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An S = 12 Semiquinoid Radical-Bridged Mn6 Wheel Complex 
Assembled from an Asymmetric Redox-Active Bridging Ligand† 
Ie-Rang Jeon and T. David Harris* 

 

The asymmetric redox-active ligand 4,5-bis(pyridine-2-
carboxamido)-1,2-catechol (N,OLH4) is prepared and metalated to 
afford the hexanuclear complex [Mn6(N,OL)6]6–. Structural analysis 
and magnetic measurements reveal this complex to feature MnII 
ions bridged by N,OL3–• radicals, which are antiferromagnetically 
coupled to give an S = 12 ground state. 

 Molecules that possess a high-spin ground state can 
potentially retain their net magnetization upon removal of an 
applied dc magnetic field, owing to the presence of a thermal 
spin relaxation barrier.1 The molecules are known as single-
molecule magnets, and they may find use in applications such 
as high-density spin-based information storage and 
processing. 2  The realization of such potential applications 
requires maximizing the spin relaxation barrier, which is 
correlated to both spin ground state (S) and axial zero-field 
splitting (D). In addition to these factors, the strength of 
magnetic coupling between spin centres in single-molecule 
magnets is critical to ensure thermal isolation of the spin 
ground state from excited states and to shut down deleterious 
fast relaxation pathways such as quantum tunnelling.3  
 One synthetic strategy toward the engenderment of strong 
coupling is to incorporate a paramagnetic radical ligand 
between high-spin metal centres.4 Here, the ligand magnetic 
orbital will overlap with that of the metal, resulting in strong 
direct exchange coupling. Indeed, a number of molecular 
systems containing semiquinoid radicals have been shown to 
involve exclusive population of the spin ground state up to 
even 300 K, stemming from strong metal-ligand radical 
magnetic interactions.5,6 Despite these advances with metal 
semiquinoid molecules, to our knowledge no such complex of 
nuclearity higher than two has been reported. Herein, we 
report the synthesis and characterization of a new asymmetric 

benzoquinoid bridging ligand, and its metalation to give a 
radical-bridged Mn6 wheel complex. To our knowledge, this 
molecule represents the highest nuclearity and the highest 
spin ground state yet reported for a metal semiquinoid 
complex. 
 We targeted N,OLH4 based on previous reports of related 
ligands that have been shown to support metal complexes 
with radical redox-isomers, albeit resulting exclusively in low-
spin complexes. 7 , 8  The synthesis of N,OLH4 was effected 
through a coupling reaction between 4,5-diaminocatechol and 
2-picolinic acid in pyridine in the presence of 1,1′-
carbonyldiimidazole, following a modified literature procedure 
(see Scheme 1).7 Reaction of N,OLH4 with Mn(CH3COO)3·2H2O in 
DMF, followed by treatment with a THF solution of Cp2Co, 
yielded a dark violet precipitate. Subsequent diethyl ether 
vapour diffusion into a DMSO solution of the violet solid gave 
dark violet block-shaped crystals of 
(Cp2Co)6[Mn6(N,OL)6]·8DMSO (1) in 38% yield.‡ Crystals of 1 are 
stable at ambient temperature under a dinitrogen 
atmosphere, but rapidly degrade upon exposure to air.  
 The structure of [Mn6(N,OL)6]6– comprises a wheel-shaped 
assembly formed by six each alternating Mn ions and 
deprotonated N,OLn– bridging ligands (see Figure 1). Each Mn 
centre resides in a distorted octahedral coordination 
environment, with two adjacent sites occupied by two oxygen 
donor atoms from the catechol unit of N,OLn– and the other four 
sites bound to nitrogen donor atoms from two pyridines and 
two carboxamido groups of a second molecule of N,OLn–. The 
Mn centre is displaced by 0.814(2) Å out of the plane formed 
by four nitrogen atoms from the ligand. The average Mn-N and 
Mn-O distances are 2.235(14) and 2.170(9) Å, which can be 
unambiguously assigned to a high-spin MnII ion configuration. 
The presence of MnII ions, in conjunction with the overall 6+ 

 
 

Scheme1. Synthesis of  N,OLH4. 
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complex charge, implies the presence of six N,OL3−• units. The 
Mn6 complex features an intramolecular Mn···Mn distance of 
15.493(4) Å along the diameter of the wheel. This distance is 
slightly longer than that of 14.734(8) Å previously reported for 
a structurally similar Mn6 wheel complex containing nitronyl 
nitroxide bridging ligands.9  
 Within 1, the charge of each [Mn6(N,OL)6]6– anionic complex 
is compensated by six [Cp2Co]+ cations (see Figure S1 in the 
Electronic Supplementary Information). Three [Cp2Co]+ cations 
are situated above and three below the Mn6 wheel, as viewed 
normal to the wheel diameter along the crystallographic c axis, 
with a closest Mn···Co distance of 6.243(4) Å. In addition, the 
individual Mn6 complexes are closely packed in the solid state, 
as evidenced by shortest intermolecular Mn···Mn and C···C 
distances of 8.846(3) and 3.36(3) Å, respectively. 
 To probe and confirm the presence of a trianionic radical 
configuration for the bridging ligand, bond distances involving 
ligand-based atoms were carefully investigated. The mean C-C 
distance of the quinoid ring of 1.41(2) Å falls exactly 
intermediate of 1.405(4) and 1.425(3) Å previously reported 
for a related N,NL4– ligand and its two-electron oxidized 
benzoquinone isomer, N,NL2–, respectively.8 In addition, the 
mean C-Namide distance in 1 of 1.37(2) Å follows similar trend, 
being shorter and longer, respectively, than the C-N distances 
of 1.407(3) and 1.350(3) Å for N,NL4– and N,NL2–. Finally, the C-O 
bond distance in 1 of 1.29(2) Å is close to that of 1.293(3) Å 
reported for molecular complexes containing trianionic 
tetraoxolene radicals. 10  Taken together, these structural 
observations confirm that the bridging ligand in 1 is best 
described as N,OL3–•, giving an overall anionic complex 
formulation of [MnII

6(N,OL3–•)]6–. To the best of our knowledge, 
1 represents the first structurally-characterized complex 
containing a radical isomer of (pyridine-2-
carboxamido)benzene derivatives, and the highest-nuclearity 
metal semiquinoid complex reported to date. 

 The presence of MnII and N,OL3−• in 1 likely results from a 
combination of ligand-to-metal electron-transfer and 
reduction by Cp2Co. Here, a 1:1 electron-transfer from MnIII to 
N,OL4−, followed by one-electron reduction of the ensuing 
product by Cp2Co, would give rise to a [MnII

6(N,OL4–)]12– 
complex rather than the observed [MnII

6(N,OL3–•)]6– species. If 
such a fully-reduced species is indeed formed transiently, it 
may then be oxidized by excess MnIII or solvent. Alternatively, 
the reaction possibly proceeds via two-electron oxidation of 
the starting N,OL4– ligand, assisted by excess MnIII, and then 
reduction by Cp2Co. Nevertheless, the exact mechanism 
associated with the formation of 1 is beyond the scope of this 
report. Note, however, that carrying out the reaction in the 
absence of Cp2Co gives rise to a different product whose study 
is ongoing.  
 To probe the magnetic interactions in 1, variable-
temperature dc magnetic susceptibility data were collected on 
a solid sample under an applied field of 1000 Oe, and the 
resulting plot of χMT vs T is shown in Figure 2. At 300 K, χMT = 
25.5 cm3K/mol, which is slightly lower than the value of 28.5 
cm3K/mol expected for magnetically isolated six S = 5/2 MnII 
centres and six S = 1/2 radical ligands with g = 2, suggesting the 
presence of antiferromagnetic interactions between the metal 
ions and the ligand radicals. Upon lowering the temperature, 
the χMT data undergo a gradual decrease, reaching a minimum 
of χMT = 24.0 cm3K/mol at 165 K. Upon further lowering the 
temperature, the χMT data undergo an abrupt increase to a 
maximum of χMT = 64.9 cm3K/mol and then a steep downturn 
below 4 K. The observed maximum of χMT is slightly lower 
than the value of 78 cm3K/mol expected for an S = 12 ground 
state, most likely due to the effects of intermolecular 
antiferromagnetic interactions and/or the population of low-
lying excited states. 
 A precise quantitative determination of the magnetic 
interaction between MnII ions and radicals in 1, considering a 

 
 

Figure 1. X-ray crystal structure of [Mn6(N,OL)6]6–, as viewed along the crystallographic c 
axis. Purple, red, blue, and gray spheres represent Mn, O, N, and C atoms, respectively; 
H atoms are omitted for clarity. 

 

 
 

Figure 2. Variable-temperature dc magnetic susceptibility data for 1, collected under an 
applied field of 1000 Oe. The red line corresponds to a fit of the data. Inset: Low-
temperature magnetization data for 1 at selected temperatures. 
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model based on a 12-member ring, was hindered due to the 
large number of spins. Nevertheless, a fit to the data using a 
chain model for alternating classical spins (S = 5/2) and 
quantum spins (S = 1/2) provided an estimated coupling 
constant of J = –15.6(4) cm–1 with g = 2.0(1).11 Note that, in the 
case of alternating S = 5/2 and S = 1/2 spins, the theoretical 
estimation of magnetic susceptibility for a ring comprising 
three pairs of spins and that for an infinite chain are nearly 
identical above the temperature at which χMT reaches the 
minimum, while the increase of χMT at low temperature is 
steeper for a chain owing to longer-range magnetic 
correlation.11 This divergence between the two models at low 
temperature likely explains the observed discrepancy between 
the fit and the experimental data for 1.  
 In addition, according to this alternating chain analysis, the 
temperature at which χMT reaches a minimum value should 
provide an estimate of the strength of magnetic exchange 
between spins following the relationship T = 7.194|J|.11,12 As 
such, this expression gives an estimated coupling constant of 
|J| = 23 cm–1 for 1. In view of these two components of the 
chain model analysis, the magnetic coupling between MnII and 
N,OL3–• in 1 most likely falls within the range of 15-23 cm–1. 
Finally, the observed coupling strength is smaller than what 
has been estimated for the FeIII complexes containing NL–• and 
N,NL3–•,7,8 which likely stems from the high-spin MnII 

configuration and the significant displacement of the MnII 
centre from the N4 ligand plane within the wheel structure in 
1. 
 To confirm the spin ground state of 1, variable-field 
magnetization data were collected at 1.8, 3, 5, and 8 K (see 
Figure 3). The magnetization curve at 1.8 K follows an abrupt 
increase at low field and reaches a maximum of M = 24.4 µB at 
4 T. This magnetization value confirms the presence of strong 
antiferromagnetic interaction between MnII ions and N,OL3–•, 
leading to a spin configuration of S = 12 even under an applied 
dc field of 7 T. Additionally, such a rapid increase of magnetic 
moment at low field is reflective of the high-spin ground state 
of this compound. Indeed, magnetization data were compared 
with the simulated Brillouin function for an S = 12 ground 
state, revealing moderate agreement between experimental 
and simulated data (see Figure S2). The observed mismatch at 
lower field may stem from significant intermolecular 
antiferromagnetic interactions, as was discussed above. Note 
that 1 is a rare example of a compound that features a high-
nuclearity radical-bridged molecule with a large spin ground 
state, exhibiting similarities to a wheel complex containing 
nitronyl nitroxide derivatives.9 Moreover, to our knowledge, 1 
represents the highest spin ground state yet reported for a 
metal semiquinoid complex. Finally, as depicted in the plot of 
M vs H/T, the magnetization curves at different temperatures 
are superimposed, suggesting the absence of any significant 
magnetic anisotropy in 1 (see Figure S2). In line with the 
observation, the variable-frequency ac susceptibility data 
collected on a solid sample of 1 indicate the absence of slow 
magnetic relaxation down to 1.8 K at frequencies up to 1500 
Hz (see Figure S3). 

 The foregoing results demonstrate the utility of the new 
asymmetric redox-active ligand, 4,5-bis(pyridine-2-
carboxamido)-1,2-catechol, in generating a semiquinoid 
radical-bridged hexanuclear Mn6 wheel complex with an S = 12 
ground state. To the best of our knowledge, this complex 
represents the first structurally-characterized example of a 
molecule incorporating radical isomers of (pyridine-2-
carboxamido)benzene derivatives and the highest nuclearity 
and spin of any metal semiquinoid complex. Future efforts will 
focus on investigating the redox chemistry of 1 and 
synthesizing related wheel complexes with anisotropic metal 
ions. 
 This research was supported by the National Science 
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