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Experimental procedures  

General considerations  

All reactions were performed at room temperature in an N2-filled glovebox or by using standard 

Schlenk techniques unless otherwise specified. Glassware was oven dried at 150 °C for at least 2h prior to 

use, and allowed to cool under vacuum. All reagents were used as received unless otherwise stated. 

Diphenylsilanediol was recrystallized from chloroform. Ferrocenium triflate and tris(4-

bromophenyl)aminium triflate were synthesized according to literature.1, 2 Anhydrous tetrahydrofuran 

(THF) was purchased from Aldrich in 18 L Pure-PacTM containers. Anhydrous CH2Cl2, diethyl ether, 

benzene, and THF were purified by sparging with nitrogen for 15 minutes and then passing under nitrogen 

pressure through a column of activated A2 alumina. NMR solvents were purchased from Cambridge Isotope 

Laboratories, dried over calcium hydride (CD2Cl2) or sodium/benzophenone (C6D6), degassed by three 

freeze-pump-thaw cycles and vacuum-transferred prior to use. 1H NMR spectra were recorded on a Varian 

300 MHz instrument, with shifts reported relative to the residual solvent peak. Elemental analyses were 

performed at the California Institute of Technology or at the University of Rochester. 

All compounds are mildly air-sensitive and decompose over the course of hours in air. 

Synthesis of LMn4O4(diam)(HO2SiPh2) (2) 

A solution of diphenylsilanediol (54 mg, 0.25 mmol, 1.1 equiv) in THF (5 mL) was added to a 

stirring CH2Cl2 solution of LMn4O4(diam)(OAc) (1) (300 mg, 0.22 mmol, 1 equiv). After stirring the 

reaction mixture at room temperature for 16 hours, all volatiles were removed under reduced pressure. The 

solid residue was triturated with CH2Cl2 (5 mL) twice and with pentane (3 mL) once. The brown powder 

was suspended in 5 mL of pentane, collected on a pad of Celite, and washed thoroughly with pentane and 

Et2O. The product was dissolved in benzene and filtered through Celite. All volatiles were removed from 

the filtrate under reduced pressure, yielding 2 as a brown powder. Yield: 293.2 mg, 88%. Analysis 

calculated for LMn4O4(diam)(HO2SiPh2) [C76H62Mn4N8O11Si]: C 60.40, H 4.14, N 7.41; found: C 60.36, H 

4.21, N 7.17.  

Synthesis of LMn4O4(diam)(O2SiPh2) (3) 

A solution of sodium tert-butoxide (5.0 mg, 0.052 mmol, 1.05 equiv) in THF (2 mL) was added to 

a stirring THF solution of 2 (75 mg, 0.049 mmol, 1 equiv). After 5-10 minutes of stirring, the reaction 

mixture was transferred to a stirring suspension of FcOTf (17.4 mg, 0.052 mmol, 1.05 equiv) in THF (5 

mL). The reaction mixture was stirred at room temperature for 16 hours and became homogeneous. All 

volatiles were removed under reduced pressure. The solid residue was suspended in pentane, collected on 
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a pad of Celite, and washed with pentane until all the Fc byproduct was removed. The brown solid was 

further washed with Et2O (3 mL, x3), dissolved in benzene, and filtered through Celite. All volatiles were 

removed from the filtrate under reduced pressure, yielding 3 as a brown powder. Yield: 58.3 mg (79%). 

Crystals suitable for X-ray crystallography were grown from slow vapor diffusion of Et2O into a 

concentrated solution of 3 in benzene. Analysis calculated for LMn4O4(diam)(O2SiPh2)·Et2O [C80H-

71Mn4N8O12Si]: C 60.65, H 4.52, N 7.07; found: C 60.16, H 4.15, N 6.92. 

Synthesis of [LMn4O4(diam)(O2SiPh2)][OTf] (3-ox) 

To a stirring solution of 3 (35 mg, 0.023 mmol) in THF (5 mL), a blue THF solution (4 mL) of [(4-

BrPh)3N][OTf] (15.4 mg, 0.024 mmol, 1.05 equiv) was added. After the brown solution was stirred at room 

temperature for 15 minutes, all volatiles were removed under reduced pressure. (A weaker oxidant such as 

acetylferrocenium triflate can also be utilized but including a 16-hour reaction time, with the same workup 

procedure as described below.) The residue was washed with Et2O (4 mL), dissolved in benzene, and 

filtered through Celite. The precipitate from a slow vapor diffusion of Et2O into a concentrated solution of 

3-ox in benzene was collected, washed with Et2O, and minimal benzene. The resulting brown solid was 

dissolved in CH2Cl2 and filtered. Volatiles were removed from the filtrate under reduced pressure to yield 

3-ox. Yield: 19 mg (49%). Analysis calculated for [LMn4O4(diam)(O2SiPh2)][OTf]·CH2Cl2 

[C78H63Cl2F3Mn4N8O14SSi]: C 53.71, H 3.64, N 6.42; found: C 54.20, H 3.63, N 6.18.  

In-situ generation of 5-ox for EPR 

[LMn4O4(triam)][OTf] (5) was prepared according to literature3 by oxidation of 4 with AgOTf. 

Dissolve [LMn4O4(triam)][OTf] (88 mg, 0.053 mmol) in CH2Cl2. An optimal amount of [(4-BrPh)3N][OTf] 

(35 mg, 0.055 mmol,  1.05 equiv) was dissolved in CH2Cl2 and added dropwise. The mixture was stirred 

for 30 minutes and then all volatiles were removed under reduced pressure. The residue was washed with 

Et2O (3 x 2 mL), benzene (3 x 2 mL), dissolved in CH2Cl2 and filtered through Celite. A c.a. 1 mM solution 

of this red-brown solid in MeCN can be filtered into an EPR tube and frozen in liquid nitrogen.  
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NMR spectroscopy 

 

Figure S1. 1H NMR of 2 in C6D6. 

 
Figure S2. 1H NMR of 3 in C6D6. 

 

Figure S3. 1H NMR of 3-ox in C6D6. 
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Figure S4. 19F NMR of 3-ox in C6D6. 

 

 

 

Figure S5. 1H NMR of anion exchange reaction of 3-ox with one equivalent of LiB(C6F5)4, after workup, 
in C6D6. 

 

 

 

 

Figure S6. 19F NMR of anion exchange reaction of 3-ox with one equivalent of LiB(C6F5)4, after workup, 
in C6D6. 
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Figure S7. a) 1H NMR (C6D6) of reaction between 3-ox and 1 equivalent of Fc*, after extraction away from 
byproduct Fc*+. b) 1H NMR (C6D6) of 3, synthesized and purified according to the procedures described 
vide supra. 

 

 

 

Figure S8. a) 1H NMR (CD2Cl2) spectra of 5. b) 1H NMR (CD2Cl2) spectra of 5-ox.  
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ESI-MS spectrometry 

 
Figure S9. ESI-MS of 2. m/z = 1511 consistent with [LMn4O4(HO2SiPh2)]+. m/z = 1355 consistent with 
[LMn4O4(diam)(OAc)]+.  

 

 

 

Figure S10. ESI-MS of 3. m/z = 1510 consistent with [LMn4O4(O2SiPh2)]+. m/z = 1355 consistent with 
[LMn4O4(diam)(OAc)]+.  

 

 

 

Figure S11. ESI-MS of 3-ox. m/z = 1510 consistent with [LMn4O4(O2SiPh2)]+. m/z = 1355 consistent with 
[LMn4O4(diam)(OAc)]+.  
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Figure S12. ESI-MS of 5-ox. m/z = 753 consistent with [LMn4O4(triam)]2+. m/z = 1505 consistent with 
[LMn4O4(triam)]+.  
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X-ray crystallography 

Suitable crystals were mounted on a nylon loop using Paratone oil, then placed on a diffractometer 

under a nitrogen stream. X-ray intensity data were collected on a Bruker D8 VENTURE Kappa Duo 

PHOTON 100 CMOS detector employing Cu-Kα radiation (λ = 1.54178 Å) at a temperature of 100 K. All 

diffractometer manipulations, including data collection, integration and scaling were carried out using the 

Bruker APEX3 software. Frames were integrated using SAINT. The intensity data were corrected for 

Lorentz and polarization effects and for absorption using SADABS. Space groups were determined on the 

basis of systematic absences and intensity statistics using XPREP. Using Olex2, the structures were solved 

by direct methods using ShelXT and refined to convergence by full-matrix least squares minimization using 

ShelXL. All non-solvent non-hydrogen atoms were refined using anisotropic displacement parameters. 

Hydrogen atoms were placed in idealized positions and refined using a riding model. Note for complex 2 

one hydrogen atom could not be located in the difference map. Graphical representation of structures with 

50% probability thermal ellipsoids was generated using Diamond visualization software. No special 

refinement details. 
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Table S1. Crystal and refinement data for complexes 2 and 3.  

Compound 2 3 

CCDC 2171723 2171724 
Empirical formula C76H61Mn4N8O11Si C76H61Mn4N8O11Si 
Formula weight 1510.17 1510.17 

Temperature/K 99.99 100.0 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 15.232(5) 15.149(8) 

b/Å 15.802(6) 15.752(6) 

c/Å 17.585(6) 17.589(6) 

α/° 90.39(3) 90.17(3) 

β/° 101.55(2) 102.05(4) 

γ/° 106.965(18) 106.960(19) 

Volume/Å3 3957(2) 3917(3) 

Z 2 2 

ρcalcg/cm3 1.268 1.280 

µ/mm-1 5.710 5.768 

F(000) 1550.0 1550.0 

Crystal size/mm3 0.05 × 0.05 × 0.05 0.05 x 0.05 x 0.05 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.142 to 101.496 5.88 to 89.308 

Index ranges -15 ≤ h ≤ 15, -15 ≤ k ≤ 15, -17 
≤ l ≤ 17 

-13 ≤ h ≤ 13, -14 ≤ k ≤ 
14, -16 ≤ l ≤ 16 

Reflections collected 18442 15525 

Independent reflections 8178 [Rint = 0.0681, Rsigma = 
0.1029] 

 6080 [Rint = 0.0661, 
Rsigma = 0.0796] 

Data/restraints/parameters 8178/2290/735 6080/2302/705 

Goodness-of-fit on F2 1.074 1.089 

Final R indexes [I>=2σ (I)] R1 = 0.0893, wR2 = 0.2502 R1 = 0.0903, wR2 = 0.2530 

Final R indexes [all data] R1 = 0.1244, wR2 = 0.2713 R1 = 0.1136, wR2 = 0.2743 

Largest diff. peak/hole / e Å-3 0.75/-0.62 0.74/-0.86 
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Figure S13. Truncated crystal structure of 2. Mn (green), O (red), N (blue), Si (purple), C (black). Bolded 
bonds high-light Mn-oxo bonds. Ellipsoids at 50% probability.  

 

 

 

Table S2. Mn-oxo bond distances (Å) of complexes 2 and 3. Bolded entries highlight elongated Mn-oxo 
bond lengths. 

 2 3 
Mn(1) ‒ O(2) 1.966(6) 1.873(8) 
Mn(1) ‒ O(3) 1.868(6) 1.864(7) 
Mn(1) ‒ O(4) 2.049(6) 1.899(6) 
Mn(2) ‒ O(1) 1.893(6) 1.891(8) 
Mn(2) ‒ O(3) 1.942(6) 1.938(7) 
Mn(2) ‒ O(4) 2.172(7) 2.106(7) 
Mn(3) ‒ O(1) 1.902(6) 1.871(7) 
Mn(3) ‒ O(2) 1.882(6) 1.901(6) 
Mn(3) ‒ O(4) 1.948(7) 1.896(9) 
Mn(4) ‒ O(1) 1.957(6) 1.942(7) 
Mn(4) ‒ O(2) 1.925(6) 1.930(7) 
Mn(4) ‒ O(3) 1.937(7) 1.93(1) 
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Electrochemistry 

Measurements were performed under an inert N2 atmosphere in the glovebox using a Pine 

Instrument Company AFCBP1 bipotentiostat using the AfterMath software package. Cyclic 

voltammograms were recorded on 1.0 mM solutions of the relevant complex in the glovebox at 20 °C with 

an auxiliary Pt-coil counter electrode, Ag-wire reference electrode, and 3.0 mm glassy carbon working 

electrode (BASI). The electrolyte solution was 0.1 M [nBu4N][PF6] in propylene carbonate. All reported 

values are referenced to an internal ferrocene/ferrocenium couple. Square-wave voltammograms were 

recorded using the following experimental parameters: amplitude 0.1 V, period 1 s, increment 10 mV, 

sampling width 1 ms. 
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Figure S14. a) CV of 3. Isolated MnIIIMnIV
3/MnIV

4 redox couple shown in dotted lines. E = + 15 mV vs. 

Fc/Fc+. Small feature around ~780 mV vs Fc/Fc+ corresponds to small impurity of 1. b) SWV of 3. c) 

Isolated MnIIIMnIV
3/MnIV

4 redox couple measured at various scan rates. d) Plot of peak current vs. square 

root of scan rate. e) Isolated MnIII
2MnIV

2/MnIIIMnIV
3 redox couple measured at various scan rates. E = ‒ 750 

mV vs. Fc/Fc+. f) Plot of peak current vs. square root of scan rate. 
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Figure S15. a) CV of 2. Small impurity at ‒250 mV vs Fc/Fc+. b) SWV of 2. c) MnIII
2MnIV

2/MnIIIMnIV
3 

redox couple E = − 10 mV vs. Fc/Fc+.  Isolated redox couple measured at various scan rates. d) Plot of peak 

current vs. square root of scan rate. e) MnIII
2MnIV

2/MnIII
3MnIV redox couple E = ‒ 750 mV vs. Fc/Fc+.  

Isolated redox couple measured at various scan rates. f) Plot of peak current vs. square root of scan rate. 



S15 
 

 

Figure S16. CV of 6. Isolated MnIII
2MnIV

2/MnIIIMnIV
3 and MnIIIMnIV

3/MnIV
4 redox couples shown in dotted 

lines, with E = ‒ 465 mV and E = +520 mV vs. Fc/Fc+, respectively.  

 

 

 

 

Figure S17. CV of [Mn4O4] complexes. Isolated MnIII
2MnIV

2/MnIIIMnIV
3 redox couples shown. Red = 3, 

yellow = 4, light green = 1, green = 2, blue = LMn4O4(diam)(p-CF3C6H4CO2), purple = LMn4O4(O2PPh2)3.4  
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Figure S18. CV of complexes 1 (green), 3 (red), and 4 (blue) showing both MnIII
2MnIV

2/MnIIIMnIV
3 and 

MnIIIMnIV
3/MnIV

4 redox events.  

 

 

 

 

Figure S19. Linear correlation between MnIII
2MnIV

2/MnIIIMnIV
3 redox potential and effective ligand 

basicity in [Mn4O4] complexes 1, 2, 4, LMn4O4(diam)(p-CF3C6H4CO2), and LMn4O4(OAc)3. Values for 

complexes 1, 4, LMn4O4(diam)(p-CF3C6H4CO2), and LMn4O4(OAc)3 are from ref. 3. Calculated 

diphenylsilanediol pKa (11.4) obtained from ref. 5. Equation used to calculate effective ligand basicity 

adapted from ref. 3 and 6.  
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SQUID magnetometry  

Magnetic susceptibility measurements were carried on a Quantum Design MPMS 3 instrument 

running MPMS Multivu software. Crystalline samples were powdered and suspended in clear plastic straws 

in polycarbonate capsules. Data were recorded at 0.2 T from 1.8 − 300 K. Diamagnetic corrections (‒840 

× 10‒6 cm3/mol) were made for 3-ox. Fitting simulations were performed using PHI.7 Fitting simulations 

were performed assuming an on-site zero field splitting parameter D(MnIV) ≈ 0.151 cm−1.  

 

Figure S20. Magnetization data of 3 with fit using the value of D = 0.151 cm−1 determined by EPR and 

contributions from intermolecular interactions (mean field model): TIP = 5·10‒4 emu mol‒1, zJ = ‒0.006 

cm‒1.  
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EPR spectroscopy 

Samples were prepared as solutions (c.a. 1 mM) in 2-MeTHF unless specified otherwise and rapidly 

cooled in liquid nitrogen to form a frozen glass. All X-band CW-EPR experiments presented in this study 

were acquired at the Caltech EPR facility. X-band CW EPR spectra were acquired on a Bruker (Billerica, 

MA) EMX spectrometer using Bruker Win-EPR software (ver. 3.0). Temperature control was achieved 

using liquid helium and an Oxford Instruments (Oxford, UK) ESR-900 cryogen flow cryostat and an ITC-

503 temperature controller. Data were collected at T = 5 K. Spectra were simulated using EasySpin8 (release 

5.2.33) with Matlab R2020b. 

 

Figure S21. X-band CW-EPR spectra of 3 at 5 K. Data acquisition parameters: frequency = 9.6386 MHz, 

power = 8 mW, conversion time = 5 ms, modulation amplitude = 4 G.  

Data acquisition parameters: 

3-ox (B0⊥hν): frequency = 9.6389 MHz, power = 8 mW, conversion time = 5 ms, modulation amplitude 
= 4 G. T = 5 K. 

3-ox (B0 ‖ hν): frequency = 9.3881 MHz, power = 8 mW, conversion time = 10 ms, modulation amplitude 
= 8 G. T = 5 K. 

7-ox (B0 ‖ hν): frequency = 9.3760 MHz, power = 20 mW, conversion time = 82 ms, modulation amplitude 

= 8 G. T = 5 K. 
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Figure S22. Gaussian distribution of D centered at 0.151 used for fitting spectra for 3-ox. FWHM = 0.035.  
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UV-Vis spectroscopy 

UV-Vis spectra were recorded on a Cary 50 spectrometer. 

 

 

Figure S23. UV-Vis absorbance spectra of 2 (1 cm cuvette; 100, 50, 25 µM) in CH2Cl2. ε (M-1·cm-1) = 1.64 

x 104 (315 nm).  

 

Figure S24. UV-Vis absorbance spectra of 3 (1 cm cuvette; 100, 50, 25 µM) in CH2Cl2. ε (M-1·cm-1) = 1.60 

x 104 (321 nm). 
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Figure S25. UV-Vis absorbance spectra of 3-ox (1 cm cuvette; 100, 50, 25, 12.5 µM) in CH2Cl2. ε (M-1·cm-

1) = 2.40 x 104 (325 nm). 
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