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Experimental and Synthetic Methods 

 

Synthesis. Materials and Methods. All chemicals were of reagent grade and used as received. 

Where dry solvent is specified, it was dried over 3 Å molecular sieves for three days (acetonitrile) 

or one week (methanol). Where degassed solvent is specified, it was degassed by a minimum of 

five cycles of vigorous shaking under vacuum and back-filling with nitrogen. Caution! Perchlorate 

salts of organic materials or metal complexes are potentially explosive and should not be heated 

when dry. Handle in small quantities with sufficient care.1 

Ligand synthesis. The precursor 6-formaldoximo-2-methylpyridine was synthesized from 

6-methyl-2-pyridine carboxaldehyde according to the literature procedure and the resulting solid 

was dried in the presence of phosphorous pentoxide.2 The ligand precursor 6-methyl-2-

aminomethylpyridine was synthesized using a modified literature procedure.2 To maximize yield 

the hydrogenation was undertaken on a diluted (not saturated) solution of 6-formaldoximo-2-

methylpyridine in dry methanol with 10 wt.% Pd/C. The reaction mixture was contained a glass 

vessel and stirred overnight in a Buchi miniclave steel reactor under a hydrogen pressure of 280 

psi. The yellow oil obtained after hydrogenation analyzed as 85‒96% 6-methyl-2-

aminomethylpyridine by NMR and was used without further purification. Ligands (H3tpa)(ClO4)3, 

Me2tpa and Me3tpa were synthesized based on a modified literature procedure.3 The tpa ligand 

was extracted with hot cyclohexane and isolated as the perchlorate salt by addition of perchloric 

acid. The Me2tpa ligand was purified by recrystallization from heptane. The Me3tpa ligand was 

isolated from the organic residue by recrystallization from hexane then diethyl ether. The free tpa 

ligand was alternatively synthesized via bis(2-pyridylmethyl)amine based on the literature 

procedure,4 which is given below. The proligand Br4spiroH4 was synthesized based on a literature 
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procedure5 with purification by recrystallization from hexane/diethyl ether, which gave rise to 

single crystals of diffraction quality. Both Br4spiroH4 and spiroH4 were used as racemic mixtures. 

Bis(2-pyridylmethyl)amine. Freshly distilled 2-pyridinecarboxaldehyde (4.76 mL, 50.0 

mmol) and freshly distilled 2-aminomethylpyridine (5.15 mL; 50.0 mmol) were dissolved in dry, 

degassed methanol (65 mL). The reaction was stirred for 2 h at room temperature, then cooled to 

–62 °C for the addition of sodium borohydride (1.89 g, 50.0 mmol) in small portions. The 

temperature was maintained at –62 °C until the sodium borohydride dissolved. The reaction was 

then allowed to warm to room temperature and was stirred for 15 h. A saturated aqueous solution 

of ammonium chloride (150 mL) was added gradually and the reaction mixture was stirred until 

no bubbles were formed. The methanol was removed under reduced pressure and the remaining 

aqueous phase extracted with dichloromethane (3 × 100 mL). Combined organic extracts were 

dried over magnesium sulfate and allowed to evaporate overnight. The product was extracted from 

the organic residue with minimum isopropanol which was then removed under reduced pressure 

to give bis(2-pyridylmethyl)amine as a yellow oil, yield (85‒90%) and characterization as 

previously reported.4 1H NMR (400 MHz, CDCl3, δ): 8.57 (d, J = 4.8 Hz, 2H, Ar-H), 7.67 (td, J = 

7.6, 1.8 Hz, 2H, Ar-H), 7.37 (d, J = 7.6 Hz, 2H, Ar-H), 7.20 (dd, J = 7.6, 4.8 Hz, 2H, Ar-H), 4.08 

(s, 4H, CH2). 

Tris(2-pyridylmethyl)amine (tpa). Potassium carbonate (4.15 g, 30.0 mmol) was added to 

a solution of bis(2-pyridylmethyl)amine (2.00 g, 10.0 mmol) in dry, degassed acetonitrile (10 mL). 

The reaction mixture was wrapped in aluminum foil to exclude light and 2-chloromethylpyridine 

(1.97 g, 12.0 mmol) was added in small portions. The reaction mixture was sealed under nitrogen 

and stirred for 6 days. The reaction was filtered, and the filtrate was evaporated overnight. The 

product was extracted from the organic residue with many portions of hot hexane (7 × 100 mL). 
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The white solid obtained upon evaporation was recrystallized from hexane and dried under reduced 

pressure to give tris(2-pyridylmethyl)amine as white crystals (2.96 g, 43%). Previously reported: 

63%.4 1H NMR (400 MHz, dmso-d6, δ) 8.49 (ddd, J = 4.8, 1.8, 0.9 Hz, 3H, Ar-H), 7.77 (td, J = 

7.7, 1.8 Hz, 3H, Ar-H), 7.59 (m, 3H, Ar-H), 7.25 (ddd, J = 7.7, 4.8, 1.1 Hz, 3H, Ar-H), 3.77 (s, 

6H, CH2). 

[{Co(Me2tpa)}2(spiro)](PF6)2 (1a). A degassed methanolic (10 mL) solution of spiroH4 

(55.8 mg, 0.164 mmol) deprotonated with triethylamine (91.4 μL, 0.656 mmol) was added to a 

degassed methanolic (15 mL) solution of CoCl2·6H2O (76.6 mg, 0.322 mmol) and Me2tpa (0.103 

g, 0.324 mmol) under a nitrogen atmosphere. The solution was concentrated under reduced 

pressure and stirred under nitrogen for 10 mins. The red-orange solution was bubbled with a stream 

of compressed air and immediately turned black. The product was precipitated from solution by 

dropwise addition of a saturated aqueous potassium hexafluorophosphate solution. The crude solid 

was collected by vacuum filtration, washed with ethanol (2 × 1 mL) and diethyl ether (3 × 2 mL) 

and allowed to air dry to give a gray-green solid. The product was recrystallized twice by layering 

dichloromethane with diethyl ether in an inert atmosphere to give 1a·CH2Cl2 as a dark black-green 

microcrystalline solid (0.145 g, 61%). Anal. Calcd for C62H66N8O4Co2P2F12Cl2: C, 50.80; H, 4.54; 

N, 7.64. Found: C, 51.28; H, 4.18; N, 7.62. HRMS (ESI-QTOF) m/z: M2+ calcd for 

C61H64N8O4Co2, 545.1857; found, 545.1864. TGA data is consistent with the presence of solvent. 

IR (KBr) 𝜈̅𝑚𝑎𝑥: 1610 (m), 1578 (w), 1480 (s), 1454 (m), 1445 (sh), 1412 (w), 1287 (m), 843 (vs), 

557 (s) cm–1. UV/vis (acetonitrile) λmax (ε): 369 (4480sh), 401 (3500), 421 (3010sh), 550 (1880sh), 

576 (1980), 652 nm (1420sh mol L–1 cm–1). 

[{Co(tpa)}2(Br4spiro)](PF6)2 (2a). Degassed methanolic solutions of tpa (0.141 g, 0.487 

mmol; 30 mL) and Br4spiroH4 (0.145 g, 0.221 mmol; 20 mL) deprotonated with triethylamine 
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(0.124 mL, 0.890 mmol) were sequentially added to a degassed methanolic solution of 

CoCl2·6H2O (0.105 g, 0.442 mmol; 10 mL) under a nitrogen atmosphere. The deep red solution 

was bubbled with a stream of compressed air for 1 h until it became dark green. The product was 

precipitated from solution by dropwise addition of a saturated aqueous potassium 

hexafluorophosphate solution (approx. 5 mL). The crude solid was collected by vacuum filtration, 

washed with 5:1 methanol/water (1 × 2 mL), ethanol (2 × 5 mL) and diethyl ether (4 × 5 mL) and 

allowed to air dry to give a green solid (0.259 g, 71%). The product was recrystallized by slowly 

cooling a hot methanolic solution to give 2a·4H2O as a green microcrystalline solid. Single crystals 

suitable for X-ray diffraction were obtained by slowly cooling a methanolic solution. Anal. Calcd 

for C57H60N8O8Br4Co2P2F12: C, 39.98; H, 3.53; N, 6.54. Found: C, 39.97; H, 3.80; N, 6.47. HRMS 

(ESI-QTOF) m/z: M2+ calcd for C57H52N8O4Br4Co2, 674.9739; found, 674.9652. TGA data are 

consistent with four water molecules per complex. IR (KBr) 𝜈̅𝑚𝑎𝑥: 1610 (m), 1576 (w), 1430 (vs), 

1329 (m), 1268 (s), 1233 (w), 844 (vs), 558 (s) cm–1. UV/vis (acetonitrile) λmax (ε): 473 (353sh), 

674 nm (516 mol L–1 cm–1). 

[{Co(tpa)}2(Br4spiro)](ClO4)2 (2b). A methanolic solution (5 mL) of (H3tpa)(ClO4)3 (0.794 

g, 1.34 mmol) was deprotonated with triethylamine (0.40 mL, 2.9 mmol) and added to a methanolic 

solution (5 mL) of Co(ClO4)2·6H2O (0.500 g, 1.37 mmol). After 10 min of stirring at room 

temperature, a methanolic solution (5 mL) of Br4spiroH4 (0.433 g, 0.660 mmol) deprotonated with 

triethylamine (0.20 mL, 1.4 mmol), was added dropwise. The reaction mixture was refluxed for 2 

h, then cooled to room temperature. The precipitate was collected by vacuum filtration, washed 

with methanol (2 × 5 mL) and diethyl ether (2 × 5 mL) and air dried to give crude 2b as a green 

solid (0.450 g, 44%). Single crystals suitable for X-ray diffraction were obtained by vapor 

diffusion of an acetone solution with hexane or cyclohexane to obtain either diamond-shaped 
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plates (pp-[{Co(tpa)}2(Br4spiro)](ClO4)2·7acetone, 2bpp·7acetone) or hexagonal rods (pd-

[{Co(tpa)}2(Br4spiro)](ClO4)2·3.9acetone, 2bpd·3.9acetone). Single crystals were unstable to 

evaporation of the mother liquor, appearing hygroscopic, and were immediately mounted on the 

diffractometer. The crude product was recrystallized by vapor diffusion of acetone with hexane 

and appeared hygroscopic, analyzing as 2b·3H2O. Anal. Calcd for C57H58N8O15Br4Co2Cl2: C, 

42.69; H, 3.65; N, 6.99. Found: C, 42.42; H, 3.58; N, 6.90. HRMS (ESI-QTOF) m/z: M2+ calcd for 

C57H52N8O4Br4Co2, 674.9739; found, 674.9722. TGA data show the onset of desolvation at 25 °C 

and are consistent with 3 water solvate per molecule, lost over one broad step centered at 47 °C. 

IR (KBr) 𝜈̅𝑚𝑎𝑥: 1610 (m), 1574 (w), 1430 (vs), 1440 (sh), 1330 (m), 1267 (s), 1233 (w), 1090 (s), 

627 (m) cm–1. UV/vis (acetonitrile) λmax (ε): 473 (375sh), 674 nm (496 mol L–1 cm–1). 

[{Co(Me2tpa)}2(Br4spiro)](PF6)2 (3a). A degassed methanolic (30 mL) solution of 

Br4spiroH4 (0.246 g, 0.375 mmol) was deprotonated with triethylamine (0.209 mL, 1.50 mmol) 

and added to a degassed methanolic (15 mL) solution of CoCl2·6H2O (0.179 g, 0.750 mmol) and 

Me2tpa (0.241 g, 0.756 mmol) under a nitrogen atmosphere. The dark red solution was bubbled 

with a stream of compressed air for 30 min until it became dark brown. The product was 

precipitated from solution by dropwise addition of a saturated aqueous potassium 

hexafluorophosphate solution. The crude solid was collected by vacuum filtration, washed with 

water (2 × 5 mL), isopropanol (2 × 5 mL), ethanol (2 × 5 mL) and diethyl ether (2 × 5 mL) and 

allowed to air dry to give a tan colored solid (0.548 g, 86%). The product was recrystallized by 

layering a dichloromethane solution with diethyl ether to give 3a as a tan colored microcrystalline 

solid. Single crystals suitable for X-ray diffraction were obtained by layering a dichloromethane 

solution with 1,4-dioxane, pp-[{Co(Me2tpa)}2(Br4spiro)](PF6)2·4.5dioxane (3a·4.5dioxane). Anal. 

Calcd for C61H60N8O4Co2Br4P2F12: C, 43.18; H, 3.56; N, 6.60. Found: C, 42.99; H, 3.94; N, 6.49. 
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HRMS (ESI-QTOF) m/z: M2+ calcd for C61H60N8O4Br4Co2, 703.0053; found, 703.0098. IR (KBr) 

𝜈̅𝑚𝑎𝑥: 1612 (m), 1577 (w), 1443 (s), 1329 (w), 1273 (s), 1237 (w), 845 (vs), 557 (s) cm–1. UV/vis 

(acetonitrile) λmax (ε): 388 (1770sh), 535 (397sh), 809 nm (515 mol L–1 cm–1). 

[{Co(Me3tpa)}2(Br4spiro)](PF6)2 (4a). Compound 4a was prepared as per 3a from 

Br4spiroH4 (0.248 g, 0.378 mmol), triethylamine (0.211 mL, 1.51 mmol), CoCl2·6H2O (0.180 g, 

0.756 mmol) and Me3tpa (0.251 g, 0.758 mmol) to give a dark green solid (0.546 g, 84%) which 

was recrystallized by slowly cooling a hot ethanolic solution to obtain 4a as a dark green 

microcrystalline solid that analyzed as hygroscopic (4a·H2O). Single crystals suitable for X-ray 

diffraction were also obtained by cooling an ethanolic solution, 

pp-[{Co(Me3tpa)}2(Br4spiro)](PF6)2·xEtOH (4a·xEtOH, x = 2–3). Anal. Calcd for 

C63H66N8O5Co2Br4P2F12: C, 43.42; H, 3.82; N, 6.43. Found: C, 43.94; H, 3.28; N, 5.91. TGA data 

is consistent with the presence of solvent. HRMS (ESI-QTOF) m/z: M2+ calcd for 

C63H64N8O4Br4Co2, 717.0209; found, 717.0176. IR (KBr) 𝜈̅𝑚𝑎𝑥: 1607 (m), 1578 (w), 1496 (s), 

1454 (s), 843 (vs), 557 (s) cm–1. UV/vis (acetonitrile) λmax (ε): 420 (5370), 538 (1990sh), 614 

(2910), 695 (2020sh), 844 (1130sh), 972 nm (674sh mol L–1 cm–1). 

[{Zn(Me3tpa)}2(Br4spiro)](PF6) (5a). A methanolic (20 mL) solution of Br4spiroH4 (65.6 

mg, 0.100 mmol) was deprotonated with triethylamine (61.6 μL, 0.442 mmol) and added to a 

methanolic (90 mL) solution of Zn(OAc)2·2H2O (43.4 mg, 0.198 mmol) and Me3tpa (66.4 mg, 

0.200 mmol). The yellow suspension was bubbled with a stream of compressed air for 1 h until it 

became bright green. The suspension was gravity filtered and the crude product was precipitated 

from the green filtrate by dropwise addition of a saturated aqueous potassium hexafluorophosphate 

solution. The crude solid was collected by vacuum filtration, washed with diethyl ether (3 × 5 mL) 

and allowed to air dry to give a bright green solid (0.117 g, 74%) which was recrystallized twice 
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by layering of an acetone solution with diethyl ether to give 5a·4.4H2O as a bright green 

microcrystalline solid. Single crystals suitable for X-ray diffraction were obtained from slow 

evaporation of an acetone/toluene solution, pp-[{Zn(Me3tpa)}2(Br4spiro)](PF6)·2tol (5a·2tol). 

Anal. Calcd for C63H72.8N8O8.4Zn2Br4PF6: C, 45.26; H, 4.39; N, 6.70. Found: C, 45.74; H, 4.12; 

N, 6.19. TGA data show the onset of desolvation at 25 °C and are consistent with 4.4 H2O solvate 

per molecule, lost over one step centered at 41 °C. IR (KBr) 𝜈̅𝑚𝑎𝑥: 1606 (m), 1579 (w), 1519 (s), 

1455 (s), 1327 (w), 1248 (m), 1225 (sh), 845 (s), 557 (m) cm–1. UV/vis/NIR (acetonitrile) λmax (ε): 

416 (1770sh), 433 (3480), 702 (309sh), 803 (414sh), 872 (456sh), 974 (360sh), 1494 nm (136 mol 

L–1 cm–1). 

[{Zn(Me3tpa)}2(Br4spiro)](PF6)2 (6a). Crude 5a (0.295 g, 0.185 mmol) and recrystallized 

ferrocenium hexafluorophosphate (61.2 mg, 0.185 mmol) were suspended in toluene (100 mL) 

under a nitrogen atmosphere and sonicated for 2 hours and then stirred overnight. The dark green 

solid was collected by vacuum filtration and washed with toluene (4 × 2 mL) and diethyl ether (3 

× 2 mL) and then air dried to afford crude 6a (0.314 g, 98%). The product was recrystallized from 

acetone/toluene layering to give 6a·0.5tol as a brownish green solid. The solid sample of 6a·0.5tol 

appeared unstable over several weeks and precluded the collection of reliable magnetic 

susceptibility data. Single crystals suitable for X-ray diffraction were obtained by layering a 

dichloromethane solution with toluene to give pd-[{Zn(Me3tpa)}2(Br4spiro)](PF6)2·tol (6a·tol). 

Anal. Calcd for C66.5H68N8O4Zn2Br4P2F12: C, 44.78; H, 3.84; N, 6.28. Found: C, 44.26; H, 4.50; 

N, 6.27. TGA data are consistent 0.5 toluene molecules per complex, and pyrolysis-GCMS 

confirms toluene (m/z 91) is lost at 130 °C. IR (KBr) 𝜈̅𝑚𝑎𝑥: 1607 (s), 1580 (m), 1523 (vs), 1455 

(s), 844 (vs), 558 (s) cm–1. UV/vis (acetonitrile) λmax (ε): 405 (3380sh), 423 (5290), 716 (525sh), 

800 (718sh), 870 (777), 978 nm (539sh mol L–1 cm–1). 
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X-ray Data Collection and Structure Solution. Data for Br4spiroH4·2Et2O and 

2bpd·3.9acetone were collected at 130 K using a Rigaku Oxford Diffraction SuperNova Dual 

Wavelength diffractometer with mirror monochromated Cu-Kα radiation (λ = 1.5418 Å). Data for 

4a·xEtOH were collected on a Rigaku XtaLAB Synergy-S Dual Microfocus X-ray diffractometer 

using Cu-Kα radiation at 100–300 K in 50 K increments. Data for 2a·2.5MeOH, 2bpp·7acetone 

and 3a·4.5dioxane were collected at the MX1 beamline6 and 5a·2tol and 6a·tol were collected at 

the MX2 beamline7 at the Australian Synchrotron, fitted with a silicon double crystal 

monochromator and Oxford Instruments CryoJet 5 cryostat. Data were collected at 100 K using 

radiation tuned to approximately Mo-Kα radiation (λ = 0.7108 Å). Crystallographic data is 

tabulated for Br4spiroH4·2Et2O (Table S1), 2a·2.5MeOH, 2bpp·7acetone, 3a·4.5dioxane, 5a·2tol 

and 6a·tol (Table S2), and 4a·xEtOH (Table S3). 

 

Table S1. Crystallographic data for Br4spiroH4·2Et2O 

Br4spiroH4·2Et2O 

T/K 130.0(1) ρcalcd/g cm–3 1.681 

formula C29H40O6Br4 μ/mm–1 6.501 

fw/g mol–1 804.25 reflns measd 31230 

cryst syst orthorhombic unique reflns 3358 

space group Pbcn data/restraints/param 3358/0/184 

a/Å 18.3615(2) Rint 0.0412 

b/Å 7.57018(7) R1 [I > 2σ(I)] 0.0227 

c/Å 22.8673(2) wR2 (all data) 0.0600 

V/Å3 3178.56(5) GOF on F2 1.107 

Z 4 Δρmax/min/e Å–3 0.43/–0.35 

Z′ 0.5   
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Table S2. Crystallographic data for compounds 2a·2.5MeOH, 2bpp·7acetone, 2bpd·3.9acetone, 

3a·4.5dioxane, 5a·2tol and 6a·tol 

 2a·2.5MeOH 2bpp·7acetone 2bpd·3.9acetone 3a·4.5dioxane 5a·2tol 6a·tol 

T/K 100(2) 100(2) 130.0(1) 100(2) 100(2) 100(2) 

formula 
C59.5H62N8O6.5 

F12P2Co2Br4  

C78H94N8O19  

Co2Cl2Br4 

C68.58H75.16N8 

O15.86Co2Cl2Br4 

C79H96N8O13 

F12P2Co2Br4 

C77H80N8O4 

F6PZn2Br4 

C70H72N8O4

F12P2Zn2Br4 

fw/g mol–1 1720.61 1956.01 1773.64 2093.07 1776.84 1829.67 

cryst syst orthorhombic triclinic triclinic orthorhombic monoclinic triclinic 

space group Pbcn P1̅  P1 Iba2 P21/c P1̅ 

a/Å 21.600(4) 17.127(3) 13.4672(4) 17.948(4) 20.821(4) 9.474(2) 

b/Å 15.000(3) 19.360(4) 15.7188(4) 20.058(4) 23.729(5) 16.711(3) 

c/Å 20.220(4) 25.008(5) 20.5224(5) 22.915(5) 15.968(3) 24.172(5) 

α/deg 90 84.20(3) 111.532(2) 90 90 84.25(3) 

β/deg 90 81.18(3) 90.341(2) 90 106.12(3) 87.61(3) 

γ/deg 90 89.83(3) 109.649(3) 90 90 79.98(3) 

V/Å3 6551(2) 8151(3) 3764.1(2) 8249(3) 7579(3) 3749(1) 

Z 4 4 2 4 4 2 

Z′ 0.5 2 2 0.5 1 1 

ρcalcd/g cm–3 1.744 1.594 1.565 1.685 1.557 1.621 

μ/mm–1 3.086 2.508 7.168 2.473 2.832 2.897 

reflns measd 152165 121942 29829 48401 87262 68941 

unique reflns 6225 30741 18197 7484 13624 19220 

data/restraints/ 

param 
6225/54/427 

30741/58/ 

1587 
18197/156/ 1894 

7484/107/      

482 

13624/108/ 

826 

19220/73/ 

927 

Rint 0.0985 0.0716 0.0220 0.1375 0.1060 0.0569 

R1 [I > 2σ(I)] 0.0681 0.0645 0.0371 0.0669 0.0725 0.0585 

wR2 (all data) 0.1996 0.2212 0.0980 0.1794 0.2281 0.1763 

GOF on F2 1.019 1.079 1.046 1.053 0.927 1.085 

Δρmax/min/e Å–3 1.57/–0.75 1.19/–0.54 0.89/–0.55 1.03/–1.27 0.97/–0.82 1.19/–1.56 

Flack n/a n/a 0.482(4) 0.10(2) n/a n/a 
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Table S3. Variable-temperature crystallographic data for 4a·xEtOH 

 100 K 150 K 200 K 250 K 300 K 

xEtOH 2 3 2.5 3 2 

formula C67H76N8O6 

F12P2Co2Br4 

C69H82N8O7 

F12P2Co2Br4 

C68H79N8O6.5 

F12P2Co2Br4 

C69H82N8O7 

F12P2Co2Br4 

C67H76N8O6 

F12P2Co2Br4 

fw/g mol–1 1816.79 1862.86 1839.83 1862.86 1816.79 

cryst syst orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic 

space group Pnna Pnna Pnna Pnna Pnna 

a/Å 26.0119(3) 26.0240(3) 26.0671(3) 26.1933(4) 26.2505(5) 

b/Å 14.2861(2) 14.4389(1) 14.5259(2) 14.6636(2) 14.6662(4) 

c/Å 20.1208(2) 20.3551(2) 20.4819(3) 20.6104(3) 20.6389(5) 

V/Å3 7477.1(2) 7648.6(1) 7755.4(2) 7916.2(2) 7945.9(3) 

Z 4 4 4 4 4 

Z′ 0.5 0.5 0.5 0.5 0.5 

T/K 100.0(1) 150.0(1) 200.0(1) 250.0(1) 300.0(1) 

ρcalc/g cm–3 1.614 1.618 1.576 1.563 1.519 

μ/mm–1 7.116 6.982 6.873 6.746 6.696 

reflns measd 57008 46089 64622 48187 48698 

unique reflns 7939 8071 8248 8369 8401 

data/restraints 

/param 
7939/0/434 8071/121/480 8248/67/480 8369/55/480 8401/55/480 

Rint 0.0538 0.0358 0.0574 0.0446 0.0493 

R1 [I > 2σ(I)] 0.0711 0.1097 0.0869 0.0574 0.0621 

wR2 (all data) 0.2029 0.3139 0.2926 0.1926 0.203 

GOF on F2 1.033 1.124 1.116 1.119 1.056 

Δρmax/min/e Å–3 1.08/–0.95 2.71/–2.84 1.25/–1.28 1.02/–0.79 0.91/–0.47 

 

Crystals were transferred directly from the mother liquor into a cryoprotective oil and then 

immediately mounted on the diffractometer at the data collection temperature to prevent solvent 

loss. Individual crystals of 4a·xEtOH were used for each variable temperature collection with the 

exception of 150 K and 200 K, as crystals suffered radiation damage if used for multiple 
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collections. The data for 2bpd·3.9acetone, 4a·xEtOH and Br4spiroH4·2Et2O were processed using 

CrysAlisPro,8 while data reduction for 2bpp·7acetone, 3a·4.5dioxane, 5a·2tol and 6a·tol were 

performed with XDS,9 using moderate multi-scan absorption correction in SADABS.10 Data 

reduction for 2a·2.5MeOH was performed in XDS with multiple scans merged in XSCALE.10 All 

structures were solved using the intrinsic phasing routine in SHELXT and refined using a full-

matrix least square procedure based upon F2 using SHELXL within OLEX2.11-13 For all structures, 

the positions of all non-hydrogen atoms were refined using anisotropic displacement parameters. 

Hydrogen atoms were placed geometrically, and their positions were constrained to geometrical 

estimates using the riding model. 

In view of a space group ambiguity, specific details on the solution of the structure of 

2bpp·7acetone are discussed. E-statistics suggested the compound 2bpp·7acetone crystallized in 

the non-centrosymmetric space group P1. Attempts to solve the structure in a centrosymmetric 

space group, using several structure solution packages (SHELXS, SHELXT, OLEX and 

Superflip), were not successful.12-15 However, a solution in the non-centrosymmetric space group 

P1 occurred readily, with two dinuclear molecules comprising the asymmetric unit, which, for P1, 

is the entire unit cell. Attempts to find a center of symmetry within the molecule were unsuccessful. 

Neither CIFCheck nor the ADDSYMM function in Platon were able to detect any center of 

symmetry.16-18 Attempts to refine the structure as a disordered centrosymmetric structure were also 

not successful. Accordingly, the refinement was continued in the space group P1 with a 

satisfactory convergence. The value of the Flack parameter indicates that the selected crystal was 

a racemic twin, with individual components of 0.518(4) and 0.482(4).  

Two molecules of acetone in 2bpd·3.9acetone and a molecule of dioxane in 3a·4.5dioxane 

were able to be located. Refinement was carried out with the solvent molecules being restrained 
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to ideal geometry, with the displacement parameters of some of the atoms being restrained to near 

isotropic values. Crystals of 3a·4.5dioxane, 4a·xEtOH, 5a·2tol and 6a·tol displayed highly 

disordered solvent which could not be readily modeled. Accordingly, refinement of these 

structures was carried out with the OLEX2 solvent mask routine,13 which determined the volume 

of the solvent void and the electron density within the void. 

Disorder of the perchlorate anions was observed in 2bpp·7acetone and 2bpd·3.9acetone. 

Four anions in 2bpd·3.9acetone and one anion in 2bpp·7acetone were restrained to have ideal 

geometry and were modelled over two orientations with the anisotropic displacement parameters 

of the atoms being restrained to have similar and near-isotropic values. 

Disorder of the hexafluorophosphate anions was observed in 2a·2.5MeOH, 4a·xEtOH (T 

= 150–300 K), 5a·2tol and 6a·tol. In the structures of 3a·4.5dioxane and 4a·xEtOH (T = 150–300 

K), PF6
– anions were modelled over three orientations with each component restrained to ideal 

geometry and with the anisotropic displacement parameters of equivalent atoms being constrained 

to be equal. The PF6
– anion in 2a·2.5MeOH was similarly modelled over two orientations. The 

PF6
– anion in 5a·2tol was disordered over two orientations with both components restrained to 

ideal geometry and with the fluorine atoms being restrained to have similar anisotropic 

displacement parameters. One of the PF6
– anions in 6a·tol was disordered over a center of 

symmetry; the anion was modelled using three components, with the central phosphorus atoms 

constrained to the same position and the anisotropic displacement parameters of the fluorine atoms 

restrained to have similar, near-isotropic values. In structures of 2a·2.5MeOH, 3a·4.5dioxane, 

4a·xEtOH (T = 150, 200 K) and 5a·2tol some of the carbon atoms belonging to Mentpa and 

Br4spiro appeared significantly disordered and so the anisotropic displacement parameters were 

constrained to have similar or near-isotropic values. 
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X-ray powder diffraction data were measured on the Rigaku XtaLAB Synergy-S Dual 

Microfocus X-ray diffractometer using Cu-Kα radiation. Measurements were performed at 100 K, 

with exception of 4a·H2O, for which measurements were taken at 50 K intervals between 100 and 

300 K. Powder samples were prepared by crushing the samples and loading into a 0.3 mm 

borosilicate glass capillary. Data were collected to 2θ = 80° with an exposure time of 60 s per 

frame and processed using CrysAlisPro software.19-20  

Electronic Absorption Spectroscopy. Ultraviolet-visible (UV-vis) absorption spectra 

were recorded on an Agilent Cary 60 UV-Vis spectrophotometer in the range 350–1000 nm. Near 

infra-red (NIR) absorption spectra were performed on a Perkin-Elmer Lambda 1050 UV/Vis/NIR 

spectrophotometer in the range 800–2200 nm. UV-vis-NIR measurements were recorded for 

acetonitrile (MeCN) solutions of 1a–6a, a 1,2-dichloroethane solution of 5a and a chlorobenzene 

solution of 5a. UV-vis measurements were also recorded for tetrahydrofuran (THF) solutions of 

1a, 2a and 4a. Near infra-red spectra in MeCN were corrected for spurious bands at 1408 nm and 

1908 nm which also appeared in in the blank MeCN spectrum. The NIR spectra of 5a was corrected 

at low energy (1800–2200 nm) for a discontinuity in absorbance at 1800 nm corresponding to a 

change in detector. 

Electrochemistry. Prior to electrochemical measurements, the stability of all compounds 

in MeCN over 4–5 h was confirmed: 1a is stable under a nitrogen atmosphere only (Figure S17 

and Figure S18) and 2a–6a are air-stable (Figure S17). Electrochemical measurements were 

performed in MeCN (1a–6a) and THF (1a, 2a and 4a) at room temperature using a standard three-

electrode configuration connected to an eDAQ computer-controlled potentiostat. Measurements 

were performed under a continuous nitrogen flow. For cyclic voltammetry measurements the 

three-electrode system consisted of a 1.0 mm diameter glassy carbon electrode (Cypress Systems), 
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a platinum wire auxiliary electrode and a commercially available Ag/AgCl reference electrode 

(eDAQ). For steady state voltammetry measurements, the working electrode was replaced with a 

3.0 mm diameter glassy carbon rotating disk electrode with external controller (Metrohm). Analyte 

solutions of 1.0 mM were prepared in solvent containing 0.25 M Bu4NPF6 as the supporting 

electrolyte. 

All potentials have been referenced versus the ferrocene/ferrocenium redox couple, 

measured immediately afterwards. The cyclic voltammetry (CV) midpoint potentials (Em) are 

calculated by taking the average of the anodic and cathodic peak potentials (Ep). The half-wave 

potentials (E1/2) are calculated as the potential at half the limiting current (iL). Reversible processes 

are identified by peak-to-peak separations (∆Ep) close to the value measured under the same 

conditions for ferrocene at a scan rate of 100 mV s–1 (68‒81 mV in MeCN, 80‒98 mV in THF). 

Solid-State Magnetic Measurements. Magnetic measurements were performed on a 

Quantum Design MPMS-XL SQUID magnetometer. Microcrystalline samples of 1a·CH2Cl2, 

2a·4H2O, 3a and 4a·H2O were loaded into polypropylene bags and the bags were heat sealed 

inside a glove box. The samples were finely crushed inside the bag, rolled up tightly and packed 

into a drinking straw. Ferromagnetic impurity checks were performed for each sample at 100 K by 

sweeping the field (0–10 kOe): linearity in plots indicates the lack of significant magnetic 

impurities (Figure S15). Magnetic susceptibility data were acquired under the application of a 1 

kOe field for paramagnetic samples (1a·CH2Cl2 and 4a·H2O), a 1.5 kOe field for 2a·4H2O and a 

10 kOe field for 3a in the temperature range 2–360 K. Magnetic susceptibility measurements were 

corrected for the diamagnetic contribution of the polypropylene bag and diamagnetic contribution 

of the samples using Pascal’s constants.21 
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Other Measurements. Elemental analyses were performed by the Campbell 

Microanalytical Laboratory, Chemistry Department, University of Otago, New Zealand. High 

resolution mass spectra (HRMS) were performed on an Agilent 6520 Accurate-Mass Q-TOF 

spectrometer. Thermogravimetric analyses were performed on a Mettler Toledo thermal analyzer 

using a ramp rate of 5 °C min–1 up to a maximum temperature of 400 °C. Pyrolysis-gas 

chromatography mass spectrometry (GCMS) was performed by TRACEES at the University of 

Melbourne. Infrared spectra (KBr disk) were recorded on a Bruker Tensor 27 FTIR spectrometer. 

All 1H NMR spectra were acquired on a Varian MR400 400 MHz spectrometer and referenced to 

residual protic solvent. 

Density Functional Theory (DFT) Calculations. The DFT calculations were performed 

using the Gaussian 16 program package22 with the UTPSSh functional23-24 and the 6-311++G(d,p) 

basis set. This methodology provides a good reproduction of the energies and magnetic properties 

of magnetically-bistable transition metal compounds.25-32 The stationary points on the potential 

energy surfaces were located by full geometry optimization with calculation of force constants and 

were checked for the stabilities of the DFT wavefunction. The estimation of exchange coupling 

parameters J (in cm−1; Ĥ = ‒2JS1S2) was carried out by calculation of all possible charge 

distributions using the “broken symmetry” (BS) formalism33 with the generalized spin-projection 

method developed by Yamaguchi.34 Structural visualizations were prepared using the ChemCraft35 

software with the calculated atomic coordinates as input parameters. Calculations on cationic 

complexes 2pp
2+, 32+ and 42+ incorrectly reproduce the relative energies of the different charge 

distributions by underestimating the stabilization energy of the {CoIII-cat-cat-CoIII} state, as it was 

shown previously.26,29 For this reason, magnetic properties were studied for the systems including 

counter-ions.  
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For compound 3a, the methyl groups of Me2tpa are approximately equally disordered over 

three sites. We performed calculations on 32+ with various methyl group positions and with the 

{CoIII-cat-cat-CoIII} charge distribution. The energy difference of the isomers did not exceed 1.5 

kcal mol–1 and so further calculations were performed on 3a with the methyl groups in the exterior 

and interior positions (Figure S12).  
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Literature Ligands 

 

Chart S1. Bis(dioxolene) ligands used as linkers in dinuclear cobalt complexes that display VT in 

the literature.36-39 
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Powder X-ray Diffraction 

 

Figure S1. Experimental PXRD pattern of 2a·4H2O at 100 K (black) and simulated PXRD pattern 

from crystal structure of 2a·2.5MeOH at 100 K (red). 

 

 

Figure S2. Experimental PXRD pattern of 2b·3H2O at 100 K (black) and simulated PXRD 

patterns from crystal structures of 2bpp·7acetone at 100 K (red) and 2bpd·3.9acetone at 130 K 

(blue). 
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Figure S3. (Top) Experimental PXRD patterns at 50 K intervals between 100 K (blue) and 300 K 

(red) for 4a·H2O. (Bottom) Simulated PXRD patterns from crystal structures of 4a·2EtOH at 100 

K (blue) and 300 K (red). 
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Thermogravimetric Analysis 

 

Figure S4. TGA data for 1a–6a and 2b. 
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Infrared Spectroscopy 

 

Figure S5. IR spectra (KBr disk) of 1a (black) and 1b (red).38 

 

 

Figure S6. IR spectra (KBr disk) of 2a (black) and 2b (red).  
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Figure S7. IR spectra (KBr disk) of 2a (red), 3a (blue), 4a (green), 5a (purple) and 6a (brown). 
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Table S4. Selected IR (cm–1) assignments of compounds 1a-6a. 

Moiety and Assignment 1a 2a 3a 4a 5a 6a Ref a 

tpa ν(C=C) 1610 (m) 1611 (m) 1612 (m) 1607 (m) 1606 (m) 1607 (s) 40 

tpa ν(C=N) 1578 (w) 1576 (w) 1577 (w) 1578 (w) 1579 (w) 1580 (m) 40 

SQ ν(C-C) 1480 (s) - - 1496 (s) 1519 (s) 1523 (vs) 41b 

SQ ν(C=O) + ν(C=C) + δ(C-H) c 1454 (m) - - 1454 (s) 1455 (s) 1455 (s) 38,40 

cat ν(C-O) + δ(C-H) c 1445 (sh) 1430 (vs) 1443 (s) - - - 38,40 

cat ν(C=O) + ν(C=C) + δ(C-H) c,d 1412 (w) - - - - - 40 

cat ν(C-O) + ν(C=C) + ν(C-C) - 1329 (m) 1329 (w) - 1327 (w) - 40,42
 

cat skeletal diox 1287 (m) 1268 (s) 1273 (s) - 1248 (m) e - 38,40,42
 

cat ν(C-O) + ν(C-C) - 1233 (w) 1237 (w) - - - 40,42 

PF6
– ν(P-F) 843 (vs) 844 (vs) 845 (vs) 843 (vs) 845 (s) 844 (vs) 43 

PF6
– δ(P-F) + ν(P-F) 557 (s) 558 (s) 557 (s) 557 (s) 557 (m) 558 (s) 43 

a Catecholate, semiquinonate and tpa assignments are based on literature DFT,40 unless specified otherwise.  b Assignment is not 

based on DFT results. Band is shifted to lower wavenumbers in cobalt compounds 1a and 2a due to π-backdonation that does not 

occur in zinc compounds 5a and 6a. c Only compound 1a contains aromatic protons.  d Band only appears in the presence of 

aromatic protons.  e Bands show a significant shift from expected value and assignment is tentative. 
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Additional Structural Data – Br4spiroH4·2Et2O 

The crystal data and structural data for Br4spiroH4·2Et2O are reported in Table S1 and Table S5; 

Br4spiroH4·2Et2O crystallizes in the orthorhombic space group Pbcn, with half of the Br4spiroH4 

molecule and one diethyl ether molecule present in the asymmetric unit (Figure S8). The other half 

of Br4spiroH4 is symmetry related by a C2 rotation axis through the spirocyclic carbon (C11). 

Brown et al. have defined an empirical metrical oxidation state (MOS) parameter using a least 

squares fitting of C-C and C-O bond lengths, as suggested by Carugo, in order to assign an apparent 

oxidation state to dioxolene ligands (Table S5).44-45 The expected catechol oxidation state is 

confirmed by a MOS value of –2.03(9). In the uncoordinated ligand, the resting dihedral angle 

between the two dioxolene planes is 79.03(3)°, although this may be affected by hydrogen bonding 

between the hydroxyl groups and diethyl ether. 

 

 

Figure S8. Structure of Br4spiroH4·2Et2O showing proligand only (left) and hydrogen-bonding 

with diethyl ether solvate (right). Color code: carbon, black; oxygen, red; bromine, brown; 

hydroxyl hydrogen, white. 
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Table S5. Structural data for Br4spiroH4·2Et2O 

Br4spiroH4·2Et2O 

O1-C1/Å 1.366(2) 

O2-C2/Å 1.361(2) 

C1-C2/Å 1.398(3) 

C2-C3/Å 1.391(3) 

C3-C4/Å 1.390(2) 

C4-C5/Å 1.396(2) 

C5-C6/Å 1.394(2) 

C6-C1/Å 1.389(3) 

Diox MOS a –2.03(9) 

Dihedral Angle/° b 79.03(3) 

a Dioxolene Metrical Oxidation State as defined by Brown et al. ref.44  b Angle between planes defined by (O1, O2, C1, C2, C3, 

C4, C5, C6) and intramolecular symmetry equivalent atoms. 
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Additional Structural Data – Dinuclear Complexes 

Compounds 2a·2.5MeOH, 3a·4.5dioxane and 4a·xEtOH crystallize in orthorhombic space groups 

Pbcn, Iba2 and Pnna, respectively. These three compounds contain only half of the dicationic 

cobalt complex in the asymmetric unit, with the other half being generated by rotation around the 

C2 axis that passes through the spirocyclic carbon (C11; Figure 2 and Figures S9‒S10). The 

asymmetric unit of 2a·2.5MeOH also contains one PF6
– anion and an average of 2.5 methanol 

molecules per solvent void (10 molecules per unit cell). In addition to one half of the dicationic 

cobalt complex, the asymmetric unit of 3a·4.5dioxane contains an ordered 1,4-dioxane molecule 

and a channel along the c-axis containing disordered PF6
– anion and solvent, with an average of 

one anion and 1.25 molecules of 1,4-dioxane per asymmetric unit (half-complex). The asymmetric 

unit of 4a·xEtOH contains half the cationic complex, one disordered PF6
– anion and disordered 

ethanol solvate (x = 2–3 depending on the individual crystal measured). 
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Figure S9. Complex cations in 2a·2.5MeOH, 3a·4.5dioxane, 4a·2EtOH, 5a·2tol and 6a·tol at 100 

K. Color code: carbon, black; oxygen, red; nitrogen, blue; cobalt, aqua green; bromine, brown; 

zinc, gray. Hydrogen atoms have been omitted for clarity. 
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Figure S10. Complex cations in crystal structures of 2a·2.5MeOH, 3a·4.5dioxane, 4a·xEtOH, 

5a·2tol and 6a·tol (100 K) from a different viewing angle. Color code as per Figure S9. Hydrogen 

atoms are omitted for clarity. 

 

 

Compound 2b crystallizes in the triclinic space groups P1̅ (2bpp·7acetone) and P1 

(2bpd·3.9acetone) with two complete dinuclear cobalt complexes (A and B) in the asymmetric unit 

(Figure S11). The asymmetric unit of 2bpp·7acetone also contains four perchlorate anions and an 

average of 14 acetone molecules per unit cell. The asymmetric unit of 2bpd·3.9acetone also 

contains four perchlorate anions and 7.8 acetone molecules. 
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Figure S11. Complex cations in crystal structures of 2bpp·7acetone (100 K) and 2bpd·3.9acetone 

(130 K) from two viewpoints. Color code as per Figure S9: carbon, black; oxygen, red; nitrogen, 

blue; cobalt, aqua green; bromine, brown; zinc, gray. Hydrogen atoms are omitted for clarity. 
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Compounds 5a·2tol and 6a·tol crystallize in the monoclinic space group P21/c and the 

triclinic space group P1̅, respectively, and contain one complete dinuclear zinc complex in the 

asymmetric unit (Figure S10). The asymmetric unit of 5a·2tol also contains a single PF6
– anion 

(per monocationic dinuclear complex) and two disordered toluene molecules that are in a plane 

parallel to the b- and c-axes. The asymmetric unit of 6a·tol contains one complete PF6
– anion, two 

halves of PF6
– anions positioned on inversion centers, and a single disordered toluene molecule in 

addition to the zinc complex. 

In the cationic complexes 22+–62+, the 6-coordinate metal atoms have a N4O2 coordination 

environment comprised of two cis O atoms from Br4spiro, plus three pyridyl N and one tertiary 

amine N from Mentpa (Figure 2, Figures S9‒S11). Structural isomers of the complexes are possible 

as the two oxygen atoms of the Br4spiro ligand are inequivalent: O1/O3 is in close proximity to 

the spirocyclic carbon (proximal) while O2/O4 is more distant from the spirocyclic carbon (distal; 

Figure S9).38 Complexes in 2a·2.5MeOH, 2bpp·7acetone, 3a·4.5dioxane, 4a·xEtOH and 5a·2tol 

are proximal-proximal (pp) isomers as the proximal oxygens are trans to the amine nitrogen atoms 

of Mentpa (N1/N5). Complexes in 2bpd·3.9acetone and 6a·tol are proximal-distal (pd) isomers 

because at the second metal center, the distal oxygen (O4) is trans to N1 (Figures S9–S11). Thus, 

crystallization of 2b from acetone/hexane or acetone/cyclohexane results in resolution of the two 

geometric isomers (Figure S11).  

The structures of the pp complexes 22+–5+ are similar, with the main variation being in the 

orientation of the N2 pyridyl ring. For 2a·2.5MeOH, 2bpp·7acetone and 3a·4.5dioxane, the N2 

pyridyl ring is approximately co-planar with the coordinating dioxolene, with dihedral angles in 

the range 10‒17°, but in 4a·xEtOH and 5a·2tol these pyridyl rings are significantly twisted, with 

the corresponding dihedral angles being in the range 37‒38° and  38‒44°, respectively (Figures 
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S9–S11). In 3a·4.5dioxane the two methyl groups of Me2tpa are approximately equally disordered 

over the interior, equatorial and exterior positions (Figure S12) with occupancies 0.724(5), 

0.608(5) and 0.668(5), respectively. 

 

 

Figure S12. Complex cations in crystal structures of 3a·4.5dioxane (100 K). Color code as per 

Figure S9. Labels indicate atom labels or methyl group positions: exterior, X; equatorial, Q; 

interior, I. 

 

The intramolecular bond lengths and distortion parameters are given for 2a·2.5MeOH, 

3a·4.5dioxane, 5a·2tol and 6a·tol in Table S6; 2bpp·7acetone and 2bpd·3.9acetone in Table S7 and 

4a·xEtOH in Table S8. These parameters are used to assign charge distributions as discussed in 

the main text. 
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Table S6. Selected structural data for 2a·2.5MeOH, 3a·4.5dioxane, 5a·2tol and 6a·tol at 100 K 

 2a·2.5MeOH 3a·4.5dioxane 5a·2tol 

Zn1 

 

Zn2 

6a·tol 

Zn1, p 

 

Zn2, d 

M1-O1 or M2-O3/Å 1.868(4) 1.879(7) 1.981(5) 1.995(5) 1.991(3) 2.163(3) 

M1-O2 or M2-O4/Å 1.896(4) 1.881(8) 2.118(4) 2.116(4) 2.211(3) 2.024(2) 

M1-N1 or M2-N5/Å 1.934(6) 1.92(1) 2.099(7) 2.118(7) 2.121(3) 2.143(3) 

M1-N2 or M2-N6/Å 1.913(5) 1.974(9) 2.189(5) 2.184(5) 2.139(3) 2.126(3) 

M1-N3 or M2-N7/Å 1.921(6) 1.97(1) 2.331(6) 2.202(7) 2.183(3) 2.192(3) 

M1-N4 or M2-N8/Å 1.907(7) 1.962(6) 2.265(5) 2.499(6) 2.418(3) 2.306(3) 

O1-C1 or O3-C12/Å 1.340(7) 1.34(1) 1.302(6) 1.321(7) 1.283(4) 1.270(4) 

O2-C2 or O4-C13/Å 1.348(7) 1.36(1) 1.277(8) 1.294(9) 1.276(4) 1.270(4) 

C1-C2 or C12-C13/Å 1.410(9) 1.40(1) 1.450(9) 1.453(9) 1.465(5) 1.478(5) 

Diox MOS a –1.8(1) –1.8(2) –1.2(2) –1.1(1) –0.93(3) –0.80(5) 

SHAPE (Oh) b 0.163 0.275 1.901 2.076 1.577 1.513 

Σ/deg c 34.3 40.9 105.6 103.2 97.2 104.7 

Θ/deg c 85.2 95.0 256.9 287.6 253.6 238.8 

Charge distribution d {CoIII-cat-cat-CoIII} {CoIII-cat-cat-CoIII} {ZnII-cat-SQ-ZnII} {ZnII-SQ-SQ-ZnII} 

a Dioxolene Metrical Oxidation State as defined by Brown et al. ref.44  b SHAPE index for octahedral geometry, calculated in 

SHAPE 2.1 and described in text.46-47  c 𝛴 = ∑ |90 − 𝛼𝑖|12
𝑖=1  where 𝛼𝑖 are the twelve cis-O/N-M-O/N angles about the cobalt atom. 

𝛩 = ∑ |60 − 𝜃𝑗|24
𝑗=1  where 𝜃𝑗  are the 24 unique O/N-M-O/N angles, |𝜃𝑗| < 120°, measured on the projection of two triangular faces 

of the octahedron along their common pseudo-threefold axis.48 Calculated using OctaDist—A program for determining the 

structural distortion of the octahedral complexes.49  d Majority charge distribution at the indicated temperature derived from both 

structural and magnetic/spectroscopic studies. 
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Table S7. Selected structural data for 2bpp·7acetone and 2bpd·3.9acetone 

 2bpp·7acetone 

100 K 

2bpd·3.9acetone 

130 K 

Metal center Co1A Co2A Co1B Co2B Co1A Co2A Co1B Co2B 

M1-O1 or M2-O3/Å 1.860(4) 1.862(4) 1.851(4) 1.852(4) 1.860(4) 1.862(4) 1.851(4) 1.852(4) 

M1-O2 or M2-O4/Å 1.894(5) 1.898(5) 1.896(5) 1.901(5) 1.894(5) 1.898(5) 1.896(5) 1.901(5) 

M1-N1 or M2-N5/Å 1.959(6) 1.942(5) 1.957(6) 1.932(6) 1.959(6) 1.942(5) 1.957(6) 1.932(6) 

M1-N2 or M2-N6/Å 1.923(6) 1.893(6) 1.909(5) 1.912(6) 1.923(6) 1.893(6) 1.909(5) 1.912(6) 

M1-N3 or M2-N7/Å 1.926(6) 1.897(6) 1.938(6) 1.930(6) 1.926(6) 1.897(6) 1.938(6) 1.930(6) 

M1-N4 or M2-N8/Å 1.893(5) 1.920(6) 1.900(6) 1.901(6) 1.893(5) 1.920(6) 1.900(6) 1.901(6) 

O1-C1 or O3-C12/Å 1.342(7) 1.353(8) 1.339(7) 1.338(8) 1.342(7) 1.353(8) 1.339(7) 1.338(8) 

O2-C2 or O4-C13/Å 1.342(7) 1.329(7) 1.350(7) 1.338(8) 1.342(7) 1.329(7) 1.350(7) 1.338(8) 

C1-C2 or C12-C13/Å 1.393(8) 1.398(8) 1.416(9) 1.402(9) 1.393(8) 1.398(8) 1.416(9) 1.402(9) 

Diox MOS a –1.8(1) –2.0(1) –1.8(2) –1.91(8) –1.8(1) –2.0(1) –1.8(2) –1.91(8) 

SHAPE (Oh) b 0.119 0.197 0.126 0.156 0.119 0.197 0.126 0.156 

Σ/deg c 29.1 33.7 27.9 29.7 29.1 33.7 27.9 29.7 

Θ/deg c 73.5 94.0 72.9 83.5 73.5 94.0 72.9 83.5 

a Dioxolene Metrical Oxidation State as defined by Brown et al. ref.44  b SHAPE index for octahedral geometry, calculated in 

SHAPE 2.1 and described in text.46-47  c 𝛴 = ∑ |90 − 𝛼𝑖|12
𝑖=1  where 𝛼𝑖 are the twelve cis-O/N-M-O/N angles about the cobalt atom. 

𝛩 = ∑ |60 − 𝜃𝑗|24
𝑗=1  where 𝜃𝑗  are the 24 unique O/N-M-O/N angles, |𝜃𝑗| < 120°, measured on the projection of two triangular faces 

of the octahedron along their common pseudo-threefold axis.48 Calculated using OctaDist—A program for determining the 

structural distortion of the octahedral complexes.49  
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Table S8. Variable temperature structural data for 4a·xEtOH 

T / K 100 150 200 250 300 

Co1-O1/Å 1.917(4) 1.930(7) 1.967(5) 1.997(3) 2.011(3) 

Co1-O2/Å 1.971(5) 2.006(9) 2.052(6) 2.083(3) 2.102(3) 

Co1-N1/Å 2.013(4) 2.003(7) 2.048(5) 2.075(3) 2.095(3) 

Co1-N2/Å 2.072(4) 2.092(7) 2.111(5) 2.130(4) 2.139(3) 

Co1-N3/Å 2.089(5) 2.105(7) 2.141(6) 2.173(4) 2.185(4) 

Co1-N4/Å 2.117(6) 2.133(9) 2.181(7) 2.223(4) 2.256(4) 

O1-C1/Å 1.317(6) 1.32(1) 1.306(8) 1.288(4) 1.278(4) 

O2-C2/Å 1.294(8) 1.26(2) 1.27(1) 1.268(5) 1.268(5) 

C1-C2/Å 1.445(8) 1.46(1) 1.45(1) 1.456(5) 1.450(5) 

Intermolecular Co···Co/Å 7.712(1) 7.700(2) 7.688(1) 7.7018(9) 7.7034(9) 

Intramolecular Co···Co′/Å 9.823(2) 9.823(3) 9.838(2) 9.883(1) 9.909(1) 

Co1···C11/Å 6.536(5) 6.554(8) 6.576(6) 6.613(3) 6.622(3) 

Dihedral angle/° a 67.96(9) 69.0(1) 69.5(1) 69.97(7) 70.05(7) 

Diox MOS b –1.3(1) –1.1(2) –1.14(9) –1.1(1) –1.1(1) 

SHAPE (Oh) c 0.770 0.914 1.069 1.280 1.357 

Σ/deg d 70.8 77.0 84.4 90.9 94.2 

Θ/deg d 164.5 180.6 200.9 222.5 230.2 

a Angle between planes defined by (O1, O2, C1, C2, C3, C4, C5, C6) and intramolecular symmetry equivalent atoms.  b Dioxolene 

Metrical Oxidation State as defined by Brown et al. ref.44  c SHAPE index for octahedral geometry, calculated in SHAPE 2.1 and 

described in text.46-47  d 𝛴 = ∑ |90 − 𝛼𝑖|12
𝑖=1  where 𝛼𝑖 are the twelve cis-O/N-Co-O/N angles about the cobalt atom. 𝛩 =

∑ |60 − 𝜃𝑗|24
𝑗=1  where 𝜃𝑗  are the 24 unique O/N-Co-O/N angles, |𝜃𝑗| < 120°, measured on the projection of two triangular faces of 

the octahedron along their common pseudo-threefold axis.48 Calculated using OctaDist—A program for determining the structural 

distortion of the octahedral complexes.49  

 

On heating of 4a·xEtOH from 100 K, the Co···Co and Co···C11 intramolecular distances increase, 

consistent with both the elongation of the Co-O/N bonds and the DFT optimized structures (Figure 

S13, Table S8–S9). The dihedral angle between dioxolene planes also increases, but this does not 

appear to be closely related to the charge distribution as it is not reproduced in DFT optimized 

structures or correlated with charge distribution in the other spiro and Br4spiro-bridged dinuclear 

complexes (Figure S13, Table S8–S10). The overall geometry of 42+ does not change substantially 

as a result of the VT transition (Figure S14).   
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Figure S13. Temperature dependence of various parameters in 4a·xEtOH. Parameters include 

a/a300 K, b/b300 K and c/c300 K cell parameters; C-O bond lengths; octahedral SHAPE, Σ and Θ 

distortion parameters; dioxolene dihedral angle; Co···Co and Co···C11 intramolecular distances. 

Error bars are within the data points for relative cell parameters and are not calculated for distortion 

parameters.
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Table S9. Structural data for spiro and Br4spiro dinuclear compounds (proximal-proximal 

isomers) 

Complex Intramolecular 

M···M/Å 

Intermolecular 

M···M/Å 

M1···C11 

/Å 

M2···C11 

/Å 

Dihedral 

Angle a /° 

Ref 

Proximal-Proximal Compounds 

pp-[{CoII(Me3tpa)}2(spiroSQ-SQ)] 

[CoCl4]·7MeOH  

9.497(1) 7.974(1) 6.623(6) 6.578(6) 70.7(1) 38 

pp-[{CoIII(tpa)}2(spiroSQ-SQ)] 

(PF6)4·4acetone 

10.465(2) 8.588(2) 6.419(8) 6.477(9) 71.4(2) 38b 

2a·2.5MeOH 10.075(2) 8.291(2) 6.460(6) 6.460(6) 73.60(8)  

2bpp·7acetone, complex A 9.902(3) 8.554(2) 6.482(6) 6.465(6) 66.1(1) 
 

2bpp·3.9acetone, complex B 9.909(2) 8.554(2) 6.457(7) 6.475(7) 65.2(1) 
 

3a·4.5dioxane 9.731(3) 8.984(2) 6.48(1) 6.48(1) 71.5(2)  

4a·2EtOH, 100 K 9.823(2) 7.712(1) 6.536(5) 6.536(5) 67.96(9)  

4a·2EtOH, 300 K 9.909(1) 7.7034(9) 6.622(3) 6.622(3) 70.05(7)  

5a·2tol 10.307(2) 8.390(2) 6.643(6) 6.631(7) 77.6(1)  

1a {CoIII-cat-cat-CoIII} DFT 10.203 n/a 6.487 6.482 75.72  

1a {CoIII-cat-SQ-CoII} DFT 10.219 n/a 6.644 6.486 74.20  

1a {CoII-SQ-SQ-CoII} DFT 10.204 n/a 6.655 6.658 72.54  

2bpp {CoIII-cat-cat-CoIII} DFT 10.576 n/a 6.506 6.508 79.53  

2bpp {CoIII-cat-SQ-CoII} DFT 10.591 n/a 6.501 6.685 78.46  

2bpp {CoII-SQ-SQ-CoII} DFT 10.600 n/a 6.681 6.684 77.84  

3a {CoIII-cat-cat-CoIII} DFT 10.578 n/a 6.514 6.514 79.93  

3a {CoIII-cat-SQ-CoII} DFT 10.585 n/a 6.509 6.682 78.87  

3a {CoII-SQ-SQ-CoII} DFT 10.636 n/a 6.686 6.688 78.24  

4a {CoIII-cat-cat-CoIII} DFT 10.669 n/a 6.536 6.536 80.05  

4a {CoIII-cat-SQ-CoII} DFT 10.599 n/a 6.532 6.704 78.82  

4a {CoII-SQ-SQ-CoII} DFT 10.620 n/a 6.703 6.703 78.18  

a Angle between planes defined by (O1, O2, C1, C2, C3, C4, C5, C6) and intramolecular symmetry equivalent atoms or (O3, O4, 

C12, C13, C14, C15, C16, C17). b A PF6
– anion is located between the two dioxolene arms of spiro.  
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Table S10. Structural data for spiro and Br4spiro dinuclear compounds (proximal-distal isomers) 

Complex Intramolecular 

M···M/Å 

Intermolecular 

M···M/Å 

M1···C11 

/Å 

M2···C11 

/Å 

Dihedral 

Angle a /° 

Ref 

pd-[{CoIII(tpa)}2(spirocat-cat)] 

(PF6)2·4pyridine 

9.565(3) 7.736(3) 6.443(9) 6.48(1) 82.1(2) 38 

2bpd·3.9acetone, complex A 10.138(2) 7.345(3) 6.455(6) 6.508(6) 73.4(1)  

2bpd·3.9acetone, complex B 10.157(1) 7.345(3) 6.471(6) 6.480(6) 78.5(1)  

6a·tol 9.757(3) 9.474(2) 6.662(4) 6.655(4) 79.57(7)  

2bpd {CoIII-cat-cat-CoIII} DFT 10.458 n/a 6.505 6.505 78.31  

a Angle between planes defined by (O1, O2, C1, C2, C3, C4, C5, C6) and intramolecular symmetry equivalent atoms or (O3, O4, 

C12, C13, C14, C15, C16, C17). b A PF6
– anion is located between the two dioxolene arms of spiro.  

 

 

 

Figure S14. Overlaid structure of 42+ in 4a·2EtOH at 100 K (blue) and 300 K (red) viewed from 

two different angles. 
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Magnetic Data 

 

Figure S15. Ferromagnetic check for impurities at 100 K for 1a·CH2Cl2, 2a·4H2O, 3a and 4a·H2O. 

Inset: R2 value for a linear fit, a linear response indicates no impurities. 
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Figure S16. Plots of χMT vs T for 1a·CH2Cl2 (black), 3a (blue) and 4a·H2O (green) on first 

heating (filled circles) and on a repeated cooling and heating cycle (empty circles).  
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UV-visible Spectroscopy 

 

 

Figure S17. UV-vis absorption spectra of MeCN solutions of 1a–6a in air – immediately following 

dissolution (red solid line) and after 1.5 h (1a) or 4–5 h (2a–6a, blue dashed line). 
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Figure S18. UV-vis absorption spectrum of an acetonitrile solution of 1a under nitrogen – 

immediately following dissolution (red solid line) and after 4 h (blue dashed line). 

 

Table S11. Electronic absorption bands for acetonitrile solutions of Br4spiro compounds 2a–6a. 

Assignment λ/nm (ε/mol L–1 cm–1)  Ref 

 2a 3a   

Mentpa LC: π* ← π 473 (353sh) 388 (1,770sh)  50 

 
- 535 (397sh)  50 

LMCT 674 (516) 809 (515)  40,50-51 

 4a 5a 6a  

SQ LC: 3b1 ← 9a1 (π* ← n) 420 (5,370) 416 (2,580sh) 405 (3,380sh) 51 

 - 433 (3,480) 423 (5,290) 51 

4T1(P) ← 4T1(F) a 538 (1,990sh) - - 52-53 

MLCT 614 (2,910) - - 3,54 

SQ LC: 3b1 ← 2a2 (π* ← π) b 695 (2,020sh) 702 (309sh) 716 (525sh) 51 

 - 803 (414sh) 800 (718sh) 51 

 844 (1,130sh) 872 (456) 870 (777) 51 

 972 (674sh) 974 (360sh) 978 (539sh) 51 

IVCT - 1494 (136) c - 55 

Abbreviations: LC = ligand-centered, LMCT = ligand-to-metal charge transfer, MLCT = metal-to-ligand charge transfer, IVCT = 

inter-valence charge transfer.  a Assigned based on the absence of a band in 5+ and 62+.  b Band is split due to vibronic coupling 

with the C-O stretching mode.51  c Maximum as determined from ε versus λ. The fitted maximum of (ε/ν) versus ν occurs at 5631 

cm–1 (1776 nm). 
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Figure S19. UV-vis absorption spectra of acetonitrile (red) and tetrahydrofuran (blue) solutions 

of 1a, 2a and 4a. Presented as normalized absorbance for 2a due to poor solubility of 2a in 

tetrahydrofuran resulting in significant scattering and uncertainty in the concentration. 
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Figure S20. UV-vis absorption spectra of 5a in acetonitrile (red), 1,2-dichloroethane (purple) 

and chlorobenzene (blue). 

 

 

 
Figure S21. UV-vis absorption spectra of 1,2-dichloroethane (DCE) and chlorobenzene (CB) 

solutions of 5a in air – immediately following dissolution (red solid line) and after 5 h (blue 

dashed line). 
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NIR Spectroscopy and Mixed-Valence Analysis 

The electronic structure of Robin-Day mixed-valence (MV) class I, II and III complexes are given 

in Figure S22.56-57 Class I corresponds to localized electronic structures with no interaction of the 

two centers, where the electronic coupling parameter, HAB, is equal to zero. Class II corresponds 

to localized electronic structures and localized solvent interactions, which result in an inter-valence 

charge transfer (IVCT) band of energy hνmax and full width at half maximum, ∆𝜈1/2. The values 

of νmax (cm–1) and ∆𝜈1/2 (cm–1) are obtained by fitting a Gaussian curve to the IVCT band when 

plotted as (ε/ν) versus ν, as appropriate for wavelength-dependent charge transfers.58 The IVCT 

for class II is typically solvent-dependent (Δνmax ≥ 200 cm–1 over a range of dielectric constant of 

30),58-59 weak in intensity (𝜀𝑚𝑎𝑥  ≤ 5000 L mol–1 cm–1), broad (∆𝜈1/2  ≥ 2000 cm–1) and has 

2HAB/νmax ≪ 1.58 Class II-III corresponds to localized electronic structures and averaged solvent 

interactions, given relative rates of bond vibrations and solvent reorientations, class II-III 

complexes are expected to have 0.7 < 2HAB/νmax < 1.58 Class III corresponds to electronic and 

solvent delocalization with 2HAB/νmax ≫ 1. Both MV class II-III and MV class III complexes are 

expected to have narrow (∆𝜈1/2  ≤ 2000 cm–1), intense (𝜀𝑚𝑎𝑥  ≥ 5000 L mol–1 cm–1) and solvent-

independent electronic transitions (Δνmax ≤ 200 cm–1 over a range of dielectric constant of 30).59 
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Figure S22. Robin-Day classification of mixed-valence compounds showing the energy of the 

inter-valence charge transfer (IVCT) transition and the electronic coupling parameter, HAB. Here 

X represents a dioxolene moiety that can be in the cat2– or SQ1– redox form.56-57  

 

The MV class can also be determined by the parameter Γ, as given by Equation S1: 

 

𝛤 = 1 − (Δ𝜈1/2) (Δ𝜈1/2°)⁄  (Eq. S1) 

 

where ∆𝜈1/2° is the theoretical bandwidth at half maximum of the IVCT (cm–1) as given by 

Equation S2: 

 

∆𝜈1/2° = (16𝑅𝑇(ln 2)𝑣𝑚𝑎𝑥)1/2 = (2310𝑣𝑚𝑎𝑥)1/2 at 298 K. (Eq. S2) 

 

Values of Γ < 0.5 indicate class II, values of Γ ≈ 0.5 indicate class II-III and values of Γ > 0.5 

indicate class III. For organic/redox-active ligand MV substances, HAB takes values of up to ~800 
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cm–1 for MV class II (typically 350–800 cm–1),60-61 ~1000–2000 cm–1 for class II-III 55,62 and 2500–

5500 cm–1 for class III.60-61  

According to the Hush model,56,63-64 HAB, may be calculated according to Equation 3: 

 

 𝐻𝐴𝐵1 =
2.06×10−2(𝜈𝑚𝑎𝑥𝜀𝑚𝑎𝑥Δ𝜈1/2)1/2

𝑟𝐴𝐵
 (Eq. S3) 

 

where εmax (L mol–1 cm–1) is the molar absorptivity at maximum (ε/ν) and rAB is the distance (Å) 

between the two centers, approximated for 5+ as the distance between the centroids of O1-C1-C2-

O2 and O3-C12-C13-O4 in 5a·2tol (rAB = 7.58 Å).60  

The Brunchwig-Sutin model65 provides an alternative measure of HAB, which uses 

complementary electrochemistry data to calculate the comproportionation equilibrium constant 

(Kc) for the reaction: {SQ-SQ}2+ + {cat-cat}0 ⇌ 2{cat-SQ}: 

 

𝛥𝐺𝑐° = −𝑅𝑇 ln 𝐾𝑐 = −𝐹(∆𝑑𝑖𝑜𝑥) (Eq. S4) 

 

where 𝛥𝐺𝑐° is the Gibbs free energy of the comproportionation reaction (J mol–1), F is Faraday’s 

constant which takes the value 95485 C mol–1, and Δdiox is the separation (V) between successive 

redox processes I and II as detailed in the main text. For partially delocalized complexes, HAB is 

given by Equation S5:65 

 

𝐻𝐴𝐵2 = (
−Δ𝐺𝑟°𝜈𝑚𝑎𝑥

2
)

1/2

≈ (
−Δ𝐺𝑐°𝜈𝑚𝑎𝑥

2
)

1/2

 (Eq. S5) 
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where 𝛥𝐺𝑐° is the Gibbs free energy of the comproportionation reaction (cm–1), which can be 

approximated as the Gibbs free energy due to the electronic interaction by delocalization, 𝛥𝐺𝑟°, in 

the case of small non-resonance contributions. In the case of fully delocalized complexes, Equation 

S6 should be used instead:65 

 

𝐻𝐴𝐵2 = −
Δ𝐺𝑟°

2
+

𝜈𝑚𝑎𝑥

4
≈ −

Δ𝐺𝑐°

2
+

𝜈𝑚𝑎𝑥

4
 (Eq. S6) 

 

Values above the upper limit of HAB (Equation S7) correspond to MV class III complexes.  

 

𝐻𝐴𝐵3 =
𝜈𝑚𝑎𝑥

2
 (Eq. S7) 

 

Near infrared spectra were recorded for 5a in acetonitrile (dielectric constant, κ = 37.5), 

1,2-dichloroethane (κ = 10.36) and chlorobenzene (κ = 5.62), and are given in Figure 5 and Figure 

S23. The NIR data in 1,2-dichloroethane and acetonitrile were plotted as the reduced spectrum, 

(ε/ν) versus ν, and Gaussian curves were fit to extract νmax and ∆𝜈1/2 (Table S12). In Table S12 are 

given the resulting values of Γ (Equation S1), ∆𝜈1/2° (Equation S2), HAB1 from the Hush model 

(Equation S3), HAB2 from the Brunchwig-Sutin model (Equation S5–S6), the limiting value HAB3 

(Equation S7) and the ratio 2HAB/νmax. No clear peak was observed in the reduced NIR spectrum 

of 5a in chlorobenzene (Figure S23) and fitting was unsuccessful; 5a was also unstable over time 

in chlorobenzene (Figure S21). Mixed-valence and electrochemical parameters of literature 

bis(dioxolene) complexes are given in Table S13. 
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Figure S23. Near infrared absorption spectra of 5a dissolved in acetonitrile (red), 1,2-

dichloroethane (purple) and chlorobenzene (blue) showing ε (left) and ε/ν (right) with Gaussian 

fits (black dashed). Parameters given in Table S12. 
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Table S12. Mixed-valence and IVCT parameters for complex 5a a 

Solvent νmax/cm–1 𝚫𝝂𝟏/𝟐/cm–1 (ε/ν)max/L mol cm–2 𝚫𝝂𝟏/𝟐°/cm–1  Γ 𝜟𝒅𝒊𝒐𝒙/mV 

1,2-Dichloroethane 5737(8) 7310(50) 0.01718(1) 3640 –1.01 n/a b 

Acetonitrile 5631(8) 6670(40) 0.02173(2) 3607 –0.85 175 

Solvent 𝜟𝑮𝒄°/kJ mol–1 HAB1/cm–1 (2HAB1/νmax) HAB2/cm–1 c (2HAB2/νmax) c HAB3/cm–1 c 

1,2-Dichloroethane n/a b 175 0.06 n/a b n/a b 2870 

Acetonitrile –16.9 184 0.07 1990 (2110) 0.71 (0.75) 2820 

a From Gaussian fit of ε/ν versus ν in the range of 7900 cm–1 to the low energy solvent absorption limit. Experimental noise from 

5790–5890 cm–1 was excluded when fitting 1,2-dichloroethane data. Chlorobenzene data could not be fit. Parameters calculated 

using Equations S1‒S7.  b Electrochemical data not measured in 1,2-dichloroethane.  c Value given using partially delocalized 

formula in Equation S5, value in brackets is calculated using Equation S6 for a fully delocalized complex. 

 

Table S13. Electronic coupling parameters for selected bis(dioxolene) ligands in Chart S2 a 

Bis(dioxolene) MO.S. Ancillary 

ligand(s) 

∆diox    

/mV 

HAB1    

/cm–1 

HAB2 
b        

/cm–1 

HAB3 limit c   

/cm–1 
2HAB1/νmax 2HAB2/νmax Γ b MV    

Class 
Ref 

m-Ph(cat)2 
d PdII tBu2bpy 82 0 0 - - - - I 60 

p-Ph(cat)2 PdII tBu2bpy 119 670 1770 (2130) - >0.20 0.54 (0.64) –0.30 II 60 

thea PtII dppb 230 280 e,f 2250 (2300) 2760 >0.10 e,f 0.81 (0.83) 0.36 II-III 55 

thea PtII dppe 270 550 f 2440 (2460) 2760 >0.20 f 0.88 (0.89) 0.36 II-III 55 

bis(catechol) PdII tBu2bpy 365 1530 3290 (3310) 3710 >0.41 0.89 (0.89) 0.52 II-III 60 

hhad g RuII (PBu3)2(CO)2 440 - h 2550 (2680) 1860 - h 1.38 (1.45) 0.32 II-III 62 

tmdmp PdII tBu2bpy 280 i 1290 3510 (3870) 5500 >0.23 0.64 (0.70) i 0.81 III 60 

Abbreviations: m-Ph(catH2)2 = 1,3-bis(3′,4′-dihydroxyphenyl)benzene; tBu2bpy = 4,4′-bis(tert-butyl)-2,2′-bipyridyl; p-Ph(catH2)2 

= 1,4-bis(3′,4′-dihydroxyphenyl)benzene; theaH4 = 2,3,6,7-tetrahydroxy-9,10-dimethyl-9,10-dihydro-9,10-ethanoanthracene; dppb 

= 1,2-bis(diphenylphosphino)benzene; dppe = 1,2-bis(diphenylphosphino)ethane; bis(catechol) = 3,3′,4,4′-tetrahydroxybiphenyl; 

hhadH4 = 1,2,3,5,6,7-hexahydroxyanthracene-9,10-dione; tmdmpH4 = 2,3,6,7-tetramethoxy-9,10-dimethylphenanthrene. 
a Measurements performed in dichloromethane (κ = 8.93). Parameters calculated using Equations S1-S7.  b Value given using 

partially delocalized formula in Equation S5, value in brackets is calculated using Equation S6 for a fully delocalized complex.  
c HAB3

 is valid for MV class III systems and is given for MV class II-III and MV class III systems only.  d No IVCT observed for 

this complex.  e rAB calculated from one-electron reduced structure.  f Band has not been fit to a Gaussian curve and Δ𝜈1/2 has been 

approximated.  g Metal binds at 2,3 and 6,7 positions of hhad.  h Absence of a crystal structure precluded determination of rAB and 

HAB.  i Potential of second oxidation wave is split due to the formation of a dimer on the electrode surface, so the potential has been 

approximated.  
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Chart S2. Bis(dioxolene) proligands employed in compounds described in Table S13.55,60,62 

 

 

The observation of localized cat2– and SQ•– bands on the IR timescale for 5a (Table S4) 

indicates electronic localization and rules out MV class III. The broadness and low intensity of the 

IVCT in 5a suggests MV class II character, which is supported by Γ < 0.5. The Γ parameter 

appears to be an accurate measure of MV class for bis(dioxolene) complexes (Table S13), although 

there is an error associated with fitting the IVCT of 5a when the low and high energy tails are 

obscured by solvent absorption and other electronic transitions, respectively. A value of 2HAB1/νmax 

of 0.06–0.07 also suggests MV class II for 5a. However, HAB1 (175–184 mV) is considered a lower 

limit of HAB as rAB is underestimated by the geometric distance, and 2HAB1/νmax is a poor indication 

of MV class in literature bis(dioxolene) complexes (Table S13). The value of 2HAB2/νmax shows a 

stronger correlation with MV class in literature bis(dioxolene) complexes. For complex 5a, 

2HAB2/νmax = 0.71–0.75 is on the border of class II and class II-III. The decisive feature is the weak 

solvent dependence of the IVCT (Figure S23, Table S12, Δνmax = 110(20) cm–1) which confirms 

MV class II-III character for 5a.59  
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Electrochemistry 

 

Figure S24. (Left) Cyclic voltammograms of MeCN solutions of compounds 1a–6a (1.0 mM with 

0.25 M Bu4NPF6) at a scan rate of 100 mV s–1. The colored lines plot the voltammograms measured 

with a switching potential immediately past the first oxidation (red), second oxidation (blue) and 

first reduction (green). (Right) Corresponding RDE voltammograms obtained at a scan rate of 50 

mV s–1 and a rotation rate of 500 rotations min-1. Arrows indicate the direction of the scan.  



S53 

 

 

 

Figure S25. (Left) Cyclic voltammograms of acetonitrile and tetrahydrofuran solutions of 

compounds 1a, 2a and 4a (1.0 mM with 0.25 M Bu4NPF6) at a scan rate of 100 mV s–1. The colored 

lines plot the voltammograms measured with a switching potential immediately past the first 

oxidation (red), second oxidation (blue) and first reduction (green). (Right) Corresponding RDE 

voltammograms obtained at a scan rate of 50 mV s–1 and a rotation rate of 500 rotations min-1. 

Arrows indicate the direction of the scan. Note that compound 2a had limited solubility in 

tetrahydrofuran and precipitation was observed in the cell.  
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Table S14. Cyclic voltammetry and rotating disk electrode voltammetry data for compounds 1a, 

2a and 4a in tetrahydrofuran a 

 Cyclic Voltammetry Data  

Em or Ep/V (ΔEp/mV) 

Rotating Disk Electrode Voltammetry 

E1/2 / V (iL/μA) 

 I/I′ II/II′ III V I/I′ II/II′ III V 

1a 
–0.978 

(126) 

–0.838 

(89) 

–0.028 

(129) 
n/a 

–1.041 

(13.5) 

–0.857 

(13.6) 

–0.067 

(26.4) 
n/a 

2a 
0.123 

(79) 

0.304 

(83) 

n/a –1.109 

(192) 

0.124 

(4.0) 

0.314 

(4.0) 

n/a –1.186 

(7.8) 

4a 
–0.770 

(74) 

–0.532 

(72) 

0.320 b 
n/a 

–0.772 

(13.5) 

–0.525 

(12.8) 

0.333 

(34.4) 
n/a 

a 1.0 mM in tetrahydrofuran with 0.25 M Bu4NPF6. Compound 2a showed limited solubility, reflected in the smaller iL values. 

Potentials reported versus Fc/Fc+ couple. Error in potentials is ±5 mV.  b Ep rather than Em. 

 

Process IV is observed at high potentials for 1a–4a in MeCN (Figure 6) and did not lie 

within the accessible potential window in THF (Figure S25). The RDE voltammogram of process 

IV is only well-defined for 2a, which suggests a 2e-oxidation of the {CoIII-SQ-SQ-CoIII}4+ species 

to {CoIII-Q-Q-CoIII}6+ (Q = quinone). For complex 2a, the {CoIII-SQ-SQ-CoIII}4+ species 

generated by oxidation II′ is stable, leading to a well-defined oxidation IV. The {CoIII-SQ-SQ-

CoIII}4+ species generated by oxidation II′ is less stable for complex 3a, resulting in a smaller peak 

current for process IV. 

As mentioned in the main text, the {CoII-Q-Q-CoII}4+ species formed by process III is 

thought to dissociate. However, the presence of process IV in the voltammetry for cobalt 

compounds 1a and 4a suggests that the {CoII-Q-Q-CoII}4+ species formed following oxidation 

through process III undergoes a partial charge redistribution to the more thermodynamically-stable 

isoelectronic species, {CoIII-SQ-SQ-CoIII}4+ (Scheme 1, Table S15, Figure S28). This 

interconversion is not possible for zinc compounds 5a and 6a, and so process IV is not observed. 

The extent of charge redistribution of the tetracationic species depends on competition with 
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dissociation of the dinuclear complex, but enough of the {CoIII-SQ-SQ-CoIII}4+ complex exists in 

the voltammetry experiments to enable observation of process IV for 1a and 4a, albeit with a small 

current and poorly defined RDE processes. 
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Computational Investigation of Electrochemical Assignments 

To confirm the assignment of the electrochemical processes, geometry optimizations were 

performed on complex 2pp
2+ in the ground state and reduced and optimized forms. As the HOMO 

of {CoIII-cat-cat-CoIII} is ligand-centered (Figure S26), the first oxidation is expected to be ligand-

based. Indeed, removing an electron from 2pp
2+ (process I) results in the formation of a {CoIII-cat-

SQ-CoIII} species, 2pp
3+, characterized by the absence of spin density on cobalt and delocalization 

of one electron over the ligand system (Figure S27). The ligand bond lengths are intermediate 

between those typical for the catecholate and semiquinonate forms. A second one-electron 

oxidation (process II) results in the formation of 2pp
4+ with the charge distribution {CoIII-SQ-SQ-

CoIII}. The charge distribution is confirmed by the bond lengths and the spin density on the 

semiquinone fragments, which is twice as large as in 2pp
3+ (Figure S27). The last two-electron 

oxidation (process IV) stabilizes the diamagnetic {CoIII-Q-Q-CoIII} species with bond lengths 

characteristic of the neutral quinone form of the dioxolene (Figure S27). A two-electron reduction 

(process V) of 2pp
2+ stabilizes {CoII-cat-cat-CoII} state, 2pp. The assignment of process V is 

confirmed by almost unchanged dioxolene C-C bond lengths and spin density localized on the 

cobalt centers (Figure S26). Thus, an analysis of the spin density distribution and the calculated 

bond lengths confirm the assignment of the electrochemical processes made in Scheme 1: in the 

2pp
2+ complex, processes I and II are the ligand-centered oxidations, while the reduction process 

V occurs at the metal ions.  
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Figure S26. Optimized geometries (left) of the initial and reduced species of 2pp
2+ as calculated 

by the DFT UTPSSh/6-311++G(d,p) method. Corresponding HOMO (cutoff = 0.036 e/Å3) of the 

{CoIII-cat-cat-CoIII} charge distribution (right) and spin density distribution (cutoff = 0.015 e/Å3) 

of the {CoII-cat-cat-CoII} charge distribution (right). Hereinafter hydrogen atoms are omitted; 

bond lengths are given in Å. 

 



S58 

 

 

 

Figure S27. Optimized geometries (left) and spin density distribution (cutoff = 0.015 e/Å3) (right) 

of the oxidized species of 2pp
2+ as calculated by the DFT UTPSSh/6-311++G(d,p) method.  
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Analogous calculations performed on complex 42+ (Figure S28) indicate that processes I 

and II are sequential ligand-based one-electron reductions. A one-electron reduction of 42+ 

(process I) results in the formation of a {CoII-SQ-cat-CoII} species, 4+, with non-equivalent 

dioxolene moieties (Figure S29). The second one-electron reduction (process II) stabilizes the 

{CoII-cat-cat-CoII} species, 4, as indicated by typical catecholate bond lengths in the dioxolene 

fragments and localized spin density on the cobalt atoms (Figure S29). Removing two electrons 

from complex 42+ (process III) could result in two possible 44+ species, {CoIII-SQ-SQ-CoIII} from 

a metal-based oxidation and {CoII-Q-Q-CoII} from a ligand-based oxidation (Figure S28). The 

{CoII-Q-Q-CoII} state is destabilized by 25 kcal mol–1 relative to the {CoIII-SQ-SQ-CoIII} species. 

However, based on convincing experimental evidence that process III is ligand-based, we 

conclude that the kinetically favored process is an oxidation to the {CoII-Q-Q-CoII} species which 

may be followed by a rearrangement to the more enthalpically stable {CoIII-SQ-SQ-CoIII} species. 

The {CoIII-SQ-SQ-CoIII} state is characterized by short Co-O/N bond lengths, absence of spin 

density on the cobalt atoms and localized spin density on the semiquinone fragments (Figure S28). 
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Figure S28. Optimized geometries (left) and spin density distribution (cutoff = 0.015 e/Å3) (right) 

of the initial and oxidized species of 42+ as calculated by the DFT UTPSSh/6-311++G(d,p) method. 
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Figure S29. Optimized geometries (left) and spin density distribution (cutoff = 0.015 e/Å3) (right) 

of the reduced species of 42+ as calculated by the DFT UTPSSh/6-311++G(d,p) method. 
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Computational Investigation of Magnetic Properties 

 

Figure S30. Optimized geometries of 1a in the three charge distributions, {CoIII-cat-cat-CoIII} 

(top), {CoIII-cat-SQ-CoII} (middle) and {CoII-SQ-SQ-CoII} (bottom) as calculated by the DFT 

UTPSSh/6-311++G(d,p) method.  



S63 

 

 

 

Figure S31. Optimized geometries of 2bpp in the three charge distributions, {CoIII-cat-cat-CoIII} 

(top), {CoIII-cat-SQ-CoII} (middle) and {CoII-SQ-SQ-CoII} (bottom) as calculated by the DFT 

UTPSSh/6-311++G(d,p) method. 
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Figure S32. Optimized geometries of 3a in the three charge distributions, {CoIII-cat-cat-CoIII} 

(top), {CoIII-cat-SQ-CoII} (middle) and {CoII-SQ-SQ-CoII} (bottom) as calculated by the DFT 

UTPSSh/6-311++G(d,p) method. 
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Figure S33. Optimized geometries of 4a in the three charge distributions, {CoIII-cat-cat-CoIII} 

(top), {CoIII-cat-SQ-CoII} (middle) and {CoII-SQ-SQ-CoII} (bottom) as calculated by the DFT 

UTPSSh/6-311++G(d,p) method.  
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Table S15. Spin states (S), total energies with (EZPE) and without (E) zero-point harmonic 

vibrations, total enthalpies (H298) and expectation values of the spin-squared operator (Ŝ2) of the 

compounds 1a, 2bpp, 2bpd, 3a and 4a calculated by the DFT UTPSSh/6-311++G(d,p) method. 

 
Charge Distribution S E/a.u. EZPE/a.u. H298/a.u. Ŝ2 

1a {CoIII-cat-cat-CoIII} 0 –7750.275392 –7749.096719 –7749.011792 0.00 

 {CoIII-cat-SQ-CoII} 2 –7750.273710 –7749.098189 –7749.012002 6.01 

 βα a 1 –7750.271258 – – 3.00 

 {CoII-SQ-SQ-CoII} 4 –7750.269035 –7749.097500 –7749.009197 20.03 

 αββα 2 –7750.263269 – – 7.95 

 ααββ 0 –7750.269106 – – 4.02 

 αβαβ 0 –7750.263216 – – 4.01 

 αβαα 3 –7750.266295 – – 13.01 

 βααα 1 –7750.266252 – – 5.02 

2bpp {CoIII-cat-cat-CoIII} 0 –17526.842655 –17525.821090 –17525.741539 0.00 

 {CoIII-cat-SQ-CoII} 2 –17526.822977 –17525.805453 –17525.724027 6.01 

 βα 1 –17526.820711 – – 3.00 

 {CoII-SQ-SQ-CoII} 4 –17526.799116 –17525.785527 –17525.703018 20.03 

 αββα 2 –17526.795590 – – 8.00 

 ααββ 0 –17526.799175 – – 4.02 

 αβαβ 0 –17526.795618 – – 3.99 

 αβαα 3 –17526.798390 – – 13.01 

 βααα 1 –17526.798378 – – 5.01 

2bpd {CoIII-cat-cat-CoIII} 0 –17526.842995 –17525.821448 –17525.742059 0.00 

3a {CoIII-cat-cat-CoIII} 0 –18043.989761 –18042.850608 –18042.759795 0.00 

 {CoIII-cat-SQ-CoII} 2 –18043.981794 –18042.846607 –18042.753803 6.01 

 βα 1 –18043.978241 – – 2.94 

 {CoII-SQ-SQ-CoII} 4 –18043.971672 –18042.840397 –18042.745722 20.03 

 αββα 2 –18043.965866 – – 8.02 

 ααββ 0 –18043.971676 – – 4.02 

 αβαβ 0 –18043.965874 – – 4.01 
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 αβαα 3 –18043.968782 – – 13.02 

 βααα 1 –18043.968777 – – 5.02 

4a {CoIII-cat-cat-CoIII} 0 –18122.633953 –18121.439804 –18121.346549 0.00 

 {CoIII-cat-SQ-CoII} 2 –18122.634145 –18121.443888 –18121.347726 6.01 

 βα 1 –18122.631547 – – 3.01 

 {CoII-SQ-SQ-CoII} 4 –18122.631368 –18121.445268 –18121.347957 20.03 

 αββα 2 –18122.625931 – – 8.02 

 ααββ 0 –18122.631012 – – 4.01 

 αβαβ 0 –18122.625941 – – 4.01 

 αβαα 3 –18122.628770 – – 13.02 

 βααα 1 –18122.628655 – – 5.02 

a α corresponds to spin-up, β corresponds to spin-down; the order of the paramagnetic centers in {CoII-SQ-SQ-CoII}: (1) CoII (2) 

SQ (3) SQ (4) CoII 

 

Table S16. Relative energies of different charge distributions (kcal mol–1) of 1a, 2bpp, 3a and 4a 

and ρ-parameter calculated by the DFT UTPSSh/6-311++G(d,p) method. 

 Charge distribution 1a 2bpp 3a 4a 

Energy/kcal mol-1 {CoIII-cat-cat-CoIII} 0.0 0.0 0.0 0.0 

 {CoIII-cat-SQ-CoII} 1.1 12.3 5.0 ‒0.1 

 {CoII-SQ-SQ-CoII} 4.0 27.3 11.4 1.6 

ρ  –0.24 –0.05 –0.06 –0.57 
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Table S17. Exchange coupling parameters (cm–1) calculated by the DFT UTPSSh/6-311++G(d,p) 

method. 

Charge Distribution Coupled moieties a 1a 2bpp 3a 4a 

{CoIII-cat-SQ-CoII} HS-Co(II)-SQ1 179 165 254 190 

{CoII-SQ-SQ-CoII} HS-Co(II)-SQ1 212 129 121 192 

HS-Co(II)-SQ2 –2 –1 0 7 

SQ1-SQ2 –6 –6 –1 6 

HS-Co(II)-HS-Co(II) 0 0 0 4 

a SQ1 represents the closest (coordinating) dioxolene and SQ2 represents the dioxolene on the other side of Br4spiro. 
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