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A B S T R A C T   

The redox non-innocent ligand bis(o-aminophenol) N,N′-bis(3,5-di-tertbutyl-2-hydroxy-phenyl)-1,2-phenyl
enediamine, H4L, reacts with CoCl2⋅6H2O in a methanol solution under aerobic conditions to form [Co(HL)2]. 
Both bis(o-aminophenol) ligands coordinate as tridentate and the ligand set can be described as a resonance 
structure of two partially oxidized ligands, while the formal oxidation state of the metal centre appears as + III. 
In this resonance structure, one ligand carries an odd electron, which makes the Co(III) complex paramagnetic.   

Made known to almost six decades ago, coordination compounds 
with redox non-innocent ligands have been extensively studied for their 
fascinating and unusual behaviour.[1] By definition, a ligand is called as 
‘redox non-innocent’ if it reacts with metal precursors to form complexes 
where the oxidation states of the ligand and the metal atom cannot be 
unquestionably defined.[2,3] The motivation for this research has pre
dominantly been in the development of new homogenous catalysts, 
which could use these ligands as electron reservoirs during the catalytic 
cycles. Such redox non-innocent ligands can be, for example, simple 
molecules, e.g. O2, NO, CO, synthetic non-saturated molecules, e.g. 
catechols or o-aminophenols, or large biomolecules.[4,5] Certainly, o- 
aminophenols and their derivatives are archetypical examples on 
chelating non-innocent ligands that can coordinate to the metal centres 
to form five-membered rings.[6,7] For instance, N,N′-bis(3,5-di-tertbu
tyl-2-hydroxy-phenyl)-1,2-phenylenediamine, H4L, which was first 
published by Wieghardt at the turn of the millennium, combines two o- 
aminophenol moieties to offer a potentially tetradentate coordination 
mode, whereas the electrochemical behaviour of H4L allows five 
possible oxidation states as illustrated in Scheme 1 [8]. 

The rich redox-chemistry as well as the ability to coordinate to 
different transition metals have motivated researchers to utilize H4L for 
the syntheses of several metal complexes in 1:1 and 2:1 stoichiometries, 
sometimes supported with other ligands. [9–17] Besides the redox 
processes and the formation of stable radical species, H4L can undergo 
other structural reorganisations upon coordination. Particularly, Lesh 
et al. demonstrated in 2012 that an intra-ligand cyclisation occurs when 
H4L is allowed react to with anhydrous CoCl2 under open atmosphere in 
the presence of a base. Instead to the formation of Co species with co
ordinated ligands L, the reaction yielded [Co(L′)2], a low-spin Co(III) 

complex of phenoxide/phenoxazine radical ligand species (Scheme 2a). 
[14] This reactivity of CoCl2 with H4L was reported to differ from that of 
MnCl2 or FeCl3,which did not result in such ligand rearrangement under 
identical conditions, but the isolated products were [Mn(HL)2] and [Fe 
(L)Cl], respectively.[14] Similarly, the use of Ni(II) precursor leads to 
formation of [Ni(HL)2], which has closely similar bonding parameters 
and molecular geometry to [Mn(HL)2].[17] Recently, we prepared an Fe 
(III) complex [Fe(HL)2] using the reaction of anhydrous FeCl3 with two 
equivalents of H4L and further converted the product to [Fe(L′)2] by 
allowing it to react with atmospheric oxygen in basic acetonitrile solu
tion.[16] The overall molecular structure of [Fe(L′)2] is closely similar to 
[Co(L′)2], although the electronic states of the ligands were not exactly 
identical. 

To complete our studies on the transition metal complexes of this 
fascinating non-innocent ligand, we re-examined the reaction of H4L 
with CoCl2 by making slight modifications on the initial experimental 
conditions.[14] Namely, Et3N in acetonitrile was used in the original 
reaction to deprotonate the ligand precursor to produce [Co(L′)2] 
(Scheme 2a), but when we carried out the reaction of CoCl2⋅6H2O with 
H4L in a methanol solution in the absence of any additional base, 
complex [Co(HL)2] was formed as a only isolable product (Scheme 2b, 
see Supplementary material for details). 

Single-crystal X-ray studies revealed that in solid state, the molecular 
complex [Co(HL)2] (Fig. 1) is isomorphous with [Mn(HL)2] and it is 
practically isostructural with above-mentioned Mn, Fe and Ni complexes 
(Table 1) (see Tables S1 and S2 in the supplementary material). 

The two Co-O distances (1.928, 1.939 Å) as well as all four Co-N 
distances (1.862–1.946 Å) are rather short, indicating a low-spin Co 
(III) central ion.[18,19] The oxidation state of the metal centre in redox 
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non-innocent o-aminophenolate complexes can be estimated by calcu
lating the metrical oxidation states (MOS) of the ligands from the 
respective C–O, C–N and C–C bond distances.[20,21] In [Co(HL)2], the 
both ligands have a tridentate coordination mode with an ONN donor 
set, which can be seen as a combination of one bidentate o-amino
phenolate moiety and one nitrogen donor. For two structurally closely 
identical ligands in [Co(HL)2], the MOS calculations gave values of 
− 1.174 and − 1.389, which - to some extent - supports the Co(III) 
oxidation state. Whereas the MOS calculations do not precisely describe 
the oxidation state of H4L, which formally consists of two redox-active 
parts, it is worth noting that for e.g. [Co(L′)2], the MOS calculation 
gives values of − 1.325 and − 1.531, which are close to the expected 
parameters for a Co(III) complex. Similarly, the MOS values for iso
structural complexes [Fe(HL)2] (− 1.525 and − 1.595) and [Ni(HL)2] 
(− 1.146 and − 0.885), match well with the formal oxidation states of Fe 
(III) and Ni(II), respectively. Similarly, bond valence sum (BVS) analyses 
can be used to examine the oxidation states of the metals in coordination 
compounds, although it is more often used for the purely inorganic 
solids.[22–24] For [Co(HL)2], the BVS calculation gave the value +
3.15, which is close to the expected formal oxidation state. The overall 

structure of the ligands in [Co(HL)2] resembles that of [HLox]1–/ 
[HLsq1]2– resonance structure found in [Fe(HL)2], i.e. one ligand 
([HLox]1–) is oxidized by one electron and the other ligand ([HLsq1]2–) by 
two electrons, respectively, while the unpaired electron on the radical 
ligand is antiferromagnetically coupled with the Fe(III) centre. In [Co 
(HL)2], the LS Co(III) centre carries an even number of electrons, 
therefore the net magnetic moment should equal to one electron situated 
on the ligand radical. Indeed, measuring the effective magnetic moment 
at 298 K in a CDCl3 solution by Evans NMR method gave µeff = 1.532 µB, 
which is close to the value of 1.7 µB for one unpaired electron in first- 
row metal complexes. 

These findings are backed up by single point DFT calculations done 
at the PBE0/def2-TZVP (and def2-SVP) level using the coordinates from 
the crystal structure. Starting from either Co(II) or Co(III) LS systems 
using different fragment based initial guesses result in a minimum en
ergy structure similar to described above where one of the two ligands is 
formally a paramagnetic S = ½ system while no significant spin is 
localized on the Co centre. This is also supported by EPR spectroscopy 
measurements (ESI, Figure S2) that give one signal with g = 1.997 
(uncalibrated), which is within the typical range for organic radicals and 

Scheme 1. Different oxidation states of an o-aminophenol N,N′-bis(3,5-di-tertbutyl-2-hydroxy-phenyl)-1,2-phenylenediamine (H4L). From hereon, H4L corresponds 
the ligand in any oxidation state.[8]. 

Scheme 2. Formation of [Co(Ĺ)2] (a)[14] and [Co(L)2] (b).  
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outside the range expected for Co-centred radical species. The ligands in 
[Co(HL)2] can accommodate several oxidation states, therefore the 
redox behaviour of the complex was studied by running the cyclic vol
tammetry measurements in acetonitrile at room temperature. As a 
result, three reversible redox processes were observed at E1/2 = -0.21, 
+0.03 and + 0.97 V, respectively (see Figure S1), whereas corre
sponding phenoxide/phenoxazine complex [Co(L′)2] is reported to 
present five distinct processes[14]. In [Co(L′)2], two redox couples at the 
most negative potentials are assigned to the reduction of phenox
azinylate groups, which are obviously not seen for [Co(HL)2]. Accord
ingly, the redox events obtained for [Co(HL)2] likely originate from the 
oxidation of phenolate and amide moieties without any metal-based 
redox processes. 

In conclusion, cobalt(II) chloride reacts with two molecules of N,N′- 
bis(3,5-di-tertbutyl-2-hydroxy-phenyl)-1,2-phenylenediamine in the 
absence of additional bases to form an octahedral Co(III) complex, 
where both ligands are coordinated as tridentate ONN donors. The 
ligand construction appears as a resonance structure, where one ligand 
is oxidized by one electron and the other ligand is oxidized by two 
electrons to form a radical. The paramagnetic complex carries an un
paired electron on the ligand. 
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