When the reaction was going on, 

the peak at 2120 cm-1 weakened while a new peak at 2109 cm-1 grew in (The difference indicates 

a weak interaction between Na+ and coordinating CN-). The reaction was stopped when the peak 

at 2120 cm-1 completely disappeared. The solvent was removed under vacuum. The resulting 

residue was re-dissolved in THF and filtered via an M frit to remove NaBr. The filtrate was 

subject to vacuum drying, leaving a light-orange solid with a trace of oily species. High 

resolution negative-ion ESI mass spectrum (Figure 4.4.5.1) showed an intense peak for a sum of 

[57Fe(CO)4(CN)]- and (Me3Si)2O (Calcd for {57Fe(CO)4(CN)[(Me3Si)2O]}-: 357.0077, found: 

357.0078). Then the solid was stirred in a mixed solvent of pentane and Et2O (5:1) for 2 h. The 

clear top solution containing (Me3Si)2O was decanted and the remaining solid was subject to 

vacuum drying, leaving an orange solid of Et4N[57Fe(CO)4(CN)] (61 mg/86%). The FT-IR 

spectrum of Et4N[57Fe(CO)4(CN)] (Figure 4.4.5.2) was consistent with that reported for natural-

abundance Et4N[Fe(CO)4(CN)]. 
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Figure 4.4.5.1. Negative-ion ESI mass spectrum of Et4N[57Fe(CO)4(CN)]. 
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Figure 4.4.5.2. IR spectra of dried 57Fe(CO)5, Na[57Fe(CO)4(CN)] and Et4N[Fe(CO)4(CN)] in 

THF solutions at 22 °C. 

 

4.4.6. 57Fe Syn-B  

57Fe Syn-B was prepared by a reported procedure for its natural-abundance Syn-B21.  We 

would like to emphasize that a freshly-made, clean Et4N[57FeI2(CO)3(CN)] from the reaction of 

Et4N[57Fe(CO)4(CN)] and I2 is the key to the whole route. For this step, a dilute reaction solution, 

vigorous stirring and slow addition of I2 solution with a pressure-equalizing dropping funnel is 

strongly recommended. The FT-IR spectrum of 57Fe Syn-B (Figure 4.4.6.1) was consistent with 

that reported for natural-abundance Syn-B. 
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Figure 4.4.6.1. IR spectra of Syn-B and 57Fe Syn-B in MeOH at 22 °C. 
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Chapter 5 
 
Electron Paramagnetic Resonance (EPR) characterization of Actinide 
Compounds and Free Radicals 
 
5.1. Introduction to EPR of heavy elements 
 

On the periodic table Lanthanides occupy atomic numbers Z = 58 through Z = 71, 

generally having the electronic ground state [Xe]4fn5s25p6 (where n varies between 1 and 14).  

The paramagnetism of Lanthanides arises from the 4fn subshell, giving its unique magnetic 

properties.  The 4f subshell is physically more internal, exposing the electrons in this subshell to 

high effective nuclear charge, which increases spin-orbit coupling and hyperfine interactions.1  

This internal positioning also causes the electrons to interact less with ligands if the Lathanide 

nuclei is part of a complex.  The following row on the periodic table includes Actinides which 

occupy atomic numbers Z = 90 through Z = 103, typically having the electronic ground state 

[Rn]5fn6s26p6.  It is important to note there are deviations from these general electronic ground 

states for specific elements in the Lanthanide and Actinide series.  Actinides contain similar 

magnetic properties to Lanthanides, though the 5f orbital is less internal.  The core electrons in 

Actinides shield 5f electrons to a greater extent than 4f orbitals, reducing the effective nuclear 

charge and making them easier to oxidize.  The 5f subshell being less internal also interacts 

more strongly with ligands when part of a complex.  These properties for unpaired electrons in 

Lanthanides and Actinides determine the observable transitions in magnetic spectra such as EPR 

and susceptibility measurements.     

 Lanthanides, and in some cases Actinide compound’s, magnetic characteristics are well 

described by (L,S) Russell-Saunders coupling.2  Here the (L,S)-coupling energy levels can be 

identified by the total angular momentum J = L + S of the ion.  The value of J varies from Jmin = 
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|L-S| to Jmax = |L+S|.  Each value of J is associated with a (L,S,J) multiplet, which has (2J+1) 

states, and the magnetic moment can be written as  μ = -gLandéβ J.   

 

5.2.  Uranium(II) that acts like a Uranium (I) Synthon Introduction 
 

Uranium is the heaviest Actinide that can be described by the (L,S) coupling scheme.3  

Uranium commonly forms ions with the oxidation states +3, +4, +5, and +6 but only recently has 

it been isolated in a molecular form with a +2 oxidation state.  Uranium (II) can be described 

with S = 2, L = 6, J = 4 and a 5I4 ground state term.  Depending on the supporting ligands and 

molecular symmetry, Uranium (II) can been observed with a [Rn]5f4 ground state or a [Rn]5f36d1 

ground state as determined by EPR spectroscopy, magnetic measurements, and DFT 

calculations.4, 5  Uranium (II) complexes produced to date have been supported by 

cyclopentadienes6-9, amides9, 10, and aryloxides11, 12.  Though overall Uranium (II) complexes 

remain rare due to their instability, with many of their reactive properties still being unknown.  It 

was the goal then of Straub et al to introduce a ligand system that could act as a σ-donor and :-

acceptor, facilitating the stabilization of structurally related uranium complexes across multiple 

oxidation states to better understand single and multielectron reactivity.  Straub et al chose to use 

an amidate ligand with an N-aryl substituent, a ligand capable of binding to the metal center 

through a tethered arene moiety in addition to N- and O-donor sites.13  This work allowed for the 

isolation of new actinide arene complexes, including a U(II) bis(arene) complex containing a 

monoreduced arene ligand.  The following was work completed as a collaboration, with 

compounds produced at UC Berekeley and the EPR spectroscopy completed at UC Davis.  
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5.2.1. Uranium(II) that acts like a Uranium (I) Synthon 
 

 
 
 
Scheme 5.2.1.  Synthesis of the Uranium Mono(arene) Complex U(TDA)3 (2) and the Uranium 

Bis(Arene) Complex [K[2.2.2]cryptand][U(TDA)2] (3) by two-electron reduction of 2.14   

 

 The following compounds were prepared at UC Berkeley by Mark Straub, sealed in EPR 

tubes with glass wool and grease under nitrogen atmosphere and frozen in liquid nitrogen.  

Previously published results show that reduction of an eight-coordinate U(IV) amidate U(TDA)4 

with KC8, in the presence of 18-crown-6, gives a four-coordinate U(III) anion [K(18-crown-

6)][U(TDA)4] with all four amidate ligands undergoing a change in coordination mode from k2-

O,N to k1-O upon reduction.15  Using this U(III) complex as starting material, it was speculated 

that lower valent states should be accessible.  Starting with U(N(SiMe3)2)3, protonolysis by 3 

equivalents of H(TDA) gives a dark purple product 2 (Scheme 5.2.1.).  Addition of excess KC8 

and [2.2.2]cryptand to a THF solution of 2 at -40ºC resulted in a color change from dark purple 

to dark brown, the product compound [K[2.2.2]cryptand][U(TDA)2](3).     
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Figure 5.2.1.  X-ray crystal structures of 2 (left) and 3 (right) with 50% probability ellipsoids.  

Hydrogen atoms and [K[2.2.2]cryptand]+ are omitted, and isopropyl groups are shown as capped 

sticks.14   

 

 The crystal structure of 2 (Figure 5.2.1.) shows that the six carbons of the bound arene 

adopt a planar geometry with U-C bond distances between 2.899(2) to 2.988(2) Å and C-C bond 

lengths of 1.390(3) to 1.423(3) Å.  The uranium-centroid distance of 2.602(2) Å is consistent 

with Uranium (III) arenes.16  Torsion angles for the bound arene formed by the C-C bonds on 

opposite sides of the arene, range from 2.5(2)° to 5.0(2)° which suggests that no significant 

reduced character is present.  U-O and U-N distances of 2.310(2) to 2.347(2) Å and 2.581(2) to 

2.652(2) Å, respectively, for the amidates in 2 are similar to corresponding distances for k2-O,N 

and k1-O amidates in U(TDA)4 and 1-crown.15 

 The crystal structure of 3 (Figure 5.2.1.) shows that [U(TDA)2]- possesses approximately 

C2 symmetry in the solid state; though of the two arenes, which are bound in an (6 fashion to the 

uranium center, one (comprised of carbon atoms C1-C6) is slightly distorted.  C2 and C5 have 

U-C distances of 2.595(6) and 2.604(5) Å, respectively, whereas the remaining carbons in that 

arene are 0.12 Å farther from the uranium center.  Additionally, the C1-C6 and C3-C4 bonds are 
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slightly shortened relative to the remaining arene C-C bonds, which have torsion angles of 

11.5(4)° and 15.5(4)°.  These values are consistent with the typical range for a monoreduced 

arene ligand.17  In contrast to this, the other bound arene (C18-C23) adopts a planar geometry, 

with U-C distances of 2.706(6) to 2.763(6) Å and C-C bond lengths of 1.389(7) to 1.440(6) Å.  

The torsion angles in this arene are minimal, suggesting that this ligand possesses no significant 

reduced character in the solid state.  U-centroid distances are 2.274(6) and 2.334(6) Å for the 

distorted and undistorted arenes, respectively; this contraction of ~0.3 Å from the U-centroid 

distance of 2 is consistent with increased U-arene back-bonding upon reduction.10        		 

 
5.2.2. EPR of Uranium(II) that acts like a Uranium (I) Synthon 
 

EPR spectroscopy was performed to identify the oxidation state of uranium in 2 and 3.  

Continuous wave (CW) X-band EPR of a powdered sample of 2 shows a rhombic system with 

effective g-values of [3.605 1.264 0.626] giving a giso = 2.24 (Figure 5.2.2.1. and 5.2.2.3.).  These 

g-values are consistent with other uranium (III) complexes previously reported with large orbital 

momentum.18-20   The splitting in the EPR spectrum of 2 is too large to be accounted for by nuclear 

hyperfine interactions, and is likely the result of dipolar and/or exchange interactions between 

molecules in the solid state.  Measurements on solution samples did not exhibit such splitting, 

suggesting that it is intermolecular in origin.   

The EPR spectrum of 3 features a sharp, intense peak centered at 330 mT (Figures 5.2.2.2. 

and 5.2.2.4.).  This signal can be well simulated as an S = 1/2 spin system with g = [2.042 2.021 

2.013].  This signal persists at temperatures as high as 40 K (Figure 5.2.2.5.), indicating that the 

spin relaxation time is relatively long, which is characteristic of an organic radical.  We attribute 

this signal to an arene ligand radical in 3.  The overall change in signal upon reduction of 2 to give 

3 suggests that the uranium center is reduced to a nonmagnetic (5f4) ground state, with an EPR-
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silent integer spin, S = 2.  No other signals can be seen in 3 by EPR in the X-band, including an S 

= 3/2 signal from a coupled metal-ligand system.  Parallel-mode X-band CW-EPR of 3 was unable 

to reveal any integer spin signals that could be attributed to the uranium center, likely due to the 

low symmetry of 3 (Figure 5.2.2.4.).  The behavior of the Uranium (II) ion in 3 (i.e., EPR 

nonactive) is fully consistent with the discovery and characterization of the related Uranium (II) 

arene complexes reported by Odom and co-workers and by Meyer and co-workers.  The absence 

of transitions between spin states at 5 K indicates that the low-lying excited states are well 

separated, such that only a signal from the ligand radical is observed.   

Compound 3 was additionally probed by high-field, high-frequency EPR at 130 GHz.  An 

echo-detected field-sweep EPR spectrum of 3 measured at 4.5 K features an almost-axial signal 

arising from an S = 1/2 spin that is well simulated by g = [2.042 2.022 2.019] (Figure 5.2.2.6.), in 

close agreement with g parameters of the radical ligand extracted from the X-band spectrum.  The 

deviation of the g factor from the free-electron g value (ge = 2.002) indicates anisotropy, 

confirming the proximity of the radical to the heavy uranium center bearing significant spin-orbit 

coupling.21 No uranium-based signals were observed in echo-detected EPR at 4.5 K using 130 

GHz irradiation, precluding further analysis of the electronic structure of 3. Overall, EPR 

measurements indicate that the two-electron reduction of 2 by KC8 results in a one-electron 

reduction of the metal center to give an integer spin S = 2 uranium(II) center and a one-electron 

reduction of the ligand to give an S = 1/2 arene radical, and that the Uranium (II) atom and arene 

are decoupled in the ground state.    
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Figure 5.2.2.1. X-band (9.7 GHz) CW-EPR spectrum of a solid sample of 2 in perpendicular mode.  

Conditions:  temperature, 5K; microwave power, 0.2 mW; modulation amplitude 0.8 mT. 
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Figure 5.2.2.2.  X-band (9.4 GHz) CW-EPR spectrum of a solid sample of 3 (black trace) in 

perpendicular mode.  Simulated (red trace) with S = 1/2 spin system, g = [2.042 2.021 2.013], and 

gStrain = [0.019 0.022 0.021].  Conditions: temperature = 5K; microwave power = 0.2 mW; 

modulation amplitude = 0.5 mT.   
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Figure 5.2.2.3. (Top) X-band (9.7 GHz) CW-EPR in perpendicular mode of 2.  (Bottom) X-

band (9.4 GHz) CW-EPR in parallel mode of 2.  Conditions: temperature, 5K; microwave 

power, 0.2 mW; modulation amplitude 0.8 mT. 

 

 



 136 

 

Figure 5.2.2.4. (Top) X-band (9.7 GHz) CW-EPR in perpendicular mode of 3.  (Bottom) X-

band (9.4 GHz) CW-EPR in parallel mode of 3.  Conditions: temperature, 5K; microwave 

power, 0.2 mW; modulation amplitude, 0.5 mT. 
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Figure 5.2.2.5. X-band (9.4 GHz) CW-EPR in perpendicular mode of 3.  Conditions:  

temperature, 10K, 20K, 30K, 40K; microwave power, 0.2 mW; modulation amplitude, 0.5 mT.     
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Figure 5.2.2.6. (Top) Field-swept echo-detected EPR spectrum of 3 measured at 130 GHz, 4.5 K 

(black line). Red line depicts simulation using S = 1/2, g = [2.042 2.022 2.019], gStrain = [0.005 

0.010 0.002]. (Bottom) Derivative-like spectrum generated from pseudo-modulation of the echo-

detected spectrum (black line) and its corresponding simulation (red line). Pseudo-modulation 

amplitude, 1 mT. 
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5.2.3. EPR of Uranium(II) that acts like a Uranium (I) Synthon Discussion 
 

 Overall, the work of Straub et al displayed the successful synthesis of uranium bis(amidate) 

complex with two tethered arene ligands (3) by two-electron reduction of the amidate-supported 

Uranium (III) mono(arene) 2.  Complex 3 was characterized to be a Uranium (II) complex with an 

overall monoreduced arene ligand framework based on strong evidence from crystal structure data 

and EPR spectroscopy.  Additional evidence not discussed here included SQUID magnetometry 

and quantum chemical calculations.14        

 
5.3. Introduction to EPR Spectroscopy of Free Radicals  
 
 For many radicals in solution, their half-life is long enough to allow for their study by 

CW EPR even at room temperature.  These transient radicals can also be studied by rapid freeze 

quench along the reaction pathway.  The unpaired electron on the free radical molecule will 

likely interact with nuclei that contain nuclear spin I = ½, such as 1H, 13C or I = 1 such as 14N 

(Section 1.1.2.).  Therefore, analyzing the hyperfine pattern of the EPR spectrum can serve to 

locate the spin population on the molecule.  In the case where the unpaired electron interacts 

with two equivalent nuclei of spin of I1 = I2 = ½, the number of ways the three possible values of 

ΔE can be obtained is (1:2:1).  These numbers determine the relative intensities of the three 

hyperfine lines in the spectrum.  As the number of nuclei (n) increases with nuclear spin (I) the 

multiplet seen can be predicted by 2nI + 1.  This relationship for a growing number of hyperfine 

lines is known as “Pascal’s triangle” and is useful in predicting splitting patterns for simple free 

radicals with equivalent nuclei (Figure 5.3.).22  Although many free radicals contain inequivalent 

nuclei making the relationship less straight forward.   
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5.3.1. Generating DABCO Free Radicals 
 

 
Scheme 5.3.1.  Generation of free DABCO radical(s) 
 
 
  Heterocyclic structures, including Piperazine, are highly sought after in small molecule 

design and oligomers.23-27  Piperazine is often incorporated into small molecule drugs28-33, 

including anticancer agents.34, 35  Piperazine is also widely built into materials with polymer 

chemistry.  The utility of this functional group motivated the work by Baldauf et al to seek out 

efficient synthetic routes to generating this piperazine moiety.  The approach chosen would be to 

cleave DABCO (1,4-diazobicyclo[2.2.2]octane) molecules (Scheme 5.3.1.), to eventually give 

the resulting piperazine structure.  Initiated by oxidation, DABCO is capable of two types of 

bond cleavage: breaking the weaker C-N bond or the more stable C-C σ-bond.  Oxidation of 

DABCO into a DABCO•+ radical followed by fragmentation was first demonstrated using ClO2 

and HOCl as oxidizing agents.36  The first evidence of DABCO•+ radicals in solution was 

reported by McKinney and Geske in 1965, showing the unexpected delocalization of the radical 

across the whole molecule and the two nitrogen atoms.37  Hoffman and others have shown that 

this unlikely delocalization could be the result of “pseudo-conjugation” from quick cleavage and 

reformation of one of the ethylene bridges.38-43  In the work by Baldauf et al, SbCl5 was used as 

an oxidant under anaerobic conditions to generate transient DABCO•+ radicals on path towards 

products containing piperazine functional groups.   
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5.3.2. X-band CW EPR of DABCO Free Radicals 
 
 

EPR was performed to observe evidence of any paramagnetic intermediates along the 

reaction pathway.  A sample of DABCO in dry acetonitrile was frozen shortly (within 10 

seconds) after the addition of SbCl5, having a visible deep red color.  The X-band CW EPR 

spectrum of this sample at 100K (Figure 6A, top trace) displays a signal centered at g = 2.009, 

indicating the presence of an organic radical species.  Cryo-annealing of the EPR sample at 228 

K over a period of 10s leads to gradually decreased EPR signal intensity (Figure 5.3.2.), 

accompanied by the disappearance of the dark red color. The final reaction mixture shows a faint 

yellow color and has barely observable EPR features.  These CW-EPR spectra recorded have a 

strong resemblance to those previous published by Shida et al. (1978)43, in which frozen DABCO 

samples were irradiated with ɣ-rays to produce cation radicals.   
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Figure 5.3.2.  X-band CW EPR of DABCO with SbCl5 at various time points along the reaction 

pathway, from top to bottom.  The parameters for X-band CW EPR are: temperature, 100K; 

microwave power, 0.2 mW; modulation amplitude, 0.2 mT. 
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5.3.3. Pulsed ENDOR of DABCO Radical Intermediate Species 
 

Q-band Davies ENDOR was used to assign the source and strength of the hyperfine 

observed in the X-band CW spectra. The reaction sample quenched at 10 s shows only one set of 

near isotropic 1H hyperfine coupling, simulated with a 1H = 21.5 MHz (Figure 5.3.3.1.). This 

reaction was a pale yellow when frozen.  The reaction sample quenched earlier in the reaction at 

5 s shows additional ENDOR features that can be simulated with two additional sets of near 

isotropic 1H hyperfine couplings of 26 and 15 MHz with equal intensities (Figure 5.3.3.2.). This 

reaction, unlike the previous sample, was a mixture of deep red and orange. We rationalize that 

these ENDOR signals correspond to two different radical species, one containing two chemically 

different 1H environments formed at the beginning of the reaction pathway, and the other one 

with a uniform 1H environment and appearing at a later time point. 

 

Figure 5.3.3.1.   Q-band Davies-ENDOR of DABCO reaction mixture quenched at 10 seconds 

showing one 1H hyperfine coupling.  Parameters for Q-band Davies-ENDOR measurements are 

temperature, 10K; +/2,	12	ns;	/	=	300	ns;	inversion	pulse	,	80	ns;	radio	frequency	pulse,	15	

µs.      
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Figure 5.3.3.2.  Q-band Davies-ENDOR of DABCO reaction mixture quenched at 5 seconds 

showing three sets of 1H hyperfine couplings.  Parameters for Q-band Davies-ENDOR 

measurements are temperature, 10K; +/2,	12	ns;	/	=	300	ns;	inversion	pulse	,	80	ns;	radio	

frequency	pulse,	15	µs.      
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5.3.4. Simulating X-band CW EPR of DABCO Radicals 

 Indeed, the CW EPR spectra can be simulated using two proposed species and their 

ENDOR-detected 1H hyperfine values (Figure 5.3.4.). The first radical species contains equal 

hyperfine contribution from twelve 1H (a = 21.5 MHz) and two 14N (a = 22 MHz) nuclei. On the 

contrary, the second radical species has contributions from two sets of 6x1H with a = 26 and 15 

MHz, respectively, and 2 distinct 14N nuclei with a = 48 and 4 MHz, respectively.  In summary, 

the EPR data suggests that propagation of the reaction pathway sees the existence of at least two 

DABCO•+ organic radicals: one that is nearly delocalized (Figure 5.3.3.1., Figure 5.3.3.2., 

Figure 5.3.4.) with equal hyperfine values and the second localized close to one of the two 

nitrogen atoms on the molecule (Figure 5.3.3.2., Figure 5.3.4.).    
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Figure 5.3.4.  Top: CW EPR of the DABCO•+ radical species (black trace) and total simulation 

(magenta trace).  Middle: Delocalized DABCO•+ radical simulation g = [2.007, 1.997], 12 x1H  A 

= [21.5, 21.5] MHz, 2 x 14N  A = [22, 22] MHz (red trace).  Bottom: Localized DABCO•+ radical 

simulation g = [2.008, 1.999], 6 x 1H A = [26, 26] MHz, 6 x 1H A = [15, 15] MHz, 1 x 14N  A = 

[48, 48] MHz, 1 x 14N  A = [4, 4] MHz (blue trace).  The parameters for X-band CW EPR are: 

temperature, 100K; microwave power, 0.2 mW; modulation amplitude, 0.2 mT. 
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5.4. Materials and Methods 
 

EPR spectroscopy was performed in the CalEPR center in the Department of Chemistry, 

University of California at Davis.  X-band continuous wave (CW) EPR spectroscopy was carried 

out on the Bruker Biospin EleXsys E500 spectrometer with a super high Q resonator 

(ER4122SHQE) in perpendicular mode and dual mode cavity (ER4116DM) in both perpendicular 

and parallel modes.  All CW-EPR spectra were recorded on solid samples under slow-passage, 

non-saturating conditions.  Spectrometer settings were: conversion time, 40 ms; modulation 

amplitude, 0.5 – 0.8 mT; modulation frequency, 100 kHz; and other settings as indicated in figure 

captions.  High-field, high-frequency EPR spectrum was measured at a temperature of 4.5 K using 

a home-built 130 GHz EPR spectrometer equipped with an Oxford-CF935 liquid helium cryostat 

as described previously.5 Magnetic field-swept echo-detected EPR spectrum was acquired using 

the Hahn echo pulse sequence: π/2 – τ – π – echo, with a π/2 pulse duration of 40 ns, τ of 250 ns, π 

pulse of 80 ns.  Simulations of the EPR data were performed using EasySpin toolbox6 in Matlab 

software. 
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