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Figure 1-1: (A) Representation of the active site found in O2–Mb, emphasizing how the H–
bonding interaction between O2 and His aids in O2 binding. N-atoms are represented in blue, 
C-atoms in light gray, O-atoms in red, and the Fe-atom by an orange sphere. (B) Active site 
of the OEC found in Photosystem II, highlighting the [Mn4O5Ca] cubane and the H–bonding 
network. The dashed lines represent H–bonding interactions in both structures. 
 
Figure 1-2: (A) Representation of a structurally characterized Fe–O2 adduct supported by a 
picket fence porphyrin ligand.55–58 (B) Fe–O2 adduct stabilized by a H–bonding interaction in 
a modified picket fence porphyrin ligand framework, with a phenyl urea moiety incorporated 
to act as a H–bond donor. 
 
Figure 1-3: Representation of C3 tripodal pre-ligand developed by the Fout lab. The ligand is 
isolated as the pyrrole-2-imine tautomer, however the amine-azafulvene tautomer is accessibly 
upon metallation (top). The bottom shows an example of ligand frameworks developed by the 
Szymczak lab which incorporates both a pendant Lewis acid and base. 
 
Figure 1-4: Examples of C3 tripodal ligand frameworks developed by the Borovik lab. 
 
Figure 1-5: Representation of [CoIIIH2pout(OH)]– and an example of its reactivity with 2,6-
di-tBu-4-R-PhOH. 
 
Figure 1-6: Synthesis of [poatCoIII–μ-OH–ZnIIMe3tacn]OTf from K[CoIIpoat] and  IBX-ipr 
in the presence of [ZnIIMe3tacn(OTf)2]. 
 
Figure 1-7: Synthesis of [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2 from [poatCoII–μ-OH–
FeIIIMe3tacn]OTf and FcOTf and UV-vis spectra following the reaction.  
 
Figure 1-8: Preparative method for the synthesis of C3 symmetric bimetallic coordination 
complexes, where Mx = Mn, Co, Zn and My = Mn, Fe, Co, Cu, and Zn. 
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Figure 2-1: Examples of C3 symmetric tripodal ligand frameworks featuring either H–bond 
donating or accepting groups. 
 
Figure 2-2: A series of CoII–OH complexes supported by unsymmetric, hybrid ligand 
frameworks. The number of sulfonamido and ureayl donors in the ligands are varied across 
the series. 
 
Figure 2-3: Design scheme of the hybrid ligand framework [H2pout]3–. 
 
Figure 2-4: Representations of the 6 structurally characterized CoIII–OH species 
 
Figure 2-5: Thermal ellipsoid diagrams of 1 and 2. In A and B, structural solvent molecules 
and K+ counterion(s) were omitted for clarity. C and D incorporate the K+ counterion(s) to 
demonstrate their interactions in the solid state. Thermal ellipsoids are drawn at 50% 
probability and only hydroxido ligand and urea protons are shown. 
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Figure 2-6: Electronic absorption spectrum of K2[1] (A) and K2[1] and K[2] (B) in DMSO 
at 25 ºC. 
 
Figure 2-7: ΑTR-FTIR data collected on solid samples of K2[1] (A) and K[2] (B). 
 
Figure 2-8: ⊥-mode EPR spectra of 10 mM solutions of K2[1] in DCM:THF, recorded at 12 
K. A was collected without the use of any 18c6 while B was measured in the presence of excess 
18c6. 
 
Figure 2-9: Cyclic voltammogram of K2[1] in THF. 
 
Figure 2-10: Electronic absorption spectra (A) and ⊥-mode EPR spectrum (B) after reaction 
of K2[1] with excess O2 in a 0.4 mM DMSO solution at 25 ºC and 10 mM K2[1] in DCM:THF 
at 77 K, respectively. 
 
Figure 2-11: Representation of possible spin states for a d6 metal ion in C3 ligand 
environments. 
 
Figure 2-12: (A) UV-vis spectra following the loss of K[2] at λ = 400, 478 and 805 nm upon 
reaction with TEMPO–H at room temperature. (B) 77 K ⊥-mode EPR collected after the 
reaction of 2 with TEMPO–H with g = 4.0, 2.0 consistent with the formation of a CoII species 
and TEMPO⋅ A, 14N = 119 MHz. 
 
Figure 2-13: Reaction of K[2] (black trace) with excess DHA. The initial spectrum was 
collected at 25 ºC and the final spectrum was collected at 40 ºC (blue). 
 
Figure 2-14: (A) Addition of excess 4-OMe-PhOH to 0.75 mM solution of K[2] in DMSO at 
25 ºC. New bands were generated at 600 and 660 nm (blue trace, *). (B) Plot of substrate 
BDFEO–H against logk2. The line of best fit is shown by the black dashed trace. The equation 
is: y = 14.5 – 0.206x, R2 = 0.835. 
 
Figure 2-15: Reaction of 5.75 mM of K2[1] (black) in DMSO with 3 eq of phenol (gray, λ= 
371, 434, 548, 605, 636 nm). This species is then treated with FcBF4 (blue, λmax= 604, 655, 
746, 832 nm). 
 
Figure 2-16: Addition of 2,6-di-tBu-4-OMe-phenol to a solution of K[2] in THF at 25 ºC. (A) 
The initial spectrum is shown in black and the final is shown in blue (λmax = 388, 405, 468(sh), 
570, 682 nm). (B) 77K ⊥-mode EPR spectrum showing the product of the reaction of K[2] 
with excess 2,6-di-tBu-4-OMe-phenol, consistent with the formation of a CoII species and an 
organic radical (10 mM, DCM:THF).  
 
Figure 2-S1: Kinetic rate plots from addition of different 4-R-PhOH substrates: R = Br (A), 
R = H (B), R = OMe (C). 
 
Figure 2-S2: (A) UV-visible spectra following the reaction of K[2] with 2,6-di-tBu-4-OMe-
PhOH, with the final trace shown in blue. (B) Plot of 2,6-di-tBu-4-OMe-PhOH concentration 
versus kobs values, including the line of best fit and correlation constant. 
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Figure 2-S3: (A) UV-visible spectra following the reaction of K[2] with 2,6-di-tBu-4-Me-
PhOH, with the final trace shown in blue (λmax = 371 (sh), 470, 578, 680 nm). (B) Plot of 2,6-
di-tBu-4-Me-PhOH concentration versus kobs values, including the line of best fit and 
correlation constant. 
 
Figure 2-S4: (A) UV-visible spectra following the reaction of K[2] with 2,4,6-tri-tBu-PhOH, 
with the final trace shown in blue (λmax = 365 (sh), 382, 402, 423, 475, 582, 668 nm). (B) Plot 
of 2,4,6-tri-tBu-PhOH concentration versus kobs values, including the line of best fit and 
correlation constant. 
 
Figure 2-S5: (A) UV-visible spectra following the reaction of K[2] with 2,6-di-tBu-4-Br-
PhOH, with the final trace shown in blue (λmax = 605, 657 nm). (B) Plot of 2,6-di-tBu-4-Br-
PhOH concentration versus kobs values. 
 
Figure 2-S6: Plots of the logarithms of the k2 values versus BDE (A), pKa (B), and Hammett 
Parameter (C), with lines of best fit and correlation constants. 
 
Figure 3-1: Representation of a synthetic bimetallic complex featuring symmetric ligand fields. 
 
Figure 3-2: Examples from the Borovik lab of synthetic bimetallic complexes with 
unsymmetric ligand fields. 
 
Figure 3-3: Representation of the TAML (A) and the TMG3tren (B) ligands used by the Nam and 
Ray labs to prepare LCoIV–O–Mn+from Co–OIPh intermediates.  
 
Figure 3-4: Molecular structure of the dinuclear (K[CoIIpoat])2 molecule with thermal 
ellipsoid representation. Thermal ellipsoids are drawn at 50% probability. 
 
Figure 3-5: (A) Electronic absorption spectrum of 1 collected in DCM at 25 ºC. (B) ⊥-mode 
EPR spectrum of K[CoIIpoat], measured with excess 18c6 in DCM:THF at 17 K. 
 
Figure 3-6: Cyclic voltammogram showing the full electrochemical profile (A) and the isolated 
first redox event (B) in K[CoIIpoat] measured in DCM, with excess 18c6. 
 
Figure 3-7: (A) UV-vis spectrum of the proposed CoII–IBX-iPr adduct (black, λmax = 500, 
550, 585, 770 nm), overlaid with 1 (blue, λmax = 410, 585, 610, 770 nm). (B) Resulting spectrum 
after adding IBX-iPr to K[CoIIpoat] and letting react overnight. All spectra were measured at 
room temperature in DCM. 
 
Figure 3-8: Electronic absorption spectra following the reaction of K[CoIIpoat] with IBX-iPr 
after addition of [ZnIIMe3tacn(OTf)2], measured at 25 ºC in DCM. 
 
Figure 3-9: Molecular structure of [poatCoIII–μ-OH–ZnIIMe3tacn]OTf with thermal 
ellipsoids drawn at 50% probability. Only the hydroxido ligand H-atom is shown. Remaining 
H-atoms, the triflate counterion, and structural solvent molecules were omitted for clarity.  
 
Figure 3-10: (A) Electronic absorption spectrum of [CoIII–μ-OH–ZnII]+ measured at 25 ºC 
in DCM. * marks a shoulder ~ 880 nm. (B) Solid-state vibrational spectrum of [CoIII–μ-OH–
ZnII]+. The inset shows the O–H vibration. 
 
Figure 3-11: (A) Full electrochemical profile and isolated CoIII/II reduction (B) of [CoIII–μ-
OH–ZnII]+ measured by CV in DCM.  
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Figure 3-S1: (A) Molecular structure view of monomeric K[CoIIpoat] with thermal ellipsoid 
representation,  drawn to 50% probability. H-atoms were omitted for clarity. (B) Solid state 
ATR-FTIR spectrum of K[CoIIpoat]. 
 
Figure 3-S2: (A) CV collected of K[CoIIpoat] in DCM, without 18c6. (B) The isolated second 
oxidative event of K[CoIIpoat] measured in DCM in the presence of excess 18c6 
 
Figure 3-S3: (A) UV-vis spectra following the reaction between AcFcOTF (black trace) with 
[CoIII–μ-OH–ZnII]+. The final spectrum is shown in blue (λmax = 375 (sh), 420, 460, 745 nm). 
(B) UV-vis spectra following the reaction between tris(4-methylphenyl)aminium radical cation 
(black, λmax = 285, 295, 350, 360, 370, 585, 673 nm) to [CoIII–μ-OH–ZnII]+. The final spectrum 
is shown in blue (λmax = 350, 370, 440*, 580, 675 nm). The band at λmax = 440 nm is the only 
new feature. The remaining bands appear to be due to excess oxidant. All spectra were 
collected at –60 º C in DCM. 
 
Figure 4-1: Top: Preparation of a trimetallic sandwich complex using the Kläui ligand. The 
central metal ion, M, has been shown to be main group, rare earth, and transition metal ions. 
Bottom: S = 2 CoIII complexes supported by bistrimetaphosphate and tris(phosphinimide) 
ligand fields. 
 
Figure 4-2: UV-vis spectra monitoring the reaction between K[CoIIpoat] (black trace) with 
O2 and [FeIIMe3tacn(OTf)2]. The final product spectrum is shown in blue. 
 
Figure 4-3: Solid state molecular structure of [poatCoII–μ-OH–FeIIIMe3tacn]OTf. Only the 
hydroxido H-atom is shown. All other H-atoms, the counterion, and structural solvent 
molecules were omitted for clarity. Thermal ellipsoids were drawn at 50% probability. 
 
Figure 4-4: Representation of how the R–P=O resonance structure may affect the [poat]3– 
ligand framework. 
 
Figure 4-5: Proposed bimetallic species which may pre-assemble prior to oxidation.  
 
Figure 4-6: (A) UV-vis spectra following the reaction of [ZnIIpoat]– (black trace) with O2 and 
[FeIIMe3tacn(OTf)2 ] collected in DCM at room temperature. The final spectrum is shown in 
blue. (B) ⊥-mode EPR spectum collected at 77K in DCM:THF following the reaction of  
[ZnIIpoat]–, O2, and [FeIIMe3tacn(OTf)2]. The inset shows the high field feature. 
 
Figure 4-7: (A) Electronic absorbance spectrum of [CoII–μ-OH–FeIII]+ collected in DCM at 
room temperature. (B) [CoII–μ-OH–FeIII]+ (blue) overlaid with K[CoIIpoat] (black). 
 
Fig 4-8: Mössbauer spectra measured on crystalline samples [CoII–μ-OH–FeIII]+ (orange trace, 
A) and [CoIII–μ-OH–FeIII]2+ (red trace, B). Simulations are shown as black traces overlaid with 
the experimental spectra. 
 
Fig 4-9: Overlay of ATR-FTIR spectra measured of crystalline [CoII–μ-OH–FeIII]+ (black 
trace) and [CoIII–μ-OH–FeIII]2+ (blue trace). The high energy region is shown in (A) while the 
lower energy region is shown in (B). The + and * symbols represent unidentified vibrational 
features which are discussed in the body of the document. 
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Figure 4-10: (A) CoIIIFeIII/CoIIFeIII (–0.175 V) and CoIIFeIII/CoIIFeII (–1.190 V) couples 
from [CoII–μ-OH–FeIII]+ together. The CoIIIFeIII/CoIIFeIII couple was isolated in (B) and the 
CoIIFeIII/CoIIFeII was isolated in (C). The full voltammogram swept out past +1 V vs Fc+/0 
including unidentified electrochemical features, denoted by * is shown in (D). 
 
Fig 4-11: Solid state molecular structure of [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2.  Only the 
hydroxido H-atom is shown. All other H-atoms, counterions, and structural solvent molecules 
were omitted for clarity. Thermal ellipsoids were drawn at 50% probability. See Table 4-1 for 
metrical data (vide supra). 
 
Fig 4-12: (A) Spectra resulting from the reaction of [CoII–μ-OH–FeIII]+ (black) with FcOTf 
to form [CoIII–μ-OH–FeIII]2+ (blue). (B) Absorbance spectrum from isolated, crystalline 
[CoIII–μ-OH–FeIII]2+. The * marks a feature which may be due to excess FcOTf. 
 
Fig 4-13: ⊥-mode EPR spectrum of [CoIII–μ-OH–FeIII]2+ measured at 7 K in DCM:THF. 
Simulations of this species to determine rhombicity and other magnetic parameters are still 
underway. 
 
Figure 4-14: Voltammograms obtained from scanning [CoIII–μ-OH–FeIII]2+ oxidatively (A) 
and reductively (B). The * and + mark unidentified electrochemical events which are discussed 
below. 
 
Figure 4-15: (A) UV-vis spectra obtained from reacting [CoIII–μ-OH–FeIII]2+ (black) with 
LiHMDS (blue), measured at –40 ºC in DCM. (B)  EPR spectra obtained from reacting [CoIII–
μ-OH–FeIII]2+ (red) with LiHMDS (blue). Samples were collected at 20 K in DCM:THF. 
 
Figure 4-16: Proposed spin state change around the CoIII center due to π- donation from an 
oxido ligand. 
 
Fig 4-S1: (A) UV-vis spectra following the reaction between K[CoIIpoat], 
[FeIIMe3tacn(OTf)2], and FcOTf. The initial spectrum (black) was K[CoIIpoat], and 
[FeIIMe3tacn(OTf)2]. The gray trace was after ~15 minutes. The blue trace was after 48 hours. 
These spectra are not consistent with [CoII–μ-OH–FeIII]+.(B) UV-vis spectra following the 
addition of excess O2 to [FeIIMe3tacn(OTf)2] (black trace) after stirring overnight (~15 h, blue 
trace) in DCM.  
 
Fig 4-S2: Overlay of [CoIII–μ-OH–FeIII]2+ (black trace) with [poatCoIII–μ-OH–
ZnIIMe3tacn]OTf (blue trace). Note that these two samples were not the same concentration 
though both were measured at room temperature in DCM 
 
Figure 5-1: Representation of key design principles for C3 symmetric tripodal ligand 
frameworks. 
 
Figure 5-2: Representation of how C3 symmetry is maintained in mononuclear metal 
complexes versus disrupted in bimetallic species. 
 
Figure 5-3: Structure of Ca[Copoat]2, with the Ca ion supported only by P=O groups. 
 
Figure 5-4: Examples of TMP coordination complexes developed by the Borovik lab which 
have had their magnetic behavior subsequently studied. Note that the Me4N[NiMST] system 
was separately prepared and characterized by the Dunbar lab. 
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Figure 5-5: Molecular structure of the dinuclear (K[ZnIIpoat])2 molecule with thermal 
ellipsoid representation. Thermal ellipsoids are drawn at 50% probability. All H-atoms were 
omitted for clarity. 
 
Figure 5-6: Crystalline products obtained from the preparation of 
[CoIIpoat⋅⋅⋅ZnIIMe3tacn]OTf (A) and [ZnIIpoat⋅⋅⋅ZnIIMe3tacn]OTf (B). 
 
Figure 5-7: (A), (C), (E) show the molecular structures of [CoII⋅⋅⋅ZnII]+, [CoII⋅⋅⋅CuII]+, and 
[CoII⋅⋅⋅CoII]+. (B), (D), (F) depict the view along the C3 axis of [CoII⋅⋅⋅ZnII]+, [CoII⋅⋅⋅CuII]+, 
and [CoII⋅⋅⋅CoII]+. Thermal ellipsoids are drawn at 50% probability. The–OTf  ion and H-
atoms was omitted for clarity. 
 
Figure 5-8: (A), (C), (E) show the molecular structures of [CoII⋅⋅⋅FeII]+, [CoII⋅⋅⋅MnII]+, and 
[MnII⋅⋅⋅MnII]+. (B), (D), (F) depict the view along the C3 axis of [CoII⋅⋅⋅FeII]+, [CoII⋅⋅⋅MnII]+, 
and [MnII⋅⋅⋅MnII]+. Thermal ellipsoids are drawn at 50% probability. The–OTf ion and H-
atoms were omitted for clarity. 

129 
 
 
 

130 
 
 

133 
 
 
 
 

134 
 
 

 

 
Figure 5-9: (A), show the molecular structures of [ZnII⋅⋅⋅ZnII]+. (B) depict the view along the 
C3 axis of [ZnII⋅⋅⋅ZnII]+. Thermal ellipsoids are drawn at 50% probability. The OTf ion and 
H-atoms were omitted for clarity. 
 
Figure 5-10: UV-vis spectra following the addition of [ZnIIMe3tacn(OTf)2] (A), 
[FeIIMe3tacn(OTf)2] (C), and  [MnIIMe3tacn(OTf)2] (E) to solutions of K[CoIIpoat]. The 
baseline jump in (C) was likely due to accidental O2 exposure in the experimental setup. UV-
vis spectra obtained from crystalline [CoII⋅⋅⋅ZnII]+. (B), [CoII⋅⋅⋅FeII]+ (D), and [CoII⋅⋅⋅MnII]+ 
(F). The baseline increases in (E) and (F) were likely due to solubility issues of [CoII⋅⋅⋅MnII]+. 
 
Figure 5-11: (A) UV-vis spectra following the addition of K[CoIIpoat] to a solution of 
[CuIIMe3tacn(OTf)2] ⋅ 2 MeCN. The blue trace was [CoII⋅⋅⋅CuII]+ formed in situ. (B) Molar 
absorptivity data measured for [CoII⋅⋅⋅CuII]+. (C) UV-vis spectra following the addition of 
[(CoIIMe3tacn)2(OTf)3]OTf to a solution of K[CoIIpoat] (black). (D) Molar absorptivity data 
measured for [CoII⋅⋅⋅CoII]+. All spectra were measured at room temperature in DCM. 
 
Figure 5-12: (A) ⊥-mode EPR spectrum obtained from [CoII⋅⋅⋅ZnII]+ measured in DCM:THF 
at 15 K. (B) ⊥-mode EPR spectrum measured from solid, crystalline [CoII⋅⋅⋅ZnII]+ at 20 K. 
 
Figure 5-13: (A) ZFC thermal magnetic susceptibility plots of [CoII⋅⋅⋅ZnII]+ collected between 
2 – 300 K under varying fields. 100 Oe is shown in blue, 1000 Oe in red, and 5000 Oe in 
yellow. (B) Isothermal magnetization plots shown at 2 K (blue) and 100 K (red). 
 
Figure 5-14: (A) ⊥-mode EPR spectrum obtained from [CoII⋅⋅⋅CuII]+ measured in DCM:THF 
at 77 K. The small signals ~ g = 4, 2 were attributed to minimal residual K[CoIIpoat] and 
[CuIIMe3tacn(OTf)2] ⋅ 2 MeCN.  For reference, (B) shows the overlay of ⊥-mode EPR spectra 
from [CoII⋅⋅⋅CuII]+ (black) with [CuIIMe3tacn(OTf)2] ⋅ 2 MeCN (blue) at the same 
concentrations. 
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Figure 5-15: (A) ZFC thermal magnetic susceptibility plots of [CoII⋅⋅⋅CoII]+ collected between 
2 – 300 K under varying fields. 100 Oe is shown in blue, 1000 Oe in red, and 5000 Oe in 
yellow. (B) Isothermal magnetization plots shown at 2 K (blue) and 100 K (red). 
 
Figure 5-16: (A) ⊥-mode EPR spectrum obtained from in situ generated [CoII⋅⋅⋅FeII]+ 
measured in DCM:THF. * represents ~14% excess K[CoIIpoat]. (B) ⊥-mode EPR spectrum 
of solid, [CoII⋅⋅⋅FeII]+. 
 
Figure 5-17: (A) ZFC thermal magnetic susceptibility plots of [CoII⋅⋅⋅FeII]+ collected between 
2 – 300 K under varying fields. 100 Oe is shown in blue, 1000 Oe in red, and 5000 Oe in 
yellow. (B) Isothermal magnetization plots shown at 2 K (blue) and 100 K (red). 
 
Figure 5-18: EPR spectra obtained from in situ prepared [CoII⋅⋅⋅MnII]+. All spectra were 
collected at 6 K in DCM:THF. (A) The ∥-mode EPR spectrum. (B) The full ⊥-mode EPR 
spectrum of [CoII⋅⋅⋅MnII]+. (C) Low-field region of the ⊥-mode EPR spectrum. (D) The high-
field region from the ⊥-mode EPR spectrum of [CoII⋅⋅⋅MnII]+. The signal at g = 2.0 was split 
by hyperfine from both 55Mn and 59Co nuclei. The 59Co hyperfine was less intense and both 
sets of hyperfine were close to one another, making individual hyperfine features challenging 
to identify. 
 
Figure 5-19: (A) ZFC thermal magnetic susceptibility plots of [CoII⋅⋅⋅MnII]+ collected 
between 2 – 300 K under varying fields. 100 Oe is shown in blue, 1000 Oe in red, and 5000 
Oe in yellow. (B) Isothermal magnetization plots shown at 2 K (blue) and 100 K (red). 
 
Figure 5-20: ∥-mode (A) and ⊥-mode (B) EPR spectra obtained from redissolved crystalline 
[MnII⋅⋅⋅MnII]+ in DCM:THF. The ∥-mode EPR spectrum exhibited 55Mn hyperfine on the 
broad derivative, centered at g = 8.4 (A = 494 MHz). EPR spectra measured from solid 
[MnII⋅⋅⋅MnII]+, collected in ∥-mode (C) and ⊥-mode (D). The solution and solid samples were 
in good agreement with one another, though the spectral features were broadened out in the 
solid samples. ∥-mode EPR spectra were collected at 6 K and ⊥-mode spectra were measured 
at 20 K. 
 
Figure 5-S1: (A) UV-vis spectrum of K[MnIIpoat] in DCM at room temperature. (B) ⊥-mode 
EPR spectrum of K[MnIIpoat] collected in DCM:THF at 77 K. 
 
Figure 5-S2: Molecular structure of [(CoIIMe3tacn)2(OTf)3]OTf. Thermal ellipsoids were 
drawn at 50% probability. The outer sphere triflate ion and all H-atoms were omitted for 
clarity. 
 
Figure 5-S3: (A) UV-vis spectrum from crystalline [(CoIIMe3tacn)2(OTf)3]OTf in DCM at 
room temperature. (B) ⊥-mode EPR spectrum of [(CoIIMe3tacn)2(OTf)3]OTf collected at 77 
K in DCM:THF. 
 
Figure 5-S4: ⊥-mode EPR spectrum of [CoII⋅⋅⋅CoII]+ collected at 77 K in DCM:THF. The 
signal ~ g = 4 was likely due to a small excess of K[CoIIpoat]. 
 
Figure 5-S5: Overlay of ∥-mode EPR spectrum (blue) with ⊥-mode EPR spectrum (black) of 
[CoII⋅⋅⋅MnII]+. Both spectra were collected at 6 K. 
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 Many important and synthetically challenging chemical reactions are carried out by 

metalloenzymes, including water oxidation, nitrogen fixation, O2 reduction, and oxidation of C–H 

bonds in substrates such as methane, fatty acids, and pharmaceutical products. Metalloenzymes are 

able to catalyze these reactions in part due to their ability to access reactive intermediates which is 

facilitated by the protein host. To replicate these effects synthetically, the Borovik lab designs organic 

ligands that incorporate both primary and secondary coordination sphere interactions to control the 

local environment within metal complexes. This dissertation presents research that employs these 

ligand frameworks in both mono- and bimetallic small molecule Co complexes. 

 Chapter 1 provides a brief introduction to key features of metalloenzyme active sites that 

support their reactivity. A concise overview of relevant synthetic ligand designs is given, in addition 

to summaries of the following chapters. 

 Chapter 2 describes the preparation of mononuclear CoII– and CoIII–OH complexes within 

an unsymmetric, hybrid tripodal ligand framework: [H2pout]3–. The characterization of these 

complexes is discussed, including the molecular structure of K[CoIIIH2pout(OH)]. 



xx 
 

K[CoIIIH2pout(OH)] is paramagnetic, an unusual trait for a CoIII center. The reactivity of 

K[CoIIIH2pout(OH)] towards substrates with an O–H bonds is also examined. This work is the first 

reactivity study of a CoIII–OH complex. 

 Chapter 3 describes the preparation of a trigonal monopyramidal, four-coordinate Co complex 

supported by the C3 symmetric [poat]3– ligand framework. This complex, K[CoIIpoat] is used in 

Chapter 3 – 5 to prepare unsymmetric bimetallic species. Chapter 3 focuses specifically on the 

formation of a [poatCoIII–μ-OH–ZnIIMe3tacn]+ complex via a proposed CoII–oxidant adduct that 

reacts in the presence of [ZnIIMe3tacn(OTf)2], where Me3tacn is a heterocyclic N-based ligand.  

 In Chapter 4, the preparation of a [poatCoII–μ-OH–FeIIIMe3tacn]+ complex from K[CoIIpoat] 

and O2 in the presence of [FeIIMe3tacn(OTf)2] is discussed. The [poatCoII–μ-OH–FeIIIMe3tacn]+ 

complex is subsequently oxidized to [poatCoIII–μ-OH–FeIIIMe3tacn]2+ and the changes in the magnetic 

coupling between the Co and Fe centers are examined. Mössbauer and EPR spectroscopies support 

antiferromagnetic coupling in [poatCoII–μ-OH–FeIIIMe3tacn]+, but ferromagnetic coupling in 

[poatCoIII–μ-OH–FeIIIMe3tacn]2+. 

 Finally, Chapter 5 describes the development of a new series of bimetallic species, 

[Mx
IIpoat⋅⋅⋅My

IIMe3tacn]+, (Mx = Mn, Co, Zn; My = Mn, Fe, Co, Cu, Zn). The metal ion coordinated 

in the [poat]3– ligand backbone is in a trigonal monopyramidal geometry, which is shielded by the 

binding of a [My
IIMe3tacn]2+ solely through the P=O groups. The two metal ions interact through 

three, triple-atom N–P=O bridging units and are highly symmetric, crystallizing in the R3 space group. 

The metal ions were found to couple ferromagnetically to one another through the N–P=O bridges 

and the magnetism of these complexes was studied to determine if the complexes exhibit single 

molecule magnetic behavior. While the [CoIIpoat⋅⋅⋅My
IIMe3tacn]+ complexes were most thoroughly 

investigated, the [Mx
IIpoat⋅⋅⋅My

IIMe3tacn]+ have also been prepared where Mx = Mn, Zn and My = Mn, 

Zn, suggesting that these complexes could be expanded to a wide array of metal ion.



 1 

Chapter 1: Introduction 

Biological Inspiration 

 Nature utilizes metalloproteins to perform chemical transformations under ambient conditions and in 

aqueous environments, at efficiencies that are unmatched by synthetic systems.1–11 This efficiency is attributed 

to the tight control that metalloproteins impose over the metal ion(s) at the active site.12–15 This control is due 

to both the primary (1º) coordination sphere, which includes ligands covalently bound to the metal center(s), 

as well as the secondary (2º) coordination sphere which involves non-covalent interactions distal to the metal 

site(s). 2º sphere effects include hydrogen-bonding (H–bonding) interactions and electrostatic effects. Both 

coordination spheres comprise the microenvironment within the protein host. While influence of the 1º 

coordination sphere over the reactivity of metalloenzymes is well established, recent efforts have established 

the importance of the 2º coordination sphere in regulating reactivity and stabilizing key reactive intermediates.16–

25 

Two biological systems that emphasize the significance of controlling the microenvironment within 

the protein are the oxygen evolving complex (OEC) of Photosystem II and myoglobin (Mb; Fig 1-1).26–30 The 

structure of Mb highlights the importance of 2º sphere effects as well as the role of the protein host. Mb is a 

Figure 1-1: (A) Representation of the active site found in O2–Mb, emphasizing how the H–bonding 
interaction between O2 and His aids in O2 binding. N-atoms are represented in blue, C-atoms in light gray, 
O-atoms in red, and the Fe-atom by an orange sphere.26 (B) Active site of the OEC found in Photosystem 

II, highlighting the [Mn4O5Ca] cubane and the H–bonding network.28 The dashed lines represent H–
bonding interactions in both structures. 

(A) (B) 

Oxygen Evolving Complex (OEC) 
PDB: 3WU2 

Oxymyoglobin (O2–Mb) 
PDB: 1A6M 
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respiratory protein found in the muscles of vertebrates that stores O2 by reversibly binding it to the Fe center 

of a heme cofactor. Oxygen binding is mediated by a H–bonding interaction with an nearby histidine (His64) 

amino acid residue (Fig 1-1A).3,26,31 Both the steric bulk provided by the protein host and the H–bonding 

interaction between the O2 unit and His64 are key for function; when either is disrupted, the heme cofactor is 

irreversibly oxidized and loses function.1,32,33  

The OEC features a [Mn4O5Ca] cluster at the active site, arranged in a cubane orientation that uses 

multiple redox active metal ions to oxidize H2O to O2 in a four-proton, four-electron process.34–36 The cluster 

is held in place by several endogenous amino acid residues bound to the Mn ions, as well as an extensive H–

bonding network (Fig 1-1B). The bridging oxido units in the 1º coordination sphere are implicated in the 

stabilization of the high-valent Mn centers due to their anionic nature.37 In addition to the H–bonding 

interactions that aid in the transfer of proton and electron equivalents, the electrostatic interaction of the CaII 

ion within the cubane is also important for driving the oxidation of H2O to O2.28,29,34,35,38–48 Substitution of CaII 

with a different metal ion not only changes the structure of the OEC, but also limits its reactivity.37,49–52 Much 

like substitution of the CaII ion, disruption of the H–bonding network through site-directed mutagenesis studies 

effectively quenched reactivity at the OEC, limiting O2 evolution.53,54 The profound disruption of enzymatic 

function caused by alterations to the 2º coordination sphere in both the OEC and Mb emphasizes the key role 

noncovalent interactions play in biological systems.  

Synthetic Systems  

Outside Work 

While nature excels at directing the chemistry carried out by metalloenzymes by manipulation of the 

microenvironment within the protein host, replicating these effects in synthetic systems has been challenging. 

One successful approach to include 2º sphere interactions into synthetic metal complexes is the design of ligand 

frameworks which feature appended functional groups to provide H–bonding interactions. The earliest 

examples of these principles originated in the Collman lab, where they designed modifiable “picket fence 

porphyrin” ligand frameworks. The 1º coordination sphere of the porphyrin ligand was designed to emulate 

structural features of the heme cofactor, while the pendant functional groups could be synthetically modulated 
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(Fig 1-2).55–58 Incorporation of the sterically bulky pivalamide groups to the porphyrin backbone resulted in the 

formation of a “fence” around the Fe–O2 unit. The picket fence facilitated the preparation and characterization 

of mononuclear complexes by preventing irreversible oxidation and formation of dinuclear complexes, as 

observed in earlier examples of synthetic porphyrin complexes.59–63 At first glance, the amide N–H moieties 

appear promising to form intramolecular H–bonds in the 2º coordination sphere with the bound O2 unit, 

however the pivalamide functional groups ultimately were found to be too far away to interact (Fig 1-2A). 

Exchanging one of the pivalamide arms for a phenyl urea group improved the complex’s affinity for O2, which 

was attributed to the proposed formation of an intramolecular H–bond between the phenyl urea N–H group 

and the O2 unit (Fig 1-2B).64 While this interaction was never structurally confirmed, it represents one of the 

earliest examples of 2º sphere interactions in a synthetic complex. 

 Since Collman’s seminal work, significant strides have been made towards the development of ligand 

frameworks that incorporate intramolecular 2º sphere interactions. The Fout lab has developed ligand 

frameworks that feature 2º sphere interactions from tautomeric functional groups that can act either as a H–

bond donor or a H–bond acceptor depending on the tautomer: amine-azafulvene or pyrrole-2-imine (Fig 1-3). 

Both tripodal and tetrapodal ligands have been prepared with these tautomeric functional groups and support 

metal complexes with a varying exogenous ligands.65–72 The C3 symmetric ligand developed by the group (Fig 

1-3, top) was found to support a rare FeIII–O unit due to H–bond donation from three amine-azafulvene 
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Figure 1-2: (A) Representation of a structurally characterized Fe–O2 adduct supported by a picket fence 
porphyrin ligand.59–63 (B) Fe–O2 adduct stabilized by a H–bonding interaction in a modified picket fence 

porphyrin ligand framework, with a phenyl urea moiety incorporated to act as a H–bond donor.64 
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donors and the steric bulk provided by the cyclohexyl groups.73 Furthermore, it was found that each arm 

tautomerizes independently, providing diversity in the 2º coordination sphere to support a wide range of 

exogenous ligands.65 In addition to the Fout lab, the Szymczak lab has also focused on the design of ligand 

frameworks which feature intramolecular H–bonding interactions.74–80 The Szymczak lab has further expanded 

their study of 2º sphere effects to include pendant Lewis acidic and basic groups (Fig 1-3, bottom).81–89 

Incorporation of Lewis acidic and basic groups in the 2º coordination sphere has been shown to enhance N2 

uptake and activation.90 The Yang group has developed a salen ligand with an auxiliary crown ether moiety to 

facilitate the incorporation of Lewis acidic metal ions.91,92 The electrostatic effects induced by incorporation of 

a Lewis acidic metal ion in the appended crown ether was found to affect the hydrogen-atom transfer reactivity 

carried out by a MnV–imido complex supported by the salen. These examples demonstrate the synthetic utility 

of incorporating 2º sphere effects, as inspired by biological environments.  

 

 

Figure 1-3: Representation of C3 tripodal pre-ligand developed by the Fout lab. The ligand is isolated as 
the pyrrole-2-imine tautomer, however the amine-azafulvene tautomer is accessibly upon metallation (top). 
The bottom shows an example of ligand frameworks developed by the Szymczak lab which incorporates 

both a pendant Lewis acid and base. 
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Previous Work from the Borovik Lab 

 In addition to the systems discussed above, the Borovik lab has pioneered the incorporation of 2º 

sphere effects in synthetic ligand design. Given that biological systems typically access high-valent, high-spin 

metal centers to catalyze chemical transformations, several design considerations were taken into account to 

replicate these features. To access high-spin metal complexes, a C3 symmetric ligand field was targeted because 

C3 symmetry has been found to favor high-spin states over tetragonal fields.93 Therefore, ligand frameworks 

were designed by modifying a tris(2-aminoethyl)amine (tren) backbone. The tren backbone is readily 

functionalized to provide 2º sphere interactions and the derivatized framework can then be deprotonated to 

provide a trianionic ligand environment. The trianionic nature of the ligand backbone supports both high-spin 

and high-valent metal complexes. When the modified ligand framework coordinates to a metal ion, it provides 

a rigid ligand framework, stabilizing the metal complex through the chelate effect and placing the appended 

functional groups in an appropriate position to participate in intramolecular H–bonding interactions (Fig 1-

4).94,95 These design principles have afforded ligand platforms that support the formation and characterization 

of molecules that are both biologically relevant and synthetically interesting, including multiple examples of M–

O(H) species,94–103 M–O2 adducts,104–106 and unsymmetric bimetallic complexes.95,107–114 Focusing on 

incorporating these 2º sphere effects has also led to the development of several unsymmetric tripodal ligand 

frameworks, where each tripod arm can be systematically modified to more specifically understand the 

contributions of individual 2º sphere interactions.106,115–117 Rigorous synthetic control has supported the 

preparation of biologically relevant complexes in past work, however this dissertation focuses on how 

biologically inspired design principles can be used to develop and support synthetic coordination complexes. 

N
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P
O

Ph
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Ph
Ph

P
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[poat]3–

- - = H–bond donor
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Figure 1-4: Examples of C3 tripodal ligand frameworks developed by the Borovik lab.  
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Overview of Following Chapters 

 The work described in this dissertation focused on synthetic control of both the 1º and 2º coordination 

spheres to design paramagnetic mono- and bimetallic Co coordination complexes. One chapter describes the 

use of a hybrid, unsymmetric tripodal ligand framework to prepare mononuclear hydroxido complexes. The 

remaining three chapters focus on the use of a trigonal monopyramidal (TMP) Co complex, supported by a C3 

symmetric tripodal ligand framework, to prepare bimetallic systems with single- and triple-atom bridging 

interactions. 

Chapter 2: Preparation, properties, and reactivity of a paramagnetic CoIII–OH complex 

 This chapter employed a hybrid, unsymmetric ligand framework, [H2pout]3–, to prepare a pair of 

paramagnetic CoII/III–OH complexes. [H2pout]3– was designed to favor M–OH complexes through the 

incorporation of two H–bond donating groups and one H–bond accepting group. Previously, [H2pout]3– was 

used to prepare and study MnII/III/IV–OH and FeII/III–OH complexes.116,118 A pair of CoII/III–OH complexes 

were prepared and characterized spectroscopically and structurally, accessing a rare example of a 

crystallographically validated CoIII–OH complex. The CoIII–OH complex was paramagnetic, with a S = 1 spin 

state, and was found to be moderately unstable in solution. The reactivity of the complex was subsequently 

investigated with different substrates and [CoIIIH2pout(OH)]– was found to be competent to cleave O–H bonds 

(Fig 1-5). This chapter describes the first study on the reactivity of a CoIII–OH complex, to the best of my 

knowledge. 

 

Figure 1-5: Representation of [CoIIIH2pout(OH)]– and an example of its reactivity with 2,6-di-
tBu-4-R-PhOH. 
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Chapter 3: Preparation and properties of a [CoIII–μ-OH–ZnII]+ complex from a proposed CoII–IBX-

iPr adduct 

 

 Work in this chapter focused on the preparation of a TMP CoII complex, K[CoIIpoat]. The synthesis 

and characterization of K[CoIIpoat] was described and the complex was characterized. The utility of 

K[CoIIpoat] towards the preparation of bimetallic complexes was then investigated. K[CoIIpoat] was used in 

Chapter 3 and all remaining chapters as the starting synthon to access multiple bimetallic species. Chapter 3 

specifically focused on the synthesis and characterization of [poatCoIII–μ-OH–ZnIIMe3tacn]OTf (Fig 1-6) from 

a proposed adduct formed between K[CoIIpoat] and an O-atom transfer reagent, isopropyl 2-iodoxybenzoate 

(IBX-iPr). The proposed adduct persisted in dilute solutions and subsequently reacted in the presence of 

[ZnIIMe3tacn(OTf)2], forming [poatCoIII–μ-OH–ZnIIMe3tacn]OTf which was characterized both structurally 

and spectroscopically. The spectroscopic characterization provided important information about CoIII–OH 

units in bimetallic systems due to the incorporation of the redox-inert, diamagnetic ZnII center. Furthermore, 

the d10 ZnII ion did not affect the magnetic behavior of the complex and was unlikely to have a significant effect 

on the electronic absorption spectrum. 

 

 

 

 

 

 

Figure 1-6: Synthesis of [poatCoIII–μ-OH–ZnIIMe3tacn]OTf from K[CoIIpoat] and  IBX-ipr 
in the presence of [ZnIIMe3tacn(OTf)2]. 
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Chapter 4: Modulating magnetic coupling through synthetic control in paramagnetic CoII/III–μ-O(H)–

FeIII complexes  

 Chapter 4 focused on the preparation of bimetallic complexes with a M–μ-OH–M’ core from O2. 

K[CoIIpoat] was found to react with O2 in the presence of a redox active metal complex, [FeIIMe3tacn(OTf)2]. 

This reaction resulted in the formation of [poatCoII–μ-OH–FeIIIMe3tacn]OTf. Interestingly, the Fe center was 

oxidized to FeIII while the CoII center did not change oxidation states. The mechanism of formation for this 

complex was investigated to better understand why the FeII center was preferentially oxidized, though a 

definitive conclusion could not be drawn. [poatCoII–μ-OH–FeIIIMe3tacn]OTf was subsequently characterized 

and was found to exhibit a one electron oxidation negative of the ferrocenium/ferrocene (Fc+/0) couple. 

Therefore, [poatCoII–μ-OH–FeIIIMe3tacn]OTf treated with FcOTf, leading to the formation of [poatCoIII–μ-

OH–FeIIIMe3tacn](OTf)2. Upon oxidation of the Co center, the spin state of the Co center was found to change 

from S = 3/2 for the CoII center to S = 1 to the CoIII center. The change in spin state affected the mode of 

magnetic coupling between the Co and Fe centers, from antiferromagnetic coupling in [poatCoII–μ-OH–

FeIIIMe3tacn]OTf to ferromagnetic coupling in [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2. The magnetic 

interactions were confirmed with electron paramagnetic resonance (EPR) and Mössbauer spectroscopies. There 

is preliminary evidence that introducing a base may result in the formation of [poatCoIII–μ-O–

FeIIIMe3tacn]OTf, where the hydroxido bridging ligand is deprotonated to an oxido ligand. The proposed 

incorporation of an oxido ligand once again led to a change in the coupling between the two metal ions, back 

to antiferromagnetic coupling. 
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Figure 1-7: Synthesis of [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2 from [poatCoII–μ-OH–FeIIIMe3tacn]OTf 
and FcOTf and UV-vis spectra following the reaction.  
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Chapter 5: Magnetic communication in rigorously C3 symmetric complexes facilitated by N–P=O 

bridging units 

 Chapter 5 describes the preparation of C3 symmetric bimetallic complexes, where a second metal ion 

was added to a TMP K[MxIIpoat] starting complex to form [MxIIpoat⋅⋅⋅MyIIMe3tacn]+ (Mx = Mn, Co, Zn; My = 

Mn, Fe, Co, Cu, Zn). The second metal ion coordinated to the [poat]3– ligand backbone through the P=O units 

to form three, triple atom N–P=O bridges between the two metal centers. Binding of the second metal ion to 

the [poat]3– P=O groups effectively shields the [MxIIpoat]– unit, preserving the TMP coordination geometry. 

These complexes all crystallized isomorphous to one another in the R3 space group. Following structural 

characterization, the [MxIIpoat⋅⋅⋅MyIIMe3tacn]+ complexes where studied spectroscopically with an eye towards 

understanding the role the N–P=O bridging units played in facilitating magnetic coupling between the two 

metal centers. The complexes were characterized by ⊥- and ∥-mode EPR spectroscopy, which revealed that the 

N–P=O bridges led to ferromagnetic interactions between the two metal centers. The coupling between the 

two metal centers appeared weak, leading to complex EPR spectra with multiple features which were the same 

in both solution and solid EPR samples. The origins of these spectral features are still under investigation. 

Finally, SQUID measurements were collected which supported antiferromagnetic interactions between the two 

metal centers of the [MxIIpoat⋅⋅⋅MyIIMe3tacn]+ complexes. The SQUID data did not indicate that any of the 

complexes exhibited single molecule magnetism. 

 

 

Figure 1-8: Preparative method for the synthesis of C3 symmetric bimetallic coordination 
complexes, where Mx = Mn, Co, Zn and My = Mn, Fe, Co, Cu, and Zn. 
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Chapter 2: Preparation, properties, and reactivity of a paramagnetic CoIII–OH complex 

Introduction 

Metal hydroxido (M–OH) species are important intermediates in both biological and synthetic systems 

for the functionalization of external substrates.1–8 Biological systems utilize M–OH moieties in both heme and 

non-heme environments to activate C–H bonds, halogenate substrates, and hydroxylate carbon-centered 

radicals.9,10 The ability of biological systems to access reactive intermediates, such as M–O(H) species, is 

frequently attributed to tight regulation within the active site.11,12 This control extends to both the primary (1º) 

coordination sphere, which consists of ligands directly bound to the metal ion(s) in the active site, and to the 

secondary (2º) coordination sphere, which includes non-covalent interactions such as electrostatic effects, 

hydrogen–bonds (H–bonds), and pi–stacking interactions. Because these M–OH intermediates are highly 

reactive, it is difficult to characterize and study these species in their biological environments. To meet this 

challenge, scientists have targeted synthetic systems to model the properties and reactivity of proposed M–OH 

species; however, the acidic nature of the O–H bond in high-valent (MIII,IV) M–OH complexes makes it difficult 

to synthesize and isolate these reactive species.13,14  

The Borovik Lab has addressed the challenges associated with stabilizing high-valent M–O(H) 

complexes through the design of multidentate ligands that regulate both the 1º and 2º coordination spheres to 

promote chemistry.15 The core design feature is a tris(2-aminoethyl)amine (tren) backbone, which provides four 

N-donors to the metal center to coordinate to a metal ion in a tetradentate fashion. The 1º amines of the tren 

backbone are readily derivatized to incorporate functional groups that provide intramolecular 2º sphere 

interactions, primarily H–bond donor or acceptor groups. Following functionalization of the tren platform, the 

pre-ligand can be deprotonated and subsequently metallated. Deprotonation provides three anionic N-donor 

atoms capable of binding a metal ion and supporting high-spin, high-valent metal centers. The tren motif 

enforces local C3 symmetry and further favors high-spin states. Chelation of a metal ion results in formation of 

a well-defined, rigid tripodal complex with a fifth coordination site available to bind an exogenous ligand in 

proximity to the 2º sphere functional groups of the tripodal ligand, facilitating formation of intramolecular H–

bonds. For example, N,Nʹ,Nʺ-[nitrilotris(ethane-2,1-diyl)]tris(tert-butylureaylato) incorporates ureayl functional 
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groups to act as H–bond donors and has been found to support high-valent M–O(H) complexes (Fig 2-1, 

[H3buea]3–, left).16 Similar C3 symmetric ligand frameworks have been designed to incorporate H–bond 

accepting groups, such as (N,Nʹ,Nʺ-[nitrilotris(ethane-2,1-diyl)]tris(P,P-diphenylphosphinic amido)) [poat]3– 

(Fig 2-1, middle)17 and N,Nʹ,Nʺ-[2,2′,2″-nitrilotris(ethane-2,1-diyl)]-tris-({R-Ph}-sulfonamido), [RST]3– where 

R is a substituted aryl ring (Fig 2-1, right).18–20 Note that [poat]3– features phosphinic amido groups within the 

2º coordination sphere while [RST]3– features substituted aryl sulfonamido groups. 

While the three aforementioned ligand frameworks have supported M–OH complexes, none of the 2º 

coordination spheres are optimally designed to favor M–OH species. [H3buea]3– provides  H–bond donating 

groups to the O-atom of the HO– unit but cannot interact with the O–H bond. Conversely, [poat]3– and [RST]3– 

accept a H–bond from the proton of the HO– unit but cannot H–bond with the O-atom. To optimize the H-

bond interactions for a M–OH unit, the Borovik Lab designed “hybrid” unsymmetric tripodal ligand 

frameworks to allow for selective modification of one of the tripod arms (Figs 2-2, 2-3). Two of the most 

notable examples include [H2tol]3– (Fig 2-2)21 and [H2pout]3– (Fig 2-3, vide infra).22 Both [H2tol]3– and [H2pout]3– 

have 2º coordination spheres that incorporate two H–bond donors from the ureayl arms and one H–bond 

accepting group from a phosphinic amido or sulfonamido donor. This unsymmetric cavity is optimized to 

support M–OH units, by donating two H–bonds to the hydroxido oxygen while providing one H–bond 

acceptor to interact with the hydroxido proton.  
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In a 2017 paper, the hybrid ureayl-sulfonamido ligand frameworks described above were used to 

prepare a series of CoII–OH complexes with an eye towards investigating the differences in the 1º coordination 

sphere donor strength between deprotonated sulfonamido and deprotonated ureayl N-donors (Fig 2-2).21 In 

the electronic absorption spectra of these compounds, a low energy d–d band was found to be sensitive to 

equatorial ligand donor strength. Systematically increasing the number of deprotonated ureayl donors resulted 

in a shift of the d–d band to higher energy, confirming that ureayl groups are stronger 1º coordination sphere 

donors than sulfonamido donors, a claim that was supported by additional spectroscopic data. Furthermore, 

the prepared CoII–OH metal complexes were treated with a chemical oxidant to determine if the CoIII–OH 

species could be accessed. By following these reactions spectroscopically, it was found that decreasing the 

number of ureayl donor arms destabilized the oxidized CoIII–OH species. The [CoIIIH3buea(OH)]– analogue 

was stable enough to crystallographically characterize, while CoIII–OH units coordinated by ligands that contain 

sulfonamido group(s) were destabilized and molecular structures could not be obtained. This finding was 

consistent with previous work on the [RST]3– framework, which has shown that sulfonamido based systems do 

not support metals in oxidation states beyond +3.19,23–27 Given the desire to access more highly oxidized metal 

complexes, the more donating [poat]3– ligand was designed and prepared. 

In contrast to [RST]3–, [poat]3–supports more highly oxidized metal centers. Previous work from the 

Borovik lab has shown that [poat]3– can support metal oxidation states up to +4.17,28 The phosphinic amido 

donor arms featured in [poat]3– have also been incorporated into a hybrid ligand framework, [H2pout]3– (Fig 2-

3).22 As stated above, [H2pout]3– is optimized in the 2º coordination sphere to support M–OH complexes with 

a more strongly donating H–bond donor arm, suggesting that [H2pout]3– may be employed to access higher 

valent M–OH. Bolstering this premise, previous work utilized [H2pout]3– to prepare a series of Mn–OH 

Figure 2-2: A series of CoII–OH complexes supported by unsymmetric, hybrid ligand frameworks. The number 
of sulfonamido and ureayl donors in the ligands are varied across the series. 
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complexes, spanning oxidation states between MnII-IV. This work employs [H2pout]3– to support Co–OH metal 

complexes and study their reactivity.  

My specific interest in Co–OH systems stems from their suggested role as reactive intermediates in a 

variety of chemical reactions. High-valent Co species have been implicated as the competent oxidants in an 

array of reactions, including synthetic water oxidation catalysis29–37 and C–H bond activation.38–43 CoIV–O 

moieties are most commonly invoked in these processes, because of the presumed stability of low-spin CoIII 

species.44 While the stability of CoIII species may be apparent for six–coordinate compounds, examples from 

the Anderson and the Borovik groups suggest that CoIII complexes in coordinatively unsaturated  environments 

could be more reactive.16,21,41,45 Work within the Anderson group focused on the pKa driven asynchronous C–

H bond activation reactivity of a four-coordinate CoIII–O, while work within the Borovik group has shown 

that terminal, five-coordinate CoIII–OH species appear to be unstable.16,21,24 To date there are only six examples 

of structurally characterized, mononuclear CoIII–OH complexes (Fig 2-4).16,41,46–50 The rareness of this type of 

structure suggests the CoIII–OH unit may be inherently unstable, possibly due to the acidity of the O–H bond. 

N

N
N

N

NH
O

tBu

NH
tBu

O

HN

tBu

O

[MH3buea(OH)]

N

N
N

N
P

P
O

Ph

Ph
O

Ph
Ph

P
OPh

Ph

[Mpoat(OH)]

N

N
N

N

NH
O

tBu

NH
tBu

O

P
O

Ph

Ph

[MH2pout(OH)]

M
M

M

OH
OH

OH

Figure 2-3: Design scheme of the hybrid ligand framework [H2pout]3–. 



 20 

The instability of the CoIII–OH species could be redirected towards productive chemistry within the correct 

ligand framework.  

This chapter describes efforts taken to prepare and characterize CoII/III–OH complexes supported by 

the [H2pout]3– ligand. The reactivity of the CoIII–OH complexes towards external substrates is further 

examined. To the best of our knowledge, the ability of CoIII–OH complexes to perform X–H bond activation 

has yet been reported.  

Results and Discussion 

Synthesis and Characterization of K2[CoIIH2pout(OH)], (K2[1]) 

Synthesis: K2[CoIIH2pout(OH)] (K2[1]) was prepared following literature procedures for the synthesis of the Mn 

analogue, K2[MnIIH2pout(OH)] (Scheme 2-1).22 H5pout was suspended and stirred in N,Nʹ-dimethylacetamide 

Scheme 2-1: Preparation of K2[1]. 
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(DMA) in the presence of four equivalents of potassium hydride (KH), to ensure full deprotonation of the 

equatorial N–donor atoms and deprotonate one of the 2º coordination sphere urea groups. This strategy 

provided an internal basic site for preparation of the –OH ligand in a future step. Following deprotonation of 

the ligand, CoII(OAc)2 was added to the reaction and stirred until a purple solution formed. Then one equivalent 

of degassed water was added directly into solution, yielding a new pink-purple color. The addition of water 

lends to its being deprotonated by the internal basic site to form a hydroxido ligand, which causes reprotonation 

of urea NH groups within the 2º coordination sphere. The reaction was filtered and subsequently diluted with 

DMA until any cloudiness dissipated. Single crystals suitable for X-ray diffraction (XRD) studies were 

subsequently grown by vapor diffusion of Et2O into the filtrate. 

Structural Properties: The molecular structure of K2[1] revealed a five-coordinate Co-complex in a trigonal 

bipyramidal (TBP) coordination geometry with a τ5 value of 0.92 (Fig 2-5, A and C; Table 2-1).51 The 1º 

coordination sphere is made up of four N-atom donors from the [H2pout]3– ligand and an exogenous O-atom, 

derived from the hydroxido ligand. The bond lengths within the 1º coordination sphere are similar to previously 

published CoII–OH molecules in TBP geometries.16,21,24,52 The H-atoms associated with N5, N6, and O1 were 

all located in the Fourier-difference map and the molecular structure reveals the formation of two 

intramolecular H–bonds, with the hydroxido ligand acting as a H–bond acceptor (O1···N5 = 2.707(2), 

O1···N6 = 2.927(2), Table 1). Based on the ligand design concept, a third intramolecular H–bond was expected 

to be present between the hydroxido ligand (O1) and the phosphinic amido O-atom (O2); however in the solid 

state one K+ counterion (K1) interacts with both O1 and O2, blocking the formation of the intramolecular H–

bonding interaction. A similar structural motif was observed in the isomorphous MnII and FeII–OH  

analogues.22,53,54 In addition to the intramolecular interactions of the K+ counterions with O1 and O2, the K+ 

counterions also interacted with the ligand O-atoms from nearby [1]2– molecules forming extensive 

intermolecular interactions in the solid state.  
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Figure 2-5: Thermal ellipsoid diagrams of K2[1] and K[2]. In A and B, structural solvent molecules and K+ 
counterion(s) were omitted for clarity. C and D incorporate the K+ counterion(s) to demonstrate their interactions in 

the solid state. Thermal ellipsoids are drawn at 50% probability and only hydroxido ligand and urea protons are 
shown. 

C D

 Distance, 1 (Å) Distance, 2 (Å) 
Co1–O1 2.020(1) 1.895(1) 
Co1–N1 2.217(2) 2.014(1) 
Co1–N2 2.120(2) 1.978(1) 
Co1–N3 2.108(2) 1.944(1) 
Co1–N4 2.035(2) 1.952(1) 
O1···N5 2.707(2) 2.606(2) 
O1···N6 2.927(2) 2.668(2) 
O1···O2 3.856(2) 2.749(2) 
O1···K1 2.700(2) 3.944(2) 

 Angles, 1 (º) Angles, 2 (º) 
N1–Co1–O1 171.66(6) 178.72(6) 
N2–Co1–N3 121.01(7) 124.23(6) 
N2–Co1–N4 113.63(7) 112.80(6) 
N3–Co1–N4 116.73(7) 120.76(6) 

 τ5* = 0.92 τ5* = 0.91 
* τ5 is the trigonality structural parameter. α and β are the two largest angles in the 
molecule. τ5 = (β – α)/60° 

Table 2-1: Metrical data from the molecular structures of K2[1] and K[2]. 
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Spectroscopic Characterization: The electronic and magnetic properties of K2[1] were characterized using electronic 

absorption (UV-vis), attenuated total reflectance-Fourier transform infrared (ATR-FTIR), and electron 

paramagnetic resonance (EPR) spectroscopies, respectively. K2[1] is weakly colored and exhibits low-energy, 

low-intensity features arising from d–d transitions at λmax [nm(ε, M–1cm–1)] = 491 (185), 524 (180), 583 (75), 753 

(44) (Fig 2-6, A), consistent with previous CoII complexes in TBP environments and specific to CoII ions in C3 

symmetric ligand fields.16,21,24,55,56 The lowest energy band in these systems, between 700 and 900 nm, arises 

from a 4A1 ⟶ 4E transition and can be used to evaluate the donor atom strength for ligands coordinated in the 

equatorial plane.21 In previous work, the ligand field strength was evaluated using a σ-only approach and it was 

found that for stronger donor atoms, such as deprotonated ureayl donors, this low energy feature shifted to 

higher energies. In comparison to the low energy band arising from [CoIIH2tol(OH)]2– and [CoIIH3buea(OH)]2– 

(Fig 2-2, vide supra), the 753 nm transition of K2[1] falls in between the two, further bolstering claims that 

deprotonated phosphinic amido donors are stronger than the sulfonamido counterparts but weaker than the 

ureayl donors (Table 2-2).  

Figure 2-6: Electronic absorption spectrum of K2[1] (A) and K[2] (B) in DMSO at 25 ºC.  

A B 

Compound λmax(nm) 𝝂O–H, (cm–1) Co–O1 (Å) 
[CoIITST(OH)]2– 890 3574 1.935(4) 
[CoIIHtol2(OH)]2– 820 3602, 3581 ––– 
[CoIIH2tol(OH)]2– 767 3625 2.015(2) 

[CoIIH2pout(OH)]2– 753 3640 2.020(1) 
[CoIIH3buea(OH)]2– 710 N/A 2.051(4) 

 

Table 2-2: Comparison of physical data across a series of CoII–OH complexes with varying 
ligand fields. Refer to Figure 2-2 for the structure of these compounds. 
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K2[1] was further examined by solid-state ATR-FTIR spectroscopy. 1 exhibited an O–H vibration at 

3640 cm–1, consistent with literature examples of MII–OH vibrations, and N–H vibrations at 3230 and 3130 

cm–1 (Fig 2-7, black).21,22,24 The 𝝂O–H vibration of K2[1] was noticeably sharp, likely due to a free O–H vibration 

rather than a H–bonded one. In the solid-state molecular structure of 1, the HO– ligand is not H–bonded to 

the P=O oxygen atom due to interaction between a K+ counterion and the P=O group. The disruption of the 

H–bonding network in K2[1] complicates direct comparison of the O–H vibration with the aforementioned 

series of CoII–OH complexes because the shape and width of the O–H vibration is significantly different (Table 

2-2).21  

The energy of the O–H vibrations can be 

compared and further correlated to the Co–O1 bond 

length. In the sulfonamido-ureayl hybrid series (Fig 2-

2), the Co–O1 bond length increased as the number 

of ureayl donor arms increased, where 

[CoIIH3buea(OH)]2– had the longest bond and  

[CoIITST(OH)]2– the shortest. Deprotonated ureayl 

ligands were determined to be stronger than the 

sulfonamido ligands, effectively providing a more 

electron rich ligand field. It can therefore be 

extrapolated that CoII ions supported by stronger 

ligand fields, such as ureayl donors, are more electron-

rich. Consequently, CoII ions in more strongly donating, electron-rich fields would likely withdraw less electron 

density from an exogenous hydroxido ligand and have a longer, weaker Co–O bond. The weakening of the 

Co–O bond leads to a complementary strengthening of the O–H bond, shifting the O–H bond vibration to 

higher energy. This trend was empirically observed and correlated once again with the σ-only approach to the 

ligand field analysis discussed above. [CoIITST(OH)]2– exhibited the shortest Co–O1 bond length and the 

weakest, lowest energy O–H vibration. [CoIIH3buea(OH)]2– had the longest Co–O1 bond length, but did not 

Figure 2-7: ΑTR-FTIR data collected on solid 
samples of K2[1] (A) and K[2] (B). 

A 

B 

|  
𝝂O–H |  |  
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exhibit an O–H bond vibration. The lack of vibration has previously been attributed to the H–bond donation 

from the ureayl functional groups, however an increase in the O–H bond strength due to the ligand field may 

play a role in its apparent absence. Further evaluation would be needed to confirm this hypothesis, as this 

analysis does not take into account variations in the H–bonding networks which has a significant effect on 

bond length and vibration. Finally, the structural and vibrational data collected from [CoIIH2pout(OH)]2– 

followed the proposed qualitative trend of ligand field strength which supported that phosphinic amido donors 

are stronger than sulfonamido donors but weaker than ureayl donors. 

The perpendicular-mode (⊥-mode) EPR spectrum of K2[1] showed a derivative signal at g = 4.3 and a 

high-field feature at g = 2.0 (Fig 2-8, A). The feature at g = 2.0 is split by hyperfine from the nuclear spin active 

59Co nucleus (I = 7/2). Two sets of 8-line hyperfine patterns were observed, which suggested that there may 

be multiple species in solution. Given how K2[1] was found to interact with the K+ counterions in the solid 

state, forming both intra- and intermolecular interactions, it is possible that crystalline K2[1] did not fully 

dissociate into separate units of [1]2– in solution but rather the intermolecular interactions between multiple 

equivalents of K2[1] remained intact. To probe this idea, 18-crown-6 ether (18c6) was added as an encapsulating 

reagent for the K+ ions. The EPR spectrum then appeared sharper and more intense and only one set of 59Co 

Figure 2-8: ⊥-mode EPR spectra of 10 mM solutions of K2[1] in DCM:THF, recorded at 12 K. A was collected 
without the use of any 18c6 while B was measured in the presence of excess 18c6. 

A B
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hyperfine was present at g = 2.0 (Fig 2-8, B). The distinctive 8-line hyperfine pattern imposed on the g = 2.0 

feature had a hyperfine coupling constant of Az = 295 MHz, 59Co. These data were consistent with formation 

of [CoIIH2pout(OH)]2– complex without K+ ion ionteractions.24,57,58 The spectrum was simulated and fit with 

an E/D value of 0.0069, indicating nearly axial symmetry around the Co center. Additionally, an Evans method 

room temperature effective magnetic moment was measured to b μeff = 4.14 μB. This value is larger than the 

theoretical spin-only magnetic moment for three unpaired electrons (μs = 3.87 μB) likely due to contributions 

from spin-orbit coupling, which is consistent with other examples of S = 3/2 CoII systems.59–61  

Electrochemical Properties and Oxidation Studies: The electrochemical properties of K2[1] were investigated by cyclic 

voltammetry (CV) to determine what potential the corresponding CoIII–OH species could be accessed. As 

discussed in the Introduction, no ligands which incorporated sulfonamido donors could support a CoIII–OH 

complex at room temperature and this species was only observed spectroscopically at lower temperatures.21 

Given that [H2pout]3– has been previously used in the prepartion of MnIII/IV–OH and FeIII–OH complexes, it 

was hypothesized that a CoIII–OH species could also be prepared.22,53,54 The electrochemical behavior was 

studied in multiple solvents, including N,Nʹ-dimethylsulfoxide (DMSO), dichloromethane (DCM), and 

tetrahydrofuran (THF), all of which indicated that K2[1] exhibits an oxidation at potentials negative of the 

ferrocenium/ferrocene (Fc+/0) couple (Table 2-3). However, the reversibility of the oxidation and subsequent 

return reduction varied based on the solvent. K2[1] exhibited a reversible one-electron event at –0.621 V versus 

Fc+/0 in THF, which was assigned as the CoIII/II–OH couple, as well as two additional oxidative events observed 

Figure 2-9: Cyclic voltammogram of 
K2[1] in THF. 

Solvent Epa (V vs Fc+/0) E1/2 (V vs Fc+/0) 
DMSO –1.159 –1.204 
DCM –0.779 –0.812 
THF –0.568 –0.621 

 

Table 2-3: Comparison of oxidative potentials for CoIII/II–OH in 
different solvents. 
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at E1/2 = –0.108, +0.245 V versus Fc+/0. The relatively low potential for the CoIII/II–OH redox couple and its 

reversibility suggested that a CoIII–OH could be accessed through the use of a Fc+ salt. Furthermore, the 

potential of this redox couple as well as literature precedent for previously characterized CoII–OH species in 

C3 symmetry suggests that K2[1] could be oxidized by O2 (Eº, V versus Fc+/0 = +1.21, MeCN; +0.60, 

DMF).16,57,62,63 Because the CV of K2[1] appeared most reversible in THF, this solvent was chosen for bulk 

oxidation studies (Fig 2-9).  

 Oxidation of K2[1]  with O2 was studied by UV-vis spectroscopy. The addition of excess O2 to a 

solution of K2[1]  was followed by electronic absorption spectrscopy. The reaction showed a rapid color change 

from pink-purple to dark red-orange (blue trace Fig 2-10, A). These bands were consistent in shape and energy 

with previously characterized CoIII–OH complexes.16,24,57 This reaction was also monitored with ⊥-mode EPR 

spectroscopy and the resulting product of this reaction was EPR silent, further supporting the proposed 

assignment of this new species as a CoIII–OH complex (Fig 2-10, B). Reaction of K2[1] with an equimolar 

amount of FcBF4 also gave the same CoIII–OH product. Given that the spectroscopic data suggested formation 

of a CoIII–OH species upon reacting K2[1] with an oxidant, bulk synthetic experiments were undertaken to 

obtain a solid-state molecular structure and confirm the identity of this new species. 

 

 

Figure 2-10: Electronic absorption spectra (A) and ⊥-mode EPR spectrum (B) after reaction of K2[1] with excess 
O2 in a 0.4 mM DMSO solution at 25 ºC and 10 mM K2[1] in DCM:THF at 77 K, respectively. 

A B
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Synthesis and Characterization of K[CoIIIH2pout(OH)] (K[2]) 

Synthesis: For bulk syntheses, FcBF4 was chosen as an oxidant over O2 as it the byproducts of this reaction, such 

as KBF4 or Fc, can be removed easily. Additionally, Fc+ is well known for acting as a mild, one-electron 

reagent.64–66  

 K2[1] was suspended in THF and treated with one equivalent of FcBF4. Addition of FcBF4 caused an 

immediate color change, from a purple-pink suspension to a deep red-orange solution. The reaction mixture 

was dried in vacuo. The resulting solid was redissolved in acetonitrile (MeCN) and filtered. The deep red-orange 

filtrate was recrystallized via vapor diffusion of Et2O into the mother liquor, resulting in few deep red crystals 

suitable for XRD studies. It should be noted that despite repeated attempts, the yield of K[2] remained 

consistently low, with less than ~ 10% yields of crystalline materials, if any was obtained.  

Structural Properties: Upon oxidation of K2[1] to K[2], the TBP coordination geometry about the Co center was 

preserved (τ5 = 0.91), with all 1º coordination sphere bond lengths contracted from K2[1] to K[2] by ~0.2 Å 

(Table 2-1, vide supra), consistent with oxidation of the Co center. Furthermore, oxidation of the Co center in 

K[2] resulted in the formation of a monoanionic metal complex and loss of one K+ counterion relative to K2[1], 

causing a profound change in the 2º coordination sphere (Fig 2-5, B and D, vide supra). In the molecular structure 

of K2[1], K2 interacts with the carbonyl O-atom on one of the urea arms (O3) while K1 interacts directly with 

the O-atoms from both the hydroxido ligand (O1) and the P=O arm (O2), preventing the formation of an 

intramolecular H–bond between O1 and O2. In the molecular structure of K[2], K1 interacts with the O-atoms 

from a carbonyl and the P=O arm (O4, O2 respectively) but no longer interacts with the hydroxido ligand 

(K1⋅⋅⋅O1 = 3.944(2), Table 2-1). The attenuated interactions between K1 and O1/O2 led to formation of the 
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H–bonding network around the hydroxido ligand and incorporation of three intramolecular H–bonds, as 

designed in the [H2pout]3– framework.  

Spectroscopic Characterization: As discussed above, in situ oxidation of 1 with FcBF4, a new, deep red-orange species 

formed with features at λmax, [nm (ε, M–1cm–1)] = 400 (sh), 478 (1030), and 805 (171) in DMSO, consistent with 

previously characterized CoIII–OH species in TBP geometry.16,21,24,57 These features are in good agreement with 

redissolved solid K[2] in DMSO (λmax, nm = 400, 478, 810). The energies of these transitions were consistent 

between in situ generated and isolated solids of K[2], however the absorbance values obtained from solutions 

of redissolved solids were lower than expected based on the molar absorptivity values obtained via in situ 

oxidation. The discrepancy in molar absorptivity was attributed to the isolation of impure solids due to solution 

instability of K[2] producing unknown byproducts during its degradation, most likely some CoII species. 

Because CoII complexes are typically weakly colored due to low absorbing d–d transitions, any residual CoII 

species would absorb below the baseline of any transitions arising from a CoIII–OH complex. 

Following oxidation of K2[1] to K[2], additional vibrational data was obtained. The 𝝂O–H vibration was 

found at 3310 cm–1, shifted to lower energy from the 3640 cm–1 O–H vibration exhibited by K2[1], consistent 

with oxidation of the metal center in K[2] (Fig 2-7, vide supra). Oxidation of the metal center from CoII to CoIII 

leads to a weakening of the O–H bond, similar to the [MnIIIH2pout(OH)]– analogue.22 Additionally, the O–H 

feature is broader in K[2] than in K2[1], consistent with the presence of the H–bonding interaction between the 

HO– ligand and the P=O group in the solid state. The energetic shift and broadness of the 𝝂O–H vibration 

effectively overlapped with the expected N–H vibrations from the urea ligand backbone, therefore these 

features could not be identified. As addressed throughout this chapter, solids isolated from the oxidation of 

K2[1] to K[2] were frequently impure. However the vibrational spectrum appeared clean and the identified 𝝂O–

H vibration did not appear in the vibrational spectrum of K2[1] nor in the ligand precursor, H5pout, which 

further supports the assignment of the O–H vibration.  

K[2] was also studied by EPR and was silent in both ⊥- and ∥-modes, suggesting that this species was 

likely S = 1 because of the difficulties associated with detecting S = 1 species by X–band EPR spectroscopy.67 

Given how the d–orbitals split in pseudo-C3 symmetric ligand environments (Fig 2-11), d6 species may take on 
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either S = 1 or 2 spin states. While S = 2 spin states can be more readily observed by ∥-mode EPR spectroscopy  

than S = 1 spin states, integer spin species are frequently challenging to measure. Therefore, an Evans’ Method 

spectrum was collected to confirm the spin state of K[2]. A paramagnetic solvent shift was observed and used 

to calculate an effective magnetic moment: μeff = 2.96 μB, consistent with a spin state of S = 1 (μs = 2.83 μB). 

This μeff value is consistent with literature precedent for S = 1 CoIII species and further supports the assignment    

of an S = 1 spin state for K[2].16  

Reactivity of K[CoIIIH2pout(OH)] Towards External Substrates 

Initial Substrates Investigated: Spectroscopic studies of K[2] revealed that the CoIII–OH species was moderately 

unstable in solution. This instability was corroborated in initial attempts to crystallize and isolate K[2]; bulk 

reactions performed in less volatile solvents (e.g. DMA) often exhibited notable loss of the signature red-orange 

color of K[2] before solvents could be removed in vacuo and no product could be isolated from these syntheses. 

Further attempts to crystallize K[2] ultimately led to isolation of single crystals suitable for XRD studies in poor 

yield. As discussed above, when bulk solids of K[2] were isolated, electronic absorption spectra of the 

redissolved powder exhibited features with the appropriate wavelengths and shapes, but far lower absorbance 

values than expected based on the calculated concentration. The solution instability of K[2] (t1/2 = 10 h, THF) 

suggested that the CoIII–OH moiety may be reactive towards external substrates. In subsequent studies, K[2] 

was screened for its potential to activate O–H and C–H bonds.  

Figure 2-11: Representation of possible spin states for a d6 metal ion in C3 ligand environments. 
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To test this hypothesis, different substrates were added to solutions of K[2] in DMSO at 25 ºC and 

monitored via electronic absorbance spectroscopy. The first substrate chosen was 1-hydroxy-2,2,6,6-

tetramethylpiperdine (TEMPO–H) due to its weak O–H bond dissociation free energy (BDFEO–H, DMSO = 

67.5 kcal/mol) and advantageous spectroscopic handles; specifically, if the O–H bond of TEMPO–H is 

cleaved, TEMPO⋅ forms and is detectable by ⊥-mode EPR spectroscopy.68 When K[2] was treated with 

TEMPO–H, the resulting spectra showed a loss of features associated with K[2] and the generation of a new, 

weakly absorbing spectrum (λmax = 390, 580 nm, Fig 2-12, A). The feature at 390 nm is consistent with literature 

examples of TEMPO⋅ species,69 while the 580 nm band is similar in energy and absorbance to previously 

characterized CoII complexes and K2[1].16,21,24,57,59 The reaction was also monitored at 77 K by ⊥-mode EPR 

spectroscopy, which showed generation of TEMPO⋅ (Fig 2-12, B) and an increase in a signal around g = 4, 

consistent with an S = 3/2 spin system that arises from a CoII center.  

The next substrate studied was 9,10-dihydroanthracene (DHA; BDFEC–H, DMSO = 76.0 kcal/mol).68 

Cleavage of the weak C–H bond in DHA results in the formation of anthracene, which has sharp and distinctive 

features in the electronic absorption spectrum between 340-380 nm.70,71 Addition of excess DHA to K[2] 

resulted in no significant spectral changes at room temperature. The solution was then gently warmed from 25 

Figure 2-12: (A) UV-vis spectra following the loss of K[2] at λ = 400, 478 and 805 nm upon reaction with TEMPO–
H at room temperature. (B) 77 K ⊥-mode	EPR collected after the reaction of 2 with TEMPO–H with g = 4.0, 2.0 

consistent with the formation of a CoII species and TEMPO⋅ A, 14N = 119 MHz. 

A B
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ºC to 40 ºC. After several hours at elevated temperature, no anthracene bands were observed in the spectra, 

though there was a loss of the features associated with K[2] (Fig 2-13). It could not be definitively concluded 

whether the spectral changes were due to the reaction of K[2] with DHA or the solution instability of K[2], 

though the absence of anthracene formation suggests the latter.  

Reactivity with para-Substituted Phenolic Compounds: Given that K[2] was competent to cleave the O–H bond of 

TEMPO–H but not the C–H bond of DHA, it was decided to pursue kinetic studies with phenolic substrates, 

which feature O–H bonds. Initially, the kinetics of the reaction between K[2] and a series of 4-substituted 

phenolic substrates was investigated. Varying the substituent at the para position of the phenolic substrates 

allows the BDFEO–H to be systematically changed. Three phenolic substrates were analyzed (4-OMe, 4-H and 

4-Br-phenol; PhOH) under pseudo-first order conditions where K[2] was treated with greater than 10 

equivalents of substrate. The substrate concentration was varied between ~10 and ~65 equivalents relative to 

a 0.75 mM solution of K[2] in DMSO, which was generated by oxidation of K2[1] with one equivalent of FcBF4 

in situ and monitored by UV-vis spectroscopy at 25 ºC. The reaction progress was monitored following the 

decrease in absorbance of the d–d band associated with K[2] (λmax = 805 nm) and the final spectra from all 

reactions had bands at λmax = 600, 660 nm. Equation 1 was plotted against the reaction time traces at 805 nm 

for at least three half-lives of the reaction to obtain the pseudo-first order rate constant, kobs. Ai is the initial 

absorbance at, At is the absorbance at time t, and A is the absorbance at the end of the reaction (Fig 2-14). 

Figure 2-13: Reaction of K[2] (black trace) with excess DHA. The initial spectrum 
was collected at 25 ºC and the final spectrum was collected at 40 ºC (blue). 
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Plotting this data yielded a line with a slope consistent with kobs (s-1). The kobs values were plotted against the 

concentration of substrate and the resulting slope was the second order rate constant, k2 (Table 2-4).  

While the obtained kinetic data suggested that the rate of the reaction between K[2] and the selected 

phenolic substrates was correlated to the substrate BDFEO–H (Fig 2-14, B), further data interpretation proved 

to be a challenge. When the decrease in absorbance at λ = 805 nm was plotted against time during substrate 

addition following Equation 1, the resulting plots did not appear linear but rather exhibited a curve. This led to 

low R2-values between substrate concentration and the pseudo-first order rate constant, kobs, calling the validity 

of the measured k2 values into question. The distinctive curve of the time trace plots suggested that the reaction 

between the 4-R-phenols and K[2] may not follow first order conditions, potentially undergoing a mechanism 

other than homolytic X–H bond cleavage (Fig 2-14). It was expected that the products of these reactions would 

be a phenoxyl radical (PhO⋅) and some CoII species, likely [CoIIH2pout(OH2)]–. However, the 4-R-PhOH 

compounds were not sterically bulky, leading to quenching of the proposed PhO⋅ through radical coupling, 

which rendered the radical intermediates undetectable by EPR spectroscopy. While a CoII product would be 

EPR active, the EPR spectra measured after addition of excess phenol did not have a definitive CoII signal so 

no clear conclusion could be drawn. In reexamining the raw data from these reactions, new bands formed at 

Figure 2-13: Reaction of K[2] (black trace) with 
excess DHA. The initial spectrum was collected at 
25 ºC and the final spectrum was collected at 40 ºC 

(blue). 

𝑘!"# = 	ln	[(%!&%")
(%#&%")

]	(Equation 2-1) 

Figure 2-14: (A) Addition of excess 4-OMe-PhOH to 0.75 mM solution of K[2] in DMSO at 25 ºC. New bands 
were generated at 600 and 660 nm (blue trace, *). (B) Plot of substrate BDFEO–H against logk2. The line of best fit 

is shown by the black dashes. The equation is: y = 14.5 – 0.206x, R2 = 0.935. 

A B 

* * 
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λmax = 600, 660 nm (Fig 2-14A, marked with *) which grew in as the reaction proceeded. The molar absorptivity 

values (~300 M–1cm–1) were larger than is typical for other characterized CoII–OH and CoII–OH2 complexes, 

suggesting that the inorganic product of these reactions was not either one of those species.  

Given that these studies were performed in the presence of excess substrate, it is plausible that some 

competitive binding event or ligand substitution may occur along the course of the reaction pathway, which 

may account for these new bands. There are a few likely pathways through which a binding event could proceed. 

In the first possible scenario, the O–H bond of the 4-R-PhOH is first cleaved to form 4-R-PhO⋅ and a CoII 

species, at which point excess 4-R-PhOH could bind to form a CoII–OHPh complex where the 4-R-PhOH is 

bound in the fifth coordination site (Scheme 2-3, Pathway A). Based on the acidity of the phenolic substrates 

chosen (Table 2-4), it is also feasible that K[2] could deprotonate the 4-R-PhOH to form a phenolate ion and 

a CoIII–OH2 complex, followed by displacement of the OH2 ligand to form a CoIII–OPh complex (Scheme 2-

3, Pathway B). Lastly, it is possible that the O–H bond of the 4-R-PhOH could be homolytically cleaved first, 

yielding a 4-R-PhO⋅ and a CoII species. At this point, the 4-R-PhO⋅ could coordinate to the Co center and 

oxidize the Co ion to form a CoIII–OPh species (Scheme 2-3, Pathway C).  

Substrate BDFEO–H (kcal mol–1) pKa k2 (M–1s–1) R2 

4-OMe 83.0 19.1 2.59*10–3 0.945 
4-H 88.3 18.0 3.46*10–4 0.695 
4-Br 89.1 16.4 1.04*10–4 0.757 

 

Table 2-4: Summary of data from the reaction of K[2]with 4-R substituted phenolic 
substrates and their thermodynamic parameters.69 
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To test the above hypotheses, a solution of K2[1] was prepared in DMSO and treated with 3 eq of 

PhOH, to form a proposed CoII–OHPh complex. This reaction resulted in the formation of an intense blue 

solution, distinct from K2[1] (Figure 2-14, gray trace). The bands associated with this new species were also not 

consistent with the product that grows into solution following 

reaction of K[2] with 4-R-PhOH substrates, suggesting that a 

CoII–O(H)Ph was not the likely product of the reaction. The 

solution was then treated with FcBF4 in an attempt to oxidize 

the new species, to form a proposed CoIII–OHPh. Addition of 

FcBF4 resulted in the formation of a dark green mixture with 

some unidentified precipitate, which may have contributed to 

the increase in absorbance of the spectrum (Fig 2-15, blue 

trace). This spectrum featured bands at 603 and 655 nm, similar 

Figure 2-15: Reaction of 5.75 mM of K2[1] 
(black) in DMSO with 3 eq of phenol (gray, 
λ= 371, 434, 548, 605, 636 nm). This species 
is then treated with FcBF4 (blue, λmax= 604, 

655, 746, 832 nm). 
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Scheme 2-3: Schematic representations of the proposed pathways through which a ligand substitution event may proceed.  
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to the product of the reaction of K[2] with 4-R-phenolic substrates (Figure 2-14, A). The similarity in these 

spectra further suggests that ligand substitution may play a role, however the mechanism of the proposed 

substitution is still unclear as is the precise identity of the inorganic product. While efforts were made to prepare 

the proposed Co–OHPh or Co–OPh species in bulk, ultimately attempts to isolate crystalline solids and 

confirm their identity were unsuccessful.  

Reactivity with tri-Substituted Phenolic Compounds: The underlying complications identified in the reactivity studies 

between K[2] and the 4-R-PhOH substrates could largely be attributed to the lack of steric bulk of the 

substrates. Given that these substrates were relatively small and sterically unencumbered, the 4-R-PhOH 

compounds could feasibly coordinate to the Co center. Furthermore, potential radical products typically quench 

through radical coupling pathways making them more difficult to identify by spectroscopic methods. To probe 

the ability of K[2] to perform a O–H bond activation in a more straightforward manner, a series of bulkier 2,6-

di-tBu-4-R-PhOH substrates were chosen. Addition of tert-butyl groups at the 2 and 6 positions on the aromatic 

ring provide steric bulk that effectively stabilizes the radical species by preventing radical coupling.  

K[2] was treated with a series of 2,6-di-tBu-4-R phenolic compounds (R = OMe, tBu, Br, Me) to 

examine its competence towards O–H bond cleavage. Because the radical species are stabilized by the bulky 

tert-butyl groups, potential phenoxyl radical products are detectable by ⊥-mode EPR spectroscopy. Initial 

studies were performed in DMSO, however the reaction(s) proceeded rapidly which made spectra difficult to 

fit to Equation 1. Therefore, the reaction conditions were modified. A 0.5 mM solution of 2 in THF was treated 

with excess 2,6-di-tBu-4-R-phenol at 10 ºC which resulted in the formation of sharp bands above 400 nm and 

the loss of features associated with 2 in the UV-vis spectra. The high energy bands at λmax = 388, 405 nm (Fig 

2-16, A; 2,6-di-tBu-4-OMe-PhOH) were similar in shape and energy to literature examples of phenoxyl radicals 

(λmax = 383, 400, 626 nm, MeCN).68,72,73 These reactions were followed by monitoring the band at λmax = 805 

nm. The data was fit following Equation 1 and plotted against time to determine a kobs value. The slope of the 

lines generated by plotting kobs values versus substrate concentration gave the k2 values of the reaction (Table 

2-5, Fig 2-S2 to 2-S5). Additionally, these reactions were followed by ⊥-mode EPR spectroscopy, which 
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revealed formation of a radical signal at g = 2 and a broad signal at g = 4, consistent with the formation of a 

CoII species (Fig 2-16, B).  

 After the data was collected and analyzed, the logarithm of the k2 values (logk2) were plotted against 

BDE, pKa, and Hammett parameter values to gain a better understanding of the thermodynamic driving force 

behind these reactions. The thermodynamic values used were obtained in DMSO because these values have 

not been reported in THF. While it was clear that K[2] was competent to cleave O–H bonds, the logk2 values 

of these reactions did not appear to follow a trend with any of the aforementioned parameters, complicating 

data analysis and preventing a clear conclusion regarding the mechanism of reaction (Figure 2-S6). Initial kinetic 

analyses (i.e. determining kobs and k2 values) resulted in linear plots which suggested a concerted bond cleavage 

mechanism, however conclusive mechanistic insights require further experiments.  

 

 

R =  BDEO–H (kcal mol–1) pKa k2 (M–1s–1) R2 

OMe 78.3 18.2 1.28 0.952 
Me 81.0 17.7 1.77 0.988 
tBu 81.2 17.8 9.16 0.972 
Br 83.2 - 6.49 0.997 

 

Table 2-5: Summary of data from the reaction of K[2] with 2,6-di-tBu-4-R substituted 
phenolic substrates and their thermodynamic parameters.68,73 BDE values were chosen 
because the BDFE values have not been reported for all substrates. Thermodynamic 

data are reported in DMSO, though the reaction was carried out in THF. 

Figure 2-16: Addition of 2,6-di-tBu-4-OMe-phenol to a solution of K[2] in THF at 25 ºC. (A) The initial 
spectrum is shown in black and the final is shown in blue (λmax = 388, 405, 468(sh), 570, 682 nm). (B) 77K 
⊥-mode EPR spectrum showing the product of the reaction of K[2] with excess 2,6-di-tBu-4-OMe-phenol, 

consistent with the formation of a CoII species and an organic radical (10 mM, DCM:THF).  

Α B 
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Summary and Conclusion 

 This chapter includes the successful syntheses and characterization of a redox pair of paramagnetic 

Co–OH complexes. The CoII–OH complex, K2[CoIIH2pout(OH)] (K2[1]), was isomorphous to the MnII– and 

FeII–OH analogues.22,53,54 The 2º coordination sphere of all three complexes have strong interactions between 

one of the K+ counterions with the hydroxido ligand, which prevents formation of an intramolecular H–bond 

between the –OH ligand proton and the P=O groups. Additionally, K2[1] can be related to a set of CoII–OH 

complexes supported by a series of unsymmetric ureayl-sulfonamido ligand frameworks. The spectroscopic 

characteristics of these complexes were compared, which concluded that ureayl functional groups act as 

stronger σ-donors in the 1º coordination sphere than sulfonamido units. When K2[1] was evaluated against this 

series, the spectroscopic data fit in with the trend established by the prior study, supporting a previously 

established hypothesis that phosphinic amido groups are stronger donor ligands than the sulfonamido 

analogues but are weaker than the ureayl moieties. Furthermore, it was found that K2[1] could be oxidized by 

O2 or Fc+, as established by the electrochemical profile of K2[1]. 

 In a further testament to the superior supportive nature of phosphinic amido donors versus 

sulfonamido groups, K2[1]was oxidized to K[CoIIIH2pout(OH)] (K[2]) and a molecular structure was obtained, 

which none of the sulfonamido based systems had achieved. K[2] was subsequently spectroscopically 

characterized and the data was in good agreement with previously characterized examples of CoIII–OH species 

in C3 symmetric environments. The magnetic moment of K[2] was measured by Evans’ Method NMR 

spectroscopy and found to be μeff = 2.96 μB, indicating a spin state of S = 1 for the CoIII center. This 

paramagnetism is uncommon for CoIII species, which are typically diamagnetic. It was observed that K[2] was 

unstable in solution and its diagnostic color faded over time, with a half-life of 10 h in THF. The solution 

instability taken in conjunction with the paramagnetism suggested that the compound may be reactive towards 

external substrates.  

 The reactivity of K[2] was subsequently investigated with various substrates. In these kinetic studies, 

K[2] was generated spectroscopically due to issues with poor purity and yields during bulk synthesis. K[2] was 

treated with TEMPO–H and found to cleave the O–H bond. However when treated with C–H bond substrates, 
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like DHA, K[2] did not cleave the C–H bond. To further study its reactivity, K[2] was treated with other 

substrates featuring O–H bonds, including a series of para-substituted phenolic compounds. While it was clear 

that K[2]reacted with these phenols in some manner, fitting the raw time traces using Equation 1 generated 

curved plots rather than straight lines, suggesting that the reaction was not a homolytic bond cleavage event 

but rather that some other reaction(s) were also occurring. The final spectra did not look like typical CoII–OH 

or OH2 complexes in C3 symmetry, suggesting that a competitive binding event may occur. To examine this 

possibility, PhOH was added to solutions of K2[1]. This product was then oxidized. These reactions did exhibit 

color changes, but a clear conclusion regarding the identity of these species could not be drawn from the data. 

Lastly, K[2] was treated with a series of tri-substituted phenols, 2,6-di-tBu-4-R-PhOH, to follow the organic 

radical product which would result from homolytic bond cleavage while also eliminating potential competitive 

binding events. Following these reactions by UV-vis and EPR spectroscopies, it was clear that the products of 

this reaction were a phenoxyl radical and some CoII species. However, when the measured k2 values were 

plotted against the Hammett parameters, pKa, and BDE values, a linear correlation was not observed. Fitting 

the time traces from these reactions to Equation 2-1 generated linear fits, suggesting that K[2] homolytically 

cleaves the O–H bond of the phenolic substrates. However, given that the k2 values could not be correlated to 

the aforementioned thermodynamic parameters, the driving force behind this reaction was not clear and 

requires further study.  

Outlook 

 Should studies with these complexes continue, there are a few potential directions the work could be 

taken in. Firstly, K2[1] was compared to a series of unsymmetric ureayl-sulfonamido ligand frameworks which 

concluded the following regarding ligand field strength: ureayl > phosphinic amido > sulfonamido groups. The 

empirical data measured throughout these studies is supportive of this. However, it may be interesting to 

moderately expand this study through an EPR analysis. The He-temperature EPR spectrum of K2[1] has been 

measured, which revealed a hyperfine coupling constant of A, 59Co = 295 MHz. Meanwhile this data for other 

CoII–OH complexes in these series has not been measured. The hyperfine coupling constants could be 
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measured and compared to determine if ligand field strength affects the magnitude of the A-values, which could 

be used as another handle to evaluate ligand donorability.  

Lastly, the reactions between K[2] and the tri-substituted phenolic substrates occurred rapidly in 

DMSO, which affected reproducibility. The reactions were then studied in THF at 10 ºC which effectively 

slowed the reaction and made fitting the data more straightforward. However, when the k2 values did not 

correlate with various thermodynamic parameters, including BDE, pKa, and Hammett parameters. The 

reactivity studies could be optimized by screening different solvents, temperature ranges, or other conditions 

to obtain more in-depth kinetic analyses.  

Experimental 

General Procedures 

Unless otherwise noted, all experiments were performed and reagents stored under a N2 atmosphere in a VAC 

dry box. BHT-stabilized Et2O, DCM stabilized with amylene, pentane, MeCN, and THF were purchased from 

Fisher, sparged with argon, and purified using a JC Meyer Co. solvent purification system with columns 

containing Q-5 and molecular sieves. Sure-seal bottles of DMSO and DMA were purchased respectively from 

Honeywell- Burdick & Jackson and Acros Organics (99.5% purity). KH was bought from Sigma Aldrich as a 

30% suspension in mineral oil and washed on a 15 mL fine porosity frit with pentane and Et2O, then dried 

under vacuum. CoII(OAc)2 was purchased from Sigma Aldrich in 99.995% purity and dried briefly in an oven 

until a purple powder was obtained. Fc was obtained from TCI Chemicals in 98.0% purity, recrystallized by 

sublimation, and immediately used to prepare FcBF4 according to literature procedure.65 DHA, PhOH (>99% 

purity), 4-tBu-PhOH (99% purity), 4-Br-PhOH, and 4-OMe-PhOH (98% purity) were purchased from Sigma 

Aldrich and used as obtained. All para-substituted phenolic compounds were brought into a dry-box and stored 

appropriately to prevent prolonged exposure to light. 2,4,6-tri-tBu-phenol was purchased from Sigma Aldrich 

and purified via sublimation. 2,6-di-tBu-4-Br-PhOH and 2,6-di-tBu-4-Me-PhOH were purchased from Aldrich 

and used as provided. 2,6-di-tBu-4-OMe-PhOH was purchased from Acros and used as provided. 
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Physical Methods 

1H–NMR spectra were recorded at 500 MHz using a Bruker DRX500 spectrometer with a TCI cryoprobe. 

Chemical shifts were reported in ppm and referenced to an internal trimethylsilane standard in deuterated 

solvents. Electronic absorption (UV-vis) spectra were collected in a 1 cm quartz cuvette fitted with a 4 mm 

magnetic stir bar. Spectra were recorded on a Cary-60 spectrophotometer or an 8453E Agilent UV-vis 

spectrophotometer fitted with a Unisoku Unispeks cryostat for temperature-controlled spectroscopy. Cyclic 

voltammetry was performed with a CHI600C potentiostat. Voltammograms were collected from a ~1 mM 

stock solution of analyte in ~100 mM tetrabutylammonium hexafluorophosphate in dry, air-free solvent and 

measured in a 4-neck, double-walled cell. A 1 mm glassy carbon electrode acted as the working electrode with 

Pt wire counter and Ag wire reference electrodes. All voltammograms were referenced to an internal Fc+/0 

standard. Elemental analyses were measured on a Perkin-Elmer 2400 Series II CHNS elemental analyzer. He-

temperature EPR spectra were collected on an X-Band (9.64 GHz) Bruker spectrometer fitted with an Oxford 

liquid helium cryostat. Signals were referenced and quantified to a [CuEDTA]2– spin standard. The magnetic 

field was calibrated with an NMR gaussmeter and the microwave frequency of the instrument was calibrated 

with a frequency counter. 77K EPR experiments were recorded on a Bruker EMX X-band spectrometer with 

the following parameters, unless otherwise noted: microwave frequency of 9.64 GHz, a modulation frequency 

of 100 kHz, a modulation amplitude of 10 G, a microwave power of 2 mW, an attenuation of 20 dB, a time 

constant of 82 msec, and a conversion time of 41 msec. All EPR samples were prepared under a nitrogen 

atmosphere in 4 mm quartz EPR tubes, capped with a septum, and flash frozen in liquid nitrogen. Attenuated 

Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectra were measured on a Thermo Scientific 

Nicolet iS5 spectrometer fitted with an iD5 ATR attachment. Elemental analyses were measured on a Perkin-

Elmer 2400 Series II CHNS elemental analyzer. 

Kinetic studies for the oxidation of substrates 

Kinetic experiments studying the activation of 4-R-PhOH substrates were performed with 0.75 mM 

K[CoIIIH2pout(OH)] in DMSO at 25 ºC, generated in situ. 2.0 mL DMSO were transferred into a 1 cm quartz 

cuvette equipped with a 4 mm stir bar, capped with a septum, and placed in cryostat. A concentrated stock 
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solution of K2[CoIIH2pout(OH)] was prepared by dissolving crystalline K2[CoIIH2pout(OH)] in 1.0 mL of 

DMSO in the presence of excess 18c6. 85 μL of the concentrated (KÌ18c6)2[CoIIH2pout(OH)] stock solution 

was added to 2.0 mL of DMSO in the cuvette and a spectrum was collected. To this solution, 35 μL of 

concentrated FcBF4 (~1 equivalent relative to (KÌ18c6)2[CoIIH2pout(OH)]) was prepared in DCM, added to 

the cuvette and the solution was allowed to mix for ~1 minute. A spectrum was then collected to confirm 

generation of (KÌ18c6)[CoIIIH2pout(OH)]. Stock solutions of each substrate (~650 mM) were then prepared 

in DMSO and the substrate was added to the cuvette in 25 μL increments (25 μL to 100 μL). These experiments 

were performed under pseudo first order reaction conditions in the presence of at least 10 equivalents of 

substrate.  

When studying the activation of 2,6-di-tBu-4-R-PhOH substrates, kinetic experiments were performed 

with 0.54 mM in situ generated K[CoIIIH2pout(OH)] in THF at 10 ºC. 2.0 mL of THF were transferred into a 

1 cm quartz cuvette equipped with a 4 mm stir bar, capped with a septum, and cooled in the cryostat. A 

concentrated stock solution of K2[CoIIH2pout(OH)] was prepared by dissolving pure K2[CoIIH2pout(OH)] in 

1.0 mL of THF in the presence of excess 18c6. 75 μL of concentrated (KÌ18c6)2[CoIIH2pout(OH)]  was added 

to 2.0 mL of chilled THF in the cuvette and a spectrum was collected. To this solution, 25 μL of concentrated 

FcBF4 (~1 equivalent relative to (KÌ18c6)2[CoIIH2pout(OH)], prepared in MeCN) was added to the cuvette 

and allowed to mix for ~1 minute. A spectrum was then collected to confirm generation of 

(KÌ18c6)[CoIIIH2pout(OH)]. Stock solutions of each substrate (~450 mM) were then prepared in THF and 

the substrate was added to the cuvette in 25 μL increments (25 μL to 100 μL). Please note that for 2,6-di-tBu-

4-Me-PhOH, titrations were only followed between 25 – 75 μL. These experiments were performed under 

pseudo first order reaction conditions in the presence of at least 10 equivalents of substrate. 

The reaction progress for both the activation of 4-R-PhOH and 2,6-di-tBu-4-R-PhOH were monitored 

by following the decrease in absorbance of the d–d band at λmax = 805 nm. Equation 1 was plotted against the 

time traces at 805 nm for at least three half-lives of each reaction. For each reaction, the observed pseudo first-

𝑘!"# = 	ln	[(%!&%")
(%#&%")

]	Equation 2-1 
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order rate constant (kobs, s–1) was found from the slope of the line generated by fitting with Equation 2-1. When 

kobs was plotted against substrate concentrations, the second order rate constant was found (kobs= [Substrate]k2; 

k2, M–1s–1). These plots and k2 values can be found in the supplementary information.   

Preparative Methods 

K2[CoIIH2pout(OH)] (K2[1]): 0.1268 g (0.2330 mmol) of H5pout were dissolved in 5 mL of DMA with 4.00 eq of 

KH (0.0374 g, 0.932 mmol). These reagents were stirred for 30 minutes until all bubbling ceased, resulting in a 

clear, pale yellow solution. To this solution, 0.0452 g (0.255 mmol, 1.09 eq) of solid CoII(OAc)2 were added and 

stirred for 30 minutes, yielding a blueish-purple mixture. 5.0 μL (0.28 mmol, 1.2 eq) of air-free H2O were added 

to the reaction mixture, causing an immediate color change to a purple-pink mixture, and stirred for 15 minutes. 

The reaction was then filtered with a 15 mL medium-porosity glass frit and washed with 3 mL of DMA followed 

by 2 mL Et2O to yield 0.0480 g of a blueish-white solid (0.0457 g theoretical yield of KOAc) and a purple 

filtrate. The resulting purple solution was briefly dried under vacuum to remove residual Et2O and was further 

diluted with DMA until residual cloudiness abated. The complex was recrystallized from vapor diffusion of 

Et2O into the crude DMA solution to give 142.1 mg (0.2042 mmol, 87.66 % yield) of K2[CoIIH2pout(OH)] as 

purple crystals suitable for X-ray diffraction. H1, H5, and H6 were located from a difference-Fourier map and 

refined (x, y, z and Uiso). FTIR: 𝝂 (cm–1) = 3640 (O–H); 3130, 3230 (N–H); 2950-2800 (C–H); 1647, 1635 (CO). 

UV-vis (DMSO, λmax [nm (ε M–1cm–1)] = 491 (185), 524 (180), 583 (75), 753 (44). EPR (X-band, ⊥-mode, 12 

K, g = 4.4, 4.3, 2.0, A = 295 MHz). μeff, Evans’ Method, DMSO = 4.142 μB. Cyclic voltammetry (THF, V vs 

Fc+/0) E1/2= –0.621 (CoIII/II), Epa= –0.108, Epa= +0.277. Elemental Analysis calculated for 

3(C28H43CoK2N6O5P) ⋅	C4H9NO; C, 50.59, H, 6.91, N, 13.16; found C, 50.25, H, 7.27, N, 13.18. 

K[CoIIIH2pout(OH)] (K[2]): 0.0570 g (0.0819 mmol) of K2[CoIIH2pout(OH)] was suspended in 4 mL of THF. 

To this pale purple suspension, 0.0224 g (0.0821 mmol, 1.00 eq) of FcBF4 was added in 1 mL DCM to aid in 

solubility. The addition of FcBF4 afforded an immediate color change to a deep red-orange solution. This 

solution was stirred for 45 minutes and the solvent was removed under vacuum to yield a red-orange residue. 

This residue was triturated briefly with Et2O and dried under vacuum again to yield a red-orange solid. The 

solid was re-dissolved in 15 mL of MeCN and filtered to yield a deep red-orange filtrate and 0.0180 g of a pale 
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orange solid (0.0152 g, 0.0103 g theoretical yield of Fc, KBF4). The filtrate was concentrated and recrystallized 

via vapor diffusion of Et2O into the crude MeCN filtrate, resulting in small, deep-red crystals suitable for X-

ray diffraction. Despite best efforts, yields of pure solids were low, making it difficult to characterize K[2] in 

bulk. To address these challenges, K[2] was largely characterized spectroscopically via in situ generation. No 

elemental analysis or high-resolution mass spectrometry measurements were obtained. H5 and H6 were located 

from a difference-Fourier map and refined (x,y,z, and Uiso). H1 was refined (x,y,z) with d (O–H) = 0.85 and 

riding Uiso. FTIR: 𝝂 (cm–1) = 3310 (O–H); 3051, 3061 (N–H); 2960–2840 (C–H), 1640 (CO). UV-vis (DMSO, 

λmax nm (ε M–1cm–1)) = 400 (sh), 478 (1030), 805 (171). EPR (X-Band, ⊥, ∥-mode = silent). Evans’ Method 

NMR: μeff, DMSO = 2.96 μB. 

X-ray Crystallographic Methods 

K2[CoIIH2pout(OH)]: The data for K2[CoIIH2pout(OH)]⋅2DMA were collected from a shock-cooled single 

crystal at 88(2) K on a Bruker SMART APEX II three-circle diffractometer with a sealed X-ray tube using a 

equatorial mounted graphite as monochromator and a Bruker Apex II CCD detector. The diffractometer was 

equipped with a Cryo Industries low temperature device and used MoKα radiation (λ = 0.71073 Å). All data 

were integrated with SAINT and a multi-scan absorption correction using SADABS was applied.74–76 The 

structure was solved by direct methods using SHELXS and refined by full-matrix least-squares methods against 

F2 by SHELXL-2018/3 using ShelXle.77–79 All non-hydrogen atoms were refined with anisotropic displacement 

parameters. All hydrogen atoms were refined with isotropic displacement parameters. Some were refined freely 

and some on calculated positions using a riding model with their Uiso values constrained to 1.5 times the Ueq of 

their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. Disordered moieties 

were refined using bond lengths restraints and displacement parameter restraints. This report and the CIF file 

were generated using FinalCif.80 Refinement Details: All non-hydrogen atoms were refined anisotropically. All 

main molecule and ordered DMA hydrogen atom positions were freely refined with displacement parameters 

constrained to 1.2x the ADP of the connecting atom for all CH2, NH, and OH groups and 1.5x the ADP for 

CH3 groups. On one slightly disordered (91:9) DMA molecule, bond lengths and angles were restrained to 



 45 

similar values between the two parts, ADPs were constrained to the same value for each unique atom, and 

hydrogen atoms were added using a riding model. 

K[CoIIIH2pout(OH)]: The data for K[CoIIIH2pout(OH)]⋅MeCN were collected from a shock-cooled single crystal 

at 133(2) K on a Bruker SMART APEX II three-circle diffractometer with a fine-focus sealed tube using a 

equatorial mounted graphite as monochromator and a Bruker Apex II CCD detector. The diffractometer was 

equipped with a Cryo Industries low temperature device and used MoKα radiation (λ = 0.71073 Å). All data 

were integrated with SAINT and a multi-scan absorption correction using SADABS was applied.74–76 The 

structure was solved by direct methods using SHELXT and refined by full-matrix least-squares methods against 

F2 by SHELXL-2018/3 using ShelXle.77,79,81 All non-hydrogen atoms were refined with anisotropic 

displacement parameters. All hydrogen atoms were refined with isotropic displacement parameters. Some were 

refined freely and some on calculated positions using a riding model with their Uiso values constrained to 1.5 

times the Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. This 

report and the CIF file were generated using FinalCif.80 Refinement Details: All non-hydrogen atoms were refined 

anisotropically without restraints or constraints. All methylene and sp2 hydrogen atom positions were refined 

freely with ADPs constrained to 1.2x the ADP of the connecting atom. Methyl hydrogen atoms were refined 

using a riding model. The H6 position was refined freely with ADP 1.2x that of N6. H1 and H5 positions were 

refined with the distances restrained to 0.83A to O1 and 0.93A to N5, respectively and ADPs 1.2x the 

connecting atoms. All refined hydrogen atoms connecting to hetero atoms were found in the difference map. 
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Supplemental Information 

 Table 2-S1: Crystallographic details for K2[CoIIH2pout(OH)], K2[1], (middle column) and 
K[CoIIIH2pout(OH)], K[2], (right column). 

R1 = Σ | |Fo| – |Fc| | / Σ |Fo| 
wR2 = [Σ[w(Fo2 – Fc2)2] / Σ[w(Fo2)2]]1/2 
 

Thermal ellipsoids are shown at 50% probability. 

Compound K2[CoIIH2pout(OH)]⋅2 DMA K[CoIIIH2pout(OH)]⋅MeCN 
Empirical formula C36H61CoK2N8O6P C30H46CoKN7O4P 
Formula weight 870.02 697.74 
Temperature [K] 88(2) 133(2) 

Crystal system orthorhombic monoclinic 
Space group (number) 𝑃𝑏𝑐𝑎 (61) 𝑃2!/𝑛 (14) 

a [Å] 17.8053(18) 10.0313(6) 
b [Å] 21.167(2) 23.4096(15) 
c [Å] 23.491(2) 14.4563(9) 
α [°] 90 90 
β [°] 90 92.0090(10) 
γ [°] 90 90 

Volume [Å3] 8853.6(15) 3392.7(4) 
Z 8 4 

ρcalc [gcm−3] 1.305 1.366 
Independent reflections 9786 8261 
Goodness-of-fit on F2 1.008 1.035 

R1,  [I≥2σ(I)] 0.0369 0.0332 
wR2, [all data] 0.0852 0.0859 

 Goof (Goodness-of-fit) = S = [Σ[w(Fo2 – Fc2)2] / (n – p)]1/2, 
where n = number of reflections and p = total number of 
parameters refined. 
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Figure 2-S1: Kinetic rate plots from addition of different 4-R-PhOH substrates: R = Br (A), R = H (B), R = OMe (C). 

A B 

C 

Α B 

Figure 2-S2: (A) UV-visible spectra following the reaction of K[2] with 2,6-di-tBu-4-OMe-PhOH, with the final 
trace shown in blue. (B) Plot of 2,6-di-tBu-4-OMe-PhOH concentration versus kobs values, including the line of 

best fit and correlation constant. 
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Α B 

Figure 2-S3: (A) UV-visible spectra following the reaction of K[2] with 2,6-di-tBu-4-Me-PhOH, with the final 
trace shown in blue (λmax = 371 (sh), 470, 578, 680 nm). (B) Plot of 2,6-di-tBu-4-Me-PhOH concentration versus 

kobs values, including the line of best fit and correlation constant. 
 

Α B 

Figure 2-S4: (A) UV-visible spectra following the reaction of K[2] with 2,4,6-tri-tBu-PhOH, with the final trace 
shown in blue (λmax = 365 (sh), 382, 402, 423, 475, 582, 668 nm). (B) Plot of 2,4,6-tri-tBu-PhOH concentration 

versus kobs values, including the line of best fit and correlation constant. 
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Α B 

Figure 2-S5: (A) UV-visible spectra following the reaction of K[2] with 2,6-di-tBu-4-Br-PhOH, with the final 
trace shown in blue (λmax = 605, 657 nm). (B) Plot of 2,6-di-tBu-4-Br-PhOH concentration versus kobs values. 

 

- - - = 2,6-di-tBu-4-OMe-PhOH 

- - - = 2,6-di-tBu-4-Me-PhOH 

- - - = 2,6-tri-tBu-PhOH 

- - - = 2,6-di-tBu-4-Br-PhOH 

 

 

 

A B 

C 

Figure 2-S6: Plots of the logarithms of the k2 values versus BDE (A), pKa (B), and Hammett Parameter (C), 
with lines of best fit and correlation constants. 
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Chapter 3: Preparation and properties of a [CoIII–μ-ΟΗ–ZnII]+ complex from a proposed 

CoII–IBX-iPr adduct 

Introduction 

 Multimetallic systems are of importance in both biology and synthetic chemistry. These systems can 

efficiently carry out challenging molecular transformations and drive multi-proton/electron reactivity through 

metal-metal cooperativity.1–5 In many biological examples, the multimetallic active sites feature high-valent 

metal ions in unsymmetric coordination environments, such as the di-Fe site in the hydroxylase component of 

methane monooxygenase,4,6–14 MnFe-based ribonucleotide reductase (RNR),15–17 and the oxygen evolving 

complex (OEC) of photosystem II featuring the tetranuclear Mn cubane.18 While natural systems have evolved 

unsymmetric binding sites within the active sites of metalloproteins, synthesizing unsymmetric bimetallic 

complexes is more challenging. These challenges largely arise from the propensity of synthetic bimetallic 

systems to form highly symmetric species with the same ligand frameworks about both metal ions19–36 (Fig 3-

1).35 In order to break this symmetry, it is necessary to design molecular complexes that support differentiation 

within their ligand fields. Researchers have found success with designing ligand frameworks that incorporate 

unique binding sites to support the formation of unsymmetrical bimetallic species.37–49 

In the Borovik Lab, we have focused on the design of ligand frameworks that support secondary (2º) 

coordination sphere interactions through the incorporation of hydrogen-bond (H–bond) donating and 

accepting groups. Work with a previous ligand framework, [MST]3– (N,Nʹ,Nʺ-[2,2ʹ,2ʺ-nitrilotris(ethane-2,1-

diyl)]tris(2,4,6-trimethylbenzenesulfonamido), showed that the sulfonamido groups introduced as H–bond 

acceptors can also act as an auxiliary binding site for a second metal ion.50–55 While the sulfonamido-based 

Figure 3-1: Representation of a synthetic bimetallic complex 
featuring symmetric ligand fields. 
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ligand frameworks proved adept at supporting unsymmetric bimetallic complexes, it was found that metal ions 

coordinated by the tris-2-amino ethylamine (tren) backbone were unable to access oxidation states above MIII 

(Fig 3-2).56 Given the desire to study higher-valent metal complexes, the group turned to a new ligand 

framework, N,Nʹ,Nʺ-[nitrilotris(ethane-2,1-diyl)]tris(P,P-diphenylphosphinic amido), [poat]3–.57 The 

phosphinic amido (P=O) groups featured within the 2º coordination sphere act both as H–bond acceptors and 

a second binding site for an additional metal ion, similar to [MST]3–, while supporting metal ions in oxidation 

states up to MIV (Fig 3-2).57 Recent work within the group has explored the bimetallic chemistry of [poat]3– 

resulting in the successful preparation of several unsymmetric bimetallic complexes.57–60 The work described in 

this chapter focuses on the preparation of unsymmetric bimetallic complexes from a CoII complex within 

[poat]3–, an oxygen-atom transfer reagent, and [ZnIIMe3tacn(OTf)2] to act as the auxiliary metal ion (OTf– = 

trifluoromethanesulfonate, Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclononane).  

In addition to designing unsymmetric bimetallic species, the preparation of high-valent metal 

complexes is of interest to chemists. To access higher-valent oxidation states, starting metal complexes may be 

oxidized in a variety of ways. One method to efficiently oxidize metal complexes is through the use of oxygen-

atom (O-atom) transfer reagents. O-atom transfer reagents typically catalyze a two-electron oxidation of a metal 

ion concomitant to the two-electron reduction of the oxygen atom and its binding to the metal ion as an oxido 

ligand.61 Hypervalent iodine reagents, such as idosoylbenzene (PhIO) and related iodosylarene derivatives, have 

acted as competent oxidants for the formation of high-valent metal-oxido species via O-atom transfer to a 

Figure 3-2: Examples from the Borovik lab of synthetic 
bimetallic complexes with unsymmetric ligand fields. 
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lower-valent starting synthon.51,57,62–69 In these examples, the iodosylarene reagent is proposed to first 

coordinate to the metal center, then transfer its O-atom resulting in the formation of a M–O or –OH complex. 

In addition to reactions where a M–O or –OH species is formed upon addition of an O-atom transfer reagent, 

there are further examples where metal-oxidant adducts are formed.70–78 These adducts have been shown to be 

competent oxidants for C–H bond activations, epoxidations, hydroxylations, and O-atom transfer to substrates. 

However, metal-oxidant adducts are typically characterized spectroscopically and cannot be crystallized due to 

their instability. Recent work by Hill and coworkers resulted in the successful crystallization and structural 

characterization of a series of CoII–OIPh adducts.70 Reactivity studies were also performed, which confirmed 

that the CoII–OIPh oxidant adduct was the competent oxidant to drive C–H bond activation.  

While Hill et al found that CoII–OIPh adducts were isolable without oxidation of the metal center, 

work from the Nam and Ray labs found that the addition of Lewis acidic, redox-inactive metal ions led to 

activation of proposed intermediate CoII–OIPh adducts.62,69,70 Addition of redox-inactive metal ions further 

acted to stabilize the proposed high-valent Co–O product via formation of bimetallic species with Co–O–M 

cores. While the oxidative load of these reactions is borne by the Co-center and the second metal ion serves to 

activate the CoII–OIPh adduct, both metal ions are needed for the overall reaction to proceed. In the examples 

from the Nam and Ray labs, the identity of the bimetallic product was assigned as LCoIV–O–Mn, where L was 

a tetraamido macrocyclic ligand (TAML) and tris[2-(N-tetramethylguanidyl)ethyl]amine (TMG3tren) 

respectively (Fig 3-3).62,69  In both examples, the Co oxidation state was assigned based on spectroscopic data 

including EPR and X-ray absorption spectroscopies (XAS), however crystallographic evidence of these species 

was not obtained. Furthermore, a re-examination of the data collected by Pfaff et al found that the EPR spectra 
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Figure 3-3: Representation of the TAML (A) and the TMG3tren (B) ligands used by 

the Nam and Ray labs to prepare LCoIV–O–Mn+from Co–OIPh intermediates.  
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showed few changes between the [CoIITMG3tren(OTf)]OTf starting synthon and the proposed 

[TMG3trenCoIV–O–ScIII]5+ product.62 Additionally, the electronic absorption spectra were more consistent 

with examples of CoIII–OH species in C3 symmetric ligand fields,51,79–81 leading to the suggestion that the 

bimetallic species formed was not [TMG3trenCoIV–O–ScIII]5+ but was likely [TMG3trenCoIII–OH–ScIII]4+.51,62,68 

Additionally, the oxidation state of the Co center in the proposed [(TAML)CoIV–O–Mn]m+ complex cannot be 

unambiguously assigned due to the potential redox active nature of the TAML ligand backbone, which may 

play a role in the formation of this complex.69,82 Therefore, there are still questions regarding the reactivity 

between CoII metal complexes with O-atom transfer reagents in the presence of secondary metal ions, including 

whether the product of these types of reactions is a CoIV–O–Mn or some CoIII–O(H)–Mn species. 

This chapter discusses a high-valent bimetallic complex containing a Co–O(X)–M core that was 

prepared from the reaction of a starting CoII synthon with an O-atom transfer reagent, in the presence of a 

redox inactive metal ion. A four-coordinate trigonal monopyramidal CoII complex was first prepared with the 

[poat]3– ligand. Upon treatment with an O-atom transfer reagent, isopropyl 2-iodoxybenzoate (IBX-iPr), a 

proposed CoII–IBX-iPr adduct was formed, which readily converted to a [CoIII–μ-OH–ZnII]+ species in the 

presence of a ZnII complex, [ZnIIMe3tacn(OTf)2].  

Results and Discussion 

Synthesis and Characterization of K[CoIIpoat]  

Synthesis: K[CoIIpoat] (K[1]) was prepared according to the reaction shown in Scheme 3-1, adapted from a 

previously reported procedure.83 K[1] can be prepared either from N,N’-dimethylacetamide (DMA) or 

tetrahydrofuran (THF) following the same basic procedures. In the initial syntheses, THF was chosen as the 

solvent for this reaction because it is more easily removed in vacuo than DMA and metal complexes supported 
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by [poat]3– had been previously prepared in THF.57,59 In typical preparation, H3poat was dissolved in THF and 

stirred with KH until bubbling ceased and a clear, colorless solution was obtained. At this point, CoII(OAc)2 

was added as a solid, giving a suspension with purple chunks. The reaction mixture was stirred overnight and a 

bright blue powder precipitated. The resulting suspension was filtered to give a faintly blue filtrate with blue 

solids remaining on the frit. The solids were washed with dichloromethane (DCM) until all blue powder had 

been dissolved to give a bright blue filtrate and white powder (KOAc), which was further washed. The blue 

filtrate was subsequently dried to a solid, redissolved in DCM, and layered under n-pentane. This layering 

resulted in bright blue, block shaped single crystals suitable for study by X-ray diffraction methods to obtain 

the molecular structure of K[1].  

While H3poat was soluble in THF, [poat]3– was significantly less so. If the metal salt was not rapidly 

introduced to the reaction after bubbling ceased following addition of KH, white solids precipitated out faster 

than the metal salt dissolved into solution to form the metal complex. The white solids were likely K3[poat] or 

some similar potassium salt of the pre-ligand H3poat and were insoluble, precipitating rapidly. If the metal salt 

was introduced after a small amount of white precipitate formed, it was found that metallation did not proceed, 

leading to isolation of large quantities of solids. Furthermore, the resulting solids were a mixture of white and 

purple powders, consistent with isolation of the proposed K3[poat] salt or the pre-ligand and CoII(OAc)2. These 

observations suggested that the metallation was unsuccessful. In addition to the observed solubility issues with 

[poat]3–, CoII(OAc)2 also exhibited poor solubility in THF which likely contributed to the ineffective metallation 

reactions. 

To avoid solubility issues, the solvent was changed from THF to DMA. While DMA is significantly 

less volatile than THF, K3[poat] was far more soluble in DMA. The synthetic procedures described above in 

THF remained unchanged, except for the solvent. Following deprotonation which yielded a clear, faintly yellow 

solution, CoII(OAc)2 was added as a solid to the reaction to give a cloudy, dark blue mixture. The reaction was 

left to stir overnight and gave a cloudy, paler blue suspension with far less precipitate than reactions performed 

in THF. This suspension was subsequently filtered to give a pale blue filtrate and faintly blue solid. The solid 

was washed with DCM until the washings appeared colorless and a white solid persisted. The color and mass 
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balance of this solid was consistent with the isolation of two equivalents of KOAc, rather than K3[poat] or 

CoII(OAc)2. The blue filtrate was then washed and the solution was dried to a blue solid. This solid was 

immediately redissolved in DCM and layered under pentane to obtain blocky, blue single crystals suitable for 

X-ray diffraction (XRD) studies. Despite carrying out the reactions in different solvents, there was no difference 

in the crystalline product isolated from layering of DCM and n-pentane.   

Structural Properties: The molecular structure of K[1] revealed a four-coordinate trigonal monopyramidal (TMP) 

Co ion, coordinated to the four N-atoms from the tren backbone of the [poat]3– ligand (Fig 3-3). The bond 

lengths were consistent with those expected for a four-coordinate CoII ion in C3 symmetric ligand environments 

ranging between 1.94 – 1.97 Å, while the Co–Nax bond lengths were longer than 2 Å (Table 3-1).51,81,84 The 

Nax–Co–Neq bond angles of K[1] were less than 90º, the ideal angle expected for a TMP coordination 
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Figure 3-4: Molecular structure of the dinuclear (K[CoIIpoat])2 molecule with thermal 
ellipsoid representation. Thermal ellipsoids are drawn at 50% probability. 

 

Table 3-1: Metrical data obtained 
from the molecular structure of 

(K[CoIIpoat])2. 

Bond Distance, Å 

Co–N1 2.124(1) 

Co–N2 1.973(1) 

Co–N3 1.948(1) 

Co–N4 1.957(1) 

Co⋅⋅⋅K 3.7880(4) 

Atoms Angles, º 

N1–Co–N2 84.70(5) 

N1–Co–N3 85.03(5) 

N1–Co–N4 84.82(5) 

N2–Co–N3 115.80(5) 

N2–Co–N4 122.27(5) 

N3–Co–N4 119.54(5) 

Neq⋅⋅⋅Co, 0.176 Å 
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environment. Despite the discrepancies in these bond angles, the Co atom was only puckered up out of the 

plane formed by the three Neq atoms by 0.176 Å.  

 Perhaps the most notable aspect of this structure is that K[1] does not crystallize as a single unit, but 

rather as a cluster, (K[CoIIpoat])2. In this cluster, two [CoIIpoat]– anions are held together by electrostatic 

interactions with K+ ions. In examining one K[CoIIpoat] unit (Fig 3-S1), each of the P=O group O-atoms (O1, 

O2, and O3) interact with a single K+ ion. This K+ ion then bridges to another unit of [CoIIpoat]– through O1’. 

Overall, each K+ interacts with four O-atoms. In early synthetic attempts, Me4NOAc was added to the reaction 

to metathesize the K+ counterion. Whether or not the metathesis was successful in solution, the product which 

crystallized out of solution was (K[CoIIpoat])2. Given how closely the K+ ions interact with the [CoIIpoat]– 

anions, it is unsurprising that metathesis was unsuccessful. Furthermore, attempts to prepare putative CoII–OH 

or CoII–OH2 complexes were made either by adding water to act as an exogenous ligand to the CoII center in 

situ or to redissolved, crystalline (K[CoIIpoat])2. While a color change from bright blue to a pink-purple solution 

could be qualitatively observed, any attempts to crystallize the product(s) of these reactions resulted once again 

in the formation of crystalline (K[CoIIpoat])2 rather than the expected species. These observations suggest that 

(K[CoIIpoat])2 may be exceedingly stable in the solid state, perhaps due to the propensity for [poat]3– to form 

bimetallic species. Furthermore, the strong interaction between the K+ ion and the P=O units confirm that this 

functional group acts as a scaffold to assemble discrete bimetallic complexes.  

Spectroscopic and Electrochemical Characterization: Following structural studies, (K[CoIIpoat])2 was characterized 

spectroscopically. Studies were performed in DCM unless otherwise specified, because (K[CoIIpoat])2 was 

soluble without needing to employ an encapsulating reagent, such as 18-crown-6 (18c6) ether. Nevertheless, all 

spectroscopic studies were performed in the presence of excess (greater than 2 equivalents) 18c6 to ensure full 

encapsulation of the K+ ion. The ⊥-mode EPR spectrum of dissolved (K[CoIIpoat])2 was measured in 

DCM:THF with excess 18c6 at 17 K (Fig 3-4, B). The spectrum revealed a near-axial S = 3/2 signal from a 

high-spin CoII center, with features at g = 4.5, 4.3, and 2.0. This signal is consistent with literature precedent 

for CoII ions in C3 symmetric ligand fields, which largely appear near perfect axiality regardless of the presence 

or absence of a fifth ligand.51,62,81,85 This signal was simulated with an E/D of 0.0029 and an estimated D value 
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of +3.6 cm–1. The feature at g = 2.0 was split into an 8-line hyperfine pattern consistent with a single Co ion in 

solution (59Co, I = 7/2; A = 262 MHz). For spectra featuring a mononuclear Co ion, an 8-line hyperfine pattern 

is expected. If (K[CoIIpoat])2 remained intact in solution, then it is possible that multiple sets of hyperfine may 

have been observed, similar to K2[CoIIH2pout(OH)] (see Chapter 2). Because only one set of 59Co hyperfine 

was observed, the EPR spectrum supported the dissociation of (K[CoIIpoat])2 in solution in the presence of 

18c6. From here on the mononuclear representation, K[CoIIpoat] (K[1]), will be used to describe this molecule.  

 In addition to characterizing the magnetic properties of K[1] with ⊥-mode EPR spectroscopy, a room 

temperature effective magnetic moment was measured. The μeff value, 4.28 μB, was obtained via Evans’ Method 

NMR spectroscopy in DCM. The theoretical spin-only magnetic moment for a S = 3/2 spin system is 3.87 μB. 

While the experimental magnetic moment is higher than the spin-only magnetic moment, it is well within the 

range of values reported for previously reported CoII ions in TMP environments.84,86 Both the ⊥-mode EPR 

spectrum and the Evans’ Method data support the assignment of the CoII spin state as high-spin, S = 3/2.  

The electronic absorption (UV-vis) spectrum of K[1] was collected. A solution of K[CoIIpoat] appeared 

blue with absorbance features at λmax = 410, 585, 610, 770 nm (Fig 3-4, A). These features were weak in intensity, 

between ~ 10 – 70 M–1 cm–1 consistent with d–d transitions as expected for a CoII ion in TMP geometry. 

Figure 3-5: (A) Electronic absorption spectrum of 1 collected in DCM at 25 ºC. (B) ⊥-mode EPR spectrum of 
K[CoIIpoat], measured with excess 18c6 in DCM:THF at 17 K. 
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Furthermore, the energies and shapes of these absorption features were similar to literature examples of TMP 

CoII complexes.51,81,84,86–91 Specifically, Banci et al and Ray et al assigned the electronic transitions in TMP CoII 

complexes, assuming local C3v symmetry.84,87,92 K[1] exhibited a similar absorption profile, with a relatively 

symmetrical band at λmax = 358 nm, an unsymmetric band spanning 585 – 610 nm, and a smaller feature at λmax 

= 770 nm. The band at λmax = 358 nm was assigned as a  4A2 ⟶ 4A2 transition. The features at λmax = 585 and 

770 nm were assigned as 4A2 ⟶ 4E transitions based on the literature assignments discussed above.  

The electrochemical properties of K[CoIIpoat] were studied by cyclic voltammetry (CV). The 

voltammogram of K[CoIIpoat] was first measured in DCM without 18c6. In the absence of 18c6, the full 

voltammogram exhibited multiple electrochemical events (Fig 3-S2, A). These events did not appear reversible. 

They were difficult to identify and assign and the electrochemical events could not be isolated from the whole 

voltammogram without losing significant current intensity. The poor reversibility and larger number of 

electrochemical events likely stemmed from the clustering of K[1] in the solid state. As discussed above, the K+ 

ion interacts with the P=O units of the ligand and may not dissociate fully in solution without the use of 18c6. 

To further understand the electrochemical behavior of 1, cyclic voltammograms were collected in the 

presence of 18c6. Upon introduction of excess 18c6, the open circuit potential of the complex shifts to a more 

negative potential, consistent with dissociation of the K+ cation from the [CoIIpoat]– anion and more 

localization of the negative charge on the Co complex. The full voltammogram exhibited a redox couple as well 

as an irreversible oxidation (Fig 3-5). The couple was identified at E1/2 = –0.495 V versus ferrocene (Fc+/0), 

which has been assigned as the CoIII/II couple. This event is reversible, with a peak-to-peak separation of 80 

mV and a current ratio of 0.96 (ipa/ipc), in comparison to the internal Fc+/0 reference couple (ΔE = 70 mV, 

ipa/ipc = 0.92). The second electrochemical event was an irreversible oxidative wave at Epa = +0.440 mV versus 

Fc+/0, which did not exhibit a return reduction (Fig 3-S2, B).  
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Addition of an Oxygen Atom Transfer Reagent to 1  

Spectroscopic Studies: Given the desire to access high-valent intermediates, 1 was treated with IBX-iPr with the 

intention of preparing a proposed CoIV–oxido complex. As discussed above, IBX-iPr acts as an O-atom transfer 

reagent and has been shown to successfully prepare MIV–O intermediates.51,57,61–69 Immediately upon addition 

of IBX-iPr to 1, a new, pale-pink species formed with a distinct UV-vis spectrum with features at λmax = 500, 

550, 600, 770 nm (Fig 3-6, A). The shift in these bands is similar to the energetic differences observed in the 

Figure 3-6: Cyclic voltammogram showing the full electrochemical profile (A) and the first redox event 
(B) in K[CoIIpoat] measured in DCM, with excess 18c6. 

A B 

Figure 3-7: (A) UV-vis spectrum of the proposed CoII–IBX-iPr adduct (black, λmax = 500, 550, 585, 770 nm), 
overlaid with 1 (blue, λmax = 410, 585, 610, 770 nm). (B) Resulting spectrum after adding IBX-iPr to K[CoIIpoat] 

and letting react overnight. All spectra were measured at room temperature in DCM. 
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electronic transitions of four-coordinate TMP versus 5-coordinate trigonal bipyramidal complexes.80,84,86,88,91,92 

Furthermore, the molar absorptivity values of this new species were small and consistent with d–d transitions 

observed in the electronic absorption spectra of CoII complexes. Based on the shape and energies of the bands 

observed, it was initially proposed that the product of this reaction was a CoII–IBX-iPr adduct rather than some 

further oxidized Co–O(H) species. Additionally, when IBX-iPr was added to a solution of K[CoIIpoat] and 

quickly frozen in an EPR tube, the ⊥-mode EPR spectrum did not change, which is not surprising given the 

insensitivity of high-spin CoII ions in trigonal symmetry to the identity of the fifth ligand.51,62,81,85 Perhaps more 

significantly, there was no loss of signal intensity from the CoII center which suggested that an oxidation had 

not occurred.  

 Following spectroscopic studies of the proposed CoII–IBX-iPr adduct, attempts were made to prepare 

this complex in bulk and crystallize the product. In a representative experiment, K[CoIIpoat] was dissolved in 

DCM to give a bright blue solution. One equivalent of IBX-iPr was dissolved in a minimal amount of DCM 

and added slowly to the solution of K[CoIIpoat], leading to a color change from light, bright blue to purple to 

pink. After roughly 5 minutes of stirring, the solution was pipet-filtered and set up to recrystallize via layering 

or vapor diffusion with a variety of anti-solvents, including Et2O and n-pentane. However, no solids were 

isolated and the remaining solution was deeper yellow, rather than the pale pink color which appeared 

immediately after addition of IBX-iPr. This experiment was replicated spectroscopically by adding IBX-iPr to a 

solution of K[CoIIpoat] in DCM and stirring overnight. The resulting solution was yellow in color and a UV-

vis spectrum was collected, which revealed bands at λmax = 410, 585 (sh), 610 (sh), 635, 725 nm (Fig 3-6, B). 

The lower-absorbing features, with shoulder λ ~ 585, 610 nm and a band at λmax = 635 nm appeared to share 

features with both K[1] and the proposed CoII–IBX-iPr adduct, however the features at 410 and 725 nm were 

unique. While this spectrum was reproducible, this species has not been successfully isolated nor definitively 

identified.  
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In investigating the reactivity of K[CoIIpoat] towards IBX-iPr, it was observed that a potential metal-

oxidant adduct formed. There is literature precedent for the activation of metal-oxidant adducts in the presence 

of Lewis acids, including redox inactive metal ions.62,68,69 To activate the proposed adduct, [ZnIIMe3tacn(OTf)2] 

was added. This complex was chosen because [ZnIIMe3tacn(OTf)2] can be cleanly prepared and the triflate 

ligands are readily displaced while the Me3tacn ligand framework remains coordinated, effectively leaving three 

open coordination sites. Previous work with metal complexes supported by [poat]3– demonstrated that the P=O 

units and exogenous –OH ligand are competent to coordinate to the ZnII center.59 When K[1] was treated first 

with IBX-iPr, then with [ZnIIMe3tacn(OTf)2], a deep red-orange solution formed. Monitoring this reaction by 

electronic absorption spectroscopy revealed that this new species had bands at λmax = 365, 435, 760 nm (Fig 3-

7). These absorption features appeared similar to previously characterized mono- and bimetallic CoIII–OH 

species in C3 symmetric ligand fields based on the bands observed between λmax ~ 350 – 500 nm, as well as the 

broad, lower energy feature centered around 760 nm.51,79–81  

Figure 3-8: Electronic absorption spectra following the reaction of K[CoIIpoat] with 
IBX-iPr after addition of [ZnIIMe3tacn(OTf)2], measured at 25 ºC in DCM. 
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 Synthesis and Characterization of the Bimetallic Complex: Following the UV-visible studies discussed above, bulk 

syntheses were performed in an attempt to isolate the product of this reaction and identify its molecular 

structure. As outlined in Scheme 3-2, 1 was weighed into a vial without 18c6. Crown ether was avoided in this 

synthesis to aid in the precipitation of KOTf as a byproduct and make it easier to isolate via filtration. IBX-iPr 

was added as a solid to the vial containing K[CoIIpoat] and both reagents were dissolved in ~3 mL of DCM 

and stirred to yield a pink solution. After all solids were consumed, [ZnIIMe3tacn(OTf)2] was dissolved in ~1 

mL of DCM and added slowly to the reaction, resulting in a color change to a deep, red-orange solution. This 

solution was stirred for approximately 30 minutes, at which point it was filtered to isolate any remaining solids. 

The filtrate was layered under n-pentane, which resulted in the formation of crystals suitable for X-ray 

diffraction studies (Fig 3-8).  

  

Scheme 3-2: Synthetic scheme describing the preparation of [CoIII–μ-OH–ZnII]+. 
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Figure 3-9: Molecular structure of [poatCoIII–μ-OH–ZnIIMe3tacn]OTf with thermal ellipsoids drawn 
at 50% probability. Only the hydroxido ligand H-atom is shown. Remaining H-atoms, the triflate 

counterion, and structural solvent molecules were omitted for clarity.  
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 The molecular structure obtained from the above reaction revealed a bimetallic coordination complex 

formulated as [poatCoIII–μ-OH–ZnIIMe3tacn]OTf, (abbreviated: [CoIII–μ-OH–ZnII]+, Fig 3-8). The Co ion 

remained coordinated to the [poat]3– ligand and was also bound to a hydroxido ligand to form an overall 5-

coordinate Co center. The ligands were arranged around the Co center in a near-trigonal bipyramidal 

arrangement with a τ5 value of 0.87.93 The hydroxido ligand formed a single-atom bridge between the Co and 

Zn ions, while also participating in an intramolecular H–bonding interaction with the O-atom from one of the 

phosphinic amido groups, O2 (O1⋅⋅⋅O2 = 2.777(2) Å, Table 3-2). The Zn ion was further coordinated to O3 

and O4, the O-atoms from the remaining phosphinic amido groups. O1, O3, and O4 coordinated to the Zn 

center in a facial manner and the remaining coordination sites on the Zn ion were occupied by the three N-

atom donors of the Me3tacn ligand. The overall complex had a charge of +1, with a single OTf– counterion.  

 The ligand field incorporated in this complex provided a charge of –4, from the trianionic [poat]3– 

ligand backbone and the monoanionic –OH ligand. In order to prepare a complex with an overall +1 charge, 

Bond Distance, Å Bond Distance, Å 

Co–N1 1.951(1) Zn–O1 1.987(1) 

Co–N2 1.936(2) Zn–O3 2.090(1) 

Co–N3 1.959(2) Zn–O4 2.085(1) 

Co–N4 1.981(2) Zn–N5 2.251(2) 

Co–O1 1.884(1) Zn–N6 2.185(2) 

O1⋅⋅⋅O2 2.777(2) Zn–N7 2.223(2) 

Atoms Angles, º Atoms Angles, º 

N1–Co–N2 84.30(6) Co–O1–Zn 127.88(7) 

N1–Co–N3 85.20(6) O1–Zn–O3 89.98(5) 

N1–Co–N4 83.29(6) O1–Zn–O4 88.52(5) 

N1–Co–O1 176.29(6) O3–Zn–O4 95.14(5) 

N2–Co–N3 124.08(6) N5–Zn–N6 80.87(6) 

N2–Co–N4 123.37(6) N5–Zn–N7 79.79(6) 

N3–Co–N4 109.56(6) N6–Zn–N7 80.96(6) 

Neq⋅⋅⋅Co = 0.197 Å Co⋅⋅⋅Zn = 3.4774(4) 

τ5 = 0.87 τ5 = (β – α)/60° 

 

Table 3-2: Metrical data obtained from the molecular structure of [CoIII–μ-OH–ZnII]+ τ5 is the 
trigonality structural parameter; β and α are the two largest bond angles observed. 
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the metal ions must add up to charge of +5. Given that ZnII is treated as a redox inert metal ion and was 

introduced during synthesis as a ZnII salt, the remaining positive charge was accounted for with the cobalt 

center. Therefore, the Co ion was assigned an oxidation state of +3. The Co–L bond lengths observed in the 

molecular structure further supported the assignment of a CoIII oxidation state. The bonds around the CoIII ion 

were significantly contracted in length versus the starting CoII salt. Of particular note was the decrease of the 

Co–N1 bond length between the two molecules and the formation of a relatively short Co–O1 bond length 

(1.884(1) Å, Table 3-2). These bond lengths were similar to other crystallographically characterized CoIII–OH 

complexes.51,79,94–98  

To corroborate the oxidation state of the Co center, the magnetic properties of [CoIII–μ-OH–ZnII]+ 

were investigated. The complex was silent by both ⊥- and	∥-mode EPR spectroscopy. As discussed in the 

previous chapter, CoIII ions in C3 symmetric ligand fields may either have spin states of S = 1 or S =2 based on 

how the d-orbitals split. Given that it is typically difficult to observe integer spin states by ∥-mode EPR 

spectroscopy, an Evans’ Method NMR spectrum was collected to ascertain the μeff value via the paramagnetic 

solvent resonance shift. The μeff was determined to be 2.57 μB, which was consistent with the theoretical spin-

only magnetic moment for a S = 1 system (μS = 2.83 μB). The spin state of the Co center was therefore concluded 

to be S = 1, further supporting assignment of the CoIII oxidation state.  

 Following the structural and magnetic analysis, further spectroscopic studies were undertaken. [CoIII–

μ-OH–ZnII]+ was redissolved in DCM and its electronic absorption spectrum was studied. Following 

dissolution of [CoIII–μ-OH–ZnII]+, a deep red-orange species was obtained and the molar absorptivity values 

were determined: λmax, nm (ε, M–1cm–1) = 365 (3260), 435 (2690), 760 (498), (Fig 3-9, A). The spectrum which 

resulted from the redissolved [CoIII–μ-OH–ZnII]+ was consistent with the in situ generated species discussed 

above and the features were similar with previously studied CoIII–OH species in C3 symmetric ligand fields.51,79–

81 In comparing the electronic absorption features of [CoIIIH3buea(OH)]– versus [CoIII–μ-OH–ZnII]+, the 

absorption bands were all blue shifted. It was not clear whether the differences in these absorption features are 

due to differences in the 1º or 2º coordination sphere traits of the [poat]3– and [H3buea]3– ligands or the 

interaction of the [ZnIIMe3tacn]2+ unit with the CoIII–OH species. It was also observed that the 760 nm band, 
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which has previously been assigned as a d–d band was unsymmetric with a weak shoulder at roughly 880 nm. 

The asymmetry in this band was not observed in monometallic examples of CoIII–OH complexes, though it 

was observed absorption spectrum of [MSTCoIII–μ-OH–CaII⊂15-crown-5]+.51	 Additionally, the complex was 

studied by solid state attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). The 

vibrational spectrum exhibited a broad feature at 3230 cm–1 which was assigned as an O–H vibration (Fig 3-9, 

B). This vibration was consistent in energy and shape with previously characterized [MIII–μ-OH–MII]n+ 

species.52–54	

 Finally, [CoIII–μ-OH–ZnII]+ was studied by CV. The complex exhibited a reversible, one electron redox 

event at –0.645 V versus Fc+/0 in DCM, assigned as the CoIII/II couple, as well as two irreversible oxidative 

events at +0.290 V and +0.625 V versus Fc+/0. Initial attempts to oxidize this compound were made using 1-

acetylferrocenium triflate (AcFcOTF) and tris(4-methylphenyl)aminium hexafluoroantimonate (E1/2 = +0.27, 

+0.37 V versus Fc+/0 respectively in DCM).99 These studies were performed at –60 ºC in DCM and monitored 

by UV-vis spectroscopy. AcFcOTf appeared to be consumed based on spectral changes (Fig 3-S3) however 

the product bands were similar to the starting [CoIII–μ-OH–ZnII]+ complex. When [CoIII–μ-OH–ZnII]+ was 

treated with the tris(4-methylphenyl)aminium radical cation, the absorption features from the radical species 

were only partly consumed and the inorganic product was not clear due to overlap with the intensely absorbing 

Figure 3-10: (A) Electronic absorption spectrum of [CoIII–μ-OH–ZnII]+ measured at 25 ºC in DCM. * 
marks a shoulder ~ 880 nm. (B) Solid-state vibrational spectrum of [CoIII–μ-OH–ZnII]+. The inset shows 

the O–H vibration. 
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radical species (Fig 3-S3). Lastly, AgOTF (E1/2 = +0.65 V versus Fc+/0) was added to the complex in bulk and 

pipet filtered, then layered under n-pentane. This recrystallization was stored in a dry-box freezer, and did not 

exhibit a clear color change from [CoIII–μ-OH–ZnII]+ by UV-vis spectroscopy. A conclusion regarding whether 

[CoIII–μ-OH–ZnII]+ can be further oxidized could not be drawn. Additional studies would be needed in order 

to optimize experimental conditions and definitively determine if the complex could be oxidized.  

Summary and Conclusion 

 This chapter described the preparation and properties of a TMP CoII complex supported by the [poat]3– 

ligand framework and its utility as a scaffold for the assembly of bimetallic systems, which will be further 

explored in subsequent chapters. K[CoIIpoat] was crystallized and the molecular structure was successfully 

obtained. The complex was found to crystallize as a dinuclear cluster, formulated as (K[CoIIpoat])2 where the 

[CoIIpoat]– anions were held together via electrostatic interactions with the K+ counterions. K[CoIIpoat] was 

then studied by UV-vis, ⊥ -mode EPR, and Evans’ method NMR spectroscopies. The EPR spectrum, 

measured in the presence of excess 18c6, exhibited a S = 3/2 signal and had hyperfine features consistent with 

a mononuclear species in solution, suggesting that 18c6 is sufficient to break up the crystalline dinuclear cluster 

in solution. The spectral features observed were all consistent with literature examples of other CoII TMP 

species, corroborating the structural data. The electrochemical properties of K[CoIIpoat] were studied by CV, 

Figure 3-11: (A) Full electrochemical profile and isolated CoIII/II reduction (B) of [CoIII–μ-OH–
ZnII]+ measured by CV in DCM. 
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in both the presence and absence of 18c6. The CV features appeared different when measured with excess 18c6 

and there were fewer electrochemical events. The wealth of features observed in the CVs without 18c6 were 

difficult to analyze and suggests that the encapsulating reagent is necessary to guarantee full dissociation of the 

crystalline materials in order to treat the [CoIIpoat]– molecule as a mononuclear species.  

 K[CoIIpoat] was treated with IBX-iPr and a proposed CoII–IBX-iPr adduct was observed. To this 

species, [ZnIIMe3tacn(OTf)2] was added in an effort to activate the metal-oxidant adduct. The product of this 

reaction was determined to be [poatCoIII–μ-OH–ZnIIMe3tacn]OTf by X-ray diffraction studies as well as UV-

vis, EPR, Evans Method, and ATR-FTIR spectroscopies. This data confirmed the oxidation state of the Co 

ion, as well as the spin state, which suggested that the product of the reaction between K[CoIIpoat], IBX-iPr, 

and [ZnIIMe3tacn(OTf)2] was a bimetallic complex featuring a bridging hydroxido ligand. Despite carrying this 

reaction out at different temperatures, the reaction profile appeared the same. There were not any intermediate 

species detectable under the various reaction conditions screened, including any proposed CoIV species. It is 

not immediately clear how an O-atom transfer reagent known for carrying out two electron oxidations with 

metal centers proceeded directly to a CoIII–OH species without observing an intermediate.  

 Lastly the CV collected of [CoIII–μ-OH–ZnII]+ had two irreversible oxidative events at +0.29 and +0.62 

V versus Fc+/0. The identity of the oxidized species events could not be determined from electrochemical 

studies alone, though one of the features could be associated with a CoIV/III oxidation. To prepare and identify 

the oxidized product(s), [CoIII–μ-OH–ZnII]+ was treated with different oxidants including AcFcOTf, AgOTf, 

and tris(4-methylphenyl)aminium radical cation. The product(s) of these reactions were unclear and further 

investigation is necessary to draw any conclusions. 

Outlook 

 Should this work be continued, there are a few suggested directions. To confirm that the hydroxido 

O-atom in [CoIII–μ-OH–ZnII]+ derived from IBX-iPr, an isotopic labeling experiment could be performed 

where IBX-iPr is prepared from Na18OCl. The high resolution-mass spectrometry (HR-MS) data could then be 

recollected to determine if the 18O atom was successfully incorporated into the complex. Additionally, the 18O–

H vibration could be measured to obtain an isotopic shift from the natural abundance complex.  
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The oxidation chemistry of [CoIII–μ-OH–ZnII]+ could be further investigated. There are two relatively 

intense, irreversible oxidative events present in the voltammogram of [CoIII–μ-OH–ZnII]+ at high, but 

accessible potentials versus Fc+/0. There is a question about whether the product of a one electron oxidation 

of this compound would be a proposed [poatCoIV–μ-OH–ZnIIMe3tacn]+ species or if an intramolecular proton 

transfer may occur to form a species such as [HpoatCoIV–μ-O–ZnIIMe3tacn]2+, where one of the anionic N-

groups of the [poat]3– ligand framework is protonated rather than the –OH bridge. This type of chemistry has 

been previously observed in other examples of bimetallic complexes supported by [poat]3– and Me3tacn, so 

there is precedent for protonation of one of the [poat]3– arms.58,60  

 Finally, a few attempts were made to treat the [CoIII–μ-OH–ZnII]+ complex with a base in order to 

deprotonate the bridging –OH unit and prepare a proposed bridging O2– ligand. In these studies, it was unclear 

whether the deprotonation was successful, though not much time was spent on this line of inquiry. The viability 

of the deprotonation event could still be determined. 

Experimental Section 

General Procedures  

Unless otherwise specified, all reagents were purchased and used from commercially available sources and 

stored under a N2 atmosphere in a VAC dry box. Sure-seal bottles of DMA were purchased from Honeywell, 

Burdick, & Jackson (99.5% purity). All other solvents were sparged with argon and purified with a JC Meyer 

Co. solvent purification system with Q-5 columns and molecular sieves. Potassium hydride (KH) was bought 

as a 30% suspension in mineral oil, washed on a fine porosity frit 5 times with n-pentane and diethyl ether 

(Et2O), dried under vacuum, and stored under N2. 18c6 was purchased in 99% purity from Acros Organics, 

ground with a mortar and pestle to a powder, and dried under vacuum. Cobalt (II) acetate (CoII(OAc)2) was 

purchased from Sigma Aldrich as a pink-purple solid and dried in an oven until a purple powder was obtained. 

H3poat,57 Me3tacn,100,101 [ZnIIMe3tacn(OTf)2],59 and IBX-iPr102,103 were prepared following literature 

procedures. ZnII(OTf)2⋅2MeCN104 was prepared by adapting previous literature reports. 
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Physical Methods 

Electronic absorption spectra were collected in a 1 cm quartz cuvette, fitted with a magnetic stir bar. Spectra 

were recorded on a Cary-60 spectrophotometer or an 8453E Agilent UV-vis spectrophotometer fitted with a 

Unisoku Unispeks cryostat for temperature-controlled spectroscopy. Cyclic voltammetry was performed with 

a CHI600C potentiostat. Voltammograms were measured from a ~1 mM stock solution of analyte in at least 

100-fold excess of tetrabutylammonium hexafluorophosphate in dry, air-free DCM collected in 4-neck, double-

walled cell. A 1 mm glassy carbon electrode acted as the working electrode with a Pt wire counter electrode and 

a Ag wire reference electrode. All voltammograms were referenced to an internal Fc+/0 standard. He-

temperature EPR spectra were collected on an X-Band Bruker spectrometer fitted with an Oxford liquid helium 

cryostat. Signals were referenced and quantified to a CuEDTA spin standard. The magnetic field was calibrated 

with an NMR gaussmeter. The microwave frequency of the instrument was calibrated with a frequency counter. 

77 K EPR experiments were recorded on a Bruker EMX X-band spectrometer with the following parameters, 

unless otherwise noted: microwave frequency of 9.64 GHz, a modulation frequency of 100 kHz, a modulation 

amplitude of 10 G, a microwave power of 2 mW, an attenuation of 20 dB, a time constant of 82 msec, and a 

conversion time of 41 msec. All EPR samples were prepared under a nitrogen atmosphere in 4 mm quartz EPR 

tubes, capped with a septum, and flash frozen in liquid nitrogen. EPR spectra were simulated and fit using 

SpinCount software.105 ATR-FTIR spectra were measured on a Thermo Scientific Nicolet iS5 spectrometer 

fitted with an iD5 ATR attachment. Evans’ Method NMR spectra were recorded at 500 MHz using a Bruker 

DRX500 spectrometer with a TCI cryoprobe.  Chemical shifts were reported in ppm and referenced to an 

internal trimethylsilane standard in deuterated solvents. Elemental analyses were measured on a Perkin-Elmer 

2400 Series II CHNS elemental analyzer. 

Preparative Methods 

K[CoIIpoat]: 0.1426 g (0.1910 mmol) of H3poat were dissolved in 4 mL of DMA. To this solution, 0.0280 g 

(0.698 mmol) KH were added, yielding a bubbling, cloudy solution. The reaction mixture was stirred till 

bubbling ceased and the solution was clear and colorless. Then, 0.0348 g (0.197 mmol) of CoII(OAc)2 were 

added as a purple powder suspension in 2 mL of DMA. The reaction mixture was allowed to stir overnight and 
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resulted in formation of a bright, cloudy blue suspension. The reaction mixture was filtered to yield solid blue 

powder and a bright blue solution. The solid on the frit was washed with minimal DCM, followed by n-pentane 

and Et2O until the blue color washed away and 0.0345 g of dry, off-white solid remained (92.0% yield; 

theoretical yield, KOAc = 0.0375 g, 0.382 mmol). The blue filtrate was subsequently dried under vacuum to 

give bright blue powder. This powder was redissolved in DCM and layered under n-pentane to yield 0.1170 g 

(0.1390 mmol, 72.8% yield) of bright blue, blocky single crystals, suitable for X-ray diffraction analysis. UV-vis 

(DCM, λmax nm (ε, M–1cm–1)) = 410 (13), 585 (67), 610 (71), 770 (8). ATR-FTIR, selected bands (cm–1) = 3050, 

2949, 2838, 2342, 1720, 1589, 1481, 1433, 1271, 1232, 1192, 1155, 1118, 1026, 965, 918, 851, 801, 746, 717, 

696. EPR (X-Band, ⊥-mode, 20 K, DCM:THF, excess 18c6), g = 4.5, 4.3, 2.0 (A = 262 MHz), E/D = 0.0029, 

D = +3.6 cm–1. μeff, Evans Method, DCM = 4.28 μB. Cyclic Voltammetry (100 mV/s, DCM, V vs Fc+/0) = E1/2 

= –0.495, Epa = +0.365. Elemental Analysis calculated for 4(C42H42CoKN4O3P3) ⋅ C5H12; C, 60.42, H, 5.28, N, 

6.52; found C, 60.6, H, 4.87, N, 6.71.  

[poatCoIII(–μ-OH–)ZnIIMe3tacn]OTf: 0.1226 g (0.1456 mmol) of K[CoIIpoat] was weighed. To this solid, 0.0474 g 

(0.147 mmol) of 2-iodoxy benzoate isopropyl ester (IBX-iPr) were added and the two reagents were dissolved 

together in ~5 mL of DCM, immediately forming a clear, purple-pink solution. To this solution, 0.0783 g (0.146 

mmol) of [ZnIIMe3tacn(OTf)2] dissolved in ~1 mL of DCM was added slowly, affording a deep red-orange 

solution. The reaction was stirred for 30 minutes, then pipet filtered to remove any residual solids. This solution 

was layered under n-pentane and after roughly a week, dark red-brown crystals suitable for study by X-ray 

diffraction analysis were grown in a 85.90% yield (0.1505 g, 0.1250 mmol). UV-vis (DCM, λmax nm (ε, M–1cm–

1)) = 365 (3260), 435 (2690), 760 (498), 880 (sh). ATR-FTIR, selected bands (cm–1) = 3230 (OH), 3055, 2894, 

2860, 2364, 2250, 1974, 1673, 1590, 1437, 1352, 1263, 1224, 1145, 1104, 1067, 1030, 961, 838, 803, 752, 721, 

698. EPR Silent, ⊥- and ∥-modes. μeff, Evans Method, DCM = 2.57 μB. Cyclic Voltammetry (100 mV/s, DCM, 

V vs Fc+/0) = CoIIIZnII/CoIIZnII, E1/2= –0.845, Epa = +0.290, +0.620. HRMS (ES+, m/z): Exact mass 

calculated for C51H64CoN7O4P3Zn: 1054.2856, Found: 1054.2845. 
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X-ray Crystallographic Methods 

(K[CoIIpoat])2: The data for asb622 were collected from a shock-cooled single crystal at 133(2) K on a Bruker 

SMART APEX II three-circle diffractometer with a fine-focus sealed tube using a equatorial mounted graphite 

as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped with a low 

temperature device and used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT and a multi-

scan absorption correction using SADABS was applied.106,107 The structure was solved by direct methods using 

SHELXS and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using ShelXle.108–110 

All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 

refined isotropic on calculated positions using a riding model with their Uiso values constrained to 1.5 times the 

Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. This report 

and the CIF file were generated using FinalCif.111 Refinement Details: All non-hydrogen atoms were refined freely 

without constraints or restraints. All hydrogen atoms were refined using a riding model. 

[poatCoIII–μ-OH–ZnIIMe3tacn]OTf: single crystal at 93(2) K on a Bruker SMART APEX II three-circle 

diffractometer with a sealed X-ray tube using a equatorial mounted graphite as monochromator and a Bruker 

Apex II CCD detector. The diffractometer was equipped with a low temperature device and used MoKα 

radiation (λ = 0.71073 Å). All data were integrated with SAINT and a multi-scan absorption correction using 

SADABS was applied.106,107 The structure was solved by direct methods using SHELXT and refined by full-

matrix least-squares methods against F2 by SHELXL-2018/3 using ShelXle.109,110,112 All non-hydrogen atoms 

were refined with anisotropic displacement parameters. All hydrogen atoms were refined with isotropic 

displacement parameters. Some were refined freely and some on calculated positions using a riding model with 

their Uiso values constrained to 1.5 times the Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 

times for all other carbon atoms. This report and the CIF file were generated using FinalCif.111 Refinement Details: 

All main molecule non-hydrogen atoms were freely refined without restraints. The half triflate ion in the 

asymmetric unit was constrained to 50% occupancy, and being located on the inversion center, F1-F3 were 

constrained to the same positions and ADPs as O5-O7, and C52 and S1 were treated the same. Most non- 

hydrogen atoms were refined using a riding model. The position for H1 was refined freely with ADP 
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constrained to 1.5x that of O1. In initial refinements, another half triflate was found in the asymmetric unit 

with what was possibly a half occupancy acetonitrile that shared the same position. Additionally, a heavily 

disordered chloroform molecule, and pentane molecule were found. SQUEEZE,113 as an implementation of 

Platon,113–115 was used to remove the electron density from these heavily disordered areas. 
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Figure 3-S1: (A) Molecular structure view of monomeric K[CoIIpoat] with thermal ellipsoid representation,  drawn 
to 50% probability. H-atoms were omitted for clarity. (B) Solid state ATR-FTIR spectrum of K[CoIIpoat]. 
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Table 3-S1: Crystallographic details for (K[CoIIpoat])2, K[1], (middle column) and  
[poatCoIII–μ-OH–ZnIIMe3tacn]OTf (right column). 

R1 = Σ | |Fo| – |Fc| | / Σ |Fo| 
wR2 = [Σ[w(Fo2 – Fc2)2] / Σ[w(Fo2)2]]1/2 
 

Thermal ellipsoids are shown at 50% probability. 

Compound (K[CoIIpoat])2 [poatCoIII–μ-OH–ZnIIMe3tacn](OTf)1/2 

Empirical formula C84H84Co2K2N8O6P6 C51.5H64CoF1.5N7O5.5P3S0.5Zn 
Formula weight 1683.47 1130.83 
Temperature [K] 133(2) 93(2) 
Crystal system monoclinic triclinic 

Space group (number) 𝑃2!/𝑛 (14) 𝑃1 (2) 
a [Å] 14.4988(11) 14.5057(14) 
b [Å] 16.2701(12) 14.9985(15) 
c [Å] 16.8941(13) 16.9225(16) 
α [°] 90 71.826(2) 
β [°] 90.0432(12) 66.289(2) 
γ [°] 90 82.932(2) 

Volume [Å3] 3985.3(5) 3202.8(5) 
Z 2 2 

ρcalc [gcm−3] 1.403 1.173 
Independent reflections 9176 19332 
Goodness-of-fit on F2 1.032 1.046 

R1,  [I≥2σ(I)] 0.0272 0.0437 
wR2, [all data] 0.0736 0.1035 

 Goof (Goodness-of-fit) = S = [Σ[w(Fo2 – Fc2)2] / (n – p)]1/2, 
where n = number of reflections and p = total number of 
parameters refined. 
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Figure 3-S3: (A) UV-vis spectra following the reaction between AcFcOTF (black trace) with [CoIII–μ-OH–
ZnII]+. The final spectrum is shown in blue (λmax = 375 (sh), 420, 460, 745 nm). (B) UV-vis spectra following 
the reaction between tris(4-methylphenyl)aminium radical cation (black, λmax = 285, 295, 350, 360, 370, 585, 

673 nm) to [CoIII–μ-OH–ZnII]+. The final spectrum is shown in blue (λmax = 350, 370, 440*, 580, 675 nm). The 
band at λmax = 440 nm is the only new feature. The remaining bands appear to be due to excess oxidant. All 

spectra were collected at –60 º C in DCM. 
 

Figure 3-S2: (A) CV collected of K[CoIIpoat] in DCM, without 18c6. (B) The isolated second oxidative event 
of K[CoIIpoat] measured in DCM in the presence of excess 18c6 

 

A B 
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Chapter 4: Modulating magnetic coupling through synthetic control in paramagnetic 

CoII/III–μ-O(H)–FeIII complexes 

Introduction 

 Recent work within the Borovik lab has focused on understanding the chemistry of metal complexes 

supported by N,N',Nʺ-[nitrilotris(ethane-2,1-diyl)]tris(P,P-diphenylphosphinic amido), [poat]3–.1,2 The [poat]3– 

ligand was designed to have a similar donation strength in the primary (1º) coordination sphere to the ureayl 

framework [H3buea]3– to support highly oxidized metal centers.2–8 The secondary (2º) coordination sphere was 

engineered to provide hydrogen bond (H–bond) acceptors, similar to the [RST]3– ligand framework(s).9–12 All 

three of these ligands share a few key characteristics: local C3 symmetry, a trianionic ligand field, a tetradentate 

coordination motif, and a well-defined 2º coordination sphere positioned to form a pocket ideal for hosting 

and interacting with an exogenous ligand. These features are all supportive of forming high-spin, high valent 

metal complexes within a rigid ligand field, providing excellent synthetic control. It has become abundantly 

clear that the P=O units of the phosphinic amido arms of [poat]3– provide a highly effective binding site for a 

second metal ion and support more highly oxidized metal ions than the [RST]3– sulfonamido groups.2,4,5,13–17 

Indeed, complexes prepared within [poat]3– typically crystallize as Kx[Mypoat(L)], where one or more of the 

P=O arms interacts with the K+ counterion(s).2,4,5,14–17 Unpublished work within the group has focused 

considerably on eliminating these P=O⋅⋅⋅K+ interactions through metathesis with alkyl ammonium salts. While 

metathesis may be successful in solution, the P=O⋅⋅⋅K+ aggregates are typically the solid product(s) isolated 

and obtained from X-ray diffraction methods.  

 The strong interactions the P=O units in [poat]3– exhibit with exogenous metal ion(s) is mirrored in 

other examples of ligand frameworks that feature similar P=O functionalities. One notable example is the Kläui 

ligand: [CpCoIII(P(O)RR’)3]–, (Fig 4-1).18 R,R’ refers to substituted alkyl, aryl, or alkoxyl groups that are 

appended from the P=O units. When used to prepare metal complexes, the Kläui complex binds an additional 

metal through the P=O units in a facial orientation, including main group, transition, and rare earth metal ions 

(Mx, Fig 4-1).18–24 The facial coordination motif of the Kläui ligand lends itself to the preparation of bimetallic 

piano-stool and trimetallic sandwich complexes, based on the stoichiometry of the reagents. In one example, a 
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trimetallic system was prepared where all metal ions present were CoIII. The central CoIII ion exhibited spin-

crossover behavior between S = 0 and 2 spin states.19,20 The unusual CoIII spin state was achieved due to the 

strongly donating, but weak field P=O groups from the Kläui ligand. These characteristics are shared by a 

tripodal phosphinimide ligand developed by Rittle and coworkers, as well as the bistrimetaphosphate complexes 

described by Stauber et al. (Fig 4-1).25,26 Each of these examples supported formation of high-spin S = 2 CoIII 

complexes, thus indicating that P=O and phosphinimide (P=N–R) moieties may be uniquely suited to 

supporting high-spin metal centers. In a recent study, the Kläui ligand was used to  prepare a series of complexes 

where the Tc ion coordinated to the P=O groups varied oxidation state between TcI – TcVII.27 This work 

suggested that P=O groups, in addition to supporting high-spin states, was also supportive of metal ions in a 

wide variety of oxidation states.  

Figure 4-1: Top: Preparation of a trimetallic sandwich complex using the Kläui ligand. The central 
metal ion, M, has been shown to be main group, rare earth, and transition metal ions. Bottom: S = 2 

CoIII complexes supported by bistrimetaphosphate and tris(phosphinimide) ligand fields. 
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 Thus far, this dissertation has only discussed metal complexes that featured a redox-inactive metal ion 

coordinated to the P=O groups. This chapter seeks to explore the chemistry of a Co/Fe system, using 

K[CoIIpoat] and [FeIIMe3tacn(OTf)2] to assemble an unsymmetric bimetallic complex. The preparation of the 

Co/Fe bimetallic system was found to be sensitive and reactive towards O2, leading to the formation of a μ-

OH bridge: [poatCoII–μ-OH–FeIIIMe3tacn]OTf. The source of the hydroxido was explored, as well as potential 

mechanisms of O2 activation. The data collected suggested that the Co center was not oxidized, but rather 

[CoIIpoat]– primarily provided a site for the FeII center to dock, while the P=O groups provided a supportive 

ligand field. It appears that the two systems, K[CoIIpoat] and [FeIIMe3tacn(OTf)2], act in concert with one 

another and are both necessary to observe reactivity with O2 in an example of cooperative bimetallic chemistry. 

[poatCoII–μ-OH–FeIIIMe3tacn]OTf was oxidized using FcOTf. The oxidation was observed on the Co center 

to form [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2. Oxidation of the Co center changed the magnetic coupling 

between the two metal ions from antiferromagnetic to ferromagnetic coupling. Finally, preliminary 

deprotonation studies were conducted on [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2. The results suggested that 

the μ-OH bridge could be deprotonated and this deprotonation once again led to a change in the mode of 

magnetic communication between the two metal centers, from ferromagnetic to antiferromagnetic. Controlling 

the protonation and oxidation states of the complexes within this series provided a synthetic handle to modify 

magnetic communication. 

Results and Discussion 

Reactivity of K[CoIIpoat] with O2: mono- versus bimetallic 

 As discussed in the previous chapter, K[CoIIpoat] is a trigonal monopyramidal (TMP) coordination 

complex. For all synthetic details and spectroscopic characterization of K[CoIIpoat], refer to Chapter 3 of this 

dissertation. In previous studies from the Borovik lab, the reactivity of CoII complexes in C3 symmetry with O2 

was studied. It was found that when a starting CoII complex was reacted with O2 in the presence of H–bond 

donors, such as ureayl functional groups, a CoIII–OH complex was formed or reversible CoIII–superoxido 

generation was observed.8,28,29 In the absence of H–bond donors, the metal complex did not react with O2.28 

More recent work from Nam and coworkers indicated that treating [(TMG3tren)CoIIOTf]OTf  with O2 in the 
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presence of a sacrificial H-atom donor resulted in the formation of a CoIV–O complex via a CoII–alkylperoxo 

intermediate.30 Given the variety of inorganic products observed following the reaction of C3-symmetric CoII 

complexes with O2, the reactivity of K[CoIIpoat] with O2 was of synthetic interest.  

To this end, excess O2 was added to a solution of K[CoIIpoat] and the reaction was followed 

spectroscopically (Scheme 4-1, A). These reactions were carried out in dichloromethane (DCM) in the presence 

of excess 18-crown-6 ether (18c6). The reaction was monitored by ultraviolet-visible (UV-vis) and ⊥-mode 

electron paramagnetic resonance (EPR) spectroscopy, but no changes were observed from the starting 

K[CoIIpoat] spectra. Even when these reactions were left to stir overnight, no spectroscopic changes here 

observed. In spite of the relatively low oxidation potential (CoIII/II, E1/2 = –0.495 V versus 

ferrocenium/ferrocene, Fc+/0, DCM, see Chapter 3), which suggested that the CoIII oxidation state may be 

accessible by O2 (O2 ⟶ O2– Eº, V versus Fc+/0 = –0.22 V, H2O; +0.08 V, DCM, estimated),31,32 K[CoIIpoat] 

was not reactive towards O2. While electrochemical potentials play an important role in driving oxidation-

reduction (redox) reactions, binding ability/affinity is also important, particularly if O2 behaves as an inner 

sphere oxidant.32,33 In the examples discussed above, intramolecular H–bond donating groups or sacrificial H-

atom donors were necessary for O2 activation to proceed.28,30 Given that [poat]3– does not provide 
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intramolecular H–bond donors nor were any H-atom donors added to these reactions, it was unsurprising that 

K[CoIIpoat] on its own was not reactive towards O2.  

 In Chapter 3 of this dissertation, it was found that the addition of a second metal ion, 

[ZnIIMe3tacn(OTf)2], to [CoIIpoat]– in the presence of an external oxidant, isopropyl 2-iodoxybenzoate (IBX-

iPr), resulted in the activation of IBX-iPr and the formation of a bimetallic species with a bridging hydroxido 

ligand. Therefore, [CoIIpoat]– was reacted with O2 in the presence of 18c6 and [ZnIIMe3tacn(OTf)2] to 

determine if the two metals acting together were sufficient to activate O2 (Scheme 4-1B). The reaction was 

followed spectroscopically and no changes consistent with oxidation were observed by UV-vis nor EPR 

spectroscopy. There were subtle differences between the initial K[CoIIpoat] spectrum and the final spectrum 

observed, which was preliminarily attributed to an interaction between the ZnII ion and [CoIIpoat]– via the P=O 

groups. This observation is further discussed in Chapter 5.  

Because there was no reaction observed between [CoIIpoat]– and O2 following addition of a redox-

inactive metal, the experiment was modified to incorporate a redox-active metal ion, [FeIIMe3tacn(OTf)2]. When 

[FeIIMe3tacn(OTf)2] was added to [CoIIpoat]– in the presence of dry O2, an immediate color change occurred 

(Fig 4-2). A new, deep-blue species formed with features at λmax = 435, 578, 742 nm. This spectrum was unique 

Figure 4-2: UV-vis spectra monitoring the reaction between K[CoIIpoat] 
(black trace) with O2 and [FeIIMe3tacn(OTf)2]. The final product 

spectrum is shown in blue. 
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to the product of this reaction and was not consistent with either the K[CoIIpoat] (λmax = 358, 585, 619, 770 

nm) or the [FeIIMe3tacn(OTf)2] (featureless, Fig 4-S1B) starting complexes. This reaction was also monitored 

with ⊥-mode EPR spectroscopy and a silent EPR spectrum was observed. In order to identify the product of 

this reaction, bulk studies were pursued with a goal of obtaining a molecular structure.   

Synthesis and Structural Details of [poatCoII–μ-OH–FeIIIMe3tacn]OTf: Bulk synthetic studies were performed, 

designed to replicate the reaction observed in the above spectroscopic studies. Following the synthesis outlined 

in Scheme 4-2, a concentrated solution of K[CoIIpoat] was prepared in DCM without 18c6 and transferred to 

a Schlenk flask. [FeIIMe3tacn(OTf)2] was dissolved in DCM in a round bottom flask and sealed. Both solutions 

were taken out of the dry box and the [FeIIMe3tacn(OTf)2] solution was sparged with N2. While this solution 

sparged, dry O2 was bubbled into the K[CoIIpoat] solution; addition of O2 did not result in a color change. The 

[FeIIMe3tacn(OTf)2] solution was cannulated into the K[CoIIpoat] and O2 solution, which resulted in an 

immediate color change to deep blue, similar to the color observed in the above spectroscopic studies. The 

resulting solution stirred under a N2 atmosphere for roughly an hour, at which point the solvent was removed 

and the resulting solids were dried under vacuum. The solids were transferred to a dry box and redissolved in 

minimal DCM. The reaction mixture was then filtered to remove any residual solids and layered under n-

pentane, which resulted in the growth of dark, red-blue dichroic single crystals suitable for single X-ray 

diffraction (XRD) studies.  
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The molecular structure revealed a heterobimetallic complex with a single hydroxido bridging ligand, 

formulated as [poatCoII–μ-OH–FeIIIMe3tacn]OTf ([CoII–μ-OH–FeIII]+, Fig 4-3). In addition to the fully refined 

molecular structure discussed herein, [CoII–μ-OH–FeIII]+ can also be crystallized in a different unit cell (Table 

4-S2). A five-coordinate CoII center was bound within the tetradentate backbone of the [poat]3– ligand 

framework. The fifth coordination site was occupied by the O-atom of a –OH ligand, giving the Co center an 

overall N4O coordination environment. The coordination geometry of the Co center is near trigonal 

bipyramidal, with a τ5 value of 0.87.34 The H-atom of the –OH unit was found via a Fourier-difference map, 

confirming the identity of O1 bridging ligand. In addition to binding to both Co and Fe centers, O1 participated 

in an intramolecular H–bonding interaction with O2 from one of the P=O groups (O1⋅⋅⋅O2 = 2.679(2) Å). 

The Fe center was bound by two O-atom based ligands from the P=O groups of the [poat]3– ligand framework 

as well as the –OH ligand in a facial orientation. The remaining open coordination sites of the Fe center were 

occupied with three N-donors from the Me3tacn ligand, also bound in a facial manner. The Fe center had a 

general N3O3 coordination motif, with the ligands arranged in an approximate octahedral geometry. The 

complex had a +1 charge, with a triflate counterion. The charge provided from the ligands in this molecule was 

–4; therefore, the charge provided by the two metal centers must add to +5. 
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Figure 4-3: Solid state molecular structure of [poatCoII–μ-OH–FeIIIMe3tacn]OTf. Only the hydroxido 
H-atom is shown. All other H-atoms, the counterion, and structural solvent molecules were omitted for 

clarity. Thermal ellipsoids were drawn at 50% probability. 
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Atoms [CoII–μ-OH–FeIII]+ 

Distance, Å 
[CoIII–μ-OH–FeIII]2+ 

Distance, Å 

Co–N1 2.172(2) 1.943(3) 

Co–N2 2.008(2) 1.924(3) 

Co–N3 2.027(2) 1.979(3) 

Co–N4 2.029(2) 1.958(3) 

Co–O1 2.065(1) 1.935(2) 

*Neq⋅⋅⋅Co 0.264 0.139 

O1⋅⋅⋅O2 2.679(2) 2.646(3) 

Fe–O1 1.848(1) 1.904(2) 

Fe–O3 1.994(1) 1.946(2) 

Fe–O4 1.995(1) 1.994(3) 

Fe–N5 2.218(2) 2.209(3) 

Fe–N6 2.226(2) 2.187(3) 

Fe–N7 2.238(2) 2.217(3) 

Co⋅⋅⋅Fe 3.3480(4) 3.4001(7) 

 Angle, º Angle, º 

N1–Co–N2 82.22(6) 84.83(12) 

N1–Co–N3 82.51(6) 83.12(12) 

N1–Co–N4 82.79(6) 85.48(12) 

N1–Co–O1 176.51(6) 176.58(11) 

N2–Co–N3 120.05(7) 123.32(13) 

N2–Co–N4 124.16(7) 124.83(12) 

N3–Co–N4 110.71(7) 109.12(12) 

Co–O1–Fe 117.55(7) 124.67(13) 

O1–Fe–O3 96.51(6) 92.07(11) 

O1–Fe–O4 95.67(6) 91.16(10) 

O3–Fe–O4 96.78(5) 99.36(11) 

N5–Fe–N6 79.39(6) 80.54(13) 

N5–Fe–N7 78.74(6) 78.86(11) 

N6–Fe–N7 78.22(6) 79.53(11) 

+τ5 = (β – α)/60° 0.87 0.86 

 

Table 4-1: Metrical data obtained from the molecular structures of [CoII–μ-OH–FeIII]+ and [CoIII–μ-OH–FeIII]2+. 

* Neq⋅⋅⋅Co is the distance of the Co atom from the plane formed by the equatorial N–atoms of the [poat]3– backbone.  
+ τ5 is the trigonality structural parameter. α and β are the two largest angles in the molecule. τ5 = (β – α)/60° 
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In order for the two metal centers to provide an overall charge of +5, one metal must have an oxidation 

state of +2 and the other +3.  To determine the oxidation states of the Co and Fe centers, the metal–ligand 

bond lengths around each metal ion were examined. All of the Co–N/O bond lengths were longer than 2 Å, 

which is typical of CoII ions in C3 symmetric ligand fields.8,12,28,35,36 Crystallographically characterized examples 

of CoII–OH complexes from the Borovik lab have an average Co–O1 bond length of 2.05 Å (see also Chapter 

2),8,36 while the average Co–O1 bond length contracts to 1.89 Å in structurally characterized CoIII–OH 

complexes (see also Chapters 2, 3).8,12 Furthermore, the Fe–O bond lengths were all shorter than 2 Å with a 

noticeably short 1.848(1) Å Fe–O1 bond length. While the Fe–N bond lengths were longer than their Fe–O 

counterparts, both sets of bond lengths were consistent with known examples of bimetallic FeIII complexes 

where the FeIII ion was bound to two P=O groups, a bridging –OH, and Me3tacn ligands.4,5 The bond length 

analysis supported the assignment of the oxidation states as CoII and FeIII centers. 

Discussion of Metal Oxidation States: It was unusual that the Fe ion was more highly oxidized than the Co center 

in the [CoII–μ-OH–FeIII]+ complex, based on past work with bimetallic systems in [poat]3–. The CoII ion was 

coordinated in an overall tetra-anionic ligand field, while the FeIII center was supported by a monoanionic ligand 

field. Because metal complexes within anionic ligand fields are generally more easily oxidized than metal ions 

in neutral environments, it was expected that the CoII center would be more readily oxidized than the FeII 

center. However, there is a large electronegativity difference between the P- and O-atoms of the P=O groups 

that creates a significant dipole moment (P = 2.19 eV, O = 3.44 eV).37 The resulting dipole moment between 

the these atoms imparts significant partial negative character (δ–) to the O, which leads to a buildup of charge 

around each of the R–P=O O-atoms, to the degree that the P=O groups have also been represented by a 

resonance structure: R–+P–O–.38–40 The charge buildup creates an electron rich cavity in the 2º coordination 

sphere (Fig 4-4), incorporating a second, clearly defined ligand field consisting of P=O groups within the 

[poat]3– ligand. The P=O groups have been previously shown to interact strongly with K+ counterion(s), Group 

II Lewis Acids, and transition metals, while supporting metal centers up to a MIII oxidation state 2,4,5,15 Further 

work with the Kläui ligand also indicated that P=O units were supportive of high-spin, highly oxidized metal 

centers.19,20,27 Given that previous work has demonstrated the utility of the P=O ligands towards the preparation 
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of oxidized metal centers, it was perhaps not surprising in hindsight that the Fe center was oxidized. However, 

it was unusual that the CoII center did not change oxidation states during this reaction.  

As discussed above, K[CoIIpoat] had a CoIII/II couple at –0.495 V versus Fc+/0 in DCM. This potential 

was likely sufficiently reducing that it should be reactive towards O2 (O2 ⟶ O2– Eº, V versus Fc+/0 = –0.22 V, 

H2O; +0.08 V, DCM).31,32 However, the Co center was not oxidized in the presence of O2. While the redox 

potentials were sufficient for a reaction to occur, the electrochemical potentials are not the only factor that 

could drive the reaction. The absence of H–bond donating groups in the 2º coordination sphere of [CoIIpoat]– 

likely hinders reactivity towards O2, as discussed above.28 Given that the reactivity with O2 was dramatically 

different in the presence of a second redox active metal ion, [CoIIpoat]– can be viewed as an effective scaffold 

for the assembly of unsymmetric bimetallic systems, particularly in the presence of O2. Furthermore, the 

oxidative load of this reaction appeared to to be borne exclusively by the Fe center in [CoII–μ-OH–FeIII]+. 

Proposed Mechanisms for the Formation of [CoII–μ-OH–FeIII]+: Given that only the Fe center appeared to participate 

in the redox reaction with O2, the mechanism of the reaction came into question. Specifically, it was unclear 

whether this reaction proceeded through an inner or outer sphere oxidation with O2. If the reaction occurred 

via an inner sphere mechanism, the O2 unit would bind first, presumably to the Fe center. O2 would then be 

reduced concomitant to the oxidation of the Fe center, likely forming H2O2 or H2O as a byproduct (Scheme 

4-3). If an outer sphere mechanism was dominant, the O2 would not coordinate to either metal center but 

transfer electronic equivalents through space. The source of the hydroxido O-atom would likely come from 

Figure 4-4: Representation of how the R–P=O resonance structure may affect the [poat]3– ligand framework. 
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some residual water in solvent or one of the product(s) of O2 reduction. Regardless of the mechanism, the two 

metal ions likely pre-assembled in some manner, where the Fe center effectively docked to the P=O units prior 

to oxidation (Fig 4-5). This would provide a supportive ligand field to the Fe center, perhaps stabilizing it to 

coordinate to O2 for an inner sphere mechanism or lowering the redox potential of the Fe center for an outer 

sphere oxidation by providing a ligand field with significant δ– character.  

To determine if the formation of [CoII–μ-OH–FeIII]+ occurred via an outer sphere mechanism,  

equimolar amounts of K[CoIIpoat] and [FeIIMe3tacn(OTf)2] were mixed and treated with a known outer sphere 

oxidant, FcOTf. FcOTf was chosen because [CoIIpoat⋅⋅⋅FeIIMe3tacn]OTf has been studied and exhibited a 

redox event at E1/2 = –0.18 V versus Fc+/0 in DCM (Fig 4-5, right; for full discussion see Chapter 5). The 

reaction was monitored by UV-vis spectroscopy to determine if the product of this reaction was [CoII–μ-OH–

FeIII]+, with the –OH O-atom likely arising from residual water in the solvent. The reaction was followed for 

48 hours and there appeared to be a broad increase in the baseline with a weak, low intensity shoulder that grew 

in. However, the final spectrum was not consistent with was [CoII–μ-OH–FeIII]+ (Fig 4-S1A). The bands were 

significantly different from [CoII–μ-OH–FeIII]+, without the diagnostic features at λ = 435, 578, 742 nm. This 

data further suggested that the oxidation with O2 did not proceed via an outer sphere mechanism, though the 

reaction still needs to be studied with ⊥-mode EPR spectroscopy and replicated in the presence of a small 

amount of exogenous water to replicate the potential byproduct(s) of O2 reduction.  

The data thus far did not conlcusively support an outer sphere oxidation mechanism driving the 

formation of [CoII–μ-OH–FeIII]+. Therefore, an inner sphere mechanism was considered. Because the Fe center 

was oxidized in this reaction while the Co ion was not, it was likely that putative O2 binding occured at the Fe 
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center in the case of an inner sphere mechanism. Chemical reactions between Fe and O2 have a long, rich 

history in both synthetic and biological systems, leading to the formation of different Fe–O(X) species, 

including Fe–OH complexes, though outer sphere oxidation predomintes in synthetic examples.4,15,49,41–48 The 

affinity between O2 and Fe center(s) is largely due to the energetic requirements of O2 activation, which could 

play a role in driving the formation of [CoII–μ-OH–FeIII]+ and explain why the oxidation chemistry occurs 

solely at the Fe center.31,50  

To better understand the formation of [CoII–μ-OH–FeIII]+, [FeIIMe3tacn(OTf)2] was treated with 

excess O2 in DCM. The reaction was performed without [CoIIpoat]– as a control to determine if coordination 

to the P=O units was necessary to oxidize the FeII center. As discussed above, a pre-organization K[CoIIpoat] 

and [FeIIMe3tacn(OTf)2] was proposed, where the FeII center interacts with the [CoIIpoat]– unit through the 

P=O groups before reacting with O2 (Fig 4-5). The reaction betwen [FeIIMe3tacn(OTf)2] and O2 was monitored 

by UV-vis and no immediate color change was apparent. After allowing the solution to stir overnight, a feature 

centered at λmax = 370 nm appeared. This data suggested that [FeIIMe3tacn(OTf)2] on its own reacted slowly 

with O2, which was not comparable to the formation of [CoII–μ-OH–FeIII]+ (Fig 4-S1B). The sluggish reaction 

between [FeIIMe3tacn(OTf)2] and O2 compared to generation of [CoII–μ-OH–FeIII]+ suggested that the stronger 

ligand field provided by the P=O groups may help activate the FeII center towards O2.2,4,5,14,15  

To further study the role of the P=O units in supporting oxidation of the Fe center, 

[FeIIMe3tacn(OTf)2] was reacted with O2 in the presence of K[ZnIIpoat]. K[ZnIIpoat] was chosen because it is 

isostructural to K[CoIIpoat]m but features a redox inactive metal ion supported by [poat]3–.51 For a more 

thorough characterization of K[ZnIIpoat], see Chapter 5. The reaction was performed in DCM with 18c6 to 

aid in the dissolution of K[ZnIIpoat]. K[ZnIIpoat] was treated with O2, followed by [FeIIMe3tacn(OTf)2]. Upon 

addition of O2 to [ZnIIpoat]– (λmax = 325 nm), there was a small jump in the baseline of the spectrum but no 

new features. Following addition of [FeIIMe3tacn(OTf)2], a new high-energy shoulder grew in ~350 nm (Fig 4-

6A). The reaction was also followed by ⊥-mode EPR spectroscopy at 77 K and two new species were observed 

in the spectrum (Fig 4-6B). One species exhibited fatures at g = 4.3, 9.3 consistent with a rhombic, S = 5/2 

FeIII center.4,14,15,46,52 The second species featured a derivative signal at g = 1.9 that appeared axial, perhaps 
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representing the formation of a small amount of a low spin, S = 1/2 FeIII product. The growth in of ⊥-mode 

EPR active species suggested that the FeII center was oxidized to some FeIII species in the presence of P=O 

units. These experiments were preliminary and further study is necessary before any definitive conclusions can 

be drawn. 	

The experiments discussed above provided evidence that the P=O units played an important role in 

activating the Fe center towards O2 , though the data did not definitively support either an inner or outer sphere 

oxidation mechanism for the formation of [CoII–μ-OHFeIII]+. Recent studies in the literature suggests that the 

outer sphere O2 activation mechanism dominates in synthetic systems, which could be the case in this work.48,49 

Further investigation is necessary to confirm the mechanism. The most helpful experiments would likely 

involve isotopic labeling studies with 18O2, which could give a kinetic isotope effect (KIE) or 18O incoporation 

in [CoII–μ-OH–FeIII]+ by high-resolution mass spectrometry (HRMS). 

Spectroscopic and Electrochemical Characterization of [poatCoII–μ-OH–FeIIIMe3tacn]OTf: In an effort to further 

understand the [CoII–μ-OH–FeIII]+ system, the complex was characterized using UV-vis, EPR, Attenuated 

Total Reflectance- Fourier Transform Infrared (ATR-FTIR), and Mössbauer spectroscopies, as well as cyclic 

voltammetry (CV). Crystalline [CoII–μ-OH–FeIII]+ was dissolved in DCM and an electronic absorption 

Figure 4-6: (A) UV-vis spectra following the reaction of [ZnIIpoat]– (black trace) with O2 and 
[FeIIMe3tacn(OTf)2 ] collected in DCM at room temperature. The final spectrum is shown in blue. (B) ⊥-

mode EPR spectum collected at 77K in DCM:THF following the reaction of  [ZnIIpoat]–, O2, and 
[FeIIMe3tacn(OTf)2]. The inset shows the high field feature. 

(A) (B) 
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spectrum was collected. The spectrum exhibited features at λmax (molar absorptivity, ε, M–1cm–1) = 435 (sh), 

578 (708), 742 (1220) nm, (Fig 4-7A) consistent with the spectrum obtained from the in situ reaction of 

K[CoIIpoat] + O2 + [FeIIMe3tacn(OTf)2]. The band at λmax = 578 nm was similar in energy and relative shape 

to previous examples of CoII complexes in C3 symmetric ligand environments (Fig 4-7B). It was therefore 

proposed that the feature at λ = 578 nm could be attributed to the CoII center within the bimetallic complex. 

However, the molar absorptivity of this feature (ε = 708 M–1cm–1) was significantly higher than values associated 

with typical CoII d–d transitions (ε ~10 – 200 M–1cm–1). It is likely that the absorbance was intensified due to 

overlap with the broad, more intense feature at λmax = 742 nm. The lower energy band centered λmax ~ 742 nm 

(ε = 1220 M–1cm–1) was preliminarily proposed to be an intervalence charge-transfer transition (IVCT) between 

the two different metal centers(CoII, d7 and FeIII, d5). This feature was lower in energy and absorbance than 

expected for charge-transfer transitions, but was also more intensely absorbing than typical d–d transitions.53 

IVCT bands are generally broad features found in the visible-near infrared region of the spectrum.54 The feature 

centered at λmax = 742 nm was relatively broad, starting ~ 475 nm and tailing off ~ 1000 nm. While the 

qualitative features of the band at λmax = 742 nm may be consistent with an IVCT transition, further 

spectroscopic studies and analysis are necessary to confirm this assignment.  

Figure 4-7: (A) Electronic absorbance spectrum of [CoII–μ-OH–FeIII]+ collected in DCM at 
room temperature. (B) [CoII–μ-OH–FeIII]+ (blue) overlaid with K[CoIIpoat] (black). 

(A) (B) 
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 The magnetism of [CoII–μ-OH–FeIII]+ was studied via EPR spectroscopy. Redissolving crystalline 

[CoII–μ-OH–FeIII]+ resulted in a ⊥-mode silent EPR spectrum, corroborating initial in situ studies discussed 

above and confirming that this complex does not have a half-integer spin ground state. [CoII–μ-OH–FeIII]+ was 

further studied by ∥-mode EPR spectroscopy, which once again resulted in a silent spectrum, likely indicating 

a spin ground state of S = 1. Initial studies of K[CoIIpoat] found that the CoII center had a high-spin, S = 3/2 

spin state, which is consistent in both TMP and TBP coordination complexes in C3 symmetric ligand 

frameworks.8,12,28,36 Previous work on bimetallic [poat]3– systems found that the FeIII ions coordinated to the 

P=O groups were high-spin, with S = 5/2 spin states.4,5 The hydroxido bridging ligand between the CoII and 

FeIII metal centers likely facilitated antiferromagnetic coupling between the two metal ions, which would lead 

to a spin ground state of S = 1. Because S = 1 spin systems are difficult to observe with ∥-mode EPR 

spectroscopy, [CoII–μ-OH–FeIII]+ was studied with Evans’ Method nuclear magnetic resonance (NMR) 

spectroscopy to obtain a room temperature effective magnetic moment (μeff). The Evans’ Method spectrum was 

measured in DCM and the paramagnetically shifted solvent resonance peak was used to calculate a μeff = 6.18 

μB. The theoretical spin-only magnetic moment for a S = 1 spin system is μS = 2.83 μB; the value obtained was 

between the theoretical spin-only values for S = 5/2 and 3 spin states (μS = 5.92 – 6.93 μB).  

 To further corroborate the spin state of [CoII–μ-OH–FeIII]+, the complex was studied by Mössbauer 

spectroscopy. Because [CoII–μ-OH–FeIII]+ can be cleanly crystallized in bulk, Mössbauer spectra were measured 

on natural abundance solid samples. The 4 K Mössbauer spectrum exhibited a doublet, consistent with the 

formation of an integer spin, S = 1 species (Fig 4-8A). The doublet had an isomer shift (δ) of 0.49 mm s–1 and 

a quadrupole splitting (ΔEq) of 1.38 mm s–1. These parameters were consistent with a high-spin, S = 5/2 FeIII 

center supported by N/O ligand donors.55 This data further supported the assignment of antiferromagnetic 

coupling between a S = 3/2 CoII center and a S = 5/2 FeIII center.  

The low temperature (~10 K) Mössbauer and EPR spectroscopic measurements suggested a spin state 

of S = 1. The room temperature Evans’ Method magnetic moment showed larger spin state value (μeff = 6.18 

μB). These variable temperature data points suggested that the metal ions in [CoII–μ-OH–FeIII]+ were 

antiferromagnetically coupled, with a spin ground state of S = 1 and thermally accessible excited spin states. 
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Further studies are underway to measure the exchange coupling parameter (J value) between the two metal ions. 

/ 

[CoII–μ-OH–FeIII]+ was then investigated using solid state ATR-FTIR spectroscopy. An O–H 

vibration could not be clearly identified from the spectrum (Fig 4-9, black trace). There was a feature above 

3600 cm–1 (black trace, +), however the identity of this band was unknown and did not appear consistent with 

an O–H vibration. In the solid state molecular structure, the –OH ligand interacted with the CoII and FeIII 

centers, and participated in an intramolecular H–bonding interaction with the free P=O unit from the [poat]3– 

ligand backbone. In literature examples of MII–μ-OH–MIII complexes, the O–H vibration was typically found 

between ~3300 – 3100 cm–1, but was not always visible.5,10–12,15,56–58 Interaction with the two metal centers and 

the H–bonding interaction with the P=O group likely weakened the O–H bond of the –OH ligand, shifting the 

O–H vibration to lower energies and possibly obscuring it by other vibrational features.  

Fig 4-8: Mössbauer spectra measured on crystalline samples [CoII–μ-OH–FeIII]+ (orange trace, A) and [CoIII–
μ-OH–FeIII]2+ (red trace, B). Simulations are shown as black traces overlaid with the experimental spectra. 

(A) 

(B) 
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The electrochemical behavior of [CoII–μ-OH–FeIII]+ was studied by CV in DCM. The complex 

exhibited two reversible redox events at –1.190 and –0.175 V versus Fc+/0 (Fig 4-10A, Table 4-2). These events 

were assigned as the CoIIFeIII/CoIIFeII and CoIIIFeIII/CoIIFeIII couples respectively. The reversibility and 

relatively low potential of the CoIIIFeIII/CoIIFeIII couple (–0.175 V) suggested that [CoII–μ-OH–FeIII]+ could 

be oxidized by a mild oxidant, such as Fc+. Each event could be independently isolated and maintained its 

reversibility (Fig 4-10B, C). When the complex was scanned out to +1.0 V versus Fc+/0, new, irreversible 

electrochemical events appeared in addition to the CoIIFeIII/CoIIFeII and CoIIIFeIII/CoIIFeIII couples (Fig 4-

10D, new features marked with *). In scanning oxidatively, it is possible that one of the metal ions exhibited a 

further oxidation to a proposed MIV oxidation state. The final oxidative event (Epa = +1.060 V versus Fc+/0) 

therefore may correspond to a MIIIMIV/MIIIMIII redox event, however which metal ion may have been oxidized 

could not be determined from CV alone. It was initially assumed that the Co center, coordinated by the 

trianionic [poat]3– ligand backbone, would be more easily oxidized. However, there are relatively few examples 

of discreet metal complexes with CoIV centers,59,60,69,61–68 and isolation of [CoII–μ-OH–FeIII]+ demonstrated that 

a more anionic ligand field was not the sole factor in determining which metal ion was more likely to be oxidized  

Fig 4-9: Overlay of ATR-FTIR spectra measured of crystalline [CoII–μ-OH–FeIII]+ (black trace) and [CoIII–μ-
OH–FeIII]2+ (blue trace). The high energy region is shown in (A) while the lower energy region is shown in (B). 
The + and * symbols represent unidentified vibrational features that are discussed in the body of the document. 

(A) (B) 

*  *  

+  
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in a bimetallic system. Furthermore, work from Wieghardt found that the Me3tacn ligand framework was 

supportive of a FeIV center, in a di-Fe system supported by Me3tacn ligands with μ-carboxylato, μ-oxido core.70 

The FeIV oxidation state was accessible at +1.48 V versus Fc+/0 in MeCN. It is clear that further investigations 

are necessary to identify the oxidized product at Epa = +1.060 V vs Fc+/0.  

 

(A) (B) 

(C) (D) 

Figure 4-10: (A) CoIIIFeIII/CoIIFeIII (–0.175 V) and CoIIFeIII/CoIIFeII (–1.190 V) couples from [CoII–μ-OH–
FeIII]+ together. The CoIIIFeIII/CoIIFeIII couple was isolated in (B) and the CoIIFeIII/CoIIFeII was isolated in 

(C). The full voltammogram swept out past +1 V versus Fc+/0 including unidentified electrochemical features, 
denoted by * is shown in (D). 
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Oxidative Chemistry of [poatCoII–μ-OH–FeIIIMe3tacn]OTf 

Synthesis and Structural Characterization of [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2: The CV of [poatCoII–μ-OH–

FeIIIMe3tacn]OTf exhibited a reversible, one electron event at –0.175 V versus Fc+/0 in DCM, assigned as the 

CoIIIFeIII/CoIIFeIII couple. The potential of this couple suggested that the complex could be oxidized using a 

Fc+ salt. Bulk synthesis was undertaken following Scheme 4-4 to investigate the oxidation. To a deep blue 

solution of [poatCoII–μ-OH–FeIIIMe3tacn]OTf in DCM, a solution of FcOTf was added slowly. Addition of 

FcOTf caused an immediate color change to a deep red-orange solution. After briefly stirring, minimal n-hexane 

was added atop the solution until a slight cloudiness appeared. The was transferred to the glovebox freezer and 

the vial was stored at –35 ºC. After several days, additional n–hexane was added and the vial was returned to 

the freezer. Roughly a week later, dark-red single crystals single crystals suitable for XRD analysis were grown 

in a 75% yield.  
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Scheme 4-4: Reaction scheme describing the preparation of [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2. 

Electrochemical 
Couple CoIIFeIII / CoIIFeII CoIIIFeIII / CoIIFeIII 

Epa (V vs Fc+/0) –1.145 –0.110 
Epc (V vs Fc+/0) –1.230 –0.235 
E1/2 (V vs Fc+/0) –1.190 –0.175 

ΔΕ (mV) 90 125 
ipa/ipc 1.1 1.1 

*Fc+/0 reference couple: ΔE = 135 mV, ipa/ipc = 1.5 
 

Table 4-2: Metrical data obtained from CV of [CoII–μ-OH–FeIII]+, 
focused on the reversible couples. 
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The molecular structure shown in Fig 4-11 revealed a bimetallic species: [poatCoIII–μ-OH–

FeIIIMe3tacn](OTf)2, ([CoIII–μ-OH–FeIII]2+). The 1º coordination environment around each metal ion remained 

the same as [CoII–μ-OH–FeIII]+, with the Co center coordinated to the tren backbone of [poat]3– and the –OH 

ligand in the fifth site, maintaining the TBP coordination geometry (τ5 = 0.86, Table 4-1). The Fe center 

interacted with two P=O groups and hydroxido ligand in a facial coordination motif, with the remaining 

coordination sites saturated by the Me3tacn ligand framework. The hydroxido ligand remained in a H–bonding 

interaction with the free P=O (O1⋅⋅⋅O2 = 2.646(3) Å, Table 4-1). The structure also featured two outer sphere 

OTf– counterions.  

The most significant difference between the [CoII–μ-OH–FeIII]+ and [CoIII–μ-OH–FeIII]2+ molecular 

structures was the contraction in the Co–O/N bond lengths following oxidation. All Co–O/N bond lengths 

were longer than 2 Å in the [CoII–μ-OH–FeIII]+ structure, but were less than 2 Å in the [CoIII–μ-OH–FeIII]2+ 

structure, consistent with oxidation of the Co center to CoIII (Table 4-1). The Co–N1 bond length contracted 

the most significantly between the two structures, shortening by 0.23 Å while the remaining Co–N/O bond 

lengths contracted by an average of 0.08 Å. The bond lengths around the Fe center remained largely unchanged, 

with average Fe–Navg bond lengths of 2.2 Å and Fe–Oavg bond lengths of 2.0 Å, from the P=O groups. 

N1 

N2 

N3 N4 

N5 
N6 N7 

O1 

O4 O2 O3 

Co 

Fe 

Fig 4-11: Solid state molecular structure of [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2. Only the hydroxido 
H-atom is shown. All other H-atoms, counterions, and structural solvent molecules were omitted for 
clarity. Thermal ellipsoids were drawn at 50% probability. See Table 4-1 for metrical data (vide supra). 



 104 

Interestingly, the Fe–O1 bond length increased upon oxidation from 1.848(1) to 1.904(2) Å, possibly due to a 

complementary shortening of the Co–O1 bond. Finally, it is significant to note that following oxidation of 

[CoII–μ-OH–FeIII]+ to [CoIII–μ-OH–FeIII]2+, the –OH ligand remained protonated. Thus far, the only other 

examples of a [MIII–μ-OH–MIII]2+ in the [poat]3–/Me3tacn ligand system were [poatFeIII–μ-OH–

CoIIIMe3tacn](OTf)2 and [poatGaIII–μ-OH–CoIIIMe3tacn](OTf)2.4,5,15 In all other MIII/MIII species within this 

ligand system, the H+ on the –OH bridge underwent an intramolecular proton transfer to one of the [poat]3– 

ligand arms, forming [(H)poatMIII–μ-O–MIIIMe3tacn](OTf)2. It is interesting that it was only the Co/Fe or 

Co/Ga systems that maintained a μ-OH bridging ligand, regardless of whether each metal was coordinated in 

the tren backbone or by Me3tacn. 

Spectroscopic and Electrochemical Characterization of [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2: The reaction of [CoII–μ-

OH–FeIII]+ with FcOTf resulted in a new absorption spectrum with bands at λmax = 390, 465, 798 nm and a 

weak feature at 630 nm (Fig 4-12A). Subsequently, crystalline [CoIII–μ-OH–FeIII]2+ was redissolved in DCM 

and the electronic absorption spectrum was collected, with features once again at λmax = 395, 462, 805 nm (Fig 

4-12B). The higher energy feature at 390 nm appeared as a shoulder rather than a more defined feature in the 

redissolved sample spectrum (Fig 4-12). Additionally, the weak feature at 630 nm (noted with a *) was present. 

Fig 4-12: (A) Spectra resulting from the reaction of [CoII–μ-OH–FeIII]+ (black) with FcOTf to form [CoIII–
μ-OH–FeIII]2+ (blue). (B) Absorbance spectrum from isolated, crystalline [CoIII–μ-OH–FeIII]2+. The * 

marks a feature that may be due to excess FcOTf. 

(A) (B) 390 

798

465 
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This feature was presumed to be from excess FcOTf, however solid was [CoIII–μ-OH–FeIII]2+ recrystallized 

and thoroughly washed and dried before the spectrum was collected. Therefore, it was possible that this feature 

may have been associated with the metal complex, though its origin and identity was unclear. The shapes and 

energies of the three dominant features at λmax = 395, 462, and 805 nm were similar to previously characterized 

CoIII–OH species in C3 symmetric ligand fields; spectra featuring highly absorbing bands ~400 and ~470 nm, 

with lower energy features ~800 nm are diagnostic of these CoIII–OH species.8,12,28,36 Literature precedent 

suggests that these features largely arise from transitions around the CoIII center. However, the main published 

examples were primarily mononuclear CoIII–OH species and the sole bimetallic example featured electrostatic 

interaction with a Ca2+ ion, rather than a covalent interaction with a second transition metal ion. Perhaps a 

better comparison for the electronic absorption spectrum of [CoIII–μ-OH–FeIII]2+ was the example discussed 

in Chapter 3: [poatCoIII–μ-OH–ZnIIMe3tacn]+. In this case, the CoIII ion was supported by the [poat]3–, and the 

ZnII center was covalently coordinated to the P=O groups of [poat]3–, the hydroxido ligand, and the Me3tacn 

framework. [poatCoIII–μ-OH–ZnIIMe3tacn]+ had bands at λmax = 365, 435, 760 nm, similar in shape to [CoIII–

μ-OH–FeIII]2+. In comparison to [poatCoIII–μ-OH–ZnIIMe3tacn]+, all bands were shifted to lower energy by 

~25 – 40 nm in the [CoIII–μ-OH–FeIII]2+ complex (Fig 4-S2). It is unclear whether this shift was due to the 

more acidic nature of the FeIII center versus the ZnII ion,71 or if this shift arose from some transitions originating 

from the Fe center. 

 [CoIII–μ-OH–FeIII]2+ was further characterized by solid state ATR-FTIR spectroscopy, (Fig 4-9, blue). 

Similar to [CoII–μ-OH–FeIII]+, there did not appear to be an O–H vibration. There were two weak, broad 

features centered at 3510 and 3300 cm–1 (marked by *) but these vibrational frequencies were higher than those 

typically seen for O–H vibrations of metal complexes (~3100 – 3300 cm–1).4,5,10–12,15,56–58 Interestingly, a similar 

system to [CoIII–μ-OH–FeIII]2+ where the ligand fields around each metal ion were switched, [poatFeIII–μ-OH–

CoIIIMe3tacn](OTf)2, exhibited similar broad features at 3486 and 3266 cm–1. The origin of these bands in each 

system was unclear but their overlap suggested that they may be characteristic features of [poatMIII–μ-OH–

MIIIMe3tacn](OTf)2 systems. However, this may be difficult to ascertain because only Co/Fe or Co/Ga systems 

have been prepared with a [MIII–μ-OH–MIII]2+ motif. 
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 To determine how the two metal centers magnetically interacted, [CoIII–μ-OH–FeIII]2+ was studied by 

⊥-mode EPR spectroscopy. At 77 K, the ⊥-mode EPR spectrum exhibited a broad derivative centered at g ~ 

5 and a weak, broad signal around g ~ 2. When the sample was cooled to He temperatures, the signal appeared 

sharper with a derivative feature at g = 5.0, as well as two lower field features at g = 10.2, 8.3 (Fig 4-13). This 

signal appears to be from a S = 7/2 spin system that can arise from ferromagnetic coupling between a S = 1 

CoIII center and a S = 5/2 FeIII center. The ferromagnetic mode of coupling occurred due to oxidation of the 

CoIII center in C3 symmetry. As discussed in previous chapters, when a CoII ion coordinated in a C3 symmetric 

ligand field is oxidized to CoIII, the electron configuration changes from a high-spin, S = 3/2 spin state to a 

low-spin, S = 1 state. The lost electron is removed from the dz2 orbital localized on the Co center. When this 

occurs in a bimetallic species, such as [CoIII–μ-OH–FeIII]2+, the loss of this electron disrupts the mode of 

magnetic communication between the two metal ions. When the dz2 electron was removed, the unpaired 

electrons localized around the Co ion were now located in orbitals orthogonal to the _OH O-pz orbital. This 

Fig 4-13: ⊥-mode EPR spectrum of [CoIII–μ-OH–FeIII]2+ measured at 7 K in 
DCM:THF. Simulations of this species to determine rhombicity and other magnetic 

parameters are still underway. 
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orthogonality gives rise to ferromagnetic interactions between the unpaired electrons on each metal center, per 

the Goodenough-Kanamori rule.72,73 Additionally, the spectrum doesn’t exhibit any hyperfine features from the 

59Co nucleus (I = 7/2), which can be attributed to the loss of the electron in the dz2 orbital. The dominant 

hyperfine contact was along the z-axis and loss of the electron along the z-axis disrupts the contact between 

the spin-active nucleus (59Co) and the unpaired electrons.  

In addition to low temperature ⊥-mode EPR spectroscopy, the room temperature effective magnetic 

moment of [CoIII–μ-OH–FeIII]2+ was measured. Using Evans’ Method NMR spectroscopy, the 

paramagnetically shifted solvent resonance was used to calculate a μeff = 8.36 μB. The theoretical spin-only 

magnetic moment for a S = 7/2 spin system is μs = 7.94 μB, consistent with the experimentally determined 

value. The increase in the μeff value versus the theoretical spin-only magnet moment was likely due to spin-orbit 

coupling within the molecule.73 The Evans’ Method magnetic data supported a ferromagnetic interaction 

between the two metal centers.  

Mössbauer spectroscopy was further used to study [CoIII–μ-OH–FeIII]2+. The Mössbauer spectrum was 

measured on a natural abundance solid, crystalline sample of [CoIII–μ-OH–FeIII]2+. The spectrum was weaker 

in intensity than its [CoII–μ-OH–FeIII]+ counterpart and could not be definitively commented upon (Fig 4-8B). 

However, a simulation was proposed where a S = 1 CoIII ion was ferromagnetically coupled to a S = 5/2 FeIII 

center. This simulation appeared to be reasonable when compared to the experimental spectrum and further 

supported a ferromagnetic mode of interaction between the two metal centers. Note that the more intense 

feature centered ~0.25 mm s–1 may be due to the presence of small amount of excess FcOTf mixed with solid 

[CoIII–μ-OH–FeIII]2+, exhibiting a deceptively large signal.4,74 

Finally, the electrochemical profile of [CoIII–μ-OH–FeIII]2+ studied with CV in DCM. The complex 

exhibited three robust electrochemical events in addition to several less intense unidentified electrochemical 

events (Fig 4-14). The open circuit potential (OCP) of [CoIII–μ-OH–FeIII]2+ lays ~ 0 V versus Fc+/0, a more 

positive potential than the OCP for [CoII–μ-OH–FeIII]+ (~ –0.5 V versus Fc+/0). The oxidative shift in the OCP 

was consistent with a more oxidized metal complex. When scanning positively starting at the OCP of [CoIII–μ-

OH–FeIII]2+, an irreversible oxidation occurred around +0.9 V versus Fc+/0, with a small reduction negative of 
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this event, at  +0.35 V versus Fc+/0 (Fig4-14A, Table 4-3). This feature, with an intense, irreversible oxidation 

event separated by a wide potential window from a less intense return reduction, was similar to features 

observed in previously characterized bimetallic hydroxido systems.4,5 In these examples, an intramolecular 

proton transfer occurred where the hydroxido bridge became sufficiently acidic following oxidation that it led 

to the protonation of one of the anionic N-groups from [poat]3– and the formation of an oxo bridge. Further 

study is needed to confirm the identity of the oxidative event and the source of the irreversibility.  

The couple at –0.335 V versus Fc+/0 was assigned as the CoIIIFeIII/CoIIFeIII couple based on its 

potential, which was shifted negatively by –0.16 V than in the voltammogram of [CoII–μ-OH–FeIII]+. The 

couple at –1.35 V versus Fc+/0, which was assigned as CoIIFeIII/CoIIFeII event, was also –0.16 V more negative 

than the analogous couple in [CoII–μ-OH–FeIII]+. In addition to the CoIIIFeIII/CoIIFeIII and CoIIFeIII/CoIIFeII 

couples, there were also unidentified electrochemical events, marked with an asterisk and a plus sign (*, + Fig 

4-14). The identities of these events are unclear but may be due to some unknown contaminant.  

(A) (B) 

Figure 4-14: Voltammograms obtained from scanning [CoIII–μ-OH–FeIII]2+ oxidatively (A) and reductively (B). 
The * and + mark unidentified electrochemical events that are discussed below. 

Electrochemical 
Event (V vs Fc+/0) 

*, Epa –0.155 
*, Epc –0.195 
+, Epc –0.860 

 

Table 4-3: Metrical data from marked events from 
the CV in Figure 4-14A of [CoIII–μ-OH–FeIII]2+. 
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Deprotonation Studies: In the molecular structure of [CoIII–μ-OH–FeIII]2+, the hydroxido ligand participated in a 

H–bonding interaction with one of the P=O arms from the [poat]3– ligand backbone. Between the H–bonding 

interaction and its position bridging between two MIII ions, the –OH ligand was likely acidic and could possibly 

be deprotonated. To determine this, [CoIII–μ-OH–FeIII]2+ was treated with a series of bases. In a representative 

experiment, [CoIII–μ-OH–FeIII]2+ was generated in situ from [CoII–μ-OH–FeIII]+ and FcOTf in DCM solutions 

cooled to –40 ºC. The most effective base examined was lithium bis(trimethylsilyl)amide (LiHMDS, pKa ~ 26, 

THF).75 The electronic absorption spectra did not change dramatically, though the low energy feature of λmax 

=  804 nm of [CoIII–μ-OH–FeIII]2+ shifted to higher energy and slightly increased in intensity (Fig 4-15A). If 

this reaction was warmed, the spectrum slowly converted to a new species, with features consistent to [CoII–μ-

OH–FeIII]+. This conversion suggested that the proposed product, [CoIII–μ-O–FeIII]+, may be unstable. Indeed, 

further UV-vis studies indicated that this species was difficult to replicate and identify, due to the subtle spectral 

changes and the apparent instability.  

Figure 4-15: (A) UV-vis spectra obtained from reacting [CoIII–μ-OH–FeIII]2+ (black) with LiHMDS (blue), 
measured at –40 ºC in DCM. (B)  EPR spectra obtained from reacting [CoIII–μ-OH–FeIII]2+ (red) with 

LiHMDS (blue). Samples were collected at 20 K in DCM:THF. 

(A) (B) 
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 In addition to the UV-vis studies, this reaction was monitored by ⊥-mode EPR spectroscopy. [CoIII–

μ-OH–FeIII]2+ was generated in situ in DCM:THF and cooled to –80 ºC, to slow down the reaction in the more 

concentrated solution. After the solution equilibrated in the cooling bath, LiHMDS was added and allowed to 

mix for a few minutes. At this point, the sample was flash frozen in liquid N2. When the EPR sample was 

collected at He temperatures, the broad, S = 7/2 signal from [CoIII–μ-OH–FeIII]2+ (Fig 4-15B, red) began to 

decrease in intensity, though some of the broader, underlying features appeared to persist, possibly due to 

excess FcOTf (Fig 4-15B, blue). Concomitant to the loss of the S = 7/2 species, a new signal began to grow in, 

centered at g = 2. The signal was proposed to arise from an S = 1/2 spin system due to antiferromagnetic 

coupling between a high-spin S = 5/2 FeIII ion and a now high-spin S = 2 CoIII center. The new species 

exhibited an 8-line hyperfine pattern from the 59Co nucleus, with a hyperfine coupling constant of Az = 330 

MHz. The magnitude of this value was consistent with a strong interaction between the unpaired electrons of 

the complex with the spin active Co nucleus. Furthermore, the presence of the 59Co hyperfine suggested a 

rearrangement of the electrons around the Co ion, following a change in the Co spin state. In the ⊥-mode EPR 

spectrum of [CoIII–μ-OH–FeIII]2+, no 59Co hyperfine was present because the CoIII ion had a spin state of S = 

1 and an unoccupied dz2 orbital. If the [CoIII–μ-OH–FeIII]2+ is deprotonated, the new bridging ligand is an oxido. 

Incorporation of a μ-O unit leads to a change in the d-orbital splitting around the CoIII center due to π-bonding 

with the oxido ligand that raises the dxz and dyz orbitals in energy, making a high-spin, S = 2 spin state now 

accessible (Fig 4-16). In spite of the useful data obtained in these studies, these results and conclusions are 

preliminary and more investigation would need to be done to confirm this analysis. 	
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Figure 4-16: Proposed spin state change around the CoIII center due to π- donation from an oxido ligand. 
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Summary and Conclusions 

 Chapter 4 described an exploration into the reactivity of K[CoIIpoat] with O2 in the presence of 

additional metal ions. K[CoIIpoat] on its own did not react with O2, nor did it react in the presence of a redox-

inactive metal ion, [ZnIIMe3tacn(OTf)2]. When this reaction was explored in the presence of a redox active 

metal ion, [FeIIMe3tacn(OTf)2], a new species rapidly formed: [poatCoII–μ-OH–FeIIIMe3tacn]OTf. The identity 

of [CoII–μ-OH–FeIII]+ was confirmed through structural and spectroscopic analyses. Interestingly, only the Fe 

center was oxidized during this reaction and not the Co center. This species exhibited antiferromagnetic 

coupling between the metal centers and a unique electronic absorption spectrum with a proposed IVCT feature. 

The compound also exhibited a relatively low potential CoIIIFeIII/CoIIFeIII couple (E1/2 = –0.175 V versus 

Fc+/0), suggesting that a [CoIII–μ-OH–FeIII]2+ species was accessible through oxidation with FcOTf. 

Additionally, the mechanism of formation of [poatCoII–μ-OH–FeIIIMe3tacn]OTf was examined, as 

was the oxidation chemistry at the Fe center. It could not be definitively confirmed whether [CoII–μ-OH–FeIII]+ 

formed via an inner-sphere oxidation mechanism, where the O2 unit coordinated first likely to the Fe ion before 

oxidation, or an outer-sphere mechanism. In a control experiment, it was found that [FeIIMe3tacn(OTf)2] on 

its own did not react with O2. Therefore, it was clear that the oxidation of the Fe center could be attributed 

partially to the excellent donorability of the P=O ligands, which provided a strongly donating ligand field. The 

strong ligand field may have improved the affinity of the Fe center for O2 aiding in formation of [poatCoII–μ-

OH–FeIIIMe3tacn]OTf. This is the first example of a bimetallic complex in the [poat]3–/Me3tacn system where 

the metal ion coordinated by Me3tacn was in a higher oxidation state than the metal coordinated to the [poat]3– 

backbone. 

Following studies with [CoII–μ-OH–FeIII]+, the complex was oxidized with FcOTf, leading to the 

formation of [poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2. The complex was characterized structurally and 

spectroscopically, which confirmed that the hydroxido ligand remained protonated following oxidation. When 

[CoIII–μ-OH–FeIII]2+ was studied by ⊥-mode	EPR spectroscopy, it was observed that the metal ions were now 

ferromagnetically coupled with a spin state of S = 7/2, due to oxidation of the CoIII ion. This oxidation led to 
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loss of an electron in the dz2 orbital, leading to a ferromagnetic interaction per the Goodenough-Kanamori 

rules,72,73 and disruption of hyperfine from the 59Co nucleus.  

Finally, spectroscopic studies were carried out to determine if [CoIII–μ-OH–FeIII]2+ could be 

deprotonated. The UV-vis and ⊥-mode	EPR spectra suggested that LiHMDS (pKa ~ 26, THF)75 could 

deprotonate the metal complex, leading to formation of [CoIII–μ-O–FeIII]+. The EPR spectra exhibited a new 

S = 1/2 spin state due to antiferromagnetic coupling between a high-spin S =  5/2 FeIII center and a high-spin 

S = 2 CoIII ion. The proposed change in the CoIII spin state was likely due to π-bonding with the oxido ligand. 

Further supporting the spin state change was the presence of 59Co hyperfine in the EPR spectrum. The 

deprotonation studies were promising but more work is needed to confirm these results. The complexes studied 

in this chapter presented a synthetic handle to modulating metal spin states and magnetic coupling. 

Outlook 

 To best complete this work, the mechanism of formation of [CoII–μ-OH–FeIII]+ should be studied 

further. As the data currently stands, an inner- versus outer-sphere oxidation mechanism is unclear. The most 

efficient way to confirm the mechanism is to pursue 18O labeling studies. [CoII–μ-OH–FeIII]+ can be readily 

prepared in good yield in bulk and has already been characterized with HRMS. However, it may be difficult to 

determine if the isotopic enrichment was due to an inner sphere oxidation with 18O2 or if the source of the 

hydroxido ligand was from 18O-labeled byproduct(s) from reduction of 18O2. It may be more informative to 

follow the formation of [CoII–μ-OH–FeIII]+ with 18O2 to determine if there is a kinetic isotope effect. Finally, a 

reaction could be carried out where K[CoIIpoat] is mixed with [FeIIMe3tacn(OTf)2] and treated with FcOTf and 

a small amount of air free water. Additionally, many of the M–OH complexes studied in the Borovik lab have 

unclear proton sources, which are normally proposed to come from solvent. Some preliminary studies were 

performed using deuterated DCM to determine if there was a kinetic isotope effect due to the presence of the 

deuterated solvent. The results of these studies were inconclusive because the deuterated solvent appeared wet 

and affected the absorption spectra of the starting materials. These studies could be expanded upon using 

distilled, dried deuterated DCM.  
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 Lastly, deprotonation studies of [CoIII–μ-OH–FeIII]2+ yielded promising initial results. However the 

experimental conditions may need to be modified to optimize the yield and best stabilize the products. Different 

bases could further be studied to improve yields and prevent undesired byproducts, given that using an 

inorganic base such as LiHMDS could result in some interaction of the Li+ ion with the P=O units from the 

[poat]3– ligand framework.  

Experimental Section 

General Procedures  

Unless otherwise specified, all reagents were purchased and used from commercially available sources and 

stored under a N2 atmosphere in a VAC dry box. Sure-seal bottles of dimethyl acetamide (DMA) were 

purchased from Honeywell- Burdick & Jackson (99.5% purity). Chloroform (CHCl3) was purchased from 

Fisher Scientific, distilled under vacuum, and stored under a N2 atmosphere in a VAC dry box. All other 

solvents were sparged with argon and purified with a JC Meyer Co. solvent purification system with Q-5 

columns and molecular sieves. Potassium hydride (KH) was bought as a 30% suspension in mineral oil, washed 

on a fine porosity frit with pentane and diethyl ether (Et2O), dried under vacuum, and stored under N2. Cobalt 

(II) acetate (CoII(OAc)2) was purchased from Sigma Aldrich as a pink-purple solid and dried briefly in an oven 

until a purple powder was obtained. H3poat,2 Me3tacn,76,77 [FeIIMe3tacn(OTf)2],78 and ferrocenium triflate 

(FcOTf)32 were prepared following literature procedures. 

Physical Methods 

Electronic absorption spectra were collected in a 1 cm quartz cuvette, fitted with a magnetic stir bar. Spectra 

were recorded on a Cary-60 spectrophotometer or an Agilent UV-vis spectrophotometer fitted with a Unisoku 

Unispeks cryostat for temperature-controlled spectroscopy. CV was performed with a CHI600C potentiostat. 

Voltammograms were collected from a ~ 1 mM stock solution of analyte in ~ 100 mM tetrabutylammonium 

hexafluorophosphate in dry, air-free DCM collected in 4-neck, double-walled cell. A 1 mm glassy carbon 

electrode acted as the working electrode with a Pt wire counter electrode and a Ag wire reference electrode. All 

voltammograms were referenced to an internal Fc+/0 standard. He-temperature EPR spectra were collected on 

an X-Band Bruker spectrometer fitted with an Oxford liquid helium cryostat. Signals were referenced and 



 114 

quantified to a CuEDTA spin standard. The magnetic field was calibrated with an NMR gaussmeter. The 

microwave frequency of the instrument was calibrated with a frequency counter. 77 K EPR experiments were 

recorded on a Bruker EMX X-band spectrometer with the following parameters, unless otherwise noted: 

microwave frequency of 9.64 GHz, a modulation frequency of 100 kHz, a modulation amplitude of 10 G, a 

microwave power of 2 mW, an attenuation of 20 dB, a time constant of 82 msec, and a conversion time of 41 

msec. All EPR samples were prepared under a nitrogen atmosphere in 4 mm quartz EPR tubes, capped with a 

septum, and flash frozen in liquid nitrogen. Evans’ Method NMR spectra were recorded at 500 MHz using a 

Bruker DRX500 spectrometer with a TCI cryoprobe. Mössbauer spectra were recorded with a Janis Research 

Super-Varietemp Cryostat. Isomer shifts were reported to Fe0 metal collected at 298 K. Mössbauer and EPR 

spectra were simulated and fit using SpinCount software.79 ATR-FTIR spectra were measured on a Thermo 

Scientific Nicolet iS5 spectrometer fitted with an iD5 ATR attachment. Elemental analyses were measured on 

a Perkin-Elmer 2400 Series II CHNS elemental analyzer. HRMS measurements were carried out on a Waters 

Micromass LCT Premier Mass Spectrometer in positive electrospray ionization mode (ES+). 

Preparative Methods 

K[CoIIpoat]: 0.1426 g (0.1910 mmol) of H3poat were dissolved in 4 mL of DMA. To this solution, 0.0280 g 

(0.698 mmol) KH were added, yielding a bubbling, cloudy solution. The reaction mixture was stirred till 

bubbling ceased and the solution was clear and colorless. Then, 0.0348 g (0.197 mmol) of CoII(OAc)2 were 

added as a purple powder suspension in 2 mL of DMA. The reaction mixture was allowed to stir overnight and 

resulted in formation of a bright, cloudy blue suspension. The reaction mixture was filtered to yield solid blue 

powder and a bright blue solution. The solid on the frit was washed with minimal DCM, followed by n-pentane 

and Et2O until the blue color washed away and 0.0345 g of dry, off-white solid remained (92.0% yield; 

theoretical yield, KOAc = 0.0375 g, 0.382 mmol). The blue filtrate was subsequently dried under vacuum to 

give bright blue powder. This powder was redissolved in DCM and layered under n-pentane to yield 0.1170 g 

(0.1390 mmol, 72.8% yield) of bright blue, blocky single crystals, suitable for X-ray diffraction analysis. UV-vis 

(DCM, λmax nm (ε, M–1cm–1)) = 410 (13), 585 (67), 610 (71), 770 (8). ATR-FTIR, selected bands (cm–1) = 3050, 

2949, 2838, 2342, 1720, 1589, 1481, 1433, 1271, 1232, 1192, 1155, 1118, 1026, 965, 918, 851, 801, 746, 717, 
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696. EPR (X-Band, ⊥-mode, 20 K, DCM:THF, excess 18c6), g = 4.5, 4.3, 2.0 (A = 262 MHz), E/D = 0.0029, 

D = +3.6 cm–1. μeff, Evans Method, DCM = 4.28 μB. Cyclic Voltammetry (100 mV/s, DCM, V vs Fc+/0) = 

E1/2 = –0.495, Epa = +0.365. Elemental Analysis calculated for 4(C42H42CoKN4O3P3) ⋅ C5H12; C, 60.42, H, 

5.28, N, 6.52; found C, 60.6, H, 4.87, N, 6.71.  

[poatCoII–μ-OH–FeIIIMe3tacn]OTf: 0.0262 g (0.0499 mmol) [FeIIMe3tacn(OTf)2] was dissolved ~2 mL DCM in a 

10 mL round bottom flask and sealed with a septum. This clear, colorless solution was taken out of the glove 

box and sparged with N2 on the Schlenk line. While the [FeIIMe3tacn(OTf)2] was sparging, 0.0415 g (0.0493 

mmol) K[CoIIpoat] was dissolved in ~4 mL DCM in a Schlenk flask equipped with a stir bar, sealed, and taken 

out of the drybox. Dry O2 (0.600 mL, 0.0268 mmol) was bubbled directly into the clear, blue solution via syringe 

that did not result in a color change. The Schlenk flask was transferred to the Schlenk line and a small vacuum 

was applied. The [FeIIMe3tacn(OTf)2] solution was then cannula transferred to the Schlenk flask containing 

K[CoIIpoat]. Upon addition of [FeIIMe3tacn(OTf)2], the solution in the Schlenk flask turned a deep, navy blue 

and the reaction was left to stir. After one hour, the solvent was removed under vacuum, yielding a deep blue 

solid. The residual solids were left to dry under vacuum. The Schlenk flask was returned to the glovebox and 

the solid was redissolved in DCM. The deep blue solution was then pipet filtered to remove any excess solids 

and the filtrate was layered under n-pentane, resulting in the growth of 0.0556 g (0.0465 mmol, 94.2% yield) of 

red-blue dichroic single crystals suitable for X-ray diffraction analysis. UV-vis (DCM, λmax nm (ε, M–1cm–1)) = 

435 (567, sh), 578 (709), 742 (1220). ATR-FTIR, selected bands (cm–1) = 3687, 3089, 3072, 2951, 2900, 2860, 

2843, 2405, 1465, 1436, 1270, 1181, 1129, 1118, 1083, 1065, 1032, 1014, 997, 964, 927, 907, 806, 784, 754, 721, 

699. EPR Silent, ⊥- and ∥-modes. μeff, Evans Method, DCM =  6.18 μB. Cyclic Voltammetry (DCM, V vs Fc+/0) 

: CoIIIFeIII/CoIIFeIII, E1/2= –0.175, CoIIFeIII/CoIIFeII, E1/2= –1.190. HRMS (ES+, m/z, z= 1): Exact mass 

calculated for C51H64CoFeN7O4P3: 1046.2915, Found: 1046.2936. 

[poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2: In a scintillation vial, 0.0281 g (0.0235 mmol) of [CoII–μ-OH–FeIII]+ was 

dissolved in ~1 mL DCM under an inert atmosphere. To this deep blue solution, 0.0090 g (0.027 mmol) FcOTf 

in ~1 mL DCM was added dropwise, causing an immediate color change to a deep red-orange solution. The 

reaction was stirred for 10 minutes. After stirring, minimal n-hexane was added until slight cloudiness appeared 
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in the vial. Roughly 1 mL of DCM was added until the solution appeared clear again and the vial was stored at 

–35 ºC. After 3 days, additional n–hexane was added and the vial was returned to the freezer. After 7 days, dark-

red single crystals  single crystals suitable for X-ray diffraction analysis were grown in a 0.0236 g (0.0175 mmol, 

75% yield). UV-vis (DCM, λmax nm (ε, M–1cm–1)) = 395 (6150, sh), 462 (4870), 679 (738). ATR-FTIR, selected 

bands (cm–1) = 3510, 3300, 3078, 2915, 2872,  2826, 2383, 2044, 1590, 1467, 1437, 1259, 1223, 1115, 1069, 

1029, 1007, 989, 962, 804, 789, 751, 725, 696, 635, 618. μeff, Evans Method, DCM =  8.36 μB. ⊥- mode EPR: S 

= 7/2. Cyclic Voltammetry (DCM, V vs Fc+/0) : CoIIIFeIII/CoIIFeIII = –0.335, CoIIFeIII/CoIIFeII = –1.358. 

HRMS (ES+, m/z, z= 2): Exact mass calculated for C51H64CoFeN7O4P3: 523.1452, Found: 523.1458.  

X-ray Crystallographic Methods 

[poatCoII–μ-OH–FeIIIMe3tacn]OTf: The data for asb647 were collected from a shock-cooled single crystal at 

93(2) K on a Bruker SMART APEX II three-circle diffractometer with a sealed X-ray tube using an equatorial 

mounted graphite as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped 

with a low temperature device and used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT 

and a multi-scan absorption correction using SADABS was applied.80,81 The structure was solved by direct 

methods using SHELXS and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using 

ShelXle.82–84 All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen 

atoms were refined with isotropic displacement parameters. Some were refined freely and some on calculated 

positions using a riding model with their Uiso values constrained to 1.5 times the Ueq of their pivot atoms for 

terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. This report and the CIF file were generated 

using FinalCif.85 Refinement Details: All non-hydrogen atoms were refined freely without constraints or 

constraints. For H1, the position and displacement parameter were freely refined. All other hydrogen atoms 

were refined using a riding model. SQUEEZE,83 implemented in Platon,83,86,87 was used to remove residual 

electron density from two severely disordered partial occupancy dichloromethane molecules. 

[poatCoIII–μ-OH–FeIIIMe3tacn]OTf2: The data for asb726 were collected from a shock-cooled single crystal at 

100(2) K on a Bruker APEX-II CCD at the University of California San Diego Crystallography Facility. The 

diffractometer was equipped with a low temperature device and used Mo Kα radiation (λ = 0.71073 Å). All data 
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were integrated with SAINT and a multi-scan absorption correction using SADABS was applied.80,81 The 

structure was solved by direct methods using SHELXS-97 and refined by full-matrix least-squares methods 

against F2 by SHELXL-2018/3 using ShelXle.82,84,88 All non-hydrogen atoms were refined with anisotropic 

displacement parameters. All hydrogen atoms were refined with isotropic displacement parameters. Some were 

refined freely and some on calculated positions using a riding model with their Uiso values constrained to 1.5 

times the Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. 

Disordered moieties were refined using bond lengths restraints and displacement parameter restraints. This 

report and the CIF file were generated using FinalCif.85 Refinement Details: All non-disordered non-hydrogen 

atoms were refined freely without restraints or constraints. Disordered occupancies and positions were refined 

using a free variable. The disordered carbon atoms on the phenyl groups were separately constrained to the 

corresponding carbons. ADPs of phenyl groups, C7-C12 and C13-C18 were restrained to similar values. ADPs 

of the carbons directly attached to phosphorus atoms were restrained to more isotropic values. All bond lengths 

of phenyl groups were restrained to similar values according to their equivalent position around the ring. ADPs 

for C43 and C43B and ADPs for C44 and C44B were constrained separately to the same values. C43 and C43C 

required a restraint to maintain a more isotropic shape. The position for H1 was freely refined with the displace 

parameter constrained to 1.5x O1, and all other hydrogen atoms were refined using a riding model. 

SQUEEZE,83 implemented in Platon,83,86,87 was used to remove electron density of approximately 5.6 heavily 

disordered chloroform molecules from the unit cell (2.8 per asymmetric unit).  
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Supplemental Information 

 

 

 

Figure 4-S1: (A) UV-vis spectra following the reaction between K[CoIIpoat], [FeIIMe3tacn(OTf)2], and FcOTf. 
The initial spectrum (black) was K[CoIIpoat], and [FeIIMe3tacn(OTf)2]. The gray trace was after ~15 minutes. 

The blue trace was after 48 hours. These spectra are not consistent with [CoII–μ-OH–FeIII]+. (B) UV-vis spectra 
following the addition of excess O2 to [FeIIMe3tacn(OTf)2] (black) after stirring overnight (~15 h, blue) in DCM.  

(A) (B) 

Figure 4-S2: Overlay of [CoIII–μ-OH–FeIII]2+ (black trace) with [poatCoIII–μ-OH–ZnIIMe3tacn]OTf (blue). 
Note that these two samples were not the same concentration. Both were measured at room temperature in 

DCM. 
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Compound asb647 asb676, asb684 
Crystal system Triclinic Monoclinic 

Space group (number) 𝑃1 (2) P21/c 
a [Å] 15.0619(16) 14.5919 
b [Å] 15.2334(17) 17.7031 
c [Å] 16.2483(18) 25.4319 
α [°] 107.6255(18) 90.000 
β [°] 101.5360(18) 96.370 
γ [°] 115.4538(16) 90.000 

Volume [Å3] 2962.7(6) 6569.6 
 

Table 4-S2: Different unit cells obtained for [poatCoII–μ-OH–FeIIIMe3tacn]OTf. 

Table 4-S1: Crystallographic details for [poatCoII–μ-OH–FeIIIMe3tacn]OTf (middle column) and  [poatCoIII–μ-OH–
FeIIIMe3tacn]OTf2 (right column). 

R1 = Σ | |Fo| – |Fc| | / Σ |Fo| 
wR2 = [Σ[w(Fo2 – Fc2)2] / Σ[w(Fo2)2]]1/2 
 

Thermal ellipsoids are shown at 50% 
probability. 

Compound [poatCoII–μ-OH–FeIIIMe3tacn]OTf ⋅	
½ CH2Cl2	

[poatCoIII–μ-OH–FeIIIMe3tacn](OTf)2 

Empirical formula C52.50H65ClCoF3FeN7O7P3S C53H64CoF6FeN7O10P3S2 
Formula weight 1238.31 1344.92 
Temperature [K] 93(2) 100(2) 
Crystal system triclinic triclinic 

Space group (number) 𝑃1 (2) 𝑃1 (2) 
a [Å] 15.0619(16) 14.499(2) 
b [Å] 15.2334(17) 14.952(2) 
c [Å] 16.2483(18) 16.660(2) 
α [°] 107.6255(18) 85.0298(17) 
β [°] 101.5360(18) 88.1519(17) 
γ [°] 115.4538(16) 87.2756(16) 

Volume [Å3] 2962.7(6) 3592.8(9) 
Z 2 2 

ρcalc [gcm−3] 1.388 1.243 
Independent reflections 14753 13712 
Goodness-of-fit on F2 1.051 1.029 

R1,  [I≥2σ(I)] 0.0386 0.0568 
wR2, [all data] 0.0869 0.1463 

 Goof (Goodness-of-fit) = S = [Σ[w(Fo2 – Fc2)2] / (n – p)]1/2, 
where n = number of reflections and p = total number of 
parameters refined. 
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Chapter 5: Magnetic communication in rigorously C3 symmetric complexes facilitated by 

N–P=O bridging units 

Introduction 

 Work from the Borovik lab centers largely on the design of synthetic ligand frameworks that allow for 

discrete control over both the primary (1º) and secondary (2º) coordination spheres of small molecule metal 

complexes. This synthetic control has facilitated the isolation of uncommon synthetic species, such as FeIII and 

MnV oxido complexes,1,2 unsymmetric bimetallic systems where the chemistries of each metal ion can be 

individually examined,3–10 and allowed for the selective modification of ligand frameworks to tune the pKa and 

reactivity of a series of MnIII–OH complexes.11 These examples were all supported by tripodal ligand 

frameworks that featured a few key design principles (Fig 5-1). The tripodal ligand systems were designed from 

a tris(2-aminoethyl)amine (tren) backbone, which was readily modified to incorporate hydrogen bond (H–

bond) donors or acceptors in 2º coordination sphere, while providing sufficient steric bulk to isolate 

mononuclear metal complexes. The tren backbone also served to coordinate metal ions in a tetradentate 

fashion, which stabilized metal complexes both through the chelate effect12 and the provision of a rigid ligand 

scaffold. Furthermore, the tren backbone can be deprotonated to provide a trianionic ligand field that supports 

high valent, high-spin metal complexes. High-spin metal ions are further favored by the local C3 symmetry of 

the tripodal ligand frameworks, which effectively breaks the degeneracy of the t2g d-orbital set observed in 

tetragonal coordination complexes by lowering the symmetry.13,14 The C3 symmetry within the tren backbone 

Figure 5-1: Representation of key design principles for C3 symmetric tripodal ligand frameworks. 
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is preserved within the whole ligand framework in the examples shown in Fig 5-1. However, this symmetry is 

readily disrupted through the introduction of a unique ligand arm, an exogenous ligand that is not C3 symmetric, 

or a second metal ion. The overall C3 symmetry of the complex can be preserved when the exogeneous ligand 

is also highly symmetric, like an oxido or ammine ligand, but introduction of a second metal ion consistently 

breaks this symmetry because the auxiliary metal ion interacts with only two of the ligand arms and the fifth 

ligand (Fig 5-2).1,3–5,15–17 However, in early studies of the [poat]3– ligand framework, it was found that the P=O 

units can interact with a metal ion in the absence of an exogenous ligand (Fig 5-3).18 The P=O groups from 

two units of a trigonal monopyramidal (TMP) CoII complex, [CoIIpoat]–, interacted with a CaII ion forming a 

trimetallic species. While not rigorously C3 symmetric, the complex exhibited a rough approximation of three-

fold symmetry with all three P=O units of each [CoIIpoat]– unit interacting with the CaII ion. This structure was 

not the desired product from the reaction, but the molecular structure presented a strategy through which 

discrete bimetallic complexes could be prepared while maintaining C3 symmetry.  
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Figure 5-3: Structure of Ca[Copoat]2, with the Ca ion supported only by P=O groups. 
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 My interest in the preparation of C3 symmetric metal complexes stems from work in the literature that 

suggested that C3 symmetry may play a role in enhancing magnetic anisotropy in 3d transition metal complexes, 

lending them unique magnetic properties.19–30 Work by the Dunbar lab focused especially on investigating C3 

symmetric TMP and trigonal bipyramidal (TBP) complexes as candidates for single molecule magnets 

(SMMs).23–25 In particular, TMP complexes were observed to exhibit slower magnetic relaxation and larger 

zero-field splitting (D) values than TBP complexes, partly attributed to larger deviations from ideal geometry 

in the TBP examples.19,23 SMMs are highly sensitive to coordination environments, where small geometric 

deviations leads to a decrease in the magnitude of the D values and affects magnetic relaxation.19–21,23–25,27,31,32 

To this end, previously characterized TMP complexes from the Borovik lab were studied by others as possible 

SMMs (Fig 5-4).6,19,23,33,34 In these examples, distortion from an idealized TMP geometry greatly affected the D 

values and magnetic behavior of the complexes. Notably, the [NiIIMST]– complex exhibited a large D-value of 

–530 cm–1 and rigorous adherence to ideal geometry. Given how greatly geometric deviations affect magnetic 

behavior, it is desirable to design molecules that rigorously maintain symmetry. To this end, the example 

discussed in Figure 5-3 is promising because the incorporation of a second metal ion effectively locks the P=O 

units in place and rigidifies the overall complex, enforcing precise C3 symmetry.  

Further work focused on the development of SMMs through the design of molecules with large spin 

states. The earliest example of a SMM was [Mn12O12(OAc)16(H2O)4], referred to as Mn12, which had a spin-

state of S = 10.35 The trinuclear complex shown in Figure 5-3 demonstrates how multiple metal ions can be 

incorporated in a single molecule, presenting the opportunity to incorporate additional paramagnetic centers 
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while maintaining symmetry. This strategy may further improve the magnetization of the complexes by 

increasing the overall spin (S) of the molecule. 

 This chapter describes the preparation of rigorously C3 symmetric bimetallic complexes with the 

following motif: [MxIIpoat⋅⋅⋅MyIIMe3tacn]+ that crystallize in the highly symmetric R3 space group. While these 

bimetallic complexes have been most comprehensively studied in examples where Mx = Co, this motif has been 

extended to a variety of metal ions where Mx = Mn, Co, and Zn and My = Mn, Fe, Co, Cu, and Zn. The 

preparation of these complexes is straightforward and could likely be adapted for a wider array of 3d metal ions. 

In addition to a thorough investigation of the structural properties of [MxIIpoat⋅⋅⋅MyIIMe3tacn]+ species, these 

complexes have been studied spectroscopically to evaluate their electronic absorption and magnetic properties, 

through both electron paramagnetic resonance (EPR), Evans’ method, and superconducting quantum 

interference device (SQUID) magnetometry. The magnetism indicated that the two metal ions are weakly 

ferromagnetically coupled, which provides insight into how the P=O units may contribute to magnetic 

coupling. Furthermore, some of the [CoIIpoat⋅⋅⋅MyIIMe3tacn]+ species were investigated for SMM behavior, 

though preliminary evidence does not suggest that these complexes behave as SMMs. 

Results and Discussion 

Synthesis and Structural Analysis 

Synthesis of mononuclear precursors: A set of trigonal monopyramidal (TMP) coordination complexes were prepared 

to act as a synthon for the assembly of the C3-symmetric bimetallic species discussed above (Scheme 5-1). 

Similar to the synthesis of K[CoIIpoat] discussed in Chapter 3 of this dissertation, K[MnIIpoat] and K[ZnIIpoat] 

were prepared. A molecular structure for K[MnIIpoat] has not been successfully obtained, therefore any work 

with this complex was carried out on isolated powder. The purity of powdered K[MnIIpoat] was evaluated by 

Scheme 5-1: General synthetic procedure for the preparation of trigonal monopyramidal 
coordination complexes, where MII = Mn, Co, Zn. 
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elemental analysis. K[ZnIIpoat], however, was isolated as crystalline material. X-ray diffraction analysis revealed 

that K[ZnIIpoat] was isomorphous to K[CoIIpoat] (Fig 5-5). K[ZnIIpoat] also crystallized as a dinuclear unit, 

where two molecules interacted through the P=O units and K+ counterions. The K+⋅⋅⋅O=P interactions 

effectively shield each ZnII site, ensuring the TMP coordination environment. K[ZnIIpoat] was more rigorously 

TMP than K[CoIIpoat], with the ZnII ion puckered less out of the equatorial plane (0.159 Å) than the CoII 

center (0.176 Å). 
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Figure 5-5: Molecular structure of (K[ZnIIpoat])2 with thermal ellipsoid 
representation. Thermal ellipsoids are drawn at 50% probability. All H-atoms were 

omitted for clarity. 
 

Table 5-1: Metrical data obtained 
from the molecular structure of 

(K[ZnIIpoat])2. 

Bond Distance, Å 

Zn–N1 2.157(1) 

Zn–N2 1.968(2) 

Zn–N3 1.990(1) 

Zn–N4 1.967(2) 

Zn⋅⋅⋅K 3.8015(5) 

Atoms Angles, º 

N1–Zn–N2 85.55(6) 

N1–Zn–N3 85.03(6) 

N1–Zn–N4 85.53(6) 

N2–Zn–N3 122.22(6) 

N2–Zn–N4 119.94(6) 

N3–Zn–N4 115.92(6) 

Neq⋅⋅⋅Zn, 0.159 Å 
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Synthesis of bimetallic complexes: Following preparation and characterization of the TMP coordination complexes 

(Scheme 5-1), a series of bimetallic complexes were prepared following the synthetic procedure outlined in 

Scheme 5-2. In a representative experiment, the TMP starting complex was dissolved in dichloromethane 

(DCM). An equimolar amount of solid [MyIIMe3tacn(OTf)2] salt was then added slowly as a solution in DCM 

to the dissolved K[MIIpoat] to prevent the formation of a trimetallic species, similar to the complex described 

in Figure 5-3 and products frequently prepared with the Kläui ligand.18,36–39 When [MIIMe3tacn(OTf)2] was 

added to solutions of K[CoIIpoat], slight color changes were observed that were not apparent with K[MnIIpoat] 

and K[ZnIIpoat]. After stirring the reaction for ~30 minutes, the reaction mixture was filtered to remove any 

residual solids. Finally, the filtrate was recrystallized by vapor diffusion of Et2O into the DCM mother liquor. 

These bimetallic species crystallized in good yield, with little color remaining from the mother liquor and yields 

ranging between ~50 – 90 %. Furthermore, the crystalline products exhibited a unique crystal morphology and 

appeared feathery in shape (Fig 5-6), as opposed to the blue blocky crystals typically observed for K[CoIIpoat]. 

Figure 5-6: Crystalline products obtained from the preparation of [CoIIpoat⋅⋅⋅ZnIIMe3tacn]OTf 
(A) and [ZnIIpoat⋅⋅⋅ZnIIMe3tacn]OTf (B). 
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Scheme 5-2: General synthetic procedure for the preparation of C3 symmetric bimetallic 
coordination complexes, where Mx = Mn, Co, Zn and My = Mn, Fe, Co, Cu, and Zn. 
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The molecular structure of these species revealed the formation of a bimetallic complex with the 

general formulation: [MxIIpoat⋅⋅⋅MyIIMe3tacn]+. The [MxIIpoat⋅⋅⋅MyIIMe3tacn]+ complexes, abbreviated 

[MxII⋅⋅⋅MyII]+, crystallized in the R3 space group and therefore exhibited trigonal symmetry. The metal ion 

within the [poat]3– backbone was 4-coordinate with a TMP coordination geometry and an open coordination 

site in the axial position. The bond lengths between Mx and the N-atoms varied slightly between bimetallic 

complexes, however the Mx–N1 bond lengths were all above 2.0 Å and the Mx–N2 distance were below 2.0 Å, 

except when Mx = Mn (Table 5-2). The open axial site, where a fifth ligand would coordinate in a TBP complex, 

was shielded due to the coordination of the second metal ion, My, to the P=O groups of the [MxIIpoat]– unit. 

The angle between the equatorial N-atoms (N2–Mx–N2) was close ~ 119.5º when Mx = Co or Zn, but was 

smaller when Mx = Mn (~ 117.6 º; Table 5-2, vide infra). The angle formed between the axial and equatorial N-

atoms (N1–Mx–N2) varied based on the identity of Mx (Table 5-2, vide infra). This angle, accompanied by the 

puckering of Mx out of the equatorial plane (Mx⋅⋅⋅Neq, Table 5-1), determined the geometric distortion away 

from an ideal TMP geometry. [MnIIpoat]– was the most distorted away from an ideal TMP geometry (Mn⋅⋅⋅Neq 

= 0.325 Å, N1–Mx–N2 = 81.02(5) Å); this distortion may suggest that a TMP geometry is not favored for MnII 

ions, which could explain why K[MnIIpoat] has not been successfully crystallized. When Mx = Co, the 

[CoIIpoat]– units appeared closer to an ideal TMP geometry (Co⋅⋅⋅Neq, avg = 0.143 Å, N1–Mx–N2, avg = 85.83 

Å). In comparison to the [CoIIMST]– analogue studied by the Dunbar lab for SMM behavior, all of the bimetallic 

complexes where Mx = Co were more rigorously TMP.  

For all examples of [MxII⋅⋅⋅MyII]+, My was in a 6-coordinate ligand field. My was bound in a facial manner 

to the O-atoms of the P=O groups, forming three triple-atom N–P=O bridge between the two metal centers 

(Mx, My). The coordination of the N–P=O units to My shielded the Mx center, which preserved its TMP 

geometry. The N–P=O bridges provided a limited range of flexibility, constraining the two metal ions to 

Mx⋅⋅⋅My distances between ~ 3.23 and 3.44 Å (Table 5-1). The remaining My coordination sites were occupied 

by the Me3tacn ligand, which capped the other octahedral face of My. While the ligands around My were bound 

facially, the complex was distorted away from an ideal octahedral arrangement, with the O1–My–N3, trans angle 

considerably less than 180º (~ 165 – 170 Å, Table 5-2).  
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In comparing [MxIIpoat⋅⋅⋅MyIIMe3tacn]+ complexes, the coordination motif remained constant, while 

the bond lengths and angles varied based on the metal ion. All My–O1 distances were ~ 2.1 Å. However, the 

My–N3 bond lengths exhibited more variation. Most of the metal ions (My = ZnII, CuII, CoII, FeII) exhibited 

My–N3 bond lengths ~ 2.2 Å, but when Mx = MnII the My–N3 bond lengths were above 2.3 Å. Furthermore, 

the N3–My–N3 and O1–My–N3 bond angles were considerably smaller when My = MnII, suggesting that the 

MnII center was also distorted in the 6-coordinate 3 N/3 O donor environment, similar to the geometric 

deviations observed in [MnIIpoat]–. This distortion could be due to the Mn possessing the largest ionic radius 

of all metal ions studied in this series.40  

   

Compound Bond Angles, º 

[MxII⋅⋅⋅MyII]+ N1–Mx–N2 N2–Mx–N2 O1–My–O1 N3–My–N3 O1–My–N3 

[CoII⋅⋅⋅ZnII]+ 85.77(6) 119.46(2) 97.15(7) 80.92(11) 168.53(9) 

[CoII⋅⋅⋅CuII]+ 85.88(13) 119.49(3) 96.48(13) 81.8(2) 169.6(2) 

[CoII⋅⋅⋅CoII]+ 85.84(9) 119.48(2) 96.70(9) 81.35(14) 169.15(13) 

[CoII⋅⋅⋅FeII]+ 85.70(7) 119.44(2) 99.06(7) 80.13(12) 166.54(10) 

[CoII⋅⋅⋅MnII]+ 85.96(7) 119.51(2) 99.38(8) 77.44(14) 164.51(11) 

[MnII⋅⋅⋅MnII]+ 81.02(5) 117.61(3) 96.36(7) 77.88(11) 167.09(8) 

[ZnII⋅⋅⋅ZnII]+ 86.77(7) 119.69(1) 96.94(8) 80.89(12) 168.66(11) 

 

Table 5-3: Metrical data describing relevant bond angles in the isomorphous molecular structures 
[MxIIpoat⋅⋅⋅MyIIMe3tacn]+. The O1–Mx–N3 describes the angle formed between O1 and the N-atom trans 

to O1 in the Me3tacn ligand framework 
 

Compound Atomic Distance, Å 

[MxII⋅⋅⋅MyII]+ Mx–N1 Mx–N2 My–O1 My–N3 Mx⋅⋅⋅My Mx⋅⋅⋅Neq 

[CoII⋅⋅⋅ZnII]+ 2.108(4) 1.962(2) 2.084(2) 2.206(3) 3.4099(8) 0.145 

[CoII⋅⋅⋅CuII]+ 2.102(7) 1.960(4) 2.104(3) 2.176(5) 3.428(2) 0.141 

[CoII⋅⋅⋅CoII]+ 2.103(5) 1.959(3) 2.096(2) 2.182(3) 3.423(1) 0.142 

[CoII⋅⋅⋅FeII]+ 2.103(4) 1.960(2) 2.105(2) 2.236(3) 3.3647(9) 0.147 

[CoII⋅⋅⋅MnII]+ 2.095(4) 1.961(3) 2.125(2) 2.316(3) 3.377(1) 0.138 

[MnII⋅⋅⋅MnII]+ 2.253(3) 2.086(2) 2.131(2) 2.300(2) 3.226(1) 0.325 

[ZnII⋅⋅⋅ZnII]+ 2.122(4) 1.978(2) 2.083(2) 2.207(3) 3.440(1) 0.111 

 

Table 5-2: Metrical data describing relevant bond metrics and atomic distances in the isomorphous 
molecular structures [MxIIpoat⋅⋅⋅MyIIMe3tacn]+. Mx⋅⋅⋅Neq describes the distance between Mx from the plane 

formed by the equatorial N-atoms, N2. 
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Figure 5-7: (A), (C), (E) show the molecular structures of [CoII⋅⋅⋅ZnII]+, [CoII⋅⋅⋅CuII]+, and [CoII⋅⋅⋅CoII]+. (B), 
(D), (F) depict the view along the C3 axis of [CoII⋅⋅⋅ZnII]+, [CoII⋅⋅⋅CuII]+, and [CoII⋅⋅⋅CoII]+. Thermal ellipsoids 

are drawn at 50% probability. The–OTf  ion and H-atoms was omitted for clarity. 
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Figure 5-8: (A), (C), (E) show the molecular structures of [CoII⋅⋅⋅FeII]+, [CoII⋅⋅⋅MnII]+, and [MnII⋅⋅⋅MnII]+. 
(B), (D), (F) depict the view along the C3 axis of [CoII⋅⋅⋅FeII]+, [CoII⋅⋅⋅MnII]+, and [MnII⋅⋅⋅MnII]+. Thermal 

ellipsoids are drawn at 50% probability. The–OTf ion and H-atoms were omitted for clarity. 
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Characterization of bimetallic species:  

Electronic absorption spectroscopy: UV-vis studies were carried out on the [MxIIpoat⋅⋅⋅MyIIMe3tacn]+ complexes. The 

absorption spectra of the [MnII⋅⋅⋅MnII]+ and [ZnII⋅⋅⋅ZnII]+ complexes were featureless in the visible spectrum, 

therefore the analysis will focus on the series of complexes where Mx = CoII. For the [CoII⋅⋅⋅MnII]+, 

[CoII⋅⋅⋅FeII]+, and [CoII⋅⋅⋅ZnII]+ complexes, the absorption spectra were only subtly different from the 

absorption features of K[CoIIpoat] (Fig 5-10). The similarity between the spectral features of [CoII⋅⋅⋅MnII]+, 

[CoII⋅⋅⋅FeII]+, and [CoII⋅⋅⋅ZnII]+ to K[CoIIpoat] was likely because the starting [MIIMe3tacn(OTf)2] complexes 

were added as white or off-white powders, which were colorless in solution and featureless in the UV-vis 

spectrum.4,5,41 The more intense absorbance features from K[CoIIpoat] (λmax = 585, 610 nm) were shifted to 

slightly higher energies in [CoII⋅⋅⋅MnII]+, [CoII⋅⋅⋅FeII]+, and [CoII⋅⋅⋅ZnII]+, by ~ 15 nm (~ 450 cm–1, 0.0558 eV; 

Fig 5-10). This subtle shift was observed in a similar system, where a CaII ion was observed to interact with a 

TMP CoII complex through the sulfonamido oxygen atoms of [MST]3–.6 The spectra obtained by in situ 

generation of [CoII⋅⋅⋅MyII]+ species were similar in shape to K[CoIIpoat], however the spectral features appeared 

sharper when redissolved crystalline material was used. For example, in Fig 5-10 B, the most intense features 

from redissolved crystalline [CoII⋅⋅⋅ZnII]+ between 500 and 600 nm were notably sharper than in situ generated 

[CoII⋅⋅⋅ZnII]+ (Fig 5-10 A).  
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Figure 5-9: (A), show the molecular structures of [ZnII⋅⋅⋅ZnII]+. (B) depict the view along the C3 axis of 
[ZnII⋅⋅⋅ZnII]+. Thermal ellipsoids are drawn at 50% probability. The OTf ion and H-atoms were omitted for 

clarity. 
 



 

 136 

 When [CuIIMe3tacn(OTf)2] ⋅ 2 MeCN or [CoIIMe3tacn(OTf)2] complex was used to prepare a 

[CoII⋅⋅⋅MyII]+ complex, the resulting UV-vis spectra were more complex, with absorption features from both 

metal centers (Fig 5-11). The [CoII⋅⋅⋅CoII]+ spectrum exhibited features from each CoII center, which seemed 

to be additive from the two parent metal complexes. The starting [CoIIMe3tacn(OTf)2] complex had previously 

only been characterized from in situ preparation,3 but I have since successfully characterized and crystallized 

this complex (Fig 5-S2), which formed a dinuclear species in the solid state: [(CoIIMe3tacn)2(OTf)3]OTf. Each 

CoII center was coordinated by a Me3tacn ligand and three triflate anions that bridged between the metal centers. 

The complex was a +1 salt, with an outer sphere triflate anion. The coordination environment of 

[(CoIIMe3tacn)2(OTf)3]OTf was similar to examples of dinuclear species crystallized by the Wieghardt lab, where 

each metal ion was coordinated to a Me3tacn ligand with three bridging anions between the metal centers. An 

example of these complexes can be found in Chapter 3 (Fig 3-1).42 In DCM, [(CoIIMe3tacn)2(OTf)3]OTf 

exhibited features at λmax = 370, 480, 517, 543, ~1100 nm (Fig 5-S3). The low energy band ~1100 nm appeared 

near the detection limit of the spectrophotometer and could not be fully observed, therefore the assignment of 

this wavelength is tentative. The [CoII⋅⋅⋅CoII]+ complex exhibited features at λmax = 410, 493, 570, 582, 595, 725, 

775, ~1100 (Fig 5-11B). The feature at λmax ~1100 nm was observed in both [CoII⋅⋅⋅CoII]+ and 

[(CoIIMe3tacn)2(OTf)3]OTf. Additionally, the features between 570 – 595 nm were similar to features observed 

in K[CoIIpoat] and other [CoII⋅⋅⋅MyII]+ complexes. Finally, [CoII⋅⋅⋅CuII]+ had bands at λmax = 446, 590, 779 nm 

(Fig 5-11D). [CuIIMe3tacn(OTf)2] ⋅ 2 MeCN exhibited a band at λmax = 771 nm,43 similar to the feature at λmax 

= 779 nm seen in [CoII⋅⋅⋅CuII]+. The feature at λ = 590 nm appeared similar to the starting K[CoIIpoat] 

spectrum. The origin of the band at 446 nm is unknown and unique to [CoII⋅⋅⋅CuII]+, causing the complex to 

appear a deep, yellow-green color. 
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 (B) 
 

(A) 
 

Figure 5-10: UV-vis spectra following the addition of [ZnIIMe3tacn(OTf)2] (A), [FeIIMe3tacn(OTf)2] (C), and  
[MnIIMe3tacn(OTf)2] (E) to solutions of K[CoIIpoat]. The baseline jump in (C) was likely due to accidental O2 

exposure in the experimental setup. UV-vis spectra obtained from crystalline [CoII⋅⋅⋅ZnII]+. (B), [CoII⋅⋅⋅FeII]+ (D), 
and [CoII⋅⋅⋅MnII]+ (F). The baseline increases in (E) and (F) were likely due to solubility issues of [CoII⋅⋅⋅MnII]+. 
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Magnetic Studies: One goal of this project was to better understand the role that N–P=O bridging units play in 

facilitating magnetic interactions in bimetallic systems supported by [poat]3–, as well as investigating how 

rigorous C3 symmetry may affect the magnetism of these systems, with an eye towards evaluating their 

candidacy as SMMs. Therefore, the magnetic behavior of the [MxIIpoat⋅⋅⋅MyIIMe3tacn]+ complexes was studied 

through EPR spectroscopy, as well as Evans’ method NMR spectroscopy, and SQUID magnetometry. Initial 

Figure 5-11: (A) UV-vis spectra following the addition of K[CoIIpoat] to a solution of [CuIIMe3tacn(OTf)2] ⋅ 
2 MeCN. The blue trace was [CoII⋅⋅⋅CuII]+ formed in situ. (B) Molar absorptivity data measured for 

[CoII⋅⋅⋅CuII]+. (C) UV-vis spectra following the addition of [(CoIIMe3tacn)2(OTf)3]OTf to a solution of 
K[CoIIpoat] (black). (D) Molar absorptivity data measured for [CoII⋅⋅⋅CoII]+. All spectra were measured at 

room temperature in DCM. 
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experiments were carried out with the [CoII⋅⋅⋅ZnII]+ system. Because ZnII is a d10, diamagnetic metal ion, 

[CoII⋅⋅⋅ZnII]+ effectively acts as a control for the remaining [CoIIpoat]– based systems, allowing us to understand 

how the binding of a second metal ion through the N–P=O units affects the CoII center. ⊥-mode EPR spectra 

were collected on both solid and solution samples of [CoII⋅⋅⋅ZnII]+. The solid and solution measurements were 

in good agreement with another, which confirmed that [CoII⋅⋅⋅ZnII]+ remained intact in solution, though the 

signal was broader in the solid sample. The ⊥-mode EPR spectra were consistent with a S = 3/2 spin system 

(Fig 5-12). The overall rhombicity of the complex was E/D = 0.0029, which was the same value obtained from 

the simulation of the starting K[CoIIpoat] complex. It had been hypothesized, based on the symmetry of 

[CoII⋅⋅⋅ZnII]+, that the EPR spectrum would be more axial, with an E/D value closer to 0. However, as 

discussed in previous chapters, CoII species in C3 symmetry tend to be relatively insensitive to changes in the 

ligand field (e.g. TMP versus TBP) and consistently exhibit near axial spectra.44,45 The simulations did reveal a 

slight increase in the D-value of [CoII⋅⋅⋅ZnII]+ = +5.6 cm–1, versus the +3.6 cm–1 value obtained from 

K[CoIIpoat]. Additionally, there was a noticeable increase in the hyperfine coupling constant from the 59Co 

nucleus, from ~ 260 MHz in K[CoIIpoat] to 280 MHz in [CoII⋅⋅⋅ZnII]+. The Evans’ method NMR spectrum of 

[CoII⋅⋅⋅ZnII]+ exhibited measured μeff value of 4.89 μB (μσ, S = 3/2, 3.87 μΒ). While the effective magnetic moment 

Figure 5-12: (A) ⊥-mode EPR spectrum obtained from [CoII⋅⋅⋅ZnII]+ measured in DCM:THF at 15 K. (B) 
⊥-mode EPR spectrum measured from solid, crystalline [CoII⋅⋅⋅ZnII]+ at 20 K. 
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was larger than expected for a S = 3/2 spin system, this distortion is common for CoII ions due to spin-orbit 

coupling contributions.34,46 Finally, [CoII⋅⋅⋅ZnII]+ was studied using SQUID magnetometry in collaboration with 

the Rinehart lab at UC San Diego (Fig 5-13). The zero-field cooled (ZFC) magnetic susceptibility curve (Fig 5-

13 A) exhibited a small slope upwards at lower field, which flattened at higher fields, suggesting that the sloping 

may have been due to a slight ferromagnetic impurity, possibly due to contamination from some adventitious 

metal in the dry box environment or during synthesis. Isothermal magnetization plots were collected at 2 and 

100 K (Fig 5-13 B). At 2 K, [CoII⋅⋅⋅ZnII]+ exhibited a butterfly shape hysteretic loop which closed at 100 K. 

The data collected suggested that [CoII⋅⋅⋅ZnII]+ behaved as a typical paramagnet and did not exhibit the 

independent, permanent magnetization characteristic of SMMs. For SMMs, independent permanent 

magnetization persists at low temperatures, which can be identified through open hysteresis loops measured 

from isothermal magnetization plots. Therefore, [CoII⋅⋅⋅ZnII]+ was eliminated as a candidate for SMMs. It is 

unclear why [CoII⋅⋅⋅ZnII]+ did not act as a SMM, despite its more rigorous C3 symmetry and lower CoII⋅⋅⋅Neq 

puckering versus the [CoIIMST]– complex studied by the Dunbar lab, which attributed its magnetic behavior in 

part to its low geometric distortion.  

Figure 5-13: (A) ZFC thermal magnetic susceptibility plots of [CoII⋅⋅⋅ZnII]+ collected between 2 – 300 K 
under varying fields. 100 Oe is shown in blue, 1000 Oe in red, and 5000 Oe in yellow. (B) Isothermal 

magnetization plots shown at 2 K (blue) and 100 K (red). 
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 [CoII⋅⋅⋅CuII]+ was also studied by ⊥-mode EPR spectroscopy (Fig 5-14). The data has thus far only 

been collected at 77 K from in situ generated samples. These measurements indicated the formation of a ⊥-

mode EPR-silent species, consistent with magnetic interaction between the two half-integer spin metal ions 

(CuII: S = 1/2; CoII:  S = 3/2). There were some residual signals at ~ g = 4 and 2, possibly due to incomplete 

reaction of the starting materials. An overlay of the [CoII⋅⋅⋅CuII]+ with the starting [CuIIMe3tacn(OTf)2] ⋅ 2 

MeCN is shown in Figure 5-14B, which demonstrates that the residual signal was negligible in comparison to 

the [CuIIMe3tacn(OTf)2] ⋅	 2 MeCN starting material, suggesting that the majority of the complex had 

coordinated to [CoIIpoat]–. Notably, the preparation of [CoII⋅⋅⋅CuII]+ was observed to proceed more slowly than 

the other [MxII⋅⋅⋅MyII]+ complexes and required longer mixing times to see consumption of all starting solids 

and obtain a clear solution. The slower rate of reaction may have been due to the insertion of the CuII center 

into a 6-coordinate ligand environment, when CuII generally prefers a 4-coordinate, square planar 

conformation.12 Therefore, it is feasible that the in situ prepared EPR sample was not allowed to mix long 

enough before it was frozen and the sample was collected.  

(B) 
 

(A) 
 

Figure 5-14: (A) ⊥-mode EPR spectrum obtained from [CoII⋅⋅⋅CuII]+ measured in DCM:THF at 77 K. 
The small signals ~ g = 4, 2 were attributed to minimal residual K[CoIIpoat] and [CuIIMe3tacn(OTf)2] ⋅ 2 

MeCN.  For reference, (B) shows the overlay of ⊥-mode EPR spectra from [CoII⋅⋅⋅CuII]+ (black) with 
[CuIIMe3tacn(OTf)2] ⋅ 2 MeCN (blue) at the same concentrations. 
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The ⊥-mode EPR spectrum of in situ prepared [CoII⋅⋅⋅CoII]+ was measured at 77 K (Fig 5-S4). This 

complex exhibited a silent ⊥-mode EPR spectrum likely due to an integer spin system, as was expected for a 

magnetically coupled complex featuring two half-integer spin metal ions. There was a small amount of signal 

centered ~ g = 4, which may have been due to a small excess of K[CoIIpoat] or a possible baselining issue. At 

77 K, it was difficult to determine what the origin of this signal was and the method of magnetic coupling could 

not be determined. [CoII⋅⋅⋅CoII]+ was then studied by SQUID magnetometry. The ZFC thermal magnetic 

susceptibility data was collected at 100, 1000, and 5000 Oe fields. Between 0 – 50 K, the complex exhibited a 

sharp rise in χT that grew less prominent at lower fields (Fig 5-15 A). The increase in χT values at low 

temperature was consistent with ferromagnetic coupling between the two magnetic centers. This method of 

coupling was likely facilitated by the N–P=O bridging units, rather than dipolar interactions that are 

antiferromagnetic.47–49 Given the ferromagnetic interaction between the two metal ions, the overall spin state 

of [CoII⋅⋅⋅CoII]+ was assigned as S = 6 (μS = 6.93 μB). This spin state was further supported by the ZFC thermal 

magnetic susceptibility curves, which converged ~7 emu mol–1 K ( ~7 μB). The isothermal magnetization plot 

at 2 K exhibited a waist-gated hysteresis loop, which closed at 100 K (Fig 5-15 B). Because the hysteresis loop 

remained closed at all temperatures measured, it was determined that [CoII⋅⋅⋅CoII]+ was not a SMM.  

 

(B) 
 

(A) 
 

Figure 5-15: (A) ZFC thermal magnetic susceptibility plots of [CoII⋅⋅⋅CoII]+ collected between 2 – 300 K 
under varying fields. 100 Oe is shown in blue, 1000 Oe in red, and 5000 Oe in yellow. (B) Isothermal 

magnetization plots shown at 2 K (blue) and 100 K (red). 
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 The magnetic behavior of [CoII⋅⋅⋅FeII]+ was studied. A new signal was observed by ⊥-mode EPR 

spectroscopy, with a broad derivative signal was centered at g = 6.8 with a peak at g = 9.0 (Fig 5-16). This 

broad signal was observed initially from an in situ preparation of [CoII⋅⋅⋅FeII]+, as well as from a solid sample 

measurement. The origin of this signal was assigned as a S = 7/2 spin system, arising from ferromagnetic 

coupling between a S = 3/2 CoII center and a S = 2 FeII ion. However, this system was difficult to simulate and 

the lack of hyperfine from the 59Co nucleus was unusual. To better understand the magnetic behavior of 

[CoII⋅⋅⋅FeII]+, the complex was studied with SQUID magnetometry (Fig 5-17). The ZFC thermal magnetic 

susceptibility curves (Fig 5-17A) exhibited an increase in magnetic susceptibility as the temperature decreased, 

which supported the assignment of ferromagnetic coupling between the CoII and FeII centers. Unlike the 

magnetization plots collected for [CoII⋅⋅⋅ZnII]+ and [CoII⋅⋅⋅CoII]+, the curves collected at different fields did not 

converge at higher temperatures, though the curves did flatten at higher fields. The isothermal magnetization 

plot collected at 2 K revealed a waist-closed hysteresis loop, which fully closed at 100 K. Similar to the examples 

discussed above, [CoII⋅⋅⋅FeII]+ exhibited standard paramagnetic behavior; none of the data supported that 

[CoII⋅⋅⋅FeII]+ acted as a SMM.  

Figure 5-16: (A) ⊥-mode EPR spectrum obtained from in situ generated [CoII⋅⋅⋅FeII]+ measured in 
DCM:THF. * represents ~14% excess K[CoIIpoat]. (B) ⊥-mode EPR spectrum of solid, [CoII⋅⋅⋅FeII]+. 
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The [CoII⋅⋅⋅MnII]+ complex was studied with EPR spectroscopy and predicted to exhibit an overall S 

= 4 spin state due to ferromagnetic coupling between the two metal ions: CoII: S = 3/2, MnII: S = 5/2, as was 

observed in the [CoII⋅⋅⋅MyII]+ examples discussed above. Therefore, the complex was first examined by ∥-mode 

EPR spectroscopy and a signal was observed with features at g = 19.6, 16.1, 9.0 (Fig 5-18 A). [CoII⋅⋅⋅MnII]+ 

features two metal ions with spin active nucleii (55Mn, I = 5/2; 59Co, I = 7/2), however no hyperfine features 

were observed in the ∥-mode EPR spectrum. Interestingly, there was also an EPR signal found in ⊥-mode with 

features at g = 4.5 and 2.0 (Fig 5-18 B). The feature at g = 4.5 was split by 55Mn hyperfine (A = 412, Fig 5-18 

C), while the feature at g = 2.0 was split by both 55Mn and 59Co hyperfine features (A = 254, 224 MHz 

respectively, Fig 5-18 D). The signals observed in ⊥-mode and the associated hyperfine features were 

unexpected and the origin of these features are unclear. Furthermore, the lack of hyperfine features observed 

in the ∥-mode EPR spectrum was unusual. Thus far only solution samples of [CoII⋅⋅⋅MnII]+ have been measured, 

but solid state sample measurements are planned to better understand the magnetic behavior of this complex 

by EPR spectroscopy. 
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Figure 5-17: (A) ZFC thermal magnetic susceptibility plots of [CoII⋅⋅⋅FeII]+ collected between 2 – 300 K 
under varying fields. 100 Oe is shown in blue, 1000 Oe in red, and 5000 Oe in yellow. (B) Isothermal 

magnetization plots shown at 2 K (blue) and 100 K (red). 
 



 

 145 

The magnetic properties of [CoII⋅⋅⋅MnII]+ were also studied using SQUID magnetometry. As observed 

in the [CoII⋅⋅⋅MyII]+ examples discussed above, the isothermal magnetization plot of [CoII⋅⋅⋅MnII]+ collected at 

2 K exhibited a waist-gated hysteresis loop, which closed between –2 and +2 T (Fig 5-19 B). When isothermal 

magnetization was measured at 100 K, the hysteresis loop remained closed. The ZFC thermal magnetic 

Figure 5-15: (A) ZFC thermal magnetic susceptibility plots of [CoII⋅⋅⋅CoII]+ collected between 2 – 300 K 
under varying fields. 100 Oe is shown in blue, 1000 Oe in red, and 5000 Oe in yellow. (B) Isothermal 

magnetization plots shown at 2 K (blue) and 100 K (red). 
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Figure 5-18: EPR spectra obtained from in situ prepared [CoII⋅⋅⋅MnII]+. All spectra were collected at 6 K in 
DCM:THF. (A) The ∥-mode EPR spectrum. (B) The full ⊥-mode EPR spectrum of [CoII⋅⋅⋅MnII]+. (C) Low-field 
region of the ⊥-mode EPR spectrum. (D) The high-field region from the ⊥-mode EPR spectrum of [CoII⋅⋅⋅MnII]+. 

The signal at g = 2.0 was split by hyperfine from both 55Mn and 59Co nuclei. The 59Co hyperfine was less intense and 
both sets of hyperfine were close to one another, making individual hyperfine features challenging to identify. 
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susceptibility plot was measured at varying fields (Fig 5-19 A). At low temperatures, the magnetic susceptibility 

plots did not exhibit any increase in χT, as was observed in the other [CoII⋅⋅⋅MyII]+ examples where My was a 

paramagnetic metal ion. The relatively flat profile of the magnetic susceptibility plots may suggest that CoII and 

MnII ions are either very weakly coupled or are totally uncoupled. To confirm this conclusion, the SQUID 

experiments should be repeated with a different batch of [CoII⋅⋅⋅MnII]+ to accompany the solid state EPR 

measurements.  

Finally, the magnetic data for [MnII⋅⋅⋅MnII]+ was collected. The magnetic behavior of the [CoII⋅⋅⋅MyII]+ 

complexes suggested that the two metal centers were ferromagnetically coupled. Therefore, the [MnII⋅⋅⋅MnII]+ 

complex was prepared with a goal of accessing a S = 5 spin state, the maximum spin state achievable with two 

3d metal ions. Ultimately, the [MnII⋅⋅⋅MnII]+ complex exhibited signals in both ⊥- and ∥-modes, similar to 

[CoII⋅⋅⋅MnII]+ (Fig 5-20 A, B). These spectra were richly featured, with multiple sets of hyperfine. The ⊥- and 

∥-mode signals were distinct from one another and did not appear to have significant overlap. From the data 

collected, it was difficult to assign the spin ground state of this complex or the mode of magnetic coupling, 

though the current hypothesis is that the two metal centers are ferromagnetically coupled. Additionally, the 

[MnII⋅⋅⋅MnII]+ spectra are similar to work done by Golombek et al on a bimetallic Mn system, 
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Figure 5-19: (A) ZFC thermal magnetic susceptibility plots of [CoII⋅⋅⋅MnII]+ collected between 2 – 300 K 
under varying fields. 100 Oe is shown in blue, 1000 Oe in red, and 5000 Oe in yellow. (B) Isothermal 

magnetization plots shown at 2 K (blue) and 100 K (red). 
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[(MnIIMe3tacn)2(OAc)3]BPh4.50 In this system, the MnII centers were weakly coupled and they were studied by 

both ⊥- and ∥-mode EPR spectroscopy, at Q- and X-bands. The weakly coupled spin system gave rise to signals 

in both modes and frequencies, due to weak antiferromagnetic coupling (J = –3.15 ± 0.25 cm–1) between the 

two MnII ions. [MnII⋅⋅⋅MnII]+ appeared to exhibit weak magnetic coupling, which could give rise to similar 

signals, though the mode of coupling is still unclear. Furthermore, both [MnII⋅⋅⋅MnII]+ and 

[(MnIIMe3tacn)2(OAc)3]BPh4 feature three, triple-atom bridges between the two MnII centers and overall C3 

symmetry, with a threefold rotation axis that runs through the MnII ions. To fully understand the origins of the 

different signals observed in the spectra, a deeper analysis is necessary that would involve variable temperature 

studies at different frequencies, such as X- and Q- or S-band. Finally, solid EPR samples of [MnII⋅⋅⋅MnII]+ were 

collected (Fig 20 C, D) and the signals were found to be in good agreement with the solution samples, though 

significantly broadened out, confirming that the bimetallic species remained intact in solution. Much like in the 

solution sample, a deeper spectral analysis involving variable temperature and frequency measurement as well 

as simulation studies would be needed to better understand the spectra and the coupling.  
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Figure 5-20: ∥-mode (A) and ⊥-mode (B) EPR spectra obtained from redissolved crystalline [MnII⋅⋅⋅MnII]+ in 
DCM:THF. The ∥-mode EPR spectrum exhibited 55Mn hyperfine on the broad derivative, centered at g = 8.4 (A 

= 494 MHz). EPR spectra measured from solid [MnII⋅⋅⋅MnII]+, collected in ∥-mode (C) and ⊥-mode (D). The 
solution and solid samples were in good agreement with one another, though the spectral features were broadened 
out in the solid samples. ∥-mode EPR spectra were collected at 6 K and ⊥-mode spectra were measured at 20 K. 
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Summary and Conclusion 

 This chapter described the preparation and characterization of a series of highly symmetric, R3 

molecular structures with the formulation [MxIIpoat⋅⋅⋅MyIIMe3tacn ]+. These complexes have been prepared 

with a variety of metal ions, including Mx = Zn, Co, Mn and My = Zn, Cu, Co, Fe, Mn. All molecular structures 

were isomorphous to one another and varied only slightly in bond lengths and angles. They were all rigorously 

C3 symmetric, though the metal ion coordinated in [poat]3– remained distorted from ideal TMP geometries due 

to puckering out of the plane. The [CoII⋅⋅⋅MyII]+ complexes have been the most thoroughly studied thus far. 

The electronic absorption data for these molecules appeared largely dominated by the CoII centers, with only 

subtle shifts from the starting [CoIIpoat]– spectrum. [CoII⋅⋅⋅CoII]+ appeared to exhibit features from both CoII 

centers, notably with a low energy band ~ 1100 nm. [CoII⋅⋅⋅CuII]+ had the most unique absorption spectrum, 

with low energy features from both metal centers as well as a higher energy band of unknown origin.  

 The magnetic properties of the [MxIIpoat⋅⋅⋅MyIIMe3tacn ]+ complexes were also investigated. The 

[CoII⋅⋅⋅ZnII]+ complex exhibited a S = 3/2 signal by EPR spectroscopy, similar to the starting K[CoIIpoat] 

complex. Introduction of a second paramagnetic metal ion to the [CoII⋅⋅⋅MyII]+ complexes led to the formation 

of new EPR signals, which were hypothesized to arise from ferromagnetic coupling between the two metal 

centers. In addition, [CoII⋅⋅⋅ZnII]+, [CoII⋅⋅⋅CoII]+, [CoII⋅⋅⋅FeII]+, and [CoII⋅⋅⋅MnII]+ were studied by SQUID 

magnetometry. All complexes studied were found not to exhibit SMM behavior. The proposed ferromagnetic 

coupling between the two metal centers in [CoII⋅⋅⋅CoII]+ and [CoII⋅⋅⋅FeII]+ was corroborated by the SQUID 

measurements, though coupling was unclear in the [CoII⋅⋅⋅MnII]+ complex. Finally, [MnII⋅⋅⋅MnII]+ was studied 

in an effort to access a S = 5 spin state. [MnII⋅⋅⋅MnII]+ exhibited rich, complicated spectra in both ⊥- and ∥-

mode EPR, which require a deeper analysis to better understand the data. Further experiments would involve 

measurement and analysis of solid samples in ⊥- and ∥-mode EPR spectroscopy, as well as solution 

measurements at different frequencies and SQUID magnetometry. 
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Outlook 

 This chapter described a new method for the preparation of a bimetallic species that interact through 

N–P=O bridging units provided by the [poat]3– backbone, [MxIIpoat⋅⋅⋅MyIIMe3tacn]OTf. These complexes 

crystallize reproducibly; the synthetic procedure was effective for a range of 3d metal ions. Future work could 

expand the series to a wider selection of metal ions, including 4d or 5d transition metal ions, which have not 

been explored in [poat]3– thus far. The magnetism of the [MxIIpoat⋅⋅⋅MyIIMe3tacn]OTf complexes were studied 

with both EPR spectroscopy and SQUID magnetometry, which showed that the N–P=O bridging units 

supported ferromagnetic coupling between the metal ions, allowing for the development of small molecule 

complexes with large spin states. The contributions that the N–P=O bridging units have on magnetic coupling 

has never been specifically studied before and this data provides further insight into the magnetism of bimetallic 

systems supported by [poat]3–. My initial hypothesis was that the [MxIIpoat⋅⋅⋅MyIIMe3tacn ]+ molecular systems 

were good SMM candidates, however none of the complexes exhibited SMM behavior based on the SQUID 

magnetometry measurements. However, this preparative route may yield magnetically interesting complexes if 

the series was expanded to include other metal ions. 

Experimental Section 

General Procedures 

Unless otherwise specified, all reagents were purchased and used as received from commercially available 

sources and stored under an inert atmosphere in a VAC dry box. Sure-seal bottles of DMA were purchased 

from Honeywell, Burdick, & Jackson (99.5% purity). All other solvents were sparged with argon and purified 

with a JC Meyer Co. solvent purification system with Q-5 columns and molecular sieves. KH was bought as a 

30% suspension in mineral oil, washed on a fine porosity frit 5 times with n-pentane and Et2O, dried under 

vacuum, and stored under N2. 18c6 was purchased in 99% purity from Acros Organics, ground with a mortar 

and pestle to a powder, and dried under vacuum. CoII(OAc)2 was purchased from Sigma Aldrich as a pink-

purple solid and dried in an oven until a purple powder was obtained. H3poat,51 Me3tacn,52,53 

[ZnIIMe3tacn(OTf)2],4 [MnIIMe3tacn(OTf)2],3 [FeIIMe3tacn(OTf)2],41 CoII(OTf)2⋅2MeCN,54 and 
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[CuIIMe3tacn(OTf)2]⋅2MeCN,43 were prepared following literature procedures. ZnII(OTf)2⋅2MeCN55 was 

prepared by adapting previous literature reports. 

Physical Methods 

Electronic absorption spectra were collected in a 1 cm quartz cuvette, fitted with a magnetic stir bar. Spectra 

were recorded on a Cary-60 spectrophotometer or an 8453E Agilent UV-vis spectrophotometer equipped with 

a Unisoku Unispeks cryostat for temperature-controlled spectroscopy. Cyclic voltammetry was performed with 

a CHI600C potentiostat. Voltammograms were measured from a ~1 mM stock solution of analyte in at least 

100-fold excess of tetrabutylammonium hexafluorophosphate in dry, air-free DCM collected in 4-neck, double-

walled cell. A 1 mm glassy carbon electrode acted as the working electrode with a Pt wire counter electrode and 

a Ag wire reference electrode. All voltammograms were referenced to an internal Fc+/0 standard. He-

temperature EPR spectra were collected on an X-Band Bruker spectrometer fitted with an Oxford liquid helium 

cryostat. Signals were referenced and quantified to a CuEDTA spin standard. The magnetic field was calibrated 

with an NMR gaussmeter. The microwave frequency of the instrument was calibrated with a frequency counter. 

77 K EPR experiments were recorded on a Bruker EMX X-band spectrometer with the following parameters, 

unless otherwise noted: microwave frequency of 9.64 GHz, a modulation frequency of 100 kHz, a modulation 

amplitude of 10 G, a microwave power of 2 mW, an attenuation of 20 dB, a time constant of 82 msec, and a 

conversion time of 41 msec. All EPR samples were prepared under a nitrogen atmosphere in 4 mm quartz EPR 

tubes, capped with a septum, and flash frozen in liquid nitrogen. EPR spectra were simulated and fit using 

SpinCount software.56 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectra were 

measured on a Thermo Scientific Nicolet iS5 spectrometer fitted with an iD5 ATR attachment. Evans’ Method 

NMR spectra were recorded at 500 MHz using a Bruker DRX500 spectrometer with a TCI cryoprobe. Chemical 

shifts were reported in ppm and referenced to an internal trimethylsilane standard in deuterated solvents. 

Elemental analyses were measured on a Perkin-Elmer 2400 Series II CHNS elemental analyzer. Magnetic data 

were collected under DC scan modes using a Quantum Design MPMS3 SQUID Magnetometer with equipped 

AC susceptibility attachment. Crystal samples were finely crushed and loaded in custom quartz tubes (D&G 

Glassblowing Inc.), layered with eicosane wax, and subsequently flame-sealed under static vacuum. Eicosane 
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wax was melted within the sealed sample to abate sample torquing and to facilitate thermal conductivity. 

Diamagnetic corrections for the samples and eicosane wax were calculated using Pascal’s constants and 

subtracted from all static moment data. 

Preparative Methods 

K[CoIIpoat]: 0.1426 g (0.1910 mmol) of H3poat were dissolved in 4 mL of DMA. To this solution, 0.0280 g 

(0.698 mmol) KH were added, yielding a bubbling, cloudy solution. The reaction mixture was stirred till 

bubbling ceased and the solution was clear and colorless. Then, 0.0348 g (0.197 mmol) of CoII(OAc)2 were 

added as a purple powder suspension in 2 mL of DMA. The reaction mixture was allowed to stir overnight and 

resulted in formation of a bright, cloudy blue suspension. The reaction mixture was filtered to yield solid blue 

powder and a bright blue solution. The solid on the frit was washed with minimal DCM, followed by n-pentane 

and Et2O until the blue color washed away and 0.0345 g of dry, off-white solid remained (92.0% yield; 

theoretical yield, KOAc = 0.0375 g, 0.382 mmol). The blue filtrate was subsequently dried under vacuum to 

give bright blue powder. This powder was redissolved in DCM and layered under n-pentane to yield 0.1170 g 

(0.1390 mmol, 72.8% yield) of bright blue, blocky single crystals, suitable for X-ray diffraction analysis. UV-vis 

(DCM, λmax nm (ε, M–1cm–1)) = 410 (13), 585 (67), 610 (71), 770 (8). ATR-FTIR, selected bands (cm–1) = 3050, 

2949, 2838, 2342, 1720, 1589, 1481, 1433, 1271, 1232, 1192, 1155, 1118, 1026, 965, 918, 851, 801, 746, 717, 

696. EPR (X-Band, ⊥-mode, 20 K, DCM:THF, excess 18c6), g = 4.5, 4.3, 2.0 (A = 262 MHz), E/D = 0.0029, 

D = +3.6 cm–1. μeff, Evans Method, DCM = 4.28 μB. Cyclic Voltammetry (100 mV/s, DCM, V vs Fc+/0) = E1/2 

= –0.495, Epa = +0.365. Elemental Analysis calculated for 4(C42H42CoKN4O3P3) ⋅ C5H12; C, 60.42, H, 5.28, N, 

6.52; found C, 60.6, H, 4.87, N, 6.71.  

 

[CoIIpoat⋅⋅⋅ZnIIMe3tacn]OTf: In a representative synthesis, 0.2023 g (0.2403 mmol) K[CoIIpoat] was dissolved in 

~ 4 mL DCM. To this clear, bright blue solution, 0.1293 g (0.2418 mmol) ~ 3 mL of ZnIIMe3TACN(OTf)2 in 

DCM was added dropwise, resulting in a slight color change to a deeper blue solution. After stirring for 

approximately 30 minutes, this blue solution was recrystallized via vapor diffusion of Et2O, resulting in feathery, 

blue single crystals suitable for X-ray diffraction. The crystalline product was isolated via vacuum filtration in 

92.86% yield (0.2652 g). UV-vis (DCM, λmax nm (ε, M–1cm–1)) = 410 (29), 570 (80), 600 (76), 695 (13). EPR (X-
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Band, ⊥-mode, 15 K) Solution, DCM:THF, g = 4.3, 2.0 (A = 281 MHz), E/D = 0.0029, D = +5.6 cm–1. Solid, 

g = 9.4, 4.4, 4.3, 2.0 (A = 290 MHz). μeff, Evans Method, DCM = 4.89 μB (μs, S = 3/2: 3.87 μB). Elemental 

Analysis calculated for 5*([CoIIpoat⋅⋅⋅ZnIIMe3TACN]OTf) ⋅	Et2O, [5*(C52H63CoF3N7O6P3SZn) ⋅ C4H10O]; C, 

52.71, H, 5.45, N, 8.15; found C, 53.06, H, 5.1, N, 8.34. 

 

[CoIIpoat⋅⋅⋅CuIIMe3tacn]OTf: 0.0218 g K[CoIIpoat] were dissolved in ~1 mL of DCM. This clear blue solution 

was added slowly to a cloudy, pale-green suspension of [CuIIMe3tacn(OTf)2]⋅2MeCN in ~2 mL DCM (0.0156 

g, 0.0254 mmol). The reaction was stirred for roughly an hour and turned cloudy, dark yellow-green in color. 

This mixture was subsequently pipet filtered and recrystallized via vapor diffusion of Et2O into the mother 

liquor. Several yellow-brown crystals grew, suitable for X-ray diffraction analysis. However, a yield could not 

be obtained. UV-vis (DCM, λmax nm (ε, M–1cm–1)) = 446 (133), 590 (66), 779 (29). ⊥-mode EPR silent. 

 

[(CoIIMe3tacn)2(OTf)3]OTf: 0.0356 g (0.0811 mmol) CoII(OTf)2 ⋅	2MeCN were suspended in ~ 3 mL DCM. To 

this suspension, a small excess of neat Me3tacn (0.0190 mL, 0.0981 mmol, 1.21 equivalents) was added. The 

reaction was allowed to stir until all solids were consumed. At this point, the reaction was pipet filtered and 

recrystallized from vapor diffusion of Et2O into DCM. This resulted in the growth of single crystals suitable 

for X-ray diffraction studies, in a 0.0300 g yield (0.0284 mmol, 69.9 % yield). UV-vis (DCM, λmax nm (ε, M–

1cm–1)) = 370 (30), 480 (39), 517 (35), 543 (30), ~1100 (19). EPR (X-Band, ⊥-mode, 77 K, DCM:THF), g = 2 

(broad derivative).  

 

[CoIIpoat⋅⋅⋅CoIIMe3tacn]OTf: 0.0602 g (0.0715 mmol) of blue, crystalline K[CoIIpoat] was weighed in a vial. 0.0385 

g (0.0364 mmol) of solid, pink [CoIIMe3TACN(OTf)3]OTf was added and the two solids were dissolved 

together in ~ 4 mL DCM, resulting in the formation of a bright, purple-blue solution. After roughly 15 min, 

the reaction mixture was pipet filtered yielding a clear, purple-blue filtrate. The filtrate was then pipet filtered 

and recrystallized by vapor diffusion of Et2O into the mother liquor, resulting in single crystals suitable for X-

ray diffraction studies (0.0739 g, 0.0624 mmol, 87.4% yield). UV-vis (DCM, λmax nm (ε, M–1cm–1)) = 410 (26), 

493 (18), 570, 582, 595, 725, 775, ~1000. ⊥-mode EPR silent. 
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[CoIIpoat⋅⋅⋅FeIIMe3tacn]OTf: In a representative synthesis, 0.0642 g (0.0763 mmol) K[CoIIpoat] was dissolved in 

~3 mL DCM. To this clear, bright blue solution, 0.0410 g (0.0781 mmol) FeIIMe3TACN(OTf)2 in ~2 mL DCM 

was added dropwise, resulting in a slight color change to a deeper blue solution over approximately 30 minutes. 

The solution was then transferred to 4 mL scintillation vials and recrystallized from vapor diffusion of Et2O 

into the mother liquor, resulting in feathery, blue single crystals suitable for X-ray. The blue crystals were 

isolated via vacuum filtration in diffraction 80.1% yield (0.0799 g, 0.0611 mmol). UV-vis (DCM, λmax nm (ε, M–

1cm–1)) = 405 (sh), 570 (120), 586 (130), 600 (129), 695 (41), 810 (26). EPR (X-Band, ⊥-mode, 20 K, 

DCM:THF), g = 9.0, 6.7; solid, g = 19.2, 9.8, 6.8, 4.3, 2.0. μeff, Evans Method, DCM = 7.53 μB (μS, S = 7/2: 

7.94 μB).  

 

[CoIIpoat⋅⋅⋅MnIIMe3tacn]OTf: In a representative synthesis, 0.0480 g (0.0570 mmol) K[CoIIpoat] was weighed with 

0.0300 g (0.0572 mmol) MnIIMe3TACN(OTf)2. The two solids were dissolved together in 4 mL DCM and 

stirred for 15 min, resulting in a blue-green mixture. The mixture was subsequently pipet filtered to remove a 

faintly yellow solid, yielding a bright blue filtrate. The blue filtrate was diluted to a volume of ~6 mL in DCM 

and recrystallized by vapor diffusion of Et2O into the mother liquor, resulting in 0.0394 g of blue single crystals 

suitable for X-ray diffraction (0.0334 mmol, 52.3% yield). UV-vis (DCM, λmax nm (ε, M–1cm–1)) = 430 (88), 575 

(124), 605 (118). EPR (X-Band, ⊥-mode, 20 K, DCM:THF), g = 4.5 (A, 55Mn = 412 MHz), 2.0 (A, 55Mn = 254 

MHz, 59Co = 224 MHz); (X-Band, ∥-mode, 6 K, DCM:THF), g = 19.6, 16.1, 9.0.  

 

K[MnIIpoat]: In a representative experiment, 0.1124 g (0.1505 mmol) of H3poat was suspended in ~ 2 mL THF. 

To this suspension, 0.0181 g (0.451 mmol) of KH suspended in ~ 2 mL THF was added. The suspension was 

allowed to stir until bubbling ceased and the reaction appeared clear and colorless (~ 5 min). MnII(OAc)2 was 

added to this solution as a solid (0.0291 g, 0.168 mmol) and stirred for ~ 2 h. At this point, the reaction mixture 

appeared faintly yellow and slightly cloudy. This mixture was then filtered and 0.0382 mg of white solid were 

isolated (theoretical yield KOAc = 0.0295 g). The resulting faint yellow filtrate was dried to a solid, then 

redissolved in ~1 mL THF and triturated with Et2O until an off-white precipitate formed. 0.0600 g of off-

white precipitate was isolated and dried, giving a 50% yield (0.1260 g, 0.1505 mmol theoretical yield). The 
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identity of the powder was confirmed as K[MnIIpoat] by elemental analysis. UV-vis (DCM) = featureless. EPR 

(X-Band, ⊥-mode, 77 K, DCM:THF), g = 8.9, 4.8, 1.8. Elemental Analysis calculated for 4*(K[MnIIpoat]) ⋅	n-

pentane, [5*(C42H42KMnN4O4P3) ⋅ C5H12]; C, 60.70, H, 5.30, N, 6.55; found C, 60.95, H, 5.02, N, 6.63. 

 

[MnIIpoat⋅⋅⋅MnIIMe3tacn]OTf: In a typical synthesis, 0.1600 g (0.1910 mmol) K[MnIIpoat] was dissolved in ~ 3 

mL DCM in the presence of excess 18c6 (0.1430 g, 0.5414 mmol, 2.8 equivalents). To this clear colorless 

solution, 0.1001 g (0.1909 mmol) of [MnIIMe3tacn(OTf)2] was added as a cloudy, faintly yellow suspension in 

~ 2 mL DCM. The reaction was stirred until all solids appeared consumed, at which point the reaction was 

pipet filtered to isolate residual solid materials. The filtrate was subsequently recrystallized by vapor diffusion 

of Et2O in DCM, resulting in the growth of faintly brown single crystals suitable for X-ray diffraction studies. 

The crystals were isolated and subsequently washed with minimal MeCN and Et2O, resulting in a yield of 0.1483 

g of crystalline material (0.1247 mmol, 65.30 % yield). UV-vis (DCM, λmax nm (ε, M–1cm–1)) = 420 (48), 505 

(sh), 697 (52). EPR (X-Band, ⊥-mode, 20 K, DCM:THF), g = 11.7, 2.0; (X-Band, ∥-mode, 6 K, DCM:THF), g 

= 21.0, 11.1, 8.4 (A, 55Mn = 494 MHz). Elemental analysis calculated for 4*(MnIIpoat⋅⋅⋅MnIIMe3TACN]OTf) 

⋅	DCM, [4*(C52H63F3Mn2N7O6P3S) ⋅ CH2Cl2]; C, 52.51, H, 5.36, N, 8.20; found C, 52.78, H, 5.05, N, 7.90. 

 

K[ZnIIpoat]: In a representative synthesis, 0.1660 g (0.2223 mmol) H3poat was dissolved in ~ 3 mL THF with 

solid KH (0.0265 g, 0.661 mmol) KH. The reaction was stirred until a clear, faint yellow solution persisted and 

all bubbling ceased. At this point, solid ZnII(OAc)2 was added (0.0417 g, 0.227 mmol) and the reaction was 

stirred. The reaction was stirred overnight and filtered, resulting in the isolation of 0.0610 g of white solid 

(theoretical yield, KOAc: 0.0436 g, 0.445 mmol) and the reaction was dried to a faint yellow color. The solid 

was redissolved in ~ 4 mL DCM and layered under n-pentane. The recrystallization resulted in the growth of 

colorless single crystals suitable for X-ray diffraction study in a 145.3 mg (0.1717 mmol, 77.04% yield). UV-vis 

(DCM λmax, nm) = 325 (sh). 1H-NMR (600 MHz, CD2Cl2, ppm): δ = 2.53 (6 H, t, ethyl), 2.96 (6H, quint., ethyl), 

7.25 (12 H, td, m-PhH), 7.34 (6 H, td, p-PhH), 7.63 (12 H, t, o-PhH). 31P-NMR (600 MHz, CD2Cl2, ppm): 27.11 

(s). 
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[ZnIIpoat⋅⋅⋅ZnIIMe3tacn]OTf: In a typical preparation, 0.0312 g (0.0369 mmol) of K[ZnIIpoat] was dissolved in ~1 

mL DCM in the presence of excess 18c6. Then a solution of 0.0198 g (0.0370 mmol) [ZnIIMe3tacn(OTf)2] in 

~1 mL DCM was added slowly to the K[ZnIIpoat] solution. The reaction was stirred for ~15 minutes, then 

pipet filtered, and recrystallized by vapor diffusion of Et2O into the DCM filtrate. This resulted in the growth 

of clear, colorless single crystals suitable for X-ray diffraction study in a 0.0098 g (0.0082 mmol, 22% yield). 

UV-vis (DCM) = featureless. 

X-ray Crystallographic Methods 

[CoIIpoat⋅⋅⋅ZnIIMe3tacn]OTf: The data for asb639 were collected from a shock-cooled single crystal at 93(2) K on 

a Bruker SMART APEX II three-circle diffractometer with a sealed X-ray tube using a equatorial mounted 

graphite as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped with a low 

temperature device and used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT and a multi-

scan absorption correction using SADABS was applied.57,58 The structure was solved by direct methods using 

SHELXT and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using ShelXle.59–61 

All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 

refined isotropic on calculated positions using a riding model with their Uiso values constrained to 1.5 times the 

Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. Disordered 

moieties were refined using bond lengths restraints and displacement parameter restraints. This report and the 

CIF file were generated using FinalCif.62 Refinement Details: All non-hydrogen atoms in Part 1 were initially freely 

refined, but a disordered part of the entire molecule (~5%) was found upside down in the trigonal symmetric 

asymmetric unit. Refinement of the disorder required significant restraints which fixed the M1-M2 (M1 = Co1, 

M2 = Zn1), N1-M1, P1-C9, P1-C3, P1-N2, N2-C2, C1-C2, N1-C1$, N3-Zn1, N3-C15, N3-C17, C15-C16, O1-

M2, N2-M1, and P1-O1 distances of the disordered part to the main part. The bond lengths of the following 

bonds were fixed to the following distances in parentheses: C15B-C16B (1.54(0.005)), M2B-C15B M2B C15C 

(2.91(0.005)), M2B-C16B M2B-C16C (3.03(0.005)). The ADPs of O1, P1, M1, M2, N1, C1, C2, C15, C16, and 

C17 were separately fixed to those of the disordered part. Phenyl rings of the disordered part were fixed to 

perfect hexagons, and all ADPs of the disordered phenyl carbons were fixed to the same values.  Two sixth 
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triflate ions were found in the asymmetric unit, one sixth is included as disordered across the inversion center 

and C3 symmetric axis, and the other was removed using SQUEEZE,60 as an implementation of Platon,60,63,64 

due to major disorder across the C3 symmetric axis and inversion center.  All hydrogen atoms were added using 

a riding model. 

 

[CoIIpoat⋅⋅⋅CuIIMe3tacn]OTf:  The data for asb729  were collected from a shock-cooled single crystal at 93(2) K 

on a Bruker X8 Prospector APEX II CCD κ-geometry diffractometer with an IuS microsource using a multi-

layer optics as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped with a 

low temperature device and used CuKα radiation (λ = 1.54178 Å). All data were integrated with SAINT and a 

multi-scan absorption correction using SADABS was applied.57,58 The structure was solved by direct methods 

using SHELXT and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using 

ShelXle.59,61,65 All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen 

atoms were refined isotropic on calculated positions using a riding model with their Uiso values constrained to 

1.5 times the Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. 

Disordered moieties were refined using bond lengths restraints and displacement parameter restraints. This 

report and the CIF file were generated using FinalCif.62 Refinement Details: All non-hydrogen atoms in Part 1 

were initially freely refined, but a disordered part of the entire molecule (~5%) was found upside down in the 

trigonal symmetric asymmetric unit. Refinement of the disorder required significant restraints which fixed the 

M1-M2 (M1 = Co1, M2 = Cu1), N1-M1, P1-C9, P1-N2, N2-C2, C1-C2, N1-C1$, N3-M1, N3-C15, N3-C17, 

C15-C16, O1-C15, O1-C16, O1-C17, O1$-C17, O1-M1, O1-M2, N2-M1, and P1-O1 distances of the 

disordered part to the main part. The bond lengths of the following bonds were fixed to the following distances 

in parentheses: C15B-C16B (1.54(0.005)), M2B-C15B M2B C15C (2.91(0.005)), M2B-C16B M2B-C16C 

(3.03(0.005)). The ADPs of O1, P1, M1, M2, N1, N2, N3, C1, C2, C15, C16, and C17 were separately fixed to 

those of the disordered part. Phenyl rings of the disordered part were fixed to perfect hexagons, and all ADPs 

of the disordered phenyl carbons were fixed to the corresponding values in Part 1.  Two sixth triflate ions were 

found in the asymmetric unit, one sixth is included as disordered across the inversion center and C3 symmetric 

axis, and the other was removed using SQUEEZE60, as an implementation of Platon,60,63,64 due to major 
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disorder across the C3 symmetric axis and inversion center.  All hydrogen atoms were added using a riding 

model 

 

[(CoIIMe3tacn)2(OTf)3]OTf: The data for asb714t_a_sq were collected from a shock-cooled single crystal at 

93(2) K on a Bruker X8 Prospector APEX II CCD κ-geometry diffractometer with an IuS microsource using 

a multi-layer optics as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped 

with a low temperature device and used CuKα radiation (λ = 1.54178 Å). All data were integrated with SAINT 

and a multi-scan absorption correction using SADABS was applied.57,58 The structure was solved by direct 

methods using SHELXT and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using 

ShelXle.59,61,65 All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen 

atoms were refined isotropic on calculated positions using a riding model with their Uiso values constrained to 

1.5 times the Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. 

Disordered moieties were refined using bond lengths restraints and displacement parameter restraints. This 

report and the CIF file were generated using FinalCif.62 Refinement Details: Significant constraints and restraints 

were required to keep this model from becoming chemically unreasonable. Please use this structure for 

connectivity, only. All equivalent C-N, C-C, and Co-N bond lengths were restrained to similar values. All 

equivalent N-N distances were restrained to similar values. O3-Co2 and O6-Co2 bond lengths were restrained 

to similar values. Nearly all atoms were refined with negative part numbers in order to account for disorder 

across the crystallographic mirror plane. ISOR restraints were applied to the entire molecule. Nitrogen atoms 

from disordered parts were individually constrained to the same value. Disordered parts of triflate molecules 

were constrained to the same value. C-C bond lengths were restrained to 1.54A. SQUEEZE,60 implemented in 

Platon,60,63,64 was used to remove what was possibly a heavily disordered chloroform molecule.  

 

[CoIIpoat⋅⋅⋅CoIIMe3tacn]OTf:  The data for asb682 were collected from a shock-cooled single crystal at 93(2) K on 

a Bruker SMART APEX II three-circle diffractometer with a sealed X-ray tube using a equatorial mounted 

graphite as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped with a low 

temperature device and used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT and a multi-
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scan absorption correction using SADABS was applied.57,58 The structure was solved by direct methods using 

SHELXT and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using ShelXle.59,61,65 

All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 

refined isotropic on calculated positions using a riding model with their Uiso values constrained to 1.5 times the 

Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. Disordered 

moieties were refined using bond lengths restraints and displacement parameter restraints. This report and the 

CIF file were generated using FinalCif.62 Refinement Details: All non-hydrogen atoms in Part 1 were initially freely 

refined, but a disordered part of the entire molecule (~5%) was found upside down in the trigonal symmetric 

asymmetric unit. Refinement of the disorder required significant restraints which fixed the M1-M2 (M1 = Co1, 

M2 = Co2), N1-M1, P1-C9, P1-N2, N2-C2, C1-C2, N1-C1$, N3-M1, N3-C15, N3-C17, C15-C16, O1-C15, 

O1-C16, O1-C17, O1$-C17, O1-M1, O1-M2, N2-M1, and P1-O1 distances of the disordered part to the main 

part. The bond lengths of the following bonds were fixed to the following distances in parentheses: C15B-

C16B (1.54(0.005)), M2B-C15B M2B C15C (2.91(0.005)), M2B-C16B M2B-C16C (3.03(0.005)). The ADPs of 

O1, P1, M1, M2, N1, N2, N3, C1, C2, C15, C16, and C17 were separately fixed to those of the disordered part. 

Phenyl rings of the disordered part were fixed to perfect hexagons, and all ADPs of the disordered phenyl 

carbons were fixed to the same values.  Two sixth triflate ions were found in the asymmetric unit, one sixth is 

included as disordered across the inversion center and C3 symmetric axis, and the other was removed using 

SQUEEZE,60 as an implementation of Platon,60,63,64 due to major disorder across the C3 symmetric axis and 

inversion center.  All hydrogen atoms were added using a riding model. 

 

[CoIIpoat⋅⋅⋅FeIIMe3tacn]OTf: The data for asb645_sq were collected from a shock-cooled single crystal at 93(2) K 

on a Bruker SMART APEX II three-circle diffractometer with a sealed X-ray tube using a equatorial mounted 

graphite as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped with a low 

temperature device and used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT and a multi-

scan absorption correction using SADABS was applied.57,58 The structure was solved by direct methods using 

SHELXS and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using ShelXle.59,61,65 

All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 
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refined isotropic on calculated positions using a riding model with their Uiso values constrained to 1.5 times the 

Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. Disordered 

moieties were refined using bond lengths restraints and displacement parameter restraints. This report and the 

CIF file were generated using FinalCif.62 Refinement Details: All non-hydrogen atoms in Part 1 were initially freely 

refined, but a disordered part of the entire molecule (~5%) was found upside down in the trigonal symmetric 

asymmetric unit. Refinement of the disorder required significant restraints which fixed the M1-M2 (M1 = Co1, 

M2 = Fe1), N1-M1, P1-C9, P1-C3, P1-N2, N2-C2, C1-C2, N1-C1$, N3-M1, N3-C15, N3-C17, C15-C16, O1-

M2, N2-M1, and P1-O1 distances of the disordered part to the main part. The bond lengths of the following 

bonds were fixed to the following distances in parentheses: C15B-C16B (1.54(0.005)), M2B-C15B M2B C15C 

(2.91(0.005)), M2B-C16B M2B-C16C (3.03(0.005)). The ADPs of O1, P1, M1, M2, N1, C1, C2, C15, C16, and 

C17 were separately fixed to those of the disordered part. Phenyl rings of the disordered part were fixed to 

perfect hexagons, and all ADPs of the disordered phenyl carbons were fixed to the same values.  Two sixth 

triflate ions were found in the asymmetric unit, one sixth is included as disordered across the inversion center 

and C3 symmetric axis, and the other was removed using SQUEEZE,60 as an implementation of Platon,60,63,64 

due to major disorder across the C3 symmetric axis and inversion center.  All hydrogen atoms were added using 

a riding model. 

 

[CoIIpoat⋅⋅⋅MnIIMe3tacn]OTf: The data for asb664 were collected from a shock-cooled single crystal at 93(2) K 

on a Bruker SMART APEX II three-circle diffractometer with a sealed X-ray tube using a equatorial mounted 

graphite as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped with a low 

temperature device and used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT and a multi-

scan absorption correction using SADABS was applied.57,58 The structure was solved by direct methods using 

SHELXS and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using ShelXle.59,61,65 

All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 

refined isotropic on calculated positions using a riding model with their Uiso values constrained to 1.5 times the 

Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. Disordered 

moieties were refined using bond lengths restraints and displacement parameter restraints. This report and the 
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CIF file were generated using FinalCif.62 Refinement Details: All non-hydrogen atoms in Part 1 were initially freely 

refined, but a disordered part of the entire molecule (~5%) was found upside down in the trigonal symmetric 

asymmetric unit. Refinement of the disorder required significant restraints which fixed the M1-M2 (M1 = Mn1, 

M2 = Mn2), N1-M1, P1-C9, P1-C3, P1-N2, N2-C2, C1-C2, N1-C1$, N3-M1, N3-C15, N3-C17, C15-C16, O1-

M2, N2-M1, and P1-O1 distances of the disordered part to the main part. The bond lengths of the following 

bonds were fixed to the following distances in parentheses: C15B-C16B (1.54(0.005)), M2B-C15B M2B C15C 

(2.91(0.005)), M2B-C16B M2B-C16C (3.03(0.005)). The ADPs of O1, P1, M1, M2, N1, N2, N3, C1, C2, C15, 

C16, and C17 were separately fixed to those of the disordered part. Phenyl rings of the disordered part were 

fixed to perfect hexagons, and all ADPs of the disordered phenyl carbons were fixed to the same values with a 

restraint enforcing a more isotropic ADP.  Two sixth triflate ions were found in the asymmetric unit, one sixth 

is included as disordered across the inversion center and C3 symmetric axis, and the other was removed 

SQUEEZE,60 as an implementation of Platon,60,63,64 due to major disorder across the C3 symmetric axis and 

inversion center.  All hydrogen atoms were added using a riding model. 

 

[MnIIpoat⋅⋅⋅MnIIMe3tacn]OTf: The data for asb664 were collected from a shock-cooled single crystal at 93(2) K 

on a Bruker SMART APEX II three-circle diffractometer with a sealed X-ray tube using a equatorial mounted 

graphite as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped with a low 

temperature device and used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT and a multi-

scan absorption correction using SADABS was applied.57,58 The structure was solved by direct methods using 

SHELXS and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using ShelXle. 59,61,65  

All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 

refined isotropic on calculated positions using a riding model with their Uiso values constrained to 1.5 times the 

Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. Disordered 

moieties were refined using bond lengths restraints and displacement parameter restraints. This report and the 

CIF file were generated using FinalCif.62 Refinement Details: All non-hydrogen atoms in Part 1 were initially freely 

refined, but a disordered part of the entire molecule (~5%) was found upside down in the trigonal symmetric 

asymmetric unit. Refinement of the disorder required significant restraints which fixed the M1-M2 (M1 = Mn1, 
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M2 = Mn2), N1-M1, P1-C9, P1-C3, P1-N2, N2-C2, C1-C2, N1-C1$, N3-M1, N3-C15, N3-C17, C15-C16, O1-

M2, N2-M1, and P1-O1 distances of the disordered part to the main part. The bond lengths of the following 

bonds were fixed to the following distances in parentheses: C15B-C16B (1.54(0.005)), M2B-C15B M2B C15C 

(2.91(0.005)), M2B-C16B M2B-C16C (3.03(0.005)). The ADPs of O1, P1, M1, M2, N1, N2, N3, C1, C2, C15, 

C16, and C17 were separately fixed to those of the disordered part. Phenyl rings of the disordered part were 

fixed to perfect hexagons, and all ADPs of the disordered phenyl carbons were fixed to the same values with a 

restraint enforcing a more isotropic ADP.  Two sixth triflate ions were found in the asymmetric unit, one sixth 

is included as disordered across the inversion center and C3 symmetric axis, and the other was removed 

SQUEEZE,60 as an implementation of Platon,60,63,64 due to major disorder across the C3 symmetric axis and 

inversion center.  All hydrogen atoms were added using a riding model. 

 

K[ZnIIpoat]: The data for asb666 were collected from a shock-cooled single crystal at 93(2) K on a Bruker 

SMART APEX II three-circle diffractometer with a sealed X-ray tube using a equatorial mounted graphite as 

monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped with a low temperature 

device and used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT and a multi-scan 

absorption correction using SADABS was applied.57,58 The structure was solved by direct methods using 

SHELXS and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using ShelXle. 59,61,65 

All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 

refined isotropic on calculated positions using a riding model with their Uiso values constrained to 1.5 times the 

Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. This report 

and the CIF file were generated using FinalCif.62 Refinement Details: All non-hydrogen atoms were refined freely 

without constraints or restraints. All hydrogen atoms were refined using a riding model. 

 

[ZnIIpoat⋅⋅⋅ZnIIMe3tacn]OTf:  The data for asb667_sq were collected from a shock-cooled single crystal at 93(2) K 

on a Bruker SMART APEX II three-circle diffractometer with a sealed X-ray tube using a equatorial mounted 

graphite as monochromator and a Bruker Apex II CCD detector. The diffractometer was equipped with a low 

temperature device and used MoKα radiation (λ = 0.71073 Å). All data were integrated with SAINT and a multi-
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scan absorption correction using SADABS was applied.57,58 The structure was solved by direct methods using 

SHELXS and refined by full-matrix least-squares methods against F2 by SHELXL-2018/3 using ShelXle. 59,61,65 

All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms were 

refined isotropic on calculated positions using a riding model with their Uiso values constrained to 1.5 times the 

Ueq of their pivot atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. Disordered 

moieties were refined using bond lengths restraints and displacement parameter restraints. This report and the 

CIF file were generated using FinalCif.62 Refinement Details: All non-hydrogen atoms in Part 1 were initially freely 

refined, but a disordered part of the entire molecule (~5%) was found upside down in the trigonal symmetric 

asymmetric unit. Refinement of the disorder required significant restraints which fixed the M1-M2 (M1 = Zn1, 

M2 = Zn2), N1-M1, P1-C9, P1-C3, P1-N2, N2-C2, C1-C2, N1-C1$, N3-M1, N3-C15, N3-C17, C15-C16, O1-

M2, N2-M1, and P1-O1 distances of the disordered part to the main part. The bond lengths of the following 

bonds were fixed to the following distances in parentheses: C15B-C16B (1.54(0.005)), M2B-C15B M2B C15C 

(2.91(0.005)), M2B-C16B M2B-C16C (3.03(0.005)). The ADPs of O1, P1, M1, M2, N1, C1, C2, C15, C16, and 

C17 were separately fixed to those of the disordered part. Phenyl rings of the disordered part were fixed to 

perfect hexagons, and all ADPs of the disordered phenyl carbons were fixed to the same values.  Two sixth 

triflate ions were found in the asymmetric unit, one sixth is included as disordered across the inversion center 

and C3 symmetric axis, and the other was removed using SQUEEZE,60 as an implementation of Platon,60,63,64 

due to major disorder across the C3 symmetric axis and inversion center.  All hydrogen atoms were added using 

a riding model. 
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Table 5-S1: Metrical data obtained 
from the molecular structure of 

[(CoIIMe3tacn)2(OTf)3]OTf. 

Bond Distance, Å 

Co1–N1 2.082) 

Co1–N1B 2.206(18) 

Co1–N2 2.136(9) 

Co1–O1 2.139(7) 

Co1–O4A 2.15(2) 

Co1–O4B 2.11(2)) 

Co2–N4 2.126(9) 

Co2–N5 2.126(9) 

Co2–N6 2.126(9) 

Co2–O3 2.165(9) 

Co2–O6 2.194(16) 

Co2–O6B 2.38(2) 

Co–Navg 2.13 

Co–Oavg 2.19 

Co⋅⋅⋅Co 4.897 

 

Figure 5-S2: Molecular structure of [(CoIIMe3tacn)2(OTf)3]OTf. Thermal 
ellipsoids were drawn at 50% probability. The outer sphere triflate ion 

and all H-atoms were omitted for clarity. 
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Figure 5-S1: (A) UV-vis spectrum of K[MnIIpoat] in DCM at room temperature. (B) ⊥-mode EPR 
spectrum of K[MnIIpoat] collected in DCM:THF at 77 K. 

(A) 
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Figure 5-S3: (A) UV-vis spectrum from crystalline [(CoIIMe3tacn)2(OTf)3]OTf in DCM at room 
temperature. (B) ⊥-mode EPR spectrum of [(CoIIMe3tacn)2(OTf)3]OTf collected at 77 K in DCM:THF. 

(A) 
 

(Β) 
 

Figure 5-S4: ⊥-mode EPR spectrum of [CoII⋅⋅⋅CoII]+ 
collected at 77 K in DCM:THF. The signal ~ g = 4 

was likely due to a small excess of K[CoIIpoat]. 

Figure 5-S5: Overlay of ∥-mode EPR spectrum 
(blue) with ⊥-mode EPR spectrum (black) of 

[CoII⋅⋅⋅MnII]+. Both spectra were collected at 6 K. 
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Table 5-S2: Crystallographic details for [CoIIpoat⋅⋅⋅ZnIIMe3tacn]OTf (middle column) and 
[CoIIpoat⋅⋅⋅CuIIMe3tacn]OTf (right column). 

R1 = Σ | |Fo| – |Fc| | / Σ |Fo| 
wR2 = [Σ[w(Fo2 – Fc2)2] / Σ[w(Fo2)2]]1/2 
 

Thermal ellipsoids are shown at 50% 
probability. 

Compound [CoII⋅⋅⋅ZnII]+	 [CoII⋅⋅⋅CuII]+ 

Empirical formula C51.50H63CoF1.50N7O4.50P3S0.50Zn C51.50H63CoCuF1.50N7O4.50P3S0.50 
Formula weight 1113.83 1112.00 
Temperature [K] 93(2) 93(2) 
Crystal system trigonal trigonal 

Space group (number) 𝑅3:𝐻 (148) 𝑅3:𝐻 (148) 
a [Å] 16.3438(8) 16.3442(6) 
b [Å] 16.3438(8) 16.3442(6) 
c [Å] 34.5412(18) 34.382(2) 
α [°] 90 90 
β [°] 90 90 
γ [°] 120 120 

Volume [Å3] 7990.5(9) 7954.0(8) 
Z 6 6 

ρcalc [gcm−3] 1.389 1.393 
Independent reflections 5441 3095 
Goodness-of-fit on F2 1.030 1.021 

R1,  [I≥2σ(I)] 0.0521 0.0625 
wR2, [all data] 0.1486 0.1788 

 Goof (Goodness-of-fit) = S = [Σ[w(Fo2 – Fc2)2] / (n – p)]1/2, 
where n = number of reflections and p = total number of 
parameters refined. 
 

Table 5-S3: Crystallographic details for [(CoIIMe3tacn)2(OTf)3]OTf (middle column) and 
[CoIIpoat⋅⋅⋅CoIIMe3tacn]OTf (right column). 

R1 = Σ | |Fo| – |Fc| | / Σ |Fo| 
wR2 = [Σ[w(Fo2 – Fc2)2] / Σ[w(Fo2)2]]1/2 
 

Thermal ellipsoids are shown at 50% 
probability. 

Compound [(CoIIMe3tacn)2(OTf)3]OTf	 [CoII⋅⋅⋅CoII]+ 

Empirical formula C22H42Cl0Co2F12N6O12S4 C49H63CoCoF3N7O6P3S 
Formula weight 1056.71 1145.89 
Temperature [K] 93(2) 93(2) 
Crystal system orthorhombic trigonal 

Space group (number) 𝑃𝑛𝑚𝑎 (62) 𝑅3:𝐻 (148) 
a [Å] 34.267(2) 16.3387(12) 
b [Å] 12.6866(10) 16.3387(12) 
c [Å] 11.4960(8) 34.492(3) 
α [°] 90 90 
β [°] 90 90 
γ [°] 90 120 

Volume [Å3] 4997.7(6) 7974.1(13) 
Z 4 6 

ρcalc [gcm−3] 1.404 1.432 
Independent reflections 4830 4428 
Goodness-of-fit on F2 1.060 1.138 

R1,  [I≥2σ(I)] 0.0951 0.0576 
wR2, [all data] 0.2853 0.0919 

 Goof (Goodness-of-fit) = S = [Σ[w(Fo2 – Fc2)2] / (n – p)]1/2, 
where n = number of reflections and p = total number of 
parameters refined. 
 



 

 167 

 

 

 

Table 5-S4: Crystallographic details for [CoIIpoat⋅⋅⋅FeIIMe3tacn]OTf (middle column) and 
[CoIIpoat⋅⋅⋅MnIIMe3tacn]OTf (right column). 

R1 = Σ | |Fo| – |Fc| | / Σ |Fo| 
wR2 = [Σ[w(Fo2 – Fc2)2] / Σ[w(Fo2)2]]1/2 
 

Thermal ellipsoids are shown at 50% 
probability. 

Compound [CoII⋅⋅⋅FeII]+	 [CoII⋅⋅⋅MnII]+ 

Empirical formula C49H63CoF3FeN7O6P3S C51.50H63CoF1.50MnN7O4.50P3S0.50 
Formula weight 1142.81 1103.40 
Temperature [K] 93(2) 93(2) 
Crystal system trigonal trigonal 

Space group (number) 𝑅3:𝐻 (148) 𝑅3:𝐻 (148) 
a [Å] 16.3608(15) 16.3854(14) 
b [Å] 16.3608(15) 16.3854(14) 
c [Å] 34.515(3) 34.770(3) 
α [°] 90 90 
β [°] 90 90 
γ [°] 120 120 

Volume [Å3] 8001.1(16) 8084.5(16) 
Z 6 6 

ρcalc [gcm−3] 1.423 1.360 
Independent reflections 5465 5870 
Goodness-of-fit on F2 1.028 1.054 

R1,  [I≥2σ(I)] 0.0575 0.0662 
wR2, [all data] 0.1612 0.1021 

 Goof (Goodness-of-fit) = S = [Σ[w(Fo2 – Fc2)2] / (n – p)]1/2, 
where n = number of reflections and p = total number of 
parameters refined. 
 

Table 5-S5: Crystallographic details for [MnIIpoat⋅⋅⋅MnIIMe3tacn]OTf (second column), (K[ZnIIpoat])2 (third 
column), and [ZnIIpoat⋅⋅⋅ZnIIMe3tacn]OTf (fourth column). 

R1 = Σ | |Fo| – |Fc| | / Σ |Fo| 
wR2 = [Σ[w(Fo2 – Fc2)2] / Σ[w(Fo2)2]]1/2 
 

Thermal ellipsoids are shown at 50% 
probability. 

Compound [MnII⋅⋅⋅MnII]+	 (K[ZnIIpoat])2 [ZnII⋅⋅⋅ZnII]+ 

Empirical formula C51.50H63F1.50MnMnN7O4.50P3S0.50 C84H84K2N8O6P6Zn2 C51.50H63F1.50N7O4.50P3S0.50Zn2 
Formula weight 1099.41 1696.35 1120.27 
Temperature [K] 93(2) 93(2) 93(2) 
Crystal system trigonal monoclinic trigonal 

Space group (number) 𝑅3:𝐻 (148) 𝑃2"/𝑛 (14) 𝑅3:𝐻 (148) 
a [Å] 16.383(6) 14.4882(9) 16.3293(6) 
b [Å] 16.383(6) 16.2726(10) 16.3293(6) 
c [Å] 34.836(13) 16.8592(11) 34.4706(13) 
α [°] 90 90 90 
β [°] 90 90.2513(11) 90 
γ [°] 120 90 120 

Volume [Å3] 8098(6) 3974.7(4) 7960.0(7) 
Z 6 2 6 

ρcalc [gcm−3] 1.353 1.388 1.402 
Independent reflections 4487 12815 5776 
Goodness-of-fit on F2 1.042 1.018 1.026 

R1,  [I≥2σ(I)] 0.0467 0.0395 0.0519 
wR2, [all data] 0.1242 0.0851 0.1375 

 Goof (Goodness-of-fit) = S = [Σ[w(Fo2 – Fc2)2] / (n – p)]1/2, 
where n = number of reflections and p = total number of 
parameters refined. 
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