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List of Figures

Figure 1.1. Structure of the oxymyoglobin (PDB: 1A6M). Fe is shown as an orange
sphere, and O is shown as a red sphere. Dotted lines indicate H-bonds.

Figure 1.2. (A) Structure of the oxyhemerythrin (PDB: THMD). Fe is shown as an orange
sphere, and O is shown as a red sphere. Dotted lines indicate H-bonds. (B) Mechanism of
reversible O, binding in hemerythrin.

Figure 1.3. (A) Structure of the oxidized form of sMMOH (PDB: 1IMHY). Fe is shown as
an orange sphere, and O is shown as a red sphere. Dotted lines indicate H-bonds. (B)
Proposed mechanism of O; activation in sMMOH. Several proposed structures of
Intermediate Q are shown.

Figure 1.4. (A) Structure of the R2 subunit of class Ia RNR (PDB: 1PIY). Fe is shown as
an orange sphere, and O is shown as a red sphere. Dotted lines indicate H-bonds. (B)
Proposed mechanism of the tyrosine O—H bond cleavage by Intermediate X.

Figure 1.5. Structures of the RNR R2 Class Ic (PDB: 4M11I) and R2lox (PDB: 4HRO)
active sites. Fe is shown as an orange sphere, Mn is shown as a purple sphere, and O is
shown as a red sphere. Dotted lines indicate H-bonds.

Figure 1.6. The three general approaches to assemble bimetallic complexes: (A) self-
assembly, (B) dinucleating frameworks, and (C) stepwise, site-directed binding. White
squares represent open coordination sites.

Figure 1.7. Various examples of self-assembled diiron complexes. Works of Wieghardt
(A) and Lippard (B) to model the active site of hemerythrin initiated the next four decades
of investigation into bioinspired synthetic diiron systems. Que and Collins structurally
characterized a Fe""Fe"' (C) and Fe'Fe'" (D) species, respectively.

Figure 1.8. Various examples of bimetallic complexes in dinucleating frameworks,
including a diiron complex that catalyzes alkene oxidation by Kodera (A), a structurally
characterized u-1,2-perixodo diiron species by Suzuki (B), and dinucleating systems using a
pyrazolate linchpin group by Meyer (C and D).

Figure 1.9. Examples of heterobimetallic complexes synthesized zia the stepwise, site-
directing binding approach. Nam and Que bound a Sc™ ion to [(TMC)Fe"™(O)]*" at the
exogenous oxido ligand (A), while Lu (B), Thomas (C), and Heyduk (D) incorporated
pendant binding sites to assembly bimetallic compounds.

Figure 1.10. Structure of a picket fence porphyrin complex supporting an Fe—O, adduct.

Figure 1.11. Examples of mononuclear complexes with intramolecular H-bond
interactions, including Cu'—superoxido (A), Fe''~hydroxido (B), Ni"~hydride (C), and
Co"—hydrazine (D). H-bond interactions have also been found to facilitate reactivity,
including OH-rebound (E) and phenol O—H bond cleavage (F).
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Figure 1.12. The secondary coordination sphere facilitates the function, e.g., capturing
N:H, for activation by an Fe complex shown by Szymczak (A), and increased bimolecular
N-N coupling reactivity in a Mn""—nitrido complex in the presence of a modulated
electrostatic field shown by Yang (B).

Figure 1.13. Various examples of bimetallic complexes with intramolecular H-bond
interactions, including self-assembled species reported by Szymczak (A) and Fout (B), and
a dinucleating system by Meyer (C).

Figure 1.14. (A) Structure of [MST]*. (B) Stepwise assembly of [(15-c-5)LA"—(z-OH)—
M"poat]" complexes via the hydroxido ligand and S=O groups.

Figure 1.15. Structures of [(TMTACN)Fe"—(x-OH)-Fe""MST]"(A) and
[(TMEDA)(X)Fe"—(z-OH)—-Fe'"MST] complexes (B).

Figure 1.16. (A) Structure of [poat]”. (B) [Fe'poat(O)]” binds Group II metal adducts
(LA") via the oxido ligand and P=0O groups.

Figure 2.1. Different proposed structures for the “g10” species: (A) [Fe'Vpoat(OH)] from
metal oxidation; (B) [Fe" (poat)" (OH)] from ligand oxidation; (C) [Fe"(poat*)(OOH)™"]
from intramolecular O—O bond formation.

Figure 2.2. Thermal ellipsoid diagrams depicting the molecular structures of
{K;[Fe"poat(OH) },24THF (A) and {K[Fe"'poat(OH)]}. (C) by X-ray diffraction. The
[Fe"poat(OH)]* and [Fe"'poat(OH)]™ fragments are illustrated in (B) and (D), respectively.
Ellipsoids are drawn at the 50% probability level, and only the hydroxido H atoms are
shown for clarity.

Figure 2.3. EPR (A) and M6ssbauer (B) spectra of 1.6mM (K/18c6)["Fe'poat(OH)] in
1:1 DMF:THF (red plots). Experimental parameters: (A) microwaves, 0.2 mW at 9.645
GHz; temperature, 12 K; (B) magnetic field 45 mT parallel to y-ray direction, temperature,
4.2 K. The black lines are simulation for: S =5/2,D =1 cm™, E/D = 0.27, Asye = (-20, -
19,-19) T, 8 = 0.32 mm s, AEq = 0.92 mm s, n = 0.9.

Figure 2.4. Generation of the "g10" species from [Fe''poat(OH)]" (A). Parallel-mode
EPR spectrum (B) of the “g10” species generated from addition of [FeCp2|BF; to
K[Fe"poat(OH)]/18-c-6. Expetimental parameters: (A) concentration, 21.1-mM;
microwaves, 0.2 mW at 9.3 GHz; temperature, 15.4 K. The asterisk (*) indicates minor
high-spin ferric impurities.

Figure 2.5. Cyclic voltammograms of (A) K;[Fe"poat(OH)] in the absence of 18-c-6, and
(B) K;[Fe"poat(OH)] in the presence of 18-c-6. The cyclic voltammograms were collected
at 100 mV s in DMF.

Figure 2.6. Cyclic voltammograms of K[Fe"poat(OH)] in the presence of 18-c-6. (A) Full
window. (B) The more negative potential window. (C) The mid-potential window. (D)
The more positive potential window. The cyclic voltammograms were collected at 100 mV
s in DMF.

17

18

21

22

22

45

47

47

48

49

50



Figure 2.7. Thermal ellipsoid diagrams depicting the molecular structure of
{K[Ga"'poat(OH)] } by X-ray diffraction (A). The [Ga"'poat(OH)| fragment is illustrated
in (B). Ellipsoids are drawn at the 50% probability level, and only the hydroxido H atoms
are shown for clarity.

Figure 2.8. Cyclic voltammograms of K[Fe"'poat(OH)] (A) and K[Ga"'poat(OH)] (B) in
the absence of 18-c-6. The cyclic voltammograms were collected at 100 mV s in DMF.

Figure 2.9. Cyclic voltammograms of FeCp. (A), and FeCp; in the presence of 1.0
equivalent (B) and 2.0 equivalents (C) of K[Fe"'poat(OH)]/18-c-6. The reversibility of the
[FeCp2]*"" decreases in the presence of K[Fe"poat(OH)]/18-c-6. The cyclic
voltammograms were collected at 10 mV s in DMF.

Figure 2.10. EPR (A) and M6ssbauer (C) spectra of the “g10” species generated from
addition of 1.0 equivalent [FeCp2|BF, to (K/18c6)[Fe"'poat(OH)] in 1:1 DMF:THF (black
plots). The final concentration was 21.1-mM. The Mssbauer spectra for FeCp» (B, 130-
mM) and [FeCp,|BF, (D, 125-mM) are illustrated for comparison. The red traces are
simulations. The simulated M6ssbauer spectrum in C (red trace) is composed of three
species: a doublet with 8/AEq = 0.33/0.98 mm s™ (green solid trace); a doublet with
8/AEq = 0.61/0.26 mm s (purple solid trace); and a doublet with 8/AEq = 0.56/2.44
mm s (black dashed trace). The first two doublets are of equal concentration, and the last
doublet is a minor species (< 20 %, likely FeCp»). Experimental parameters: (A)
microwaves, 0.2 mW at 9.3 GHz; temperature, 15.4 K; (B, C, D) magnetic field 45> mT
parallel to y-ray direction; temperature, 4.2 K.

Figure 2.11. Thermal ellipsoid diagrams depicting the molecular structure of [poatFe™'—(u-

OH)-Fe"'—(u-OH)-Fe'"'poat]” by X-ray diffraction (A). The triiron core (with the phenyl
rings removed) is illustrated in (B). Ellipsoids are drawn at the 50% probability level, and
only the hydroxido H atoms are shown for clarity.

Figure 2.12. (A) The resting state of the oxygen evolving complex in Photosystem II
(PDB: 3WU2). Mn is shown as a purple sphere, Ca is shown as a turquoise sphere, and O
is shown as a red sphere. (B) One proposed structure for the S, intermediate in which the
key O—O bond formation takes place. (C) The orientation and proximity of the two
hydroxido ligands bound to a Lewis acidic Fe™ center in [poatFe"'—(u-OH)-Fe''—(u-
OH)-Fe"'poat]” provides an opportunity to synthetically model biological water oxidation.
(D) Proposed high-valent trinuclear Mn,Ca cluster to facilitate O—O bond formation.

Figure 3.1. Structures of [MST]* (A), [[TMTACN)M"—(z-OH)-Fe"MST]|* (B), and
[poat]® (C).

Figure 3.2. ESI-MS spectra of (A) [Zn"(O)Fe™]*, (B) [Cu"(OH)Fe™]", and (C)
[Ni"(OH)Fe]", with the simulated spectra given in grey.

Figure 3.3. Electronic absorbance spectra for (A) [Zn"(O)Fe™]" (black solid line), (B)
[Cu"(OH)Fe™]" (black dashed line), and (C) [Ni"(OH)Fe™]" (black dotted line)
complexes. Absorbance measurements were performed on a 0.10 mM CH2Cl; solution at
room temperature.
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Figure 3.4. FTIR spectra for [Zn"(OH)Fe"]" (A), [Cu"(OH)Fe"]|" (B), and
NI (OH)Fe']* (C).

Figure 3.5. Thermal ellipsoid diagrams depicting the molecular structures of (A)
[Zn"(O)Fe"]", (B) [Cu"(OH)Fe"]*, and (C) [Ni"(OH)Fe"'|" determined by X-ray
diffraction. Ellipsoids are shown at the 50% probability level, and only the hydroxido H
atoms are shown for clarity.

Figure 3.6. Cyclic voltammograms of (A) [Zn"(O)Fe™]", (B) [Cu"(OH)Fe"]*, and (C)

i e"']". The cyclic voltammograms were collected at 100 mV s™ in the presence
NI (OH)Fe'"]*. The cyclic vol o llected at 100 mV s in the p
of [FeCpa] () in CH,CL,

Figure 3.7. EPR spectra (red lines) and simulations (black lines) of (A) [Zn"(OH)Fe"']"
(B) [Cu"(OH)Fe™]*, and (C) [Ni"(OH)Fe'"']*. Sample concentrations: 5 mM in
CH,CL:THF. Instrumental conditions: temperature, 16 K; microwave frequency, 9.645
GHz, B: L B (A, C), 9.343 GHz, B, | | B (B); microwave power, 0.2 mW. See text for
simulation. parameters.

b

Figure 4.1. Electronic Absorbance spectra (black) for [Zn"(O)Fe™]" (A), [Cu"(O)Fe™]*

(B), and [Ni"(O)Fe™]" (C) complexes. The grey spectra cotrespond to the [Fe'Vpoat(O)]
starting synthon. Absorbance measurements were performed on a 0.20 mM DMEF:THF

solution at -60°C.

Figure 4.2. Electronic Absorbance spectra for the Fe'"Ni" species before (grey) and after
(black) the addition of the TMTACN capping ligand. Absorbance measurements were
performed on a 0.20 mM DMF:THF solution at -60 °C.

Figure 4.3. EPR spectra of [Zn"(O)Fe™*]" (A), [Cu"(O)Fe™]" (B), and [Ni"(O)Fe™]" in
DMF:THF. (A) and (C) were collected in the parallel-mode (microwave frequency 9.3
GHz); (B) was collected in the perpendicular-mode (9.6 GHz). (A) was measured at 15.9
K; (B) and (C) were measured at 17.4 K.

Figure 4.4. >’Fe Méssbauer spectra (black, collected at 4.2 K) of [Zn"(O)Fe]" (A),

[Cu"(O)Fe"™]" (B), and [Ni"(O)Fe"]" (C). Simulations of the Mossbauer spectra ate in red.

Asterisks (*) indicate ferric impurities (40 %).

Figure 5.1. (A) The proposed chemical structure of Intermediate X in RNR R2. (B)
Structure of [poat]”. (C) Structure of a generic [[TMTACN)Fe" —(x-O)-Fe™ poat]*

complex.

Figure 5.2. Electronic absorbance spectrum of [Fe"(OH)Fe"'poat]*. The spectrum was
collected in CH,Cl, at room temperature at a concentration of 0.10 mM.

Figure 5.3. FTIR spectra of [Fe"(OH)Fe'poat]* (A), [Fe" (O)Fe"Hpoat]*" (B), and
[Fe"(O)Fe"poat]” (C). The left panel shows the high energy region, and the right panel
shows the low energy region.

Figure 5.4. 1-mode EPR spectra of [Fe"(OH)Fe'poat]’. Spectra were collected at 5.9 K
in 5.0 mM CH,CI»THF.
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Figure 5.5. “Fe Mossbauer spectra (black) of ['Fe"(OH) ' Fe"'poat]” (A) and
[""Fe"(OH)*"Fe'"poat] (B) in PrCN at zero field. Spectrum A was collected at 100 K, and
spectrum B was collected at 4.2 K. Simulations of the M&ssbauer spectra are in red.

Figure 5.6. (A) Thermal ellipsoid diagram depicting the molecular structure of
[Fe"(OH)Fe"'poat]”. Ellipsoids are drawn at the 50 % probability level, and only the
hydroxido H atom is show for clarity. The triflate counter anion is outer-sphere and is not
interacting with the cation. (B) The methyl and phenyl groups are removed, and only the
diiron core is shown for clarity.

Figure 5.7. Cyclic voltammogram of [Fe"(OH)Fe'"poat]” collected at scan rate of 100 mV
s in in CH.Cl..

Figure 5.8. Electronic absorbance spectrum of [Fe"(OH)Fe''poat]. The spectrum was
collected in CH,Cl, at room temperature at a concentration of 0.10 mM.

Figure 5.9. ESI-MS spectra of [Fe" (O)Fe""Hpoat]** (A) and [Fe" (O)Fe'poat]* (B), with
the simulated spectra shown in (C) and (D), respectively.

Figure 5.10. Thermal ellipsoid diagram depicting the molecular structure of

[Fe" (O)Fe"Hpoat]*" (A) and [Fe"'(O)Fe"poat|” (C). Ellipsoids are drawn at the 50 %
probability level, and only the hydroxido and phosphinic amide H atoms are show for
clarity. The triflate counter anions are outer-sphere and are not interacting with the cation.
(B, D) The methyl and phenyl groups are removed, and only the diiron cores are shown
for clarity.

Figure 5.11. °’"Fe M6ssbauer spectrum (black) of ["Fe'"'(O)*"Fe"Hpoat]** as a solid
sample at zero field. Spectrum was collected at 4.2 K. Simulation of the Mossbauer
spectrum is in red.

Figure 5.12. “Fe Mossbauer spectra (black) of [*'Fe''(O)*"Fe'Hpoat]*" (A),
["Fe"'(OH)"Fe"'poat]** (B), and ['Fe"(O)"Fe'poat]” (C) in PrCN. Spectrum was
collected at 4.2 K. Simulations of the Mossbauer spectra are in red.

Figure 5.13. (A) Electronic absorbance spectra of [Fe"'(O)Fe"Hpoat]** (black) and

[Fe" (O)Fe'poat]” (red), with (B) showing the low energy features. (C) Electronic
absorbance spectra of the deprotonation of [Fe™ (O)Fe" Hpoat]*" before (black) and after
(red) the addition of NEt;, with (D) showing the changes in the low energy features. (E)
Electronic absorbance spectra of the protonation of [Fe" (O)Fe"poat]* before (red) and
after (black) the addition of [2,6-HLut]OTf, with (F) showing the changes in the low
energy features. Spectra were collected in CH,Cl, at room temperature at a concentration
of 0.10 mM.

Figure 5.14. (A) Electronic absorbance spectra of the chemical oxidation of
[Fe"(OH)Fe'"'poat]” before (grey) and after (black) the addition of [FeCp2]OTf at -80 °C,
with (B) showing the changes to the low energy features. (C) Electronic absorbance
spectra of the conversion of [Fe"(OH)Fe"poat]*" (black) to [Fe'(O)Fe" Hpoat]*" (red)
upon warming from -80 °C to room temperature, with (D) showing the changes to the
low energy features. The spectra were collected in CH,Cl, at a concentration of 0.10 mM.
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Figure 5.15. (A) Cyclic voltammogtram of [Fe''(O)Fe"'poat]* collected at scan rate of 1 V
s in in CH2Cl,. (B) Electronic spectrum of [Fe"(O)Fe poat]** at -90 °C. Spectrum
collected at 0.20 mM in CH,CL. (C) EPR spectrum (black) of the oxidation of

[Fe (O)Fe"poat]” collected at 10 K in CH2Cl,. Simulation for EPR spectrum is in red.
(D) *"Fe Mossbauer spectrum (black) of the oxidation of ["Fe'!(O)*'Fe™poat]* collected at
4.2 K and 0.45 kG in PrCN. The spectrum contains two species: [*'Fe"'(O)*"Fe'“poat]**
(green dotted trace, 85%) and an unknown differic species (black dashed line, 15%). The
summation of these two species gives the overall simulated plot (red).

Figure 5.16. (A) Electronic absorbance spectra of the reversible oxidation of

[Fe" (O)Fe"poat]* before (grey) and after (black) the addition of [N(p-CsH4Br)s|PFs, and
after the addition of FeCp; (red), with (B) showing the changes to the low energy features.
The spectra were collected in CH>Cl, at -90 °C at a concentration of 0.10 mM.

Figure 5.17. EPR spectra of the reversible oxidation of [Fe''(O)Fe"'poat|” before (A,
grey) and after (B, black) the addition of [N(p-CcH4Br)3|PFs, and after the addition of
FeCp: (C, red). Spectra were collected in CH>Cl, at 10 K.

Figure 5.18. (A) Electronic absorbance spectra of the conversion of [Fe" (O)Fe' poat]*
before (grey) and after (black) the addition of DPH at -90 °C, with (B) showing the
changes to the low energy features. (C) Electronic absorbance spectra of the conversion of
[Fe"(OH)Fe'poat]** (black) to [Fe"'(O)Fe"Hpoat]** (red) upon warming from -90 °C to
room temperature, with (D) showing the changes to the low energy features. The spectra
were collected in CH2Cl, at a concentration of 0.10 mM.

Figure 5.19. Gas chromatograms of (A) reaction between [Fe"'(O)Fe' poat]*" and DPH,
and (B) azobenzene standard. * indicates the oxidant byproduct (N(p-CsH4Br)s). (C) Mass
spectrum of the species detected t = 7.9 min in gas chromatography corresponds to
azobenzene (182.1 m/z).

Figure 5.20. NMR spectra of DPH standard (A), azobenzene standard (B), bulk reaction
of [Fe"(O)Fe"poat]*" and DPH (C), and N(p-CsHBr); standard (D). Spectra were
collected in CDCI; at room temperature. # indicates CHCl; solvent peak. * indicates
unknown impurities.

Figure 5.21. (A) Electronic absorbance spectra of the conversion of [Fe™ (O)Fe"poat]*
before (grey) and after (black) the addition of DTBP at -90 °C. (B) Electronic absorbance
spectra of the subsequent conversion of [Fe''(OH)Fe"poat]*" (black) to
[Fe"(O)Fe"Hpoat]** (red) upon warming from -90 °C to room temperature. (C) Time
trace of the decrease of the A, = 620 nm feature upon addition of DTBP. Spectra were
collected in CH,Cl, at a concentration of 0.23 mM.

Figure 5.22. EPR spectra of [Fe"(O)Fe"'poat]’ (A, grey), after the addition of [N(p-
CsH.Br);]PFs (B, black), then after the addition of 10 equiv of 2,6-Bu-PhOH (C, red).
Asterisk (*) indicates unreacted [Fe"'(O)FeVpoat]** (< 5 %). Spectra were collected in
CH:Cl at 77 K.
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Figure 5.23. Gas chromatograms of (A) the reaction between [Fe'(O)Fe'Vpoat]** and
DTBP, (B) diphenoquinone standard, and (C) bisphenol standard. The left panel contains
the full chromatograms, and the right panel contains the chromatograms at t = 12 to 15
min. * indicates unreacted DTBP, and # indicates the oxidant byproduct (N(p-CsH4Br)3).
(D) Mass spectrum of the species detected t =12.7 min in gas chromatography
corresponds to diphenoquinone (408.4 m/z). (E) Mass spectrum of the species detected t
= 12.9 min in gas chromatography corresponds to bisphenol (410.4 m/z).

Figure 6.1. Structures of the RNR R2 Class Ic (A, PDB: 4M1I) and R2lox (B, PDB:
4HRO) active sites. Fe is shown as an orange sphere, Mn is shown as a purple sphere, and
O is shown as a red sphere. Dotted lines indicate H-bonds.

Figure 6.2. (A) Preparation of [Fe"(OH)Mn"'poat]OTf. (B) Thermal ellipsoid diagrams
depicting the molecular structures of [Fe' (OH)Mn"'poat]” determined by X-ray
diffraction. Ellipsoids are shown at the 50% probability level, and only the hydroxido H
atom is shown for clarity.

Figure 6.3. (A) Electronic absorbance spectrum for [Fe"(OH)Mn'"'poat]* (1.0 mM
CH.Cl; solution at room temperature). (B) Cyclic voltammogram of [Fe"(OH)Mn"'poat]”
collected at 100 mV s in CH,Cl. Asterisk (*¥) indicates minor unknown impurities.

Figure 6.4. Thermal ellipsoid diagrams depicting the molecular structures of
[Fe"(O)Mn""Hpoat]** (A) and [Fe"'(O)Mn"'poat]” (B) determined by X-ray diffraction.
Ellipsoids are shown at the 50% probability level, and only the phosphinic amide H atom
is shown for clarity. The methyl and phenyl groups are removed in (C) and (D),
respectively, for clarity.

Figure 6.5. (A) Electronic absorbance spectra and (B, C) FT-IR spectra for
[Fe"(O)Mn""Hpoat]** (black) and [Fe" (O)Mn"'poat]" (blue). Electronic spectra were
collected at room temperature in a 0.10 mM CH,Cl, solution at room temperature. FT-IR
spectra are separated into the high (B) and low (C) energy regions for clarity. Asterick (¥)
indicates »(IN-H).

Figure 6.6. (A) UV-vis spectral changes before (grey) and after (black) the addition of
[2,6-HLu] OTf to [Fe!(O)Mnpoat]* (0.20 mM CH,CL solution at -60 °C). (B)

[Fe" (OH)Mn'"'poat]** (black) undergoes intramolecular proton transfer to generate
[Fe"(O)Mn""Hpoat]** (blue, 0.20 mM CH:Cl, solution at -60 °C).

Figure 6.7. 1-mode X-band (A, B, C) and S-band (D, E, F) EPR spectra of

[Fe"™ (O)Mn"'poat]" (A, D, 5.0 mM CH,CL), [Fe" (OH)Mn"'poat]** (B, E, 5.0 mM
CH,Cl), and [Fe"(O)Mn""Hpoat]** (C, F, 5.0 mM CH.Cl:THF). X-band (9.6 GHz)
spectra were collected at 17.4 K, and S-band (3.5 GHz) spectra were collected at 20.0 K.
Experimental spectra are in red, and simulated spectra are in black.

Figure 6.8. >’Fe Méssbauer spectra (black, collected at 4.2 K) of [Fe''(O)Mn"'poat]” at
0.45 kG (A), 1 kG (B), 10 kG (C), 40 kG (D), and 70 kG (E). Simulations of the

Moéssbauer spectra are in red.
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Figure 6.9. Cyclic voltammogram of [Fe"(O)Mn"'poat]* collected at 100 mV s in
CH.CL.

Figure 6.10. (A) Electronic absorbance spectrum for [Fe'(O)Mn' poat]** (0.2 mM

CH,CI solution at -60 °C). (B) Silent L-mode X-band EPR spectrum of

[Fe" (O)Mn"poat]** (collected at 16 K, CH>CL). The spectrum contains ~ 10 % unreacted
[Fe" (O)Mn"'poat]*. (C) *’"Fe Méssbauer spectrum (black, collected at 4.2 K) of

[Fe" (O)Mn'poat]** at 0.45 kG. The spectrum contains ~ 15 % unreacted

[Fe" (O)Mn"'poat]*. (D) *"Fe Méssbauer spectra (black, collected at 4.2 K) of
[Fe"(O)Mn"Vpoat]*" at variable magnetic fields (0.45, 10, 40, 70 kG). Simulation of the
Moéssbauer spectrum is in red.

Figure 6.11. (A) Electronic absorbance spectra before (grey) and after (black) the addition
of 5 equiv 4-MeO-PhOH to [Fe"'(O)Mn" poat]*” (0.2 mM CH,ClL solution at -60 °C). (B)
1-mode X-band EPR spectra before (grey) and after (black) the addition of 5 equiv 4-
MeO-PhOH to [Fe"(O)Mn"poat]** (5.0 mM CH:Cl; solution at -60 °C). EPR spectra
were collected at 16 K. (C) Gas chromatograph of the GC-MS analysis on the reaction
between [Fe"(O)Mn"poat]*" and 4-MeO-PhOH. The t = 10.2 min detection corresponds
to the bisphenol product. (D) Mass spectrum of the GC-MS analysis for the compound
detected at t = 10.2 min.

Figure 6.12. (A) Electronic absorbance spectrum of (p-MeO-CsH4);Ce, vza reduction of

the trityl cation using CpCp2 (0.10 mM CH,Cl; solution at room temperature). (B) L-mode

X-band EPR spectrum (collected at 103.6 K, black) of (p-MeO-CsHy)sCe, via reduction of

the trityl cation using CpCp2 (10 mM CH,Cl, solution at room temperature). Simulated

spectrum is in red. (C) Cyclic voltammogram of [(p-MeO-CH,)sC]" collected at 100 mV
1

s™ in CH.Cl..

Figure 6.13. Electronic absorbance spectra before (grey) and after (black) the addition of
(-MeO-CsH,)sCs to [Fe"(O)Mn"'poat]" (0.10 mM CH.CL solution at -60 °C).

Figure 7.1. Literature examples of mono- and dinuclear complexes containing
[Mn"TMTACN]: (A) [Mn" (TMTACN)(OMe)s]"; B) [[TMTACN)Mn" —(u-O)s—
Mn"(TMTACN)]**; (C) (B) [[TMTACN)Ct" —(1-O) (u-OAc)>-Mn" (TACN)]*".

Figure 7.2. (A) Molecular structure of [([TMTACN)Mn" —(u-OH)-Fe""MST]"; (B) Re-
design of [[TMTACN)Mn"" —(u-O(H))—-Fe™ poat]’” to access higher oxidation states.

Figure 7.3. Thermal ellipsoid diagrams depicting the molecular structures of
[Mn"(OH)Fe"'poat]” (A, B), [Mn"'(O)Fe""Hpoat]** (C, D), and [Mn"'(O)Fe"'poat]” (E, F)
determined by X-ray diffraction. Ellipsoids are shown at the 50% probability level, and
only the phosphinic amide H atom is shown for clarity. The methyl and phenyl groups are
removed in (B), (D), and (F) for clarity.

Figure 7.4. Electronic absorbance spectra: (A) [Mn"(OH)Fe"'poat]*; (B) overlay of
[Mn"'(O)Fe"'Hpoat]*" (black) and [Mn"'(O)Fe"'poat]” (red); (C) zoomed in spectra for
[Mn"'(O)Fe"Hpoat]*" (black) and [Mn"'(O)Fe"'poat]” (red). Spectra were collected at 0.10
mM concentration in CHCl, at room temperature.
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Figure 7.5. Variable-temperature //-mode EPR spectra of [[TMTACN)Mn"—(u-OH)—
Fe"'poat]” at 20, 39, 60, and 79 K. A new signal at g = 11.3 appears as measurement
temperature increases.

Figure 7.6. L-mode EPR spectra of [[TMTACN)Mn"'—(u-O)-Fe"'Hpoat]*" (A) and
[(TMTACN)Mn"'—(u-O)-Fe"'poat]” (B). Samples measured at 77 K in PrCN.

Figure 7.7. Cyclic voltammograms of [Mn"(OH)Fe"'poat]*: (A) full voltammogram; (B)
the redox processes IV and I for [Mn"""(OH)Fe"'poat]*”/* and [Mn"(OH)Fe"""poat]*";
(C) high potential region (VII and VI). All voltammograms collected in CH>Cl, at 100 mV
s™. The open circuit potential is indicated by +.

Figure 7.8. Cyclic voltammograms of [Mn"'(O)Fe"'Hpoat]*": (A) full voltammogram; (B)
the redox process VI for [Mn(O)FeHpoat]’*/[Mn" (O)Fe"'Hpoat]**; (C) redox processes
VII, VI, IV and III. All voltammograms collected at 100 mV s™ in CH,Cl,. The open
circuit potential is indicated by +.

Figure 7.9. Cyclic voltammograms of [Mn'"'(O)Fe"'poat]” in CH>Clz: (A) full
voltammogram; (B) the redox process V for [Mn(O)Fepoat]*"/[Mn"'(O)Fe"'poat]*; (C)
redox processes V, IV, III and II; (D) high potential region. (A), (C), and (D) were
collected at 100 mV s™; (B) was collected at 500 mV s™. The open circuit potential is
indicated by +.

Figure 7.10. Full cyclic voltammograms of [Mn"(OH)Fe"'poat]” (A),
[Mn"'(O)Fe"'Hpoat]** (B), and [Mn"'(O)Fe"'poat]” (C). All voltammograms collected at
100 mV s™ in CH2Cl,. The open circuit potential is indicated by +.

Figure 7.11. A compilation of electrochemically accessible [MnFepoat| species. The
complexes and arrows in black indicate chemically isolated/generated compounds and
reactions. The compounds and solid arrows in grey indicate electrochemically accessible
species and reactions. The dashed grey arrows indicate proposed reaction pathways.

Figure 7.12. 1-mode EPR spectra of the reversible oxidation reactions of
[Mn"'(O)Fe"'Hpoat]** and [Mn"'(O)Fe"'poat]" before (A, D) and after (B, E) the addition
of [N(p-CsH.Br);]PFq, and after (C, F) the subsequent addition of FeCp(CsH4COMe) and
FeCpo, respectively. Asterisks (*) indicate residual organic oxidants. Spectra were collected
at 77 K. Spectra (A-C) were prepared in CH>Cl, at 5 mM concentration; spectra (D-F)
were prepared in PrCN at 5 mM concentration.

Figure 7.13. Proposed new capping ligands [H21]*" (A) and BaDPA™ (B).

Figure 8.1. (A) A generic Kldui metal complex, in which M"" is supported by the two
equivalents of the ligand [Lrr]” = [CpCo™ {P(O)RR”}3]” (R, R’ = alkyl, aryl, alkoxyl). (B)
[Co"™ (P30s)]*"* complexes developed by Cummins.

Figure 8.2. (A) UV-vis spectral changes before (grey) and after (black) the addition of
Co"(OAC)2'4H:O to [Fe'Vpoat(O)]". Inset: low energy region. (B) L-mode X-Band EPR
spectrum (collected at 3.6 K) of [Co™'—(u-O)—Fe'"]. Inset: high field region. Asterisk (*¥)

indicates minor ferric impurity. (C) 1l—mode S-Band EPR spectrum (collected at 30 K) of
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[Co™—(u-O)—Fe™]. (D) Méssbauer spectrum (collected at 4.2 K) of [Co™'—(u-O)—Fe']
(black). Simulation of the Mossbauer spectrum is in red.

Figure 8.3. (A) Electronic absorbance spectrum for [Co"(OH)Fe"'poat]” (0.10 mM
CH.CI, solution at room temperature). (B) L-mode X-Band EPR spectrum (collected at
77 K) of [Co"(OH)Fe'poat]*. (C) Méssbauer spectrum (black, collected at 4.2 K) of
[Co"(OH)Fe"'poat]". Simulation of the Méssbauer spectrum is in red.

Figure 8.4. FTIR spectra for [Co"(OH)Fe"'poat]* (black) and [Co™ (OH)Fe"'poat]**
(blue). The high (A) and low (B) energy regions are shown separately for clarity. Asterisk
(*) indicates »(O—H).

Figure 8.5. Thermal ellipsoid diagrams depicting the molecular structures of (A)
[Co"(OH)Fe"poat]”, (B) [Co™(OH)Fe"'poat]* (preliminary), (C) [Co"(OH)Ga"'poat]",
and (D) [Co"™(OH)Ga"'poat]* determined by X-ray diffraction. Ellipsoids are shown at
the 50% probability level, and only the hydroxido H atoms are shown for clarity.

Figure 8.6. Cyclic voltammograms of (A) [Co"(OH)Fe"'poat]”, and (B)
[Co"(OH)Ga""poat]" collected at 100 mV s~ in CH,Cl..

Figure 8.7. (A) Electronic absorbance spectra of [Co™ (OH)Fe"poat]*” (0.10 mM CH.Cl,
solution at room temperature). (B) L—mode X-Band EPR spectra (collected at 77 K,
CH:CL) of [Co™(OH)Fe"poat]**, generated as an isolated product using AgOT¥ (top),
and 7z situ by chemical oxidation using [N (p-CsH4Br);]|PFs (bottom). (C) L—-mode X-Band
EPR spectra (collected at 77 K) of [Co™ (OH)Fe"poat]* (top, PrCN, 29 mM),
[Zn"(OH)Fe'"poat|* (middle, 1:1 CH.Cl;:THF, 5 mM), and [Mg"(OH)Fe"'poat]* (bottom,
1:1 CHoClxTHF, 5 mM). (D) Méssbauer spectrum (black, collected at 4.2 K) of
[Co™(OH)Fe"'poat]**. Simulation of the Mossbauer spectrum is in red.

Figure 8.8. (A) Electronic absorbance spectra for the deprotonation to
[Co™(O)Fepoat]”, before (grey) and after (black) the addition of TBD (0.10 mM CH,Cl,
solution at room temperature). (B) Electronic absorbance spectra for the reversible
deprotonation of [Co™(OH)Fe"'poat]**, before (grey), and after the addition of TBD
(black), then the addition of [2,6-HLut]OTTf (blue, 0.10 mM CH-Cl, solution at room

temperature). (C) 1—mode X-band and (D) S-band EPR spectra (black, collected at 17.4
and 20 K, respectively; CH.CL) of [Co™ (O)Fe'poat]* after the addition of TBD.
Simulated spectra are in red.

Figure 8.9. (A) Electronic absorbance spectrum for [Co"(OH)Ga'"'poat]” (12.3 mM

CH,Cl, solution at room temperature). (B) 1-mode X-Band EPR spectrum (collected at 5
K, 5 mM, CH:CL) of [Co"(OH)Ga"'poat]". (C) The low field region zoomed in from

panel (B).

Figure 8.10. FTIR spectra for [Co"(OH)Ga"poat]” (black) and [Co™ (OH)Ga"'poat]**
(blue). The high (A) and low (B) energy regions are illustrated separately for clarity.
Asterisk (*¥) indicates »(O—H).

Figure 8.11. (A) Electronic absorbance spectrum for [Co™ (OH)Ga"'poat]** (1.0 mM

DMEF solution at room temperature). (B) L-mode X-Band EPR spectrum (collected at 77
K) of [Co™(OH)Ga""poat]*.
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Figure A.1. The active site of oxymyoglobin, illustrating the H-bonding network in the
microenvironment (PDB: 1A6M). Black dotted lines indicate H-bonds.

Figure A.2. The molecular structure of NMes[Fe"Hpub]. Hydrogen atoms and non-
interacting counter ions were removed for clarity. Bond lengths, distances, and bond angle
of interest are included in the corresponding chatt. 15 = (B — o) /60°, where B = the largest
bond angle of a coordination center, and o = the second largest bond angle of a
coordination center. *The resolution is for connectivity purposes only, and e.s.d.’s are not
obtained.

Figure A.3. (A) Cyclic voltammogram of K[Fe"Hpub] collected in DMSO at a 100 mV/s
scan rate with 100 mM TBAP supporting electrolyte, with ferrocene as an internal
standard. (B) Parallel-mode EPR spectrum of a 10 mM solution of K[Fe""Hpub] in 1:1
DMF:THF collected at 10 K.

Figure A.4. (A) UV-vis spectral changes before (black) and after (red) the addition of 1
equiv. of Ozin DMF:THF at —80 °C. Parallel- (B) and perpendicular-mode (C) EPR
spectra after the addition of 1 equiv. of O,in DMF:THF at —80 °C. Parallel- (D) and
perpendicular-mode (E) EPR spectra after the addition of 20 equiv. of O,in DMF:THF at
—80 °C. All EPR spectra were collected at 10 K. Asterisks (*) indicate starting Fe"
adventitious Fe'", or radical impurities.

Figure A.5. (A) UV-vis spectral changes before (black) and after (red) the addition of 1
equiv. of [FeCp,|BF, in DMF:THF at —80 °C. (B) Comparison of the products in the
reactions with 1 equiv. of O, (grey) and [FeCp2|BF4 in DMF:THF at —80 °C (black). (C)
Perpendicular-mode EPR spectrum after the addition of 1 equiv. of [FeCp,|BF, in
DMF:THF at —80 °C (collected at 10 K). Asterisks (*) indicate adventitious Fe'"
impurities.

Figure B.1. Structures of Hypub (A), Hsbupa (B), and Hinub (C).

Figure B.2. The thermal ellipsoid plot of [Fe"Hinub(OAc)]. Ellipsoids are shown at the
50% probability level. Only urea and neopentyl amine hydrogen atoms are shown and
solvent molecules are removed for clarity. Bond lengths, distances, and bond angles of
interest are included in the corresponding Table B.1.

Figure B.3. (A) Cyclic voltammogram of [Fe"Hinub(OAc)] collected in THF at 100
mV/s scan rate. (B) //-mode EPR spectrum of [Fe"Hinub(OAc)] collected at 10 K.
Asterisk (*) indicates cavity signal.

Figure B.4. (A) UV-vis spectral changes before (black) and after (blue) the addition of 1.5
equiv. of BuOOH to [Fe"Hinub(OAc),]. Inset: low energy region. (B) L-mode EPR
spectrum (collected at 77 K) after the addition of 1.5 equiv. of /BuOOH to
[Fe"Hsnub(OAC),]. Inset: low field. Asterisk (*) indicates spectrometer cavity signal.

Figure B.5. (A) UV-vis spectral changes before (black) and after the additions of 1 equiv.
of [FeCp2|BF; (gray), then 1 equiv. of [CoCp2] (blue) to [Fe"Hinub(OAc),]. (B) UV-vis
spectral changes before (black solid) and after the additions of 1 equiv. of [FeCp2]BF,4
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(black dash), 1 equiv. of BuOOH (gray), then 3 equiv. of DBU (blue) to
[Fe"Hinub(OAc)a].

Figure B.6. L-mode EPR spectral changes (collected at 77K) before (A) and after the
additions of 1 equiv. of [FeCp,|BF4 (B), then 1 equiv. of BuOOH (C), then 3 equiv. of
DBU (D) to [Fe"Hinub(OAc)2]. Asterisk (*) indicates spectrometer cavity signal.

Figure B.7. UV-vis spectral changes before (black) and after the additions of 1 equiv. of
[HNEt;]BF, (gray), then 3 equiv. of DBU (blue) to [Fe™ (OO7Bu)].
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Abstract of the Dissertation

Synthetic Models for Metalloenzyme Active Sites:

Accessing High-Valent Bimetallic Complexes with [M—(z—0O)—M’] Cores

By
Justin L. Lee
Doctor of Philosophy in Chemistry
University of California, Irvine, 2021

Professor Andrew S. Borovik, Chair

Metal ions are ubiquitous in biology and aid in facilitating many enzymatic transformations.
For instance, high—valent iron—oxido and —hydroxido species are proposed to be key intermediates
in oxidative processes catalyzed by non-heme iron proteins. A subclass of these proteins contains
bimetallic sites that house either FeFFe or FeM cores. To investigate the properties of both mono-
and bimetallic cores, the Borovik Lab has developed a symmetric tripodal ligand framework
containing phosphinic amido groups ([poat]™), which can stabilize high-valent metal centers, provide
an auxiliary binding-site for a second metal ion, and contains a pendant arm that can provide
hydrogen-bond stabilization as well as facilitate proton shuttling. The work presented in this
dissertation describes my efforts to access high-valent homo-/heterobimetallic oxido and hydroxido
species by a variety of synthetic routes.

Chapter 1 provides an overview of bimetallic proteins, and efforts by chemists to
synthetically model the structure and function of these active sites. Previous work performed in the
Borovik Lab to approach these synthetic challenges is discussed.

Chapter 2 explores the oxidation chemistry of the mononuclear complexes Fe"— and Fe''—

hydroxido complexes in the [poat]’ framework, which serve as important synthons in the stepwise
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assembly of subsequent bimetallic complexes. While previous members in the Borovik Lab have
studied these complexes, the electrochemical properties of these compounds are reassessed in my
effort to access high-valent Fe—hydroxido species.

Chapters 3 and 4 introduce the synthesis and characterization of discrete heterobimetallic
complexes, with an M"-OH-Fe"' or M"-O-Fe" core (M = Zn, Cu, Ni). This stepwise assembly
approach allows for the formation of dinuclear compounds in an unsymmetric framework. The Fe
center is supported by the [poat]’ ligand, while M" is supported by an N-based macrocycle. These
species are compared with bimetallic complexes in similar frameworks.

Chapters 5 describes the preparation of a series of di-Fe compounds with an Fe—O-Fe or
Fe—OH-Fe core. These complexes are housed within the same unsymmetric scaffold, and span
across four oxidation levels, from Fe"Fe"' to Fe'Fe'. This study illustrates the multifunctional
nature of the [poat]” framework, and provides useful insight into the thermodynamic parameters of
proton and electron transfers in bimetallic systems. These findings have significant implications for
di-Fe containing enzymes, such as ribonucleotide reductase and soluble methane monooxygenase.

Using the synthetic strategies developed in the previous chapters, Chapters 6 and 7 describe
the preparation and characterization of a library of FeMn and MnFe complexes to model their
biological counterparts. Their structural, electrochemical, magnetic, and reactivity properties are
discussed. An Fe'"-O-Mn'"" species was trapped and studied spectroscopically, and its relevance to
similar high valent FeMn active sites is biology is discussed.

111

Chapter 8 discusses the observation of a rare high-spin Co™ center in a bimetallic system iz

different spectroscopic techniques. This is an unusual finding, as most six-coordinated Co™
complexes adopt a low-spin configuration due to significant ligand field stabilization. A series of

CoFe and CoGa complexes were prepared to probe the factors for this phenomenon, including the

P=0 groups in [poat]” being weak field ligands, and modulation of spin exchange interactions.
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Chapter 1

Introduction

Lessons from Nature

Metal ions are ubiquitous in biology and aid in facilitating enzymatic processes, including
small molecule transformations, energy conversion, and electron transfer processes.”” In particular,
metal-catalyzed activation of dioxygen and the reversed reaction of water oxidation are essential for
life.*" Elucidating the various factors that control structural changes in these metal-containing active
sites can improve the understanding of their functions. These metal ions are often housed deep
within a protein structure to avoid undesirable reactivity. While the function of metallocofactors is
mainly regulated by the ligands directly bound to the metal ions (primary coordination sphere), there
are other effects from the microenvironment around the metallocofactor (secondary coordination
sphere), which are usually derived from non-covalent interactions with surrounding amino acid
residues. " These structural factors are best illustrated in the example of the respiratory protein
myoglobin (Figure 1.1)."""® Its active site contains an iron/porphytin (commonly known as heme)
cofactor that reversibly binds dioxygen. In addition, hydrogen bonding (H-bonding) from a nearby
histidine residue helps stabilize the Fe—O, adduct.” In the absence of this secondary coordination
sphere interaction and the steric protection provided by the protein scaffold, the heme cofactor
would undergo irreversible oxidation."”** This demonstrates the importance of regulating function
through both the primary and secondary coordination spheres of metal centers.

Bimetallic cores in Biological S'ystems
While the aforementioned myoglobin is one example of the heme family that represents

416,18

many O binding and/or activating enzymes, a different class of the non-heme Fe proteins

performs similar functions but does not require the prosthetic porphyrin ligand.**'***** In many of
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Figure 1.1. Structure of the oxymyoglobin (PDB: 1AGM). Fe is shown as an orange sphere, and O is shown as a red
sphere. Dotted lines indicate H-bonds.

these non-heme active sites, such as in a-ketoglutarate dependent and Rieske enzymes, the metal
center is supported by the readily available amino acid-derived ligands, and sometimes external
cofactors.”? Other non-heme O-binding/activating proteins employ a diiron center, and this is
likely due to the energetics of dioxygen reduction.*” Full activation of O to H>O is a 4-electron/4-
proton process, but Fe ions have only been observed to access only between the +2 and +4
oxidation states under physiological conditions (i.e., a two-electron range).”””' Nature has evolved to
circumvent these thermodynamic limitations »zz the addition of sacrificial reductants or adoption of
other reaction pathways.”***” Another common mean is to employ a diiron site in place of a
mononuclear one, as the conversion from Fe''Fe" to Fe''Fe'" represents a 4-electron process that
match the full activation of dioxygen.**” In addition, the two metal centers can perform their
functions in a cooperative manner through both structural rearrangement and electronic/magnetic
exchange. These properties are best depicted in the following examples of diiron enzymes:
hemerythrin, the hydroxylase component of soluble methane monooxygenase (sMMOH), and the

R2 subunit of ribonucleotide reductase Class Ia (RNR R2 Ia).



Hemerythrin, a non-heme respiratory protein similar to myoglobin, binds O, reversibly
(Figure 1.2.A).*" In its resting state, two Fe" ions are covalently bridged through one hydroxido
and two carboxylate-based amino acids. The coordination sphere of one Fe center is completed with
three histidine residues, while the other Fe is bound to only two histidines; this produces an
unsymmetric core (Figure 1.2.B), in which one Fe center is coordinatively saturated (six-
coordinated), and the other has one open coordination site (five-coordinated). Upon introduction of
dioxygen, both Fe sites are oxidized to +3, and the reduced O adduct binds to the Fe center with
the open coordination site in a terminal fashion. In addition, the proton on the hydroxido bridge
transfers to the distal oxygen of the peroxido ligand, and the OOH™ moiety in turns forms an
intramolecular H-bond with the oxido bridge.””” Notice that the H-bond stabilization found in
hemerythrin is different from that in myoglobin, in which the O adduct is stabilized »iz H-bonds to
a histidine residue in the microenvironment of the active site (Figure 1.1)." In addition, hemerythrin
employs both Fe centers to bind and reduce dioxygen to peroxido, while myoglobin reduces O, by

just one-electron to superoxido.
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Figure 1.2. (A) Structure of the oxyhemerythrin (PDB: 1THMD). Fe is shown as an orange sphere, and O is shown
as a red sphere. Dotted lines indicate H-bonds. (B) Mechanism of reversible O2 binding in hemerythrin.

In the oxygenated form of hemerythrin, the O—O bond is partially activated but not fully

cleaved; this is attributed to the N-rich coordination spheres of the Fe centers. Replacement of

histidines with carboxylate-based amino acids in other diiron enzymes show significant changes to



their reactivity, as the anionic O-donors are proposed to better support high valent metal centers.”"!

The carboxylate groups can also bind in either a mono- or bidentate fashion to one or both Fe
centers, and this interchangeability allows for a flexible primary coordination sphere, in which
coordination sites become available at key steps of the catalytic turnover.”>* In the active site of
sMMOH, which converts methane to methanol, the diiton centers are bound to two histidines and
four carboxylate ligands (Figure 1.3.A).** Addition of dioxygen first forms the putative
Intermediate P that contains a Fe'—(#-1,2-peroxo)-Fe'" core,”* and then full cleavage of the O-O
bond results in a Fe''Fe'" intermediate termed Q (Figure 1.3.B).**">* This high valent species
cleaves the strongest known aliphatic C—=H bond (105 kcal mol™) in methane,”* then a hydroxido
group likely recombines with the methyl radical iz a rebound mechanism to produce methanol,
similar to what is observed for other non-heme and heme oxygenases.”*>*>> Due to its unusual
reactivity and the potential applications towards energy storage, the chemical structure of Q has
been interrogated by a myriad of spectroscopic techniques in the past two decades, and remains
controversial to this day.***** Initially, Méssbauer spectroscopy suggested the electronic structures
of the two Fe'" sites are neatly equivalent, and it was believed that Q contained an Fe'"2(O),
“diamond” core due to a short Fe'+-Fe distance (2.46 A) found in an extended X-ray absorption fine
structure (EXAFS) study.” However, this structural assignment was inconsistent with results
observed in synthetic models and computational studies on the enzyme.”* Recently, the Fe:*-Fe
distance in Q was re-evaluated to be ~ 1 A longer than the previously reported value, which suggests
the diiron site is more likely to adopt an “open” core structure.®*”” Neese and DeBeer further
correlated computational results with reported experimental data for Q, and proposed a (O=)Fe'"—
(u-O)—Fe" (~OH) core, with the hydroxido motif in a strong H-bond interaction.”® While the
structure of Q remains ambiguous, the active site of SMMOH illustrates several important features.

The bimetallic core can undergo a 4-electron process to fully reduce O: to two equivalents of O,
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Figure 1.3. (A) Structure of the oxidized form of sMMOH (PDB: IMHY). Fe is shown as an orange sphere, and O
is shown as a red sphere. Dotted lines indicate H-bonds. (B) Proposed mechanism of O activation in sMMOH.
Several proposed structures of Intermediate QQ are shown.

and the anionic O-donors support the Fe centers in accessing the +4 oxidation states.”” Additionally,
the flexible binding modes of the carboxylate group (mono- versus bidentate, binding to one or both
metals, intramolecular H-bond) provide a dynamic coordination sphere around the dinuclear core
and help facilitate reactivity, which highlight the importance of multi-functional ligands.**

The active site of RNR R2 Ia resembles to that found in sMMOMH, in which a diiron core is
coordinated by two histidine and four carboxylate-based ligands (Figure 1.4.A),”" but they differ in
function. In RNR, oxygenation first occurs at the diiron core in the R2 subunit, which initiates a
long-range electron transfer (ET) that spans > 30 A to the R1 subunit, where a ribonucleotide is
reduced to a deoxynucleotide.” ™ Another difference is the oxidation level of the key intermediate:
upon reaction with dioxygen, an additional equivalent of ¢” is required to form Intermediate X that
is formulated as a Fe'"—(z-O)—Fe" core (Figure 1.4.B), which is one valence level below sMMOH-
Q.77 X proceeds to cleave the O—H bond of a tyrosine residue in the microenvironment of the
active site via a proton-coupled electron transfer (PCET) reaction, and the resultant tyrosyl radical

initiates the ET process. Mutation of the tyrosine to phenylalanine suppresses the PCET and

subsequent ET processes, which proved useful for the trapping and spectroscopic studies of X, but
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it also eliminated the native function of the enzyme.””® This represents an example of the

modulation of function in the secondary coordination sphere of a dinuclear active site.
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Figure 1.4. (A) Structure of the R2 subunit of class Ia RNR (PDB: 1PIY). Fe is shown as an orange sphere, and O
is shown as a red sphere. Dotted lines indicate H-bonds. (B) Proposed mechanism of the tyrosine O—H bond
cleavage by Intermediate X.

Three examples of diiron non-heme enzymes were described so far, and the correlations
between function and the unique characteristics of their primary and secondary coordination spheres
were discussed. While FeFe enzymes constitute a large fraction of bimetallic proteins, there is a
growing library of other homobimetallic (e.g., MnMn) and heterobimetallic enzymes (e.g., FeMn)
that perform similar functions.”* For instance, the R2 subunit of RNR Class Ic and R2-like ligand-
binding oxidase (R2lox) both contain an FeMn active site and activate dioxygen, but have been
experimentally shown to undergoes significantly different reaction pathways than their diiron
counterparts (Figure 1.5; see Chapters 6 and 7).** Much is still unknown about these active sites,
and it is the goal of synthetic chemists to design inorganic complexes to model these biological cores

to study their structure/function relationship.
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Figure 1.5. Structures of the RNR R2 Class Ic (PDB: 4M11) and R2lox (PDB: 4HRO) active sites. Fe is shown as an
orange sphere, Mn is shown as a purple sphere, and O is shown as a red sphere. Dotted lines indicate H-bonds.

Synthetic Design Principles
The non-heme biological active sites containing a dinuclear core have provided us insights
into designing bimetallic model complexes. A list of synthetic design principles is considered and

summarized here:

1) Regardless of the identity of the metal, a M—O-M’ core is experimentally observed or
proposed for the catalytically competent species in bimetallic O»-binding/activating

enzyrnes ‘36,44,72,85,

88947 The O-atom can be derived from an oxido or hydroxido ligand, or
even an O-atom from an amino acid residue. This single-atom bridge not only keeps the
dinuclear core intact during catalysis, but also facilitates magnetic coupling and electron
transfer between the two metal centers.””*>* There are often additional single-
/multiple-atom bridges, as well as terminal ligands (e.g. oxido), bound to the M—O-M’
core. Flexible binding of ligands can also be important in modulating function.***
2) To perform their designated functions, the redox-active metal centers are at a low

oxidation level (+2) in their resting states, and can access higher valence levels (+3, +4)

during the catalytic turnover. In all non-heme enzymes, these metal sites maintain a high-



3)

4)

spin electron configuration at all oxidation states.”*” For example, the Fe" and Fe™
centers in RNR R2-X are experimentally verified to be § = 2 and 5/2, respectively.”
Biological active sites often adopt an unsymmetric scaffold to optimize their function.
This is best illustrated in hemerythrin, which contains one coordinatively unsaturated Fe'
site that allows for the reversible binding of dioxygen.” It has also been observed a
narrow channel from the surface of sMMOH into the diiron active site only allows for
the entry of methane, but not ethane or longer alkane chains.”'" These findings support
the notion that the complex tertiary structure of a protein dictates the reactivity of the
active site within.

Similar to their mononuclear counterparts, bimetallic active sites utilize secondary
coordination sphere interacts to modulate function. In the example of RNR Class Ia,
intermediate X undergoes PCET with a tyrosine residue in the microenvironment to
initiate the long range ET to the other subunit.”"”™* Mutation of the tyrosine to

phenylalanine suppresses the native function of the protein.”"

Synthetic Strategies of Non-heme Bimetallic Species

The prominence of bimetallic active sites in biological systems has prompted the

development of synthetic models to elucidate their structure/function relationship. The preparations
of discrete bimetallic compounds generally fall into three categories (Figure 1.6). The first strategy is
a self-assembly approach, which relies on two mononuclear complexes that do not normally interact
to bind zia the addition of exogenous ligand(s) (Figure 1.6.A). While this strategy is synthetically
straightforward, there is little selectivity over the metal and exogenous ligand binding modes, and
these problems are significantly enhanced in the preparation of heterobimetallic complexes. The

second method is through the usage of dinucleating ligands, which provide defined primary and



secondary coordination spheres for metal centers (Figure 1.6.B). Additionally, any remaining open
coordination sites can be predicted in the original ligand design, and exogenous ligands can be
systematically incorporated after metalation. These organic scaffolds are often large and pose a
synthetic challenge, and, similar to the self-assembly route, provide little selectivity in binding
different metal ions. The third method is a site-directed binding approach (Figure 1.6.C): one
mononuclear complex contains pendant group(s)/exogenous ligand(s), which can bind to a second
mononuclear complex that contains open coordination site(s). This route provides the highest
binding selectivity, and is most suitable for assembly of complexes with different metals and/or

ligands. These three approaches are not mutually exclusive and can overlap in synthetic preparations.

A. Self-assembly
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Figure 1.6. The three general approaches to assemble bimetallic complexes: (A) self-assembly, (B) dinucleating
frameworks, and (C) stepwise, site-directed binding. White squares represent open coordination sites.

A large portion of bio-inspired non-heme bimetallic complexes were prepared using the self-
assembly approach: this is epitomized by the development of diiron systems, largely due to the
thermodynamically favorable formation of Fe''—(#-O)—Fe'" cotes, which is the basic unit of rust.

While synthetic diiron complexes have been known for decades,'” a growing number of structural



reports of diiron proteins prompted an increase in the synthetic modeling of these active sites since
the 1980s."” These efforts were led by the laboratories of Wieghardt and Lippard, who synthesized
the first diitfon compounds with an Fe"'—(4-O)(#-1,3-OAc)—~Fe'" core that resembles the resting
state of hemerythrin (Figure 1.7.A,B)."""* These contributions are important to the field not only
due to their biological relevance, but also the systematic incorporation of different exogenous
bridging ligands. The synthetic protocols for these complexes are straightforward: in a typical one-
pot experiment, an Fe'' salt, a tridentate N-based ligand ([TACN], 1,4,7-triazacyclononane; or
[HBpz|~ = trispyrazolylborate), and an acetate salt are mixed in water to selectively produce the
corresponding diiron complex with one bridging oxido ligand and two bridging acetate ligands.
While Wieghardt expanded the library of self-assembled bimetallic complexes to include
heterobimetallic species as well as unsymmetric frameworks,'*'" Kitajima and then Lippard
explored the oxygenation chemistry of the Fe/[HBpz|™ system, and the latter was able to trap and
crystallographically characterize an Fe"'—(u-1,2-peroxo)—Fe™ species.'”'" In the past ~ 20 years, the
laboratory of Que made significant advances in synthetic diiron chemistry using the peroxide shunt
pathway in the tris(2-methylpyridine)amine ([TPA]) and related frameworks.* In a seminal work, a
p-oxido diiron(I1I) compound was first self-assembled with Fe'" hydrate salts and 5-R-TPA (R =
alkyl), and addition of H>O, produced a high valent species;'” structural and spectroscopic studies
support the formulation of [Fe' Fe" (#-O)(5-Et-TPA)]’* for the new complex (Figure 1.7.C), which
represents the first and only crystallographically characterized Fe'¥—(#-O).—Fe™ core.'” Que then
developed a series of high valent diiron complexes in the [TPA*| framework (tris(2-methyl-3,5-
dimethyl-4-methoxypyridine)amine) that span from the (IILIII) to (IV,IV) oxidation levels, and
contain terminal and/or bridging (hydr)oxido ligands; these serve as useful synthetic models for the
RNR R2-X and sMMO-Q intermediates.”*'"" '™ Finally, it is worth highlighting the contributions of

Collins, who treated the mononuclear [Fe'" TAML(OH>)]” with O; to produce a room temperatute-
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stable [Fe'2(#-O)(TAML).]* species (Figure 1.7.D), allowing for its crystallographic
P gu g ry grap

"% the high stability of this complex can be attributed to its tetraanionic ligand

characterization;
field.""” This summary highlights the crucial role of the self-assembly protocol to the development of
synthetic diiron model complexes in the past three decades, as well as other homobimetallic analogs

(e.g., dimanganese,"* "' dicopper,'**'* diruthenium,'”*'* dilanthanide,"**'*’ etc). However, the dearth

of heterobimetallic complexes and dinuclear complexes in unsymmetrical frameworks produced

using this approach emphasizes the limitations of this method.
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Figure 1.7. Various examples of self-assembled diiron complexes. Works of Wieghardt (A) and Lippard (B) to
model the active site of hemerythrin initiated the next four decades of investigation into bioinspired synthetic
diiron systems. Que and Collins structurally characterized a FeVFe!" (C) and FeVFe!V (D) species, respectively.

The usage of dinucleating ligands is an attractive option to construct bimetallic complexes, as
careful design of the framework can provide defined primary and secondary coordination spheres
for metal centers. An example of a dinucleating ligand is [6-HPA] (1,2-bis[2-{bis(2-
pytridylmethyl)aminomethyl}-6-pyridyl]ethane), which essentially is composed of two covalently-
linked [TPA] ligands. Kodera prepared a (#-oxido)Fe'", complex that exhibited efficient alkene
epoxidation in the presence of H.O,,'* and proposed some intriguing intermediates responsible for

the reactivity (Figure 1.8.A). Many other groups have also adopted this approach and utilized

11



increasingly complex frameworks.” "' Suzuki isolated a Fe""—(u-1,2-peroxo)—Fe" species in the [Ph-
bimp] ligand (2,6-bis[bis-2-(1-methyl-4,5-diphenylimidazolyl)methylaminomethyl|-4-

132 this illustrates the

methylphenolate), which contains imidazole and a bridging phenolate donors;
ability to exploit metal-metal cooperativity in dinucleating ligands (Figure 1.8.B). Meyer has designed
many dinucleating frameworks using a central pyrazolate bridging group,'” and explored various
small molecule transformation using homobimetallic complexes (Figures 1.8.C, D), including H»

136,137

reduction in a dinickel system,"”*"”> O, binding in dicopper, and water oxidation in

diruthenium,"*"’

and more."*""*! Today, the complexity of dinucleating frameworks is truly a

reflection of the advances made in organic synthesis and ligand design in the past several decades.
However, these scaffolds, most of which are symmetric, are often difficult to prepare and require
much synthetic efforts; developing unsymmetric dinucleating frameworks would be an additional

challenge. There is also little selectivity in preparing heterobimetallic complexes, with only a few

examples reported.lzg’mo’142

2
A T4+ B Ph  Ph Ph  Ph S

2\
“y g Ky AESD

[Fe'l,(6-HPA)(-0)(OH),1** [Fell{;+-1,2-0,)(~Ph-BIMP){O,CPh)]2*
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I N U N
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Figure 1.8. Various examples of bimetallic complexes in dinucleating frameworks, including a diiron complex that
catalyzes alkene oxidation by Kodera (A), a structurally characterized z#-1,2-perixodo diiron species by Suzuki (B),
and dinucleating systems using a pyrazolate linchpin group by Meyer (C and D).
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The third general way to assemble bimetallic complexes is a stepwise, site-directed approach.
The method requires one mononuclear complex to contain additional pendant group(s) and/or
exogenous ligand(s), which can bind to a second metal ion/adduct with open coordination site(s).
For instance, Nam reported the isolation of a Fe—(#-O)—Sc species upon addition of Sc"'(OT¥); to
[(TMC)Fe™Y(O))** ([TMC] = 1,4,8,11-tetramethyl-1,4,8,11-tetra-azacyclotetradecane).'”’ Further
computational studies by Swart'* and spectroscopic studies by Que and Miinck'* support the
assignment of a Fe'—(#-O)-Sc"™ (Figure 1.9.A): reduction at the Fe center increases the
nucleophilicity of the terminal oxido ligand, which then binds to the Sc'' ion. Que has since
employed the same strategy to use high-valent M—oxido starting synthons and prepare a library of

bimetallic complexes with a single-atom oxido-bridge."**'*” Other groups, including Lu,"**"

150-152 154-15 : :
Thomas,”""* and Heyduk"**"* have designed ligands that form mononuclear complexes, but these
A TH2
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Figure 1.9. Examples of heterobimetallic complexes synthesized »iz the stepwise, site-directing binding approach.
Nam and Que bound a Sc™ ion to [(TMC)Fe!V(O)]?* at the exogenous oxido ligand (A), while Lu (B), Thomas
(C), and Heyduk (D) incorporated pendant binding sites to assembly bimetallic compounds.
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—
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frameworks contain pendant groups that can act as an auxiliary binding site and support a second
metal ion/adduct (Figures 1.9.B,C,D). The stepwise, site-directed method is highly selective, and is

most commonly employed for the assembly of heterobimetallic complexes.

This section has summarized three general methods in assembling bimetallic bio-inspired
synthetic complexes and provided examples of key accomplishments using each approach. While
they are all important contributions to the field, many of these systems do not satisfy the design
principles for model complexes for biological active sites as discussed above. For instance, many

34,106,109-112,116

Fe"-containing complexes are intermediate spin (§ = 1), which differ from those found

in biological systems: this difference is important because electronic structure is often correlated

with reactivity."”

¥ Moreover, the majority of the bimetallic complexes have a symmetric ligand
framework, while most biological active sites are unsymmetric to optimize key processes in the
catalysis, such as substrate binding and electron transfer.”*””*>*%7 Finally, the microenvironment
around a metallocofactor in proteins has been demonstrated to play a significant role in modulating
reactivity.”'"” While the effects of the secondary coordination sphere on mononuclear synthetic

systems have been well-investigated, similar studies are rarely explored for bimetallic systems (see

below). Future efforts should therefore be directed at addressing these unexplored questions.
Secondary Coordination Sphere Interactions in Synthetic Systems

Metalloenzymes have evolved to modulate the reactivity of key metal ion-containing
intermediates via non-covalent interactions that are formed with the aid of amino acid residues.
Although much progress has been made, establishing such microenvironments within synthetic
frameworks has proven difficult. The seminal work by Collman utilized a functionalized porphyrin
to stabilize an Fe—O, adduct."”” Pendant groups containing H-bond donating pivalamide groups

were installed at the meso-positions of the porphyrin, and the “picket fence” framework prevented
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undesired irreversible oxidation of the Fe porphyrin complex and formation of a Fe''—(z-O)—Fe™
species (Figure 1.10). However, the pivalamide groups were too far to form any H-bond interactions
with the O, adduct in the molecular structure (> 5 A)."” Replacement of one pivalamide group with
the stronger H-bond donating phenylurea moiety increased the O; affinity of the Fe-porphyrin, but

no molecular structure was reported.'’

=Ar

Figure 1.10. Structure of a picket fence porphyrin complex supporting an Fe—O; adduct.

Incorporations of H-bond interactions in synthetic non-heme mononuclear complexes have
made significant progress in the past ~ 20 years, and allowed for the stabilization of many
biologically relevant species, including M—O; adducts,'*'** M—(hydr)oxido,'"* M—~hydride,' """ and
M-N: adducts;'™"® several examples are illustrated in Figure 1.11. It has also been demonstrated H-
bond interactions can modulate reactivity."® For instance, Fout varied the number of intramolecular
H-bonds in a Fe'"-OH complex, which affects its OH-rebound reactivity towards carbon radicals
(Figure 1.11.E)." Similarly, Jackson recently found minimal reactivity of 2 mononuclear Mn""-OH
species towards organic substrates;'®> upon the redesign of the ligand to incorporate an H-bond

acceptort, the repurposed Mn'"

—OH species exhibited significantly enhanced reactivity by up to 100-
fold (Figure 1.11.F). These reports support the notion that the microenvironment around a metal

site can play an important in modulating structure and function.
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Figure 1.11. Examples of mononuclear complexes with intramolecular H-bond interactions, including Cul'—
superoxido (A), Fel'-hydroxido (B), Ni'~hydride (C), and Co"~hydrazine (D). H-bond interactions have also been
found to facilitate reactivity, including OH—rebound (E) and phenol O—H bond cleavage (F).

The effects of other types of secondary coordination sphere interactions have also been
explored. Szymczak has incorporated various boron-containing pendant groups in his ligand
frameworks, and has demonstrated the Lewis acidic boron is crucial in the capture and activation of
N adducts (Figure 1.12.A)."*"® Other groups have introduced electrostatic interactions near the
metal center to modulate reactivity. For instance, Yang attached a crown-ether linkage to a
Mn"(N)(salen) complex ([salen]” = 2,2-ethylenebis(nitrilomethylidene)diphenolate, N,N-

ethylenebis(salicylimine)), and found different N—N bimolecular coupling reactivity upon
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introduction of redox-inactive Group I and II metal ions (Figure 1.12.B)." These studies show that

secondary coordination sphere effects extend beyond H-bond interactions.

A
M ny 4;4
(W] Tn+

M™ = Na*, K*, Sr2*, Ba?*
[(BENPDPBY)FelIBr,(N,H,)]

Figure 1.12. The secondary coordination sphere facilitates the function, e.g., capturing N>Hy for activation by an
Fe complex shown by Szymczak (A), and increased bimolecular N—N coupling reactivity in a MnVI-nitrido
complex in the presence of a modulated electrostatic field shown by Yang (B).

Although much progress has been made in the study of secondary coordination effects on
non-heme mononuclear complexes, there are only a few examples of the bimetallic counterparts.
Szymczak treated O/H;O: to a mononuclear Cu or Zn complex in a modified [TPA] ligand that
contains appended H-bond donating groups, and was able to isolate dinuclear complexes with a M—
(#-1,2-peroxo)—M core; the H-bond donors in the ligand are shown to be interacting with the
peroxido adduct in the molecular structure (Figure 1.13.A).""""! In a similar self-assembly approach,
Fout recently reported a diferric compound that contains a (HO)Fe"'—(#-O)-Fe'(OH) motif, in
which the terminal hydroxido ligands are H-bonded to the pendant alkyl amine groups in the
["N(afa®)] scaffold (Figure 1.13.B)."* While further oxidative chemistry has not been reported, the
diiron core and the secondary coordination sphere interactions present in this compound highly
resemble the structure of Intermediate Q in sSMMOH proposed by Neese and DeBeer (Figure
1.3.B),® and may serve as an important model complex for this enzyme in the future. There is also
some success in incorporating H-bonds in dinucleating frameworks.'” For instance, Meyer installed

H-bond donating pivalyl groups in his pyrazolate-based ligands, and isolated a dinickel(II) complex
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containing a terminal hydroxido and aqua ligands in an intricate H-bond network (Figure 1.13.C)."*

These reports demonstrate that incorporation of secondary coordination sphere interactions in

bimetallic complexes is possible, but can prove to be a substantial synthetic challenge.
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Figure 1.13. Various examples of bimetallic complexes with intramolecular H-bond interactions, including self-
assembled species reported by Szymczak (A) and Fout (B), and a dinucleating system by Meyer (C).

Previous Work in Borovik 1.ab

The Borovik Lab has developed a large library of tripodal ligands that incorporate H-bond
donors and/or acceptors to stabilize mononuclear M—-OH, (n = 0, 1, 2) species.'”"* The prototype
framework [Hsbuea]™ (tris[(N-zer+-butylureaylato)-N-ethyl]aminato) demonstrates the key ligand
design features: (1) it contains three anionic N-donors to support high valent metal centers (up to
+5); (2) the ureate N—H groups provide H-bond interactions to stabilize an axial exogenous ligand
(e.g. oxido); (3) the fert-butyl groups provide steric protection to avoid complex
dimerization/aggregation.'”>"”* The isolations of [Fe""Hsbuea(O)]* and [Fe'"Hsbuea(O)]" are two of
the many key achievements using this framework (Scheme 1.1)."”""”” However, while the features of
this tripodal ligand are suitable for mononuclear complexes, high valent bi-/multi-metallic species

cannot be assembled due to the steric bulk of the ethylene backbone and the Bu groups.””
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[Hsbuea]” was subsequently re-designed, and one of the ureate arms was removed in the tridentate
[H21])* ligand (bis[(IN-fer+-butylureido)-N-ethyl]-N-methylaminato).*”! With additional coordinate
sites available in the equatorial plane, bimetallic diiron(IILIIT) complexes containing oxido- and
imido-bridging motifs can be prepared, with the ureate arms also serving as bridging groups and H-
bond donors to stabilize the bent Fe"—(4-O/N)—Fe' core (d(Fe*-Fe) ~ 3 A; Scheme 1.1).**

However, further oxidation chemistry of these complexes was not accessible.
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Scheme 1.1. The [Hsbuea]? ligand supports mononuclear Fe—oxido complexes, while the truncated [Ha1]*
framework allows for the formation of diiron complexes.

In a parallel study, the Borovik Lab developed homobimetallic complexes in various
dinucleating ligands that contain a central pyrazolate “linchpin” group and various H-bond donating
arms, inspired by the work of Meyer (see above).**?" The larger M***M separation (> 3.5 A)
allowed for installation of exogenous terminal ligands (e.g., hydroxido), as commonly observed
and/or proposed for essential intermediates in bimetallic enzymes. The combined effects of metal-
metal cooperation and the secondary coordination sphere are best illustrated in the hydration of
acetonitrile by [Co",HsP*buam(z-OH)]* (R = Bu, /Pr; [HsPbuam]™ = 3,5-bis {bis[(I\’-R-ureaylato)-
N-ethyl]-aminomethyl} -1 H-pyrazolate; Scheme 1.2).*”* Upon addition of stoichiometric CH;CN, a
di-Co" complex with a bridging [(CH3)C(O)N(H)]™ ligand can be isolated. It was proposed a CH;CN
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molecule disrupts the Co"—(z-OH)—Co" core to form independent, terminal Co"-(NCCH3) and
Co"-OH motifs. Binding to Co" increases the electrophilicity at the central carbon in CH;CN, and
intramolecular H-bonding to the urea N—H and CH3;CN increases the nucleophilicity of the
hydroxido ligand; these result in the coupling of the two exogenous ligands to form the
[(CH3)C(O)N(H)]” adduct. While these homobimetallic systems can serve as useful models for
biological active sites, their oxidation chemistry was relatively unexplored.””” The synthesis of these

206,208

dinucleating frameworks is challenging (up to 13 steps), as is the selective assembly of

heterobimetallic cores.
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Scheme 1.2. A di-Co complex in the dinucleating ligand [H4P®'buam]> is proposed to use H-bond
interactions to facilitate the hydration of acetonitrile.

In the study of the tripodal ligand [MST]> (N,\",N”-[2,2’,2”-nitrilotris(ethane-2,1-
diyl)]tris(2,4,6-trimethylbenzenesulfonamido)), which contains sulfonamido groups intended to serve
as H-bond acceptors, it was serendipitously discovered the S=O groups can also bind additional
metal adducts (Figure 1.14). While the mononuclear [Mn"MST]~ displayed sluggish reactivity
towards O, the oxidation is accelerated by nearly 100-fold in the presence of Ca"(OTf),/15-crown-5
(15-c-5), and the final product can be isolated with the formulation of [(15-c-5)>Ca"—(z-OH)—
Mn""MST]*;*” subsequently, a large library of complexes was prepared via this stepwise assembly
protocol, containing one M" center (M = Mn, Fe, Co, Ga) bound to the N-donors of [MST]*, and a
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Group II Lewis acidic metal site (LA" = Ca", St Ba") supported by the S=O groups and a crown-
ether capping ligand (15-¢-5 or 18-crown-6 (18-c-6)) in the auxiliary binding pocket.”’"*'""! These

findings provided a new route to synthesize discrete heterobimetallic compounds in an unsymmetric

scaffold.
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Figure 1.14. (A) Structure of [MST]*. (B) Stepwise assembly of [(15-c-5)LAI—(z-OH)-M"poat]* complexes via
the hydroxido ligand and S=O groups.

The mixed-valent bimetallic [MST]" library was further extended to incorporate two 3d
metals ions, with a M" center (M = Mn, Fe) bound to the N-donors, bridging through a hydroxido
ligand to a divalent transition metal ion (M = Mn, Fe, Co, Ni, Cu, Zn) supported by the S=O groups
and a [TMTACN] (1,4,7-trimethyl-1,4,7-triazacyclononane) capping ligand; the magnetic interactions
between the valence localized metal centers were found to be similar across the series (Figure
1.15.A).2"**" The tridentate [TMTACN] can be replaced by bidentate ligands such as [TMEDA]
(N,INLIN”,N “tetramethylethane-1,2-diamine), and the remaining coordinate site in the auxiliary metal
center can be occupied by an exogenous ligand (Figure 1.15.B).*"* While the versatility of [MST]” has
allowed for construction of bimetallic complexes in an unusual unsymmetric scaffold, the
sulfonamido ligand were found to be weak donors: the N-donors cannot support a metal center
beyond +3,** and the S=O groups cannot support a metal adduct beyond +2. This has precluded
synthetic modeling of high-valent bimetallic intermediates observed in nature using the [MST]>

scaffold.
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complexes (B).

To address the limitations of [MST]*, a new tripodal ligand [poat]” (IN,N’,N”-
[nitrilotris(ethane-2,1-diyl)]tris(P,P-diphenylphosphinic amido)) was developed (Figure 1.16.A); it
was reasoned [poat]> exhibits similar donor strength as [Hzbuea]™, and preserves the H-bond
accepting and auxiliary metal binding capabilities in [MST]*.*'**'® Additionally, the tripodal ligand
enforces trigonal geometry, which promotes high-spin electron configuration for the metal center.
The stark difference in the N-atom donability between [poat]” and [MST] is underscored in a
recent comparative study between [Fe""poat(NH3)]"~ and [Fe"/"MST(NH;)]", in which the Fe"/"
reduction potential was found to be 0.57 V more negative in the [poat]” complex.”” The strongly
donating phosphinic amido groups has also allowed for the successful generation of the § = 2
[FeVpoat(O)]; the P=O groups in [poat]” provide a metal binding site, and the electrostatic effects

on the Fe'"—oxido motif by Group II metal binding was studied (Figure 1.16.B).**’ This novel
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Figure 1.16. (A) Structure of [poat]*. (B) [FeVpoat(O)]- binds Group II metal adducts (LA™) »iz the oxido ligand and
P=0 groups.
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[poat]” ligand offers many exciting opportunities to construct mono- and bimetallic complexes, and

is employed heavily in the research discussed in this dissertation.

Overview of the Remaining Chapters

The research described in this dissertation first explores the oxidative chemistry of
mononuclear non-heme Fe—hydroxido complexes in the [poat]” ligand framework, and subsequently
their usage as starting synthons to construct homo- and hetero-bimetallic complexes. These systems
were interrogated by various structural, spectroscopic, and electrochemical techniques, and serve as

useful synthetic models for biological active sites.

Chapter 2. The research described in this chapter re-examined previous work in the Borovik Lab to
access a Fe'"'—OH species in the [poat]” scaffold. The Fe'/"—OH complexes were treated with
[FeCpz]” to produce an § = 2 species, but magnetic data demonstrates it is a spin-coupled system
that contains antiferromagnetic interactions between S = 5/2 (Fe") and § = 1/2 centers. Different
structures have been proposed for this new species (Scheme 1.3), but further evaluations concluded

FeCp,|" does not act as an outer-sphere oxidant. Instead, the P=0O groups in [poat]”, which are
[FeCp P group

Ph_ [ Ph_ 0
Ph—P\ oH ©Q Ph Ph—-P\ OH (3\ Ph
P~ (o] *)P
Ph._ # <N FEI,V_Nf Ph Ph\F;, (N\Fl,"_N' ~Ph
P N | PR N |
7 N N
Ph_ A K/
Ph—F O™, Ph [Fe'Vpoat(OH)] [Fe'l(poat)**(OH)]
o | 26 [FeCp,]BF,
Ph_un N « ~Ph 2574
~p. ¢ _Fell—N >
Ph” N7 | DMF:THF, -80 °C, Ar

[Fe''poat(OH)]

[Fe'l(poat*)(O0H)**]

o—
F’h\ P / o
Ph—F _HO » Ph

pr. 2N F~pn

[(Cp)Fe—{1~OH)-Fe''poat]* J

Scheme 1.3. Chapter 2 elucidates the structure of the mysterious species generated upon addition of [FeCp]BF,

to [Fepoat(OH)|-.
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strong ligands, displace one cyclopentadienyl ring in [FeCp2]" and form a z-OH diferric species that

111

contains two Fe'" centers with different spin states. This work highlights the utility of [poat]” to

construct bi- and multi-metallic complexes.

Chapter 3. A series of bimetallic [poat]” complexes that contain a M"—(z-OH)—Fe™ core (M = Zn,
Cu, Ni) are prepared and fully characterized, in which the divalent metals are capped with an N-
based macrocycle ligand, [TMTACN]. Their properties were compared to their counterparts in an
analogous framework that contains sulfonamido instead of phosphinic amido groups. A key
discovery is the significant decrease in the Fe"" reduction potentials (AE > 700 mV) in the [poat]”
complexes (Scheme 1.4), which supports the phosphinic amido groups being strong donors, and

suggests higher valent compounds may be accessible.

A
\N:/\{\’}

/Mii..—-N-—._

Ph\ 74 /
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ol P
Pho o Nocow_p PP

Ph” "N | * i 11
\ Ni'Fe
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Scheme 1.4. Chapter 3 explores a series of heterobimetallic complexes with a [M'—(z-OH)—Fe!| core.

Chapter 4. Inspired by the electrochemical findings discussed in the previous chapter, a series of
bimetallic complexes were generated that contain a M"—(#-O)-Fe'" core (M = Zn, Cu, Ni; Scheme
1.5). The spectroscopic properties of these species were compared to those for [Fe''poat(O)---LA"]*
(LA = Group II metal ion). An additional observation is the magnetic coupling between the Fe'"

and Cu"/Ni" centers facilitated by the oxido bridge; this indicates significant covalency between the
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two metal centers, unlike in the Group II analogs where the interaction is electrostatic in nature.
This series of high-valent bimetallic complexes represents a rare example of mixed valent (ILIV)

systems.

S=2Fe"Vzn'

N \’/\ S=3/2Fe"Cu"

c

o M"-"N"'—- g

Ph\P// / 0 %

Ph— \ (o] W /Ph b
Ph._«# N l 'P\Ph -SZ IVl
T “FelV—N S=1Fe " Ni

PL(_
Ph” “NT |
BL/N\) I2 %

[(TMTACN)M'—(.-0)-FeVpoat]*
M = Zn, Cu, Ni | [T T T T I T T T N T Y NN N NN O M|
10 5 0 -5 -10

Velocity (mm s™)

Scheme 1.5. Chapter 4 explores a series of heterobimetallic complexes with a [MU—(z-O)—Fe!V] core.

Chapter 5. Using the synthetic strategies developed in the previous chapters, a series of diiron
complexes were prepated in the [TMTACN/poat| framework (Scheme 1.6). These species span
across four oxidation state levels, from (ILII) to (II1,IV). One phosphinic amido arm in [poat]” can
stabilize the lower valent Fe—(z-OH)—Fe core via intramolecular H-bond interactions, but the proton
transfers from the hydroxido bridge to the N-atom of the phosphinic amido group and promotes
ligand rearrangement at the diferric level, resulting in a Fe—(-O)—Fe core in a [Hpoat]” framework;
this illustrates another unique feature of [poat]”. A high-valent Fe"'—(#-O)—Fe'" species can be
accessed and demonstrates reactivity towards phenolic substrates. This system serves as a suitable
synthetic model for the R2 subunit of RNR Class Ia, and an alternative PCET pathway (contrary to

the commonly proposed ET-PT mechanism) is proposed for the biological system.
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Scheme 1.6. Chapter 5 describes the preparation and characterization of a series of diiron complexes across four

oxidation states.

Chapter 6. A subclass of O,-binding/activating enzymes contains a FeMn core, and are proposed to
undergo different reactivity pathways than their di-Fe counterparts. A new heterobimetallic FeMn
system is developed, in which the Mn is bound to the [poat]” N-donors, and the Fe is capped by the
[TMTACN] ligand. Similar to the diiron system, a Fe"'—(#-O)-Mn"" species can be accessed (Scheme
1.7); this is only the second reported Fe'"Mn" compound to date. Its reactivity towards phenol and

carbon radical substrates was explored, and its relevance to biological FeMn active sites is discussed.

Chapter 7. The FeMn complexes described in Chapter 6 cannot be oxidized beyond the (IILIV) level.
To attempt to access the Fe'"Mn'" state observed in biological active sites, the system is redesigned
by binding the Fe center to the [poat]” N-donors, while the Mn site is capped with [TMTACN]. A
series of MnFe complexes were prepared, and their electrochemical properties were interrogated by
cyclic voltammetry (Scheme 1.8). Further oxidative processes were observed electrochemically, but
their assignments cannot be corroborated without additional spectroscopic studies by chemical
oxidation.
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Scheme 1.7. Chapter 6 discusses the preparation and characterization of a series of FeMn complexes across three

oxidation levels and various protonation states.
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Scheme 1.8. Chapter 7 explores the electrochemical properties of a series of MnFe complexes to evaluate their ability

to access the Mn!VFel!V level.

Chapter 8. In a serendipitous discovery, the P=O groups in [poat]” were found to support an § = 2

Co™ center; almost all Co™

complexes in 6-coordinated geometry are diamagnetic due to dominant

ligand field stabilization. To further the understanding of the P=O groups as ligands, a series of

Co""Fe'"' and Co""Ga™ bimetallic complexes were prepared. Through structural and magnetic
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studies, it was discovered the Co

" center is diamagnetic in the #-hydroxido bridged compounds, but

adopts an § = 2 ground state in a Co"'—(x-O)—Fe'"' core (Scheme 1.9). This finding suggests both the

P=0 groups and the bridging ligand (which facilitates spin exchange interaction between the two

metal sites) play a significant role in modulating the electronic structure of the Co center.
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Scheme 1.9. Chapter 8 explores bimetallic complexes that contain a rare high-spin six-coordinated Co(III) center.
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Chapter 2
Demystifying “g 10”

Introduction

This dissertation begins with my work in synthetic modelling of mononuclear Fe enzyme
active sites that perform C—H bond activation. Unlike the traditional organometallic approach that
utilizes late second- and third-row transition-metal complexes to cleave the C—H bond »zz oxidative
addition,"® nature employs Fe=O and Fe~OH motifs that are operative within proteins.”'* For heme
systems (e.g. Cytochrome P450s), a formally Fe"=O species (denoted as compound I) is formed
upon O; activation, but spectroscopic studies conclusively show that the competent oxidant is an
Fe'=0 unit coupled to a porphyrin radical (Scheme 2.1)."” After C-H bond cleavage, an Fe"'-OH
species is produced (denoted as compound II) that recombines with the substrate carbon radical to

"_O(H)CHj3 species.'*"® It is the interplay between these two high-valent Fe species that

form an Fe
drives biological C—H bond cleavage in Cytochrome P450s. The propetties of the Fe""—OH motif in
compound II are unique, because high-valent metal-oxido species are generally weak electrophiles
due to their multiple-bond character and are difficult to protonate.” To support this premise, Green
experimentally determined a pK,(OH) of 12 for compound II, and attributed the high value to the
basic cysteine thiolate bound trans to the hydroxido ligand; comparable species in other heme
proteins with histidine axial ligands have estimated pK,(OH) values of less than 5."* Similar
intermediates have been proposed for non-heme systems, but they lack expetimental verifications;*”
* likewise, synthetic verification of Fe""—OH species has also been difficult to achieve. Several

reports have claimed to generate an Fe""—OH species, but they lack detailed oxidation state

assignments,” or precise determination of the H' location.”” These examples demonstrate that care
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must be taken in the assignment of protonation state in high-valent metal-oxido complexes, which

remains an ongoing challenge within the field.”

R;CH R;Ce
M Rel M
o] o o]
1 1 1
1 o | 1
SCys SCys SCys
Compound | Compound Il

Scheme 2.1. Aliphatic hydroxylation by Cytochrome P450 Enzymes.

A former member of the Borovik Lab, Dr. Victoria Oswald, has performed extensive
expetiments in an attempt to trap an Fe''—~OH species utilizing the [poat]” ligand framework. As
introduced in the previous chapter, [poat]” provides a trianionic ligand field that supports high-
valent metal centers,* and contains H-bond accepting functionalities in the phosphinic amido P=O
groups to stabilize Bronsted acidic exogenous ligands (e.g. a high-valent M—~OH motif).””** Two
reversible oxidation events were observed at < —1 V (vs [FeCp2]*"") for the Fe" starting synthon,
K;[Fe"poat(OH)], which suggests that two higher oxidation levels above the Fe" state can be
achieved for this complex.”” Treatment of K;[Fe'poat(OH)] with two equivalents of [FeCp2|BF; in
the presence of 18-crown-6 (18-c-6) yielded a new species observable by parallel-mode electron
paramagnetic resonance (EPR) spectroscopy (Scheme 2.2). The feature has a derivative-shape with g
= 9.7 which supportts a spin state assignment of 2, but is distinct from the signal for the
previously reported [Fe'Vpoat(O)]™ species.” *"Fe Méssbauer experiments revealed a doublet
spectrum (~ 40% yield) that is consistent with a non-Kramer (i.e. integer-spin) system, but the
isomer shift (§) and quadrupole splitting (AEq) values of 0.33/0.98 mm s are more consistent with

an Fe

center, not Fe'.?’'”? Further examination of the g = 9.7 EPR signal revealed its
temperature-dependent nature, and an increase in measurement temperature resulted in a lowering

of intensity of the signal with a concomitant growth of a new feature at g = 13.4. This lower field

feature is consistent with a spin state of § = 3.3 The combined magnetic studies suggest that the
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Scheme 2.2. Previously reported generation of the "g10" species from the addition of 2 equivalents [FeCp2]BF4 to
[Fellpoat(OH)]*. K;[>"Fel'poat(OH)] was used for Mossbauer measurements. A summary of the properties for this
species is listed in the right panel.

new complex does not have a single paramagnetic §' = 2 center, but instead is a spin-exchange

111

system, containing an § = 5/2 Fe'"' center coupled to an § = 1/2 site. A spin exchange constant |

was measured to be ~ +5 ecm™ (H = JS;°S,), which indicates weak antiferromagnetic interactions.

This new compound is hereby termed the “g10” species due to its unusual EPR feature; it is highly
unstable, which precludes preparation of pure samples for other spectroscopic techniques.

In this chapter, I sought to elucidate the identity of the “gl0” species. Efforts to improve its
synthetic preparation, and the re-evaluation of the electrochemical properties of the Fe—hydroxido
complexes and the redox-inactive Ga analog are discussed. A proposed structure for this species is

supported by new electrochemical, magnetic, and structural evidence.

Results & Discussion

Proposed structures for the “g10” species. Several structures have been proposed for this mysterious “g10”
species. The initial goal to synthesize [Fe" poat(OH)] (Figure 2.1.A) proved unsuccessful, as the
temperature-dependent EPR measurements showed this new species to be a spin-exchange system
(with a ground spin state of § = 2 and an excited spin state of §' = 3), and Mdssbauer results
demonstrated that the complex contains a high-spin Fe'" center. These findings, as well as other
attempts using various tripodal frameworks developed by the Borovik Lab,””*** demonstrate the

difficulty in generating 2 non-heme Fe'"—OH species. A plausible proposal is the formation of an
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[Fe" (poat)"(OH)] complex (Figure 2.1.B), in which the oxidation takes place on the [poat]” ligand.

33,35-40

Ligand oxidation is known to occur in biological and synthetic systems; one example is the

Fe'-oxido coupled to a ligand radical in P450 Compound I discussed above."> However, there is no

evidence of ligand non-innocence observed in the >50 well-characterized complexes in the [poat]*

I 26-29.34.41-43
5

ligand or related frameworks developed by the Borovik La and the spin exchange

constant ] (~ 5 cm™) is not strong enough to be considered for a metal center antiferromagnetically

coupled to a paramagnetic nitrogen-rich ligand framework.”***

Ph O Ph_ 0 Ph_ OH
o N 7 o N 7 7
Ph—F OH %, Ph Ph——P\ cl)H )\ Ph Ph—P cl> . Ph
| P~ (0] *IP~ (o] 'P‘n.
» ~Ph » ~Ph + ~Ph
Ph\F;f\ <N/F?N—N Ph g <i,:Tm_N Ph ] N/Fe"'—N
Ph” °N Ph” N Ph”
\\7"\) \_N\/\ v
[Fe!Vpoat(OH)] [Fe!(poat)*+(OH)] [Fe'(poat*)(OOH)*]

Figure 2.1. Different proposed structures for the “g10” species: (A) [FeVpoat(OH)] from metal oxidation; (B)
[Fe'(poat)**(OH)] from ligand oxidation; (C) [Fe(poat*)(OOH)**] from intramolecular O—O bond formation.

The small magnitude of | led us to consider the other structural possibilities for the “g10”
species, such as Fe complexes with an exogenous ligand that contains a radical center. One
intriguing suggestion was a (hydro)superoxido ligand, which is illustrated in Figure 2.1.C. A
[Fe"!(poat¥)(OOH)™] species is proposed to be generated via intramolecular O—O bond formation,
arising from the coupling of the Fe—~OH motif and the P=0O group in one of the phosphinic amido

111

arms in [poat]”.” Non-heme Fe"'—superoxido species have been observed in both enzymatic and

synthetic systems with the [ value ranging between 6 — 15 cm™, which is within range of what is

33,46, 11

observed for the “g10” species.”**"" The even integer overall spin state and high-spin Fe"" character
of the “g10” species are also consistent with an Fe'"'—superoxido formulation. However, much

further characterization is necessary to support any assignment of the “g10” species.
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Improved synthesis of K/Fe"poat(OH)] and generation of the “g10” species. Past experiments to characterize
the “g10” species employed Ko[Fe"poat(OH)] as a starting synthon,” but since two equivalents of

111

[FeCp2]BF, were required to generate this species, it is conceivable that Fe”—OH was generated by
the first equivalent oxidant. I hypothesized using K[Fe"'poat(OH)] would reduce the overall reaction
by one step and provide purer samples of the “g10” species for characterization.

The synthesis (Scheme 2.3) and characterization of Ks[Fe"poat(OH)] are documented and
the details are not further discussed here (the molecular structure is illustrated in Figure 2.2.A,C).”
While the K[Fe"'poat(OH)] complex was prepared by previous Borovik lab members,”* the
crystalline yield was consistently low (< 20 %). The synthesis of K[Fe'poat(OH)] was improved by
treatment of one equivalent of O, to K[Fe"poat| generated i situ, and recrystallization from a
CH:Cly/EtO mixture provided dark yellow crystals with yields of ~ 35 % (Scheme 2.3).”” The
molecular structure reveals a cluster that contains two molecules of [Fe"'poat(OH)|, which are
linked by two K* counterions (Figure 2.2.B,D); it is also worth-noting that the Fe"" analog also
recrystallizes as an aggregate, with an overall formulation of {K;[Fe"poat(OH)]}.*4THF. The
structure metrical parameters for both complexes have been reported.” The EPR and Méssbauer

spectra were consistent with an § = 5/2 Fe'" center, with g-values of 9.44 and 4.30, and 6/AEq

values of 0.32 and 0.92 mm s (Figure 2.3).*

1) 2 H,0
{K[Fe"poat]}, 22 o (K,[Fe'poat(OH)]},
THF, rt, Ar
-2H,
I, THF, rt, Ar
-2KI
2% » {K[Fe"'poat(OH)]}
THF, rt, Ar p 2

Scheme 2.3. Preparative routes to K[FeM'poat(OH)].
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Figure 2.2. Thermal ellipsoid diagtams depicting the molecular structures of {Kz[Fel'poat(OH)}*4THF (A) and
{K[Fe'poat(OH)]}2 (C) by X-ray diffraction. The [Fel'poat(OH)]?~ and [Fe'lpoat(OH)]- fragments are illustrated in
(B) and (D), respectively. Ellipsoids are drawn at the 50% probability level, and only the hydroxido H atoms are

shown for clarity.
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Figure 2.3. EPR (A) and Mossbauer (B) spectra of 1.6mM (K/18c6)[*"Fel'poat(OH)] in 1:1 DMF:THF (ted plots).
Experimental parameters: (A) microwaves, 0.2 mW at 9.645 GHz; temperature, 12 K; (B) magnetic field 45 mT
parallel to y-ray direction, temperature, 4.2 K. The black lines are simulation for: S =5/2,D = 1 cm™, E/D = 0.27,

Asrre = (-20,-19,-19) T, 8 = 0.32 mm s}, AEq = 0.92 mm s, n, = 0.9.
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In the presence of 18-c-6 to improve the solubility of the complex, K[Fe"poat(OH)] was
treated with 1 equivalent [FeCp,|BF, at -78 °C, and a feature at g = 9.7 in the parallel-mode EPR
spectrum appeared, which matches the unidentified “g10” species (Figure 2.4). However, the
reaction yield is still estimated to be ~ 50% by EPR simulation, which is not a significant

improvement from the reaction of two equivalents of [FeCp]" and [Fe"poat(OH)]* (~ 40 %).

A B
(KI18-c-6) [~
F’h 0
Ph—-P HO G Ph
“ P-. FeCp,]BF
o Ny P[P ) o
h/ ‘ |\/\ DMF:THF, -80 °C, Ar -
(KI18-c-6)[Fe"'poat(OH)] The "g10" species
IIIIIIIIIIIIIIIIIIIII
500 1000 1500 2000
B (G)

Figure 2.4. Generation of the "g10" species from [Fel'poat(OH)]- (A). Parallel-mode EPR spectrum (B) of the “g10”
species generated from addition of [FeCpz|BF, to K[Fel'lpoat(OH)]/18-c-6. Expetimental patameters: (A)
concentration, 21.1-mM; microwaves, 0.2 mW at 9.3 GHz; temperature, 15.4 K. The asterisk (*) indicates minor high-
spin ferric impurities.

Re-evaluation of the electrochemical properties of [Fe"poat(OH)J* and [Fé"poat(OH)]". The electrochemical
properties of Ks[Fe''poat(OH)] were previously investigated using cyclic voltammetry,” and have
been re-evaluated and illustrated in Figure 2.5.A. The cyclic voltammogram exhibits two reversible
processes at -1.79 and -1.07 V (vs [FeCp2]""), which was initially assigned as the Fe"/"" and Fe"/™
(or [Fe™L"]/[Fe"'L]) events, respectively. However, these electrochemical expetiments were
performed in the absence of 18-crown-6, which was added during spectroscopic studies in hopes of
1) improving the solubility of the complex, 2) encapsulating the potassium counterions, and 3)
breaking apart the cluster to form discrete mononuclear [Fe”poat(OH)]"* molecules (n = +2 or +3).
In the presence of 4.0 equivalents 18-c-6 (two per potassium), the cyclic voltammogram for
K;[Fe"poat(OH)] was different (Figure 2.5.B): the oxidative wave at -1.73 V disappeared, and the

oxidative process at Ep, = -1.04 V approximately doubled in current intensity. This strongly indicates
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the two processes observed for Ks[Fe''poat(OH)] in the absence of 18-c-6 do not correspond to two
oxidations of the mononuclear [Fe"poat(OH)]* complex, but instead two oxidations of
{K;[Fe"poat(OH)]}2 cluster: the first oxidation produces a

({Ko[Fe"poat(OH)]} {K[Fe"'poat(OH)] })" aggregate, and the second oxidation generates
({Kz[Fe"poat(OH)]}2)*". These results also suggested the diiron(II) cluster (Figure 2.2.A) does not
readily dissociate into mononuclear Fe complexes in solution in the absence of encapsulating agents

(e.g. 18-c-6). Synthetic efforts to replace the K counterions with noncoordinating cations for

[Fe"poat(OH)]* and [Fe"'poat(OH)]” have been largely unsuccessful.
Eir=-179V

Eiz=-107V

IS luA Epc= -1.92V

Epc: -1.13V

Current

Epa=-1.04V

| I I I T I A T R |

-0.6 -1 14 18 22
Potential (V vs [Fesz]”o)

Figure 2.5. Cyclic voltammograms of (A) Ka[Fe'poat(OH)] in the absence of 18-c-6, and (B) K;[Fel'poat(OH)] in
the presence of 18-c-6. The cyclic voltammograms were collected at 100 mV s in DMF.

I then turned my focus to the oxidation chemistry of K[Fe'"poat(OH)] (Figure 2.6.A). In the
presence of 2.0 equivalents 18-c-6, the cyclic voltammogram for K[Fe'"'poat(OH)] is comparable
with that for Ko[Fe''poat(OH)]/18-c-6 (Figure 2.6.B, 2.5.B). Although the reductive process at Fjc =
-1.07 V and oxidative process at E,, = -1.01 V are close in potentials (AE = 60 mV), they do not
correspond to the same one-electron event, as no current was detected in the electrochemical

window between -0.7 and -1.5 V (Figure 2.6.C). Instead, the oxidative process at E,, = -1.01 V only
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appears after accessing the reduction at E,. = -1.96 V (Figure 2.6.B), and the reductive process at Ej.
= -1.07 V appears after accessing the oxidations at E,, > +0.1 V (Figure 2.6.D). While the
electrochemical properties in the more positive region are complicated, the irreversible oxidation
processes are at least 100 mV more positive than the [FeCp,] ™" reference couple, so a mild oxidant
such as [FeCp;]* should not be able to achieve the oxidation of [Fe"poat(OH)]". It is clear that while

[FeCp2BF; reacts with [Fe"'poat(OH)]™ to produce the transient “g10” species spectroscopically, but

its role is still ambiguous.

A Ere=-196V B Ere=-1.96V
15 A Epc=-1.07 V
Jz -
3 3
Epa=-101V
Epa=+0.31, 40.14 V Epa=-1.01V
IIIIIIIIIII'I IIIIIIIIIIIIIIIIIIIII
05 0 05 4 -15 -2 25 05 1 45 =2 25
Potential (V vs [FeCp,] ™) Potential (V vs [FeCp,]™)
C D Epe=-1.07V
]:2 HA :[4'HA
I 3
(.53 S Epa=-1.01V
Epa=+0.31, +0.14 V
IIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIII
07 09 -1 13 -5 05 0 05 1 -5
Potential (V vs [Fesz]*’O) Potential (V vs [FeCp,] ™)

Figure 2.6. Cyclic voltammograms of K[Fepoat(OH)] in the presence of 18-c-6. (A) Full window. (B) The more

negative potential window. (C) The mid-potential window. (D) The more positive potential window. The cyclic
voltammograms were collected at 100 mV s! in DMF.

Synthesis and properties of K/Ga"poat(OH)]. To further probe the electrochemical and magnetic

properties of [Fe'poat(OH)], the diamagnetic [Ga"'poat(OH)]” complex was developed. Ga™ is
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" due to their same charge, similar ionic radii, and

often used as a redox-inactive analogue for Fe
comparable Lewis acidities.” ' In a typical reaction, metalation of [poat]” with NMesGaCl,, followed
by treatment of water and base, yielded the desired K[Ga'"'poat(OH)] product (Scheme 2.4).
Recrystallization of the crude compound provided colotless crystals suitable for various structural
and spectroscopic characterization methods. X-ray diffraction revealed a molecular structure that is
isomorphous to {K[Fe"'poat(OH)]}2, with two molecules of [Ga"'poat(OH)]” crosslinked by two
potassium counter ions to form a cluster (Figure 2.7, Table 2.1). The Ga™ center adopts a trigonal
bipyramidal (tbp) geometry (zs= 0.968) with an axial exogenous hydroxido ligand. The Gal-O1
(1.873(1) A), Gal-N1 (2.409(1) A), and Gal-N, (1.961(1) A) bond distances are all comparable to
those for K[Fepoat(OH)] (1.896(1) A, 2.373(1) A, 2.011(1) A, respectively). The enforced cluster
aggregation prevents intramolecular H-bonding between the hydroxido ligands and the phosphinic

amido P=0 group (d(O1:+-Op-0) > 3 A). K[Ga"'poat(OH)] exhibited a diamagnetic 'H NMR

spectrum, in which all [poat]> proton resonances can be assigned.

Ph. O 1) 3KH
Ph':P// O  ph 2) NMe,GaCl,
o Y%/ 3) H,0

Ph_ o NH + ~Ph  4)KH

P HN —— > 0.5 {K[Ga"'poat(OH)]},
Ph” "NH THF, rt, Ar

K‘;N —4H,, 3KCl,
NMe,CI
H;poat

Scheme 2.4. Preparative route to K[Ga"poat(OH)].

Gallium(III) complexes have been previously used as a surrogate for their Fe™

counterparts
to investigate redox (non-)innocence of ligand frameworks.””* In the presence of 18-c-6, the cyclic
voltammogram of K[Ga"'poat(OH)] exhibits an irreversible oxidation at E,, = +0.37 V (Figure

2.8.B), suggesting only oxidants with a higher potential may be able to oxidize the Ga™

complex by
one-electron (e.g. [Ga™ (poat)"(OH)]). [FeCp2]" is not sufficiently potent to access that potential and

oxidize the ligand, which further suppotts that reactivity of K[Fe'poat(OH)]/18-c-6 towards
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[FeCp2]BF. is not a simple outer sphere redox process, and rules out the possibility of the

[Fe"!(poat)*(OH)] formulation for the “g10” species.

Figure 2.7. Thermal ellipsoid diagrams depicting the molecular structure of {K[Ga'poat(OH)]}2 by X-ray
diffraction (A). The [Gapoat(OH)|- fragment is illustrated in (B). Ellipsoids are drawn at the 50% probability level,
and only the hydroxido H atoms are shown for clarity.

Table 2.1. Selected metrical parameters for {K[Ga''poat(OH)]} 2.

Bond Lengths (A) Angles (%)
Gal-N1 2.409(1) 0O1-Gal-N1 176.30(5)
Gal-N2 1.970(2) N2-Gal-N3 114.16(6)
Gal-N3 1.959(1) N3-Gal-N4 114.67(6)
Gal-N4 1.953(1) N2-Gal-N4 118.22(6)
Gal-O1 1.873(1) Gal-O1-K1 137.78(6)
K1-01 2.728(1) Gal-O1-K1’ 122.90(6)
K1-02 2.666(1)
K1’-01 2.870(1)
K1-O3 2.656(1) Calculated Values
K1-O4 2.650(1) 754 (Fel) 0.968
av Gal-Neq 1.961(1)
d|Gal-Neg| 0.413

Ttigonality structural parameter, 75 = (§— a)/60°. f is the largest bond angle obsetved, and a is the second
largest bond angle observed.

A new hypothesis. With the characterization thus far, it has been determined the “g10” species is an
integer-spin system that contains a high-spin Fe'" center (6/AEq = 0.33/0.98 mm s™)
antiferromagnetically coupled to an § = 1/2 site. It has a ground spin state of 2, but the excited state
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Figure 2.8. Cyclic voltammograms of K[Fel'lpoat(OH)] (A) and K[Ga"'poat(OH)] (B) in the absence of 18-c-6.
The cyclic voltammograms were collected at 100 mV s-! in DMF.

S = 3 can be accessed due to a small | coupling constant of ~ +5 cm™. Magnetic measurements rule
out an Fe" center ([Fe"Vpoat(OH)]), and electrochemical evidence for the Fe and Ga complexes
suggests [FeCpz]BF4 cannot oxidize the ligand framework ([Fe'(poat)” (OH)]). As previously stated,

an Fe

-superoxido species arising from O—O bond formation is an intriguing proposal due to its
relevance to biological water oxidation (see Outlook section). The small | constant is consistent with
weak coupling between paramagnetic centers, which arises from the unpaired spin not being
localized on an atom that is directly bound to the Fe center. The experimentally determined /|

111

constant is comparable in magnitude with other enzymatic and synthetic Fe™-superoxido

species.”™**7 A recent report by Rittle on a crystallographically-characterized, high-spin Fe''-

superoxido complex exhibits similar magnetic properties (§ = 0.37 mm s™, g = 9.3 in parallel-mode
EPR).” While the notion of intramolecular O—O bond formation from a M—O(H) center would be
an important discovery, more evidence is necessary to make a conclusive assignment. Experiments
were attempted to trap an O, adduct (e.g. peroxide tests, metal complexes known to bind O, units)

but provided inconclusive results. It is worth noting that while the spin states of [Fe"'poat(OH)|™ (§
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= 5/2) and the “gl0” species (§ = 2) are different, their Mossbauer parameters are almost identical
(6/AEq = 0.32/0.92 and 0.33/0.98 mm s, respectively), suggesting that the properties of the Fe
center in the [poat]” are not significantly perturbed upon treatment with [FeCp2]BF..

The study into the oxidation chemistry of the mononuclear [Fe"'poat(OH)]” complex was
performed concurrently with the syntheses of bimetallic complexes described in the remaining
chapters of this dissertation. As I gained a better understanding of those systems, it became clear
that the phosphinic amido P=0O groups are excellent at binding metal ions/adducts. Weakly-
coordinating ligands, such as triflate, are easily substituted by the strongly-donating P=0O groups as
expected, but it has also been observed that other multidentate ligands, e.g. crown-ethers and
tetramethylethylenediamine, can sometimes be displaced. These observations have prompted me to
reconsider and carefully choose any inorganic/organometallic reagents for metal/[poat]” complexes
to avoid undesired aggregation of bi- or multimetallic clusters.

A new hypothesis for the identity of the “g10” species is proposed and illustrated in Scheme
2.5. While FeCps is known to be substitution-inert (§ = 0, d°), [FeCp2]" is open-shelled, and the Cp~
ligands may be susceptible to displacement by other strongly-donating ligands; this has been
observed for various “piano stool”-type complexes.”” With this in mind, as well as the tendency of

the P=O ligands to displace other ligands, it is possible that [Fe"'poat(OH)]|" reacts with [FeCpa]*

1- Fell
Ph O Ph. 0O— AN
AN/ N 7 /
Ph—F_HO 9 Ph Ph—F HO  Q Ph
o P< FeCp,]BF o P~
Ph s Nocon_ ' PN [FeCpIBF, Ph_ i /N.FL“__N' Ph

,P\ N . o > N N~
Ph” °N \_| DMF:THF, -80 °C, Ar Ph” N \_I
K/N —Cp, BF,~ I\/N
[Fe'lpoat(OH)] [(Cp)Fe'—{4~OH)-Fe"'poat]*

The "g10" species

Scheme 2.5. A new hypothesis for the identity of the “g10” species: [Fe''poat(OH)]- displaces the Cp- ring in
[FeCp2]* to form [(Cp)Fe"—(u-OH)—Fepoat| ™.
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not via a redox process, but by replacing one of the Cp~ ligands with the two P=0O groups and the
axial hydroxido ligand, forming a putative [(Cp)Fe"'—(u-OH)—Fe"'poat]* species that gives rise to the
g = 9.7 signal in parallel-mode EPR spectroscopy.

It has been established that the “g10” species is a spin-coupled system that involves two
paramagnetic centers, one of which being high-spin Fe"'; while it was always presumed the second
paramagnetic site to be an §' = 1/2 organic-based radical, the possibility of the binding of another
metal center (§ = 1/2 Fe'") was never considered, nor was the possibility of functionalization of

7,27,28

[FeCp2]*. While all reported Fe'' complexes in the [poat]” framework are high-spin,”*"* they are in a
trigonal symmetry with an N4O or Ns geometry, and it is reasonable that the strongly o-donating
[Cp] ligand can promote a low-spin configuration. To further support the idea of an § = 1/2 metal
complex binding, two bimetallic complexes had been reported by the Borovik Lab,
[(TMTACN)Cu"—(z-OH)-Fe"MST]" and [(TMTACN)Cu"—(z-OH)-Fe"'poat]* (see Chapter 3),”*

which are § = 2 systems that contain an § = 5/2 Fe'!

center antiferromagnetically coupled to an § =
1/2 Cu" center. These complexes exhibit nearly identical parallel-mode EPR features as that
observed for the “g10” species.

One important consideration is that although the proposed structure is a diiron complex,
only one iron species (6/AFq = 0.33/0.98 mm s™) was observed by Méssbauer spectroscopy, which
is useful at examining all iron species in a given sample as long as the *'Fe content (~ 2% natural
abundance) is high enough for detection (typically > 0.4 mM *'Fe). Our lab has taken advantage of
the sensitivity of this technique in the past to generate high-valent Fe complexes using *"Fe-entiched
complexes and natural abundance [FeCp2|BF,, which mitigates the features of the [FeCpy]
byproduct.”***' Similarly, in the initial Méssbauer studies of the “g10” species, Ko["Fe'poat(OH)]

and [FeCp,|BF, were used, and the fate of the metallocene reagent was not monitored. If the “g10”

species were a diiron complex, features for the [Fe"'Cp]** adduct would not be detected due to the
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low natural abundance of *'Fe (~ 2 %). Therefore, Méssbauer experiments using natural abundance
compounds for both K[Fe"'poat(OH)] and [FeCp.|BF, (or *'Fe-enriched complexes for both) are
necessary to support this hypothesis.

Demystifying “g10”. Several experiments were conducted to support the new formulation for the “g10”
species. Cyclic voltammetry was performed on FeCp; in the presence of stoichiometric (1
equivalent) K[Fe"'poat(OH)]/18-c-6, and the [FeCp,]*"’ redox process becomes irreversible (Figure
2.9.B), with a current ratio i/ 4. of neatly one-half (0.49). In the presence of 2 equivalents of
K[Fe"poat(OH)] /18-c-6, there is little reduction current detected for the [FeCp2]™"* event (Figure
2.9.C). These experiments were repeated using different working electrodes, and the same
observations were made. The half and full consumptions of [FeCp,]” with one and two equivalents
of K[Fe"'poat(OH)]/18-c-6, respectively, suggest that [FeCp,]" generated at the electrode surface is
reacting with [Fe'poat(OH)]™ at a ~1:2 ratio. The consumption of [FeCp;]" resulted in little return
reduction current for the [FeCp2]*"? process, and supports the notion that the Cp~ rings in [FeCp,]”*
are sequentially replaced, possibly by the P=0 groups. Future bulk electrolysis experiments may

provide more accurate information on the electron uptake/current passed.

A ol = 1.00 B indles = 0.49 c Little reduction current detected

i|:4 HA + I4 HA 4 uA

Current
Current
Current

| I T I I I I I A | L 1 | 1 | 1 | 1 1 1 | | 1 | 1 | 1 1 1 | 1 |
08 04 0 04 08 04 02 ©0 -02 -04 -06 04 02 0 -02 -04 -06
Potential (V vs [FeCp,]™) Potential (V vs [FeCp,]"™) Potential (V vs [FeCp,]*)

Figure 2.9. Cyclic voltammograms of FeCp: (A), and FeCps in the presence of 1.0 equivalent (B) and 2.0 equivalents
(C) of K[Fe'poat(OH)]/18-c-6. The reversibility of the [FeCpz]*/ decreases in the presence of
K[Fe'poat(OH)]/18-c-6. The cyclic voltammograms wete collected at 10 mV s! in DMF.
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The “g10” species was re-investigated by the combination of EPR and Mdssbauer
spectroscopies. K[Fe"'poat(OH)]/18-c-6 was treated with [FeCp2|BF, at -80 °C (both natural
abundance in Fe), and the g = 9.7 signal was observed in parallel-mode EPR at > 50% yield (Figure
2.10.A); exact quantification of this feature was challenging due to low reaction yield and small |
coupling constant. The Mdssbauer spectrum was more complicated (Figure 2.10.C). Minor
impurities were observed (likely FeCpa, < 20 %, 6/AEq = 0.56/2.44 mm s™, black dashed trace; see
Figure 2.10.B for the FeCp, reference spectrum), as well as a doublet feature that was previously
observed for the “g10” species (§/AEq = 0.33/0.98 mm s™, green solid trace). Most significantly, we
observed a new doublet with /AFq values of 0.61/0.26 mm s™ (purple solid trace). It is typical of
Fe"'-cyclopentadienyl complexes to exhibit higher isomer shift values.”*” Both Fe'"' features (6 =

0.33 and 0.61 mm s™) are quantified to the same concentration, indicating a 1:1 ratio. In addition,
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Figure 2.10. EPR (A) and M&ssbauer (C) spectra of the “g10” species generated from addition of 1.0 equivalent
[FeCp2]BF4 to (K/18c6)[Fel'poat(OH)] in 1:1 DMF:THF (black plots). The final concentration was 21.1-mM. The
Mossbauer spectra for FeCpz (B, 130-mM) and [FeCp2|BF4 (D, 125-mM) are illustrated for comparison. The red
traces are simulations. The simulated M&ssbauer spectrum in C (red trace) is composed of three species: a doublet
with 8/AEq = 0.33/0.98 mm s! (green solid trace); a doublet with 8/AEq = 0.61/0.26 mm s (putple solid trace);
and a doublet with §/AEq = 0.56/2.44 mm s (black dashed trace). The first two doublets ate of equal concentration,
and the last doublet is a minor species (< 20 %, likely FeCpaz). Experimental parameters: (A) microwaves, 0.2 mW at
9.3 GHz; temperature, 15.4 K; (B, C, D) magnetic field 45 mT parallel to y-ray direction; temperature, 4.2 K.
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they exhibit doublet spectra instead of six-line spectra, which are typically seen for mononuclear Fe''

species (see the spectrum for [FeCp,|BF4 as an example, Figure 2.10.D). These findings indicate the

two Fe centers are part of the same integer spin system. Overall, the natural abundance Fe EPR and
Mossbauer measurements suggests the “g10” species is a diferric complex (SGrouma = 25 51 = 5/2; 5> =
1/2) and supportts the formulation of [(Cp)Fe"'—(u-OH)-Fe''poat]*.

The experimentally measured spin-exchange constant of ~ 5 cm™ is small for a Fe'"'—(u-
OH)-Fe" motif; these cores in both biological and synthetic systems generally have | values of 20 —
50 cm™.** However, the Fe"" centers in u-hydroxido diiron complexes typically have (neatly)
identical coordination spheres, and therefore have the same spin states (e.g. both are § = 5/2).>%
There has only been one reported example of an § = 2 diferric species that contains one § = 5/2
Fe'" center and one § = 1/2 Fe'" center; however, the | constant was not reported for this system.”’

Therefore, the effect on the spin exchange interaction between two Fe'!

sites with different spin
states is not well-studied.

Since the “g10” species is too unstable for structural characterizations, we sought to do a
bulk reaction of K[Fe"'poat(OH)]/18-c-6 and [FeCp2|BF,, isolate and structurally identify the room-
temperature stable product, and deduce the identity of “gl0” by retrosynthesis. A DMF:THF
solution containing K[Fe"'poat(OH)]/18c6 was treated with 1 equivalent [FeCp2]BFs, and the dark
yellow color turned brown immediately. The product was recrystallized in a DMF:Et,O mixture to
yield dark crystals suitable for XRD in low yield (Scheme 2.6). The molecular structure revealed a
triiron complex, [poatFe"'—(u-OH)-Fe"'—(u-OH)-Fe"'poat]" (Figure 2.11, Table 2.2). Bulk synthesis
using Ko[Fe''poat(OH)] and 2 equivalents [FeCp,]BFs was also performed and yielded crystals of the
same compound. The complex has a [Fel—(u-OH)-Fe3—(u-OH)-Fe2] core, with Fe1-O1/Fe2-O5

bond lengths of 1.897(2) and 1.898(2) A, and Fe3—O1/05 bond lengths of 1.952(2) and 1.954(2) A.

The Fel/2-+-Fe3 distances of 3.445(1)/3.469(1) A and the Fel/2-O1/5-Fe3 angles of
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Scheme 2.6. Synthesis of the triiron cluster, [poatFe'—(u-OH)—Fe'—(u-OH)-Fe'poat] .

126.91(11)/128.52(11) ° are consistent with Fe—(u-OH)—Fe motifs. Fel and Fe2 retains a tbp N,O
geometry, while the central Fe3 site has an Og binding mode, with its coordination sphere filled by 2
bridging hydroxido ligands and 4 P=O groups from the two [Fe'"'poat(OH)]” components. Finally,
the phosphinic amido groups that do not bind to Fe3 participate in an intramolecular H-bonding
interaction with the bridging hydroxido ligand (2.599(3), 2.596(3) A). There have been >50
molecular structures of mono-, di- and tetra-nuclear complexes developed by the Borovik Lab in the
[poat]” ligand framework, but this new species is one of the only three tri-metallic complexes.”*®
This unique compound may pave way for future development of new multimetallic clusters, which is
discussed further in the Owtlook section.

The electrochemical and magnetic findings suppott the formulation of [(Cp)Fe'"'—(u-OH)—
Fe"poat]” as the “g10” species. Additionally, bulk synthesis of this reaction yielded a final product of

[poatFe"—(u-OH)—Fe"'—(u-OH)—Fe"'poat]*, which requires further charactetization (e.g. to
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Figure 2.11. Thermal ellipsoid diagrams depicting the molecular structure of [poatFe'—(u-OH)—Fell—(u-
OH)-Fepoat]* by X-ray diffraction (A). The triiron core (with the phenyl rings removed) is illustrated in (B).
Ellipsoids are drawn at the 50% probability level, and only the hydroxido H atoms are shown for clarity.

determine the bulk purity); the formation of this trinuclear core is consistent with the mechanism
illustrated in Scheme 2.6. [Fe''poat(OH)]" first displaces one Cp™ ring in [FeCp;]*, and the resultant
[Fe"'Cp]** adduct binds to form the transient [(Cp)Fe'"'—(u-OH)—Fe"poat]” species; subsequently,
the other Cp™ ring is displaced by a second molecule of [Fe'poat(OH)]" to produce [poatFe"'—(u-

OH)-Fe"'—(u-OH)-Fe'"poat] ™.

Conclusion & Outlook

In this chapter, the possible identity of the “g10” species has been postulated as [(Cp)Fe"'—-
(u-OH)—Fe"'poat]*. A variety of synthetic, spectroscopic, and electrochemical methods were utilized
to support this assignment. [FeCp2]BF4, a common mild oxidant, provides an Fe'" ion to cross-link

two molecules of [Fe"'poat(OH)| to form the stable [poatFe"'—(u-OH)-Fe"—(u-OH)—Fe"'poat]*

product. This study serves as a cautionary tale that the fate of an oxidant, or any reagent, should
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Table 2.2. Selected metrical parameters for [poatFe"'—(u-OH)—Fe"'—(u-OH)-Fe"'poat|BF.,.

Bond Lengths/Distances Bond Lengths/Distances (A)
)

Fel-N1 2.241(2) Fe2-N5 2.220(2)
Fel-N2 1.986(2) Fe2-N6 1.984(2)
Fel-N3 1.992(2) Fe2-N7 1.992(3)
Fel-N4 1.997(2) Fe2-N8 1.995(2)
Fel-0O1 1.897(2) Fe2-O5 1.898(2)
01---02 2.599(3) 05-:-:06 2.596(3)
Fe3-O1 1.952(2) Fe3-O5 1.954(2)
Fe3-O3 2.047(2) Fe3-O7 2.027(2)
Fe3-O4 2.012(2) Fe3-0O8 2.004(2)
Fel:--Fe3 3.445(1) Fe2---Fe3 3.469(1)
av Fel-Ng 1.992(2) av Fe2-Ng 1.990(2)
dFel—Ne] 0.338 dFe2-Ne] 0.329
d[Fe3-01/3/4] 1.189 d[Fe3-05/7/8] 1.178
O1---05 2.748

Angles (°) Angles (°)
O1-Fel-N1 174.58(10) O5-Fe2-N5 179.40(10)
N2-Fel-N3 124.92(11) N6-Fe2-N7 118.95(11)
N3-Fel-N4 108.54(11) N7-Fe2-N8 110.98(11)
N2-Fel-N4 117.97(11) N6-Fe2-N8 122.01(10)
Fel-O1-Fe3 126.91(11) Fe2-O5-Fe3 128.52(11)
0O3-Fe3-04 88.82(9) O7-Fe3-0O8 88.05(9)
O1-Fe3-0O7 175.83(9) 0O3-Fe3-0O5 175.87(9)
O4-Fe3-08 175.26(9)

Calculated Values Calculated Values

757 (Fel) 0.828 757 (Fe2) 0.957

4Ttigonality structural parametet, 75 = (f — a)/60°. § is the largest bond angle observed, and a is the second
largest bond angle observed.

never be ignored, as it may perform undesirable chemistry: we must always be able to balance the
reaction equation! In this instance, the fate of the [FeCp,|" reagent was not monitored in our initial
Mossbauer measurements, and that proved to be essential in the assignment of the “g10” species.
Another important finding in this study is that the P=O groups in [poat]> are strongly donating
ligands that can out-compete other ligands, including the monoanionic Cp™. This ability has allowed
us to synthesize a large library of discrete bimetallic complexes using the [poat]” framework, which
is discussed in the remaining chapters of this dissertation.

The [poatFe"'—(u-OH)-Fe"—(u-OH)—Fe"'poat]" complex offers a unique architecture that is

worth further investigation as a synthetic model for biological water oxidation. The oxygen evolving
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Figure 2.12. (A) The resting state of the oxygen evolving complex in Photosystem II (PDB: 3WU2). Mn is shown
as a purple sphere, Ca is shown as a turquoise sphere, and O is shown as a red sphere. (B) One proposed structure
for the S4 intermediate in which the key O—O bond formation takes place. (C) The orientation and proximity of the
two hydroxido ligands bound to a Lewis acidic Fell center in [poatFe"—(u-OH)—Fe"—(u-OH)—Fe'poat|* provides
an opportunity to synthetically model biological water oxidation. (D) Proposed high-valent trinuclear Mn>Ca cluster
to facilitate O—O bond formation.

complex (OEC) in Photosystem II (PSII) contains a Mn4OsCa cluster that catalyzes the conversion
of water to dioxygen in a 4 H"/4 e process (Figure 2.12.A)."> One proposed structure for the S4
species in the key O—O bond formation step involves nucleophilic attack/radical coupling of a high
valent Mn—O(H) with the O atom in a Mn—(u-O)—Ca motif (Figure 2.12.B).”"" The redox-inactive
Ca" ion has been demonstrated to be essential at facilitating catalysis.”**" While modeling of the S4
state using molecular systems is an important research focus within the field, it is synthetically
challenging to assemble multimetallic complexes that contain multiple H>O-derived ligands in close
proximity and can perform multi-H'/e™ processes, but [poatFe'—(u-OH)-Fe"'—(u-OH)—Fe'poat]
(ot similar trinuclear complexes) provides us an exciting opportunity. The two bridging hydroxido

ligands are coordinated to the Fe3 atom in a «s manner (Figure 2.12.C), and while the O1---O5
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distance of 2.748 A is too long to for the O-atoms to interact, the central Fe3 atom may serve as a
“linchpin” within the cluster, and allow flexible “scissoring” motions for the two units of
[Fe"'poat(OH)], thus bringing the OH groups closer to each other. While the assembly of
[poatFe"'—(u-OH)-Fe"—(u-OH)-Fe"'poat] using [FeCp2|BF, is rather unconventional, it may
provide us a synthetic route to prepare similar trimetallic complexes, such as [poatMn"'--(u-OH)--
Ca"--(u-OH)--Mn""poat]. Upon multiple oxidations and deprotonations, the high-valent Mn—oxido
motifs bound to the Ca" ion are well-positioned to form an O, adduct (Figure 2.12.D), which is
encapsulated within the bulky [poat]” ligands to allow us to study O—O bond formation using

various structural and spectroscopic techniques.

Experimental

General Procedures. All reagents were purchased from commercial sources and used as received unless
otherwise noted. Solvents were sparged with argon and purified using a JC Meyer Co. solvent
purification system with columns containing Q-5 and molecular sieves. Potassium hydride (KH) as a
30 % dispersion in mineral oil was filtered with a medium porosity glass frit and washed 5 times
each with pentane and diethyl ether (Et,O). Solid KH was dried under vacuum and stored under an
inert atmosphere. All synthetic manipulations were conducted in a Vacuum Atmosphere, Co. drybox
under an argon atmosphere. Hspoat,” Fe(OAc),,” K[Fe'"poat],” Ks[Fe'poat(OH)],” [FeCp2|BF4,”
and NMesGaClL** were synthesized according to previous reports. Tetrabutylammonium

hexafluorophosphate (TBAP) was recrystallized using absolute EtOH.

Physical Methods. Electronic absorbance spectra were recorded with a Cary 50 spectrophotometer
using a 1.00 cm quartz cuvette. Solid-state Fourier transform infrared (FTIR) spectra were collected

on a Thermo Scientific Nicolet iS5 FT-IR spectrometer equipped with an iD5 ATR accessory. Cyclic
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voltammetry experiments were conducted using a CHI600G electrochemical analyzer. A 2.0 mm
glassy carbon or 1.0 mm platinum electrode was used as the working electrode at scan velocities
between 0.01 and 0.5 Vs™. A ferrocenium/ferrocene ([FeCp2]*'") or
decamethylferrocenium/decamethylferrocene ([Fe(CsMes)2] ") standard was used as an internal
reference to monitor the reference electrode (Ag’/Ag). TVAP was used as the supporting electrolyte
at a concentration of 0.1 M. Elemental analyses were performed on a Perkin-Elmer 2400 Series 11
CHNS elemental analyzer. X-band EPR spectra were recorded on a Bruker ELEXSYS spectrometer
equipped with an Oxford ESR-910 liquid helium cryostat and a Bruker bimodal cavity for the
generation of microwave fields parallel and transverse to the applied magnetic field. The microwave
frequency was calibrated with a frequency counter, and the magnetic field was measured with an
NMR gaussmeter. The sample temperature was calibrated against a calibrated cernox sensor
(Lakeshore CX-1050) mounted inside an EPR tube. A modulation frequency of 100 kHz was used
for all EPR spectra. Mdssbauer spectra were recorded on either a variable field or a weak-field
spectrometer operating in a constant acceleration mode in a transmission geometry using Janis
Research Inc. cryostats that allow for a variation in temperature from 4 to 300 K. One of the dewars
housed a superconducting magnet that allowed for the application of magnetic fields up to 8 T
parallel to the y-radiation. Isomer shifts are reported relative to Fe metal at 298 K. The simulation

software SpinCount was written by Prof. Michael P. Hendrich (Carnegie Mellon University).*

Synthesis of [Fe"poat(OH)]

Route A: oxygenation of K[Fe"poat]. K[Fe'"poat] was synthesized 7 situ as desctibed in the reported
procedure.” To a solution of Hspoat (0.400 g, 0.536 mmol) in anhydrous THF (13 ml.) was added
KH (0.0680 g, 1.64 mmol), and the reaction was allowed to proceed until gas evolution ceased and

all solids were dissolved. To the solution was added Fe"(OAc) (0.096 g, 0.56 mmol). The yellow
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solution was stirred for 25 minutes and then filtered through a medium fritted glass funnel to
remove insoluble material. The yellow filtrate was transferred to a 50 mL Schlenk flask, which was
sealed with a rubber septum and brought out from the glove box. Anhydrous O, (12 mL, T = 298
K, P =1 atm, 0.54 mmol) was injected into the headspace via syringe. The initial yellow solution
turned dark brown and stirred for 1 hour. After the reaction was complete, all volatiles were
removed under vacuum, and the reaction flask was brought into the glovebox. The residues were
redissolved in CH,Cl; (6 mL), and were layered with Et;O to afford dark yellow crystals (35%).
Route B: chemical oxidation of K[Fe"poat(OH)]. Ko[Fe"poat(OH)] was first synthesized i situ as
described in the reported procedure.”” To a solution of Hspoat (0.200 g, 0.268 mmol) in anhydrous
THF (6 mL) was added KH (0.033 g, 0.82 mmol), and the reaction was allowed to proceed until gas
evolution ceased and all solids were dissolved. To the solution was added Fe"(OAc). (0.048 g, 0.28
mmol). The yellow solution was stirred for 25 minutes and H>O (5 uL., 0.3 mmol) was added via
syringe. After 5 minutes, the reaction mixture was filtered through a medium porosity glass frit to
remove insoluble material. KH (0.011 g, 0.27 mmol) was added to the filtrate, which turned orange
and was allowed to stir for 10 minutes. The reaction mixture was then filtered through a medium
porosity glass frit to remove any insoluble material. 0.5 equivalent of I, (0.034 g, 0.13 mmol) was
added to the orange solution, which turned yellow brown and stirred for 30 minutes. The reaction
mixture was then reduced to dryness and triturated with Et;O until the residue was a free-flowing
powder. The powder was redissolved in MeCN and filtered to remove KI. Et;O was allowed to
diffuse into the MeCN solution resulting in dark yellow crystals (20%0).

Elemental analysis calcd. (found) for K[Fe"'poat(OH)]- (CH;CN)- (H-O),
C2HasFeKN,O4P5- (CH;CN) - (H20); C, 57.77 (57.74); H, 5.29 (5.09); N, 7.66 (7.32) %. UV-Vis
(DMF:THF solution with 2 equivalents 18-ctown-6, Ama/nm (ems/M'cm™)) 370 (3800). FTIR

(ATR, em™): 3562, 3068, 3051, 3006, 2972, 2945, 2931, 2897, 2848, 2839, 1591, 1572, 1481, 1458,
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14406, 1435, 1400, 1373, 1346, 1336, 1302, 1281, 1255, 1190, 1176, 1161, 1107, 1092, 1068, 1041,
1028, 999, 958, 924, 852, 787, 750, 735, 715, 696, 619, 579, 559, 532. X-band, perpendicular-mode
EPR (DMF:THF with 2 equivalents 18-crown-6, 12 K) ¢ = 9.44, 4.30. M6ssbauer (DMF:THF with

2 equivalents 18-crown-6,4.2 K) 6 = 0.32 mm s; AEq = 0.92 mm s™.

Synthesis of K/Ga" poat(OH)]. To a solution of Hspoat (0.200 g, 0.268 mmol) in anhydrous THF (6
mL) was added KH (0.033 g, 0.82 mmol), and the reaction was allowed to proceed until gas
evolution ceased and all solids were dissolved. To the solution was added NMesGaCl, (0.080 g, 0.28
mmol), and DMF (1 mL) to improve solubility. Precipitates immediately formed, and the cloudy
white mixture was stirred for 3 hours. The insoluble material was removed by filtering the reaction
mixture though a fine-porosity fitted glass funnel, and H.O (5 uL, 0.3 mmol) was added via syringe
to the clear colorless solution. After 30 minutes, KH (0.011 g, 0.27 mmol) was added, which
immediately produced a white precipitate. After 30 minutes of stirring, the insoluble material was
separated via filtration, and the volatiles were removed 7 vacno. The white residue was triturated
several times with Et;O, and was then redissolved in CH,Cl, and layered under Et,O for
recrystallization. Colorless crystals suitable for XRD were obtained after 2 days (60-70 %). Elemental
analysis caled. (found) for K[Ga"'poat(OH)]-0.5CH,Cl+0.5CsH s,
Ci2H4:GaKIN,O4P;5-0.5CH2Cly'0.5CsHi2; C, 57.01 (57.06); H, 5.32 (5.20); N, 5.91 (5.78) %. FTIR
(ATR, cm™): 3595, 3070, 3053, 3006, 2962, 2952, 2931, 2898, 2893, 2848, 2843, 1591, 1570, 1493,
1481, 1458, 1434, 1373, 1352, 1342, 1290, 1261, 1242, 1194, 1180, 1159, 1109, 1092, 1068, 1049,
1001, 966, 930, 854, 800, 750, 737, 715, 694, 619, 579, 565, 548, 534. 'H NMR (400 MHz, CD,Cl,,
ppm): 2.19 (GH, br s), 2.89 (6H, br d), 7.23 — 7.31 (20H, m, o-/p-Ar), 7.70 (12H, dd, m-Ar). 3P NMR (162

MHz, CD,Cls, ppm): 29.9.
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Generation of [(Cp)Fe"'—(u-OH)—Fe"'poat]" (the “g10” species) for EPR and Méssbaner studies. A 22.4-mM
solution of K[Fe'poat(OH)] (0.0479 g, 0.0560 mmol) with 18-c-6 (0.0592 g, 0.224 mmol) was
prepared in DMF:THF (2.5 mL) at room temperature in a glovebox under argon atmosphere and
added to a 1-cm quartz. The cuvette was then sealed with a rubber septum and precooled to -80 °C
in a Unisoku Unispeks cryostat typically used for UV-vis experiments outside the glovebox. The
solution of metal complex was allowed to equilibrate to the desired temperature for at least 20 min.
A stock solution of [FeCp2|BF4 was prepared at 371 mM in DMF:THF, and an aliquot of the
reagent (0.0557 mmol, 0.150 mL) was added via a gas-tight syringe. After stirring for 1.5 minutes,
the septum was sliced open with a razor under a strong flow of argon. The rubber septum was
removed and the content in the cuvette was quickly poured into liquid nitrogen. The frozen solid
was ground into fine slush and then packed into pre-cooled Mossbauer cups and EPR tubes. This
method ensures the same reaction mixture is examined by the two spectroscopic techniques. The

final concentration is 21.1-mM.

Synthesis of [poatFe"—(u-OH)—Fe"—(u-OH)~Fe"poat/BF.. To a 1:1 DMF:THF (4 mL) solution
containing K[Fe"'poat(OH)] (0.0502 g, 0.0587 mmol) and 18-c-6 (0.0356 g, 0.135 mmol) was added
[FeCp2]BF4 (0.0165 g, 0.0604 mmol). The solution turned brown and was allowed to stir for 30
minutes. The reaction mixture was filtered through a fine-porosity fritted glass funnel, and the
filtrate was layered under Et;O to yield dark crystals. This complex has only been characterized by

X-ray diffraction; further spectroscopic characterizations are required.

Crystallography.
{K/Gd"poat(OH)]}.. A colorless crystal of approximate dimensions 0.259 x 0.237 x 0.219 mm was

mounted in a cryoloop and transferred to a Bruker SMART APEX 11 diffractometer. The APEX2%

67



program package was used to determine the unit-cell parameters and for data collection (30
sec/frame scan time for a sphere of diffraction data). The raw frame data was processed using
SAINT®*" and SADABS™ to yield the reflection data file. Subsequent calculations were catried out
using the SHELXTL" program. The diffraction symmetry was 2/ and the systematic absences
wete consistent with the monoclinic space group P2:/¢ that was later determined to be correct.

The structure was solved by dual space methods and refined on F* by full-matrix least-
squares techniques.The analytical scattering factors™ for neutral atoms were used throughout the
analysis. The hydroxide hydrogen atom (H1) was located from a difference-Fourier map and refined
(x,¥,z and Uis). The remaining hydrogen atoms were included using a riding model. The structure
was a dimmer located about an inversion center. There was one diethylether solvent molecule per
dimeric formula-unit. The ether molecule was disordered about inversion center and included with
site-occupancy-factors set to 0.50.

Least-squares analysis yielded wR2 = 0.0957 and Goof = 1.040 for 522 variables refined

against 12270 data (0.71A), R1 = 0.0372 for those 10365 data with I > 2.05(1).

[poatFe"—(u-OH)—Fe"—(u-OH)—Fe¢"'poat]BF,. A red crystal of approximate dimensions 0.176 x 0.304 x
0.351 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer
system. The APEX2* program package was used to determine the unit-cell parameters and for data
collection (30 sec/frame scan time). The raw frame data was processed using SAINT*” and
SADABS to yield the reflection data file. Subsequent calculations were cartied out using the
SHELXTLY program package. The diffraction symmetry was zmm and the systematic absences
were consistent with the orthorhombic space group P2:2,2; that was later determined to be correct.
The structure was solved by direct methods and refined on F* by full-matrix least-squares

techniques. The analytical scattering factors” for neutral atoms were used throughout the analysis.
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Hydrogen atoms H(1) and H(5) were located from a difference-Fourier map and refined (x,y,z and
Us) with initial d(O-H) = 0.80A. The remaining hydrogen atoms were included using a riding
model. There were two molecules of diethylether solvent and one molecule of dimethylformamide
solvent present.

Least squares analysis yielded wR2 = 0.0724 and Goof = 1.050 for 1175 variables refined

against 21396 data (0.78 A), R1 = 0.0298 for those 20001 data with I > 2.0c(I). The structure was

refined as a two-component inversion twin and the Flack” parameter refined to 0.033(9).

Table 2.3. Crystallographic data for {K[Ga'poat(OH)]}, and [poatFe'—(u-OH)—Fel'—(u-OH)—Fe!'poat] BF,.

{K[Ga'poat(OH)] }» [poatFe"—(u-OH)—Fe"—(u-OH)—Fe'poat] BT,
Formula Cgg Hos Gaz Kz Ng O9 P Cs4 Hss B Fy Fes Ng Og Pg-2(C4H100) - C:H/NO
fw 1813.18 1997.12
T (K) 88(2) 88(2)
Crystal system Monoclinic Orthorhombic
Space group P2y/¢ P242424
a (A) 15.8158(8) 17.8338(15)
b (A) 14.3774(7) 18.5841(10)
cAd) 19.7829(10) 29.305(3)
o (%) 90 90
B 110.9118(8) 90
v () 90 90
Z 2 4
V (A3 4202.1(4) 9712.5(14)
Beale (mg/m?) 1.433 1.366
Independent reflections 12270 21396
R1 0.0372 0.0298
wR2 0.0957 0.0724
Goof 1.040 1.050

WR2 = [X[w(l2-F2)?] / Ew(F)?] ]V

R1=2[|Fo|-|Fe| | / 2| Fo|

Goof = 8 = [E[w(F.2-F?? / (n-p)]"/? whete n is the number of reflections and p is the total number of parameters
refined.

The thermal ellipsoid plot is shown at the 50% probability level.
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Chapter 3

Stepwise Assembly of Heterobimetallic Complexes with a [M!—(u-OH)—Fell]
Core

Introduction
Complexes with discrete bimetallic cores are found in a number of biological and synthetic

systems and have impact on both physical and functional properties.™ Within a biological context,
chemical transformations are often regulated by the cooperative effects of bimetallic cores in which
each metal center usually has a different primary coordination sphere.” Replicating these structural
features within synthetic systems has been difficult because many preparative methods lead to each
metal center have identical sets of ligand donors."* These methodological restrictions also hinder
the preparation of complexes in which the bimetallic cores contain different metal ions.*** One
approach to circumvent these problems is to design a metal complex with an auxiliary binding site
that can bind an additional, and different, metal complex.” Notable examples that use this
approach are the heterobimetallic complexes of Thomas and Lu who have designed ligands that
promote formation of complexes with M—M' bonds.”*

We are developing a different approach for the stepwise assembly of heterobimetallic complexes
that produces systems with [M"—(u-OH)—Fe'"] cores. The general design uses a monomeric Fe''—
OH synthon that contains a tripodal ligand with three structural characteristics: 1) it contains a

trianionic, tetradentate binding site for the Fe'

—OH unit, 2) it contains scaffolding to append
hydrogen bond (H-bond) acceptors to form intramolecular H-bonds with the Fe"'-OH unit, and 3)
it contains an auxiliary metal binding site that includes the hydroxido ligand.* These design
principles were illustrated in our use of the tripodal ligand [MST]> (IN,N',N"-[2,2',2""-
nitrilotris(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido), Figure 3.1A) that contains three

deprotonated sulfonamide groups* and was used to prepare a variety of different complexes with
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[M"—(u-OH)—Fe™] cores (Figure 3.1B).** We recently introduced a tripodal ligand [poat]>
(N,N',N"-[nitrilotris(ethane-2,1-diyl)] tris(P,P-diphenylphosphinic amido)) that instead of
sulfonamido groups contains phosphinic amido groups (Figure 3.1C).* We reasoned that the
similarities in the structures of the two tripodal ligands would prepare the analogous [M"—(u-OH)—
Fe'"'] complexes to compare their properties. The starting synthon, [Fe"'poat(OH)[, is well-
characterized and discussed in Chapter 2 of this Dissertation as well as in other reports.* In this
Chapter, we now repott our findings for a series of [[TMTACN)M"—(u-OH)-Fe"'poat]” (M" = Zn,
Cu, Ni; TMTACN = 1,4,7-trimethyl-1,4,7-triazacyclononane) complexes that show these types of
complexes can be readily assembled to form discrete heterobimetallic complexes. Although they
have similar structural and physical properties, the complexes with [poat]’ have significantly lower

redox potentials than their sulfonamido counterparts.
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[MsT)* [(TMTACN)M'~{-OH)-Fe''MST)* [poat]*
M = Mn, Fe, Co, Ni, Cu, Zn

Figure 3.1. Structures of [MST]* (A), [[TMTACN)M!—(z-OH)-Fe"MST]* (B), and [poat]>- (C).

Results & Discussion

Preparation of [(TMTACN)TM"—(u-OH)—Fe¢"'poat]OTf. The preparation of the discrete
heterobimetallic complexes [(TMTACN)M"—(u-OH)-Fe"'poat]OTf (M" = Zn, Cu, Ni and denoted
[M"(OH)Fe"]") was achieved via the preparative route outlined in Scheme 3.1. In a typical reaction,
NMe,OAc was added to a CH,Cl; solution of K[Fe"poat(OH)], and after removal of the insoluble
KOALC, the resulting mixture was treated with the appropriate [M"(TMTACN)]** complex.

76



[Za"(TMTACN)(OTHY),] and [Cu"(TMTACN)(OTf),]- CH;CN salts were used to synthesize the
[Zn"(OH)Fe"]* and [Cu"(OH)Fe™]" species; however, attempts to synthesize and isolate
[Ni"(TMTACN)(OTY),] in high purity had been unsuccessful, which led to this salt being generated
in sitn by mixing equimolar of Ni"(OTf),'5CH3;CN and TMTACN in CH>Cl,. The
[M"(OH)Fe"OTf salts were first purified as powders via precipitation from diethyl ether-CH.Cl,
mixtures, and were then further purified via recrystallization as yellow sheet-like crystals from
pentane (or hexane)-CH,Cl, mixtures. These crystals were suitable for single crystal X-ray diffraction
measurements, elemental analysis, and additional characterization methods. The formulations of the
[M"(OH)Fe"]" complexes were supported by ESI-MS, in which the 7/ values and experimental
isotope patterns matched those calculated for [M"(OH)Fe'"|" (Figure 3.2). The three complexes
have similar optical properties with absorbance features around Amx = 315, 372, and 460 nm (Figure
3.3). In particular, the absorbance feature with a Am. = 372 nm is similar to those previously

reported in our related heterobimetallic complexes with the [MST]> ligand.*

1) NMe,OAc oh OfXM“"' —
2) [M'(TMTACN)(OTH),] e O. Pph

K[Fe"poat(OH)] >~ PR BV
CH,Cl,, rt, Ar Ph. 2 . / ~Ph
— KOAc Sp, ¢ _Fell—N

"
_ Ph” N7
NMe,OTf NQ;'!'\)

[(TMTACN)M'—(.-OH)-Fe!'poat]OTf

Scheme 3.1. Preparative route to the bimetallic [MY(OH)Fe™]* complexes (M = Zn, Cu, Ni).
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Figure 3.2. ESI-MS spectra of (A) [Zn"(O)Fe™*, (B) [Cu(OH)Fe™]*, and (C) [Ni''(OH)Fe!"]*, with the
simulated spectra given in grey.
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Figure 3.3. Electronic absorbance spectra for (A) [Zn(O)Fe™|* (black solid line), (B) [Cu'(OH)Fe]* (black
dashed line), and (C) [Ni"(OH)Fe"|* (black dotted line) complexes. Absorbance measurements were
performed on a 0.10 mM CH,Cl; solution at room temperature.
Vibrational Properties of [M"(OH)Fe" [ Complexes. Solid-state vibrational properties of the
[M"(OH)Fe"]" compounds were investigated by FTIR spectroscopy and exhibit similar features
(Figures 3.4). For example, the vibrational spectrum of [Zn"(OH)Fe"|OTf revealed a weak

vibrational feature at 3141 cm™' that is assigned to the #(O—H) band. This energy is lower, and the

peak is broader than the corresponding »(O—H) feature observed in the analogous complex with the
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[MST]* ligand, which appears at an energy of 3238 cm™.* These observations are consistent with

the phosphinic amido P=O group in [poat]”” being a stronger H-bond acceptor than the
sulfonamido S=O group in [MST]*. For [Ni"(OH)Fe'"]*, the »(O-H) band is at 3160 cm™ and it is
similarly broad to suggest that the hydroxido ligand is involved in H-bond formation. We were
unable to detect the n(O-H) feature in the [Cu"(OH)Fe™]" which could be attributed to the
relatively lower Lewis acidity of Cu" ion,” and that would strengthen the H-bond and broaden any
»(O—-H) feature. The remaining portion of the vibrational spectra of the three complexes are nearly
identical, implying that the overall solid-state structures for the three complexes could be similar.
A
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Figure 3.4. FTIR spectra for [Zn'(OH)Fell]* (A), [Cul(OH)Fell]* (B), and [Ni'(OH)Fel]* (C).

Solid-State Molecular Structures of [M"(OH)Fe" |* Complexes. The molecular structures of the
[M"(OH)Fe"]" complexes were determined by X-ray diffraction methods and revealed discrete
bimetallic core structures (Figure 3.5). There are two crystallographically different, but chemically
equivalent, molecules in the asymmetric unit and we will discuss the averages of the metrical
parameters and calculated values, which are shown in Table 3.1. The triflate counter anion is outer-

! site adopts a similar tbp geometry as found in

sphere and not interacting with the complex. The Fe
[Fe""poat(OH)]” with an N4O primary coordination sphere, comprising of the [poat]’ ligand and the

hydroxido ligand. The complexes have 75 values ranging 0.877 to 0.885, which are less than that
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Figure 3.5. Thermal ellipsoid diagrams depicting the molecular structures of (A) [Zn(O)Fe]*, (B) [Cull(OH)Fe*,
and (C) [Ni"'(OH)FeM]* determined by X-ray diffraction. Ellipsoids are shown at the 50% probability level, and only
the hydroxido H atoms are shown for clarity.

found in [Fe"'poat(OH)] (see above). The Fel-O1 bond distances ate statistically identical within
the series (1.887(4) — 1.900(2) A), and are comparable with those previously reported in
[(TMTACN)M"—(u-OH)-Fe"MST]" (1.884(2) to 1.892(5) A).*

The M" sites in the series are all 6-coordinated with N3Os primary coordination spheres that are
comprised of the TMTACN ligand, two O-atom donors from the phosphinic amido groups of
[poat]™, and the bridging hydroxido ligand. A Jahn-Teller distortion is observed in the Cu" site of
[Cu"(OH)Fe™]", in which the axial Cul-O3 and Cul-N7 bond distances are significantly elongated,
while the equatotial Cul-O1/Cul-04/Cul-N5/Cul-N6 bond distances ate contracted in
compatison with those observed in the Zn" and Ni" analogues (Table 3.1). We note that a similar
Jahn-Teller distortion was also observed in the [[TMTACN)Cu"—(u-OH)-Fe"MST]* complex.*

We further examined the M"-O=P and M"-Nyracy bonds in the [M"(OH)Fe™]" complex
series; the Cu" analogue is excluded from this discussion because of the aforementioned Jahn-Teller
distortion (see above). The M"—O=P bond distances range between 2.089(4) — 2.115(2) A; these
values are significantly smaller than the corresponding M"—O(S) bond distances observed in the
sulfonamido complexes that range from 2.148(2) — 2.362(3) A.* The difference in M"—O bond
lengths suggests the phosphinic amido P=0O groups are stronger donating ligands than the
sulfonamide S=O groups. Moteover, the M"—Nryracn bond distances trans to the O=P groups ate
lengthened in [M"(OH)Fe™]" (2.144(5) — 2.257(2) A), in comparison with those reported for the
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MST analogues (2.102(2) — 2.164 (3) A).* These observations are consistent with stronger trans
influence in the [poat]™ system, in which the O=P donors form stronger M"-~O=P bond that cause

a weakening and lengthening the M"—Ntvracn bonds.

Table 3.1. Selected bond lengths /distances (A) and angles (°) for [M"(OH)Fe']" complexes.”
11

M
MII(OH)FCIII]+ ZHH CuH NiH
Bond Lengths/Distances (A)
Fel-N1 2.207(2) 2.205(1) 2.224(5)
Fel-N2 2.022(2) 2.024(1) 2.017(4)
Fel-N3 2.005(2) 1.996(1) 2.000(5)
Fel-N4 2.007(2) 2.006(1) 2.007(5)
Fel-O1 1.900(2) 1.898(1) 1.887(4)
O01---02 2.653(2) 2.641(2) 2.655(5)
M1-0O1 1.983(2) 1.910(1) 1.981(4)
M1-0O3 2.115(2) 2.354(1) 2.091(4)
M1-O4 2.097(2) 2.019(1) 2.089(4)
M1-N5 2.240(2) 2.132(1) 2.144(5)
M1-NG6 2.154(2) 2.038(1) 2.106(5)
M1-N7 2.257(2) 2.357(2) 2.156(5)
Fel---M1 3.416(1) 3.409(1) 3.423(1)
av Fel-N 2.011(2) 2.009(1) 2.008(5)
av M1-Nrracn 2.217(2) 2.176(1) 2.135(5)
d[Fel-N] 0.364 0.360 0.370
dM1-Nryrac] 1.474 1.405 1.370
Angles (°)
O1-Fel-N1 174.54(8) 173.69(5) 174.54(17)
N2-Fel-N3 121.44(9) 120.87(6) 121.94(20)
N3-Fel-N4 109.64(9) 110.75(6) 108.92(20)
N2-Fel-N4 119.26(9) 118.91(6) 119.09(19)
Fel-O1-M1 123.26(9) 127.04(7) 124.45(20)
03-M1-04 96.68(7) 94.24(4) 94.46(15)
N5-M1-N6 81.31(8) 84.55(6) 84.03(18)
N5-M1-N7 78.96(8) 79.74(5) 81.99(19)
N6-M1-N7 81.35(9) 82.01(6) 83.70(20)
Calculated Values
s’ 0.885 0.880 0.877

“Bond lengths, distances, and angles are reported as an average. "Trigonality structural parameter,
7= (f—a)/60°. § is the largest bond angle obsetrved, and a is the second largest bond angle
observed.
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The remaining phosphinic amido tripodal arm that does not coordinate to the M" ion
participates in an intramolecular H-bond with the bridging hydroxido group; the O1---O2 distances
range from 2.641(2) to 2.655(5) A, which are indicative of H-bonds and consistent with the
observation obtained from FTIR spectroscopy. The O---O distances found in [M"(OH)Fe"]" are
comparable with those found in the [[TMTACN)M"~(u-OH)-Fe"MST]" complexes (2.619(4) —

2.644(3) A).%

Table 3.2. Crystallographic data for [[TMTACN)M"—(u-OH)-Fe'"'poat]OTf complexes (M" =
Zn, Cu, Ni)

[(TMTACN)Zn"—(u- [(TMTACN)Cu"—(u-
OH)—Fe"'poat] OTf OH)-Fe"'poat] OTf

[(TMTACN)Ni"—(u-
OH)—Fe"'poat] OTf

Formula C52 H64 F3 FC N7 O7 P3 Csz H()4 Cu F3 FC N7 O7 Csz H()4 F3 FC N7 Nl O7
S7Zn P;S P5S

fw 1202.29 1200.46 1195.63

T (K) 88(2) 133(2) 93(2)

Crystal system Triclinic Triclinic Orthorhombic

Space group P1 P1 Pea2y

a (A) 14.8745(7) 14.8537(13) 21.3910(09)

b (A) 17.1815(8) 17.1335(15) 17.3399(8)

c (A) 21.4499(10) 21.4044(19) 29.1742(13)

o (%) 89.3968(8) 90.9050(15) 90

B 89.9334(8) 91.3032(14) 90

v () 81.8418(8) 98.1532(14) 90

Z 4 4 8

Y (A3) 5426.1(4) 5389.9(8) 10821.2(8)

Scatc (mg/m’) 1.472 1.479 1.468

Independent 32345 31356 27950

reflections

R1 0.0504 0.0355 0.0532

wR2 0.1138 0.0899 0.0988

Goof 1.016 1.026 1.010

CCDC#H 2072601 2072602 2072603

wR2 = [E[w(EAEY / S[w(E.] ]

R1=2[|Fo|-|Fe| | / 2| F|
Goof = S = [E[w(F,>FA? / (n-p)]"* where n is the number of reflections and p is the total
number of parameters refined.

The thermal ellipsoid plot is shown at the 50% probability level.
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Electrochemical Properties of [M" (OH)Fe" " Complexes. The electrochemical properties of the
[M"(OH)Fe"|" series were investigated using cyclic voltammetry. The [Zn"(OH)Fe"|" complex
exhibited a reversible one-electron redox event at -1.62 V vs. [FeCpa] """ (ipe/ipa = 1.01, AE = 0.20 V,
AE([FeCps]™") = 0.18 V) that is assigned to the Zn"Fe™"/Zn"Fe" couple (Figure 3.6A).

The [Cu"(OH)Fe"]" complex exhibited complex redox behavior, with a single reduction and
oxidation events at -1.76 V and -1.13 V, respectively (Figure 3.6B). One possible explanation for this
electrochemical behavior is that the Cu" center has a similar reduction potential, which likely results
in a large structural change that could influence the reversibility of an electrochemical event.

The [Ni"(OH)Fe']* complex exhibited a reversible one-electron redox event at -1.71 V vs.
[FeCpa] ™ (ipe/ips = 1.07, AE = 0.18 V, AE([FeCp,] /") = 0.17 V) that is assigned to the
Ni'"Fe" /Ni"Fe" couple (Figure 3.6C). The reduction potentials of the [M"(OH)Fe"]" complexes are
significantly more negative than their [(TMTACN)M"—(u-OH)-Fe""MST]" analogs. For instance,

the potential for the [Zn"(OH)Fe"]" complex is more negative by 0.73 V than that found for the

1 05 0 -05 -1 -15 -2 -25
Potential (V vs [Fesz]”D)

Figure 3.6. Cyclic voltammograms of (A) [Zn'(O)Fe!']*, (B) [Cul(OH)Fe!]*, and (C) [Ni"(OH)Fe|*. The cyclic
voltammograms were collected at 100 mV s in the presence of [FeCpz] (*) in CH2Cly.
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same process in [[TMTACN)Zn"—(u-OH)-Fe"MST]" (-0.89 V).* The observed difference between
the two systems is again consistent with [poat]’ being a stronger donating ligand than [MST]>, and

highlights the ability of phosphinic amido groups to stabilize higher valent metal centers.®

Electron Paramagnetic Resonance (EPR) Properties of [M"(OH)Feé" " Complexes. The magnetic properties of
the bimetallic complexes were examined and analyzed using EPR spectroscopy in collaboration with
Prof. Michael Hendrich’s group (Carnegie Mellon University). The [Zn"(OH)Fe™|* complex showed
signals (Figure 3.7A) from an § = 5/2 species in perpendicular mode, with g = 4.96 and 3.82 arising
from the M, = £3/2 doublet and weaker resonances at g = 9.85 and 9.15 from the M, = +5/2 and
*1/2 doublets, respectively. The simulation indicated D = -1.7 cm™ and E/D = 0.21. The spin

concentration (5 mM) determined from simulation was within error equal to that determined by the
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Figure 3.7. EPR spectra (red lines) and simulations (black lines) of (A) [Zn'(OH)Fe!!l]*, (B) [Cu'{(OH)Fe!']*, and
(C) INi"(OH)Fel*. Sample concentrations: 5 mM in CH>Cl:THF. Instrumental conditions: temperature, 16 K;
microwave frequency, 9.645 GHz, B L B (A, C), 9.343 GHz, By | | B (B); microwave power, 0.2 mW. See text for
simulation. parameters.
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weight of the added complex. The electronic properties of this complex are comparable to that of
[(TMTACN)Zn"—(u-OH)-Fe""MST|" (D = -2.5 cm™, E/D = 0.21).

The [Cu"(OH)Fe"]" complex showed a signal (Figure 3.7B) from the § = 2 system of the
antiferromagnetically exchange-coupled § = 1/2 (Cu") and § = 5/2 (Fe"") ions.*** The inset shows
the temperature dependence of the signal intensity and a theoretical curve for the exchange-coupled
spin system with ] = +25 cm™ and Dre = -1.7 cm™. The simulation overlaid on the spectrum
assumes an § = 2 spin Hamiltonian with D = -2.3 cm™, E/D = 0.15, g, = 2. The conversions from
the uncoupled site parameters to an § = 2 system parameters are: D = 4/3 D, g, = 2 — Ag, /6 and
A, =1/6 A,ca. For Cu", g.ca ® 2.2, and Ag,cu = gca— 2 = 0.2, giving g, = 2. The significant
reduction of the system .4, value is cause by spin coupling that renders the Cu hyperfine
unresolvable. The value of | is the same as that observed for the MST analog.

The [Ni"(OH)Fe"']* complex showed signals (Figure 3.7C) from the § = 3/2 system of the
antiferromagnetically exchange-coupled § = 1 (Ni") and § = 5/2 (Fe') ions. The signals at g = 4.99,
2.46, 1.70 are from the M; = 1/2 doublet and g = 5.46, 1.32 are from the M, = +3/2 doublet. The
simulation overlaid on the spectrum uses ] = +35 cm™, Dr. = -1.7 cm™, E/ Dy = 0.21, Dy = +12
cm’, E/Dxi = 0.11, gv = (2.24, 2.17, 2.18). All these values are comparable to the MST analog. The
spin concentration (5 mM) determined from simulation was within error equal to that determined by

the weight of the added complex.

Conclusion & Outlook

We have demonstrated the stepwise assembly of heterobimetallic complexes from the Fe"'-OH
synthon, [Fe"poat(OH)]", and [M"(TMTACN)(OTf),]. Spectroscopic and structural studies confirm

111

that the metal centers have different primary coordination spheres with the Fe™ being five-

coordinated and the M" being six-coordinated. Moreover, our findings show that each complex
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contains an [M"—(u-OH)-Fe'"] core structure that persists in both solution and solid states. Results
from XRD and vibrational measurements indicate that each complex contains an intramolecular H-
bond between the hydroxido ligand and a P=O moiety from one of the phosphinic amido groups.
The formation of bimetallic complexes with a bridging hydroxido ligand has relevance to
active sites within metalloproteins.”'*** The diverse examples that have these types of core
structures include the di-Fe centers in the respiratory protein hemerythrin that also contain one five-
and one six-coordinate site,” and the FeZn site in purple acid phosphatase that degrades
organophosphates.® The isolation of the [(TMTACN)M"—(u-OH)-Fe"'poat]” complex further
allowed comparisons to the related series of complexes, [[TMTACN)M"—(u-OH)-Fe"MST]", that
are made with a sulfonamido tripod. We found major differences in the one-electron reduction
potentials between these two sets of bimetallic complexes with those prepated with [poat]’ having
significantly lower potentials. This finding indicates that phosphinic amido donors create stronger
ligand fields than comparable sulfonamido donors. In addition, the M"~Op-0 bonds are shorter than
the analogous M"~Os-o which suggests that the P=O units, with its larger dipole, can form stronger
M-O bonds. These results suggest that ligands with phosphinic amido groups could stabilize higher
valent bimetallic complexes. We pointed out that one limitation of complexes with sulfonamido
tripods is the inability to access higher valent metal centers. Tripodal ligands with phosphinic amido
donors should help correct this deficiency because our data indicates that [poat]™is better at
stabilizing higher oxidized metal center than the corresponding sulfonamido ligand. Our recent
detection of the Fe"'=0O complex [Fe''poat(O)] supports this premise and, taken together with the
work presented here, illustrates the versatility and promise of this type of ligand.* This hypothesis
proved well-founded: the preparation of bimetallic complexes up to a valence state of (IILIV) is

described in the following chapters. First, a higher oxidation level than [M"(OH)Fe"]" is examined.
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Experimental

General Procedures. All reagents were purchased from commercial sources and used as received unless
otherwise noted. Solvents were sparged with argon and purified using a JC Meyer Co. solvent
purification system with columns containing Q-5 and molecular sieves. Potassium hydride (KH) as a
30 % dispersion in mineral oil was filtered with a medium porosity glass frit and washed 5 times
each with pentane and diethyl ether (Et,O). Solid KH was dried under vacuum and stored under an
inert atmosphere. All synthetic manipulations were conducted in a Vacuum Atmosphere, Co. drybox
under an argon atmosphere. Hspoat,” TMTACN,”** Zn"(OTf),'2CH;CN,”
[Cu"(TMTACN)(OTf)2]- CH;CN,” and Ni"'(OTf).:5CH;CN” were synthesized according to
previous reports.

Physical Methods. Electronic absorbance spectra were recorded with a Cary 50 spectrophotometer
using a 1.00 cm quartz cuvette. High resolution mass spectra were collected using Waters Micromass
LCT Premier Mass Spectrometer. Solid-state Fourier transform infrared (FTIR) spectra were
collected on a Thermo Scientific Nicolet iS5 FT-IR spectrometer equipped with an iD5 ATR
accessory. Cyclic voltammetry experiments were conducted using a CHI600G electrochemical
analyzer. A 2.0 mm glassy carbon electrode was used as the working electrode at scan velocities
between 0.01 and 0.5 V's™. A ferrocenium/ferrocene ([FeCp2]*'") standard was used as an internal
reference to monitor the reference electrode (Ag'/Ag). Tetrabutylammonium hexafluorophosphate
(TBAP) was used as the supporting electrolyte at a concentration of 0.1 M. Elemental analyses were
performed on a Perkin-Elmer 2400 Series II CHNS elemental analyzer. X-band EPR spectra were
recorded on a Bruker ELEXSYS spectrometer equipped with an Oxford ESR-910 liquid helium
cryostat and a Bruker bimodal cavity for the generation of microwave fields parallel and transverse
to the applied magnetic field. The microwave frequency was calibrated with a frequency counter, and

the magnetic field was measured with an NMR gaussmeter. The sample temperature was calibrated
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against a calibrated cernox sensor (Lakeshore CX-1050) mounted inside an EPR tube. A modulation
frequency of 100 kHz was used for all EPR spectra. The simulation software SpinCount was written

> The software diagonalizes the electronic terms of the spin Hamiltonian, and

by one of the authors.
performs least-squares fitting of simulations to the spectra. The quantitative simulations are
generated with consideration of all intensity factors, which allows the computation of simulated
spectra for a specified sample concentration. The quantification of all signals was performed relative
to a CuEDTA spin standard prepared from a copper atomic absorption standard (Sigma-Aldrich).
Additional information for EPR data analysis and crystallographic details are summarized in
Supporting Information.

Synthesis of [Zn" (TMTACN)(OT)]. Zn"(OT1)2'2CH3CN (104.7 mg, 0.2350 mmol) was suspended in
20 mL. CH2Cl,, and TMTACN (46.0 uL, 40.7 mg, 0.237 mmol) was added in one portion using a
syringe. The reaction mixture turned clear and was allowed to react for 2 h. The solution was filtered
with a fine porosity glass frit to remove any insoluble materials, and all volatiles were removed under
vacuum. The white residue was redissolved in 2 mI. CH2Cl,, and white solids were precipitated after
the addition of 20 mL Et;O. The white solids were collected on a fine porosity glass frit and dried
under vacuum, affording the product (115 mg, 91.5 %). Elemental analysis calcd for
[Za"(TMTACN)(OTf)], C11H21FN:OS:Zn: C, 24.70; H, 3.96; N, 7.86%, found: C, 24.86; H, 3.98;
N, 7.66%.

Synthesis of [[TMTACN)Zn"—(u-OH)~Fe"poat]OTf. K[Fe"poat(OH)] (92.4 mg, 0.108 mmol) was
dissolved in 4 mL anhydrous CH>Cl,. NMesOAc (15.6 mg, 0.117 mmol) was added in one portion,
and the mixture was allowed to stir for 1 h. The reaction mixture was filtered with a fine porosity
glass frit, and the filtrate was added dropwise to a 1 mL. CH.ClL solution of [Zn"(TMTACN)(OTf),]

(58.2 mg, 0.109 mmol). The reaction was allowed to proceed for 1 h, and the mixture was filtered

with a medium porosity glass frit to remove any insoluble materials. The filtrate was layered with
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EtO to yield a light brown powder. After the light brown powder was collected and dried, it was
redissolved in CH2Cly, and was layered with pentane to yield yellow sheet-like crystals. The crystals
were collected on a glass frit and dried under vacuum, affording the product in yields that ranged
from 40-50 %. Elemental analysis calcd for [[TMTACN)Zn"—(u-OH)-Fe"'poat] OTf1.5CH,CL,
Cs2HauF3FeN;O7P58Zn-1.5CH.Cl; C, 48.33; H, 5.08; N, 7.37%, found: C, 48.64; H, 4.85; N, 7.67%.
FTIR (diamond ATR, cm™): 3141 (OH), 3074, 3049, 3020, 2993, 2964, 2947, 2902, 2877, 2848,
2817, 1591, 1493, 1483, 1464, 1435, 1363, 1267, 1223, 1165, 1140, 1115, 1084, 1065, 1030, 1016,
991, 964, 931, 891, 812, 750, 723, 696, 636. EPR (X-band, 1-mode, CH.CL*THF, 16 K): g = 9.85,
9.15, 4.96, 3.82. UV-vis Amax(CH2CL)/nm (/M 'em™): 319 (4200), 372 (5200), 460 (sh).
Electronspray ionization mass spectrometry (ESI-MS) (CH;CN, ES", m/z): exact mass calcd for
[Zn"(OH)Fe"]", CsiHuFeN-O4PsZn, 1051.2875; found, 1051.2848. Ei/» (CH,Cl,, V versus
[FeCpa]/"): -1.62.

Synthesis of [[TMTACN)Cu"—(u-OH)—Fe"'poat]OT. This salt was prepared using the method described
above for [[TMTACN)Zn"—(u-OH)-Fe"'poat] OTf with the following modifications:
K[Fe"poat(OH)] (125.7 mg, 0.1469 mmol), NMe;OAc (21.2 mg, 0.159 mmol),
[Cu"(TMTACN)(OTf)2]-CH3CN (85.1 mg, 0.148 mmol). Yellow sheet-like crystals (40-50% yield)
suitable for X-ray diffraction were grown from a concentrated CH>Cl solution layered with hexane.
Elemental analysis calcd for [[TMTACN)Cu"—(u-OH)—Fe''poat]OTf-2CH.CL,
Cs2HeuCul'sFeN-O;P5S-2CH,Cly; C, 47.33; H, 5.00; N, 7.16%, found: C, 46.93; H, 4.88; N, 7.26%.
FTIR (diamond ATR, cm™): 3053, 2987, 2962, 2900, 2858, 2821, 1589, 1491, 1483, 1469, 1441,
1435, 1360, 1263, 1223, 1173, 1149, 1134, 1115, 1068, 1030, 1014, 993, 962, 931, 893, 877, 808, 783,
752,719, 696, 636. EPR (X-band, //-mode, CH:Cl»THF, 16 K): g = 8.2. UV-vis Amux(CH2Cly)/nm

(e/M'em™): 315 (sh), 372 (4200), 460 (sh). ESI-MS (CH5CN, ES*, m/z): exact mass calcd for
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[Cu"(OH)Fe™]", CsiHeiCuFeN-O4Ps, 1050.2880; found, 1050.2909. E,., (CH.CL, V versus
[FeCp2]): -1.13. E,e (CH2Cly, V versus [FeCpa]*/%): -1.76.

Synthesis of [[TMTACN)NZ'—(u-OH)~Fe"poat]OTF. This salt was prepared using the method described
above for [[TMTACN)Zn"—(u-OH)-Fe"'poat]OTf with the following modifications:
K[Fe"'poat(OH)] (190.0 mg, 0.2231 mmol), NMe;OAc (31.2 mg, 0.238 mmol), 6 mL. CH,CL.
Ni"(OTf),'5CH;CN (125.9 mg, 0.2240 mmol) and TMTACN (44.0 u1., 38.9 mg, 0.227 mmol) were
pre-mixed for 1 h before using. Dark yellow crystals (50-60% yield) suitable for X-ray diffraction
were grown from a concentrated CH>Cl, solution layered with hexane. Elemental analysis calcd for
[(TMTACN)Ni"—(u-OH)-Fe"'poat] OTf0.5CsHiz, Cs:HeF3FeN-NiO-P5S-0.5CsHiz; C, 53.15; H,
5.73; N, 7.96%, found: C, 53.15; H, 5.53; N, 7.90%. FTIR (diamond ATR, cm™): 3160 (br, OH),
3064, 3050, 3008, 2970, 2960, 2904, 2860, 2827, 1614, 1591, 1572, 1484, 1471, 1462, 1450, 1435,
1379, 1361, 1263, 1222, 1169, 1140, 1117, 1082, 1061, 1030, 1014, 991, 957, 935, 924, 897, 876, 800,
785, 750, 721, 696, 636. EPR (X-band, 1-mode, CH,CL:THF, 16 K): g = 5.46, 4.99, 2.46, 1.70, 1.32.
UV-vis hnax(CH2Cl) /nm (e/M'em™): 312 (sh), 372 (6400), 455 (sh), 513 (sh). ESI-MS (CH5CN, ES®,
m/z): exact mass calcd for [Ni"(OH)Fe™]", CsiHgFeN;NiO4Ps, 1045.2937; found, 1045.2939. E1/»
(CH:Cl,, V versus [FeCps]*/%): -1.71.

Crystallography

Structure of [(TMTACN)Zn"—(u-OH)—Fe"'poat]OTF. A yellow crystal of approximate dimensions 0.247
x 0.208 x 0.152 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX 11
diffractometer. The APEX2” program package was used to determine the unit-cell parameters and
for data collection (30 sec/frame scan time for a sphere of diffraction data). The raw frame data was
processed using SAINT* and SADABS™ to yield the reflection data file. Subsequent calculations
were carried out using the SHELXTL® program. There were no systematic absences nor any

diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic space group P
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1 was assigned and later determined to be correct. The structure was solved by direct methods and
refined on F? by full-matrix least-squares techniques. The analytical scattering factors® for neutral
atoms were used throughout the analysis. The hydroxide hydrogen atoms (H1 and HS8) were located
from a difference-Fourier map and refined (x,y,z and Ui.). The remaining hydrogen atoms were
included using a riding model. There were two molecules of the formula-unit present (Z = 4).
Disordered atoms were included as isotropic atoms using multiple components with partial site-
occupancy factors.

Least-squares analysis yielded wR2 = 0.1138 and Goof = 1.016 for 1341 variables refined against
32345 data (0.70 A), R1 = 0.0504 for those 24496 data with I > 2.06(I).
Structure of [(TMTACN)Cr"—(u-OH)~Fé"poat]OTF. A yellow crystal of approximate dimensions 0.276
x 0.189 x 0.131 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX 11
diffractometer. The APEX2” program package was used to determine the unit-cell parameters and
for data collection (90 sec/frame scan time for a sphere of diffraction data). The raw frame data was
processed using SAINT* and SADABS™ to yield the reflection data file. Subsequent calculations
were carried out using the SHELXTL® program. There were no systematic absences nor any

diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic space group P

1 was assigned and later determined to be correct. The structure was solved by direct methods and
refined on F* by full-matrix least-squares techniques. The analytical scattering factors® for neutral
atoms were used throughout the analysis. The hydroxide hydrogen atoms (H1 and H8) were located
from a difference-Fourier map and refined (x,y,z and Ui.). The remaining hydrogen atoms were
included using a riding model. There were two molecules of the formula-unit present (Z = 4).
Disordered atoms were included as isotropic atoms using multiple components with partial site-

occupancy factors.
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Least-squares analysis yielded wR2 = 0.0899 and Goof = 1.026 for 1396 variables refined against
31356 data (0.70 A), R1 = 0.0355 for those 25498 data with I > 2.05(1).

Structure of [(TMTACN)N"—(u-OH)~Fe"poat]OTf. An orange crystal of approximate dimensions
0.258 x 0.099 x 0.086 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II
diffractometer. The APEX2” program package was used to determine the unit-cell parameters and
for data collection (180 sec/frame scan time for a sphere of diffraction data). The raw frame data
was processed using SAINT and SADABS™ to yield the reflection data file. Subsequent
calculations were cartied out using the SHELXTL® program. The diffraction symmetry was mmm
and the systematic absences were consistent with the orthorhombic space groups Pbez and Pea2,. It
was later determined that space group P2, was correct. The structure was solved by direct methods
and refined on F* by full-matrix least-squares techniques. The analytical scattering factors® for
neutral atoms were used throughout the analysis. The hydroxide hydrogen atoms (H1 and H8) were
located from a difference-Fourier map and refined (x,y,z and Ui,) with fixed length. The remaining
hydrogen atoms were included using a riding model. There were two molecules of the formula-unit
present (Z = 4). Disordered atoms were included as isotropic atoms using multiple components
with partial site-occupancy factors.

Least-squares analysis yielded wR2 = 0.0988 and Goof = 1.010 for 1356 variables refined against
27950 data (0.74 A), R1 = 0.0532 for those 21063 data with I > 2.0c(I). The structure was refined
as a two-component twin. The absolute structure was assigned by refinement of the Flack®
parameter.

Data Analysis of EPR Measurements

The simulation software SpinCount diagonalizes the electronic terms of the spin Hamiltonian
H=JSS:+ Hi + H, Eq. 3.1

with
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and

H,' — ﬁS,g,B + S,"D{Si i=1,2

S:D;S;= D{S.7 — SSi+ 1)/3 + (E/D){(Sx’ — S,)] i=1,2

where the parameters have the usual definitions,” and performs least-squares fitting of simulations

to the spectra. The spin S; refers to individual Fe' (§ = 5/2) or M" sites depending on the M" ion

incorporated into the ligand. D;is assumed coaxial with g; unless specified.”*
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Chapter 4

Electronic and Magnetic Properties of Bimetallic Complexes
with an [MU—(y-O)-FelV] Core
Introduction

Multinuclear metalloenzymes are ubiquitous in nature and often play an important role in
small molecule activation." Prominent examples include the [FeMn] center in ribonucleotide
reductases,’ the [FeFe] center in soluble methane monooxygenase,™ the [MnsOsCa] core in the
oxygen evolving complex,”” and the [FeZn| center in purple acid phosphatases.® Metal-metal
cooperativity is one feature of multinuclear metalloenzymes that enhances reactivity, which aids in
substrate activation, lowers redox potential, and influences electron transfer. A high-valent M—(x-
O)-M core is commonly proposed for the reactive intermediates in many of these enzymes,”"* so it
is important to design synthetic systems to model these biologically-relevant intermediates to further
the understanding of the structure/function relationship in multinuclear metalloenzymes.

Previous work in the Borovik lab has synthesized and spectroscopically characterized
[Fe"poat(O)], which was then used to bind Group II metal ions to study the electrostatic effects on
the properties of the Fe—oxido motif (Scheme 4.1.A)." It was experimentally verified the Lewis
acidic metal ions can modulate the Fe—O z-bonding, and the perturbations can be monitored using
electronic absorption and Méssbauer spectroscopies. Binding of LA also prompted significant
distortion to the Cs-symmetric [Fe' poat(O)], which is reflected by the thombicity parameter (E/D)
determined by electron paramagnetic resonance (EPR) spectroscopy. Upon completion of that
work, my goal was to expand the library of bimetallic complexes by binding 3d transition metal ions
to [Fe' poat]|; this was inspired by the development of [(TMTACN)M"—(u-OH)-Fe'"'poat|*
complexes (denoted [M"(OH)Fe"'|"; M = Zn, Cu, Ni), which are fully characterized and discussed in

16

the previous chapter (Scheme 4.1.B).
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Scheme 4.1. (A) Binding of Group II metal ions to [FeVpoat(O)]-, where LA = Mg!!, Call, St', and Ba'l. (B)
Proposed binding of 3d divalent transition metal adducts to [FeVpoat(O)]-.

[Fe"poat(O)]” provides several features that are not present in other synthetic bimetallic

systems. Due to a trianionic ligand scaffold and the strong ligand field around the Fe' center, this

complex is not a potent oxidant. This could allow for the generation of [M"—(u-O)—Fe"*] upon the

second metal binding, without the Fe center being reduced; reduction of the Fe center has been

observed for several cationic Fe'Y—oxido systems upon binding of a second metal ion."”* The

[FeVpoat(O)] species can serve as a chelating scaffold for a second metal ion; while many synthetic

bimetallic complexes with unsymmetrical coordination sites have been investigated, similar

complexes that contain an [M"—(u—O)—Fe"] core have not been reported.”” Finally, the binding of

a paramagnetic metal ion to the Fe—oxido moiety can be examined by various magnetic and

spectroscopic methods because strong magnetic exchange is likely, and thus the effect of metal

binding on the electronic structure of the Fe—oxido unit can be studied. In this chapter, the

preparation of discrete heterobimetallic M"Fe" species (M = Zn, Cu, Ni) is discussed. Their
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electronic and magnetic properties were interrogated by electronic absorbance, EPR, and Mossbauer

spectroscopies, which determined the oxidation and spin states for these complexes.

Results & Discussion

Preparation of the starting Fe' —oxido synthon and bimetallic complexes. The generation of [Fe"Vpoat(O)] is
previously reported.” The procedural details and characterizations are provided in the experimental
section. The preparation of the heterobimetallic complexes [(TMTACN)M"—(u-O)—Fe"poat]”
(denoted [M"(O)Fe™™]*, M = Zn, Cu, Ni) was achieved by treating [Fe' poat(O)]” with
[M"(TMTACN)]* reagents (Scheme 4.2). Zn"(TMTACN)(OTf), and
Cu"(TMTACN)(OTf),CH3;CN were used as the Zn"- and Cu"-"TMTACN adducts, respectively.
Attempts to isolate Ni''(TMTACN)(OTH) had been unsuccessful, therefore stoichiomettic

Ni"(OTf),'5CH;CN and TMTACN were added sequentially to produce [Ni'(O)Fe™]".

;I
1- ~ i\
Ph_ ,/O N 7/
Ph-—-P\ o 9 ,pn o _mi—N—
o P~ M'(TMTACN)]2* N

Ph\l;, (N'FE'V—N' Ph [M( )| o Ph-—P\ ﬁ o, _Ph

Pl . o] P-..
Ph N\—bll\) DMF:THF, Ar, -60 °C Ph i Nocly Ph

~ </
Ph” “NT |
[Fe'Vpoat(0)]- Q_/N\)

[(TMTACN)M'—(;-0)-Fe!Vpoat]*
Scheme 4.2. Binding of [MY(TMTACN)]?* adducts to [FeVpoat(O)]- produces [M'(O)Fe!V]* (M = Zn, Cu, Ni).

Electronic Absorption Properties of [M" (O)Fe" " Complexes. Formation of the bimetallic [M"(O)Fe"]*
complexes were monitored by electron absorption spectroscopy. The optical spectrum of

[Fe"'poat(O)]” has previously been reported (Figure 4.1, grey traces);'” it contains a low energy
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feature at Amax (5, M' cm™) = 925 nm (180) that is assigned as a d—d transition A = °E) observed in
most non-heme Fe"V—oxido complexes.”” The d—d band was used as a spectroscopic handle to
interrogate the interaction of Group II Lewis acid metal ions with the Fe—oxido moiety."” Treatment
of [Fe"Vpoat(O)]” with Zn"(TMTACN)(OT¥), produced a new species at -60°C in DMF:THF.
Spectrophotometric monitoring of the reaction showed replacement of the characteristic bands of
[Fe"poat(O)]” at Amax (5, M em™) = 320 (6500), 370 (7500), 520 (sh), and 925 nm (180) with new
features at hmax (5, M cm™) = 314 (8700), 480 (sh), 720 (sh), and 835 nm (350) (Figure 4.1.A; Table
4.1). The blue shift in energy of the d—d transition is consistent with the binding of a Lewis acidic
metal ion to the Fe''—oxido, which results in the lowering in energy of the E{xzyz} level."” Notably,
the wavelength of this transition is comparable to that found for [Fe"poat(O)-—-Mg"]" (hmax = 840
nm), which suggests the Zn"(TMTACN) and Mg"(15-crown-5) adducts have similar effects on the
Fe—O motif. The change in absorption properties supports the binding of a Zn" ion and the
formulation of [Zn"(O)Fe"™]".

The binding of [Cu"(TMTACN)]*" and [Ni"(TMTACN)]*" were also monitored
spectrophotometrically and displayed similar optical spectra to each other. Addition of
Cu"(TMTACN)(OTf),'CH3CN showed growth of new absorbance features at Ama (5, M cm™) =
332 (10500), 500 (sh), 700 (440), 780 (sh), 850 (sh), and 1000 nm (sh) (Figure 4.1.B); addition of
Ni"(OTf),'5CH;CN then TMTACN showed growth of new absorbance features at Anux (6, M cm™)
= 315 (9400), 450 (4200), 670 (650), 735 (480), 830 (sh), and 935 nm (sh) (Figure 4.1.C). The origin
of the multiple low energy d—d transitions in these new species is currently unknown; it is possible
they arise from Cu" and Ni" ligand field transitions. These changes in the optical spectra support the

formation of [Cu"(O)Fe™]" and [Ni"(O)Fe™*]" complexes.
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Figure 4.1. Electronic Absorbance spectra (black) for [Zn(O)Fe™V]* (A), [Cull(O)Fe™V]* (B), and [Ni'(O)FeV]* (C)
complexes. The grey spectra correspond to the [FelVpoat(O)]- starting synthon. Absorbance measurements were
performed on a 0.20 mM DMF:THF solution at -60°C.

Table 4.1. Spectroscopic properties of mono- and heterometallic Fe'Vpoat complexes.

Complex A Individual metal d-d transition” g-values 3/ AEQ

[FeVpoat(O)]~ 2 S =2FelV 925 (180) 8.0 0.11(1)/0.27(1)

[FeVpoat(O)---Mg"|* 2 S =2FelV 840 (450) 8.0 0.02(1)/0.43(1)
S =0Mg!

[Za"(O)FelV]* 2 S =2FelV 835 (350) 8.11 0.04/0.39
S=02Zal

[Cull(O)FeV]* 3/2 S =2FelV 700 (440), 780 (sh), 3.77,1.99 0.04/0.48
S=1/2Cul! 850 (sh), 1000 (sh)

[Ni"(O)FelV]* 1 S =2FelV 670 (650), 735 (480), - 0.07/0.56
S=1Ni" 830 (sh), 935 (sh)

‘nm (g, M'! cm!). “mm s-1. Ref 15.
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Due to the unsuccessful attempt to isolate a [Ni"(TMTACN)(OTf),] salt,
Ni"(OTf),'5CH;CN and TMTACN were added sequentially to [Fe' poat(O)]” to produce the
[Ni"(O)Fe™]" species. The optical spectra before and after the addition of TMTACN were similar
but distinguishable, with the low energy features shifting slightly (Figure 4.2). This is consistent with
a minor change in the ligand field of the Ni" ion upon treatment of the capping ligand. It also
suggests the capping ligand can be installed after the heterobimetallic complex has been assembled,
and the ligands of the auxiliary metal center can be substituted. This ligand substitution event has

been previously observed in a similar diiron complex in the Borovik Lab.”
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Figure 4.2. Electronic Absorbance spectra for the FelVNi" species before (grey) and after (black) the addition of
the TMTACN capping ligand. Absorbance measurements were performed on a 0.20 mM DMF:THF solution at
-60 °C.

EPR Properties of [M"(O)Fe" J* Complexes. The [Zn"(O)Fe™]" complex showed a signal (Figure 4.3.A)
from an § = 2 species in parallel-mode, with g = 8.11 arising from the M; = £2 doublet. It is distinct
from the g = 8 feature reported for the parent [Fe' poat(O)]” species, which is small in signal
intensity that is due to the high symmetry of the C; complex and is reflected by the low E/D value

431

(0.014(2)).” For an § = 2 system, the parallel-mode EPR signal intensity is proportional to (E/D)*.
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Upon binding of Group 2 metal ions, the symmetry of complex is significantly perturbed (e.g.,
binding of Mg" increases the E/D to 0.054(2)), which causes a large increase in the g = 8 signal
intensity.”” The signal associated with [Zn"(O)Fe™]" is comparable with those reported for
[Fe"Vpoat(O)-—LA"]", suggesting the Zn"(TMTACN) adduct has a similar effect on the Fe''—oxido

moiety.
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Figure 4.3. EPR spectra of [Za'(O)FelV]* (A), [Cu((O)FelV]* (B), and [Ni'(O)Fe!V]* in DMFE:THF. (A) and (C)
were collected in the parallel-mode (microwave frequency 9.3 GHz); (B) was collected in the perpendicular-mode
(9.6 GHz). (A) was measured at 15.9 K; (B) and (C) were measured at 17.4 K.

While the bindings of closed-shell metals have provided useful insights into the electrostatic
effect on the Fe''—oxido bonding, less is known about the M"---oxido character (M = Mg, Ca, Sr,
Ba, Zn). However, this interaction can be probed using paramagnetic metal ions. The [Cu"(O)Fe'"]"
complex showed signals at ¢ = 3.77 and 1.99 in the perpendicular-mode (Figure 4.3.B), which are

consistent with a §' = 3/2 system of the antiferromagnetically exchange-coupled .§ = 1/2 (Cu") and
§ =2 (Fe) ions. While the spin exchange constant ] (H = JS;#S,) is too large to be accurately

determined using EPR spectroscopy (] > 100 cm™), the strongly coupled S = 3/2 system indicates

significant covalency between the bridging-oxido ligand and the open-shell Cu" ion.
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[Ni"(O)Fe™]" exhibited a silent spectrum in the parallel-mode (Figure 4.3.C), which suggests
an § = 0 or 1 configuration. The latter is the likely assignment, which arises from antiferromagnetic
coupling between S = 1 (Ni") and § = 2 (Fe") ions. Similarly, the Ni" center in [Ni"(OH)Fe™]" is
determined to be § = 1 due to its 6-coordinated geometry (Chapter 3).'° While it is rare to observe

32,33

transitions for an § = 1 system by X-band EPR spectroscopy,™” this formulation is indicative by

Mossbauer spectroscopy (see below).

Méissbaner Properties of [M"(O)Fe'" |* Complexes. Mbssbauer spectroscopy is useful for identifying the
oxidation state(s) of Fe-containing compounds and examining spin-coupled magnetic interactions.
[Zn"(O)Fe™]" exhibited a pure doublet spectrum with isomer shift (§)/quadrupole splitting (AEq) of
0.04/0.39 mm s, respectively (Figure 4.4.A). These values are distinct from those for the
[Fe™poat(O)]” synthon (0.11(1)/0.27(1) mm s™), and that can be attributed to the decrease in Fe—
oxido z-bonding due to electrostatic field provided by the [Zn"(TMTACN)] adduct. Similar
perturbations were observed for the [Fe' poat(O)---LA"]" complexes (e.g., the Mg" analog has
values of 0.02(1)/0.43(1) mm s™)."

[Cu"(O)Fe™]" exhibited a complicated multi-line Méssbauer spectrum (Figure 4.4.B), but
simulations revealed one § = 3/2 species in quantitative yield. The 6/AFEq values wete determined to
be 0.04/0.48 mm s, which are consistent with an § = 2 Fe'" center. This assignment is also
corroborated with the .4(°"Fe) tensor, which is defined as:

A=A+ 4P+ 4" Eq. 4.1
where A" is the Fermi contact term, A" is the spin-dipolar term, and A" is the orbital term. 4" is
the trace of the A tensor (i.e. the average of the A, A,, and A, values), and A" is usually ignored for
Fe" ions.”” The A(*'Fe) of [-14.5, —14.7, —27.5] T was expetimentally determined by spectra

simulation, and the spin-dipolar component was calculated to be [+4.4, +4.2, -8.6] T, which is
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approximately at a (+1:+1: —2) ratio and consistent with an § = 2 Fe'¥ assignment; for comparison,
the A°°('Fe) for the starting [Fe''poat(O)]” synthon is [+4, +4, —8] T.">****** Other oxidation and
spin states for Fe center can be ruled out: an § = 1 Fe" center exhibits an 4*°('Fe) tensor in an (—1:
—1:42) ratio,””* and the A("Fe) tensor for an § = 5/2 Fe'" is expected to be isotropic (i.e., a

(1:1:1) ratio)."®*** Unlike the Group II ions and Zn" complexes, the AEq of [Cu"(O)Fe™]" increased
upon binding of the divalent metal adduct; this observation may be explained by future theoretical
studies. Overall, the Mossbauer results are consistent with the formulation of [Cu"(O)Fe™]", which

contains § = 1/2 (Cu") and § = 2 (Fe') centers that are antiferromagnetically coupled.
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Figure 4.4. >'Fe M0ssbauer spectra (black, collected at 4.2 K) of [Zn(O)FeV]* (A), [Cu(O)FeV]* (B), and
[Ni"(O)FeV]* (C). Simulations of the M&ssbauer spectra are in red. Asterisks (*) indicate ferric impurities (40 %o).
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[Ni"(O)Fe"]" exhibited a doublet spectrum, with §/AEq values of 0.07/0.56 mm s™ (Figure
4.4.C). The doublet feature is indicative of an integer spin system, and variable-field measurements
confirmed the §' = 1 assignment for the bimetallic complex. Amongst the bimetallic complexes
described in this chapter as well as the [Fe"Vpoat(O)---LA"]" series, [Ni"(O)Fe'"|" has the largest &
and AEq values. The factors behind these differences can be probed using a combination of
structural (e.g., X-ray absorption spectroscopy), vibrational (e.g., resonance Raman spectroscopy),

and theoretical studies.

Conclusion & Outlook

In this chapter, the preparation of discrete bimetallic [M"(O)Fe*]" species (M = Zn, Cu, Ni)
was discussed. Their electronic and magnetic properties were investigated by electronic absorbance,
EPR, and Méssbauer spectroscopies, which unambiguously verify the oxidation and spin states for
these complexes. This work represents a rare group of bimetallic compounds, in which the core
adopts a mixed-valent (IV,II) configuration instead of one of (IILIII). In conjunction with the work
described in Chapter 3, the [poat]” ligand has been demonstrated to support higher valent metal
centers (e.g., Fe'', Fe) in its N4 framework.

While the effect of M" on the Fe'V—oxido motif is now established, the M"/oxido interaction
is still not well-understood. In [Fe' poat(O)---Mg"|", a dotted line is drawn between the oxido ligand
and Mg" to illustrate an electrostatic (i.e., non-covalent) interaction (Scheme 4.3.A)."” Due to the
closed-shell configuration of Zn" and comparable spectroscopic properties with [Fe'“ poat(O)---
LA"*, it can be concluded the Zn" adduct in [Zn"(O)Fe']" also exhibits an electrostatic interaction
on the Fe—oxido motif (Scheme 4.3.B). However, strong antiferromagnetic coupling between the M"
and Fe'" centers were observed for [Cu"(O)Fe]" and [Ni"(O)Fe™]*, which indicates substantial

covalency in the M"/oxido interaction. Therefore, it is more appropriate describe the M"/oxido
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Scheme 4.3. The M adducts in [FeVpoat(O)---LAT]* (A) and [Zn"(O)Fe!V]* (B) exhibit an electrostatic effect on the
FelV—oxido motif. The M"/oxido interaction is better described as covalent in [Cul’(O)Fe!lV]* and [Ni'(O)Fe!V]*+ (C).

character (M = Cu, Ni) as a covalent bond (Scheme 4.3.C). This would have a significant influence
on the Fe—oxido bonding character, as its bond order is expected decrease significantly. An
interesting obsetrvation is the increased AEq values in [Cu"(O)Fe*]" and [Ni"(O)Fe™]" in
compatison to [Zn"(O)Fe™]" and [Fe' poat(O)---1.LA"]*, which may be a reflection on the change in
the Fe—oxido unit. Future structural, vibrational, and theoretical studies can help elucidate these
uncertainties.

So far in this dissertation, (relatively) redox inert metal centers are installed in the auxiliary
binding site of [poat]” supported by the P=O groups; this has allowed for the controlled study of
the oxidation chemistry and magnetic properties of Fe-containing bimetallic complexes. To better
model biological dinuclear cores, which often employ two redox active metal ions, bimetallic

complexes containing two redox active metal centers are described in the remaining chapters.
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Experimental

General Procedures. All organic and inorganic syntheses and manipulations were performed under an
argon atmosphere in a Vacuum Atmosphere Co. dry box. Solvents were sparged with argon and
purified using a JC Meyer Co. solvent purification system with columns containing Q-5 and
molecular sieves. All reagents, unless otherwise noted, were purchased from commercial sources and
used as received. Potassium hydride (KH), as a 30% suspension in mineral oil, was filtered and
washed with diethyl ether (5 X 10 mL) and pentane (5 X 10 mL) and dried under vacuum prior to
use. Triethylamine was distilled prior to use. K[Fe''poat],” isopropyl 2-iodoxybenzoate (IBX-/Pr),"*
[Cu"(TMTACN)(OTH)2]- CH;CN,* Ni''(OTf),5CH3;CN,* and TMTACN*** were synthesized
according to literature procedures. [Zn"(TMTACN)(OTf),] was synthesized according to the

procedure in Chapter 3."

Physical Methods. UV -vis spectra were collected on an Agilent UV-vis spectrophotometer equipped
with a Unisoku Unispeks cryostat in a 1 cm quartz cuvette. X-band (microwave frequencies 9.3 and
9.6 GHz) EPR spectra were collected on a Bruker ELEXSYS spectrometer equipped with an
Oxford ESR-910 liquid helium cryostat and a Bruker bimodal cavity for the generation of
microwave fields parallel and transverse to the applied magnetic field. MGssbauer spectra were
recorded on either a variable field or a weak-field spectrometer operating in a constant acceleration
mode n a transmission geometry using Janis Research Inc. cryostats that allow for a variation in
temperature from 4 to 300 K. One of the dewars housed a superconducting magnet that allowed for
the application of magnetic fields up to 8 T parallel to the p-radiation. Isomer shifts are reported

relative to Fe metal at 298 K. SpinCount was used to fit the experimental Mossbauer data.*®
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Spectroscopic characterizations of [Fe" poat(O)]". Procedural details of the generation of [Fepoat(O)] are
previously described.” Anax, nm (e (M ecm™)) = 330 (6600), 370 (7500), 525 (sh), and 925 (180). EPR
(X-band Parallel, DMF:THF, 12 K) g = 8. Mossbauer (DMF:THF, 4.2 K, 6 = 0.11(1) mm/s, AEq =

0.27(1) mm/s).

Low Temperature UV vis Spectroscopic Studies. In a typical experiment, a stock solution of K[Fe''poat]

(20 mM) and 18-crown-6 (40 mM) was prepared in 1:1 DMF:THF in a dry box, and 30 xL of the
stock solution was added viz a gas-tight syringe to 3 mLL DMF:THF in a 1 cm quartz cuvette with a
stir bar inside. The cuvette was sealed with a rubber septum and brought out of the box. The cuvette
was then placed in the Agilent UV-vis spectrophotometer equipped with a cryostat, and was allowed
to cool at -60 °C for at least 15 minutes. Additional reagents were prepared at a concentration of 20

mM and were added viz a gas-tight syringe.

Low Temperature EPR Spectroscopic Studies. In a typical experiment to generate [Zn"(O)Fe'"]", a stock
solution of IBX-/Pr (30 mM) was prepared in 1:1 DMF:THF mixture in a dry box. 150 uL of the
stock solution (0.0045 mmol) was added to a quartz EPR tube via a syringe, which was sealed with a
tubber septum. The tube was brought out of the box, and was allowed to cool in a dry ice/acetone
bath at -78 °C for at least 15 minutes. 80 uL of a solution of K[Fe"poat] (45 mM, 0.0036 mmol) and
18-crown-6 (90 mM, 0.0072 mmol) was added via a gas-tight syringe to generate [Fe' poat(O)]".
[Za"(TMTACN)(OTH),] (90 mM, 40 L., 0.0036 mmol) were added via a gas-tight syringe. When the
reaction was complete, the tube was taken out of the cold bath, wiped clean, and quickly frozen in
liquid nitrogen. The final Fe concentration was 13 mM. The preparation for [Ni"(O)Fe™]" follows
the same protocol but uses Ni''(OTf),-5CH;CN and TMTACN. In a typical expetiment to generate

[Cu"(O)Fe™", a 6.0 mM solution (1.44 mL) of K[Fe''poat] (0.0072 g, 0.0086 mmol) and 18-crown-6
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(0.0046 g, 0.017 mmol) was prepared in 1:1 DMF:THF at room temperature in a glovebox under
argon atmosphere, and kept in a -35 °C freezer for the duration of the experiment. A 1.0 mL aliquot
of stock metal complex (0.0064 mmol) was added via syringe to a 1-cm quartz. The cuvette was then
sealed with a rubber septum and precooled to -80 °C in a Unisoku Unispeks cryostat typically used
for UV-vis experiments outside the glovebox. The solution of metal complex was allowed to
equilibrate to the desired temperature for at least 20 min. A stock solution of IBX-iPr and
[Cu"(TMTACN)(OTf)2]- CH;CN were prepared at 30 and 26.4 mM in DMF:THF, respectively. An
aliquot of IBX-iPr (0.0075 mmol, 0.25 mL) was added via a gas-tight syringe, followed up an aliquot
of [Cu"(TMTACN)(OTf);]- CH3CN (0.0066 mmol, 0.25 mL). Upon completion of the reaction, the
septum was sliced open with a razor under a strong flow of argon. The rubber septum was removed
and the content in the cuvette was quickly poured into liquid nitrogen. The frozen solid was ground
into fine powder and then packed into a pre-cooled EPR tube. The final Fe concentration was 4

mM.

Low Temperature Méssbaner Solution Studies. In a typical experiment to generate [Zn"(O)*'Fe"']", a 6.0
mM solution (1.44 mL) of the 96% *"Fe-entiched K[*’Fe"poat] (0.0072 g, 0.0086 mmol) and 18-
crown-6 (0.0046 g, 0.017 mmol) was prepared in 1:1 DMF:THF at room temperature in a glovebox
under argon atmosphere, and kept in a -35 °C freezer for the duration of the experiment. A 1.0 mL
aliquot of stock metal complex (0.0064 mmol) was added via syringe to a 1-cm quartz. The cuvette
was then sealed with a rubber septum and precooled to -80 °C in a Unisoku Unispeks cryostat
typically used for UV-vis experiments outside the glovebox. The solution of metal complex was
allowed to equilibrate to the desired temperature for at least 20 min. A stock solution of IBX-iPr and
[Zn"(TMTACN)(OTf),] were prepared at 30 and 26.4 mM in DMF:THF, respectively. An aliquot of

IBX-iPr (0.0075 mmol, 0.25 mL) was added via a gas-tight syringe, followed up an aliquot of
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[Zn"(TMTACN)(OTf),] (0.0066 mmol, 0.25 mL). Upon completion of the reaction, the septum was

sliced open with a razor under a strong flow of argon. The rubber septum was removed and the

content in the cuvette was quickly poured into liquid nitrogen. The frozen solid was ground into fine

powder and then packed into a pre-cooled Méssbauer cup. The final >’Fe concentration was 4 mM.

Preparation for [Cu"(O)”"Fe'"]* follows the same protocol but uses [Cu"(TMTACN)(OTf),]-CH;CN

instead. Preparation for [Ni"(O)*’Fe"]" follows the same protocol but uses Ni''(OTf),-5CH;CN and

TMTACN.
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Chapter 5

Bioinspired Di-Fe Complexes: Controlling Proton and Electron Transfer over

Four Oxidation States

Introduction

Controlled proton and electron transfer processes within the active sites of metalloproteins
are often necessaty for function and to thwart undesirable reactivity."* The productive balance of
these transfer processes is often managed by metallocofactors whose properties are regulated
through a combination of effects at their ptimary and secondary coordination spheres.””
Determining the interplay between these two coordination spheres is a necessary prerequisite before
a complete mechanistic understanding of function can be achieved. To investigate these questions
within systems containing di-Fe centers, we have developed a synthetic di-Fe" species that can be
oxidized in discrete one-electron steps to an Fe''Fe' species. This system is also able to control
proton transfer via intramolecular processes, which increases the stability of the higher valent
species and provides probes for studying biological oxidative chemistry.

Metalloproteins with di-Fe centers have a range of functions that include hemerythrin for O
binding,® soluble methane monooxygenase hydroxylase (sMMOH)’ and the R2 subunit of class I
ribonucleotide reductases (RNR R2)'"" for O, activation, flavin diiton proteins (FDP) for NO and
O: reduction,'*"” and A’-desaturatase for oxidation of fatty acid chains.'*"” Oxidation of the di-Fe
centers are often accompanied by structural changes that include the transfer of protons from
coordinated ligands (e.g., OH™ and H,O)."" These proton/electron transfer steps, and how they are
linked, are often proposed in mechanisms but rarely supported by experimental evidence. For
instance, the mechanism for RNR R2 includes the conversion of the resting di-Fe' state to an

Fe'"Fe'" intermediate (X) that is able to homolytically cleave the O—H bond at neatrby tyrosine
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residue to form a tyrosine radical (Figure 5.1.A), triggers a long-range electron transfer process (> 30
A) that extends to the R1 subunit, where ribonucleotides are reduced to deoxyribonucleotides.'***!
Synthetic complexes have been developed to probe the properties of these intermediates. In
particular, di-Fe'" and Fe"'Fe'" complexes have been prepared and studied.””" However,
thermodynamic parameters that govern the formation of these complexes from their lower valent

precursors are lacking. In addition, the associated structural changes that occur upon oxidation are

also rarely known.
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Figure 5.1. (A) The proposed chemical structure of Intermediate X in RNR R2. (B) Structure of [poat|*. (C)
Structure of a generic [[TMTACN)Fe"—(x-O)-Fe™*poat|P* complex.

We have approached this problem by developing an assembly process to preparing
complexes with discrete di-Fe cores. One advantage of our approach is that we can use well-defined
monomeric complexes which allow us to prepare di-Fe cores with different primary coordination
sphere around each Fe center. This approach is made possible by the use of the multi-functional
tripodal ligand [poat]” (IN,N',N""[nitrilotris(ethane-2,1-diyl)] tris (P, P-diphenylphosphinic amido),
Figure 5.1.B) that we initially designed to stabilize high valent Fe"'=0O complexes.” We discovered

that [Fe"'poat(OH)] and [Fe''poat(O)]” complexes are able to bind a second Fe complex via
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coordination to the O/OH ligand and two P=O units, producing triply bridge species that resemble
di-Fe core found in biology (Figure 5.1.C).”>** In this report we describe the preparation and
properties of a series of complexes with either [Fe—(u-OH)—Fe] or [Fe—(u-O)—Fe] cores that traverse
four different oxidation levels. Our work demonstrates that [poat]” can be used to control PT
processes that occur during oxidation and provides access to a high valent [Fe''—(u-O)—Fe'""]
complex, which we used to examine the cleavage of X—H bonds, including reactions that are similar
to those found within the active site of RNR R2. Our findings suggest an alternate mechanism for
reactivity of X towards tyrosine, in which initial proton transfer first occurs at the oxido ligand that

bridges between the two Fe centers, then proceeds to the terminal OH ligand on the Fe™

centet.
Results

[(TMTACN)Fe"—(u-OH)~Fe" poat]OTf and [(TMTACN)Fe"—(u-OH)—Fé"poat]. We have previously
prepared a mixed-valent Fe''Fe" complex, [[TMTACN)Fe"—(#-O)-Fe"MST]*
([Fe"(OH)Fe"MST]"), in which an Fe™ center is bound to the sulfonamido-based tripodal ligand
[MST]> (N,N?,N”-[2,2’,2”-nitrilotris (ethane-2,1-diyl)] tris(2,4,6-trimethylbenzenesulfonamido)), and
the Fe' site is capped by an N-based macrocycle [TMTACN] (1,4,7-trimethyl-1,4,7-
triazacyclononane).”” However, we were not able to explore further oxidation of this complex, and
our studies suggested that the sulfonamido groups were not suitable for stabilizing higher oxidation
states. To circumvent this problem, we redesigned the ligand framework to include phosphinic
amido group and recently reported that [poat]” can facilitate the formation of the high valent species
[Fe"poat(O)]” complex which can further bind group 2 metal ions.” In addition, we discovered that
heterobimetallic complexes with the general formula of [(TMTACN)M"—(u-OH)—Fe"'poat]” (M =
Nji, Cu, Zn) can be prepared.” We found that the same synthetic route provided access to di-Fe

complexes and we initially synthesized [(TMTACN)Fe"—(u-OH)-Fe"'poat]OTf
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Scheme 5.1. Preparative routes for [Fel(OH)Fe'poat|* and [Fel((OH)Fe'poat].

([Fe"(OH)Fe"'poat]OTf) (Scheme 5.1). In a typical reaction, NMesOac was added to a CHCl
solution of K[Fe"'poat(OH)] in a salt metathesis reaction. Upon removal of the insoluble KOAc,
[Fe"(TMTACN)(OTY),] was added to the mixture to produce the bimetallic compound. The
[Fe"(OH)Fe'poat]O'Tf salt was initially purified as a powder from a diethyl ether-CH.Cl, mixture,
and then further purified as yellow sheet-like crystals from a hexane-CH>Cl, mixture. The complex
exhibits absorbance features at hmax (6, M cm™) = 315 (sh), 372 (6400), 460 (sh), and 520 nm (sh)
(Figure 5.2). The LMCT absorbance feature at Am.x = 372 nm is similar to those previously reported
in our related bimetallic complexes with [MST]* and [poat]” ligands.”” The FTIR spectrum of the
[Fe"(OH)Fe"'poat]OTf salt revealed a weak vibrational feature at 3141 cm™, which we assigned to
the »(O—H) band that forms a strong intramolecular H-bond to the P=O group in [poat]” (Figure

5.3).
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Figure 5.2. Electronic absorbance spectrum of [Fel(OH)Fepoat|*. The spectrum was collected in CH>Cl, at room
temperature at a concentration of 0.10 mM.
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Figure 5.3. FTIR spectra of [Fe'l(OH)FeMpoat]* (A), [Fe(O)FeMHpoat]?** (B), and [Fe(O)FeM'poat]* (C). The left
panel shows the high energy region, and the right panel shows the low energy region.

Perpendicular (1)-mode electron paramagnetic resonance (EPR) spectroscopy reveals a
thombic § = 1/2 signal with features at g = 1.94, 1.49, and 1.20 (Figure 5.4). These parameters agtree

with the assignment of an § = 5/2 Fe™"

center antiferromagnetically coupled to an .S = 2 Fe' center.
The bimetallic complex was further analyzed by *"Fe Méssbauer spectroscopy. The experimental
spectrum of ['Fe"(OH)*"Fe'"'poat]” was fitted with two distinct doublets for two Fe centers. One

site has isomer shift (§) and quadrupole splitting (AEq) values of 0.34 and -0.72 mm s, and the

other site has § and AEq values of 1.20 and -2.84 mm s™ (Figure 5.5.A). These parameters are

1.|94

,1.49

«b«dﬁ'ﬂ\J
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Figure 5.4. 1-mode EPR spectra of [Fel(OH)Fepoat|*. Spectra were collected at 5.9 K in 5.0 mM CH>Clx»'THF.
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36

consistent with high spin Fe'"' and Fe", respectively.” Temperature and field-dependent

measurements of this species revealed an exchanged-coupled § = 1/2 system with ] = 30 cm'

(J(S1-S2)); the magnitude of ] is consistent with a hydroxido bridging ligand.”

Absorption

{1 o 1 5 1 .+ 1 .+ 1
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Figure 5.5. 5’Fe Mdssbauer spectra (black) of [3’Fel'(OH)>Fepoat|* (A) and [*’Fel'(OH)>Fel'poat] (B) in PrCN at
zero field. Spectrum A was collected at 100 K, and spectrum B was collected at 4.2 K. Simulations of the M&ssbauer

spectra are in red.

The molecular structure of [Fe"(OH)Fe'poat]” was determined by X-ray diffraction
methods and revealed a discrete bimetallic structure (Figure 5.6). There are two crystallographically
different, but chemically equivalent, molecules in the asymmetric unit and we will discuss the
averages of the metrical parameters and calculated values, which are shown in Table 5.1. The Fe™
site in the [poat]” framework adopts a trigonal bipyramidal geometry with an N4O primary
coordination sphere, comprising of the [poat]” ligand and a bridging hydroxido ligand (75 = 0.884,
where the ideal trigonal bipyramidal geometry has a 75 = 1, and the ideal square pyramidal geometry
has a 75 = 0). The Fe" site in the Fe-TMTACN adduct is 6-coordinated with an N3O; primary
coordination sphere, comprising of the TMTACN ligand, two phosphinic amido groups from the
[poat]” ligand, and a bridging hydroxido ligand. The significantly different Fe1-O1 and Fe2-O1

bond lengths of 1.894(1) and 2.015(2) A agree with the results from our magnetic studies and reflect

the distinct oxidation states of the two Fe centers. The di-Fe center in [Fe"(OH)Fe"'poat]" is best
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Figure 5.6. (A) Thermal ellipsoid diagram depicting the molecular structure of [Fel'(OH)Fepoat|*. Ellipsoids are
drawn at the 50 % probability level, and only the hydroxido H atom is show for clarity. The triflate counter anion
is outer-sphere and is not interacting with the cation. (B) The methyl and phenyl groups are removed, and only the
diiron core is shown for clarity.

described as a triply bridge core with an Fe''—(u-OH)-Fe"' unit and two phosphinic amido bridges
between the two Fe centers. The remaining phosphinic amido tripodal arm that does not bind to the
Fe'" site forms an intramolecular H-bond with the hydroxido ligand with an O1---O2 distance of
2.649(2) A. The metrical parameters around the Fe centers are comparable with those previously
reported for the Zn/Cu/Ni analogues.” In addition, the Fe"-O=P bond lengths (Fe2-O3, 2.094(1)
and Fe2-04, 2.124(1) A) are significantly shorter than those for Fe"-O=S in [Fe"(OH)Fe"MST]"*
(2.201(2) and 2.202(2) A),* which supports the premise that phosphinic amido P=O groups serve as
stronger donors and may support the Fe center at a higher oxidation state.

The electrochemical properties of [Fe"(OH)Fe'poat]" were investigated using cyclic
voltammetry. The [Fe''(OH)Fe"poat]” complex exhibited two reversible one-electron redox events
at -1.62 'V and -0.42 V vs. [Fe"""Cp,|"/°, which are assigned to the Fe"Fe"'/Fe"Fe" and
Fe'"Fe"' /Fe''Fe couples, respectively (Figure 5.7). These potentials are -0.7 V mote negative than
the same processes in the MST analogue (-0.86 and +0.35 V).** While it has been previously shown

TV) 32
>

that the trianionic equatorial N-plane can support a higher-valent metal center (e.g., Fe these
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electrochemical results suggest experimentally that the P=0O moieties can also readily support a
metal ion beyond the +2 state in the auxiliary binding site.

Table 5.1. Selected bond lengths/distances (A) and angles (°) for [Fe"(OH)Fe"'poat]*,*
[Fe" (O)Fe"Hpoat]*, and [Fe'(O)Fe"'poat]".

[Fe'(OH)Fe"poat]”  [Fe™(O)Fe"Hpoat]*  [Fe"(O)Fe"poat]*

Bond Distances (A)

Fel-N1 2.210(2) 2.367(2) 2.292(2)
Fel-N2 2.023(2) - 2.008(2)
Fel-0O2 - 2.0106(1) -
Fel-N3 2.011(2) 1.984(2) 2.024(2)
Fel-N4 2.009(2) 1.999(2) 2.029(2)
Fel-O1 1.894(1) 1.800(1) 1.799(2)
O1:-02 2.649(2) - 3.212(3)
Fe2-O1 2.015(2) 1.792(1) 1.784(2)
Fe2-03 2.094(1) 2.047(1) 2.018(2)
Fe2-O4 2.124(1) 2.002(1) 2.035(2)
Fe2-N5 2.275(2) 2.216(2) 2.231(2)
Fe2-N6 2.213(2) 2.245(2) 2.272(2)
Fe2-N7 2.252(2) 2.223(2) 2.219(2)
Fel---Fe2 3.436(1) 3.182(1) 3.161(1)
av Fel-N/O., 2.014(2) 2.000(2) 2.020(2)
av FCZ—NTMTACN 2247(2) 2228(2) 2241 (2)
dFel-N/O.] 0.363 0.295 0.367
AFe2-Nryracy] 1.522 1.512 1.525
Bond Angles (deg)
O1-Fel-N1 174.52(6) 176.63(6) 179.22(8)
N2-Fel-N3 119.21(7) - 122.24(9)
0O2-Fel-N3 - 114.24(6) -
N3-Fel-N4 109.71(7) 106.48(7) 107.09(9)
N2-Fel-N4 121.50(7) - 120.87(9)
O2-Fel-N4 - 132.60(6) -
Fel-O1-Fe2 123.06(8) 124.73(8) 123.82(10)
03-Fe2-04 98.31(5) 98.33(6) 95.72(8)
N5-Fe2-N6 79.50(8) 78.66(6) 77.88(8)
N5-Fe2-N7 78.27(7) 78.90(6) 79.45(8)
NG-Fe2-N7 79.54(6) 79.35(7) 78.94(8)

Calculated Values
75’ 0.884 0.734 0.950

“Bond lengths, distances, and angles are reported as an average. “Trigonality structural parameter,

7= (f—a)/60°. § is the largest bond angle observed, and a is the second largest bond angle
observed.
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Figure 5.7. Cyclic voltammogram of [Fell(OH)Felllpoat]* collected at scan rate of 100 mV s in in CH,Cl,.
We explored the chemical reduction of [Fe"(OH)Fe''poat]"using CoCp*; (Ei2 = -1.94 V
vs. [FeCp2]*")* as the reductant (Scheme 5.1) and found a nearly featureless electronic absorption
spectrum in the visible region (Figure 5.8). The *’Fe Mossbauer spectrum contained two distinct
quadrupole doublets with 6 = 1.03 mm s/ |AEq| = 3.38 mms” and 6= 1.22mmss"'/|AEq| =
2.37 mm s that suggest two distinct Fe" sites (Figure 5.5.B). Additional variable-temperature studies
at 7T determined an exchange coupling ] value of 20 cm™ that indicates moderate
antiferromagnetic coupling between the Fe centers which is promoted by a bridging hydroxido

ligand.37 A silent EPR spectrum was observed that is consistent with an §' = 0 ground state caused
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Figure 5.8. Electronic absorbance spectrum of [Fel(OH)Fe"poat]. The spectrum was collected in CH>Cly at room
temperature at a concentration of 0.10 mM.
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by the antiferromagnetic interaction. These values are consistent with the formulation
[(TMTACN)Fe"—(u-OH)-Fe"poat]; however, several attempts to isolate a pure solid of this complex
were unsuccessful with only [Fe"(OH)Fe"'poat]" being obtained. We therefore focused our

investigations on the oxidative chemistry associated with [Fe"(OH)Fe"'poat]".

[(TMTACN)Fe"—(u-O)~Fe" Hpoat] (OT))z. Synthesis and Structure. The chemical oxidation of
e"(OH)Fe"poat]OTf was achieved using [FeCp2]OTf (Scheme 5.2) to afford orange crystals after
p g p ge cry
purification. The electron spray ionization mass spectrum of these crystals dissolved in CH;CN
contains the molecular weight and experimental isotope pattern that matched those calculated for
e e 'poat ioure 5.9.A,C). However, the - ata alone cannot determine
TOH)Fe"p OTH)}" (Figure 5.9.A,C). H he ESI-MS d 1 d i

the molecular structure of this di-Fe™

complex, particularly whether the proton is still on the
bridging ligand. To address this question, we determined its molecular structure via XRD methods
to again find a triply bridged di-Fe complex but one with an Fe"'—(u-O)-Fe'" core,
[(TMTACN)Fe"'—(u-O)-Fe"'Hpoat] (OTf), ([Fe"'(O)Fe"'Hpoat](OTf),); Figure 5.10.A,C; Table 5.1).

Unlike in [Fe"(OH)Fe"poat]’, the Fel-O1 and Fe2-O1 bond distances of 1.800(1) and 1.792(1) A
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124



PO b
[frrrfrrr[rrrrrrrrre]

1188 1180 1192 1194 1196 1198 1038 1040 1042 1044 1046 1048
miz miz

1188 1190 1192 1194 1186 1198 1038 1040 1042 1044 1046 1048
miz mi7

Figure 5.9. ESI-MS spectra of [Fel'(O)Fel"Hpoat]?* (A) and [Fe™(O)Fepoat]* (B), with the simulated spectra
shown in (C) and (D), respectively.

Figure 5.10. Thermal ellipsoid diagram depicting the molecular structure of [Fe™(O)Fe"Hpoat|?* (A) and
[Fe™(O)Fepoat|* (C). Ellipsoids are drawn at the 50 % probability level, and only the hydroxido and phosphinic
amide H atoms are show for clarity. The triflate counter anions are outer-sphere and are not interacting with the
cation. (B, D) The methyl and phenyl groups are removed, and only the diiron cores are shown for clarity.
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in [Fe"'(O)Fe"Hpoat]*" are within statistical etror, which is often observed in u-oxido diiron(I1I)
systems. Two phosphinic amido groups of [Hpoat]” serving as 3-atom bridging ligands and the Fe—
O-Fe unit is bent at an angle of 124.73(8)°, which is similar to that observed in [Fe"(OH)Fe"'poat]";
however, contraction of the Fe—O bonds led to a decrease in the Fe---Fe distance from 3.436(1) to
3.182(1) A. These metrical parameters are consistent with other triply-bridged z#-oxido diiron(I1T)
complexes that have been reported in the literature.”*

The conversion of species with Fe"'—(u-OH)-Fe" cores (n = 11, III) to those with Fe"'—(u-
O)-Fe™ cores is known, presumably because the increased acidity of hydroxido proton unit upon
oxidation results in the deprotonation. However, either an external base is needed to scavenge the
proton or its whereabouts are unknown.*** Within this context, the structure of
[Fe"(O)Fe"Hpoat]** is distinct in that one of phosphinic amido tripodal arms is protonated at its
N-atom to form [Hpoat]*, causing a change to an N3O primary coordination sphere in which the
P=0 moiety is now bounded to the Fe™ center with an Fe1-O2 bond length of 2.016(1) A. This
binding mode results in a strained 7-member chelate ring, and a large distortion in the trigonal plane,
as evidenced by a 75 value of 0.734. The Fe"" site in Fe-TMTACN maintains the same N3O; primary

coordination sphere, comprising of the TMTACN ligand, two phosphinic amido groups from the

[Hpoat]* ligand, and a bridging oxido ligand.

Spectroscopic Studies on [Fe" (O)Fe" Hpoat”*. The L-mode X-band EPR spectrum for

[Fe"(O)Fe"Hpoat]** was featureless which indicated a magnetically coupled di-Fe™

core. To explore
the magnetic properties further we used Méssbauer spectroscopy on *'Fe-enriched samples in both
solution and the solid-state. Two distinct doublets were identified in the solid-state sample that have
Méssbauer parameters consistent with § = 5/2 Fe'" centers (Figure 5.11). The one with 6/AEq

111

parameters 0.49/1.83 mm s corresponds to a six-coordinate Fe'' center and is therefore assigned to
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the iron in the auxiliary binding site. The other doublet with parameters of J/AEq parametets of

" center which is cootdinated to the [Hpoat]” ligand.

0.44/1.26 mm s is from the 5-coordinate Fe
The solution sample displayed an identical spectrum as the solid-state sample, suggesting that the
[Fe"(O)Fe"Hpoat]** complex retains its molecular structure in solution (Figure 5.12.A). Moreover,
simulations of Méssbauer spectra collected at high field (7 T) and various temperatures gave a |
value of greater than >100 cm™ that is within the range for complexes with antiferromagnetically
coupled Fe—(u-O)—Fe cores.” [Fe''(O)Fe"Hpoat]*" has electronic absorption features at A (8, M
cm™) = 380 (7000), 517 (970), and 705 nm (130) that are comparable with previously reported tri-
bridged u-oxido di-Fe' species with Fe—~O—Fe angles of ~ 120° (Figure 5.13.A,B, black).”**
Finally, the Fourier transform infrared (FTIR) spectrum of [Fe" (O)Fe"Hpoat]** contained a broad

feature at 3224 cm™ that is assigned to a N—H vibration that is in agreement with protonation of one

phosphinic amido group (see above, Figure 5.3.B).

Joo

Absorption

| 1 ] 1 | 1 | 1 |
-4 -2 0 2 4
Velocity (mm s’1)

Figure 5.11. 5’Fe Méssbauer spectrum (black) of [Y"Fe(O)FeMHpoat]?* as a solid sample at zero field. Spectrum
was collected at 4.2 K. Simulation of the Méssbauer spectrum is in red.
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Figure 5.12. ’Fe Mossbauer spectra (black) of [*Fell((O)>"FellHpoat]>* (A), [>’Fe''(OH)>'Felpoat]?* (B), and
[7Fell(O)>Felpoat|* (C) in PrCN. Spectrum was collected at 4.2 K. Simulations of the Mdssbauer spectra are in red.

Absorption

Trapping of [[TMTACN)Fe"—(u-OH)—Fe"'poat]**. The isolation of [Fe'(O)Fe"Hpoat]** was
unexpected because the large structural change from [Fe' (OH)Fe"'Hpoat]" did not agree with the
reversible Fe"'Fe"' /Fe!'Fe™ couple found by cyclic voltammetry (Figure 5.7). Based on the CV, we
considered the possibility of whether the initial product of this oxidation was in fact
[(TMTACN)Fe"—(u-OH)-Fe"'poat]* ([Fe" (OH)Fe"'poat]*") which rearranged during isolation to
[Fe"'(O)Fe"Hpoat]*". To evaluate this premise, we attempted to trap [Fe"' (OH)Fe'poat]* by
treating [Fe' (OH)Fe"'poat]” with [FeCp2] OTf at -80 °C (Scheme 5.2), which produced a new species
having absorption features at Amax (&, M cm™) = 330 (8400), 370 (8100), 483 (sh), 513 (1900), 760
nm (300) (Figure 5.14.A,B). Upon warming, these features were replaced by those associated with
[Fe"(O)Fe"Hpoat]*" (Figure 5.14.C,D). The Méssbauer spectrum of this new species has two
doublets, which are distinct from those of [Fe'"'(O)’Fe"'Hpoat]*" with §/ | AFq| values of
0.34/0.56 and 0.44/0.94 mm s™ (Figure 5.12.B). Furthermore, variable-field and temperature
measurements gave a | value of 44 cm™', which is consistent with species having an [Fe'"—(u-OH)—
Fe"'| core.”” Taken together, these data indicate that [Fe" (OH)Fe'poat]*" can indeed be trapped at
lower temperatures, but is unstable at room temperature which leads to the proton transferring to a
phosphinic amido group to form [Fe" (O)Fe"Hpoat]*".
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Figure 5.13. (A) Electronic absorbance spectra of [Fe(O)Fe"Hpoat]*" (black) and [Fe(O)Fepoat|* (red), with
(B) showing the low energy features. (C) Electronic absorbance spectra of the deprotonation of [Fe™(O)Fe™Hpoat|**
before (black) and after (red) the addition of NEt;, with (D) showing the changes in the low energy features. (E)
Electronic absorbance spectra of the protonation of [Fe(O)Fel'poat|* before (red) and after (black) the addition of
[2,6-HLut|OTf, with (F) showing the changes in the low energy features. Spectra were collected in CH2Cl at room
temperature at a concentration of 0.10 mM.
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Figure 5.14. (A) Electronic absorbance spectra of the chemical oxidation of [Fe((OH)Fe'poat]* before (grey) and
after (black) the addition of [FeCp2]OTf at -80 °C, with (B) showing the changes to the low energy features. (C)
Electronic absorbance spectra of the conversion of [Fe'(OH)Fepoat]** (black) to [Fe(O)Fe"Hpoat]** (red) upon
warming from -80 °C to room temperature, with (D) showing the changes to the low energy features. The spectra
were collected in CHCl; at a concentration of 0.10 mM.

Preparation of [(TMTACN)Fe"—(u-O)—Fe"poat]OTf. The discovery of [Fe''(O)Fe"'Hpoat]*" provided
the opportunity to examine whether the phosphinic amide group could be deprotonated to form
another di-Fe species. We found that treatment of [Fe"'(O)Fe"'Hpoat]*" with one equivalent of
triethylamine caused a change in the absorption spectrum to one with bands at Ama (&, M cm™) =
349 (9200), 531 (780), and 780 nm (250) (Figure 5.13.C,D). This process is reversible: the spectrum
associated with [Fe''(O)Fe"Hpoat]** was regenerated when treated with one equivalent of 2,6-
lutidinium triflate (Figure 5.13.E,F). These results are consistent with formation of
[(TMTACN)Fe"—(u-O)-Fe'poat]* ([Fe" (O)Fe"poat]") in which all the phosphinic amide groups
are deprotonated (Scheme 5.3). Attempts to isolate this new species via this deprotonation route in
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Scheme 5.3. Reversible (de)protonation between [Fe'(O)Fel"Hpoat]>* and [Fe[(O)Fe'poat]*.

pure form were unsuccessful because of co-crystallization with the triethylammonium triflate
byproduct. We therefore developed an independent synthetic route to this proposed di-Fe species
via mixing [Fe'Vpoat(O)]” with [Fe"(TMTACN)(OTf),] to produce a pure salt as red crystals
(Scheme 5.4) — the product from the preparation had the identical absorption spectrum as found for
the species produced from the deprotonation of [Fe"(O)Fe"Hpoat]** (Figure 5.13.A,B). The
formulation of this species as [Fe'"(O)Fe"poat]” was further supported by results obtained by ESI-
MS measurements (Figure 5.9.B,D) and FTIR studies (Figure 5.3.C) that showed a lack of features
associated with either an O—H or N—H vibration. We again used XRD methods to confirm the
molecular structure for [Fe''(O)Fe'poat]” (Figure 5.10.C,D, Table 5.1). The structute revealed that
the N4O primary coordination sphere from [poat]” was restored with all the phosphinic amide arms

being deprotonated and their N-atoms coordinated to the Fe'!

center. This coordination provides a
nearly ideal trigonal bipyramidal geometry (zs = 0.950), in contrast to what was observed in

[Fe"'(O)Fe"Hpoat]** (see above). The Fe™" site coordinated to Fe-TMTACN is 6-coordinated with
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Scheme 5.4. Preparative route for [Fe™(O)Fel'poat]*.
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an N;O; primary coordination sphere, consisting of the TMTACN ligand, two O-atoms from the
phosphinic amido groups from the [poat]” ligand, and a bridging oxido ligand. Comparing the
structures of [Fe''(O)Fe'Hpoat]*" and [Fe"'(O)Fe"'poat]* showed that deprotonation had no

structural effect on the Fe—(u-O)—Fe core (Table 5.1). For instance, the Fel-O1 and Fe2—O1 bond

lengths in the two complexes are statistically equivalent, as are the Fel...Fe2 separations (3.182(1)
and 3.161(1) A) and Fel-O1-Fe2 bond angles (124.73(8) and 123.82(10)°). The phosphinic amido
group that once participated in forming an intramolecular H-bond (Figure 5.6 for
[Fe"(OH)Fe"'poat] ") is tilted away from the oxido ligand in [Fe" (O)Fe"'poat]” presumably because
of electrostatic repulsion (note that the O1-+-O2 distance is 3.212(3) A).

The Mossbauer spectrum of [Fe'"'(O)"Fepoat] " was fit with two distinct doublets for two
Fe centers, with §/ | AEq| values of 0.38/1.16 and 0.53/1.86 mm s (Figure 5.12.C). These

parameters are consistent with high spin Fe'"

centers, and the silent EPR spectrum supports an §' =
0 ground state. Further variable field and temperature measurements allowed J to be estimated as >

100 cm™, which is consistent with a Fe—(u-O)—Fe core.”

Higher Valent Species: [(TMTACN)Fe"—(u-O)—F¢" poat]**. The isolation of [Fe'(O)Fe"'poat]*
provided the opportunity to investigate more oxidized di-Fe species. Evidence was provided from
cyclic voltammetry studies on [Fe"' (O)Fe'poat]* which exhibited a reversible one-electron redox
event at +0.55 V, which is assigned to the Fe"'Fe'"/Fe"'Fe" couple (Figure 5.15.A). The reversibility
of the electrochemical event and the relatively moderate potential suggested the one-electron
oxidized species can be accessed by a chemical oxidant. Therefore, the treatment of
[Fe'(O)Fepoat]* with one equivalent of [N(p-CsHBr)3]PFs (E1/2 = + 0.70 V vs. [FeCps] ™" in

CH:Cly)™ at -90°C in CH,Cl, was monitored spectrophotometrically, and produced a new species
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with absorbance features at Ama = 440 (sh), 515 (sh), 620 (2700), 810 (sh), ~1100 nm (Scheme 5.5,

Figure 5.15.B).
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Figure 5.15. (A) Cyclic voltammogram of [Fel''(O)Fe'poat]* collected at scan rate of 1 V s in in CH>Clo. (B)
Electronic spectrum of [Fe'(O)FeVpoat]?* at -90 °C. Spectrum collected at 0.20 mM in CH,Clz. (C) EPR spectrum
(black) of the oxidation of [Fel™(O)Fe™poat]* collected at 10 K in CH2Cl,. Simulation for EPR spectrum is in red. (D)
5Fe Méssbauer spectrum (black) of the oxidation of [*Fe™(O)>Fellpoat|* collected at 4.2 K and 0.45 kG in PrCN.
The spectrum contains two species: [*’Fe(O)>FelVpoat]?* (green dotted trace, 85%) and an unknown differic species
(black dashed line, 15%). The summation of these two species gives the overall simulated plot (red).
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Scheme 5.5. Oxidation to [Fe™(O)Fe!Vpoat]?*.
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Support for this assignment came from EPR and M&ssbauer results. The EPR spectrum of
[Fe"(O)Fe"poat]* revealed an isotropic § = 1/2 signal centered at g ~ 2.01 that quantified to 92%
of the expected concentration (5 mM, Figure 5.15.C). In addition, the M&ssbauer spectrum of
[Fe"(O)Fe"poat]** was simulated to consist of an § = 1/2 antiferromagnetically coupled system
(88% yield) containing a high spin Fe'' and Fe'" centers, with §/AFEq values of 0.00/+0.53 and
0.46/-1.11 mm s, respectively (Figure 5.15.D). These parameters agree with the formulation of
[Fe"'(O)Fe"poat]**. This oxidation is reversible upon treatment of a reductant by both UV-vis

(Figure 5.16) and EPR spectroscopy (Figure 5.17).

A 12000~ B 3200
10000 |-
L 2400
_ 8000 f .
§ 6000} 5 1600 810 (sh)
f'z | 349 —IE > 1100
= 4000} = B W
B 810(sh) > 1100 800 [~
2000 |- B
O I_ 1 I 1 I 1 I 1 I 1 I L I L I 1 I O [ I 1 I 1 I 1 I 1 I 1 I
300 500 700 900 1100 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 5.16. (A) Electronic absorbance spectra of the reversible oxidation of [Fe(O)Fe'poat]* before (grey) and
after (black) the addition of [N(p-C¢H4Br)3]PFs, and after the addition of FeCpaz (red), with (B) showing the changes
to the low energy features. The spectra were collected in CH,Cl at -90 °C at a concentration of 0.10 mM.

Reactivity. We sought to investigate the reactivity of [Fe'(O)Fe' poat]*" towards organic substrates
that have cleavable X—H bonds (X = N, O, Scheme 5.06). Initial studies used 1,2-diphenylhydrazine
(DPH, BDFEx_1(DMSO) = 67.1 kcal mol™)* which when allowed to react with [Fe™'(O)Fe' poat]**
at -90°C showed optical changes that are consistent with formation of [Fe" (OH)Fe"'poat]*" (Amux =
483, 513, 760 nm, Figure 5.18.A,B). Upon warming, the hydroxido-bridged species further
converted to [Fe"'(O)Fe"Hpoat]** with diagonstic features at Aue = 517 and 705 nm (Figure
5.18.C,D). The organic product azobenzene was identified using gas chromatography-mass

spectrometry (GC-MS) and NMR spectroscopy, and the absence of DPH in both methods supports
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Figure 5.17. EPR spectra of the reversible oxidation of [Fe(O)Fepoat|* before (A, grey) and after (B, black) the
addition of [N(p-CsH4Br)3]PFs, and after the addition of FeCpa (C, red). Spectra were collected in CH>Cl, at 10 K.

the full conversion of DPH to azobenzene (Figures 5.19,5.20). These findings indicate that DPH

undergoes initial proton-coupled electron transfer (PCET) in which proton transfer first occurs at

the oxido ligand to form a bridging hydroxido ligand, and electron transfer occurs to reduce the Fe'"

111

center to Fe™. Warming the reaction mixture to room temperature promotes an intramolecular
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Scheme 5.6. Substrate reactivity of [Fel(O)FeVpoat]|?*.
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proton transfer from the hydroxido ligand to one of the phosphinic amido groups to form [Hpoat]*

as we have observed previously.
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Figure 5.18. (A) Electronic absorbance spectra of the conversion of [Fe'(O)FelVpoat]?* before (grey) and after
(black) the addition of DPH at -90 °C, with (B) showing the changes to the low energy features. (C) Electronic
absorbance spectra of the conversion of [Fe'(OH)Fe'poat]|?* (black) to [Fe(O)FeHpoat]?* (red) upon warming
from -90 °C to room temperature, with (D) showing the changes to the low energy features. The spectra were
collected in CH,Cl at a concentration of 0.10 mM.

1000 — * 1.0~
B 182.1
soof. A . C
600 |- 08f
400 =
2 200 £ 06
= - £
o 0 " ; L
2 300 N
5 — B E 0.4
200}~ s T
- 02
100 |- B
N 0.0 Al - L
0|||||||||||||||||||| RN NN NN AN NN
6 8 10 12 14 140.1 148.7 157.4 166.2 174.7 183.4 1922
Time (min) m/z

Figure 5.19. Gas chromatograms of (A) reaction between [Fel(O)FeVpoat]*" and DPH, and (B) azobenzene
standard. * indicates the oxidant byproduct (N(p-CsH4Br)3). (C) Mass spectrum of the species detected t = 7.9 min in
gas chromatography cotresponds to azobenzene (182.1 m/z).
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Figure 5.20. NMR spectra of DPH standard (A), azobenzene standard (B), bulk reaction of [Fe™(O)FeVpoat|?* and
DPH (C), and N(p-CsH4Br)s standard (D). Spectra were collected in CDCl3 at room temperature. # indicates CHCl;3
solvent peak. * indicates unknown impurities.

We also explored the reactivity of [Fe" (O)Fe' poat]*" with phenols to model the mechanistic
steps proposed to occur in RNR R2 Class Ia whereby intermediate with an Fe"'—(#-O)—Fe'" core
(denoted X) is kinetically competent to cleave the O—H bond of a neatby tyrosine residue.'*’
Addition of excess 2,6-di-fert-butyl-phenol (DTBP, BDFEo_n(DMSO) = 80.5 kcal mol™")* at -90°C
in CH>Cl; caused the features associated with [Fe (O)Fe' poat]* to slowly disappear at a rate of £obs
= 0.0013(2) s (Figure 5.21.A,C). Monitoring this process spectrophotometrically produced an
absorption spectrum with bands that resembles those of [Fe''(OH)Fe"'poat]*" but the spectrum was
complicated by additional, unidentified features at Ama = 650 (sh) and > 1100 nm. Support for the
consumption of [Fe''(O)FeVpoat]” during the reaction comes from the disappearance of its
characteristic isotropic EPR feature g = 2.01 (Figure 5.22). Moreover, warming the reaction mixture
to room temperature produced the diagnostic absorption spectrum of [Fe''(O)Fe"Hpoat]** (Figure
5.21.B). The organic products, 3,3’,5,5’-tetra-er~-butyl[1,1’-biphenyl]-4,4’-diol (bisphenol) and
3,3’,5,5’-tetra-zert-butyldiphenoquinone (diphenoquinone), were detected by GC-MS with a

combined conversion of greater than 90 % (Figure 5.23). These results suggest DTBP undergoes
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Figure 5.21. (A) Electronic absorbance spectra of the conversion of [Fe'(O)FeVpoat]?* before (grey) and after
(black) the addition of DTBP at -90 °C. (B) Electronic absorbance spectra of the subsequent conversion of
[Fe(OH)Fepoat|>* (black) to [Fe(O)FemHpoat]?* (red) upon warming from -90 °C to room temperature. (C)
Time trace of the decrease of the Amax = 620 nm feature upon addition of DTBP. Spectra wete collected in CH2Cl, at
a concentration of 0.23 mM.
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B (G)
Figure 5.22. EPR spectra of [Fe(O)Fel'poat]* (A, grey), after the addition of [N(p-CsH4Br)3]PFs (B, black), then
after the addition of 10 equiv of 2,6-Bu-PhOH (C, red). Asterisk (*) indicates unreacted [Fe(O)FeVpoat]?* (< 5 %).
Spectra were collected in CH2Cl; at 77 K.
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PCET with [Fe"'(O)Fe"“poat]** to initially produce [Fe''(OH)Fe"'poat]*" and the corresponding

phenoxyl radical. 2,6-zer-butyl-phenoxyl radical is known to react through bimolecular homo-

50-52
L,

coupling at the para-position to produce bispheno which further reacts with remaining

[Fe"(O)Fe"poat]*" to produce diphenoquinone.”*
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Figure 5.23. Gas chromatograms of (A) the reaction between [Fe™(O)FeVpoat]*" and DTBP, (B) diphenoquinone
standard, and (C) bisphenol standard. The left panel contains the full chromatograms, and the right panel contains
the chromatograms at t = 12 to 15 min. * indicates unreacted DTBP, and # indicates the oxidant byproduct (N(p-
Ce¢H4Br)3). (D) Mass spectrum of the species detected t =12.7 min in gas chromatography corresponds to
diphenoquinone (408.4 m/z). (E) Mass spectrum of the species detected t = 12.9 min in gas chromatography
cotresponds to bisphenol (410.4 m/z).

Discussion
Spanning 4 Oxidation States. Di-Fe cores within the active sites of metalloproteins are known to access

a variety of oxidation levels duting turnover that are often accompanied by structural changes.'® The

active site within RNR R2 is an example and is known to proceed through a series of oxidation steps
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from an di-Fe"" core to one that contains an Fe"Fe'¥ center (intermediate X)."""**"*' We are only

aware of one synthetic system that is able to duplicate these types of oxidation steps

22453 _in order

to bridge this gap, we have developed a di-Fe complex that span four oxidation states: Fe''Fe",

Fe''Fe", Fe"'Fe', and Fe"'Fe' (Scheme 5.7; Table 5.2). Their preparation was initiated using an

assembly approach that coupled the Fe"'-OH complex [Fe"'poat(OH)]|” with

[Fe"(TMTACN)(OT¥)] to form the bimetallic complex [Fe"(OH)Fe"'poat]*. This mixed valent

complex exhibited two reversible redox events (Figure 5.7) at relatively moderate potentials that

allow access to both the one-electron reduced and oxidized analogs. The most reduced state,

[Fe"(OH)Fe'"poat] was accessed by chemical reduction and we were able to trap the oxidized

[FCHI(OH) Felllpoat] 2+

111

at low temperatures. However, we found that this di-Fe™ complex was
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Scheme 5.7. Six diiton complexes spanning four oxidation levels and various protonation states.
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unstable at room temperature and rearranged to [Fe"'(O)Fe"'Hpoat]*', which can be treated with

external bases to produce [Fe'(O)Fe'"'poat]” and then chemically oxidize to [Fe''(O)Fe"poat]** at

-90°C.

Table 5.2. Summary of the Spectroscopic Featutes for the di-Fe Complexes.

Complex
[Fell(OH)Fell'poat]|*

[Fell(OH)Fel'poat]

[Felll(O)Fell'Hpoat]?*

[Felll(OH)Felllpoat]2+

[Fel(O)Felpoat]*

[Felll(O)FelVpoat]2*

Nmax, 1M (&, M1 cm). ‘mm s, em-! (5‘[ = JS1°S2); obtained by Méssbauer. N.d. = not determined.

Optical features?

315 (sh), 372
(6400), 460 (sh),
520 (sh)
350 (sh)

380 (7000), 517
(970), 705 (130)

330 (8400), 370

(8100), 483 (sh),

513 (1900), 760
(300)

349 (9200, 531

(780), 780 (250)

440 (sh), 515
(sh), 620 (2700),
810 (sh), ~ 1100

A

1/2

1/2

Fernracx Fepoat
S S
(0/AEQ)* (0/AEQ)*
2 5/2
(1.20/-2.84) (0.34/-0.72)
2 2
(1.22/2.37) (1.03/3.38)
5/2 5/2
(0.49/1.83) (0.44/1.26)
5/2 5/2
(0.44/0.94) (0.34/0.56)
5/2 5/2
(0.53/-1.86) (0.38/1.16)
5/2 2
(0.46/-1.11) (0.00/+0.53)

]c

30

20

> 100

44

> 100

n.d.

Multi-Functional Properties of [poat]” and Intramolecular Proton Transfer. The assembly of the di-Fe

complexes involved two of the phosphinic amido groups from [Fe'"'poat(OH)] that coordinate the

another Fe center through their P=0O units. Together with the hydroxido/oxido ligand, triply

bridged di-Fe cores are produced. Our electrochemical studies found that the P=O groups can

stabilize Fe" centers at relative low potentials, which could not be achieved with related tripodal

ligands such as those with sulfonamido groups:%’35 The third phosphinic amido arm is distinct from

the other two and served multiple functions within this seties of complexes. In [Fe'(OH)Fe"'poat]*

it is an H-bond acceptor to promote the formation of an intramolecular bond with the bridging

hydroxido ligand. Room temperature oxidation produced the isolatable [Fe™(O)Fe"Hpoat]*" with
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the distinct arm now serving as a site of protonated at its N-atom. This intramolecular proton
transfer (PT) causes formation of an Fe''—(u-O)—Fe'" core and a structural

rearrangement with the protonated phosphinic amide coordinating to the Fe center through its P=0O
unit. We are not aware of an example where an intramolecular proton transfer occurs within a
synthetic construct; however, this type of process has been observed with the active sties of
metalloproteins. For instance, in the binding of dioxygen in hemerythrin, the resting state Fe'—(x—
OH)-Fe" core converts to Fe"'—(#—O)-Fe"' (OOH), as the proton on the hydroxido bridge transfers
to the Oz adduct during the oxygenation process.* The dual binding modes of the phosphinic
amido/amide thus provides a dynamic coordination sphete to store a proton and stabilize higher
valent species.

Although [Fe"(O)Fe"Hpoat]*" is the product isolated from the room temperature
oxidation, our results suggest that the initial species formed is [Fe"' (OH)Fe"'poat]*" because of the
reversibility of this process in the cyclic voltammogram. Moreover, when the oxidation is done at
-80°C, we detect a species whose properties are consistent with [Fe" (OH)Fe"poat]**. We correlated
the absorption spectra and the experimentally determined ] spin exchange constants from
Mossbauer measurements to gauge the protonation state of the O-atom bridge in each complex. It
should be noted that most di-Fe complexes with bridging hydroxido ligand have J-values of less than
50 cm™, whereas the values for oxido bridged species are substantially large ( ] > 60 cm™).” The
most reduced form, [Fe"(OH)Fe"poat], has a | = 20 cm™, which supports the assignment of a
bridging hydroxido ligand. For [Fe"(OH)Fe"'poat]*, the J-value increases to 30 cm™, and upon
further oxidation, a J-value of 44 cm™ was determined for [Fe''(OH)Fe"'poat]*". The incremental
rise in the [ values is consistent with the increased Lewis acidity of the Fe centers and Bronsted
acidity of the Fe—(z—OH)—Fe core, which results in strengthened intramolecular H-bonding

interactions between the OH and the P=O groups, and increased oxido character in the bridging
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ligand. Finally, [Fe™ (O)Fe'Hpoat]*" and [Fe"' (O)Fe'poat|" had J-values of greater than 100 cm™
g y P P g

that are consistent with oxido-bridged di-Fe cores.

Comparison of [Fe" (O)Fe" poat]”* with Other Complexes. The oxidation of [Fe"(O)Fe'poat]” to
[Fe"(O)Fe"poat]** was achieved in good yield (> 80 %), allowing us to perform magnetic studies on
this high valent species. Our X-band EPR and Mossbauer data support the assignment of a mixed
valent species with an § = 1/2 spin ground state. The EPR spectrum contained an isotropic feature
centered at g = 2.01 (Figure 5.15.C) is consistent with Fe"'—(z—O)—Fe' cores found in biological and
other synthetic systems, including the intermediate X in RNR R2.*****?**° Our simulations of the
Mossbauer spectra yielded two distinct Fe centers with §/AEq values of 0.00/0.53 mm s and 0.46/-
1.11 mm s™ that are consistent with the valence localized assignment of § = 2 Fe'¥ and § = 5/2 Fe™
(Figure 5.15.D), and are similar to those previously reported in the literature.”**** The trianionic
[poat]” framework that enforces local C; symmetry likely stabilizes high-spin Fe'" center within the
tripodal site. There have been reports of the detection and/or isolation of Fe''—(z—O)-Fe" species
in various ligands;>**>2*"7%°%°1" however, [Fe'(O)Fe' poat]* is different in that the bimetallic core
is housed within a unsymmetric ligand framework, and both Fe centers are high spin, making the

complex a suitable synthetic model for high valent non-heme di-Fe active sites in proteins.

Reactivity Comparison with RNR. We explored the reactivity of [Fe (O)Fe' poat]*" towards external
substrates to gain insights into the species that are formed after X—H bond cleavage. DPH and
DTBP were used as substrates and in both instances the reaction mixtures show optical changes that
are consistent with the generation of [Fe''(OH)Fe"'poat]*" at -90°C (Figures 5.18,5.21). The results
are consistent with a PCET process, whereby the proton is transferred to the bridging oxido ligand,

and the electron is transferred to the Fe!' center. The organic products in both reactions are
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consistent with the homolytic cleavage of the X—H bonds to initially form radical species that reacts
further to give more stable products. The [Fe"'(OH)Fe'"'poat]*" species also convetts to the more
thermal stable [Fe''(O)Fe"'Hpoat]*" species upon warming to room temperature. The ability of the

m center

distinct phosphinic arm in [poat]” to be protonated while remaining coordinate to an Fe
highlights one method for controlling intramolecular PT within species having Fe—(z—0O)—Fe cores.
This type of process may have relevance to the chemistry observed within the R2 subunit of RNR
Class Ia.""" The catalytically competent species, intermediate X, also contains Fe'"—(z—O)-Fe'¥ core
and homolytically cleaves the O—H bond in a nearby tyrosine residue to produce a Fe''—(z—O)-Fe™
core with concomitant generation of a tyrosyl radical.”’ One common mechanism suggests the
proton from this process is transferred to a terminally coordinated hydroxido ligand to form an aqua
ligand.*"" We suggest a modified version of this mechanism in that the initial site of protonation is
the oxido bridge to give an Fe''—(z—~OH)-Fe"" core (Scheme 5.8). Similar to what we observed for
[Fe"'(OH)Fe"'poat]*, intramolecular PT then occurs to form the aqua ligand. This additional PT
step help stabilize the products by retaining the more stable Fe—(#—O)—Fe core and controlling the
proton movement to avoid additional unproductive reactions. Within this context, the active site in

RNR and the di-Fe complexes of [poat]” share similar structural aspects including dynamic

coordination spheres that allows for the proton rearrangement for enhanced stability.

Tyr Tyr Tyr
OH Qs Qs
Glu Glu 0. _Glu
HO HO HOH Y
Asp{o o Asp—¢ o o OH, O
.. | o | PCET o | o | ASP—— A\ o i/
e Ealll Fe""—-o Gly —mmmmm > @ e Felll Fe"'—-o Glu —_Fell Fe“'—o
~n—" ~ o]
e INOY N AR ,
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Scheme 5.8. Proposed modification to the mechanism in RNR R2 Ta: upon homolytic cleavage of the tyrosine O—H bond,

the electron goes to the Fe!V center, and the oxido bridge is first protonated, before the proton transfers to the terminal
hydroxido ligand.
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Conclusion & Outlook

In this chapter, the preparation of a series of di-Fe synthetic complexes in an unsymmetric
scaffold is described and summarized in Scheme 5.7. These species contain Fe—(u-O(H))-Fe cores
that resemble those found in the active site of di-Fe-based enzymes, such as RNR R2 Class Ia and
sMMOH.*"” One Fe site remains coordinatively saturated at all oxidation states with the TMTACN
capping ligand, while the other Fe center is housed within the [poat]” trigonal framework. This
library of complexes spans across four different oxidation states and demonstrates the multiple
features of the [poat]” ligand. In Chapter 4 and other previous work,” it has been demonstrated
[poat]” can support an Fe'¥ center; here, we show the P=O groups can support a metal at a +3
oxidation state, unlike the analogous sulfonamido-based tripodal ligands. The P=O groups can serve
as H-bond acceptors as well as ligands to a second metal center, but we discovered they can also
facilitate proton transfer from a Fe"'—(u-OH)—Fe™ core to the N-atom of one phosphinic amido
arm for better stabilization. A Fe''—(u-O)—Fe'" species can be accessed and was studied
spectroscopically, and its reactivity towards phenolic substrates was explored, which is relevant to
the catalytic turnover of RNR R2.

After the thorough investigation into this di-Fe system, I next turned my attention towards
preparing bioinspired high-valent heterobimetallic complexes. The stepwise assembly protocol
developed in Chapters 3, 4, and 5 provide synthetic routes to systematically introduce metal

ions/adducts of choice. These works are described in the following three chapters.

Experimental

General Methods. All reagents were purchased from commercial sources and used as received unless
otherwise noted. Solvents were sparged with argon and purified using a JC Meyer Co. solvent

purification system with columns containing Q-5 and molecular sieves. Butyronitrile (PrCN) was
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purified according to a literature procedure.” Potassium hydride (KH) as a 30 % dispetsion in
mineral oil was filtered with a medium porosity glass frit and washed 5 times each with pentane and
diethyl ether (Et;O). Solid KH was dried under vacuum and stored under an inert atmosphere. All
synthetic manipulations were conducted in a Vacuum Atmosphere, Co. drybox under an argon
atmosphere. K[Fe"'poat(OH)],” K[Fe"poat],” [Fe' (TMTACN)(OTf),],” [FeCpz] OTH,” IBX-iPr,*!
2,6-lutidinium triflate,” and [N(p-CsHyBr)s]PFs"** were synthesized according to previous reports.
Triethylamine (NEt;) was purified by vacuum distillation. 2,6-di-zer#butyl-phenol (DTBP) was
purified by recrystallization in absolute ethanol twice. The *’Fe-enriched complexes were prepared
using *"Fe' (OAc),” and *'Fe" (OTf),:2CH;CN,* which were synthesized according to procedures for

the natural abundance Fe precursors.

Physical Methods. Room temperature electronic absorbance spectra were recorded with a Cary 50
using a 1.00 cm quartz cuvette. Low temperature electronic absorbance spectra were recorded on an
Agilent UV-vis spectrophotometer equipped with a Unisoku Unispeks cryostat in a 1.00 cm quarts
cuvette. High resolution mass spectra were collected using Waters Micromass LCT Premier Mass
Spectrometer. Solid-state Fourier transform infrared (FTIR) spectra were collected on a Thermo
Scientific Nicolet iS5 FT-IR spectrometer equipped with an iD5 ATR accessory. Cyclic
voltammetric experiments were conducted using a CHI600G electrochemical analyzer. A 2.0 mm
glassy carbon electrode was used as the working electrode at scan velocities between 2 and 2000 mV
s. A ferrocenium/ferrocene ([FeCps]™") or an acetylferrocenium/acetylferrocene ([AcFc] ™, + 0.27
V versus [FeCp,]/")* was used as an internal reference to monitor the reference electrode (Ag*/Ag).
Tetrabutylammonium hexafluorophosphate (TBAP) was used as the supporting electrolyte at a
concentration of 0.1 M in CHCl, or PrCN. Elemental analyses were performed on a Perkin-Elmer
2400 Series IT CHNS elemental analyzer. 'H-NMR spectra was collected on a Bruker CRYO500
spectrometer (500 MHz). X-band (microwave frequencies 9.6 GHz) EPR spectra were collected on

a Bruker ELEXSYS spectrometer equipped with an Oxford ESR-910 liquid helium cryostat and a
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Bruker bimodal cavity for the generation of microwave fields parallel and transverse to the applied
magnetic field. Mdssbauer spectra were recorded on either a variable field or a weak-field
spectrometer operating in a constant acceleration mode in a transmission geometry using Janis
Research Inc. cryostats that allow for a variation in temperature from 4 to 300 K. One of the dewars
housed a superconducting magnet that allowed for the application of magnetic fields up to 8 T

parallel to the y-radiation. Isomer shifts are reported relative to Fe metal at 298 K. SpinCount was

66

used to fit the experimental EPR and Mossbauer data.” Organic products were detected by gas-

chromatography mass spectrometry (GC-MS) in the Mass Spectrometry Facility at the University of
California, Irvine. The GC-MS was a Trace 1300 Gas Chromatograph from Thermo Scientific using
a 15 m long x 0.25 mm i.d. TG-SQC column. The oven was held at 40 °C for 1 minute then heated
at a rate of 20 °C min™ to 290 °C and held for an additional 2 minutes. The mass spectrometry used

electron ionization (70 eV) scanning (0.2/sec) from m/z 30 — 650.

Crystallography.

[(TMTACN)Fe"—(u-OH)~Fe" poat]OTf. A yellow crystal of approximate dimensions 0.142 x 0.213 x
0.306 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer
system. The APEX2® program package was used to determine the unit-cell parameters and for data
collection (45 sec/frame scan time). The raw frame data was processed using SAINT® and
SADABS" to yield the reflection data file. Subsequent calculations were cartied out using the

SHELXTL" program package. There were no systematic absences nor any diffraction symmetry

other than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and
later determined to be correct.

The structure was solved by direct methods and refined on F* by full-matrix least-squares
techniques. The analytical scattering factors’™ for neutral atoms were used throughout the analysis.
There were two molecules of the formula-unit present (Z = 4). Hydrogen atoms H(1) and H(5) were
located from a difference-Fourier map and refined (x,y,z and Ui,). The remaining hydrogen atoms
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were included using a riding model. Several atoms were disordered and included using multiple
components with partial site-occupancy-factors.

Least-squares analysis yielded wR2 = 0.1027 and Goof = 1.020 for 1581 variables refined

against 31868 data (0.69 A), R1 = 0.0434 for those 22037 data with I > 2.05(I).

[(TMTACN)Fe"—(u-O)~Fe"Hpoat](OT}).. A brown crystal of approximate dimensions 0.216 x 0.242
x 0.313 mm was mounted on a glass fiber and transferred to a Bruker SMART APEX II
diffractometer system. The APEX2% program package was used to determine the unit-cell
parameters and for data collection (20 sec/frame scan time). The raw frame data was processed
using SAINT® and SADABS™ to yield the reflection data file. Subsequent calculations were carried
out using the SHELXTL program package. The diffraction symmetry was 2/ and the systematic
absences were consistent with the monoclinic space group P2,/¢ that was later determined to be
correct.

The structure was solved by dual space methods and refined on F* by full-matrix least-
squares techniques. The analytical scattering factors’” for neutral atoms were used throughout the
analysis. Hydrogen atom H(2) was located from a difference-Fourier map and refined (x,y,z and
Uis). The remaining hydrogen atoms were included using a riding model. Several atoms were
disordered and included using multiple components with partial site-occupancy-factors. There was
one molecule of chloroform solvent present.

Least-squares analysis yielded wR2 = 0.0979 and Goof = 1.022 for 872 variables refined
against 18665 data (0.72 A), R1 = 0.0401 for those 14338 data with T > 2.06(I).

There were several high residuals present in the final difference-Fourtier map. It was not

possible to determine the nature of the residuals although it was probable that 7-hexane solvent was
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present. The SQUEEZE" routine in the PLATON" program package was used to account for the
electrons in the solvent accessible voids.

[(TMTACN)Feé"—(u-O)~Fé"poat]OTf. A red crystal of approximate dimensions 0.236 x 0.265 x 0.266
mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer
system. The APEX2% program package was used to determine the unit-cell parameters and for data
collection (60 sec/frame scan time). The raw frame data was processed using SAINT® and
SADABS" to yield the reflection data file. Subsequent calculations were cartied out using the

SHELXTL" program package. There were no systematic absences nor any diffraction symmetry

other than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and
later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors’” for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. There were two molecules of dichloromethane
solvent present. One of the chlorine atoms was disordered and included using two components with
partial site-occupancy-factors.

Least-squares analysis yielded wR2 = 0.1473 and Goof = 1.073 for 737 variables refined

against 17414 data (0.70 A), R1 = 0.0539 for those 13231 data with I > 2.05(I).

Preparation of [(TMTACN)F€'—(u-OH)~Fé"poat]OTf. K[Fe"'poat(OH)] (114.9 mg, 0.1343 mmol) was
dissolved in 4 mL anhydrous CH2Cl,. NMe;OAc (19.8 mg, 0.149 mmol) was added in one portion,
and the mixture was allowed to stir for one hour. The reaction mixture was filtered with a fine
porosity glass frit, and the filtrate was added dropwise to a 1 mL CHCl; solution of
[Fe"(TMTACN)(OTH),] (70.7 mg, 0.135 mmol). The reaction was allowed to proceed for one hour,

and the mixture was filtered with a medium porosity glass frit to remove any insoluble materials. The
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filtrate was layered with Et,O to yield a light brown powder. After the light brown powder was
collected and dried, it was redissolved in CH>Cl,, and was layered with pentane to yield yellow sheet-
like crystals. The crystals were collected on a glass frit and dried under vacuum, affording the
product in yields that ranged from 45-60 %. Elemental analysis calcd. (found) for [[TMTACN)Fe"—
(u-OH)-Fe"'poat]OTt:0.5CsHi,, CsoHeuF3FeaN;O-P3S-0.5CsHio; C, 53.27 (53.33); H, 5.74 (5.52); N,
7.98 (7.98) %. UV-Vis (CH,CL solution Amw/nm (eme/M'em™)) 315 (sh), 372 (6400), 460 (sh), 520
(sh). FTIR (ATR, cm™): 3141(OH), 3062, 3049, 3008, 2991, 2964, 2900, 2866, 2848, 2817, 1591,
1485, 1483, 1464, 1435, 1363, 1265, 1223, 1140, 1115, 1082, 1063, 1030, 1014, 989, 964, 931, 891,
812, 750, 723, 696, 634. Ei/> (CH.Cl,, V versus [FeCpa]*"%): -1.62 , (ine/ipa = 1.03, AE = 0.23 V,
AE([FeCp(7-CsHsCOMe)] %) = 0.17 V), -0.42 (ioe/ i = 0.99, AE = 0.23 V, AE([FeCp(7-
CsHiCOMe)]"" = 0.17 V).

Preparation of [(TMTACN)F€'—(u-OH)—Fé'poat]. [[TMTACN)Fe"—(u-OH)-Fe"'poat] OTf (6.1 mg,

0.0051 mmol) was dissolved in 1.0 mL anhydrous CH>Cl,, and solid CoCp*; (2.5 mg, 0.0076 mmol)
was added in one portion to the brown solution. The solution turned dark orange and was allowed
to stir for 1 hour. An aliquot of 250 pL solution was added to an EPR tube via a syringe, and the
sample (5.0 mM) was frozen in liquid nitrogen. An aliquot of 60 pL metal solution was diluted by
3.0 mL. CH2Cl, and the mixture was transferred into a 1-cm quartz cuvette, which was sealed with a
rubber septum and measured by a UV-Vis spectrometer. The synthesis of ['Fe"(OH)*'Fe"poat] was
achieved using the same method with the following modifications: 96% °*'Fe-enriched

["Fe"(OH)’ Fe"'poat]OTf (15.1 mg, 0.0126 mmol) and CoCp*: (5.0 mg, 0.015 mmol) were reacted

in 2.53 mL. PrCN.

Preparation of [(TMTACN)Fe"—(u-O)—Fe¢" Hpoat] (OTH):. [[TMTACN)Fe"—(u-OH)-Fe"'poat] OTf (95.0
mg, 0.0796 mmol) was dissolved in 3 mL anhydrous CH2Cl,, and solid [FeCp,]OT* (27.8 mg, 0.0830

mmol) was added in one portion to the brown solution. The solution immediately turned dark red,

150



and was allowed to stir for 1.5 hours. All volatiles were then removed under vacuum. The residues
were triturated with 20 ml. pentane, which was then removed by decanting; the washing process was
repeated four times. The residues were redissolved in 6 mL. CH>Cl,, which was layered with pentane
to yield orange needle-like crystals. The crystals were collected on a glass frit and washed with
pentane and Et;O. The crystals were then dried under vacuum, affording the product in yields that
ranged from 90-95 %. Elemental analysis calcd. (found) for [(TMTACN)Fe"'—(u-O)—
Fe"Hpoat](OTf),' 1.5CH2Cl, CssHeFeFeaN7O10P3S2-1.5CH,Cl; C, 44.55 (44.54); H, 4.60 (4.38); N,
6.67 (6.92) %. UV-Vis (CH,CL, solution Ame/nm (ems/M'cm™)) 380 (7000), 517 (970), 705 (130).
FTIR (ATR, cm™): 3224 (NH), 3078, 3055, 3012, 2902, 2864, 2823, 1591, 1495, 1473, 1464, 1437,
1360, 1255, 1223, 1140, 1119, 1070, 1055, 1028, 1009, 989, 968, 930, 918, 897, 854, 814, 748, 725,
696, 634. ESI-MS (CH;CN, ES*, m/z): exact mass calcd for [Fe''(O)Fe"Hpoat(OTH)]",

C52H64F3F62N7O7P3S, 11922455, found, 1192.2485.

Preparation of [(TMTACN)F€"—(u-O)~Fé"poat]OTf. K[Fe"poat] (121.4 mg, 0.1447 mmol) and 18-
crown-6 (76.8 mg, 0.291 mmol) were dissolved in 7 mL anhydrous THF and 1 mL anhydrous DMF.
The yellow solution was transferred to a 50 mL Schlenk flask, which was sealed with a septum and
cooled in a -75 °C cold bath outside the glovebox for at least 15 minutes. A 2 mLL DMF solution of
IBX-iPr (57.8 mg, 0.179 mmol), prepared in the glovebox, was added dropwise into the Schlenk
flask via syringe. The reaction mixture immediately turned red, indicative of the formation of
[Fe"poat(O)], and was allowed to stir for 20 minutes. A 0.6 mL. DMF solution of
[Fe"(TMTACN)(OTH),] (80.1 mg, 0.152 mmol), prepared in the glovebox, was then added dropwise
into the Schlenk flask via syringe. The reaction mixture turned brownish red gradually, and was
allowed to stir for 1.5 hours. The Schlenk flask was then warmed up to room temperature, and all
volatiles were removed under vacuum. The flask was transferred back in a glovebox, where the
residue was redissolved in CH2Cl, and was layered with diethyl ether to yield a brown powder over

three days. After the brown powder was collected and dried, it was redissolved in CH2Cly, and was
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layered with pentane to yield dark red crystalline needles. The crystals were collected on a glass frit
and dried under vacuum, affording the product in yields that ranged from 45-55 %. Elemental
analysis caled. (found) for [(TMTACN)Fe"'—(u-O)-Fe"poat]OTf CH,Cly' CsHay,
Cs2HesF3FeaN;O7P58 - CHLCly' CsHio; C, 51.65 (51.56); H, 5.75 (5.40); N, 7.27 (7.49) %. UV-Vis
(CH2Cl: solution Amax/nm (Ema/M'em™)) 349 (9200), 531 (780), 780 (250). FTIR (ATR, cm™): 3070,
3053, 3033, 3008, 2956, 2933, 2898, 2885, 2856, 2844, 1589, 1572, 1500, 1464, 1435, 1390, 1381,
1354, 1276, 1271, 1257, 1227, 1190, 1151, 1147, 1115, 1076, 1066, 1057, 1041, 1032, 1012, 987, 955,
938, 922, 897, 872, 858, 822, 793, 748, 719, 696, 636. ESI-MS (CH;CN, ES*, m/z): exact mass calcd
for [Fe"(O)Fe"poat]”, CsiHgFeaN-O4P3, 1042.2856; found, 1042.2855. E1/2 (CH2Cls, V versus
[FeCp2]*/"): +0.55.

Low-temperature UV -vis solution studies. In a typical experiment, a 10 mM solution of the diiron
compound was prepared in CH,Cl, at room temperature and kept in a -35 °C freezer for the
duration of the experiment. A 30 - 60 pL aliquot of stock metal complex was added via air-tight
syringe to the solvent mixture (3 mL) in a 1-cm quartz cuvette to give the desired concentration for
oxidation experiments (0.10 — 0.20 mM). The cuvette was then sealed with a rubber septum and
precooled to the desired temperature in an 8453 Agilent UV-vis spectrophotometer equipped with
an Unisoku Unispeks cryostat. The solution of metal complex was allowed to equilibrate to the
desired temperature for at least 15 min. Stock solutions of other reagents were prepared at
concentrations between 10 and 100 mM in the same solvent and added via gas-tight syringe.

Reactions were monitored spectrophotometrically by UV-vis spectroscopy.

Low-temperature EPR solution studies. In a typical experiment to generate [Fe"'(OH)Fe"'poat]*’, a 5.8

mM solution (1.97 mL) of [Fe"(OH)Fe"'poat]OTf (0.0135 g, 0.0113 mmol) was prepared in the
desired solvent at room temperature in a glovebox under argon atmosphere, and kept in a -35 °C

freezer for the duration of the experiment. A 200 pL aliquot of stock metal complex (0.00115 mmol,
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1.00 equiv) was added via syringe to a quartz EPR tube. The tube was then sealed with a rubber
septum and precooled to the desired temperature in -78 °C cold bath outside the glovebox, allowing
the solution to equilibrate to the desired temperature for at least 15 min. A 1 mL stock solution of
[FeCp2]OTt was prepared at 46 mM (0.0154 g, 0.0460 mmol) in CH»Cl,, and a 30 pL aliquot
(0.00138 mmol, 1.25 equiv) added via a gas-tight syringe. The reaction was allowed to incubate for 5
minutes before freezing in liquid nitrogen. The synthesis of [Fe'(O)Fe'Vpoat]** was achieved using

the same method with the following modifications: 200 uL of 6.5 mM [Fe"'(O)Fe"'poat]OTf

solution (0.0013 mmol, 1.0 equiv) and an additional 30 pl. CH,Cl, were reacted with 30 pL of 43.3

mM [N(p-CsH4Br)3]PFs solution (0.0013 mmol, 1.0 equiv) at -94 °C.

Room-temperature Missbauer studies. The Méssbauer samples for ['Fe''(OH) " Fe'poat]",
["Fe"(O)"Fe"Hpoat]*", and ["Fe'"'(O)*"Fe"'poat]” were prepared at room temperature. In a typical
experiment, a 5 mM solution of the 96% *'Fe-enriched diiron compound was prepared, and was
transferred into a Mossbauer cup before freezing in liquid nitrogen. For the solid sample of
["Fe'(O)"Fe"Hpoat] (OTf)2, ~ 20 mg of the complex was added to the bottom of a Méssbauer cup
in an even layer. Anhydrous Nujol mull was added until it reached the top of the sample holder,
which was then frozen in liquid nitrogen. The preparation for ['Fe"(OH)*"Fe''poat] is discussed

above.

111

Low-temperature Missbauer solution studies. In a typical experiment to generate ['Fe"'(OH)*"Fe'"'poat]*,

a 5.5-mM solution of the 96% *"Fe-enriched ["Fe"(OH)*"Fe"'poat]OTf (0.0074 g, 0.0062 mmol, 1.12
mlL) was prepared in PrCN at room temperature in a glovebox under argon atmosphere, and kept in
a -35 °C freezer for the duration of the experiment. A 1.0 mL aliquot of stock metal complex

(0.0055 mmol) was added via syringe to a 1-cm quartz. The cuvette was then sealed with a rubber

septum and precooled to -80 °C in a Unisoku Unispeks cryostat typically used for UV-vis
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experiments outside the glovebox. The solution of metal complex was allowed to equilibrate to the
desired temperature for at least 20 min. A stock solution of [FeCp2]OTf was prepared at 66 mM in
PrCN, and an aliquot of the oxidant (0.0066 mmol, 0.10 mL) was added via a gas-tight syringe.
Upon completion of the reaction, the septum was sliced open with a razor under a strong flow of
argon. The rubber septum was removed and the content in the cuvette was quickly poured into
liquid nitrogen. The frozen solid was ground into fine powder and then packed into pre-cooled
Méssbauer cups. The synthesis of ["Fe'"'(O)*"Fe' poat]*" was achieved using the same method with
the following modifications: 1.5 mL of 5.5 mM ['Fe"!(O)*Fe"'poat]OTf solution (9.9 mg, 0.0083
mmol) was reacted with 0.15 mL of 83 mM [N(CsH.Br);]PF; solution (7.8 mg, 0.012 mmol) at -94

°C.

Kinetic measurements. These experiments were performed in collaboration with Dr. Chen Sun. All
kinetic experiments were measured in CH,Cl; at -90 °C in a cuvette (containing a magnetic stirbar)
with 1 cm pathlength. 11.7 mM of [Fe"(O)Fe'poat]* stock solution, 9.8 mM of [N(p-CsHiBr)3]PFe
stock solution, and 87 mM of 2,6-di-er~-butyl-phenol (DTBP) stock solution were prepared at room
temperature. All stock solutions were stored at -35 °C for the duration of the experiment and
warmed back to room temperature for 10 min prior to use. A cuvette filled with 2 mI. CH,Cl,
solvent was sealed with a rubber septum and transferred into the cryostat of the spectrophotometer
to equilibrate with the temperature for > 20 min. First, 40 uL. of the [Fe'(O)Fe"'poat]" stock
solution was injected into the cuvette via airtight syringe and mixed for 150-200 sec to give the
desired concentration (0.23 mM). Then, the reaction was initiated with injecting 40 pL (0.85 equiv.)
of the [N(p-CsH4Br);]PFs stock solution into the cuvette via airtight syringe while closely monitoring
the appearance of absorbance features at Amax = 440, 515, 620, 810, ~1100 nm that is indicative of
formation of [Fe™'(O)Fe' poat]*". Sub-stoichiomettic amount of oxidant was added since [N(p-
CeH4Br)3]PF; also reacts with DTBP. After the spectrum of [Fe''(O)Fe'Vpoat]** reached equilibrium
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(t = 150 sec), 75 pL of the DTBP stock solution (10 equiv.) was injected into the cuvette via airtight
syringe. The progress of the reaction was monitored by following the decrease in absorbance at 620

nm. After reaction was completed, the mixture in the cuvette ended as clear orange solution.

Under these conditions, the substrate concentration was in excess compared to the complex
concentration to provide pseudo first-order reaction conditions. The expression, In[(A—As)/(Ai-A)],
was plotted against the reaction time for the first three half-lives of any reaction to provide linear
plots. Here, A; is the initial absorbance, A, is the absorbance at time t, and Ar is the absorbance at the
endpoint of the reaction at 900 nm. The observed pseudo first-order rate constants (£obs, 5 ) for the

reaction was determined from the slope of the above-mentioned linear plots.

GC-MS experiments. Typically, the solution from a UV-vis kinetics experiment with DPH and DTBP
is directly subjected to a GC-MS measurement without further workup. The percent conversion
from DTBP to diphenoquinone and bisphenol is calculated by comparing the relative area of
diphenoquinone and bisphenol with unreacted DTBP. Additionally, the following factors are taken
into account: 1) DTBP was added in 10-fold excess; 2) two equivalents of [Fe''(O)FeVpoat]** reacts
with one equivalent of diphenylhydrazine; and 3) sub-stoichiometric [N(CsH4Br)s]PF¢ (0.8 equiv.)
was added to avoid reaction between the unreacted oxidant and DTBP. The percent conversions are

calculated to be > 90%.

NMR identification of organic products. [Fe™ (O)Fe'poat]OTT (0.0299 g, 0.0251 mmol, 1.0 equiv) was
dissolved in 3 mL. CH>Cl; and transferred to a 50 mL Schlenk flask in a glove box. The flask was
sealed with a septum, brought out of the box, and chilled in a -94 °C bath for 20 minutes. An aliquot
of [IN(p-CsH4Br)3]PFs (0.0150 g, 0.0239 mmol, 0.95 equiv) in 0.25 mL. CH,CL was added vz a gas-
tight syringe, and the red solution turned dark brownish green immediately and was allowed to stir

for 5 minutes. An aliquot of DPH (0.0023 mg, 0.013, 0.52 equiv) in 0.070 mLL CH,Cl, was injected
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via a gas-tight syringe, and the brownish green solution turned to dark red. The mixture was allowed
to stir for 10 minutes, before warming to room temperature for 1 hour. All volatiles were removed
in vacno using a Schlenk line, and the Schlenk flask was brought back into the glove box. The red
residue was triturated with three portions of 20 mL Et;O, which were combined as a pale yellow
solution with minor particulates. The Et,O solution was filtered to remove the insoluble material,
and the solvent was removed 7 vacuo to afford an orange-yellow residue as the organic product. The
isolated product was redissolved in 0.65 mL CDCl; (1% TMS), and the NMR spectrum was

collected.

Table 5.3. Crystallographic data for [Fe"(OH)Fe"'poat]”, [Fe" (O)Fe"Hpoat]*, and
[Fe"'(O)Fe"poat].

[(TMTACN)Fe'—(u-OH)- [(TMTACN)Fe"—(u-O)— [(TMTACN)Fel—(u-O)—
Fell'lpoat]OTf Fel"Hpoat](OTf), Fellpoat]OTf
Formula C54 H(,4 F3 Fez N~ 07 P3 S C54 H65 Cl3 F(, Fez N7 Olo P3 Sz C54 H(,7 Cl4 F3 Ff:z N7 07 P3 S
fw 1192.77 1461.21 1361.61
T (K 133(2) 93(2) 93(2)
Crystal system Triclinic Monoclinic Triclinic
Space group Pi P24/¢ Pi
a (A) 14.918(2) 16.6081(6) 10.5370(5)
b (A) 17.229(3) 14.8447(5) 13.6903(7)
c (A) 21.457(3) 27.0177(9) 21.8456(11)
o (9) 89.463(3) 90 93.1573(8)
B 89.920(3) 91.9316(6) 101.4197(8)
v (©) 81.928(3) 90 104.7658(8)
Z 4 4 2
Vv (A3) 5460.0(14) 6657.2(4) 2968.4(3)
Beale (mg/m?) 1.451 1.458 1.523
Independent 31868 18665 17414
reflections
R1 0.0434 0.0401 0.0539
wR2 0.1027 0.0979 0.1473
Goof 1.020 1.022 1.073

wR2 = [X[w(Fo2-F2)? / Zw(F) ]2

R1=2[|Fo|-|Fe| [ / X|Fo|

Goof = S = [Z[w(F.>F?)? / (n-p)]'/? where n is the number of reflections and p is the total number of parametets
refined.

The thermal ellipsoid plots are shown at the 50% probability level.
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Chapter 6

Accessing a Felll-(4-O)—Mn!V Core and its Biological Relevance

Introduction

Many O,-binding/activating metalloproteins contain a dinuclear active site, with most of
them utilizing a diiron core, including the hydroxylase component of soluble methane
monooxygenase (sSMMO), and the R2 subunit of Class Ia tibonucleotide reductase (RNR)."” In the
past 10 — 15 years, however, an increasing number of dinuclear enzymes have been reported to
employ a heterobimetallic MnFe active site to bind and activate dioxygen.”® The reproducible
coordination of one Mn and one Fe ion in designated sites is unusual: the Irving-Williams series
supports stronger binding of Fe" over Mn", so a Fe''Fe" active site is more likely to form than a
Mn"Fe" one.” It has been proposed the tertiary structures of proteins enforces the site-specific
binding of these metal ions."” Examples of enzymes with MnFe sites include the R2 subunit of Class
Ic RNR (RNR R2 Class Ic, Figure 6.1.A) and the R2-like ligand-binding oxidase (R2lox, Figure
6.1.B). Like the other members of the RNR family, the MnFe active site of RNR R2 Class Ic

facilitates the long-range (43 = 1 A) electron transfer process that initiates the conversion of

\(I’yﬂ 75

. y
Fatty acid \: & GIUZOZi
] - -

Glu167

GIu69 /

His205

His105

< Glu102
Figure 6.1. Structures of the RNR R2 Class Ic (A, PDB: 4M11) and R2lox (B, PDB: 4HRO) active sites. Fe is shown

as an orange sphere, Mn is shown as a purple sphere, and O is shown as a red sphere. Dotted lines indicate H-
bonds.
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ribonucleotides to deoxyribonucleotides.®' """

The active site of R2lox is very similar to that of RNR
R2 Class Ic (4 Glu, 2 His)," but it lacks RNR function. Instead, R2lox is found to oxidatively cross-
link a valine and tyrosine residue in close proximity to the metallocofactor (see below for more
mechanistic details).*”"* The performance of these heterobimetallic enzymes raise several intriguing
questions: 1) What structural factors govern the selective binding of Mn" over Fe', contrary to the
Irving-Williams series? 2) Why does the active site adopt a heterobimetallic (MnFe) core instead of a
homobimetallic one (FeFe or MnMn) for specific functions? 3) Does the incorporation of a Mn site
allow the enzyme to access reaction pathways that are not possible with Fe, or does it help avoid
unreproductive pathways?

Synthetic model compounds are useful in addressing many of these considerations.
However, preparation of heterobimetallic complexes is synthetically difficult, and few examples of
MnFe systems have been reported relative to the FeFe and MnMn analogues.”” Most of these
complexes are at the (IILII) level, and their oxidation chemistry has rarely been explored. Two
important contributions are highlighted here: Wieghardt and Girerd synthesized [(TMTACN)Fe'"' —
(1-0)(u-1,3-OAc)>-Mn"(TACN)]*" and [(TMTACN)Mn"' —(1-O) (u-1,3-OAc)—Fe" (TACN)]**
(TACN = 1,4,7-triazacyclononane, TMTACN = 1,4,7-trimethyl-1,4,7-triazacyclononane) by
combining [Fe"'/Mn" (TMTACN)]’* and [Mn"'/Fe"(TACN)]’" precursors in the presence of
acetates (Scheme 6.1.A); the increased steric of the [TMTACN] ligand is essential in this self-
recognition assembly, and appears to hinder homo-dimerization di-Fe or di-Mn products.” The

111

singly oxidized Mn"Fe'" species was also isolated, but little spectroscopic and magnetic data is

available. Recently, Que utilized Fe"V—oxido compounds in the [TPA] framework (or [TPA]-
derivatives, [TPA] = tris(2-methylpyridine)) to bind an [Mn"(TPA)]*" adduct.™* A series of

111

heterobimetallic Fe""Mn"' complexes were produced (Scheme 6.1.B), and the interconversion

between Fe' —(u-O)-Mn"" and Fe"' —(u-O) (u-OH)-Mn"" cores was studied under acidic and basic
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conditions. However, the thermal instability of these complexes prevented their complete

characterizations.

A. Self-assembly (Wieghardt)

H T1(CI0g4), H T1(Cl0y);
AY AY
1) 2 NaOAc N
Mn"(TMTACN)CI; + 2) 2 NaClO, (E N /||| 0“Fe”' j?’H HC|04 [ \ /IV O“Fe'"j?l*H
Fe'(TACN)CI, H,0, 25 °C N CH3OH H,0
Y ! 25 °C
H H
[{(TMTACN)Mn"-(-0)(p-OAc), [(TMTACN)Mn'V -(u-0){u-OAc),
-Fe'(TACN)I(CIO,), -Fe'(TACN)I(C104)3
B. Site-directed binding (Que)
T4+ 13+
12+ [\ / Y
4 Solv ”
Q\j\ ﬁ Nﬁ"\\ " Solv ‘ N
< FeVT = [Mn TPA(OTf),] ||| al ___ NEt; _ |||f0-. |||
SN CH,CN, 40°C F M" ~NZ ““Hcio /F e—~o-M / l
@/—NJ NcMe CHs 4 o
M ” / CH4CN, -40 °C
[Fe™(O)(TPA)(MeCN)] Y, Residual H,0

[(Solv)(TPA)Fe'”-(y-O) [(TPA)Fe“'-(p—O)(p—OH)-Mn"'(TPA)]a"
-Mn"(TPA)(Solv)]**

Scheme 6.1. Different synthetic strategies employed by Wieghardt (A) and Que (B) in the synthesis of MnTFel
complexes.

So far in this dissertation, the successes in the synthesis of discrete bimetallic complexes in
the poat/TMTACN unsymmetric framework have been discussed. Inspired by the trapping of the
high-valent [(TMTACN)Fe" —(.-O)—Fe'poat]** (Chapter 5), a FeMn system was developed in a
parallel study. The Fe site is capped by a TMTACN ligand, and the Mn center binds to the [poat]™
N-donors; it is reasoned the trianionic ligand field can better support a Mn'" oxidation state. The
preparation, structural, spectroscopic, and electrochemical properties of a series of MnFe complexes

are described in this chapter. Their relevance to biological MnFe active sites is also discussed.

Results & Discussion

Starting Synthons. The preparations of the FeMn complexes are adapted from those for the analogous
FeFe complexes described in Chapter 5. The syntheses for the starting synthons, K[Mn'"'poat(OH)]
and K[Mn"poat], were developed within the Borovik Lab and will not be discussed here (see the

experimental section for synthetic and characterization details). It should be noted that
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K[Mn"'poat(OH)] is unstable in solution, which affects the yield and purity of subsequent FeMn
complex syntheses. Recently, the analogous Na[Mn"'poat(OH)] was isolated in bulk quantities and
crystallographically characterized. Future experiments to assemble bimetallic complexes using

[Mn"'poat(OH)]" as a starting synthon should utilize the purer and mote stable Na salt.

Preparation and Properties of [(TMTACN)Fe'—(u-OH)-Mn"poat]". The preparation of [(TMTACN)Fe" —
(u-OH)-Mn""poat]OTf (denoted [Fe''(OH)Mn'"'poat]OTf) was adapted from syntheses of similar
bimetallic complexes described in Chapters 3 and 5, and is outlined in Figure 6.2.A.*" After multiple
rounds of recrystallizations in mixtures of CH2CL/Et,O and CH,Cly/hexane, green ctystals suitable
for single crystal X-ray diffraction (XRD) were obtained, which confirmed the molecular structure
of [Fe"(OH)Mn"'poat]" (Figure 6.2.B). There ate two crystallographically different, but chemically
equivalent, molecules in the asymmetric unit, the averages of the metrical parameters and calculated
values are discussed, which are shown in Table 6.1. The bimetallic complex contains a 5-coordinated
Mn" center and a 6-coordinated Fe" center, bridged by a hydroxido ligand that forms an
intramolecular H-bond (2.660(3) A) to a phosphinic amido tripodal arm. The Mn1-O1 and Mn1—
N1 distances (1.845(2) and 2.053(2) A, respectively) are shorter than those observed for the
[TM"(OH)Fe"'poat]” (TM = Zn, Cu, Ni, Fe) complexes (1.887(4) — 1.900(2) and 2.205(1) — 2.224(5)

A, respectively) described in Chapters 3 and 5, which is consistent with the absence of an electron

A

KI™
Ph_ O

N o
ph—F oH Y, Ph 1) NMe,0Ac

s
Ph 2 N P<ph  2) [Fe"(TMTACN)(OTH),]

B </Mhrlu_w’
Ph” N CH,CI,, Ar, I.t.
NN -KoAc
— NMe,OTf
K[Mn"poat(OH)]

Figure 6.2. (A) Preparation of [Fell(OH)Mn!!poat]OTf. (B) Thermal ellipsoid diagrams depicting the molecular
structures of [Fe'(OH)Mn''poat|* determined by X-ray diffraction. Ellipsoids are shown at the 50% probability
level, and only the hydroxido H atom is shown for clarity.
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in the dz*/c* orbital for a d* Mn"" ion in trigonal bipyramidal (tbp) geometty. The metrical
parameters around the Fe"' center are comparable between [Fe'(OH)Mn"'poat]” and the di-Fe
analog (Chapter 5), suggesting the electrochemical properties of the auxiliary Fe site to be similar as

well.

Table 6.1. Selected bond lengths/distances (A) and angles (°) for [Fel'(OH)Mn!poat]*,” [Fell(O)Mn'Hpoat]*, and
[Fe'(O)MnMpoat]*.

Complex [Fel'(OH)Mn™poat]* [Fe(O)MnHpoat]|?* [FeM(O)Mnpoat]*
Bond Lengths/Distances (A)
Mn1-N1 2.053(2) 2.288(2) 2.074
Mn1-N2 2.024(2) - 2.018
Mn1-O2 - 2.033(2) -
Mn1-N3 2.061(2) 2.007(2) 2.058
Mn1-N4 2.065(2) 2.009(2) 2.062
Mn1-O1 1.845(2) 1.793(2) 1.762
O1---02 2.660(3) - -
Fel-O1 2.022(2) 1.795(2) 1.800
Fel-0O3 2.091(2) 2.000(1) 2.042
Fel-O4 2.066(2) 2.060(2) 2.030
Fel-N5 2.264(2) 2.234(2) 2.219
Fel-N6 2.214(2) 2.211(2) 2.273
Fel-N7 2.291(2) 2.212(2) 2.211
Mn1---Fel 3.433(1) 3.206(1) 3.203
av Mn1-N/O¢q 2.050(2) 2.016(2) 2.046
av Fel-Nryracn 2.256(2) 2.219(2) 2.234
dMn1-Ne(] 0.295 0.244 0.299
d|Fel-Nryracn] 1.533 1.499 1.525
Angles ()
O1-Mn1-N1 177.05(9) 178.25(7) 178.35
N2-Mn1-N3 124.08(9) - 129.84
0O2-Mn1-N3 - 133.29(7) -
N3-Mn1-N4 108.05(9) 107.64(7) 104.19
N2-Mn1-N4 121.67(9) - 119.48
O2-Mn1-N4 - 114.56(7) -
Mn1-O1-Fel 125.10(10) 126.62(8) 128.10
O3-Fel-04 101.37(7) 98.29(0) 96.00
N5-Fel-N6 79.53(8) 79.89(7) 77.93
N5-Fel-N7 77.67(9) 78.84(7) 78.99
No6-Fel-N7 79.34(9) 79.29(7) 78.53
Calculated Values
75 0.883 0.749 0.809

“Bond lengths, distances, and angles are reported as an average.
Trigonality structural parametet, 75 = (§— a)/60°. § is the largest bond angle obsetrved, and a is the second
largest bond angle observed.
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The complex exhibits optical features at Anx (&, M cm™) = 470 (sh) and 705 nm (460)
(Figure 6.3.A). The broad d-d transition at ~700 nm has been observed for other bimetallic
complexes containing a M"—(u-OH)-Mn"" core."”*? The electrochemical properties of
[Fe"(OH)Mn'"'poat]” were investigated using cyclic voltammetry (Figure 6.3.B). The complex
exhibited a reversible one-electron redox event at -1.20 V (3c/ 4 = 1.05), which is assigned to the
Fe"Mn"'/Fe"Mn" couple. An additional neatly reversible process at -0.38 V (joc/ 4. = 0.86) was
observed, which is assigned to the Fe""Mn"'/Fe"Mn" event. This potential is nearly identical to that
found for the Fe'Fe"' /Fe!'Fe™ process in [Fe"(OH)Fe'poat]” (-0.42 V; Chapter 5), supporting that
this redox event takes place at the Fe center. Further characterizations (e.g., EPR, elemental analysis)
are required upon improved purification of this compound: the solution instability of the starting
synthon K[Mn""poat(OH)] is problematic, and switching to Na[Mn""'poat(OH)] for future syntheses

should yield a purer bimetallic product.

500 705 (460)

N T T T N T A | Lo lay sl aalaaaalaiagl

400 500 600 700 800 900 1000 05 O 05 -1 15 -2
Wavelength (nm) Potential (V vs [FeCp,]™)

Figure 6.3. (A) Electronic absorbance spectrum for [Fel'(OH)Mn"poat]* (1.0 mM CHCl; solution at room
temperature). (B) Cyclic voltammogram of [Fe'(OH)Mn™poat]* collected at 100 mV s! in CHClo. Asterisk (*)
indicates minor unknown impurities.

Preparation and properties of [(TMTACN)Fe"'—(1u-O)~Mn" Hpoat]**. With a redox potential at -0.38 V for
the Fe""Mn"'/Fe"Mn" couple, [Fe"(OH)Mn"'poat]" can be readily oxidized using [FeCp2] OTf

(Scheme 6.2). Upon recrystallization, brownish-green crystals were obtained, and XRD reveals the
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molecular structure of [[TMTACN)Fe"'—(u-O)-Mn""Hpoat]*" (denoted [Fe'(O)Mn""Hpoat]*,
Figure 6.4A, C). Similar to what was observed for the diferric analog described in Chapter 5, the
proton in the bridging-hydroxido ligand transfers to the basic phosphinic amido N-atom in [poat]>
upon oxidation, resulting in a Fe"—(u-O)-Mn"" core, and a protonated [Hpoat]” framework bound
to the Mn"" center through the P=O group in a strained 7-member chelate ting. The Mn1-O1 and
Fe1-O1 bond lengths are comparable despite being different metals (1.793(2) and 1.795(2) A,
respectively; Table 6.1), which is consistent with other heterobimetallic complexes with M"'—(u-O)—
M™" cores reported in the literature.”*” The Mn1---Fel distance contracts from 3.444(1) to 3.206(1)

A upon oxidation, but the Mn1-O1-Fel angle remains unaffected (125.10(10) to 126.62(8) °).

), 1ot /1O,
N
N N~
A :
N n-=N— Bh O,—Fe'”’N“‘-
Ph. 0—/ ¢ TN,
A/ / \0 Ph—P g X Ph
Ph—F _HO % Ph [FeCp,JOTS g -
PL —_ o
Ph\F{(') (N‘Mrl,m_N' Ph CH,CL,, Ar, r.t. </'M?|" N
Ph” \Nil - FeCp, Ph‘p’lo \_N\)
" Ph” \)
NH
[(TMTACN)Fe''-(;~OH)-Mn!poat]OTf [(TMTACN)Fe'"—(4-0)-Mn'"Hpoat](OTf),

Scheme 6.2. Preparative route of [Fell(O)MnHpoat] (OTf)..

The [Fe"(O)Mn"'Hpoat]** complex exhibits optical features at Amax (e, M cm™) = 394 (sh),
426 (sh), 525 (sh), 570 (520), and 648 nm (510) (Figure 6.5.A, black). Similar 500 — 700 nm features
are also observed in Wieghardt’s and Que’s Mn"'Fe™ complexes.*** The solid-state vibrational
spectrum exhibits a strong and broad n(N—H) feature at 3260 cm™ (Figure 6.5.B, black); a similar
band is also observed for [Fe"'(O)Fe"Hpoat]** (3224 cm™; Chapter 5), and is consistent with the
protonation of a phosphinic amido arm. The ability to store an equivalent of proton in the [Hpoat]*
ligand while protecting the z-oxido bimetallic core may facilitate proton-coupled electron transfer
(PCET) reactions with high-valent complexes without unproductive damages to the complex (e.g.,

demetallation, cleavage of phosphinic amide P-N bonds).
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Figure 6.4. Thermal ellipsoid diagrams depicting the molecular structures of [Fe™(O)MnMHpoat]** (A) and
[Fe(O)MnMpoat]* (B) determined by X-ray diffraction. Ellipsoids are shown at the 50% probability level, and
only the phosphinic amide H atom is shown for clarity. The methyl and phenyl groups are removed in (C) and (D),
respectively, for clarity.

A 4000~ B C

3000 1} _-400 (sh)
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Figure 6.5. (A) Electronic absorbance spectra and (B, C) FT-IR spectra for [Fe'(O)Mn"'Hpoat]?* (black) and
[Fe(O)MnMpoat]* (blue). Electronic spectra were collected at room temperature in a 0.10 mM CH2Cl; solution at
room temperature. FT-IR spectra are separated into the high (B) and low (C) energy regions for clarity. Asterick (*)
indicates »(N-H).
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Preparation of [(TMTACN)Fe"—(u-O)-Mn""poat/*. [[TMTACN)Fe"—(u-O)-Mn""poat]OTf (denoted
[Fe"(O)Mn"'poat]OTf) was prepared by treating K[Mn"poat] with the O-atom transfer reagent,
isopropyl 2-iodoxybenzoate (IBX-iPr), in the presence of two equivalents of 18-crown-6 (18-c-6)
and [Fe''(TMTACN)(OTY),] (Scheme 6.3). Current work in our lab has developed a library of Cs-
symmetric bimetallic complexes, in which a [M")"(TMTACN)]** adduct binds to all three
phosphinic amido P=O groups in a [(M)"poat]” complex without additional single-atom bridged
ligands (Scheme 6.3, intermediate). A similar process is likely happening here as a color change is
observed upon mixing of [Mn"poat]” and [Fe"(TMTACN)(OTf),] in solution, before the addition of
the O-atom donor. Therefore, it is conceivable a Fe"Mn" species is first assembled, before an O-
atom is inserted into the cluster. This is unlike the preparative route for [[TMTACN)Fe"'—(u-O)—
Fe"poat]”, in which [Fe'Vpoat]|™ is first generated, before [Fe"(TMTACN)(OTY),] was added
(Chapter 5). Brown crystalline needles suitable for single crystal XRD were obtained after multiple
rounds of recrystallization in the mixtures of CH,ClzEt,O and CH,Clx:pentane, and XRD supports
the assignment of [Fe'"'(O)Mn"'poat]” (Figure 6.4.B,D).

The molecular structure of [Fe" (O)Mn"'poat]” reveals a bimetallic Fe—(u-O)—Mn core that is
similar to [Fe"'(O)Mn"'Hpoat]*". The major difference in the ligand coordination is that the 5-

coordinated Mn™"

has an N4O geometty, as all three phosphinic amido N atoms in [poat]> bind to
the Mn center. The primary coordination sphere of the Fe center remains largely unaffected, with
the N3O; coordination mode retained and the bond metrics relatively unperturbed. The P=0O group
that does not bind to the Fe center tilts away from the bridging oxido ligand, presumably due to
electrostatic repulsion. The structural parameters of the Mn—(u-O)—Fe core, including the Mn1-O1-

Fel angle (128.10 °), the Mn1---Fel distance (3.203 A), the Mn1-O1 (1.762 A) and Fe1-O1 (1.800

A) bond lengths, are all comparable to those for [Fe™(O)Mn""Hpoat]*".
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Scheme 6.3. Preparative route of [Fe™(O)Mnpoat]OTT.

The [Fe"(O)Mn"'poat]” complex exhibits optical features at Amax (6, M cm™) = 348 (sh), 400
(sh), 440 (sh), 490 (sh), 570 (sh), and 795 nm (560) (Figure 6.5.A, blue). The ligand field transition is
red-shifted from 648 nm in [Fe"'(O)Mn"'Hpoat]** to 795 nm in [Fe" (O)Mn""poat]", similar to the
energy shift of the 705 nm feature to 780 nm observed for the deprotonation of
[Fe"(O)Fe"Hpoat]* to [Fe" (O)Fe™poat]” (Chapter 5). No vibrational feature was observed greater
than 3100 cm™, supporting the lack of O—H or N—H groups in [Fe"'(O)Mn"'poat]” (Figure 6.5.B,

blue).

Trapping of [(TMTACN)Fe"—(u-OH)-Mn""poat**. The successful isolation of [Fe"'(O)Mn""poat]" and
[Fe"'(O)Mn"'Hpoat]*" allowed for the investigation into the (de)protonation of these complexes in
more great details. Upon treatment with 1.0 equiv 2,6-lutidinium triflate ([2,6-HLut]OTf%) to
[Fe"(O)Mn"'poat]* at -60 °C (Scheme 6.4), a new species appeared with optical feature at Ama (8, M
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s = 750 nm (~340) appeared (Figure 6.6.A), which are replaced by features associated with
[Fe"(O)Mn""Hpoat]** at Anx = 570 and 648 nm after 1 hour or upon warming (Figure 6.6.B). The
new, thermally unstable species is tentatively assigned as [[TMTACN)Fe"'—(u-OH)-Mn""poat]**

(denoted [Fe'(OH)Mn"'poat]*). Coincidentally, the di-Fe analogue, [Fe'"'(OH)Fe"'poat]**, exhibits
a similar optical band at Amax (6, M s™) = 760 nm (300; Chapter 5). Further magnetic and vibrational

data are required to confirm this assignment of a z—hydroxido bimetallic species.
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Ph—'P\ [e] ey /?h [2,6-HLut]* P _HO 0\\ Ph [Rearrangement] \ | P:ph
P~ P- N e
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[(TMTACN)Fe!"~(;~0)-Mn"'poat]* [(TMTACN)Fe'—(z~0H)-Mn""poat]* [(TMTACN)Fe!l—(z-0)-Mn'Hpoat]*

Scheme 6.4. Protonation of [Fe™(O)Mn!'poat|* produces [Fe(OH)Mn!"poat|?*, which undergoes intramolecular
proton transfer to generate [Fe™(O)Mn"Hpoat]?*.
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Figure 6.6. (A) UV-vis spectral changes before (grey) and after (black) the addition of [2,6-HLut|OTf to
[Fe™M(O)MnMpoat]* (0.20 mM CH:Cl; solution at -60 °C). (B) [Fe™(OH)Mn™poat|?* (black) undergoes
intramolecular proton transfer to generate [Fe!(O)Mn""Hpoat]>* (blue, 0.20 mM CHCl; solution at -60 °C).

Magpnetic properties of the Fe"—(u-O(H))~Mn" complexes. The magnetic properties of the three Fe"'Mn™
complexes were investigated using EPR and Méssbauer spectroscopies in collaboration with Prof.
Michael Hendrich’s lab (Carnegie Mellon University). The perpendicular (1)-mode X-band (9.6
GHz) EPR spectra for all three species (Figure 6.7.A,B,C) reveal distinct six-line, anisotropic feature
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centered at around g ~ 2, which is consistent with an § = 1/2 spin-exchange system containing an .§

= 5/2 Fe'" site antiferromagnetically coupled to an § = 2 Mn"

center. These spectra appear to be
similar, which is unsurprising due to their comparable molecular structures and Fe''—(z-O(H))-Mn""
cores. Their differences were resolved using S-band (3.5 GHz) EPR spectroscopy (Figure
6.7.D,E,F), and tandem simulations for spectra in both frequencies provided accurate g- and
A(°Mn)-tensors (summarized in Table 6.2). The six-line pattern is consistent with

hyperfine features associated with a Mn nucleus, and a hyperfine value of 200 — 340 MHz is

" complexes.*"* It should be noted

comparable with those for high-spin mono- and dinuclear Mn
that upon warming, the EPR features associated with [Fe" (OH)Mn"'poat]*" are replaced by those

for [Fe"(O)Mn"'Hpoat]**, supporting the premise of intramolecular rearrangement to the

thermodynamically stable product (Scheme 6.4).

2800 3200 3600 4000 600 1000 1400 1800
B (G) B (G)

Figure 6.7. 1-mode X-band (A, B, C) and S-band (D, E, F) EPR spectra of [Fe™(O)Mn"poat|* (A, D, 5.0 mM
CHCly), [Fe™(OH)Mn"poat|?* (B, E, 5.0 mM CH:Cly), and [Fe"'(O)Mn""Hpoat]?* (C, F, 5.0 mM CH2Cl»:THF).
X-band (9.6 GHz) spectra were collected at 17.4 K, and S-band (3.5 GHz) spectra were collected at 20.0 K.
Experimental spectra are in red, and simulated spectra are in black.

[Fe" (O)Mn'"'poat]* was also interrogated by *’Fe Méssbauer spectroscopy. Variable-field

spectra (Figure 6.8) are complicated, but their simulations yielded isomer shift (§) of 0.53 mm s and

111

quadrupole splitting (AEq) of -1.84 mm s, which are consistent with a high spin Fe' center that is

173



Table 6.2. Magnetic properties of vatious FelmMn'" and Fe™Mn'V complexes.

Complex S Individual o Ay (>*Mn)« SFe §/AEq? Ay, ("Fe) J?
metal sites
[Fell(O)Mn!lpoat]* 1/2 §=2Mnll 2.034 212.8 0.53/-1.84 -19.5 > 100
S§ =5/2 Felll 2.041 340.5 -20.0
2.005 245.9 -19.6
[Fell OH)Mn!!poat]2* 1/2 §=2Mnlll 2.027 209.4 n.d. n.d. n.d.
S§ =5/2 Felll 2.026 322.4
2.004 2571
[FelltO)MnHpoat]2* 1/2 §=2Mnlll 2.028 206.3 n.d. n.d. n.d.
S§ =5/2 Felll 2.008 329.2
2.004 255.3
[Fell(O)Mn!Vpoat]** 1 §=23/2MnlV - - 0.46/1.21 -20.3 > 100
S§ =5/2 Felll -21.9
-20.0

n.d. = not determined. "MHz. ‘mm s-1. /T iem! (H = JS1°S2); obtained by Méssbauer.
part of an § = 1/2 coupled system. The disagreement between the experimental and simulated
spectra at 0.45 kG is attributed to intermolecular interactions between MnFe molecules in these
sample conditions (Figure 6.8.A). The vatiable-field measurements also determined the *'Fe A-

111

tensor to be neatly isotropic ([-19.5, -20.0, -19.6] T), which supports an § = 5/2 Fe'"' site. Finally, a

lower limit of 100 cm™ was determined for the spin-exchange constant | (JH = JS:*S5), which is

111

consistent with a bridging-oxido ligand.**** Similar spectroscopic studies for [Mn"'(OH)Fe"'poat]*

A) 0.45 kG

B) 1 kG

C)10kG

D) 40 kG

Absorption

E) 70 kG

T

-10 -5 0 5 10
Velocity (mm 3'1)

Figure 6.8. >"Fe M0ssbauer spectra (black, collected at 4.2 K) of [Fe''((O)Mn"poat]* at 0.45 kG (A), 1 kG (B), 10
kG (C), 40 kG (D), and 70 kG (E). Simulations of the M6éssbauer spectra are in red.
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and [Mn"'(O)Fe""Hpoat]*" ate needed to further the understanding of these heterobimetallic spin-

coupled systems.

Accessing [[TMTACN)Fe"—(u-O)-Mn"" poat]*. To evaluate the oxidation chemistry of
[Fe"(O)Mn"'poat]*, cyclic voltammettry was performed to reveal a nearly reversible one-electron
oxidation event at +0.20 V (vs [FeCp2]™"’, i/ = 0.75) that is assigned to the Fe''Mn'"/Fe""Mn'"
process (Figure 6.9). This is greater than 0.3 V more negative than seen in the di-Fe analogue
(Chapter 5) and consistent with what has been previously observed when accessing Mn'"" against
Fe" in a trianionic tbp ligand field,” and the difference in the electrochemical potentials also
suggests the oxidation takes place at the tripodal metal center.

E =+020V
112

4 4

L | 1 | 1 | 1 ] 1 | 1
06 04 02 0 -02
Potential (V vs [FeCp_]")

Figure 6.9. Cyclic voltammogram of [Fe™(O)Mn™poat|* collected at 100 mV s in CH»Clo.

The chemical oxidation of this complex was then monitored spectroscopically (Scheme 6.5).
Upon treatment with acetylferrocenium triflate ([FeCp(CsHsCOMe)|OT* or [AcFc]OTY, +0.27 V vs
[FeCp2]*")" or tolylamminium radical ([N(tol)s]OTf, +0.40 V vs [FeCp2] /%) at -60 °C, a new
optical spectrum was observed, but the features were not well-resolved (Ana = 420 (sh), 490 (sh),

610 nm (sh), Figure 6.10.A). Notably, the electronic absorption spectrum is similar to that reported
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for the Fe'"Mn'"" catalytic intermediate in RNR R2 Class Ic reported by Solomon, Krebs, and
Bollinger, who used a combination of optical and (magnetic) circular dichroism (M)CD)
spectroscopies to interrogate pootly-resolved transitions.”” The new species exhibited a silent L-
mode EPR spectrum (Figure 6.10.B), and the low-field *’Fe Mossbauer spectrum revealed a doublet
spectrum with §/AEq values of 0.46/1.21 mm s (Figure 6.10.C); the Fe"'Mn'" species in RNR R2
has values of 0.43/0.81 mm s™.* The doublet feature suggests an even-integer spin system, and
spectral simulations supports an §' = 1 ground state. Variable-field measurements revealed a nearly
isotropic Fe A-tensor of [-20.3, -21.9, -20.0] T, which, in conjunction with the large isomer shift,

111

suggests a high-spin Fe' center (Figure 6.10.D, Table 6.2). There has not been any documented
observation of ligand oxidation for [poat]” or [TMTACN], so the oxidation most likely occurs at the
Mn'" center. Finally, the variable-field data supports the | coupling constant to be greater than 100
cm’| consistent with a bridging-oxido ligand. This new species is therefore formulated as
[(TMTACN)Fe"~(u-O)-Mn"poat]** ([Fe"'(O)Mn' poat]*"), a bimetallic system that contains an § =

3/2 Mn'" center antiferromagnetically coupled to an § = 5/2 Fe™

site. To our knowledge, this is the
second example of a synthetic Fe'"Mn'" species,” which demonstrates the utility of our stepwise

assembly of heterobimetallic complexes to access high valent species.

~ / —l + / —I 2+
/ N N
\N/\") \N ! ’)
./ \/
Fem-N—._ Fem-N—._
—
Ph 0 N Ph
N 7 / (o) R/ / (o)
Ph—F flJ w Ph [AcFc]* or [N(p-tol);]** Ph—F (I) w Fh
Ph N. + ~Ph Ph N. + ~Ph
SPL¢__Mnt—N CH,Cl,, Ar, -60 °C SEL ¢ _MnV—N
Ph N \—I"ll\) — AcFc or N(p-tol), Ph hll\\;!!.l\)
[(TMTACN)Fe!'-(4-0)-Mn""poat]* [(TMTACN)Fe!'-(;~0)-Mn'Vpoat]2*

Scheme 6.5. Generation of [Fe™(O)Mn!Vpoat]|?*.
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Figure 6.10. (A) Electronic absorbance spectrum for [Fe™(O)Mn!Vpoat]?* (0.2 mM CH>Cl; solution at -60 °C). (B)
Silent 1-mode X-band EPR spectrum of [Fe(O)Mn!Vpoat]>* (collected at 16 K, CH2Cly). The spectrum contains
~ 10 % unreacted [Fe™(O)Mnpoat|*. (C) >Fe Mdssbauer spectrum (black, collected at 4.2 K) of
[Fe(O)Mn!Vpoat|?* at 0.45 kG. The spectrum contains ~ 15 % unreacted [Fe™(O)Mn™Mpoat]*. (D) >'Fe
Mossbauer spectra (black, collected at 4.2 K) of [Fe(O)Mn!Vpoat|?* at variable magnetic fields (0.45, 10, 40, 70
kG). Simulation of the M&ssbauer spectrum is in red.

Reactivity towards phenolic substrates. [Fe™ (O)Mn' poat]* was treated with the same 2,6-di-fer#-butyl-4-R-
phenol (R = MeO (BDE(O-H) = 77.4 kcal mol™), Bu (80.6), H (80.5))* as [Fe''(O)Fe"poat]**
(Chapter 5) and the reaction was monitored using UV-vis spectroscopy, but no reactivity was
observed. However, [Fe" (O)Mn" poat]*" does react with 4-R-phenol (R = MeO (82.6), Bu (86.1), F
(87.4);*” Scheme 6.6): preliminary kinetics results suggest the reaction rates are dependent on the
bond dissociation free energy of the phenol O—H bond. While the trisubstituted phenols have
weaker O—H bonds, their steric bulk likely prevents any reaction with the Fe""Mn" species; the less

bulky para-substituted phenols are much better suited to approach the Fe—(#-O)—Mn core. Upon
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treatment with 5 equiv 4-MeO-phenol, the optical features associated with [Fe''(O)Mn"poat]** were
replaced by a band at An.c = 750 nm (Figure 6.11.A, black), consistent with the formation of
[Fe"(OH)Mn'"'poat]** (Figure 6.6.A). The substrate reactivity was also monitored by L-mode EPR
spectrum, and the § = 1/2 signal associated with [Fe'"'(OH)Mn"'poat]*" appeared after the addition
of 4-MeO-PhOH in near quantitative amount (> 90 % by EPR quantification; Figure 6.11.B, black).
The organic product of the reaction was analyzed by gas chromatography-mass spectrometry (GC-
MS), and 5,5’-dimethoxy-[1,1’-biphenyl]-2,2’-diol (bisphenol, 246.2 m/z) was detected in neat-
quantitative amount (> 95 % by GC-MS quantification; Figure 6.11.C,D). Both the inorganic and
organic products suggest the phenol undergoes a PCET reaction with [Fe(O)Mn" poat]* to form a
phenoxyl radical. Unsubstituted phenoxyl radicals are known to react through bimolecular homo-
coupling at the ortho- and/or para-positions to produce bisphenol compound.** The detailed
characterizations of [Fe"(O)Mn"'poat]*, [Fe" (O)Mn'" poat]*’, and [Fe'"'(OH)Mn"'poat]*" have
allowed for monitoring the electron-transfer (ET) and PCET interconversions between these
species. Thus far, no reactivity towards C—H substrates has been observed for [Fe" (O)Mn' poat]*,

including tetrahydrofuran, 9,10-dihydroanthracene, xanthene, toluene, cumene, and ethylbenzene.

o ~ o PX
P N gy’ Ph CH,Cl,, Ar, -60 °C P N Ph
Ph” N(_J R = OMe, 'Bu, F Ph” N |

(N

[(TMTACN)Fe!l—(,~0)-MnVpoat]2* [(TMTACN)Fe!'—(;~OH)-Mn!"poat]2*

Scheme 6.6. [Fe™(O)MnVpoat|>* reacts with 4-R-substituted phenol to produce [Fe™(OH)Mn"poat|** and
bisphenol.
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Figure 6.11. (A) Electronic absorbance spectra before (grey) and after (black) the addition of 5 equiv 4-MeO-
PhOH to [Fe"(O)MnVpoat|?* (0.2 mM CH2Cl; solution at -60 °C). (B) L-mode X-band EPR spectra before (grey)
and after (black) the addition of 5 equiv 4-MeO-PhOH to [Fe"(O)Mn!Vpoat]?* (5.0 mM CHCl; solution at -60
°C). EPR spectra were collected at 16 K. (C) Gas chromatograph of the GC-MS analysis on the reaction between
[Fe™(O)Mn!Vpoat]?* and 4-MecO-PhOH. The t = 10.2 min detection corresponds to the bisphenol product. (D)
Mass spectrum of the GC-MS analysis for the compound detected at t = 10.2 min.

Biological relevance. Tyrosine — a biological phenol — is essential in the catalytic mechanism in di-Fe
RNR Class Ia, but it is replaced by a phenylalanine residue in the active site for RNR Class Ic, which
contains a2 MnFe core.” While a PCET reaction with the Mn"Fe™ cofactor is still proposed to
facilitate the electron transfer from the R1 to R2 subunits, the proton and electron do not originate
from the same aromatic amino acid side chain, as is the case for RNR Class Ia.* Therefore, the

reactivity of [Fe"(O)Mn" poat]*" towards phenols has limited relevance to RNR functions.
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Another class of MnFe enzymes is R2lox, which contains a MnFe core that promotes the
cross-linking of a valine and tyrosine residues in the secondary coordination sphere by forming an
ether bond.*""” Shafaat monitored the O binding and activation of the Mn"Fe'"' resting state by
electronic absorbance and EPR spectroscopy, and proposed a mechanism illustrated in Scheme
6.7."* The transient intermediate L, which is tentatively formulated as a [Mn"'—(u-77:77-O2)—Fe™] or
[Mn"—(u-O)—Fe"] species, homolytically cleaves the C—H bond in the valine isopropyl group
instead of the O—H bond in the tyrosine, despite OH groups in general being more kinetically
susceptible to activation.”®* In addition, the resultant [Mn""—(u-O)(u-OH)—Fe'"] species does not
recombine the hydroxido ligand with the carbon radical to form a tertiary alcohol in a “rebound”

49 qor does it further react

mechanism that is typically seen in heme and non-heme oxygenases,
with the tyrosine residue in a PCET reaction as observed in RNR R2 Class Ia.* Instead, the Mn""Fe'"
core is proposed to undergo ET with the valine radical to produce a [Mn"'—(u-O)(u-OH)-Fe'"]
species and a carbocation, which is susceptible to nucleophilic attack by a tyrosine residue to form
an ether linkage. We want to investigate the factors behind the Mn"VFe'" core preferring an ET
mechanism with the carbon radical over PCET with a phenolic amino acid residue to assess
Shafaat’s proposals, so we turned our attention to study the selectivities for these reactions using our
model complexes.

Preliminary reactivity towards carbon radicals. The reactivity of [Fe™(O)Mn' poat]* towards carbon radical
substrates was investigated. Triphenylmethyl radical (trityl radical, (C¢Hs)sCe), more commonly
known as Gomberg’s dimer, exists as a radical monomer at only ~ 2% at room temperature;””'
however, substitution at the para-position of the phenyl rings prevents the radical dimerization even

at low temperature.” Goldberg has reported the synthesis of a library of (p-R-CsHa)sCe reagents and

their respective [Ar;C]”" reduction potentials.” For instance, (p-MeO-CsH,)sCe has a reduction
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potential of -0.58 V (vs [FeCp2]*/" in toluene), so it should readily reduce [Fe"'(O)Mn' poat]**

(E12(Mn"Fe" /Mn""Fe™) = +0.20 V).
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Scheme 6.7. Proposed mechanism for R2lox enzyme, which facilitates the cross-linking of the valine and tyrosine

residues in the active site. The Mn!VFe!! core preferentially undergoes ET with the valine radical over PCET with
the tyrosine residue.

The literature preparation for (p-MeO-CgHy);Ce is low-yielding (50 %), so a new synthetic
protocol was developed (Scheme 6.8). (p-MeO-CcHy);CCl was first treated with AgBF., and pure [(p-
MeO-CsH4);C]BF, was obtained. [(p-MeO-CsH4)sC]" was then reduced to (p-MeO-C¢Hs)sCe with
CoCps, and the carbon radical mixture can be used as a stock solution for spectroscopic
experiments. The disappearance of the Amx = 496 nm feature confirms the absence of the MeO-trityl
cation, and the feature at An (&, M cm™) = 536 nm (560) is consistent with that for (p-MeO-C.

H.);Ce reported in the literature (Figure 6.12.A).” Quantification by EPR spectroscopy found the

OMe OMe “1BF, OMe
cl AgBF4 COCPZ .
—_—
O O CH2CI2, Ar, O O CH,Cl, Ar, r.t., 0 O
-35°Ctor.t. dark
MeO OMe _ AgCl MeO OMe - [CoCp,]BF, MeO OMe
(P-MeO-CgH,);CCI [(p-MeO-C¢H,);CIBF, (P-MeO-CgH,);Ce

Scheme 6.8. New synthetic preparation for (p-MeO-CsH4);Ce.
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reduction yield was quantitative for the trityl radical (Figure 6.12.B), suggesting this preparative route
provides pure carbon radical species suitable for spectroscopic studies. The electrochemical
properties of [(p-MeO-CsH)sC]" was re-evaluated in CH,Cl, and cyclic voltammetry revealed a

reversible one-electron [Ar;C]” process at -0.66 V (Figure 6.12.C).
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Figure 6.12. (A) Electronic absorbance spectrum of (p-MeO-CHy)3Ce, via reduction of the trityl cation using CpCp2
(0.10 mM CH2Cl; solution at room temperature). (B) L-mode X-band EPR spectrum (collected at 103.6 K, black) of
(P-MeO-CsHy)3Ce, via reduction of the trityl cation using CpCp2 (10 mM CHCl; solution at room temperature).
Simulated spectrum is in red. (C) Cyclic voltammogram of [(p-MeO-CsH4);C]* collected at 100 mV s-1.

Treatment of [Fe"'(O)Mn"poat]** with (p-MeO-CsHa)sCe resulted in slow growth of an
optical feature at Anx = 496 nm that indicates the generation of the MeO-trityl cation, and that an
ET reaction had occurred (Scheme 6.9; Figure 6.13). However, the diagnostic feature for
[Fe"(O)Mn""poat]” at Anx = 795 nm was not observed. EPR spectroscopy will be useful in
monitoring the generation of any § = 1/2 Mn"'Fe'"! species and/or disappearance of the carbon
radical in future experiments. It is noteworthy that the ET reaction of the high valent species
towards MeO-trityl radical was slow in spite of an 800 mV difference in reduction potentials
between [Fe (O)YMn"Vpoat]*" and (p-MeO-CsHy);Ce: one plausible explanation could be the
bulkiness of both species hinders a normally-facile ET process, similar to the lack of reactivity with

trisubstituted phenol substrates.
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Scheme 6.9. Treatment of (p-MeO-CsHy)3Ce to [Fe™(O)Mn!Vpoat|?* produces [(p-MeO-CsH4)3C]*, but the
metal product species is yet unidentified.
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Figure 6.13. Electronic absorbance spectra before (grey) and after (black) the addition of (p-MeO-CsHy)3Ce to
[Fe(O)Mn"poat]* (0.10 mM CH:Cl; solution at -60 °C).

Conclusion & Outlook

In this chapter, the preparation of a series of heterobimetallic FeMn synthetic complexes in
an unsymmetric scaffold is described and summarized in Scheme 6.10. These species contain Fe—(u-
O(H))-Mn cores that resemble those found in the active site of MnFe-based enzymes, such as RNR
R2 Class Ic and R2lox.”® The Fe site remains coordinatively saturated at all oxidation states with the
TMTACN capping ligand, while the Mn center is housed within the [poat]” trigonal framework.

This library of complexes spans across three different oxidation states and share many characteristics
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Scheme 6.10. A summary of the MnFe complexes discussed in this chapter.

with the di-Fe analogues described in Chapter 5, including the proton transfer from the Fe"'—(u-
OH)-Mn"" core to one phosphinic amido arm for better stabilization. However, there are key
distinctions: most notably, the § = 1/2 ground state of the three Fe""Mn™ complexes and the spin-
active Mn nucleus provided us an opportunity to probe the magnetic propetrties of these
compounds zia EPR spectroscopy that is not feasible with the di-Fe system. A Fe'"'—(u-O)-Mn""
species is trapped and studied spectroscopically; this is only the second example of a synthetic
Fe""Mn'"" species and can serve as an invaluable model complex for FeMn active sites in nature.
[Fe"(O)Mn' poat]* exhibits PCET reactivities towards para-substituted phenols, and its reactivity
towards carbon radicals is currently being studied to help elucidate the mechanism of the ether

linkage formation observed in R2lox.

While the generation of [Fe™'(O)Mn" poat]*" is an important finding, the high valent species
has thus far demonstrated little reactivity towards substrates outside of organic phenols; in

particular, C—H bond functionalization is of interest due to its biological relevance. For instance, a
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putative Mn'"Fe" core in R2lox is proposed to activate the valine methine C—H bond to initiate the
crosslink between amino acid side chains (Scheme 6.7)." Efforts to access the one-electron oxidized
“[Fe™(O)Mn' poat]**” have been unsuccessful, likely due to insufficient s-donation by the
TMTACN tertiary amine groups. To address this limitation, minor adjustments were made on the

heterobimetallic system, which is discussed in the following chapter.

Experimental

General Procedures. Organic syntheses, unless otherwise noted, did not require the use of an inert
atmosphere. All inorganic syntheses and manipulations were performed under an argon atmosphere
in a Vacuum Atmosphere Co. dry box. Solvents were sparged with argon and purified using a JC
Meyer Co. solvent purification system with columns containing Q-5 and molecular sieves. All
reagents, unless otherwise noted, were purchased from commercial sources and used as received.
Butyronitrile (PrCN) was purified according to a literature procedure.” Potassium hydride (KH) as a
30 % dispersion in mineral oil was filtered with a medium porosity glass frit and washed 5 times
each with pentane and diethyl ether (Et,O). Solid KH was dried under vacuum and stored under an
inert atmosphere. Tetrabutylammonium hexafluorophosphate (TBAP) was recrystallized from hot
EtOH. Hspoat,” [Fe"(TMTACN)(OTf),],” [FeCp,]OTE,” IBX-iPr,”*” 2,6-lutidinium triflate,” and
[N (p-tol)s] OTf were synthesized according to previous reports. [Fe' (TMTACN)(OTY),] was
synthesized using the *"Fe"(OTf),'2CH;CN precursor, which was metathesized from *'Fe"Cl,. 4-

MeO-phenol was purified by sublimation.

Physical Methods. Room temperature UV-vis spectra were collected on a Cary 50 or 60 UV-vis
spectrophotometer in a 1 cm quartz cuvette; low temperature spectra were collected on an Agilent
UV-vis spectrophotometer equipped with a Unisoku Unispeks cryostat. Solid-state Fourier

transform infrared (FTIR) spectra were collected on a Thermo Scientific Nicolet iS5 FT-IR
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spectrometer equipped with an iD5 ATR accessory. Cyclic voltammetry experiments were
conducted using a CHI600G electrochemical analyzer. A 2.0 mm glassy carbon electrode was used
as the working electrode at scan velocities between 0.01 and 0.5 V's™. A ferrocenium/ferrocene
([FeCp2] /") standard was used as an internal reference to monitor the reference electrode (Ag*/Ag).
TBAP was used as the supporting electrolyte at a concentration of 0.1 M. Elemental analyses were
performed on a Perkin-Elmer 2400 Series II CHNS elemental analyzer. "H NMR spectra was
collected on a Bruker CRYO500 spectrometer (500 MHz). X-band (microwave frequencies 9.6
GHz) and S-band (3.5 MHz) EPR spectra were collected on a Bruker ELEXSYS spectrometer
equipped with an Oxford ESR-910 liquid helium cryostat and a Bruker bimodal cavity for the
generation of microwave fields parallel and transverse to the applied magnetic field. Méssbauer
spectra were recorded on either a variable field or a weak-field spectrometer operating in a constant
acceleration mode in a transmission geometry using Janis Research Inc. cryostats that allow for a
variation in temperature from 4 to 300 K. One of the dewars housed a superconducting magnet that
allowed for the application of magnetic fields up to 8 T parallel to the p-radiation. Isomer shifts are
reported relative to Fe metal at 298 K. SpinCount was used to fit the experimental EPR and
Méssbauer data.” Organic products were detected by gas-chromatography mass spectrometry (GC-
MS) in the Mass Spectrometry Facility at the University of California, Irvine. The GC-MS was a
Trace 1300 Gas Chromatograph from Thermo Scientific using a 15 m long x 0.25 mm 1.d. TG-SQC
column. The oven was held at 40 °C for 1 minute then heated at a rate of 20 °C min™' to 290 °C and
held for an additional 2 minutes. The mass spectrometry used electron ionization (70 eV) scanning

(0.2/sec) from m/z 30 — 650.

Synthesis of K/Mn"poat]. This preparation is adapted from the procedure developed in the Borovik
Lab. To a solution of Hspoat (0.200 g, 0.268 mmol) in anhydrous THF (5 mL) was added KH
(0.0340 g, 0.848 mmol), and the reaction was allowed to proceed until gas evolution ceased and all

solids were dissolved. To the solution was added Mn"(OAc). (0.0520 g, 0.301 mmol). The mixture
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was stirred for 3 hours and then filtered through a fine fritted glass funnel to remove insoluble
material. All volatiles in the pale-yellow filtrate were removed under vacuum to afford an off-white
paste. The residues were re-dissolved in 3 mL. THF, and 20 mL Et;O was added to precipitate the
product. The mixture was allowed to triturate for 20 min, and the white solids were then collected
and dried on a fine fritted glass funnel (70 — 80 % yield). Single crystals were obtained by layering a
concentrated K[Mn"poat] solution in CH,Cl, under pentane in low yield (< 10 %). Elemental
analysis calc. (found) for K[Mn"poat]-0.5CsH 1, C42HeKMnN4O5P5:0.5CsHiz; C, 61.16 (61.39); H,

5.54 (5,43); N, 6.41 (6.72) %. X-band, L-mode EPR (CH,CLTHF) g = 7.81, 4.54, 2.85, 1.67, 1.32.

Synthesis of K[Mn""poat(OH)]. This preparation is adapted from the procedure developed in the
Borovik Lab. To a solution of Hspoat (0.400 g, 0.536 mmol) in anhydrous THF (14 mL) was added
KH (0.0665 g, 1.66 mmol), and the reaction was allowed to proceed until gas evolution ceased and
all solids were dissolved. To the solution was added Mn"(OAc). (0.0980 g, 0.566 mmol). The pale-
yellow solution was stirred for 3 hours, then H,O (10 I, 0.55 mmol) was added via syringe. After
15 minutes, the reaction mixture was filtered through a medium porosity glass frit to remove
insoluble material. KH (0.0225 g, 0.561 mmol) was added to the filtrate, which was allowed to stir
for 1 hour. The reaction mixture was then filtered through a medium porosity glass frit to remove
any insoluble material. 0.5 equivalent of I, (0.0681 g, 0.268 mmol) was added to the pale-yellow
solution, which turned dark green and stirred for 30 minutes. The reaction mixture was filtered using
a fine porosity glass frit and then concentrated until ~ 3 mLL THF remained. Excess pentane (30
ml) was added to crash out the product, which was triturated with pentane until the residue was a
free-flowing powder. The green powder was collected on a fine porosity glass funnel, washed with 2
portions of 20 mL pentane, and dried (80 — 90 %). Elemental analysis calc. (found) for

K[Mn""poat(OH)]-0.5KI+0.5H,0, C4oH;sKMnN.O.P5+0.5K1-0.5H,0; C, 53.28 (53.17); H, 4.68
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(4.53); N, 5.92 (5.98) %. FTIR (diamond ATR, cm™): 3197 (br, OH), 3071, 3045, 3018, 3007, 2076,
2953, 2900, 2855, 2837, 1589, 1572, 1481, 1434, 1307, 1266, 1234, 1165, 1112, 1067, 1025, 996, 963,

927, 860, 794, 746, 717, 694.

Synthesis of [(TMTACN)Fe'—(u-OH)~Mn"poat/OTf. This salt was prepared using the method
described for [[TMTACN)Zn"—(u-OH)-Fe"'poat]OTf (Chapter 3)*’ with the following
modifications: K[Mn"'poat(OH)] (0.0879 g, 0.103 mmol), NMesOAc (0.0212 g, 0.111 mmol),
[Fe"(TMTACN)(OTH),]- CH5CN (0.0540 g, 0.103 mmol). Green crystals (20 — 30 % yield) suitable
for X-ray diffraction were grown from a concentrated CH>Cl, solution layered with hexane. UV-vis
Amax(CH2Cly) /nm (e/M'em™): 470 (sh), 705 (~460). E1/2 (CH2Cl,, V versus [FeCpa]/*): -1.20, -0.38.

Multiple attempts at elemental analysis were unsuccesstul.

Synthesis of [(TMTACN)Fe"—(u-O)-Mn""Hpoat](OT)):. [[TMTACN)Fe"—(u-OH)-Mn""poat]OTf
(0.0401 g, 0.0336 mmol) was dissolved in 2 mL anhydrous CH,Cl,, and solid [FeCp,]OTf (0.0119 g,
0.0355 mmol) was added in one portion to the green solution. The solution immediately turned dark
brown and was allowed to stir for 1.5 hours. All volatiles were then removed under vacuum. The
residues were triturated with 20 mL pentane, which was then removed by decanting; the washing
process was repeated three times. The residues were redissolved in 3 mI. CH,Cl,, which was layered
with pentane to yield green crystalline needles (70 — 80 %). Single crystals suitable for X-ray
diffraction were obtained from layering a concentrated MnFe solution in CH>Cl, under hexane.
FTIR (diamond ATR, cm™): 3466, 3260 (NH), 3070, 3057, 2977, 2905, 2869, 2824, 1591, 1550,
1464, 1438, 1363, 1254, 1223, 1146, 1119, 1070, 1028, 1009, 990, 969, 919, 896, 854, 812, 788, 749,

725, 696. EPR (X-band, 1-mode, CH.CL:THF, 17.4 K): g, = 2.028, 2.008, 2.004; A.,.(*Mn) =
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206.3, 329.2, 255.3 MHz. UV-vis Ame(CH-Cly) /nm (¢/Mcm™): 394 (sh), 426 (sh), 525 (sh), 570

(520), 648 (510). Multiple attempts at elemental analysis were unsuccessful.

Synthesis of [(TMTACN)Fe"—(u-O)-Mn"poat]OTf. K[Mn"poat] (0.0590 g, 0.0700 mmol) and 18-
crown-6 (0.0400 g, 0.151 mmol) were dissolved in 2 mL anhydrous DMF, and mixed for 10 min.
[Fe"(TMTACN)(OT¥)] (0.0372 g, 0.0708 mmol) was added in one portion, and the pale solution
turned yellow immediately, and was allowed to stir for an additional 15 min. The reaction vial was
placed in a pre-cooled aluminum block and chilled in a -35 °C freezer for 20 minutes. IBX-iPr
(0.0314 g, 0.0972 mmol) was then added in one portion to the mixture, which turned dark brown.
The reaction was allowed to stir for 5 min inside the Al block, before returning to chill inside the
freezer for 5 min; this is repeated for eight times (a total of 40 min of stirring time). The solution
was then warmed up to room temperature, and all volatiles were removed under vacuum. The
residue was redissolved in CH>Cl, and was layered with diethyl ether to yield a brown powder over
three days. After the brown powder was collected and dried, it was redissolved in CH2Cly, and was
layered with pentane to yield dark brown crystalline needles. The crystals were collected on a glass
frit and dried under vacuum, affording the product in yields that ranged from 30 — 40 %. Elemental
analysis caled. (found) for [[TMTACN)Fe"'—(u-O)-Mn"poat]OTf:1.5CH,Cl,
Cs:HgsFsFeMnN-O-P5S-1.5CH,Cl; C, 48.74 (48.90); H, 5.05 (5.20); N, 7.44 (7.64) %. UV-Vis
(CH2Cl: solution Amax/nm (Ema/M'em™)) 348 (sh), 400 (sh), 440 (sh), 490 (sh), 570 (sh), 795 (560).
FTIR (ATR, cm™): 3061, 3052, 3008, 2954, 2903, 2884, 2857, 2825, 1588, 1499, 1464, 1436, 1350,
1259, 1223, 1192, 1153, 1111, 1078, 1066, 1056, 1031, 1011, 991, 961, 919, 896, 8306, 801, 748, 720,
695, 636. EPR (X-band, L-mode, CH.Cl:THF, 17.4 K): g, = 2.034, 2.041, 2.005; Ax,.(°Mn) =
212.8, 340.5, 245.9 MHz. Méssbauer (5 mM *"Fe-enriched sample, PrCN, 4.2 K) 6 = 0.53 mm s™;

AFEq = -1.84 mms™. Ei/» (CH:Cl, V versus [FeCpa]"): +0.20.
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Low-temperature UV -vis solution studies. In a typical experiment, a 10 — 20 mM solution of the MnFe
compound was prepared in CH,Cl, at room temperature and kept in a -35 °C freezer for the

duration of the experiment. A 30 - 60 pL aliquot of stock metal complex was added via air-tight
syringe to the solvent mixture (3 mL) in a 1-cm quartz cuvette to give the desired concentration for
oxidation experiments (0.10 - 0.20 mM). The cuvette was then sealed with a rubber septum and
precooled to the desired temperature in an 8453 Agilent UV-vis spectrophotometer equipped with
an Unisoku Unispeks cryostat. The solution of metal complex was allowed to equilibrate to the
desired temperature for at least 15 min. Stock solutions of other reagents were prepared at
concentrations between 10 and 100 mM in the same solvent and added via gas-tight syringe.

Reactions were monitored spectrophotometrically by UV-vis spectroscopy.

Low-temperature EPR solution studies. In a typical experiment, a 5 — 6 mM solution of the MnFe
compound was prepared in CH,Cl, at room temperature and kept in a -35 °C freezer of the
glovebox for the duration of the experiment. A 200 L aliquot of stock metal complex was added
via air-tight syringe to an EPR tube, which was then sealed with a rubber septum and precooled to
the desired temperature in a cold bath outside the glovebox. The solution of metal complex was
allowed to equilibrate to the desired temperature for at least 15 min. Stock solutions of other
reagents were prepared at concentrations between 40 and 250 mM in the same solvent and added

via gas-tight syringe. The target final concentration is ~ 5 mM.

Room-temperature Méssbaner solution studies. The Méssbauer sample for [Fe™ (O)Mn'"'poat]* was

prepared at room temperature. A 2.75 mM solution of the 96% *"Fe-enriched
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["Fe"™(O)Mn"'poat]OTf (0.0055 g, 0.0046 mmol) was prepared in PrCN, and an aliquot of 0.6 mL

was transferred into a Mossbauer cup before freezing in liquid nitrogen.

Low-temperature Missbauer solution studies. In a typical experiment to generate [7'Fe"(O)Mn'"'poat]**, a
2.75 mM solution of the 96% *"Fe-enriched ["Fe™'(O)Mn"'poat] OTf (0.0055 g, 0.0046 mmol, 1.12
ml) was prepared in PrCN at room temperature in a glovebox under argon atmosphere, and kept in
a -35 °C freezer for the duration of the experiment. A 1.0 mL aliquot of stock metal complex
(0.0027 mmol) was added via syringe to a 1-cm quartz. The cuvette was then sealed with a rubber
septum and precooled to -80 °C in a Unisoku Unispeks cryostat typically used for UV-vis
experiments outside the glovebox. The solution of metal complex was allowed to equilibrate to the
desired temperature for at least 20 min. A stock solution of [N(p-tol);]OTt was prepared at 41.25
mM in PrCN, and an aliquot of the oxidant (0.0041 mmol, 0.10 mL) was added via a gas-tight
syringe. Upon completion of the reaction, the septum was sliced open with a razor under a strong
flow of argon. The rubber septum was removed and the content in the cuvette was quickly poured
into liquid nitrogen. The frozen solid was ground into fine powder and then packed into a pre-

cooled Méssbauer cup.

Synthesis of [(p-MeO-CsH,)sC]BF,. This preparation is modified from a literature procedure.”’ In one

flask, (p-MeO-CH4);CCl (0.3800 g, 1.030 mmol) was dissolved in 2 mL. CH,Cl; in a different flask,
AgBF, (0.2370 g, 1.217 mmol) was suspended in 4 mI. CH>Cl,. Both flasks were cooled in a -35 °C
freezer of the glovebox for 20 minutes. The trityl chloride solution was then added dropwise to the
AgBF, suspension; the mixture was allowed to stir for 2 hours at -35 °C. The unreacted AgBF, and

AgCl byproduct was removed by a fine porosity glass fritted funnel with a pad of celite, and the
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volatiles were removed 7 vacio to afford a red solid (80 — 90 %). 'H NMR (500 MHz, CD,Cl,) & 7.57

(6H, dt), 7.29 (6H, dt), 4.10 (9H, s). Ei» (CH.Cl, V versus [FeCps]™/*): -0.66.

Generation of (p-MeO-CsHy);Ce. In a typical experiment, [(p-MeO-C¢Hy);C|BF, (0.0094 g, 0.022 mmol)
and CoCp; (0.0043 g, 0.023 mmol) were mixed in 2.24 mL. CH,Cl, at room temperature in the dark.
The resultant solution is suitable for spectroscopic experiments. EPR (X-band, 1-mode, CHCl, 77

K): g = 2.00. UV-vis A (CH>Cl) /nm (/M em™): 505 (520), 536 (560).

Crystallography

[(TMTACN)Fe"—(u-OH)-Mn"poat]OTf. A green crystal of approximate dimensions 0.098 x 0.157 x
0.160 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer
system. The APEX2®' program package was used to determine the unit-cell parameters and for data
collection (120 sec/frame scan time). The raw frame data was processed using SAINT® and
SADABS® to yield the reflection data file. Subsequent calculations were carried out using the

SHELXTL® program package. There were no systematic absences nor any diffraction symmetry

other than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and
later determined to be correct.

The structure was solved by direct methods and refined on F* by full-matrix least-squares
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
Hydrogen atoms H(1) and H(8) were located from a difference-Fourier map and refined (x,y,z and
Uis). The remaining hydrogen atoms were included using a riding model. There were two molecules
of the formula-unit present (Z = 4). Several atoms were disordered and included using multiple

components with partial site-occupancy-factors.
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Least-squares analysis yielded wR2 = 0.0978 and Goof = 1.001 for 1369 variables refined

against 24005 data (0.78 A), R1 = 0.0474 for those 16338 data with I > 2.05(I).

[(TMTACN)Fe"—(u-O)-Mn""Hpoat](OT}).. A green crystal of approximate dimensions 0.206 x 0.279
x 0.280 mm was mounted on a glass fiber and transferred to a Bruker SMART APEX 11
diffractometer system. The APEX2®' program package was used to determine the unit-cell
parameters and for data collection (30 sec/frame scan time). The raw frame data was processed
using SAINT® and SADABS® to yield the reflection data file. Subsequent calculations were carried
out using the SHELXTL® program package. The diffraction symmetry was 2/ and the systematic
absences were consistent with the monoclinic space group P2,/¢ that was later determined to be
correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
Hydrogen atom H(2) was located from a difference-Fourier map and refined (x,y,z and Uj,). The
remaining hydrogen atoms were included using a riding model. There was one molecule of
chloroform solvent present.

Least-squares analysis yielded wR2 = 0.0914 and Goof = 1.034 for 791 variables refined
against 13112 data (0.81 A), R1 = 0.0344 for those 10852 data with I > 2.05(I).

There were several high residuals present in the final difference-Fourier map. It was not
possible to determine the nature of the residuals although it was probable that 7-hexane solvent was
present. The SQUEEZE® routine in the PLATON® program package was used to account for the

electrons in the solvent accessible voids.
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Table 6.3. Crystallographic data for [Fe" (OH)Mn"'poat]” and [Fe™'(O)Mn""Hpoat]*".

[(TMTACN)Fe!'—(u-OH)— [(TMTACN)Fe"—(u-O)—

Mn'l'poat]OTf Mn""Hpoat](OTf),
Formula C52 H(,4 F?, Fe Mn N7 O7 P?, S C53 H(,4 F(, Fe Mn N7 010 P?, Sz'CHCl3
fw 1191.86 1460.30
T (K 93(2) 93(2)
Crystal system Triclinic Monoclinic
Space group Pi P2i/c
a (A) 14.8784(8) 16.7414(9)
b (A) 17.2401(9) 14.8414(8)
c (A) 21.4396(11) 26.8159(15)
o (9) 90.8210(10) 90
B 90.3550(9) 92.1641(10)
v (©) 98.1446(9) 90
7 4 4
Y (A3) 5443.2(5) 6658.1(6)
Independent 24005 13112
reflections
R1 0.0474 0.0344
wR2 0.0978 0.0914
Goof 1.001 1.034

WR2 = [E[w(F>F2)?] / Z[w(le)] ]V

Rl =%||Fo|-|Fc|| / Z|Fo|

Goof = § = [E[w(F.>-F2? / (n-p)]'/2 whete n is the number of reflections and p is the total number of parameters

refined.

The thermal ellipsoid plots are shown at the 50% probability level.
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Chapter 7
The Road towards MnlVFelV

Introduction

The previous chapter describes the trapping, characterization, and substrate reactivity of the
high-valent [[TMTACN)Fe" —(u-O)-Mn"poat]" species (denoted [Fe' (O)Mn" poat]”), which
contains a rare Fe" —(u-O)-Mn'"" core;' this compound serves as a useful synthetic model for the
catalytically competent intermediates in the R2 subunit of ribonucleotide reductase Class Ic (RNR
R2 Ic) and R2-like ligand-binding oxidase (R2lox).”” However, higher-valent intermediates have
been proposed and/or expetimentally verified in these enzymatic systems.”® For instance, a
Mn" Fe' species was observed by vatious spectroscopic techniques in RNR R2 Ic upon O,
activation, before undergoing proton-coupled electron transfer (PCET) to convert to the key
Mn" Fe" intermediate responsible for the electron transfer between two protein subunits (Scheme
7.1).7* Unfortunately, the aforementioned [Fe™ (O)Mn'"poat]” cannot be further oxidized, and
modifications to the complex are required to synthetically model the Mn'VFe'¥ species observed in

biological systems.

OH, o, CI)H OH

o PCET | _o_
Mn“,____o/Fe" . Mn'V:o>Fe"’ —_— Mn'V,____O/Fe”'
H H

n

Scheme 7.1. The catalytic mechanism of RNR R2 Ic. A MnVFe!V is generated upon O activation, and further
converts to a MnVFe! species »ia PCET.

While the neutral TMTACN framework (and related ligands) struggles to support high-
valent Fe centers (i.e. Fe' and beyond),” many Mn" complexes in the [(TM)TACN] scaffold have
been reported. For example, [Mn"'(TMTACN)(OMe);]* has been structurally characterized, and its

low Mn""" reduction potential (Eye = -0.94 V vs [FeCp,| ") highlights its stability at this oxidation
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level (Figure 7.1.A)." Additionally, several other homo- and heterobimetallic complexes with a
[Mn"((TM)TACN)] site demonstrate extraordinary stability, which illustrates the ability of the N-

based macrocycle to support a high-valent Mn center (Figures 7.1.B,C).1’“’13

A T B T2+ C 13+

N
N\;,?v—\—}-— _Nn( /Mnlv-'o‘-M IVJ-N— —{ c ""O\M 'VJ
Meo—" None K/N \0/ K/ \

[Mn"V(TMTACN)(OMe),]* [(TMTAc:N)Mn'V-(,u-0)3-Mn'V(TMTACN)]z* {(TMTACN)Cr"'-(u-O)(,u-OAc)z-Mn'V(TACN)]3“

Figure 7.1. Literature examples of mono- and dinuclear complexes containing [MnVTMTACN]: (A)
[MnV(TMTACN)(OMe)s]*; B) [(TMTACN)Mn!V —(u-O);—MnV(TMTACN)]?*; (C) (B) [(TMTACN)CeM —(u-
O)(u-OAc),-MnV(TACN)]3*.

The Borovik group previously prepared [(TMTACN)Mn" —(u-OH)-Fe""MST]|" (denoted
[Mn"(OH)Fe""MST]"), which struggled to access higher oxidation states (Figure 7.2.A)."*"> However,
this is likely due to the weak donability by the sulfonamido S=O groups, not [TMTACN]. We
reason the anionic N- and P=O groups in [poat]” are much stronger donors and more suitable to
support a Fe'¥ and Mn'"" centers, respectively, so a new [(TMTACN)Mn—(u-O(H))-Fe(H)poat]
system was developed, with the Fe site located in the [poat]” framework and the Mn capped by the
TMTACN ligand (Figure 7.2.B). In this chapter, a series of [MnFepoat| complexes was prepared,
and characterized by various structural and spectroscopic methods. A strong emphasis is placed on
the study of their electrochemical properties, which revealed at least four redox levels can be

electrochemically accessed, including high valent MnFe species at the formally (IV,III) level.

A e L B pr e /e
N : N
A o S
N(/\ i N:/\
o O,..Mn"‘N“‘— - o en+— —_ o D,Mn“*’N"'—
Mes—Y/ o \o M : o ] \0 RN \0
%__HT W Mes ; Ph—P (H)O %P1 h-—-P(H)O % Ph
o~ Sx i ol Pl o P
OQS"’ (N‘Fem__N, =0 5 Ph_ s (N Mr!m*—N' Ph Ph_ ,, N Fem N ~Ph
Mes” N\_Jl : Ph” ‘N/_hll Ph” ‘ l\)
[(TMTACN)Mn'—(4-OH)-Fe'MST]* |  [(TMTACN)Fe™—(;~O(H))-Mn™*poat]** [(TMTACN)Mn™—(z-O(H))-Fe™ poat]P*

Figure 7.2. (A) Molecular structure of [(TMTACN)Mn"—(u-OH)—Fe™MST]*; (B) Re-design of
[(TMTACN)Mn"* —(u-O(H))—Fem*poat]P* to access higher oxidation states.
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However, the instability of these species in the [TMTACN /poat] system may preclude further
spectroscopic characterizations, so additional modifications to the bimetallic framework are

suggested.

Results & Discussion

Preparations of MnFe complexes. The preparation of [(TMTACN)Mn" —(u-OH)—Fe"'poat]OTf (denoted
[Mn"(OH)Fe"'poat]OTf) was adapted from syntheses of similar bimetallic complexes described in
the previous chapters, and is outlined in Scheme 7.2."* After multiple rounds of recrystallizations,
brown crystals suitable for X-ray diffraction (XRD) were obtained, which confirmed the molecular
structure of [Mn"(OH)Fe"'poat]” in the crystalline phase. [Mn"(OH)Fe"'poat]” can be readily
oxidized using AgOTT or [N(p-tol);]OTt (Scheme 7.2). Upon recrystallization, brownish-green
crystals were obtained, and XRD reveals the molecular structure of [(TMTACN)Mn"'—(u-O)—
Fe""Hpoat]*" (denoted [Mn"!(O)Fe"Hpoat]*"). The fully deprotonated complex, [[TMTACN)Mn"'—
(u-O)—Fe"'poat]OTf (denoted [Mn'"'(O)Fe'poat]OTf), can be prepated in an analogous procedure
for [[TMTACN)Fe"'—(u-O)-Fe"'poat]OTf (Chapter 5): [Fe'poat]” was first treated with the O-atom
transfer reagent, isopropyl 2-iodoxybenzoate (IBX-iPs), to produce [Fe'Vpoat(O)]," and
[Mn"(TMTACN)(OTf),] was subsequently added to generate a new green species (Scheme 7.3).
Green crystalline needles suitable for single crystal XRD were obtained after multiple rounds of

recrystallization, and XRD supports the assignment of [Mn""'(O)Fe'"poat]*.

"/ 10T,

: \
N N
K o \/FN-‘_ Ph._ ,O//MFQ
Ph_ [ o 1) NMe,OAc Ph, 077 \ AgOTf or Ph—F o )\ Ph
Ph—F ?H \\P/Ph 2) [Mn'(TMTACN)(OTf),] en—F nd O Ph [N(p-tol)]OTF Vo PLo
o 7 L -_h:,- —_— “Falll
Ph g Mgy’ Ph cH,cl,, 1t, Ar ph_ 2 N‘Fl'”—N’P\Ph CH,Cly, rt, Ar (/FT N
" I\) ~NMe.oTr N | ~Ag or P & \~N\)
N — NMe, N(p-tol P.
> N (p-tol)y Ph” ‘Nf'/l
K[Fe"poat{OH)] [(TMTACN)Mn''~(;-OH}-Fe'lpoat]OT [(TMTACN)Mn'l—(4+-0)-Fe!'Hpoat](OTf),

Scheme 7.2. Preparative routes for [(TMTACN)Mn"—(u-OH)—Fepoat]* and [(TMTACN)Mn"'—(u-O)—
Fel'Hpoat]?*.
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F'h—-F'\ Wl 0 Ph——P\ o 9 pPh thP\ o ‘\P’Ph
ph. O N F~pn .'. en, @ n Ml P~en N e
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P - LA - PR
Ph” N | PN | PR N |
K/N DMF:THF, Ar, -75 °C K/N DMF:THF \/N
Ar,-75°C tor.t.
K[Fellpoat] [Fe'Vpoat(0)]~ [(TMTACN)Mn''—(4-0)-Fe!lpoat]OTf

Scheme 7.3. Preparative routes for [(TMTACN)Mn!'—(u-O)—Fell'poat]*.

Structural Properties. The thermal stability of these MnFe complexes allows for their isolation and
structural charactetizations by XRD methods. In the molecular structure for [Mn"(OH)Fe"'poat]”
(Figure 7.3.A,B), there are two crystallographically different, but chemically equivalent, molecules in
the asymmetric unit. The averages of the metrical parameters and calculated values, which are shown
in Table 7.1, will be discussed. The bimetallic complex contains a 5-coordinated Fe" center and a 6-
coordinated Mn" center, bridged by a hydroxido ligand that forms an intramolecular H-bond
(2.632(3) A) to a phosphinic amido tripodal arm. The Fel-O1 and Fel-N1 distances (1.889(2) and
2.104(2) A, respectively) are comparable with those observed for the [TM"(OH)Fe"poat]" (TM =
Zn, Cu, Ni, Fe) complexes (Chapters 3 and 5)," but are longer than the Mn1-O1 and Mn1-N1
distances observed for [Fe'(OH)Mn"'poat]" (1.845(2) and 2.053(2) A, respectively; Chapter 6). This
suggests the additional electron in the dz*/c* orbital for a & Fe" ion in trigonal bipyramidal (tbp)
geometry results in significant bond lengthening to the axially-coordinated ligands. The Mn1-O3/4
distances (2.125(2), 2.135(2) A) are statistically shorter than those found in the analogous
[Mn"(OH)Fe"MST]" (2.196(1) and 2.187(1) A; Figure 7.2.A),"*"® which suggests the phosphinic
amido P=0 groups are stronger donors and can stabilize higher valent Mn centers; this is reflected

in the lengthened Mn1-N5/7 bonds trans to the P=O groups.

202



Figure 7.3. Thermal ellipsoid diagrams depicting the molecular structures of [Mn"((OH)Fe'poat]* (A, B),
[Mn(O)Fe"Hpoat]>* (C, D), and [Mn(O)Fe'poat]* (E, F) determined by X-ray diffraction. Ellipsoids are shown
at the 50% probability level, and only the phosphinic amide H atom is shown for clarity. The methyl and phenyl
groups are removed in (B), (D), and (F) for clarity.
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The molecular structure of [Mn"'(O)Fe'Hpoat]** (Figure 7.3.C,D) is similar to those for the
FeFe and FeMn analogs described in Chapter 5 & 6. Upon oxidation, the proton in the bridging-
hydroxido ligand transfers to the basic phosphinic amido N-atom in [poat]”, resulting in a Mn""—(u-

O)—Fe" core, and a protonated [Hpoat]* framework bound to the Fe™

center through the P=0O
group in a strained 7-member chelate ring. The Fel-O1 and Mn1-O1 bond lengths (1.837(2) and
1.756(2) A; Table 7.1) are significantly different, while those found in [Fe(O)Fe"Hpoat]** (1.800(1)
and 1.792(1) A; Chapter 5) and [Fe™(O)Mn"'Hpoat]*" (1.795(2) and 1.793(2) A; Chapter 6) are
comparable. The distinction of M—O1 bond lengths can again be attributed to the additional
electron in the anti-bonding d,” orbital for a & ion in tbp geometry; these observations demonstrate
the ability to modulate unsymmetric M’—(z-O)—M cores using our stepwise-assembly approach. The
Fel---Mn1 distance contracts from 3.429(1) to 3.198(1) A upon oxidation, and the Fel-O1-Mn1
angle increases from 121.45(9) to 125.71(8) °.

The molecular structure of [Mn"'(O)Fe"'poat]” (Figure 7.3.E,F) reveals a bimetallic Mn—(u-
O)—Fe core that is similar to [Mn"(O)Fe"'Hpoat]*". The major difference is that the 5-coordinated
Fe'" has an N4O geometry, as all three phosphinic amido N atoms in [poat]” are deprotonated and
bind to the Fe center. The primary coordination sphere of the Mn center remains largely unaffected,
with the N3Os coordination mode retained and the bond metrics relatively unperturbed. The P=0O
group that does not bind to the Fe center tilts away from the bridging oxido ligand, presumably due
to electrostatic repulsion (> 3.2 A). The structural parameters of the Mn—(u-O)—Fe core, including

the Mn1-O1-Fel angle (125.80(9) %), the Fel+-Mn1 distance (3.233(1) A), the Fel-O1 (1.847(2) A)

and Mn1-O1 (1.785(2) A) bond lengths, are all comparable to those for [Mn"'(O)FeHpoat]*".
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Table 7.1. Selected bond lengths/distances (A) and angles (°) for [Mn(OH)Felllpoat]*,* [Mnl}(O)Fel'lHpoat]2*, and
[Mn(O)Fe'poat]*.

Complex [Mn"(OH)Felpoat]* [Mn(O)Fel"Hpoat]>* [Mn(O)Felllpoat]*
Bond Lengths/Distances (A)
Fel-N1 2.204(2) 2.377(2) 2.302(2)
Fel-N2 2.026(2) - 2.010(2)
Fel-0O2 - 2.007(2) -
Fel-N3 2.013(2) 1.992(2) 2.021(2)
Fel-N4 2.017(2) 1.983(2) 2.023(2)
Fel-O1 1.889(2) 1.837(2) 1.847(2)
01---:02 2.632(3) - 3.237
Mn1-O1 2.042(2) 1.756(2) 1.785(2)
Mn1-O3 2.125(2) 2.023(2) 2.083(2)
Mn1-O4 2.135(2) 2.099(2) 2.072(2)
Mn1-N5 2.327(2) 2.245(2) 2.235(2)
Mn1-N6 2.267(2) 2.119(2) 2.149(2)
Mn1-N7 2.355(3) 2.215(2) 2.253(2)
Fel:-Mnl 3.429(1) 3.198(1) 3.233(1)
av Fel-N/O¢q 2.019(2) 1.994(2) 2.018(2)
av Mn1-Nrwvracx 2.316(2) 2.193(2) 2.212(2)
d[Fe1-Ne( 0.365 0.293 0.377
dMn1-Nrtmracy] 1.609 1.461 1.485
Angles (9)
O1-Fel-N1 173.80(8) 177.03(7) 179.05(8)
N2-Fel-N3 121.48(9) - 120.73(8)
O2-Fel-N3 - 130.39(7) -
N3-Fel-N4 109.26(9) 107.82(8) 107.82(8)
N2-Fel-N4 119.63(9) - 121.11(8)
O2-Fel-N4 - 115.23(7) -
Fel-O1-Mnl 121.45(9) 125.71(8) 125.80(9)
03-Mn1-O4 98.43(7) 97.14(0) 95.82(7)
N5-Mn1-N6 77.64(8) 81.33(7) 79.99(8)
N5-Mn1-N7 75.61(8) 79.30(7) 79.03(7)
N6-Mn1-N7 77.68(9) 80.42(7) 80.44(8)
Calculated Values
75 0.872 0.777 0.966

“Bond lengths, distances, and angles are reported as an average.
ITrigonality structural parameter, 75 = (§— a)/60°. § is the largest bond angle obsetrved, and a is the second
largest bond angle observed.

Electronic absorbance properties. [Mn" (OH)Fe"'poat]” exhibits optical features at Amax (e, M cm™) = 315
(sh), 375 (5700), and 540 nm (sh) in CH,Cl, (Figure 7.4.A), which are present across the series of
[TM"(OH)Fe"'poat]” complexes (TM = Zn, Cu, Ni, Fe; Chapters 3 and 5)." The UV-vis spectra of

[Mn"(O)Fe""Hpoat]** and [Mn"'(O)Fe"poat|” are compared in Figure 7.4.B and C. Both exhibit an
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oxido—metal charge transfer (CT) band at 350 nm, albeit at different intensities (¢ = 8500 and 10000
M" em™, respectively); [Mn"(O)Fe""Hpoat]** has an additional CT feature at A = 405 nm (sh). Like
the FeFe and FeMn analogs, low energy ligand field transitions can be observed for the two
complexes: the feature for [Mn"'(O)Fe"Hpoat]*" is at Amax (6, M cm™) = 585 nm (380), which red-
shifts to 600 nm (290) in [Mn""'(O)Fe'"'poat]". The decrease in energy of the d-d transition upon
deprotonation of the [(M*)™(O)(M)"'Hpoat]** species is also obsetrved for the FeFe and FeMn
analogs discussed in Chapters 5 & 6, which is indicative the similar modulation of the ligand field

from [Hpoat]” to [poat]’.

A 7000 B 12000 C 600
- 375 (5700) - 35|0 (16000) -
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‘e I £ i
S 6000~ P 300
l‘E__ L Ve (sh) é B
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Figure 7.4. Electronic absorbance spectra: (A) [Mn"(OH)Fe'poat]*; (B) overlay of [Mn(O)Fe""Hpoat|>* (black)
and [Mn™(O)FeMpoat]* (red); (C) zoomed in spectra for [Mn(O)Fe"Hpoat]?* (black) and [Mn"(O)Fepoat|*

(red). Spectra were collected at 0.10 mM concentration in CH2Cl; at room temperature.

Electron paramagnetic resonance (EPR) properties. The [Mn"(OH)Fe'poat]” complex did not show any
signals in the parallel(//)-mode EPR spectrum at < 20 K (Figure 7.5). However, a new feature
emerged as the measurement temperature increased, and resolved as a derivative-shaped signal at g =
11.3 at 79 K. This suggests [Mn"(OH)Fe'"'poat]*" has a § = 0 ground state due to antiferromagnetic
coupling between the § = 5/2 Mn" and Fe" centers. The hydroxido bridging ligand provides
moderate coupling, and the spin excited states (e.g. § = 1, 2, etc.) can be accessed at higher
temperatures. A derivative-shaped feature at ¢ = 11.0 was also observed for [Mn"(OH)Fe"MST]"
(Figure 7.2.A) that originated from the S = 2 state: temperature-dependent measurements on that

complex allowed the quantification of the population at this excited state, and a spin exchange
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constant | (H = JSi*S;) of 35(3) cm™ was determined.''* Similar variable temperature measurements

of [Mn"(OH)Fe"'poat]" are underway.

_g=113 9K

60 K
39K

20K

500 1000 1500 2000
B (G)

Figure 7.5. Vatiable-temperature //-mode EPR spectra of [(TMTACN)Mn!—(u-OH)-Fe'poat]* at 20, 39, 60, and 79
K. A new signal at g = 11.3 appears as measurement temperature increases.

The perpendicular (L)-mode EPR spectra for [Mn"'(O)Fe"'Hpoat]*" and [Mn"'(O)Fe"'poat]*
(Figure 7.0) revealed distinct six-line, anisotropic signals centered at g = 2.04, which are consistent
with § = 1/2 spin-exchange systems that contain an § = 2 Mn'"" site antiferromagnetically coupled to
an § = 5/2 Fe" center.>'®"” The *Mn (I = 5/2) hypetfine features can be resolved at 77 K, and
A(°Mn) values of 310 and 295 MHz are determined for the two complexes, respectively. The values
are statistically larger than those found for [Fe" (O)Mn"'Hpoat]*" and [Fe"'(O)Mn"'poat]* (260 and
243 MHz at 77 K; Chapter 6). The significance of these differences is currently being investigated,;
nevertheless, the ability to modulate the structural and magnetic properties of the Mn/Fe centers

demonstrates a unique feature of our bimetallic assembly protocol.
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Figure 7.6. 1-mode EPR spectra of [[TMTACN)Mn"'—(u-O)—Fe"Hpoat]** (A) and [(TMTACN)Mn"'—(u-O)—
Fell'poat|* (B). Samples measured at 77 K in PrCN.

Electrochemical properties. The three MnFe complexes were interrogated in great depth by cyclic
voltammetry (CV) to assess their ability to achieve high valent states. The full voltammogram for
[Mn"(OH)Fe"'poat]” in CH>Cl; is illustrated in Figure 7.7.A and exhibits five distinct redox
processes (I, ITL, IV, VI, VII). Process I is a reversible event at -1.59 V (vs [Fesz]”O, tne/ 12 = 1.05;
Figure 7.7.B); this is assigned as the [Mn"(OH)Fe"""poat]*" process, and is comparable to those
found for other TM"Fe'"' complexes discussed in previous chapters (TM = Zn, Cu, Ni, Fe).'s
Process IV is quasi-reversible, with a potential at +0.06 V (3c/ 7. = 0.69); this is assigned to the
[Mn"""(OH)Fe"poat]*’*, and the irreversibility is attributed to the fast intramolecular proton
transfer (PT) in the electrochemical time scale; this is consistent with the chemical isolation of
[Mn"'(O)Fe"'Hpoat]**, in which a phosphinic amido arm is protonated (Figure 7.3.C,D). It is worth
noting the analogous processes in [Mn"(OH)Fe"MST]* were observed at -0.87 and +0.71 V, which
are more than 600 mV positive than those for [Mn"(OH)Fe"'poat]|"; this is indicative the phosphinic
amido N- and P=0 ligands are stronger donors than their sulfonamido counterparts.' Process III is

a reductive process at -0.67 V, but it was not independently observed within an electrochemical
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window of +0.75 to -2.1 V (Figure 7.7.B). Process VII is an irreversible oxidative process at +1.14 V
that is likely oxidation to a higher valent species (e.g., [Mn(OH)Fepoat]’*); the oxidation state
assignments or formulation will not be further speculated here without additional spectroscopic
evidence (Figure 7.7.C). Process VI is not present unless the oxidative process VII is first accessed,
and becomes increasingly reversible at +0.67 V (4./7. = 1.52). The assignments of these three

processes can be corroborated by further CV experiments on the other two complexes.

A

Current

15 1 05 0 05 -1 -15 -2
Potential (V vs [FeCp,]™)

I(Ez=-1.59V) C VI (Eiz = +0.67 V)

10 pA

IV (Eiz = +0.06 V)

10 A

Current
Current

| I I I I I
1 05 0 05 -1 -15 -2 25 14 12 1 08 06 04
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Figure 7.7. Cyclic voltammograms of [Mn{(OH)Fe!!'poat]|*: (A) full voltammogram; (B) the redox processes IV and I
for [Mn"VII(OH)Fe'poat]?>*/* and [Mn{(OH)Fel'poat]*/%; (C) high potental region (VII and VI). All
voltammogtrams collected in CH2Clz at 100 mV s-!. The open circuit potential is indicated by +.
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The full voltammogram for [Mn"'(O)Fe'Hpoat]*" is illustrated in Figure 7.8.A and exhibits
similar redox processes (I, IT1, IV, VI, VII) as [Mn"(OH)Fe"'poat]” (Figure 7.7.A). However,
process VI at +0.67 V exhibited strong cutrent response and reversibility (7pc/4. = 0.89; Figure
7.8.B) without accessing more positive oxidative events (e.g., process VII), unlike that observed for
[Mn"(OH)Fe"'poat]” (Figure 7.7.C). These findings suggest process VI to be the
[Mn(O)FeHpoat]™"/[Mn"'(O)Fe""Hpoat]** couple. A [(M’)(O)(M1)poat]’* species at the (IV,III)
level would be a welcome addition to the bimetallic library of [TMTACN/poat] complexes, as the
analogous [Fe'"'(O)Fe'Hpoat]* and [Fe" (O)Mn'""Hpoat]** cannot access one higher oxidation state
(Chapters 5 & 6). A similarly strong current response for process III at -0.67 V is consistent with the
reduction of [Mn"'(O)Fe"'Hpoat]*" to [Mn"(O)Fe""Hpoat]", but the basic oxido-bridging ligand
likely promotes facile intramolecular PT to generate [Mn"(OH)Fe"'poat]”, and as a result there is no
return oxidative wave for [Mn"(O)Fe""Hpoat]" (Figure 7.8.C). The current intensity of process VII
increases upon multiple scans as well as the generation of [Mn"(OH)Fe'poat]" and then
[Mn"'(OH)Fe"'poat]*" at the electrode surface, which supports VII to be a further oxidation to a
higher valent species (Figure 7.8.C). The unstable species then further reacts to form
[Mn(O)FeHpoat]*, which can be detected in process VI.

The cyclic voltammogram for [Mn""'(O)Fe"'poat]" is complicated (Figure 7.9.A): it contains
processes observed for the other two complexes (I, ITI, IV, VI) as well as two additional ones (I,
V). Process V becomes increasingly reversible at +0.39 V (4.c/ 4. = 1.00) at faster scan rates, and is
assigned as the [Mn(O)Fepoat]*"/[Mn"'(O)Fe"'poat]" couple (Figure 7.9.B); irreversibility at slower
scan rates is likely due to instability of [Mn(O)Fepoat]*". This potential is between +0.55 V for
[Fe"(O)Fe"™poat]**/* (Chapter 5) and +0.20 V for [Fe"'(O)Mn"""poat]*"/* couples (Chapter 6),
which complicates the assignment of oxidation states for the new species without further

spectroscopic experiments. Process II is absent in the previous electrochemical measurements, but

210



Current

| I I NI BT N B
15 1 05 0 05 -1 15 -2

Potential (V vs [FeCp,]™)

I (E. = -0.67 V)
B VI (. = +0.67 V) Cc i
Py

i

Current
Current

| I I I NI R B s 1 v 1 5 1 5 1 s 1 5 |
1 09 08 07 06 05 04 03 1.5 1 05 0 -05 -1 -15

Potential (V vs [FeCp,]™) Potential (V vs [FeCp,]™)

Figure 7.8. Cyclic voltammograms of [Mn''(O)Fe"Hpoat]?*: (A) full voltammogram; (B) the redox process VI for
[Mn(O)FeHpoat]**/[Ma"(O)Fe"Hpoat|>*; (C) redox processes VII, VI, IV and III. All voltammograms collected at
100 mV s in CH2Cl,. The open circuit potential is indicated by +.

exhibited strong reductive current response at -1.08 V for this complex (Figure 7.9.C): this suggests
[Mn"'(O)Fe"'poat]" is reduced to [Mn"(O)Fe'"poat], where the basic oxido ligand causes the
intermediate to further react (likely to form a stable [Mn"(OH)Fe""poat|*"’ species, »ia a PT or
PCET mechanism). Finally, an oxidative process is observed at +1.18 V, and the appearance of the
VI couple ((Mn(O)FeHpoat]™/[Mn"'(O)Fe" Hpoat]*") is dependent on this oxidation (Figure
7.9.D). The oxidation suggests the generation of a higher valent, unstable complex, and its high
instability causes further reaction to produce [Mn(O)FeHpoat]’". It should be noted this oxidative

process (+1.18 V) and process VII (+1.14 V) share similar redox potentials and could represent the
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same event, so their assignments are ambiguous at this point. The irreversibility of these processes

and instabilities of these species may prevent any chances of their trapping by chemical oxidation

and further spectroscopic studies.
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Figure 7.9. Cyclic voltammograms of [Mn(O)Fepoat|* in CHClz: (A) full voltammogram; (B) the redox process V
for [Mn(O)Fepoat|?*/[Ma"(O)Fel'lpoat]*; (C) redox processes V, IV, III and II; (D) high potential region. (A), (C),
and (D) were collected at 100 mV s-!; (B) was collected at 500 mV s-1. The open circuit potential is indicated by +.

The cyclic voltammogram results are summarized in Figure 7.10 and Table 7.2; the ability to
isolate and study the three complexes has provided a full electrochemical profile for this [MnFepoat]
system. The electrochemically accessible species are illustrated in Figure 7.11, which span across at

least four oxidation levels and vatrious protonation states. These findings can provide a useful guide
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in the spectroscopic and structural studies of the high valent complexes generated zia chemical

oxidation.

= =

VII VIV 1V I II

15 1 05 0 -05 -1 -15 -2
Potential (V vs [FeCp_]™)

Figure 7.10. Full cyclic voltammograms of [Mn!'(OH)Fe'poat]* (A), [Mn"'(O)Fe"Hpoat]?* (B), and
[Mn(O)Fepoat]* (C). All voltammograms collected at 100 mV s! in CH,Cl,. The open circuit potential is indicated
by +.

Table 7.2. Compilation of electrochemical processes observed for [Mn(OH)Fe™poat]*, [Mn(O)Fe"Hpoat]?*, and
[Mn™(O)Fe™poat]*.

Redox event Potential (V) (pc/7a)  Revetsibility Process’
I -1.597(1.05) Reversible [Mn''(OH)Fe'poat]* «—— [Mn{(OH)Fe!'poat]®
II -1.087 Irreversible [Mn'"(O)Fel'poat]* — [[Mn"(O)Fepoat]?] ——
111 -0.677 Reversible [Mn'"(O)Fe"Hpoat]** — [[Mn'(O)Fe"Hpoat]*|
—— [Mn'(OH)Fepoat|*
v +0.06°(0.69) Quasi-reversible [Mn'"'(OH)Fe'poat]?* «—— [Mnl(OH)Fel'poat]*
A\ +0.39° (1.00) Reversible [Mn(O)Fepoat|?* «—— [Mn"(O)Fepoat]*
VI +0.67° (0.89) Reversible [Mn(O)FeHpoat]?* «—— [Mn"(O)Fe"Hpoat]**
VII +1.14 to 1.18° Irreversible [Mn'"'(OH)Fe'poat]>* — “High valent species”
—— [Mn(O)FeHpoat]**
OR
[Mn(O)Fepoat]** — “High valent species” ——
[Mn(O)FeHpoat]**

“vs [FeCpa]*/°. r¢e—— indicates 1-e- reversible process. “—” indicates 1-e- irreversible process. “——"" indicates
further reaction. ‘E/2. ‘Epe. ‘Epa.
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Figure 7.11. A compilation of electrochemically accessible [MnFepoat| species. The complexes and arrows in black
indicate chemically isolated/generated compounds and teactions. The compounds and solid arrows in grey indicate
electrochemically accessible species and reactions. The dashed grey arrows indicate proposed reaction pathways.

Accessing high-valent species. To test the hypotheses gained from the electrochemical studies, the
chemical oxidations of [Mn"'(O)Fe"Hpoat]*" and [Mn"'(O)Fe"'poat|” were monitored using EPR
spectroscopy. As discussed, [Mn"'(O)Fe"'Hpoat]*" exhibits a reversible oxidation at +0.67 V (Figure
7.8.B), so the complex was treated with [N(p-Br-CsHa)s]PFs (Fi1/2 = -0.70 V in CH2Cly) at -94 °C.»
Indeed, the six-line, S = 1/2 feature associated with the complex disappeared (Figure 7.12.B), but
was regenerated nearly quantitatively upon treatment with FeCp(CsHsCOMe) as a reductant (Figure

7.12.C). The lack of a L-mode signal suggests an integer spin system, which is consistent with either
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a Mn""Fe' (d*/d*) or Mn"VFe™ (d’/d’) formulation; the oxidation states for both metal ions are not
yet elucidated. These results support the oxidation to [(TMTACN)Mn—(u-O)-FeHpoat]™
(Mn(O)FeHpoat]™). This new species is an important finding, as the analogous
[Fe"(O)Fe"Hpoat]*" and [Fe"'(O)Mn""Hpoat]** cannot be further oxidized. This offers an
intriguing proposal that the oxidation may occur not at the Fe'"Hpoat center, but at the
Mn"'(TMTACN) site.

An oxidation process at +0.39 V was observed for [Mn"'(O)Fe"'poat|* (Figure 7.9.B), which

111

was treated with the same oxidant at -94 °C. Again, the § = 1/2 Mn"'Fe"" signal completely

disappeared (Figure 7.12.E), but returned in quantitative amount upon addition of FeCp, (Figure
7.12.F). The lack of a L-mode signal indicates an integer spin system, and the oxidation state of the
Fe site can best be determined by Méssbauer spectroscopy in future experiments. Regardless, these
results support the generation of one-electron oxidized [[TMTACN)Mn—(u-O)—Fepoat]**
(Mn(O)Fepoat]**) species, similar to [Fe''(O)Fe“poat]** and [Fe"'(O)Mn'" poat]*" discussed in the

previous chapters.
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Figure 7.12. 1-mode EPR spectra of the reversible oxidation reactions of [Mn'(O)FeHpoat|?* and
[Mnl(O)Felllpoat]* before (A, D) and after (B, E) the addition of [N(p-CsH4Br)3]PFs, and after (C, F) the subsequent
addition of FeCp(CsH4COMe) and FeCpy, respectively. Asterisks (*) indicate residual organic oxidants. Spectra were
collected at 77 K. Spectra (A-C) were prepared in CH2Clz at 5 mM concentration; spectra (D-F) were prepared in PrCN
at 5 mM concentration.
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Conclusion & Outlook

In the pursuit of a Mn'""Fe'" species, the development of a series of [MnFepoat] complexes
was described in this chapter: this is inspired by prior reports of related [Fe"Vpoat]™ and
[Mn"™"TMTACN] systems.""""* [Mn"(OH)Fe"'poat]*, [Mn"'(O)Fe"'Hpoat]**, and [Mn"'(O)Fe"'poat]”
were structurally characterized, and their redox properties were probed in detail. At least four
oxidations states can be accessed electrochemically in this framework. EPR experiments support the
reversible oxidations to [Mn(O)FeHpoat]>* and [Mn(O)Fepoat]*" species at the (IV,III) level,
although Méssbauer experiments are necessary to confirm the Fe (and therefore Mn) oxidation
states. In particular, the [Mn(O)FeHpoat]’" species is of great interest: it would be intriguing to
explore whether the [Hpoat]* or [TMTACN] is more suited to support the Mn"" or Fe' center in

[Mn(O)FeHpoat]*, and whether their roles change upon deprotonation to [poat]” (Scheme 7.4).
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Scheme 7.4. Oxidation of [Mn™(O)Fe™MHpoat]*" (A) and [Mn"(O)Fe™poat]* (B) may result in different valence
tautomers: the oxidized metal is highlighted in blue. Further magnetic measurements can determine the Fe (and
therefore Mn) oxidation states.

In spite of my greatest effort, the elusive Mn'"Fe' species has not been spectroscopically
detected. Further irreversible oxidations to higher valent species at E,, = +1.14 to 1.18 V suggest it

may be challenging, if not impossible, to trap and spectroscopically study these highly reactive
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species in the [TMTACN/poat] system, so further modifications are likely needed to stabilize a
Mn"—(u-O)—Fe" core. While the ttianionic [poat]” ligand provides a strong ligand field to stabilize
high-valent metal centers, the neutral amino donors in TMTACN are weaker donors; substitution of
this capping group with more strongly donating ligands can increase the stabilization of a higher
valent core. Two examples of tridentate ligands are shown in Figure 7.13. [H21]* was previously
employed by the Borovik group, and provides a dianionic ligand field as well as H-bond donating
ureate groups (Figure 7.13.A); a u-oxido diferric complex was synthesized, in which the bridging
ligand is stabilized by H-bond interactions.”* Alternatively, the ligand BnDPA" was recently
developed and contains electron-rich pyridine donors (Figure 7.13.B; see experimental for synthetic
details); analogous ligands have been utilized to stabilize high valent diiron (Fe"'Fe' and Fe'VFe')
complexes.”?” The stepwise bimetallic assembly approach developed in this dissertation allows for
incorporation of any desired multidentate capping ligand, and highlights the multi-functional
character of the [poat]” system; a Mn"'—(u-O)—Fe" species is highly achievable within this

framework in the future.

A B

e <

~ N N~ |
OJ\N_ _N’go ~o x> ! I\Ik ~ o~
k/T\) Ph

[H11* BnDPA*

Figure 7.13. Proposed new capping ligands [H21]?~ (A) and BnDPA" (B).

Experimental

General Procedures. Organic syntheses, unless otherwise noted, did not require the use of an inert

atmosphere. All inorganic syntheses and manipulations were performed under an argon atmosphere
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in a Vacuum Atmosphere Co. dry box. Solvents were sparged with argon and purified using a JC
Meyer Co. solvent purification system with columns containing Q-5 and molecular sieves. All
reagents, unless otherwise noted, were purchased from commercial sources and used as received.
Butyronitrile (PrCN) was purified according to a literature procedure.” Potassium hydride (KH) as a
30 % dispersion in mineral oil was filtered with a medium porosity glass frit and washed 5 times
each with pentane and diethyl ether (Et,O). Solid KH was dried under vacuum and stored under an
inert atmosphere. Tetrabutylammonium hexafluorophosphate (TBAP) was recrystallized from hot
EtOH. Hipoat," K[Fe"poat],"” K[Fe"'poat(OH)],'* TMTACN,"** [FeCp.]OTf,” IBX-iPr,”' [N(p-

CsH4Br)3]PFs,> and [N(p-tol)s] OTF" were synthesized according to previous repotts.

Physical Methods. Room temperature UV-vis spectra were collected on a Cary 50 UV-vis
spectrophotometer in a 1 cm quartz cuvette. Solid-state Fourier transform infrared (FTIR) spectra
were collected on a Thermo Scientific Nicolet iS5 FT-IR spectrometer equipped with an iD5 ATR
accessory. Cyclic voltammetry experiments were conducted using a CHI600G electrochemical
analyzer. A 2.0 mm glassy carbon electrode was used as the working electrode at scan velocities
between 0.01 and 0.5 Vs™. A ferrocenium/ferrocene ([FeCp2]*'") standard was used as an internal
reference to monitor the reference electrode (Ag’/Ag). TBAP was used as the supporting electrolyte
at a concentration of 0.1 M. Elemental analyses were performed on a Perkin-Elmer 2400 Series 11
CHNS elemental analyzer. 'H NMR spectra was collected on a Bruker CRYO500 spectrometer (500
MHz). X-band (microwave frequency 9.6 GHz) EPR spectra were collected on a Bruker EMZ

spectrometer equipped with an Oxford ESR-900 liquid helium cryostat and a Bruker bimodal
(ER4116DM) or L-mode (ER4119HS-W1) cavity for the generation of microwave fields parallel and

transverse to the applied magnetic field.
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Synthesis of [Mn" (TMTACN)(OT})z]. Mn"Cl, (0.147 g, 1.17 mmol) was suspended in 20 mL. CH;CN,
and TMTACN (227 z1., 0.201 g, 1.17 mmol) was added in one portion via syringe. The reaction
mixture initially turned to a white cloudy mixture upon stirring, then gradually became a colorless,
homogenous solution. The reaction was allowed to stir overnight, before AgOTf (0.609 g, 2.37
mmol) was added, and AgCl precipitates immediately appeared. After 3 hours of stirring, the
insoluble was removed using a fine porosity glass fritted funnel with a pad of Celite, and all volatiles
were removed 7 vacno. The white residue was triturated with two portions of 20 mL. CH»Cl, and 20
mL Et,O before drying under vacuum for 2 hours (80 — 90 % yield). Elemental analysis calcd.
(found) for [Mn"(TMTACN)(OTf);]: CH>Cls, C1iH21FsMnN3O6S2' CHCly; C, 23.66 (23.25); H, 3.80

(3.65); N, 6.90 (7.25) %.

Synthesis of [(TMTACN)Mn"—(u-OH)~Fe"poat]OTf. This salt was prepared using the method
described for [[TMTACN)Zn"—(u-OH)-Fe"'poat] OTf (Chapter 3)'° with the following
modifications: K[Fe'poat(OH)] (0.0449 g, 0.0525 mmol), NMesOAc (0.0100 g, 0.0751 mmol),
[Mn"(TMTACN)(OTf),] (0.0274 g, 0.0522 mmol). Brown crystals (40 — 50 % yield) suitable for X-
ray diffraction were grown from a concentrated CH>Cl, solution layered with hexane. Elemental
analysis caled. (found) for [[TMTACN)Mn"—(u-OH)—Fe"'poat] OTf-0.5CH-Cl,,
Cs2HeuF3FeMnN;O-P;S-0.5CH,Cly; C, 51.09 (50.74); H, 5.31 (5.34); N, 7.94 (8.24) %. FTIR
(diamond ATR, cm™): 3140 (OH), 3071, 3051, 3006, 2987, 2956, 2899, 2858, 2818, 1590, 1493,
1483, 1464, 1441, 1435, 1364, 1264, 1224, 1147, 1136, 1116, 1087, 1065, 1031, 1016, 987, 961, 934,
890, 860, 809, 752, 721, 697, 636. UV-vis Anux(CH2CL)/nm (e/M'cm™): 325 (sh), 375 (5700), 540
(sh). Ei/2 (CH2Cl, V versus [FeCpa]*/%): -1.59, +0.06. EPR (X-band, //-mode, CHClL:THF, 40 — 79

K): g = 11.3.
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Synthesis of [(TMTACN)Mn"—(u-O)~Fe" Hpoat] (OTf).. [[TMTACN)Mn"—(u-OH)-Fe"poat]OTf
(0.0323 g, 0.0271 mmol) was dissolved in 2 mL anhydrous CH,Cl,, and solid [N(p-tol);]OTf (0.0128
2, 0.0293 mmol) was added in one portion to the brown solution. The solution immediately turned
dark red, then gradually dark brown over a period of 1.5 hours under stirring. All volatiles were then
removed under vacuum. The residues were triturated with 20 mL Et,O, which was then removed by
decanting; the washing process was repeated four times. The residues were redissolved in 10 mLL
CHCI, which was layered under 10 mL hexane to yield dark brownish green crystalline needles (50 —
60 %). The bulk oxidation can also achieved using AgOTf, with the following modifications:
[(TMTACN)Mn"—(u-OH)-Fe"poat] OTf (0.0949 g, 0.0796 mmol), AgOTf (0.0227 g, 0.0883 mmol),
3 mL. CH,CL. Elemental analysis caled. (found) for [([TMTACN)Mn"'—(u-O)—
Fe'"Hpoat](OTf)2:0.5CH.Cl,, CssHeFsFeMnN-O10P5S2:0.5CH.Cl; C, 46.45 (46.33); H, 4.75 (4.68);
N, 7.09 (7.36) %. FTIR (diamond ATR, cm™):. 3224 (NH), 3057, 2900, 2861, 1591, 1484, 1461,
1438, 1363, 1253, 1223, 1119, 1071, 1055, 1028, 1006, 991, 969, 929, 917, 894, 857, 814, 750, 720,
696, 635. EPR (X-band, L-mode, PtCN, 77 K): g = 2.04; . A(”Mn) = 310 MHz. UV-vis

Amax(CH2CL) /nm (/M 'em™): 350 (8500), 405 (sh), 480 (sh), 585 (380). E1/2 (CH.CL, V versus

[FeCps]*"): +0.67.

Synthesis of [(TMTACN)Mn""—(u-O)~Fe"poat]OTf. K[Fe"poat] (0.102 g, 0.122 mmol) and 18-crown-6
(0.065 g, 0.246 mmol) were dissolved in 5 mL anhydrous THF and 1 mL anhydrous DMF. The
yellow solution was transferred to a 50 mL Schlenk flask, which was sealed with a septum and
cooled in a -75 °C cold bath outside the glovebox for at least 15 minutes. A 2 mLL DMF solution of
IBX-iPr (0.0475 g, 0.147 mmol), prepared in the glovebox, was added dropwise into the Schlenk
flask via syringe. The reaction mixture immediately turned red, indicative of the formation of

[Fe"poat(O)], and was allowed to stir for 20 minutes. A 1 mL 1:1 DMF:THF solution of
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[Mn"(TMTACN)(OTf)2] (0.0638 g, 0.122 mmol), prepared in the glovebox, was then added
dropwise into the Schlenk flask via syringe. The reaction mixture turned dark green gradually, and
was allowed to stir for 2 hours. The Schlenk flask was then warmed up to room temperature, and all
volatiles were removed under vacuum. The flask was transferred back in a glovebox, where the
residue was triturated with Et,O, redissolved in CH>Cl, and layered with diethyl ether to yield a
brownish green powder over four days. After the powder was collected and dried, it was redissolved
in CH>Cl,, and was layered with pentane to yield dark green crystals (30 — 40 %). UV-vis (CH.Cl,
solution Ama/nm (emex/M'em™)) 350 (10000), 600 (290). EPR (X-band, L-mode, CH.Cl:THF, 17.4

K): g = 2.04; AC°Mn) = 290 MHz. E1,> (CH:Cl,, V versus [FeCp2]*'%): +0.39.

Low-temperature EPR solution studies. In a typical experiment, a 5 — 6 mM solution of the MnFe
compound was prepared in CH,Cl; at room temperature and kept in a -35 °C freezer of the

glovebox for the duration of the experiment. A 200 L aliquot of stock metal complex was added
via air-tight syringe to an EPR tube, which was then sealed with a rubber septum and precooled to
the desired temperature in a cold bath outside the glovebox. The solution of metal complex was
allowed to equilibrate to the desired temperature for at least 15 min. Stock solutions of other
reagents were prepared at concentrations between 40 and 250 mM in the same solvent and added

via gas-tight syringe. The target final concentration is ~ 5 mM.

Synthesis of BDPA'". Benzylamine (0.7239 g, 6.756 mmol), 2-chloromethyl-4-methoxy-3,5-
dimethylpyridine hydrochloride (2.997 g, 13.40 mmol), Na,COs; (3.629 g, 34.24 mmol),
tetrabutylammonium bromide (0.0050 g, 16 mmol), and 100 mLL. CH3;CN were added to a 250 mL
round bottom flask, which was fitted with a condenser and heated under reflux at 80 °C for two

days. The resultant peach-color solution was cooled to room temperature, and treated with 75 mL 1
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M NaOH (aq) solution. The mixture was concentrated to remove the CH3;CN, and was extracted
with four portions of 100 mI. CH2Cl,. The organic layer was dried over NaxSOys for one hour, which
was subsequently removed 2z filtration. The CH2Cl, solvent was removed in vacuo, producing an
orange oil. After extensive drying, an orange solid was obtained (70 % yield). "H NMR (500 MHz,
CDCl) 6 8.15 (2H, s, PyH), 7.14-7.26 (5H, m, PhH), 3.71 (4H, s, PyCH.), 3.68 (6H, s, OCH3), 3.56

(2H, s, PhCH>), 2.21 (6H, s, CH), 1.92 (6H, s, CH}).

Crystallography.

[(TMTACN)Mn"—(-OH)~Fé"poat]OTf. An orange ctystal of approximate dimensions 0.060 x 0.149
x 0.183 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II
diffractometer system. The APEX2* program package was used to determine the unit-cell
parameters and for data collection (120 sec/frame scan time). The raw frame data was processed
using SAINT” and SADABS™ to yield the reflection data file. Subsequent calculations were catried

out using the SHELXTL” program package. There were no systematic absences nor any diffraction

symmetry other than the Friedel condition. The centrosymmetric triclinic space group P1 was
assigned and later determined to be correct.

The structure was solved by direct methods and refined on F* by full-matrix least-squares
techniques. The analytical scattering factors™ for neutral atoms were used throughout the analysis.
Hydrogen atoms H(1) and H(8) were located from a difference-Fourier map and refined (x,y,z and
Ui with d(O-H) = 0.82A. The remaining hydrogen atoms were included using a riding model.
There were two molecules of the formula-unit present (Z = 4). Several atoms were disordered and
included using multiple components with partial site-occupancy-factors.

Least-squares analysis yielded wR2 = 0.0963 and Goof = 1.007 for 1461 variables refined

against 22477 data (0.80 A), R1 = 0.0448 for those 15845 data with I > 2.0(I).
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[(TMTACN)Mn"—(u-O)—Fé" Hpoat] (OTf).. A green crystal of approximate dimensions 0.216 x 0.226
x 0.327 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX 11
diffractometer system. The APEX2™ program package was used to determine the unit-cell
parameters and for data collection (15 sec/frame scan time). The raw frame data was processed
using SAINT” and SADABS™ to yield the reflection data file. Subsequent calculations were carried
out using the SHELXTL"” program package. The diffraction symmetry was 2/ and the systematic
absences were consistent with the monoclinic space group P2,/¢ that was later determined to be
correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors™ for neutral atoms were used throughout the analysis.
Hydrogen atom H(2) was located from a difference-Fourier map and refined (x,y,z and Uj,). The
remaining hydrogen atoms were included using a riding model. There was a molecule of chloroform
solvent present

Least-squares analysis yielded wR2 = 0.1275 and Goof = 1.033 for 791 variables refined
against 16643 data (0.75 A), R1 = 0.0453 for those 13419 data with I > 2.05(I).

There were several high residuals present in the final difference-Fourier map. It was
probable that additional partially occupied chloroform solvent was present. The SQUEEZE”
routine in the PLATON™ program package was used to account for the electrons in the solvent

accessible voids.

[(TMTACN)Mn"—(u-O)—Fé"poat)OTf. A green crystal of approximate dimensions 0.187 x 0.238 x
0.277 mm was mounted on a glass fiber and transferred to a Bruker SMART APEX II

diffractometer system. The APEX2™ program package was used to determine the unit-cell
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parameters and for data collection (10 sec/frame scan time). The raw frame data was processed
using SAINT” and SADABS™ to yield the reflection data file. Subsequent calculations were carried

out using the SHELXTL"” program package. There wete no systematic absences nor any diffraction

symmetry other than the Friedel condition. The centrosymmetric triclinic space group P1 was
assigned and later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors™ for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. The triflate ion was disordered and included
using multiple components with partial site-occupancy-factors.

Least-squares analysis yielded wR2 = 0.1228 and Goof = 1.041 for 751 variables refined
against 16612 data (0.70 A), R1 = 0.0544 for those 12169 data with I > 2.06(I).

There were several high residuals present in the final difference-Fourier map. It was
probable that diethylether solvent was present. The SQUEEZE” routine in the PLATON*

program package was used to account for the electrons in the solvent accessible voids.
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Table 7.3. Crystallographic data for [Mn"(OH)Fe"'poat]”, [Mn"'(O)Fe"'Hpoat]*', and

Mn" (O)Fe"poat]".
[(TMTACN)Mn"—(u-OH)— [(TMTACN)Mn"—(u-O)— [(TMTACN)Mn—(u-O)—
Fellpoat]OTf Fe"Hpoat](OT1), Fell'poat]OTT
Formula Csz H(,4 F3 FC Mn N7 O7 P3 S C54 H(,s C13 FG FC Mn N7 O]() P3 C52 H63 F3 FC Mn N7 O7 P3
Sz S
fw 1191.86 1460.30 1190.85
T (K 93(2) 133(2) 93(2)
Crystal system Triclinic Monoclinic Triclinic
Space group Pl P2y/¢ I
a (A) 14.9449(7) 16.712(4) 10.6980(8)
b (A) 17.2187(7) 14.873(3) 13.7886(11)
c(d) 21.4822(9) 26.838(6) 20.6110(16)
x (°) 89.3190(7) 90 108.7760(13)
B () 89.9234(8) 91.730(4) 91.1561(14)
v () 82.0562(7) 90 104.1526(14)
Z 4 4 2
V (A3 5474.6(4) 6668(3) 2774.9(4)
Beale (mg/m?) 1.446 1.455 1.425
Independent 22477 16643 16612
reflections
R1 0.0448 0.0453 0.0544
wR2 0.0963 0.1275 0.1228
Goof 1.007 1.033 1.041
WR2 = [E[w(F>F2)?] / Z[w(Fe)] ]V

R1=X%||F,|-|Fc| | / X|Fo]|

Goof =
refined.

S = [E[w(F2-F?)? / (n-p)]'/2 whete n is the number of reflections and p is the total number of parametets

The thermal ellipsoid plots are shown at the 50% probability level.
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Chapter 8
In Pursuit of a Rare $= 2 Col Supported by P=0 Ligands

Introduction

Since its initial design, much is now known about the tripodal [poat]” ligand."” We have
learned that its phosphinic amido N—donors provide a comparably strong ligand field as the ureate
framework ([Hsbuea]™),"” and one that is much stronger than the analogous sulfonamido-based
ligands ([RST]>).”"" As a result, metal ions up to an oxidation state of +4 have so far been accessed
within the trianionic framework.”” The enforced C; symmetry promotes a high-spin electron
configuration,'” which is an important parameter to model for bioinspired synthetic complexes, as
many Fe and Mn sites in proteins are high spin, and electronic structure is often correlated with
reactivity.”"* The phosphinic amido arms can perform three functions: 1) they can serve as H-bond
acceptors to stabilize exogenous X—H, (X = O, N) ligands;**'® 2) they can bind a second metal
ion/adduct;>* 3) the N-position can provide a site for intramolecular proton transfer. During the
studies described in Chapters 5 — 7, it was found that the P=O groups can stabilize M" centers (M
= Fe, Mn); efforts to access M'" in the auxiliary binding site to the P=O groups are ongoing
(Chapter 7). What is less known but equally important is the ligand field strength of the metal center
supported by the P=0O groups. The bimetallic complexes discussed thus far in this dissertation are
not prone to demetallation under ambient conditions, which suggests the P=0 ligands are not easily
displaced. Additional insights into the electronic structure, electrochemical properties, and steric
factors of these phosphinic amido P=0O groups will be valuable in the development and

electronic/structural manipulations of bi- and multi-metallic complexes.

17,18

While phosphinic amido groups are a relatively new class of ligands, "™ other phosphine

oxide and related ligands are studied in the literature, which give us a preliminary impression of these
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P=0 donating groups."”*' Two examples are highlighted here. Kliui developed a unique
organometallic ligand [CpCo™ {P(O)RR’};]" ligand (commonly known as the Kliui ligand and
abbreviated as (Lrxr)7; R, R” = alkyl, aryl, alkoxyl) that can support both sandwich- and piano-stool
type complexes, and has been used extensively in various fields, from catalysis to bioimaging (Figure
8.1.A).”* One unique feature of this ligand is its ability to bind through the P=O groups to metal
ions of different sizes, including Group 1/2/13 metals, 3/4/5d transition metals, and 4/5f rare earth
metals. In addition, a recent report also demonstrated that the Kldui ligand can support technetium
complexes in seven oxidation states.” These results highlight the adaptability of the P=O groups to
support both hard and soft metal centers. A series of [Co™ (Lrr)2]" complexes were investigated for

111

their spin-crossover properties, demonstrating the ability of a six-coordinated Co™ center to access a

111

spin state of 2.°* Neatly all six-coordinated Co™ complexes/clusters are diamagnetic, due to

229 hotable exceptions include [Co™'F o and

significant ligand field stabilization for a d° ion;
[Co™F3(OH,)3].* Kliui therefore labels the P=O-based scaffolds as weak field ligands within the
spectrochemical series, in spite of their strongly donating nature. This is attributed to the strong 7—

donation from the P=0O groups, which display similar characteristics as F~ ions.” Cummins also

utilized a tridentate trimetaphosphate ([P30s]™) ligand to study non-aqueous redox-flow batteries,

A — “In-2 B o 4-13-

' R o4 _-0
i P
A s
R'—p—R
f 1 \ /o
(o] (o]
\Mn*/ \COIIIIII
/ \ / o
i i e\
R—P—_ /P"R' l P\\\
/ colll o
Gy ° \R o/”‘//P\o/
2 °
M™(Lg r)o]"2 [Co(P30g),]*+#~

M"™ = Main group metals
Transition metals
Rare earth metals

Figure 8.1. (A) A generic Kldui metal complex, in which M* is supported by the two equivalents of the ligand
[Lrr]~ = [CpCo™{P(O)RR”}3]- R, R’ = alkyl, aryl, alkoxyl). (B) [Co'/(P309)2]*/3~ complexes developed by
Cummins.
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and discovered the [Co™(P3Ov)2]* species (Figure 8.1.B) exhibits similar spin-crossover behavior as
the Co complexes with the Kliui ligand,” supporting the notion that these strongly 7—donating P=O

ligands are “weak and hard”.?

In this chapter, I sought to test this premise by binding a Co ion/adduct to the P=0O groups
in [M"poat(O(H))] complexes. An unexpected § = 2 Co™ center was detected, and the electronic
and structural factors behind the preference of the unusual spin state is systematically probed using
electronic absorption, magnetic, and vibrational spectroscopies, and structural characterization

methods.

Results & Discussion

Initial discovery of an S = 2 Co™. In a similar preparative route for [[TMTACN)TM"—(z-O)-Fe' poat]*
(TM = Zn, Cu, Ni) as described in Chapter 4, treatment of [Fe" poat(O)]” with equimolar
Co"(OAC)2'4H,0 (Scheme 8.1) showed growth of new absorbance features at Anx = 325, 365 (sh),
445 (sh), 625, and ~ 1100 nm (Figure 8.2.A, black). The near—IR feature at Amox ~1100 nm was new
and is uncommonly low in energy for a non-heme Fe'V—oxido system.” Perpendicular(l)—mode X-
band EPR spectroscopy revealed a new anisotropic g ~ 2 signal at 3.6 K (Figure 8.2.B), with a
partially-resolved 8-line hyperfine pattern due to the *’Co nucleus (I = 7/2); minor high-spin ferric
impurities were also observed. S-band EPR spectroscopy was performed in collaboration with Prof.

Michael Hendrich’s group (Carnegie Mellon University) on the putative [FeCo] species at 30 K,

—1-
Ph_ S
pth\ ﬁ Qv Ph
0 P~pPh Co'(OAc),#4H,0
Ph\F:’ (N*Fe'V—N 227 o [CO"I—(/J-O)—FE“I]
Ph” \N< |\) DMF:THF, - 80 °C, Ar
—N

[Fe'Vpoat(0)]~
Scheme 8.1. Binding of Co'! ion to [FeVpoat(O)]- produces [Co—(u-O)—Fell].
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where a higher resolution spectrum was obtained that showed an 8-line hyperfine pattern centered
around g = 1.98 (A = 240 MHz, Figure 8.2.C). Both X- and S-band EPR results suggest this species

has an § = 1/2 spin ground state, and that only one Co nucleus is involved.
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Figure 8.2. (A) UV-vis spectral changes before (grey) and after (black) the addition of Co"(OAc)24H20 to
[FeVpoat(O)]-. Inset: low energy region. (B) L—-mode X-band EPR spectrum (collected at 3.6 K) of [Co—(u-O)—
Fe!l]. Inset: high field region. Asterisk (*) indicates minor ferric impurity. (C) L—mode S-band EPR spectrum
(collected at 30 K) of [CoM'—(u-O)—Fe!]. (D) M&ssbauer spectrum (collected at 4.2 K) of [Co''—(u-O)—Fe!|
(black). Simulation of the Mdssbauer spectrum is in red.

A four-line Méssbauer spectrum was observed at 4.2 K (Figure 8.2.D, black); simulation of
the spectrum yielded isomer shift (§) of 0.26 mm s™' and quadrupole splitting (AEq) of 0.10 mm s
(red). It should be noted the spectrum contains at least one other unidentified minority species (<

35 %). Variable temperature and field Mssbauer measurements determined the *"Fe A tensor to be
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[-17.6,—-17.6, —17.6] T: the isotropic A tensor is indicative of an Fe center with a highly symmetric

electronic structure, i.e. all five d—orbitals are half-filled, which is consistent with a high-spin Fe"

111

center (5§ = 5/2). The large ¢ is also consistent with the iron being reduced to Fe'", and therefore the

cobalt center would be oxidized to the 3+ level. Since the [FeCo] species generated was an § = 1/2

111 111

system, it is reasoned the § = 5/2 Fe'' center is antiferromagnetically coupled to a high-spin Co

center (§ = 2), a rare spin configuration; some examples include the aforementioned [Co™Fg]* and

26, 111

Kliui Co complexes.”*>* In addition, Rittle has recently reported a high-spin mononuclear Co
complex supported by a P=N based ligand, albeit in a different geometry.” Therefore, it is
conceivable the Co ion can adopt a high-spin configuration upon binding to this system at the +3
oxidation level. One—electron reduction of a high valent metal-oxido moiety upon binding of a
Lewis acidic metal ion has been reported, so the reduction of the Fe" center and the oxidation to

Co™" were not surprising.”*”” These experimental results suggest the species formed to be an [Co™'—

(u-O)—Fe"] system.

Preparation and Properties of [(TMTACN)Co"—(u—~OH)—Fe"poat]OTf While the generation of [Co™—(u—
O)-Fe"] species provided intriguing results, efforts turned towards installing Co" adducts
containing a capping ligand to ensure the assembly of discrete heterobimetallic complexes.
[(TMTACN)Co"—(u-OH)-Fe"'poat] OTf (denoted [Co"(OH)Fe"'poat]OTf) was prepared (Scheme
8.2) using the method described for [[TMTACN)Ni"—(u-OH)—Fe'"'poat]OTf (Chapter 3).° As in the
case with Ni', attempts to synthesize and isolate [Co"(TMTACN)(OTf),] in high purity have been
unsuccessful, which led to this salt being generated 7z situ by mixing equimolar of
Co"(OT£)222CH5CN and TMTACN in CH,CL. After multiple rounds of recrystallization in mixtures
of CH,Cl/Et;0O and CHCly/hexane, the [Co"(OH)Fe"'poat]OTf salt can be obtained as orange

crystals suitable for single crystal X—ray diffraction and other analytical methods. The complex

233



4
1) NMe ,OAc N:/\

2) Co"(OTf)2-2CH3CN, ph\ //o /
TMTACN P " Ho ©O. Ph
K[Fe"'poat(OH)] > Pk N
CH2C|2, I't, Ar Ph\ P N‘FeIII_N' Ph

— KOAc, NMe,OTTf,

P. ¢
Ph” N/
2 CH,CN \—rll\)
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Scheme 8.2. Preparative route to [Co((OH)Fe'poat]*.

exhibits optical features at Ama (5, M~ ecm™) = 315 (sh), 372 (5300), and 460 nm (sh), which are
similar to other [M"(OH)Fe"'poat]* complexes described in Chapters 3, 5, and 7 (Figure 8.3.A).° The
1-mode EPR spectrum for this complex is silent, which suggests an integer-spin system (Figure
8.3.B). Indeed, a two-line *’Fe Méssbauer spectrum was observed with isomer shift (6)/quadrupole
splitting (AEq) values of 0.34/0.73 mm s™', which are consistent with an § = 5/2 Fe'" that is part of
an integer-spin system (Figure 8.3.C). This complex most likely has a ground state of § = 1, which
contains an § = 5/2 Fe"" center antiferromagnetically coupled to § = 3/2 Co"; further variable

field/ temperature magnetic measurements are required to confirm this assignment. Finally, the
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Figure 8.3. (A) Electronic absorbance spectrum for [Co'(OH)Fe!l'poat]* (0.10 mM CH>Cl; solution at room
temperature). (B) L—mode X-band EPR spectrum (collected at 77 K) of [Co''(OH)Fe'poat]*. (C) Mossbauer
spectrum (black, collected at 4.2 K) of [Co''(OH)Fe'poat]|*. Simulation of the Méssbauer spectrum is in red.
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vibrational spectrum of this complex revealed a weak feature at 3138 cm™ that is assigned to the
»(O—H) band (Figure 8.4, black).
A B

TN N NN NN wla s by v by v s bvwa s
3600 3400 3200 3000 2800 2600 1600 1400 1200 1000 800
Wavenumber (cm'1) Wavenumber (cm'1)

Figure 8.4. FTIR spectra for [Co(OH)Fepoat|* (black) and [Co™(OH)Fepoat]?* (blue). The high (A) and
low (B) energy regions are shown separately for clarity. Asterisk (*) indicates »(O—H).

The molecular structure of [Co"(OH)Fe"poat]” was determined by X-ray diffraction (XRD),

111 111

which reveals a bimetallic core containing a 5-coordinated Fe™ and a 6-coordinated Co™ centers,
bridged by a hydroxido ligand forming an intramolecular H-bond to a phosphinic amido arm
(Figure 8.5.A, Table 8.1). The overall structure is comparable with those for the other first-row TM
analogs (Chapters 3, 5, 7).° The metrical parameters of the Co center are highlighted in the following
sections since the emphasis of this chapter is on its redox properties and ligand field modulation.
The Co1-O1 bond distance is 1.993(2) A, while the other Co1-O/N bond lengths range between
2.100(2) — 2.200(3) A. Col is displaced by 1.437 A from the plane that contains the three TMTACN

nitrogen atoms, and is 3.414(1) A away from Fel. These parameters are consistent with a M"—(z-

OH)-M" core.
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Figure 8.5. Thermal ellipsoid diagrams depicting the molecular structures of (A) [Col(OH)Fe'poat]*, (B)
[Co™(OH)Fepoat]?* (preliminary), (C) [Co"(OH)Gapoat]*, and (D) [Co™(OH)Ga'poat|?* determined by X-ray
diffraction. Ellipsoids are shown at the 50% probability level, and only the hydroxido H atoms are shown for clarity.

The electrochemical properties of [Co" (OH)Fe"'poat]” were investigated using cyclic
voltammetry (Figure 8.6.A). The complex exhibited a reversible one-electron redox event at —1.65 V,
which is assigned to the Co"Fe'"'/Co"Fe" process. An additional anodic process at +0.68 V and
cathodic process at —0.36 V were also observed; further measurements revealed the reduction at
—0.36 V is not present without accessing the oxidation at +0.68 V, and they are thus assigned to the
Co"Fe''/Co"Fe™ couple. The difference in current intensity and the large peak-to-peak separation
(AE = 1.04 V) suggest the redox event is irreversible, and that a large structural change might take
place upon oxidation of [Co"(OH)Fe"'poat]". This is unsurprising, as the oxidation of
[Fe"(OH)Fe"'poat]* (Chapter 5), [Fe' (OH)Mn"'poat]” (Chapter 6), and [Mn"(OH)Fe"'poat]*
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Table 8.1. Selected bond lengths/distances (A) and angles (°) for [Co™"(OH)M"poat]**/*
complexes (M = Fe, Ga).

Complex [Co(OH)Felpoat]*  [CoM(OH)Fellpoat]>t  [Co'(OH)Galllpoat]* [Co™(OH)Galllpoat]|?*
Bond Lengths/Distances (A)
M1-N1 2.236(2) 2.196 2.266(3) 2.208(2)
M1-N2 2.014(2) 1.995 1.965(3) 1.950(2)
M1-N3 2.011(2) 1.988 1.953(3) 1.944(2)
M1-N4 2.011(2) 1.985 1.962(3) 1.937(2)
M1-O1 1.890(2) 1.927 1.881(2) 1.920(2)
O1---02 2.657(3) 2,566 2.638(3) 2.631(3)
Co1-01 1.993(2) 1.883 1.974(2) 1.889(2)
Co1-03 2.100(2) 1.975 2.138(2) 1.954(2)
Col-O4 2.121(2) 1.949 2.127(2) 1.979(2)
Col-N5 2.200(3) 1.974 2.211(3) 1.981(2)
Col-NG6 2.169(2) 1.985 2.145(3) 1.982(2)
Col-N7 2.190(3) 1.983 2.209(3) 1.984(2)
M1---Col 3.414(1) 3.388 3.406(1) 3.387(1)
av M1-Nqq 2.012(2) 1.989 1.960(3) 1.944(2)
av Col— 2.186(3) 1.981 2.188(3) 1.982(2)
Nrwvracn
dM1-Nq] 0.345 0.322 0.310 0.248
d[Col- 1.437 1.206 1.439 1.210
NrmracN]
Angles (%)
O1-M1-N1 175.26(9) 174.99 178.31(11) 175.32(9)
N2-M1-N3 119.24(10) 120.27 112.07(11) 120.85(10)
N3-M1-N4 110.95(10) 108.50 118.59(11) 109.84(11)
N2-M1-N4 121.11(10) 123.42 121.96(11) 124.46(11)
M1-0O1-Col 123.06(11) 125.55 124.09(13) 125.61(11)
03-Co1-0O4 91.82(8) 90.85 89.32(9) 89.75(8)
N5-Co1-N6 81.20(9) 87.21 81.81(10) 87.24(10)
N5-Col-N7 81.06(10) 86.14 80.33(11) 86.15(10)
N6-Col-N7 82.20(10) 86.94 82.01(10) 86.54(10)
Calculated Values
75 0.903 0.860 0.939 0.848

4Ttigonality structural parametet, 75 = (f — a)/60°. § is the largest bond angle observed, and a is the second
largest bond angle observed.

(Chapter 7) at room temperature all undergo significant structural changes and produce the

corresponding [(M*)™(O)(M)""Hpoat]*" species.

Isolation and characterization of [(TMTACN)Co™—(u-OH)~Fé"poat] (OTf),. Oxidation of
[Co"(OH)Fe"poat]* can be achieved using silver triflate (AgOTY, Fi/» = +0.65 V vs [FeCpa] ") or

para-bromo amminium radical ([N(p-CsH.Br)s]PFs, E1/2 = +0.70 V vs [FeCps] ") in CH.Cl, (Scheme
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Figure 8.6. Cyclic voltammograms of (A) [Co'(OH)Fepoat]*, and (B) [Co™(OH)Ga"poat]* collected at 100 mV s~!in
CHCl.

8.3).” The optical spectrum (Figure 8.7.A) for this new species exhibited features at Anux (€, M~ cm™)
= 370 (6600), 490 (sh), and 595 nm (sh). The product using either oxidant yielded identical 1—mode
EPR spectra in CH,Cl, that contains a thombic § = 5/2 signal with features at g = 9.33, 4.84, and
4.01 (Figure 8.7.B). In addition, EPR measurements performed in a glassy solvent (PrCN) exhibited
a very similar § = 5/2 spectrum as the well-characterized [[TMTACN)Zn"—(u-OH)-Fe"'poat]”
(Chapter 3) and [(TMTACN)Mg"—(u-OH)—Fe"'poat]” (Figure 8.7.C), suggesting their molecular
structures are comparable.*”” Additionally, the *’Fe Mossbauer spectrum exhibited a six-line pattern,

which is commonly observed for mononuclear § = 5/2 Fe'" centers (6/AEq = 0.32/-0.20 mm s,
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Scheme 8.3. A series of FeCo bimetallic complexes in different oxidation and protonation states.
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Figure 8.7.D). These EPR and M6ssbauer results raise concerns that the Co center may dissociate
upon oxidation. While an #(O—H) band at 3138 cm™ was observed for [Co" (OH)Fe"'poat]”, two
unidentified vibrational features at 3486 and 3266 cm™ were obsetrved in the FTIR spectrum of the
new compound (Figure 8.4, blue): these features may represent O—H or N—H stretches, but this is

inconsistent with our past observations of M*X—H (X = O, N) vibrations shifting towards lower

energy upon oxidation.”*
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Figure 8.7. (A) Electronic absorbance spectra of [Co™(OH)Fe™poat]?* (0.10 mM CH2Cl; solution at room
temperature). (B) L-mode X-band EPR spectra (collected at 77 K, CH2Cly) of [Co(OH)Fepoat]?*, generated as an
isolated product using AgOTT (top), and 7 sitn by chemical oxidation using [N(p-CsH4Br)3]PFs (bottom). (C) L-mode
X-band EPR spectra (collected at 77 K) of [Co™(OH)FeM'poat]?* (top, PrCN, 29 mM), [Zn'"(OH)Fepoat]* (middle,
1:1 CHxCl:'THF, 5 mM), and [Mg"(OH)FeMpoat]* (bottom, 1:1 CH2Cl:THF, 5 mM). (D) Méssbauer spectrum
(black, collected at 4.2 K) of [Co™(OH)Fe™poat]?*. Simulation of the Méssbauer spectrum is in red.

XRD measurement revealed the molecular structure of [(TMTACN)Co"'—(u-OH)—

Fe'poat]* (denoted [Co™(OH)Fe™poat]**; Figure 8.5.B; Table 8.1), which contained a Co™—(u-

239



OH)-Fe" core!ll The Fe and Co centers retain their 5- and 6-coordinate environments, respectively,
and the bridging hydroxido ligand remains H—bonded to the phosphinic amido group. The O1¢¢*O2
distance contracts by nearly 0.1 A upon oxidation of [Co"(OH)Fe™poat]* to [Co™ (OH)Fe™poat]*,
which is indicative of a stronger intramolecular H-bond. Upon oxidation, all the bonds around the
Co center contract: the Col-O1 bond distance decteases to 1.883 A, while the other Co1-O/N
bond lengths range between 1.949 — 1.985 A. In addition, the bond angles around Col are all
approximately 90° (ranging 86.14 to 95.01 °). The geometry of the Co center is thus best described as
octahedral. Col is displaced by only 1.206 A from the plane that contains the three TMTACN
nitrogen atoms (1.437 A in [Co"(OH)Fe™poat]"), due to the shortened Col—Nryracx distances. The
FelsesCol distance slightly contracts from 3.414 to 3.388 A upon oxidation, which is consistent
with a (M)"'—(z-OH)—(M)™ core.” The molecular structure of [Co™(OH)Fepoat]*" provides the
first crystallographic example of a #—OH bridged bimetallic complex with both metal ions in the +3
oxidation state, supported by the unsymmettic poat/TMTACN framework.

Together, the structural and spectroscopic studies of [Co™(OH)Fe"poat]*" provide greater
insight into the properties of this bimetallic system. Upon oxidation, the previously high-spin Co
center (5 = 3/2 Co") now adopts a low-spin configuration (§ = 0 Co™). This is not unexpected, as

111

most report six-coordinated Co™ centers are diamagnetic due to significant ligand—field stabilization

for a d® ion.”*?" As a result, the Mossbauer spectrum resembles that of a mononuclear § = 5/2 Fe™
species in the absence of spin—exchange coupling between multiple paramagnetic centers. The EPR
spectra for [Co™(OH)Fe"'poat]*, [Zn"(OH)Fe"poat]*, and [Mg"(OH)Fe"'poat]* are neatly
identical, as Co", Zn", and Mg" all serve as closed-shell Lewis acidic metal adducts.*”
Several issues remain in question with this oxidative process. First, the oxidation to

[Co™(OH)Fe"'poat]*" was irreversible by cyclic voltammetry; however, there was little geometric

changes within the bimetallic core between the two redox levels. Similar cyclic voltammograms have
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been observed for Co bimetallic and multimetallic complexes which, like [Co™/"(OH)Fe"'poat]**/*,
did not exhibit significant geometric changes in the oxidation process.*”*' Second, unlike the FeFe,
MnFe, and FeMn analogs, in which the [(M)"'(OH)(M)"'poat]** species rapidly rearrange to

(M) (OY(M) " Hpoat]*" (Chapters 5, 6, 7), [Co™ (OH)Fe"'poat]** is stable indefinitely at room
temperature, and similar proton movement to the phosphinic amido arm has not been observed.

11T ;

Low-spin Co™ is more Lewis acidic than high-spin Fe"'/Mn™

due to a smaller ionic radius (0.545 vs
0.645 A),* so the Co"™—(u-OH)—Fe™ core should be the most Bronsted acidic out of the series of

complexes, and facile intramolecular proton transfer to the ligand is expected. Finally, the § = 0 Co™

111 I

spin state in [Co™(OH)Fe'poat]** is inconsistent with the § = 2 Co™ spin state observed in [Co
(u-O)—Fe""] generated by binding of Co"(OAc)2#4H,O to [Fe" poat(O)]” (Scheme 8.1). While it is
recognized the two species have different bridging moieties (hydroxido versus oxido) which may

cause the divergence in electronic structures, it also suggests the bridging ligand may be an important

factor in modulating the spin state of the Co center.

Deprotonation of [(TMTACN)Co"—(u-OH)—Feé"poat]**. To better model the magnetic properties of
[Co"™—(x-O)—Fe™], [Co™(OH)Fe"'poat]*" was treated with the organic base 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD, Scheme 8.3), and new optical features at Anax (€, M~ cm™) = 330
(9000), 370 (sh), 475 (sh), 795 (1000), and > 1100 nm were observed (Figure 8.8.A); these features
are similar to those found for [Co"'—(#-O)-Fe'"] (Figure 8.2.A). Addition of 2,6-lutidinium triflate
([2,6-HLut]OTY) regenerated most of the features that are attributed to [Co™(OH)Fe"'poat]*” (>

80 %), suggesting this (de)protonation process is mostly reversible (Scheme 8.3, Figure 8.8.B). The
addition of base was also followed by 1—mode X-band EPR spectroscopy, which revealed an
anisotropic g ~ 2 signal with a partially-resolved 8-line hyperfine pattern (I(’Co) = 7/2, Figure 8.8.C)

in quantitative yield, similar to that for [Co"'—(#-O)—Fe'"] (Figure 8.2.B). The § = 1/2 spin state can
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arise from antiferromagnetic coupling between an § = 5/2 Fe'" and § = 2 Co™ centers. S-band EPR

measurements were also performed on this species, and accurate g- and A(*’Co) tensor values were

experimentally verified by simulation of spectra obtained at different microwave frequencies (Figure

8.8.D). Notably, the spin-dipolar component (A*") of the A(”Co) tensor was determined to be [55,

38, -92] MHz, which is at an approximately (+1:+1:-2) ratio. While hyperfine constants have not

been reported for

COHI

complexes (due to their tendency to be diamagnetic), A" is a common

spectroscopic handle to determine the spin states of Fe complexes;”™* in particular, an .4°°(*'Fe)
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Figure 8.8. (A) Electronic absorbance spectra for the deprotonation to [Co!(O)Fe!'poat|*, before (grey) and after
(black) the addition of TBD (0.10 mM CH,Cl, solution at room temperature). (B) Electronic absorbance spectra for
the reversible deprotonation of [Co™(OH)Fepoat]?*, before (grey), and after the addition of TBD (black), then the
addition of [2,6-HLut]OTf (blue, 0.10 mM CHCl; solution at room temperature). (C) L—mode X-band and (D) S-
band EPR spectra (black, collected at 17.4 and 20 K, respectively; CH2Clo) of [Co™(O)Fel'poat|* after the addition of

TBD. Simulated spe

ctra are in red.
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with a ratio of (+1:+1:-2) is indicative of an § = 2 spin state. For instance, the § = 2 [Fe'¥poat(O)]
species exhibits an A (*'Fe) of [+4, +4, —8] T.” It is therefore reasoned this new species contains an
S =2 Co™ center, and is formulated as [[TMTACN)Co"'—(z-O)-Fe"'poat]” (denoted
[Co™(O)Fe"'poat|"). Efforts to characterize this complex by XRD and Mssbauer spectroscopy are
ongoing.

The mechanism behind the spin state change at the Co center between
[Co™(OH)Fe'poat]* (Sco = 0) and [Co™(O)Fe™poat]” (Sc, = 2) is still under investigation. The
bridging ligand clearly has a dominant effect on the electronic properties of the Co center: an oxido

46-47

ligand provides a stronger field than a hydroxido ligand in the spectrochemical series,”™' yet the

Co™" center supported by a bridging oxido ligand adopts a high-spin configuration. It is worth noting

111

the P=O ligands in [poat]* can support a high-spin Co", similar to Kliui’s, Cummins’, and Rittle’s
complexes discussed above.”*”"> However, additional structural and vibrational characterizations
of the three Fe"'Co" complexes are necessary to elucidate the factors behind the spin state change.
If the bridging ligand and the spin exchange are crucial in modulating the Co ligand field, this

111

premise can be tested by systematically replacing the paramagnetic Fe™ center with a diamagnetic

metal ion of similar charge, Lewis acidity, and ionic radius, thus removing the spin coupling

111

interaction.” The most suitable candidate is Ga"', which was coordinated by the [poat]’ framework

in Chapter 2 to understand the electrochemical properties of [Fe"'poat(OH)]".

Preparation and Properties of [(TMTACN)Co"—(u-OH)~Ga"poat]OTf. The Ga"'Co" analog,
[(TMTACN)Co"—(u-OH)—Ga"'poat) OTf (denoted [Co"(OH)Ga"'poat]OTH), was prepared using a
similar method desctibed for [Co"(OH)Fe"'poat]OTf (Scheme 8.4). After multiple rounds of
recrystallization in mixtures of CH>Cl,/E;O and CH,Clo/hexane, the [Co"(OH)Ga"'poat] OTf salt

can be obtained as pale pink crystals suitable for single crystal X—ray diffraction and other analytical
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Scheme 8.4. Preparative routes of [Col(OH)GaMpoat]* and [Co™(OH)Ga"poat]|?*.

methods. The complex exhibits optical features at Anax (e, M~ cm™) = 478 (15), 485 (15), 555 (sh),
~1050 nm (Figure 8.9.A); the low extinction coefficients are consistent with spin- and Laporte-
forbidden d—d transitions for a Co" ion.”"*”' 1-mode X-band EPR spectrum of this complex
exhibited features indicative of an § = 3/2 system, with g—values of 7.28 (A(”’Co) = 883 MHz), 2.67,
and 1.91 (Figure 8.9.B). The eight-line hyperfine pattern of the low field feature supports a single
Co" nucleus (Figure 8.9.C); it is worth noting the hyperfine value is unusually large for a high-spin
Co" complexes.” The vibrational spectrum of this complex revealed a feature at 3207 cm™ that is
assigned to the »(O—H) band (Figure 8.10, black). The feature is sharper and at a higher energy than
that for [Co"(OH)Fe"'poat]” (Figure 8.4.A), indicating a weaker intramolecular H-bond. Finally, the
molecular structure of [Co"(OH)Ga'"'poat]” was determined by XRD (Figure 8.5.C, Table 8.1), and

the metrical parameters around the Co center are neatly identical to those of [Co"(OH)Fe'poat]".
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Figure 8.9. (A) Electronic absorbance spectrum for [Co"(OH)Gapoat|* (12.3 mM CHCl; solution at room
temperature). (B) L-mode X-band EPR spectrum (collected at 5 K, 5 mM, CH:Cl,) of [Co[(OH)Ga"poat]*. (C)
The low field region zoomed in from panel (B).
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Figure 8.10. FTIR spectra for [Co'(OH)Galpoat]* (black) and [Co™(OH)Ga"'poat]** (blue). The high (A) and low
(B) energy regions are illustrated separately for clarity. Asterisk (*) indicates »(O—H).

The electrochemical properties of [Co" (OH)Ga"'poat]” were investigated using cyclic
voltammetry (Figure 8.6B). The complex exhibited an anodic process at +0.56 V and cathodic
process at —0.30 V; Similar to those found for [Co"(OH)Fe"'poat]”, the reduction at —0.30 V is not
present without accessing the oxidation at +0.56 V, which support the assignment of the
Co"Ga"'/Co"Ga™ process. Despite the electrochemical irreversibility of this process, the structure
of the oxidized analog is expected to be remained largely unaffected and retains a Co—(u-OH)—Ga

core based on studies of the Co—(#-OH)-Fe analogue.

Isolation and preparation of [(TMTACN)Co"—(u-OH)~Ga" poat] (OTf).. Oxidation of
[Co"(OH)Ga"'poat]” can be achieved using AgOTf (Scheme 8.4). The optical spectrum (Figure
8.11.A) for this new species, [[TMTACN)Co"'—(u-OH)-Ga"'poat]*" (denoted
[Co™(OH)Ga"poat]*"), exhibited features at Amw = 415 (sh) and 605 (110). The isolated product
exhibited a silent 1—mode EPR spectrum (Figure 8.11.B). Since the Co™ center is expected to adopt
a low spin configuration upon oxidation (as is the case in [Co™(OH)Fe'poat]*"), the new species

should be diamagnetic. Indeed, the oxidized complex exhibited a diamagnetic 'H-NMR spectrum,
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and neatly all 64 protons in [Co™(OH)Ga"'poat]*" are accounted for (~ 62 H). Finally, the absence
of a »(O—H) band in the solid-state vibrational spectrum suggests a strong intramolecular H-bond
between the bridging hydroxido ligand and the phosphinic amido P=0O group (Figure 8.10, blue);
this is different from what was observed for [Co™(OH)Fe"'poat]**, which exhibits two unidentified
vibrations between 3200 — 3500 cm™ (Figure 8.4.A).
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Figure 8.11. (A) Electronic absorbance spectrum for [Co™(OH)Ga'poat|?* (1.0 mM DMF solution at room
temperature). (B) L-mode X-band EPR spectrum (collected at 77 K) of [Co™(OH)Gal'poat]?*.

The molecular structure of [Co™(OH)Ga"'poat]** reveals a Co—(u-OH)—Ga core similar to
that of [Co™(OH)Fe"'poat]** (Figure 8.5.D, Table 8.1). Upon oxidation, the Col—Opoa/ Nrwracn
bonds contracted by greater than 0.1 A, suggesting a low-spin configuration for the Co center.
Other structural parameters are also neatly identical to those for [Co™ (OH)Fe"'poat]**. Overall,
[Co™(OH)Ga"'poat]** serves as an excellent structural analog for [Co™ (OH)Fe"'poat]*”. Its
diamagnetic nature may allow us to distinguish the effect of spin exchange interactions between
paramagnetic metal centers from the ligand field supported by P=0 ligands.

[Co™(OH)Fe"'poat]* reacts with organic bases such as TBD and NaN(SiMes), but the
identity of the inorganic product is not yet known. Successful generation of [Co™ (O)Ga"'poat]" may

reveal the effects of the bridging oxido versus hydroxido ligand on the ligand field of the Co™ ion in
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the absence of spin-exchange coupling, which in turn can provide insight into the electronic

structures of the Co™(O(H))Fe"' complexes.

Conclusion & Outlook

111

In this chapter, the unexpected finding of a § = 2 Co™" center in the bimetallic species,

[Co"™—(u-O)-Fe™], was discussed. This is an intriguing discovery, since most mono- and

multinuclear Co™

complexes adopt a closed shell configuration. However, the ligand environment
for the Co center in [Co™'—(u-O)-Fe'"] is not well-defined, so the scaffold is redesigned to introduce
a TMTACN capping ligand to complete the coordination sphere for the Co site and produce
discrete bimetallic [[TMTACN)Co™ —(u—O(H))-Fe"poat]™" complexes. While the Co center is
diamagnetic in [Co™(OH)Fe"poat]*, it becomes § = 2 upon deprotonation to [Co™ (O)Fe'poat]”.
Two hypotheses have been proposed for the spin state change: 1) the P=0O ligands, which have been
described as “strongly donating but weak field” in similar synthetic systems, can support high-spin
metal centers; 2) the bridging ligand between the Fe and Co sites may modulate or determine the
spin configuration of the Co center. Additional structural, spectroscopic, and theoretical studies are
necessary to identify the factor(s) that control the spin state of the metal centers. In an attempt to
delineate the effect of spin exchange interactions, the Fe site was replaced by the diamagnetic Ga™
ion, and the complexes [Co"(OH)Ga"'poat]* and [Co™ (OH)Ga"'poat]** were developed.
Experiments to deprotonate the latter are ongoing, with a focus on interrogating the electron
properties of the Co site in the absence of spin-coupled bimetallic system. New information
regarding the electronic structure, electrochemical properties, and steric factors provided by these

phosphinic amido P=0O groups will be invaluable in the future development of bi- and multi-

metallic complexes.
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Experimental

General Procedures. Organic syntheses, unless otherwise noted, did not require the use of an inert
atmosphere. All inorganic syntheses and manipulations were performed under an argon atmosphere
in a Vacuum Atmosphere Co. dry box. Solvents were sparged with argon and purified using a JC
Meyer Co. solvent purification system with columns containing Q-5 and molecular sieves. All
reagents, unless otherwise noted, were purchased from commercial sources and used as received.
Tetrabutylammonium hexafluorophosphate (TBAP) was recrystallized from hot EtOH. The
syntheses of K[Fe"'poat(OH)] and K[Ga"'poat(OH)] were described in Chapter 2.>° Hspoat,’
K[Fe''poat],”” IBX-iPr,”” TMTACN,*” [N(p-CsHiBr)s]PF,”*" and [2,6-HLut]OT® were

synthesized according to literature procedures.

Physical Methods. Room temperature UV-vis spectra were collected on a Cary 50 or 60 UV-vis
spectrophotometer in a 1 cm quartz cuvette; low temperature spectra were collected on an Agilent
UV-vis spectrophotometer equipped with a Unisoku Unispeks cryostat. Solid-state Fourier
transform infrared (FTIR) spectra were collected on a Thermo Scientific Nicolet iS5 FT-IR
spectrometer equipped with an iD5 ATR accessory. Cyclic voltammetry experiments were
conducted using a CHI600G electrochemical analyzer. A 2.0 mm glassy carbon electrode was used
as the working electrode at scan velocities between 0.01 and 0.5 V-s7!. A ferrocenium/ferrocene
([FeCp2] ") standard was used as an internal reference to monitor the reference electrode (Ag*/Ag).
TBAP was used as the supporting electrolyte at a concentration of 0.1 M. Elemental analyses were
performed on a Perkin-Elmer 2400 Series 1T CHNS elemental analyzer. "'H-NMR spectra was
collected on a Bruker CRYO500 spectrometer (500 MHz). X-band (microwave frequencies 9.28,
9.43 and 9.62 GHz) and S-band (3.50 MHz) EPR spectra were collected on a Bruker EMX

spectrometer equipped with an ER041XG microwave bridge, an Oxford Instrument liquid He
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quartz cryostat, and a dual-mode (ER4116DM) or perpendicular-mode (ER4119HS-W1) cavity.
Mossbauer spectra were recorded using a Janis Research Super-Varitemp cryostat. Isomer shifts are
reported relative to Fe metal at 298 K. SpinCount was used to fit the experimental EPR and

Méssbauer data.”’

Generation of [Co™—(u-O)—F¢"]. In a typical UV-vis experiment, a 20 mM stock solution of K[Fe''poat]
(0.0168 g, 0.0200 mmol, 1.0 eq) and 18-crown-6 (0.0106 g, 0.0401 mmol, 2.0 eq) was prepared in 1
mL of DMF:THF (1:1) in a dry box, and 30 zL of the stock solution was added to 3 mLL. DMF:THF
(1:1) in a 1 cm quartz cuvette with a stir bar inside. The cuvette was sealed with a rubber septum and
brought out of the box. The cuvette was then placed in the Agilent UV-vis spectrophotometer
equipped with a cryostat, and was allowed to cool at —60 °C for at least 15 minutes. IBX-iPr (0.20
mg, 0.61 #mol) and Co"(OAc)z'4H:0 (0.15 mg, 0.60 zmol) were added via a gas-tight syringe
sequentially, resulting in a final FeCo complex concentration of 0.20 mM. In a typical EPR
experiment, a 30 mM stock solution of IBX-iPr was prepared in 1:1 DMF:THF mixture in a dry
box. 150 pL of the stock solution (1.5 mg, 4.5 #mol) was added to a quartz EPR tube via a syringe,
which was sealed with a rubber septum. The tube was brought out of the box, and was allowed to
cool in a dry ice/acetone bath at —78 °C for at least 15 minutes. 80 ul. of a solution of K[Fe"poat]
(3.0 mg, 3.6 #mol) and 18-crown-6 (1.9 mg, 7.2 #mol) was added via a gas-tight syringe to generate
[Fe"poat(O)]". Co"(OAc)'4H,0 (0.90 mg, 3.6 xzmol) were added via a gas-tight syringe (40 ul.).
When the reaction was complete, the tube was taken out of the cold bath, wiped clean, and quickly
frozen in liquid nitrogen. The final Fe concentration was 13 mM. In a typical M6ssbauer experiment,
a 72 mM stock solution of IBX-iPr was prepared in 3:1 DMF:THF mixture in a dry box. 167 pL. of
the stock solution (3.9 mg, 0.012 mmol) was added to a Mdssbauer solution sample cup, which was

allowed to cool in a cold well at —70 °C for at least 15 minutes. 167 uL of a pre-chilled mixture of
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K[Fe''poat] (8.4 mg, 0.010 mmol) and 18-crown-6 (5.3 mg, 0.020 mmol) was added via a syringe to
generate [Fe'poat(O)]". Co"(OAc)2'4H,O (2.7 mg, 0.011 mmol) was then added via a syringe (167
pL). After 5 minutes, the Méssbauer solution sample cup was slowly frozen in liquid nitrogen. The
final natural abundance Fe concentration was 20 mM (~ 0.40 mM *'Fe). EPR (X-band, L—mode,
DMF:THF, 3.6 K): g = 1.97 (A(’Co) = 250 MHz). UV-vis hnux(DMF:THF) /nm: 325, 365, 445,

625, > 1100. Méssbauer (DMF:THF, 4.2 K): 6 = 0.26 mm s™', AEq = 0.10 mm s™.

Synthesis of [(TMTACN)Co"—(u-OH)~Fe"poat/OTf. This salt was prepared using the method described
for [[TMTACN)Ni"—(u-OH)-Fe"'poat]OTf (Chapter 3) with the following modifications:*
K[Fe"poat(OH)] (161.0 mg, 0.1882 mmol), NMesOAc (28.0 mg, 0.210 mmol), 3 mL. CH,CL.
Co"(OTf)2:2CH;CN (82.8 mg, 0.189 mmol) and TMTACN (37.0 uL,, 32.7 mg, 0.191 mmol) were
pre-mixed for 1 h before using. Orange crystals (50 — 60 % yield) suitable for X—ray diffraction were
grown from a concentrated CH,CL solution layered with pentane or hexane. Elemental analysis
calcd for [(TMTACN)Co"—(u-OH)-Fe"'poat] OTf-0.5CsHiz, Cs2HuCoF3FeN-O-P3S-0.5CsHiz; C,
53.13; H, 5.73; N, 7.96%, found: C, 53.06; H, 5.46; N, 8.05%. FTIR (diamond ATR, cm™): 3138 (b,
OH), 3072, 3050, 3009, 2960, 2899, 2859, 2819, 1590, 1495, 1483, 1465, 1436, 1363, 1264, 1225,
1165, 1140, 1116, 1085, 1069, 1061, 1032, 1016, 988, 961, 933, 894, 810, 752, 720, 697, 636. UV-vis
Amax(CH2Cl) /nm (e/M'em™): 315 (sh), 372 (5300), 460 (sh). E1/> (CHCls, V versus [FeCpa]*/*): —

1.65; Eyp, 0.68 5 Epe = —0.36. Méssbauer (PrCN, 4.2 K): 6 = 0.34 mm s™, AEq = 0.73 mm s~

Synthesis of [(TMTACN)Co"—(u-OH)~Fe"poat] (OT}).. [Co"(OH)Fe"'poat] OTF (0.0429 g, 0.0359
mmol) and AgOTTf (0.0135 g, 0.0525 mmol) were stirred in 2 mL. CHCl, at room temperature, and
the dark orange solution turned to dark brown over an 1 hour period. The mixture was then filtered

through a fine porosity glass fritted funnel packed with a pad of celite to remove Ag” and excess
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AgOTf. The CH2Cl; solution was layered under pentane to yield dark brown residue (70 — 80 %).
Yellow crystals suitable for X-ray diffraction were grown from Et,O diffusing into a concentrated
CH;CN solution at room temperature. [Co™ (OH)Fe"poat]*" can also be synthesized using [N(p-
C¢H4Br)3]PFs as an oxidant. FTIR (diamond ATR, cm™): 3486, 3266, 3055, 3010, 2957, 2921, 2862,
1590, 1503, 1464, 1437, 1363, 1253, 1223, 1136, 1116, 1069, 1058, 1028, 959, 924, 802, 750, 723,
696. EPR (X-band, 1-mode, PrCN, 77 K): g = 9.83, 9.30, 4.85, 4.01. UV-vis Ana(CH2CL)/nm (e/M~
'em™): 370 (6600), 490 (sh), 595 (sh). Méssbauer (PrCN, 4.2 K): 6 = 0.32 mm s™', AEq = —0.20 mm

s,

Generation of [(TMTACN)Co"—(u-O)—Fe"'poat]". [Co™ (O)Fe"'poat]” can be generated by either
deprotonation of [Co™(OH)Fe"poat]*, or sequential oxidation/deprotonation of
[Co"(OH)Fe"'poat]". In a typical UV-vis experiment, a 10 mM stock solution of
[Co™(OH)Fe"'poat](OTf), was prepared in 1 mL of CH>Cl; in a dry box, and 30 #L. of the stock
solution (0.40 mg, 0.30 #mol) was added to 3 mL. CHxCl, in a 1 cm quartz cuvette with a stir bar
inside. The cuvette was sealed with a rubber septum and brought out of the box. After the
measurement of the initial spectrum, TBD (0.10 mg, 0.75 #mol) was added via a gas-tight syringe
sequentially, resulting in a final FeCo complex concentration of 0.10 mM. In a typical EPR
experiment, a 100 L solution of [N(p-CsH4Br);]PFs (1.3 mg, 2.0 #zmol) was added to
[Co"(OH)Fe"'poat]OTf (2.4 mg, 2.0 zmol, 200 x1.). A 100 xL solution of TBD (0.28 mg, 2.0 zmol)
was then added to the mixture. 200 uL of the reaction mixture was transferred to a quartz EPR tube
via a syringe. The tube was brought out of the box, and quickly frozen in liquid nitrogen. The final
concentration was 5 mM. EPR (X-band, 1-mode, CH>Cl,, 17.4 K): g, = [1.978, 1.905, 1.862]; Aix
= —130 MHz; A**(PCo) = [+55, +38, —=92] MHz). UV-vis Amuw(CH2CL)/nm (e/M'cm™): 330 (9000),
370 (sh), 475 (sh), 695 (1000), > 1100.
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Synthesis of [(TMTACN)Co"—(u-OH)~Ga"poat]OT. This salt was prepared using the method
described for [Co"(OH)Fe'poat]OTf with the following modifications: K[Ga"'poat(OH)] (98.5 mg,
0.106 mmol), NMe;OAc (24.1 mg, 0.181 mmol), 3 mL. CH,CL. Co"(OTf),'2CH;CN (46.5 mg, 0.106
mmol) and TMTACN (21.0 uL, 18.6 mg, 0.108 mmol) were pre-mixed for 1 h before using. Pale
pink crystals (40 — 50% yield) suitable for X—ray diffraction were grown from a concentrated CH2Cl,
solution layered with hexane. Elemental analysis calcd for [[TMTACN)Co"—(u-OH)—
Ga""poat] OTf CH2Cly, Cs2HuCoF3sGaN-O-P5S-CH:Cly; C, 49.17; H, 5.14; N, 7.57%, found: C,
48.85; H, 5.14; N, 7.57%. FTIR (diamond ATR, cm™): 3207 (OH), 3073, 3056, 3010, 2962, 2947,
2900, 2862, 2819, 1590, 1572, 1499, 1483, 1465, 1435, 1364, 1292, 1264, 1225, 1173, 1142, 1117,
1086, 1069, 1061, 1038, 1032, 1017, 980, 957, 940, 925, 895, 823, 801, 780, 753, 747, 720, 699. EPR
(X-band, L-mode, CH,Cl:THF, 5 K): g = 7.28 (A(”Co) = 883 MHz), 2.67, 1.91. UV-vis
Amax(CH2CL) /nm (e/M™'em™): 478 (15), 485 (15), 555 (sh), ~1050. E,, (CHzCl,, V versus [FeCp2]*"):

0.56; Ep = —0.30.

Synthesis of [[TMTACN)Co"—(u-OH)~Ga"poat](OTH.. [Co"(OH)Ga"'poat]OTf (49.0 mg, 0.0405
mmol) and AgOTTt (0.0135 g, 0.0525 mmol) were stirred in 3 mL. CH,Cl, at room temperature, and
the solution turned to turquoise over an 1 hour period. The mixture was then filtered through a fine
porosity glass fritted funnel packed with a pad of celite to remove Ag’ and excess AgOTTf. The
CHCl; solution was layered under pentane to yield a blue residue (75 — 85 %). Sky blue needle-like
crystals suitable for X—ray diffraction were grown from Et,O diffusing into a concentrated CH;CN
solution. Elemental analysis calcd for [[TMTACN)Co"'—(u-OH)-Ga"'poat](OTf1).,
Cs3:HesCoFsGaN-O10P5S,; C, 46.85; H, 4.75; N, 7.22%, found: C, 46.68; H, 4.80; N, 6.88%. FTIR

(diamond ATR, cm™): 3056, 3008, 2962, 2919, 2868, 1590, 1572, 1491, 1483, 1465, 1435, 1355,
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1257, 1224, 1126, 1117, 1063, 1061, 1032, 1007, 980, 930, 906, 885, 819, 805, 750, 725, 699, 666.
UV-vis hnax OMF)/nm (¢/M~'em™): 415 (sh), 605 (110). 'H-NMR (500 MHz, CD,CL,) & 8.20 (1H,
q, 7.3 Hz), 7.72 (4H, m), 7.53-7.64 (17H, m), 7.44 (4H, dt), 7.30 (4H, dt), 7.23 (1H, s), 3.28-3.35 (2H,
m), 3.07-3.20 (7H, m), 3.02 (3H, s), 2.78 (2H, t, 5.6 Hz), 2.49-2.68 (11H, m), 2.36 (3H, m), 2.01 (3H,

Crystallography.

[(TMTACN)Co"—(u-OH)~Fé"poat/OTf. An orange crystal of approximate dimensions 0.224 x 0.319 x
0.355 mm was mounted on a glass fiber and transferred to a Bruker SMART APEX II
diffractometer system. The APEX2® program package was used to determine the unit-cell
parameters and for data collection (10 sec/frame scan time). The raw frame data was processed
using SAINT®' and SADABS® to yield the reflection data file. Subsequent calculations were carried
out using the SHELXTL® program package. The diffraction symmetry was 2/ and the systematic
absences were consistent with the monoclinic space group Pz that was later determined to be
correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
Hydrogen atoms were either located from a difference-Fourier map and refined (x,y,z and Uj,) or
were included using a riding model. Disordered atoms were included using multiple components
with partial site-occupancy-factors. There was one molecule of dichloromethane solvent present.

Least-squares analysis yielded wR2 = 0.0812 and Goof = 1.039 for 773 variables refined
against 18258 data (0.68 A), R1 = 0.0348 for those 16395 data with I > 2.05(I). The structure was

refined as an inversion twin and the Flack® parameter was 0.012(9).
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[(TMTACN)Co"(u-OH)~Ga"poat]OTF. A colorless crystal of approximate dimensions 0.196 x 0.253
x 0.308 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX 11
diffractometer system. The APEX2” program package was used to determine the unit-cell
parameters and for data collection (30 sec/frame scan time). The raw frame data was processed
using SAINT®' and SADABS® to yield the reflection data file. Subsequent calculations were catried
out using the SHELXTL® program package. The diffraction symmetry was 2/ and the systematic
absences were consistent with the monoclinic space group Pr that was later determined to be
correct.

The structure was solved by direct methods and refined on F* by full-matrix least-squates
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
Hydrogen atoms were either located from a difference-Fourier map and refined (x,y,z and Uj,) or
were included using a riding model. There was one molecule of dichloromethane solvent present.

Least-squares analysis yielded wR2 = 0.0787 and Goof = 1.042 for 711 variables refined
against 17436 data (0.70 A), R1 = 0.0365 for those 15533 data with I > 2.05(I). The structure was

refined as an inversion twin and the Flack® parameter was 0.013(7).

[(TMTACN)Co"—(u-OH)~Gda" poat] (OT#).. A blue crystal of approximate dimensions 0.111 x 0.255 x
0.340 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer
system. The APEX2% program package was used to determine the unit-cell parameters and for data
collection (30 sec/frame scan time). The raw frame data was processed using SAINT®' and
SADABS® to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL® program package. The diffraction symmetry was 2/ and the systematic absences were

consistent with the monoclinic space group P2;/¢ that was later determined to be correct.
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The structure was solved by direct methods and refined on F* by full-matrix least-squates
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
Hydrogen atom H(1) was located from a difference-Fourier map and refined (x,y,z and Ui,) with
d(O-H) = 0.85A. The remaining hydrogen atoms were included using a riding model. There was one
molecule of acetonitrile solvent present. Several atoms were disordered and included using multiple
components with partial site-occupancy-factors. Displacement constraints were employed for
several disordered atoms.

Least-squares analysis yielded wR2 = 0.1199 and Goof = 1.031 for 845 variables refined

against 13445 data (0.78 A), R1 = 0.0472 for those 11002 data with I > 2.06(L).

Table 8.2. Crystallographic data for [(TMTACN)Co!"—(u-OH)-M"poat]OTf and [(TMTACN)CoM'—(u-OH)—
Mpoat] (OTE), complexes (M = Fe, Ga).

[(TMTACN)Col'—(u-OH)—

[(TMTACN)Col'—(u-OH)—

[(TMTACN)Col'—(u-OH)—

Felllpoat]OTf Gall'lpoat]OTE Ga'llpoat](OT1),
Formula C53 H(,(, C12 Co F3 Fe N7 Oy P3 C53 H(,c, Clz Co F3 Ga N7 O7 P3 C55 H(,7 Co F(, Ga Ng 010 P3

S S Sz
fw 1280.77 1294.64 1399.84
T (K 93(2) 93(2) 93(2)
Crystal system Monoclinic Monoclinic Monoclinic
Space group Pn Pn P2y/c
a (A 14.7789(0) 13.8892(13) 14.4009(9)
b (A) 13.9994(0) 14.0495(13) 15.6474(10)
cd) 15.2992(0) 15.5346(14) 27.5964(17)
o (%) 90 90 90
B 109.6160(06) 107.8962(15) 101.4479(11)
v (©) 90 90 90
Z 2 2 4
V (A3) 2981.6(2) 2884.7(5) 6094.8(7)
Beale (mg/m?) 1.427 1.490 1.526
Independent 18258 17436 13445
reflections
R1 0.0348 0.0365 0.0472
wR2 0.0812 0.0787 0.1199
Goof 1.039 1.042 1.031

WR2 = [S[w(E2-F 27 / Sfw(EA? ]2
R1=2[|Fo|-|Fe| | / X|Fo|
Goof = S = [Z[w(F.>-F?)? / (n-p)]'/? where n is the number of reflections and p is the total number of parametets

refined.

The thermal ellipsoid plot is shown at the 50% probability level.
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Appendix A
Development of New Hybrid Ligands to Stabilize M—O: Species

Introduction
Dioxygen binding and activation are essential in many biological processes.'” For example,
the respiratory protein myoglobin contains a heme cofactor that reversibly binds dioxygen, in which

"_superoxido species is produced (Figure A.1).” However, the binding mode of the O,

a formally Fe
moiety to the metal center in these enzymes is still not fully elucidated.*> Understanding the
relationship between structure and function in M—O; species can help modulate their reactivity
towards dioxygen storage and transport, or activation of inert chemical bonds.*’

While the reactivity of metallocofactors is largely governed by the ligands immediately bound
to the metal ion (primary coordination sphere), there are effects from the secondary coordination
sphere via hydrogen bonds (H-bonds).® This effect is illustrated with myoglobin in which H-bonds

between the distal His64 and the O-atoms of the coordinated O; have a stabilization effect on this

crucial adduct (Figure A.1).

Figure A.1. The active site of oxymyoglobin, illustrating the H-bonding network in the microenvironment (PDB:
1A6M). Black dotted lines indicate H-bonds.
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The Borovik Group is interested in designing ligand frameworks that incorporate
intramolecular H-bonds to stabilize and study reactive metal species. Previously, a hybrid tripodal
ligand — bis|(IN-zer#-butylureayl)-N-ethyl|-(6-pivalamido-2-pyridylmethyl)amine (Hsbupa) — was

11

developed. Upon addition of dioxygen to the [Mn"H,bupa]~ complex, a Mn""-peroxido species was
observed (Scheme A.1).”'" Although this species was generated and spectroscopically characterized,

it proved to be too reactive to isolate. The molecular structure could not be determined through

crystallographic methods, and the binding mode of the O, moiety was not fully elucidated.

tBu Kl_ tBu ‘Bu _l -
‘ =0 . A . =0
Bu_ HN 1) 3KH Bu <') N 1) 1/2 DPH Bu_ 0\-/0 HN
NH 2) Mn"(OAc NH 2)0 NH
1 OO 2 MnOA), LN A% Ly N
o — DMA, Ar, rt o 7 | — DMA, rt o 7 | __
NH -3 Hy, -2 KOAc N N
\/N 2> \/N -1/2 PhN=NPh \/N
Hsbupa K[Mn"H,bupa] [Mn'"H;bupa(0,)]-

Scheme A.1. The formation of a Mn'-peroxido species in the [Mn'"Hsbupa(O5)]-.

This appendix describes the development of two new precursor hybrid ligand frameworks,
Haypub and Hspapa (Scheme A.2). These two ligands were designed to prepare various M—O,
adducts. Incorporation of two neutral equatorial donors is proposed to decrease the ability of the
metal complex to fully activate the O—O bond upon treatment with O, or related reagents. In
addition, stabilization is achieved by incorporating structural features (e.g. H-bonds) that aid in
stabilizing these adducts so that their properties could be determined. Dioxygen reactivity and

oxidation studies of an Fe'' complex supported by the [Hpub] is discussed.

I
A B
‘Bu !
‘Bu HN/ \ ‘Bu o
J\ =0 : 41\ ‘b—ph
o (e N
NH HN NH HN” “ph
N ! N
| \ N\) : | \ N\)
Z ! V
Hspub : Hipapa

Scheme A.2. Structures of Hypub (A) and Hspapa (B).
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Results & Discussion

Ligand Synthesis. The syntheses of Hypub and Hspapa were performed in six steps, diverging in the
last step to install the desired urea or phosphinamide arm, respectively (Schemes A.3 and A.4).
Ethylenediamine was protected with a fer+-butyloxycarbonyl group to produce 1 (88 % yield).
Treating pivaloylchloride with 2-amino-6-methyl-chloride yielded 2 (74 %), which was subsequently
brominated with N-bromosuccinimide to afford 3 after purification (37 %). One equivalent of 1 and
two equivalents of 3 were coupled via nucleophilic substitution to produce 4 (65 % yield). 4 was

then deprotected to afford the free amine 5 (94 %).

o (o]
t t,
» S T
2 \/\NH2 > 2 \/\N o/
DCM, rt, 33 h H
1 (88 %)

P ~ NEt Y0 NBS, AIBN (cat o =
D G 3 S ABNeat) L e
Bu® Cl H,N" N vl CCl,, 77°C,24 h H N

DCM, 0 °C =-rt, 24 h tBu

2 (74 %) 3 (37 %)

1

0,
NEt;, Nal (cat.) THF, 66 °C,
48 h
N 1:1 TFA/DCM )cl)\ ] JOL '
. Bu
- N B S N\/\ 7
(‘Bu)j\u N“>Y, > NH,  DCM,0°C>rt, 1.5h (‘Bu R A no°

5 (94 %) 4 (65 %)
Scheme A.3. Initial five synthetic steps for precursors of Hspub and Hspapa.

5 was reacted with zer-butylisocyanate to afford Hypub (71 %). Separately, 5 was treated with

diphenylphosphinic chloride to produce Hipapa (84 %).

262



o
OCN'Bu _ (
THF:Et,0,0°C >rt,24h  \Bu” N
o
I
c1— \—Ph, NEt, o)

Ph
DCM, 0 °C —>rt, 24 h (tB“ N

| t
N Bu
N \/\NJI\N/
2 H H
H4pub
71 %
Z | a
N No~n—FR—Ph
2 H ph
Hipapa
84 %

Scheme A.4. Divergent synthesis of Hspub and Hspapa.

Complex Synthesis. Both new ligands were used to synthesize metal complexes, but obtaining

molecular structures of complexes in the Hspapa precursor framework proved challenging, so the

remaining of this appendix addresses coordination chemistry using Hspub. Hspub was treated with
g pp ry g 4p p

three equivalents of KH followed by Fe"(OAc): to produce K[Fe"Hpub] in 86 % yield (Scheme

A.5). Alternatively, Hipub was treated with three equivalents of NaH followed by Fe(OAc), and

NMe,OAc to produce NMes[Fe"Hpub] in 70 % yield. The carboxyamide N—H proton is more

acidic than the urea protons, so three equivalents of base are required to ensure deprotonation of the

urea. This has previously been observed in metal complexes in [Hzbupa]® and related ligand

frameworks.”"! Recrystallization of NMe4[Fe"Hpub] provided single ctystals suitable for X-ray

diffraction, and its molecular structure is depicted in Figure A.2.

K[Fe""Hpub]
86 %

‘B
u
Bu /

04,\ H:)'=°

NH H

1) 3 KH
2) Fe'(OAc),

DMA, Ny, rt

\

i —
-3 Hy, -2 KOAc | NN \)
V

Hypub

1) 3 NaH NMe, [ g, By

2) Fe'(OAc), /)\0 HN/

3) NMe,OAc N | =0
Fe''—N

DMA, Ny, rt Sl

-3 Hz, -3 NaOAc | 7 N \)

NMe,[Fe'"Hpub]
70 %

Scheme A.5. Preparation of K[Fe!'Hpub] and NMey[Fe'Hpub].

Molecular Structure. The complex [Fe"Hpub]™ possesses a distorted trigonal bipyramidal geometry (ts

= 0.65). The Fe" center has an N;O primary coordination sphere with both carboxyamidepyridyl

arms being deprotonated; however, only one arm coordinates to the Fe center with an Fel-O1
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bond length of 1.965 A (the resolution is for connectivity purposes only; e.s.d’s were not obtained).
Moreover, the bond lengths observed in the carboxyamidato group containing O1 suggest N5—C7 is
a double bond and O1-C7 is a single bond, leading to the formally anionic O1 coordination to the
Fe' center. The trigonal bipyramidal geometry of the Fe" complex is significant: the Fe' center is

coordinatively unsaturated, allowing for the possibility of binding an exogenous species.

Bond Lengths/Distances A)

o J Fel-N1 2.269
@ Fel-N2 2.167
é Fel-N3 2115
Fel-N4 2.029
Fel—-O1 1.965

N5-C7 1.284

01-C7 1.295

NG6-C8 1.335

02-C8 1.260

O1-N7 3.256

Bond Angle (°)
O1-Fel-N1 157.48

s 0.65

Figure A.2. The molecular structure of NMey[Fe"Hpub]. Hydrogen atoms and non-interacting counter ions were
removed for clarity. Bond lengths, distances, and bond angle of interest are included in the corresponding chart. 15 = (8
—)/60°, where = the largest bond angle of a coordination center, and o = the second largest bond angle of a
coordination center. *The resolution is for connectivity purposes only, and e.s.d.’s are not obtained.

Redox Properties. A reversible one-electron redox event was observed for the complex at Ei/, = —990
mV versus [Fe"""Cp,]*/" at room temperature in DMSO (AE, = 95 mV, |ip/ipc| = 1.41); this is
assigned to the [Fe"/"Hpub]”~ couple (Figure A.3A). While [Fe"Hpub]~ is electrochemically
competent to reduce dioxygen by one electron to superoxide (E° = —180 mV versus NHE),” this

potential is significantly more positive than other Fe"" complexes prepared in our group with tri-
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anionic ligands, suggesting that it may be less likely to fully reduce dioxygen and lead to O—O

scission.

A B

[2 uA + _r9.67

08 09 1 11 12 13 400 80 1200
Potential (V vs Fc™) B (G)

Figure A.3. (A) Cyclic voltammogram of K[Fe!"Hpub] collected in DMSO at a 100 mV/s scan rate with 100 mM TBAP
supporting electrolyte, with ferrocene as an internal standard. (B) Parallel-mode EPR spectrum of a 10 mM solution of
K[Fe'Hpub] in 1:1 DMF:THF collected at 10 K.

Spectroscopic Properties. A derivative feature at g = 9.67 is observed in the parallel-mode X-band
electron paramagnetic resonance (EPR) spectrum for the frozen 1:1 DMF:THF solution of
K[Fe"Hpub], consistent with a mononuclear Fe'' center with an § = 2 spin ground state (Figure
A.3B). The Fe" complex exhibited absorption features at Amax = 493 nm (e = 1200 M cm™) and 929
nm (e = 120 M em™) in 1:1 DMF:THF at —80 °C (Figure A.4A, black trace). The Amax = 493 nm
feature is assigned to be a metal-to-ligand charge transfer (MLLCT) between the Fe' center and the
coordinated pyridine,"* while the Amw = 929 nm feature is assigned to be a d-d transition.

Reactivity with Os. The treatment of K[Fe"Hpub] with 1 equivalent of O at —=80 °C in 1:1 DMF:THF
was monitored spectrophotometrically and showed growth of a new absorbance feature at Ama =
513 nm (Figure A.4A, red trace). The reactivity of K[Fe""Hpub] towards O, was further investigated
using EPR spectroscopy. Treatment of the Fe" complex with 1 equivalent of Ozat —80 °C showed

growth of a new feature at g = 17.0 in the parallel-mode spectrum (Figure A.4B). The corresponding
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perpendicular-mode spectrum indicates the presence of a small amount of a thombic signal with g
values at 3.70, 5.19 and 8.83, attributed to a high spin Fe"' species (§ = 5/2) (Figure A.4C).
Treatment of K[Fe"Hpub] with 20 equivalents of O, produced the same g = 17.0 signal observed in
the reaction with 1 equivalent of Oy, albeit with weaker intensity (Figure A.4D). Furthermore, the

111

rhombic high spin Fe™ species was also observed in the corresponding perpendicular-mode
spectrum, and its features displayed increased intensity relative to the perpendicular-mode spectrum

obtained from the reaction with 1 equivalent of O, (Figure A.4E).

A

057 513 nm B 17.0 e
| *
O 5.19 I *
20.3 c P 4
3
20.2 D .
g N, Sy ——
17.0 5.19 * 3.70
0.1 * E 8.83 |
0 | L k. 3 1 1 1 1 1 1 1
400 500 600 700 800 900 1000 500 1000 1500 2000 2500 3000 3500
Wavelength (nm) B (G)

Figure A.4. (A) UV-vis spectral changes before (black) and after (red) the addition of 1 equiv. of Ozin DMF:THF at
—80 °C. Parallel- (B) and perpendicular-mode (C) EPR spectra after the addition of 1 equiv. of O2in DMFTHF at —80

°C. Parallel- (D) and perpendicular-mode (E) EPR spectra after the addition of 20 equiv. of O2in DMF:THF at —80 °C.
All EPR spectra were collected at 10 K. Asterisks (*) indicate starting Fell, adventitious Fe'l, or radical impurities.

To further interrogate the oxidation of K[Fe""Hpub] in the absence of O,, the one-electron
oxidation of the Fe" complex was performed with ferrocenium: treatment of the Fe" complex with
1 equivalent of [FeCp,|BF, in 1:1 DMF:THF at —80 °C showed growth of a new intense band at Amay

= 513 nm (Figure A.5A, red trace): note that the absorbance spectrum of this oxidized species is
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nearly identical to that obtained when dioxygen was used as the oxidant (Figure A.5B). This finding

suggests that the same species is formed by both oxidative routes.

A B c *
0.6 0.6
0.5 f 513 nm 05|
0.4 0 0.4+
8 g 8.83 5'|19
[+
$ 0.3 £o03 | 354
] g |
go02¢ < 0.2
0.1 0.1
0f, ) ~ - ‘ 0 . . . L ! L L L |
400 500 600 700 800 900 1000 400 500 600 700 500 1000 1500 2000 2500 3000

Wavelength (nm) Wavelength (nm)

Figure A.5. (A) UV-vis spectral changes before (black) and after (red) the addition of 1 equiv. of [FeCp2]BF4 in
DMF:THF at —80 °C. (B) Comparison of the products in the reactions with 1 equiv. of Oz (grey) and [FeCp,|BF; in
DME:THF at —80 °C (black). (C) Perpendicular-mode EPR spectrum after the addition of 1 equiv. of [FeCp,|BF; in
DME:THF at —80 °C (collected at 10 K). Asterisks (*) indicate adventitious Fe'l impurities.

Further support for this idea came from EPR results. When the Fe' complex was treated
with 1 equivalent of [FeCp,]BF4, a high spin thombic Fe'" species (g = 3.54, 5.19 and 8.83) was
observed in the perpendicular-mode (Figure A.5C). This spectrum is identical to that found when
the oxidation was done with 20 equivalents of O,. Thus, the 1-electron oxidation of K[Fe'Hpub] by
either [FeCp2|BF; or excess O; is tentatively assigned as [Fe""Hpub]. It is worth noting the species
with the ¢ = 17.0 feature in the parallel-mode was not observed in the [FeCp2]" oxidation route, and
is unstable at temperatures above —80 °C. Similatly, [Fe""Hpub] is unstable at temperatures above —
50 °C. Bulk synthetic and spectroscopic studies to generate and characterize these species at room
temperature were attempted, but spectroscopic features observed during reactivity at low
temperature were not observed at room temperature.

The identity of the species with the g value of 17.0 in parallel-mode EPR spectroscopy is of
continued interest. Low field paralle]l-mode EPR signals have been previously observed in non-heme
diiron enzymes in the Fe'; state, as well as in synthetic models."”"” In both enzymatic and synthetic

systems, the two ferrous ions are high spin (§' = 2) and are weakly ferromagnetically coupled to
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produce low-field EPR signals between g ~ 15-17 in the parallel-mode, indicating an .§ = 4 ground
state. Additionally, similarly low field features have been observed for high-valent mononuclear and
dinuclear Fe complexes.'** It would be interesting to elucidate the identity of this integer-spin

species with relevance to metal/O,-binding chemistry.

Conclusion

Metal-assisted dioxygen binding and activation are essential in many biological processes, but the
nature of the initial O, binding to the metallocofactor is contentious due to the reactive M—O;
adduct. In this appendix, two new hybrid tripodal ligand scaffolds, Hypub and Hspapa, were
developed. Hspub contains two carboxyamide-pyridine donors and one urea donor, while Hypapa
contains two carboxyamide-pyridine donors and one phosphinic donor. The hydrogen bond
donating/accepting groups atre proposed to stabilize an M—O,(H) adduct. An Fe" complex was
synthesized within the [Hpub]|™ ligand framework, and its reactivity with dioxygen was examined.
Upon treatment with excess dioxygen, the Fe" complex was oxidized by one electron in what
appears to be an outer-sphere redox event. The identity of an unknown integer spin species with a g

value of 17.0 is yet to be elucidated.

Experimental

General Procedures. Organic transformations, unless otherwise noted, did not require the use of an
inert atmosphere. All inorganic syntheses and manipulations were performed under a nitrogen
atmosphere in a Vacuum Atmosphere Co. dry box. Solvents were sparged with argon and purified
using a JC Meyer Co. solvent purification system with columns containing Q-5 and molecular sieves.
All reagents, unless otherwise noted, were purchased from commercial sources and used as received.

Potassium hydride (KH) or sodium hydride (NaH), as a 30% suspension in mineral oil, was filtered
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and washed with diethyl ether (5 X 10 mL) and pentane (5 X 10 mL) and dried under vacuum prior
to use. Triethylamine, ethylenediamine, and dimethylformamide were distilled prior to use.
Ferrocenium tetrafluoroborate ([FeCp2|BF4) was synthesized according to a literature procedure.”
tert-Butyl-(2-aminoethyl)carbamate (1). Di-tert-butyl-dicarbonate (8.396 g, 38.47 mmol), dissolved in 220
mL CH,Cl,, was added dropwise to a solution of ethylenediamine (11.44 g, 190.3 mmol) dissolved in
30 mL CH,Cl; over 9 hours. The solution stirred for 24 hours, and then was concentrated to
approximately 50 mL. 150 mL saturated NaHCO; was added to the solution, and the mixture was
washed with CHCl, (3 X 100 mL). The organic layer was dried over MgSO,, and then was
concentrated to 5.42 g of a clear, colotless oil (88.0 %). '"H NMR (500 MHz, CDCl3) & 5.55 (1H, bs,
NH), 3.17 2H, m, NHCH>), 2.79 (2H, t, ] = 5.9 Hz, NH.CH>), 1.47 (9H, s, C(CH})3), 1.25 (2H, bs,
NH,) ); "C NMR (500 MHz, CDCl3) § 156.3, 79.0, 43.3, 41.8, 28.4.

N-(G-Methyl-2-pyridyl)pivalamide (2). Pivaloylchloride (17.94 g, 148.8 mmol), dissolved in 110 mL
CH.Cl,, was added dropwise to a solution of 2-amino-6-methyl-pyridine (15.67 g, 144.9 mmol) and
triethylamine (15.20 g, 150.4 mmol) dissolved in 120 mL. CH>Cl, over 4 hours. The mixture stirred
for 48 hours. Triethylammonium chloride was filtered off, and the organic layer was washed with
H>O (3 X 100 mL) and brine (2 X 100 mL). The clear yellow solution was dried over MgSO,, and
then was concentrated to an off-white solid zz vacuo. The crude solid was triturated in petroleum
ether in an ice bath for 15 minutes, and 20.5 g of pale yellow needles were collected (73.7 %). 'H
NMR (500 MHz, CDCl) 6 8.05 (1H, d, ] = 8.3 Hz, ArH), 8 7.93 (1H, bs, NH), 7.58 (1H, t, ] = 7.9
Hz, ArH), 6.88 (1H, d, ] = 7.5 Hz, ArH), 2.45 (3H, s, CH;), 1.32 (9H, s, C(CH;)3); "C NMR (500
MHz, CDCl) 8 177.1, 156.7, 151.0, 138.7, 119.2, 110.7, 39.8, 27.6, 24.1.
IN-(G-Bromomethyl-2-pyridyl)pivalamide (3). A solution of 2 (8.779 g, 45.66 mmol), N-bromosuccinimide
(9.277 g, 52.12 mmol) and azobisisobutyronitrile (0.1258 g, 0.7661 mmol), dissolved in 120 mL CCls,

was heated under reflux for 30 hours. Orange precipitates were filtered from a dark red solution,
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which was washed with saturated NaHCO; (1 X 150 mL) and H>O (1 X 150 mL). The organic layer
was dried over MgSO, overnight, and then was concentrated to a dark red oil. The crude oil was
purified by flash column chromatography (silica gel) using a 4:1 hexane/ethyl acetate eluent. The
purified fractions were collected and concentrated to 4.63 g of an orange solid (37.4 %). "H NMR
(500 MHz, CDCls) 6 8.18 (1H, d, ] = 8.4 Hz, ArH), 8.02 (1H, bs, NH), 7.68 (1H, t, ] = 7.9 Hz,
ArH), 7.14 (1H, d, ] = 7.5 Hz, ArH), 442 (2H, s, CH:Br), 1.32 (9H, s, C(CHj)3); "C NMR (500
MHz, CDCl;) 8 177.2, 154.9, 151.4,139.4, 119.2, 113.4, 39.9, 33.4, 27.5.
tert-Butyl-(2-bis((6-pivalamido-2-pyridyl)methyl)amino)ethyl)carbamate (4). A THEF mixture (50 mL) of 1
(1.010 g, 6.307 mmol), 3 (3.478 g, 12.83 mmol), triethylamine (2.771 g, 27.43 mmol) and potassium
iodide (0.2731 g, 1.645 mmol) was heated under reflux for 72 hours. The precipitates were removed
from the yellow solution, which was concentrated zz vacuo to an off-white foam. The crude product
was purified by flash column chromatography (silica gel) using a 94:5:1 CH,Cl,/CH;OH/NEt;
eluent. The purified fractions were collected and concentrated to 2.22 g of a yellow solid (65.0 %).
"H NMR (500 MHz, d--DMSO) & 9.58 (2H, s, AtNH), 7.89 (2H, d, ] = 8.1 Hz, ArH), 7.72 2H, t, ]
= 7.9 Hz, AtH), 7.32 (2H, d, | = 7.6, AtH), 6.75 (1H, t, CH.NH), 3.69 (4H, s, ArCH>), 3.1 (2H, dd,
NHCH,), 2.55 (2H, t, NCH>), 1.36 (9H, s, OC(CH>)3), 1.22 (18H, s, C(CH)3); "C NMR (500 MHz,
d--DMSO) & 177.0, 158.1, 155.6, 151.4, 138.3, 117.7, 112.3, 77.5, 69.8, 59.5, 54.0, 45.7, 28.2, 26.9.
N,N-((((2-Aminoethyl)azanediyl)bis(methylene) )bis(pyridine-6,2-diyl) ) bis(2, 2-dimethylpropanamide) (5).
Trifluoroacetic acid (12.7 g, 111 mmol), dissolved in 8.5 mL. CH,Cl,, was added dropwise to a
solution of 4 (0.8331 g, 1.541 mmol) dissolved in 5 mLL CHCl, over 15 minutes at 0 °C. The
solution was warmed to room temperature and stirred for 1 hour, and the solvent was removed 7
vacuo. 4 M NaOH (25 mL) was added to basicify the orange oil until the pH reached 14. The
aqueous mixture was extracted with CHCl; (10 X 25 mL). The organic layer was dried over MgSOs,

and then was concentrated to 0.641 g yellow solid (94.4 %). '"H NMR (500 MHz, d-DMSO) § 9.6
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(2H, bs, AtNH), 7.89 (2H, d, ] = 8.2 Hz, AtH), 7.74 2H, t, ] = 7.9 Hz, AtH), 7.32 2H, d, ] = 7.4,
ArH), 3.72 (4H, s, AtCH>), 2.65 (2H, t, ] = 6.5 Hz, NH.CH,), 2.51 2H, t, ] = 6.7, NCH,), 1.22
(18H, s, C(CH3)3); "C NMR (500 MHz, 4-DMSO) & 177.0, 158.3, 151.4, 138.3, 117.6, 112.3, 69.8,
59.9, 57.1, 39.5, 26.9.

N,N-((((2-(3-(tert-Butyl)ureido)ethyl) azanediyl) bis(methylene) ) bis (pyridine-6, 2-diyl) bis(2, 2-dimethylpropanamide)
(Hipub). tert-Butyl isocyanate (0.357 g, 3.60 mmol), dissolved in 12 mL 1:1 THF/Et,O, was added
dropwise to a solution of 5 (1.331 g, 3.020 mmol) dissolved in 12 mL 1:1 THF/EtO over 15
minutes at 0 °C. The solution was warmed to room temperature and stirred for 24 hours, and the
solvent was removed 7 vacno. The off-white solid was triturated in cold Et,O, and 1.16 g of white
solid was collected on a medium porosity glass frit (71.3 %). 'H NMR (500 MHz, CDCls) & 8.53
(2H, bs, AtNH), 8.12 (2H, d, | = 8.2, AtH), 7.61 2H, t, ] = 7.9 Hz, AtH), 7.01 2H, d, ] = 7.3 Hz,
ArH), 4.48 (1H, bs, CONH), 4.21 (1H, bs, NHC(CH3)3), 3.75 (4H, bs, ArCH>), 3.18 (2H, bs,
NHCHo), 2.76 (2H, bs, NCH>), 1.34 (18H, s, C(CH})3), 1.29 (9H, s, NHC(CH)3); °C NMR (500
MHz, CDCl;) 8 177.6, 158.2, 151.6, 139.0, 118.9, 112.8, 65.9, 59.5, 54.0, 50.3, 40.0, 29.6, 27.5; FTIR
(ATR, cm™) 3433, 3358, 3318, 3058, 2962, 2926, 2871, 1694, 1666, 1625, 1622, 1559, 1516, 1444,
1401, 1364, 13006, 1294, 1270, 1220, 1149, 991, 804. HRMS (ES+, m/z): Exact mass calculated for
CoH4N-O5 [M + H]": 540.3662. Found: 540.3685.
N,N-((((2-((diphenylphosphoryl)amino)ethyl)azanediyl)bis(methylene) ) bis(pyridine-6,2-diyl)bis(2, 2-
dimethylpropanamide) (Hspapa). Under an inert atmosphere, diphenylphosphinic chloride (0.5251 g,
2.219 mmol), dissolved in 100 mL CH,Cl,, was added dropwise to a solution of 5 (0.938 g, 2.13
mmol) and triethylamine (3.440 g, 34.06 mmol) dissolved in 1000 mL. CH>Cl, over 8 hours at 0 °C.
The solution warmed to room temperature and stirred for 48 hours, and the solvent was removed 7
vacno. Et;O was added to the yellow solid, and triethylammonium chloride precipitates were filtered

off. The Et;O was removed 77 vacuo. The crude product was purified by flash column
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chromatography (alumina) using a gradient CH;OH/ethyl acetate eluent. The purified fractions were
collected and concentrated to 1.15 g of yellow solid (84.1 %). '"H NMR (500 MHz, CDCls) & 8.25
(2H, bs, AtNH), 8.12 (2H, d, | = 8.3 Hz, AtH), 7.75 (4H, m, ArH), 7.59 2H, t, ] = 7.9 Hz, AtH),
7.48 (2H, m, ArH), 7.40 (4H, m, ArH), 7.03 (2H, d, ] = 7.5 Hz, ArH), 3.88 (1H, dd, PONH), 3.70
(4H, s, ArCH>), 3.02 (2H, m, NHCH.,), 2.76 (2H, t, ] = 5.8 Hz, NCH.CH.), 1.29 (18H, s, C(CH));
"C NMR (500 MHz, CDCl3) & 177.5, 174.9, 157.2, 151.4, 138.9, 132.8, 132.0, 128.6, 119.0, 112.6,
59.8, 56.8, 54.9, 39.9, 27.5; °'P NMR (400 MHz, CDCl;) 8 24.7; FTIR (ATR, cm™) 3431, 3223
(broad), 3184, 3053, 2962, 2932, 2870, 1679, 1576, 1514, 1449, 1401, 1299, 1187, 1152, 1124, 797.
HRMS (ES+, m/z): Exact mass calculated for C3sH4sNO3PNa [M + Na]™: 663.3188. Found:
663.3200.

Potassinm (IN,IN-((((2-(3-(tert-Butyl)ureido)ethyl)azanediyl)bis(methylene) ) bis (pyridine-6,2-diyl) bis(2,2-
dimethylpropanamidato)ferrate) (K/Fe" Hpub]). Solid KH (47.0 mg, 1.17 mmol) was added to a solution of
Haypub (202.0 mg, 0.3742 mmol) in 3 mL anhydrous DMA. After H evolution ceased, Fe(OAc),
(67.0 mg, 0.374 mmol) was added to the mixture, which stirred for an additional 3 hours. The red
reaction mixture was filtered to remove KOAc precipitate (100 mg, 91 %), and the solvent was
removed 7 vacno. The red solids were redissolved in 2 mL THF, and pentane was added to
precipitate orange solids, which were collected on a fine porosity glass frit and dried for one hour
(203 mg, 86.0 %). FTIR (ATR, selected bands, cm™) 3393 (N-H stretch), 1637, 1621, 1577, 1563
(C=0 stretches).

Tetramethylammoninm (IN,IN-((((2-(3-(tert-Butyl)ureido)ethyl)aganediyl)bis(methylene) ) bis(pyridine-6,2-diyl) bis(2,2-
dimethylpropanamidato)ferrate) (NMes[Fe"Hpub]). Solid NaH (15.2 mg, 0.633 mmol) was added to a
solution of Hypub (103.0 mg, 0.1908 mmol) in 3 mL anhydrous DMA. After H, evolution ceased,
Fe(OAc), (33.3 mg, 0.192 mmol) and NMe;OAc (26.5 mg, 0.199 mmol) were added to the mixture,

which stirred for an additional 3 hours. The red reaction mixture was filtered to remove NaOAc
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precipitate (49.7 mg, 98 %). Orange solids were obtained upon vapor diffusion of Et,O into the
filtrate, and were collected on a fine porosity glass frit and dried for one hour (88.5 mg, 70.0 %).
Orange crystals were obtained upon further recrystallization. FTIR (ATR, selected bands, cm™) 3392
(N-H stretch), 1630, 1585, 1563 (C=0 stretches).

Physical Methods. UNV-Vis spectra were collected on an Agilent UV-Vis spectrophotometer equipped
with a Unisoku Unispeks cryostat in a 1 cm quartz cuvette. 'H and C NMR spectra were collected
on a Bruker CRYO500 spectrometer (500 MHz); *'P NMR spectra were collected on a DRX400
spectrometer (162 MHz). X-band EPR spectra (microwave frequency 9.28 GHz) were collected on a
Bruker EMX spectrometer equipped with an ER041XG microwave bridge, an Oxford Instrument
liquid He quartz cryostat and a dual-mode cavity (ER4116DM). Infrared spectra were collected on a
Thermo Scientific Nicolet iS5 FT-IR spectrometer equipped with an iD5 ATR accessory. High
resolution mass spectrometry of organic ligands was performed on a Waters Micromass LCT
Premier Mass Spectrometer in positive ion electrospray mode. Cyclic voltammograms were collected
using a CHI600C electrochemical analyzer in a dry box under nitrogen atmosphere. A glassy carbon,
platinum wire and silver wire electrodes were used as the working, counter and reference electrodes,

respectively. A Bruker SMART APEX II diffractometer was used to collect crystallographic data.
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Appendix B

Spectroscopic and Reactivity Studies of an Felll-Alkylperoxido Species

Introduction

In Appendix A, the design and complexation using the ligand precursor Hypub were
discussed (Figure B.1A). The design concept for Hypub extends from that for Hsbupa (Figure B.1B):
incorporation of two neutral pyridine donors instead of one was proposed to make the metal site
even less reducing, so various M—O, adducts can be prepared. However, the carboxylamidate group
in [Hzbupa]®™ and [Hpub]> can bind and hinder the metal site upon complexation, as evidenced in
K[Mn"Hzbupa] (see Appendix A Scheme 1). Therefore, reduction of the carboxylamide groups in
Hapub to neopentylamine groups was envisioned to make the metal site more accessible to
exogenous ligands. The resulting H-bond donating N—H groups can aid in stabilizing M—O, adducts
so that these reactive species could be trapped. The synthesis and characterization of this new ligand
tramework, Hqynub (Figure B.1C), is described in this appendix. Alkylperoxido binding studies of an
Fe" complex supported by Hanub is also discussed, and further studies were performed to determine

its reactivity within this non-heme ligand environment.

[} [}
A Bu ‘Bu : B Bu Bu :C ‘Bu Bu
\ \
'Bu NH =0 | NH =0 | ®u iy
0 HN ! [o) HN : (o) HN
[o] :tBu\ :< [}
NH NH 2 J\H<NH N NH NH N N
— | — | —
P o ° ’t‘/—N e
S ! ! ¥
[} [}
[} [}
Hspub ! Hsbupa : Hsnub

Figure B.1. Structures of Hipub (A), Hsbupa (B), and Hainub (C).

Results & Discussion

Ligand Synthesis. Hinub was prepared from a convergent 7-step route (Scheme B.1). The first five

steps are detailed in Appendix A (Scheme A.3) to produce the free amine 1, which carboxyamide
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groups are reduced to neopentyl amine by LiAlH, (90 %). The primary amine in 2 is then
functionalized as a urea group with the addition of zr+butyl isocyanate to form Hinub (83 %).

z

|
S N
(tBu/\H N A \/\NHZ

LiAlH,

|
)J\ N N _~
(‘Bu NN NHz2  THF, —78°C > rt

1 48 h
8 2 (90 %)

THF:Et,0
OCN'Bu | g °C > rt
24h

H,nub (83 %)

Scheme B.1. Ligand synthesis of Hinub.
Complex: Synthesis. Preparation of “[Fe'Hsnub(OAc)]” was attempted by treating Hinub with

potassium hydride (KH) in N,N-dimethylacetamide (DMA), then metalating with Fe''(OAc),
(Scheme B.2A). Recrystallization of the product from this reaction provided single crystals suitable
for X-ray diffraction. However, the molecular structure (Figure B.2) had an empirical formula of
[Fe"Hsnub(OAc)2]* DMA, which revealed the urea arm remained protonated. The complex
[Fe"Hiynub(OAc),] can be independently prepared by treating Hinub with Fe"(OAc).in the absence

of base (Scheme B.2B).

‘Bu tBu tBu

tBu
NH 0 O’(HN

‘Bu NH
AorB
NH Fe

‘Bu

H,nub [Fe"Hsnub(OAc),]
Scheme B.2. Preparation of [Fe'Hinub(OAc),]. A: (i) KH; (ii) Fe"(OAc).. B: Fe''(OAc)..
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Structural Properties. The molecular structure of [Fe'Hsnub(OAC),] revealed a mononuclear Fe ion in a
distorted octahedral geometry (Figure B.2). The Fe" center had an N3Os primary coordination
sphere with two acetate ions bound: one acetate was bound in a %' fashion through O2, and the
other was bound in a » fashion through O4 and O5. The Hinub ligand binds the Fe" center
through the pyridine nitrogen atoms (N2 and N3) and the apical nitrogen atom (N1) in a meridional
fashion (£N2-Fel-N3 = 155.2(1)°). The secondary amine groups in the two pyridine arms
participated in weak H-bonding to the #'-bound acetate (N5/6—H---O2 ~ 3.1 A). There was no
indication in the solid state of H-bonding to the »*-bound acetate ligand. The urea arm remained
protonated and unbound to the metal center.

Table B.1. Selected metrical parameters

for [Fe""Hisnub(OAc),].
Bond Lengths/Distances A)

Fel-N1 2.195(3)
Fel-N2 2.191(3)
Fel-N3 2.197(3)
Fel-02 1.995(3)
Fel-O4 2.192(4)
} Fel-O5 2.243(4)
N5-H---O2 3.096(5)
N6-H---O2 3.108(5)

Bond Angle (°)
N2-Fel-N3 155.2(1)

Figure B.2. The thermal ellipsoid plot of [Fe""Hinub(OAc)2]. Ellipsoids are shown at the 50%
probability level. Only urea and neopentyl amine hydrogen atoms are shown and solvent molecules
are removed for clarity. Bond lengths, distances, and bond angles of interest are included in the
corresponding Table B.1.

FElectrochemical Properties. Electrochemical analysis of [Fe"Hinub(OAc),] exhibited an irreversible one-

]+/0

electron redox event at Ei» = — 180 mV vs [FeCp,] ™" at room temperature in tetrahydrofuran

(THF) (AE, = 320 mV, |ip/ipc| = 2.1), which was tentatively assigned to the [Fe"/"] process

Ficure B.3A). This [Fe""] reduction potential is more positive than other Fe'' complexes prepared
g p p p prep
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in our group,"* suggesting that it may be less likely to reduce and cleave the O—O moiety when an
O7 exogenous ligand binds to the metal center. There was an additional, unidentified reductive event
at — 700 mV vs [FeCp,] /"

A B

]:5 uA
8.6

0 -0.4 -0.8 -1.2 0 1200 2400 3600 4800 6000
Potential (V vs [FeCp_]") B (G)
Figure B.3. (A) Cyclic voltammogram of [Fe""Hinub(OAc)] collected in THF at 100 mV/s scan

rate. (B) //-mode EPR spectrum of [Fe""Hinub(OAc),] collected at 10 K. Asterisk (*) indicates
cavity signal.

Spectroscopic Properties. A feature at g = 8.6 was obsetved in the parallel (//)-mode X-band electron
paramagnetic resonance (EPR) spectrum for the frozen 1:1 THF:DMF (IN,N-dimethylformamide)
solution of [Fe"Hinub(OAc)], consistent with a mononuclear Fe" center with an § = 2 spin ground
state (Figure B.3B). The spin state was corroborated with the room temperature solution NMR
Evans’ method magnetic moment of e = 5.13 us (compared to the spin-only magnetic moment of
4.90 us for an S = 2 system). The Fe" complex exhibited absorption featutres at Amax (Emex (M cm™))
= 413 nm (900) and 925 nm (150) in THF at 0 °C (Figure B.4A, black). The Amwx = 413 nm feature is
assigned to be a metal-to-ligand charge transfer (MLCT) between the Fe' center and the coordinated

pyridine,” while the Amwx = 925 nm feature is assigned to be a d-d transition.
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Figure B.4. (A) UV-vis spectral changes before (black) and after (blue) the addition of 1.5 equiv. of

BuOOH to [Fe"Hinub(OAC),]. Inset: low energy region. (B) L-mode EPR spectrum (collected at 77
K) after the addition of 1.5 equiv. of BuOOH to [Fe"Hinub(OAc),]. Inset: low field. Asterisk (*)
indicates spectrometer cavity signal.

Generation of [Fé" (OO'Bu)]. Treatment of [Fe"Hinub(OAc)2] with 1.5 equivalents of zer+-butyl
hydroperoxide (-BuOOH) at 0 °C in THF was monitored spectrophotometrically (Figure B.4A,
blue) and showed growth of new absorbance features at hma (Ema (M cm™)) = 445 nm (ca. 760) and
540 nm (ca. 1100). The lower energy feature was consistent with a ligand-to-metal charge transfer

111

(LMCT) between an alkoxyperoxido unit and an Fe™ center, as illustrated in the purple form of
soybean lipoxygenase-3 (hmux (Emex (M cm™)) = 590 nm (1400)) and other synthetic Fe"'—
alkoxyperoxido examples.”" The reactivity of [Fe"'Hinub(OAc)s] towards BuOOH was further
investigated using perpendicular (1)-mode EPR spectroscopy. Treatment of the Fe'' complex with
1.5 equivalents of BuOOH at 0 °C showed growth of new features at ¢ = 9.5, 6.1, 5.9 and 4.3
(Figure B.4B), which were similar to those observed in the purple lipoxygenase.”'® These g values are
consistent with § = 5/2 (high spin Fe'") systems; however, it cannot be determined at the moment if

111

the features all belong to the same or multiple § = 5/2 Fe'" species.
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An alternate route to generate the [Fe''(OOBu)] species has been explored and monitored
by optical spectroscopy (Scheme B.3). Treatment of [Fe"Hinub(OAc),] with 1 equivalent of
ferrocenium tetrafluoroborate ([FeCp2|BFy) at 0 °C in THF (Figure B.5A, gray) showed growth of a
new absotrbance feature at Amax (Emax (M cm™)) = 495 (ca. 600). This was assigned as the singly-
oxidized analog of the Fe" complex, [Fe"'Hinub(OAc)z]" ([Fe™']"). The [Fe™]" species can be
reduced back to the Fe" complex with the treatment of 1 equivalent of cobaltocene ([CoCpa], — 1.33
V vs [FeCp2] ") by monitoring the loss of the 495 nm feature and the reemergence of the 413 nm
feature (Figure B.5A, blue). The increased intensity of the 413 nm band was attributed to absorbance
contribution from the byproducts of the oxidation-reduction reactions ([FeCpz] and [CoCpz]”, Amax =
440 and 405 nm, respectively). Addition of 1 equivalent of BuOOH to [Fe''|" did not result in any
changes in the optical spectrum (Figure B.4B, gray); however, subsequent addition of 3 equivalents
of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) showed growth of an absorbance at Amax (Emax (M cm®
") = 445 nm (sh) and 540 nm (ca. 1500), which were characteristic of [Fe"'(OOBu)] (Scheme B3;
Figure B.5B, blue). The features from this route were more intense than when the Fe' complex was
treated with 1.5 equivalents of BuOOH (Figure B.4A). The alternate route demonstrated that
addition of base was necessary to generate the characteristic features associated with the putative

[Fe"(OOMBu)] species.

/OtBu
Fel 1.5 tBuOOH _ (o)
> [
FeIII
[CoCp,] || [FeCp,]BF, 3 DBU || [HNEt;]BF,
+ +
[Fe"'] 1Bu00H | el |+ tBUOOH

Scheme B.3. Two different routes to generate [Fe'' (OOBu)] from [Fe"'Hinub(OAc),]. All
manipulations were performed in THF or 1:1 THF:DMF at 0 °C.
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Figure B.5. (A) UV-vis spectral changes before (black) and after the additions of 1 equiv. of
[FeCp2]BF; (gray), then 1 equiv. of [CoCp2] (blue) to [Fe'Hinub(OAc),]. (B) UV-vis spectral changes
before (black solid) and after the additions of 1 equiv. of [FeCp,|BF, (black dash), 1 equiv. of
BuOOH (gray), then 3 equiv. of DBU (blue) to [Fe"Hinub(OAc),).

The alternate route to generate the [Fe"'(OO7Bu)] species has also been investigated by L-
mode EPR spectroscopy (Scheme B.3). Treatment of [Fe"Hinub(OAc):] with 1 equivalent of
[FeCp2]|BF, at 0 °C in THFE:DMF revealed a thombic § = 5/2 signal (¢ = 9.6, 8.0, 5.6, 4.3) that was
consistent with a mononuclear high spin Fe'" center (Figure B.6B). This was assigned as [Fe'']".
Addition of 1 equivalent of BuOOH to [Fe'']" did not result in a significant change in the EPR
spectrum (Figure B.6C), consistent with the lack of reactivity observed in the UV-vis spectrum.
Subsequent addition of 3 equivalents of DBU showed the growth of an axial § = 5/2 signal (Figure
B.6D, g= 6.2, 5.9, 2.0). An axial § = 5/2 signal was observed for the [Fe"(OO/Bu)] generated in the
original route (Figure B.4B), albeit at a much lower yield. This is consistent with the lower
conversion observed by UV-vis spectroscopy (Figure B.4A).

Upon generating the tentative [Fe" (OOBu)] species, addition of 1 equivalent of an acid,
triethylammonium tetrafluoroborate ([HNEt;]BF4, pK, 11), showed growth of a band athmax (emex (M

cm™) = 495 nm (ca. 600) which was characteristic of [Fe™|* (Scheme B.3; Figure B.7, oray).
gu gray

Subsequent treatment with 3 equivalents of DBU regenerated [Fe'(OO/Bu)] quantitatively, as
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illustrated by the reemergence of the 540 nm LMCT feature of similar intensity (Figure B.7, blue).

These reversible reactions further supported that the exogenous ligand “OO7Bu becomes labile upon

protonation.
. A
* B
« C
2.0
1 D

]
800 1600 2400 3200 4000
B (G)

Figure B.6. L-mode EPR spectral changes (collected at 77K) before (A) and after the additions of 1
equiv. of [FeCp2|BF, (B), then 1 equiv. of BuOOH (C), then 3 equiv. of DBU (D) to
[Fe"Hinub(OAC),]. Asterisk (*¥) indicates spectrometer cavity signal.
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Figure B.7. UV-vis spectral changes before (black) and after the additions of 1 equiv. of
[HNEt;]BF, (gray), then 3 equiv. of DBU (blue) to [Fe"(OOBu)].
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Reactivity Studies. [Fe™(OOMBu)] was tested for reactivity such as (1) H,O-assisted O—O bond
heterolytic cleavage,'” (2) H-atom abstraction (diphenylhydrazine (DPH), 1-hydroxy-2,2,6,6-
tetramethyl-piperidine (TEMPO-H), 2,6-di-#er#-butyl-4-methylphenol (BHT)), (3) C—H bond
activation (cyclohexene), and (4) O—atom transfer (cyclooctene, triphenylphosphine, thianthrene).
These reactions were monitored by UV-vis spectroscopy and gas chromatography-mass

spectrometry (GC-MS), but no reactivity was observed.

Conclusion
An [Fe"(OOMBu)] species was proposed to be generated and stabilized in the Hynub scaffold,
demonstrating correct modulation of electronic donation with pyridine-based neutral ligands can

stabilize an Fe™

center without further reducing the “OO/Bu moiety by cleaving the O—O bond.
However, further characterization is required to support this identification. The H-bond donating
amine groups may participate in the stabilization of the “OO/Bu unit; structural characterization is
needed to validate any non-covalent interactions. Solution vibration spectroscopic methods (e.g.
solution FT-IR, resonance Raman) could provide information of the O-O and Fe—O bonding, and
possibly the H-bonding character of the N—H groups; however, caution must be taken in the
analysis of these vibrations in solution, since solvent molecules can participate in H-bonding with
the amine groups. >’Fe Mossbauer spectroscopy will also be used to gain further insight into the
oxidation and spin states of the iron center. X-ray absorption spectroscopy can be performed to

"' center." Upon generating [Fe'(OO#Bu)], it was

determine the geometric structure around the Fe
of interest to activate the O—O bond and oxidize various organic substrates, as observed in the

catalytic cycle of many oxygenases; however, no such reactivity was observed. The lack of substrate

reactivity was similatly observed in several previously reported high spin Fe"(OOR) systems; a
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potential energy barrier to lengthen the O—O bond has been proposed, making the O—O bond

activation endergonic.g’w’20

Experimental

General Procedures. Organic syntheses, unless otherwise noted, did not require the use of an inert
atmosphere. All inorganic syntheses and manipulations were performed under a nitrogen
atmosphere in a Vacuum Atmosphere Co. dry box. Solvents were sparged with argon and purified
using a JC Meyer Co. solvent purification system with columns containing Q-5 and molecular sieves.
All reagents, unless otherwise noted, were purchased from commercial sources and used as received.
[FeCp2|BF, and [HNE]BF, were synthesized according to literature procedure.”* Synthesis of the
free amine 11is detailed in Appendix A (Compound 5 in Scheme A.3, experimental section).

N, N'-bis((6-(negpentylamino)pyridin-2-yl)methyl)ethane-1,2-diamine (2). LiAlHy (1.657 g, 43.66 mmol) was
suspended in 85 mL anhydrous THF in a 250 mL two-neck round bottom flask with a stir bar in a
glovebox under a nitrogen atmosphere. The round bottom flask was capped with a septum on one
neck and a Schlenk adaptor on the other. The flask was transferred out of the glovebox onto a
Schlenk line under a N, atmosphere. The flask was then chilled in a —78 °C cold bath for 15 minutes.
The free amine 1 (1.917g, 4.351 mmol) was dissolved in 15 mL. THF in a 50 mL Erlenmeyer flask
and was put under an inert atmosphere by bubbling N, for 15 minutes. The amine solution was then
added to the round bottom flask containing the LiAlH,/THF suspension via cannula transfer. The
mixture was allowed to stir for 2 hours at —78 °C and was then warmed up to stir at room
temperature for two days. After the reaction was complete, the mixture was quenched with 60 mL
DI water and then with 60 mL 1.0 M NaOH at 0 °C. Upon warming to room temperature, the
insoluble material was removed via filtration. The aqueous layer was extracted four times with 150

mL CHCl;, which was combined with the organic filtrate. The CHCl;/THF solution was dried over
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Na,SO,, and the solvents were removed 7 vacuo to produce a yellow oil as the free amine 2 (1.61 g,
90.0 %). '"H NMR (500 MHz, CDCls, ppm): 8 7.39 (2H, t, ] = 7.6 Hz, ArH), 6.80 (2H, d, ] = 7.2,
ArH), 6.25 (2H, d, | = 8.2 Hz, ArH), 4.55 (2H, m, AtNH), 3.64 (4H, s, ArCH>), 3.02 (4H, d, ] = 6.2
Hz, AsINHCH,), 2.76 (2H, m, NCHCH), 2.63 (2H, m, NCH,CH>), 0.99 (18H, s, C(CH3)s); °C
NMR (500 MHz, CDCl;) 8 159.1, 158.4, 137.9, 111.5, 103.7, 60.8, 57.4, 54.2, 39.8, 32.1, 27.6.
1-(2-(Bis((6-(neopentylamino)pyridin-2-yl)methyl)amino)ethyl)-3-(tert-butyl)urea (Hynub). The free amine 2
(0.835 g, 2.02 mmol) was dissolved in a mixture of 40 mL THF and 40 mL Et,O, and the solution
was chilled in a 0 °C ice bath for 15 minutes. ze7+-Butyl isocyanate (0.203 g, 2.05 mmol) was dissolved
in a mixture of 40 mL THF and 40 mL Et,O and was added dropwise to the free amine 2 solution
while stirring for 40 minutes. The reaction was then allowed to warm up to room temperature
overnight, and the solvents were removed 7 vacno to afford an off-white solid, Hinub (840 mg,

83.0 %). "H NMR (500 MHz, CDCls, ppm): 8 7.36 (2H, t, ] = 7.8 Hz, ArH), 6.59 (2H, d, ] = 6.9,
ArH), 6.27 (2H, d, ] = 8.2 Hz, AtH), 5.95 (1H, bs, C(O)NHCH.), 4.82 (2H, bs, AtNH), 4.63 (1H, s,
NHC(CHs)s), 3.59 (4H, s, ArCH,), 3.18 (2H, q, ] = 5.3 Hz, NHCH>CH,), 3.02 (4H, d, ] = 3.3 Hz,
ArNHCH,), 2.63 (2H, t, ] = 5.6 Hz, NCH,CH>), 1.30 (9H, s, NHC(CH5)3), 0.99 (18H, s,
CH,>C(CHj3)3); "C NMR (500 MHz, CDCls) & 159.4, 158.3, 157.4, 138.1, 112.2, 104.0, 60.2, 54.2,
53.1, 50.0, 37.7, 32.2, 29.7, 27.6. FTIR (ATR, selected bands cm™) 3332, 3056, 2953, 1637, 1599,
1577, 1500, 1462, 1362, 1265, 1212, 1155, 982, 783. HRMS (ES+, m/z): Exact mass calculated for
CoHsN-O [M + H]": 512.4077. Found: 512.4057.
1-(2-(Bis((6-(neopentylamino)pyridin-2-yl)methyl)amino)ethyl)-3-(tert-butyl) urea-bis(acetato)ferrate(11)
([Fe"Hynub(OAc)]). A solution of Hynub (106 mg, 0.206 mmol) and Fe"(OAc), (40 mg, 0.23 mmol)
in 2 mL anhydrous DMA was stirred for 6 hours. The yellow reaction mixture was filtered to
remove excess Fe"(OAc),, and the solvent was removed 7z vacno. The yellow solids were redissolved

in 4 mL. THF, which was layered under pentane at -30 °C to produce yellow crystalline solids. The
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solids were collected on a fine porosity glass frit and dried for an hour (116 mg, 82 %). Elemental
analysis calcd. (found) for [Fe"Hinub(OAc),] (C3HssN-OsFe): C, 57.80 (57.96); H, 8.09 (8.14); N,
14.30 (14.06) %. FTIR (ATR, selected bands ecm™) 3323, 3079, 2953, 1608, 1580, 1478, 1442, 1364,
1331, 1319, 1254, 1212, 1196, 1169, 1038, 996, 775. Evans’ method (CD.Cl,, 298 K, 500 MHz
NMR), ptesr = 5.13 us.

Physical Methods. UV-vis spectra were collected on an Agilent UV-vis spectrophotometer equipped
with a Unisoku Unispeks cryostat in a 1 cm quartz cuvette. 'H and "C NMR spectra were collected
on a Bruker CRYO500 spectrometer (500 MHz). X-band EPR spectra (microwave frequencies 9.28
and 9.62 GHz) were collected on a Bruker EMX spectrometer equipped with an ER041XG
microwave bridge, an Oxford Instrument liquid He quartz cryostat and a dual-mode cavity
(ER4116DM). Solid-state infrared spectra were collected on a Thermo Scientific Nicolet iS5 FT-IR
spectrometer equipped with an iD5 ATR accessory. High resolution mass spectrometry of organic
ligands was performed on a Waters Micromass LCT Premier Mass Spectrometer in positive ion
electrospray mode.

Electrochemical Methods. Cyclic voltammograms were collected using a CHI600C electrochemical
analyzer in a dry box under nitrogen atmosphere at room temperature. Tetrabutylammonium
hexafluorophosphate (TBAP, 100 mM) was used as the electrolyte. A glassy carbon, platinum wire
and silver wire electrodes were used as the working, counter, and reference electrodes, respectively.
Cobaltocenium hexafluorophosphate ([CoCp2]PFs, — 1.33 V vs [FeCp,] /") was used as an internal
standard.

Low Temperature UV -vis Spectroscopic Studies. In a typical experiment, a stock solution of
[Fe"Hinub(OAc),] (0.40 mM) was prepared in THF in a dry box, and 3 mL of the stock solution
was transferred to a 1 cm quartz cuvette with a stir bar inside. The cuvette was sealed with a rubber

septum and brought out of the box. The cuvette was placed in the Agilent UV-vis
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spectrophotometer equipped with a cryostat and was allowed to cool at 0 °C for at least 15 minutes.
Additional reagents were often prepared at a concentration of 40 mM and were added via a gas-tight
syringe. More concentrated UV-vis spectroscopic studies were performed at a concentration of 5.2
mM to monitor low intensity absorption features.

Low Temperature EPR Spectroscopic Studies. In a typical experiment, a stock solution of
[Fe"Hinub(OAc)2] (24 mM) was prepared in 1:1 THF:DMF mixture in a dry box. 100 pL of the
stock solution was added to a quartz EPR tube, which was sealed with a rubber septum. The tube
was brought out of the box and was allowed to cool in an ice bath at 0 °C for at least 15 minutes.
Additional reagents (80 mM) were added via a gas-tight syringe. When the reaction was complete (2
minutes), the tube was taken out of the ice bath, wiped dry of water molecules, and quickly frozen in
liquid nitrogen. The final metal concentration in low temperature reactions was 10 mM. The
[Fe"Hinub(OAc),] sample (46 mM) was frozen immediately after it was brought out of the dry box.
X-Ray Crystallographic Methods. A Bruker SMART APEX II diffractometer was used to collect
crystallographic data for [Fe"Hinub(OAc)2]. A yellow crystal of approximate dimensions 0.351 x
0.242 x 0.153 mm was mounted in a cryo-loop and transferred to the diffractometer. The APEX21%
program package was used to determine the unit-cell parameters and for data collection. The raw
frame data was processed using SAINT28%* and SADABS3” to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTLA4 program. The structure was solved
by dual space methods and refined on F2 by full-matrix least-squares techniques. The analytical

scattering factors” for neutral atoms were used throughout the analysis.
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