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A high-valent non heme µ-oxo MnIV dimer generated from a 
thiolate-bound MnII complex and O2 
Deborah Brazzolotto,[a,b] Fabián G. Cantú Reinhard,[c] Julian Smith-Jones,[a] Marius Retegan,[d] Lucia 
Amidani, [d] Abayomi S. Faponle,[c] Kallol Ray,[e] Christian Philouze,[a] Sam P. de Visser,*[c] Marcello 
Gennari,*[a] and Carole Duboc*[a] 

Abstract: This study deals with the unprecedented reactivity of 
dinuclear non heme MnII–thiolate complexes with O2, which 
dependent on the protonation state of the initial MnII dimer 
selectively generates either a di-µ-oxo or µ-oxo-µ-hydroxo MnIV 
complex. Both dimers have been characterized by different 
techniques including single-crystal X-ray diffraction and mass 
spectrometry. Oxygenation reactions carried out with labeled 18O2 
unambiguously shows that the oxygen atoms present in the MnIV 
dimers originate from O2. Based on experimental observations and 
DFT calculations, evidence is provided that these MnIV species 
comproportionate with a MnII precursor to yield µ-oxo and/or µ-
hydroxo MnIII dimers. Our work highlights the delicate balance of 
reaction conditions to control the synthesis of non heme high-valent 
µ-oxo and µ-hydroxo Mn species from MnII precursors and O2. 

Dioxygen activation is critical for all forms of life and 
fundamental in many biological processes.[1] In addition, O2 is an 
environmentally benign oxidant in chemical catalysis[2] and the 
development of fuel cells requires electrocatalysts for its efficient 
and selective reductive activation.[3] Activating O2 often requires 
transition metal ions to promote the process.[4] The detailed 
understanding of the role of the metal ion and of the mechanism 
at a molecular level, especially through the characterization of 
intermediate species, is therefore crucial for the development of 
efficient catalysts.[5] Surprisingly, even though mono- and 
dinuclear high-valent metal oxo species derived from O2 have 
been extensively described for iron[6] and copper,[7] little is 
known on the dioxygen chemistry of manganese,[8] another 
cheap and abundant metal. In particular, a non heme oxo MnIV 
complex directly generated by reacting O2 with a MnII precursor 
has yet to be described. Mononuclear oxo and dinuclear µ-oxo 

MnIV complexes have been quasi-exclusively generated using 
oxidizing agents such as H2O2, PhIO or peracids.[8-9] There is 
only one case reported by Borovik et al in which the synthesis of 
an oxo-MnIV complex derived from O2 and a MnII precursor has 
been described, but the presence of ferrocenium was required to 
oxidize the intermediate MnIII species.[10] In a few other studies, 
oxo-MnIV species derived from O2 and a MnII complex have been 
suggested as intermediates but without direct experimental 
evidence.[11] Recently, McKenzie et al evoked the formation of 
such transient species during the oxidation of benzylic C-H 
bonds by a MnII complex with O2.[11a] Kovacs et al reported that 
MnII complexes with a thiolate-based supporting ligand activate 
O2 through the formation of a trans µ-1,2-peroxo dinuclear MnIII 
complex.[11b] This peroxo species directly evolves to a dinuclear 
µ-oxo MnIII complex implicating the transient formation of oxo 
MnIV species. 
In this context, we report here the unprecedented reactivity of a 
thiolate bound MnII complex with O2 to yield directly high valent 
oxo MnIV species. As a precursor the reported dinuclear MnII 
complex [MnII

2(LS)(LSH)]+ (MnII
2SH) (with LS2- = 2,2’-(2,2’-

bipyridine-6,6’-diyl)bis(1,1’-diphenylethanethiolate) was used, in 
which one thiol is terminally bound to a MnII ion.[12] This complex 
was previously shown to react with O2 to generate a hydroxo 
bridged dinuclear MnIII complex (MnIII

2OH) (Scheme 1, top). In 
the present work, we provide evidence that the deprotonation of 
the MnII-bound thiol leads to the isolation of the first high-valent 
oxo MnIV dimer directly in a reaction with O2 (Scheme 1, bottom). 
Finally, a full mechanism of O2 activation, starting either from 
MnII

2SH or from its deprotonated form MnII
2, is proposed based 

on experimental and computational studies. Especially, we 
demonstrate that that the oxo MnIV dimer is an intermediate 
species for the generation of MnIII

2OH via comproportionation 
with the initial MnII species. 
The thiol function of MnII

2SH can be deprotonated by addition of 
NaH (or 2,6-lutidine) to afford MnII

2. As expected, deprotonation 
induces a large decrease of the oxidation potential (MnIIMnII to 
MnIIIMnIII) of the complex (of ∼300 mV, see Figure S1).[12] 
 

 
Scheme 1. Reaction of MnII

2SH (top) and MnII
2 (down) with O2 in MeCN at 

293 K. 
When O2 is vigorously bubbled through a MeCN solution of MnII

2, 
the colour changes from light brown to black instantaneously 
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with the appearance of a weak absorption band at 560 nm 
(Figure S2) that is assigned to the di−µ−oxo MnIV dimer, 
MnIV

2(O)2. The conversion is quantitative based on the UV-vis 
spectrum of the oxygenated solution. Its structure, resolved by 
single crystal X-ray crystallography, displays a perfect planar 
{Mn2O2} core with a C2 symmetry axis passing through the two O 
atoms with each Mn in the center of a distorted N2S2O2 
octahedron (Figure 1a). The Mn…Mn distance (2.7821(16) Å) 
and the Mn-O-Mn angles (100.5(2)° and 97.84(19)°) are 
consistent with a di−µ−oxo MnIV complex, where typical values in 
the range of 2.672–2.757 Å and 95.2–101.5° are found, 
respectively.[13]  
X-ray absorption spectroscopy (XAS, Figure S3) and 
electrospray ionization (ESI)-mass spectrometry (Figures 2, S4, 
and S5) reveal the retention of the MnIV

2(O)2 structure in solution. 
The Mn K-edge absorption spectrum of MnIV

2(O)2 shows a shift 
to higher energy (6547.4 eV) of the Mn(1s) → Mn(4p) transition 
with respect to MnII

2SH and MnIII
2OH (6545.5 and 6546.2 eV, 

respectively), as evidence of a +IV oxidation state for both Mn 
ions (Figure 3). The mass spectrum of a MeCN solution of 
MnIV

2(O)2 (m/z = 1299.4) indicates the presence of two 
additional oxygen atoms compared to the initial MnII

2 complex 
(m/z = 1267.3). Furthermore, when MnIV

2(O)2 is generated in the 
presence of labeled 18O2, only the MnIV

2(18O)2 complex is 
observed in the mass spectrum (m/z = 1303.3). The present 
study unambiguously demonstrates that one molecule of O2 
reacts with MnII

2 to form the two oxo-bridges in MnIV
2(O)2. To the 

best of our knowledge, this is the first report on a MnII complex 
able to directly activate molecular oxygen to form a high-valent 
oxo-MnIV species.   

 

Figure 1. Molecular structures of (a) MnIV
2(O)2.1.34CH2Cl2.5.82H2O and (b) 

MnIV
2(O)(OH)ClO4

.5.68CH3CN.1.5H2O. The thermal ellipsoids are drawn at 
50% probability level. For clarity, phenyl groups, all hydrogen atoms (except 
for H1 in b), anions and solvent molecules are omitted. Selected bond 
distances (Å): in MnIV

2(O)2, Mn1−O1 = 1.845(3), Mn1−O2 = 1.809(3), Mn1-
Mn1’ = 2.7821(16); in MnIV

2(O)(OH), Mn1−O1 = 1.959(6), Mn1−O2 = 1.819(6), 
Mn1-Mn1’ = 2.922(2). 

The acid-base properties of MnIV
2(O)2  were investigated by UV-

vis absorption spectroscopy in dimethylformamide solution at 
273 K. In the presence of 1 equiv. of HClO4, the 560 nm 
transition, characteristic for MnIV

2(O)2, disappears with the 
concomitant apparition of two weak bands at 520 nm and 680 
nm assigned to MnIV

2(O)(OH) (see Figure S2). The subsequent 
addition of 1 equiv. of a strong base (tBuOK) restores the initial 

UV-vis spectrum with a loss of about 10% of the intensity due to 
the slow decomposition of the complex in solution. Consistently 
no EPR transition could be observed in their respective spectra 
since an antiferromagnetic coupling between the two MnIV ions 
is expected resulting in a total spin S = 0 in both complexes. 

 

Figure 2. Experimental and simulated ESI-mass spectra of MnIV
2(O)2 

generated from MnII
2 and either 16O2 or 18O2. 

 

Figure 3. (a) Mn K-edge XAS spectra recorded on powdered samples of MnII
2, 

MnIII
2OH, and MnIV

2(O)2. The pre-edge region is shown in the inset. 

The formed protonated species was assigned to a dinuclear 
µ−oxo-µ−hydroxo MnIV complex, MnIV

2(O)(OH), based on the 
structure resolved by single crystal X-ray diffraction (Figure 1b). 
It represents the first crystallographically characterized µ-oxo-µ-
hydroxo dinuclear MnIV complex in the literature. Previously, 
Pecoraro et al. reported a series of di-µ-oxo, µ-oxo-µ-hydroxo, 
di-µ-hydroxo dinuclear MnIV complexes obtained with the salpn 
ligand (salpn= N,N′-bis(salicylidene)-1,3-diaminopropane). 
However, they only managed to structurally characterize these 
compounds by extended X-ray absorption fine structure 
(EXAFS) spectroscopy (except for the [MnIV

2(salpn)2(µ-O)2] 
complex).[14] The {Mn2O2} core of MnIV

2(O)(OH) is planar as in 
MnIV

2(O)2. In MnIV
2(O)(OH), the two Mn sites are not equivalent 

anymore and each Mn centre has a distorted N2S2(O)(OH) 
octahedral geometry. In agreement with the presence of a 
hydroxo bridge, the Mn-O1(H) distance is about 10 pm longer 
(1.959(6) Å) than the Mn-O2 one (1.819(6) Å). Coherently, the 
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Mn…Mn distance in MnIV
2(O)(OH) (2.922(2) Å) is longer than in 

MnIV
2(O)2 (2.7821(16) Å). The presence of the hydroxo bridge 

leads also to a smaller Mn1-O1(H)-Mn2 angle (96.1(3)°) with 
respect to the Mn1-O2-Mn2 one (107.2(3)°). The structural 
features of the Mn-O and Mn-O(H) bonds in MnIV

2(O)2 and 
MnIV

2(O)(OH) are similar to those found by Pecoraro et al.[14b] 
Subsequently, we evidenced that these high-valent oxo MnIV 
compounds are also involved as intermediates in the O2 
activation by the protonated MnII

2SH precursor. Firstly, we 
observed that this process can be directed towards either 
MnIV

2(O)(OH) or MnIII
2OH by tuning the experimental conditions 

(relative concentration between the MnII precursor and O2, 
protonation state of the MnII complex, temperature). Secondly, 
with the support of UV-vis absorption spectroscopy and ESI-
mass spectrometry, we have made the following key 
observations: (i) even if both MnIV

2(O)(OH) and MnIV
2(O)2 

decompose over time, none can directly evolve to MnIII
2OH or to 

its deprotonated form MnIII
2O, i.e. the µ-oxo MnIII dimer,[15] (ii) 

MnIV
2(O)2 reacts instantaneously with MnII

2SH or MnII
2 to 

generate MnIII
2OH and/or MnIII

2O via a comproportionation 
reaction, and (iii) the latter process is more efficient when the 
MnII precursor is protonated, i.e. MnII

2SH. 
In the absence of available kinetic data (the oxygenation 
process is diffusion-limited), we have performed a DFT study to 
better understand the difference in reactivity between MnII

2SH 
and MnII

2. These exploratory calculations on the possible 
reaction cycles have been performed using previously 
benchmarked and calibrated methods for biomimetic 
manganese complexes.[16] The overall mechanism proposed for 
the reaction of MnII

2SH with O2 is reported in Scheme 2 (see 
also Schemes S1 and S2) with a simplified representation of all 
calculated intermediate species. The activation of O2 is 
proposed to go through the formation of a dinuclear trans-µ-1,2-
peroxo MnIII complex, MnIII

2(OO)SH, whose calculated structural 
parameters are comparable to those reported for the similar 
complex described by Kovacs et al.[11b] This trans-µ-1,2-peroxo 
MnIII complex converts to a dinuclear di-µ-oxo MnIV species with 
large exothermicity (of -41.5 kcal mol-1), and a low transition 
state (TSOO) with a barrier of only 5.8 kcal mol-1. The rupture of 
the O-O bond leads to a rapid internal proton transfer from the 
thiol to one of the bridging oxygen atoms via a proton transfer 
barrier (TSPT) of about 11.5 kcal mol-1 and the formation of the 
experimentally characterized MnIV

2(O)(OH) complex. Then a 
comproportionation reaction with a molecule of MnII

2SH can 
occur to form the dinuclear µ-hydroxo MnIII product, MnIII

2OH, 
with large exothermicity (-56.0 kcal mol-1). As each individual 
step in the reaction mechanism of Scheme 2 is exothermic, this 
implies that the reaction is irreversible and the final products will 
be the most stable. As a matter of fact, most of these structures 
could be characterized experimentally, hence validating our 
proposed mechanism.  
We have also calculated the mechanism of O2 activation starting 
from the deprotonated MnII

2 complex (Scheme S2 and Figure 
S6). It is found that the process is energetically less favorable 
than the one starting from the MnII

2SH complex, but still feasible. 
From these different pathways, it can be concluded that the 
formation of either a dinuclear MnIII or MnIV complex will depend 
on the relative rates between the O2 activation processes (steps 
1-2 in Scheme 2, formation of MnIII

2(OO)SH) and the 

comproportionation reaction (step 5 in Scheme 2). In the case of 
a faster O2 activation, the initial MnII complex will be entirely 
consumed to form the MnIV derivate and thus the MnIII dimer 
cannot be generated. Conversely, in the case of a faster 
comproportionation reaction, a part of the MnII complex will 
remain unreacted to O2, and will thus combine with the 
generated MnIV species to yield the MnIII dimer. This is 
consistent with the fact that a higher concentration of O2 vs. MnII 
complex promotes the formation of the MnIV compound as final 
product instead of MnIII

2OH. 
Based on these considerations, two complementary reasons can 
explain how protonation of the MnII precursor favors the 
production of the MnIII complex to the detriment of the MnIV one: 
(i) O2 activation is expected to be slower in the case of MnII

2SH 
(higher Mn2

II,II/ Mn2
III,III anodic potential compared to MnII

2) and 
(ii) the comproportionation reaction is more efficient when 
protonated species are involved, as shown experimentally (see 
above) and corroborated by DFT. 
 

 

Scheme 2. Dioxygen activation mechanism on MnII
2SH as calculated using 

DFT at the BLYP/BS2//BLYP/BS1 level of theory. Relative energies of the 
antiferromagnetic spin states for the pathway leading to the MnIV

2(O)(OH) 
complex are in kcal mol-1 with respect to MnII

2SH + O2 and contain zero-point 
energy and solvent corrections. Data out of parenthesis represent the full 
model and inside parenthesis the small model with methyl rather than phenyl 
substituents on the N2S2 ligand. Also given are the energetics for the 
comproportionation reaction. 

The calculated mechanism reveals a short-lived trans µ-1,2 
peroxo MnIII complex as a key intermediate in the formation of 
high valent oxo/hydroxo MnIII and MnIV dimers from the 
reaction of the MnII complexes with O2 (Table S23). As noted 
previously, a similar peroxo complex has been isolated by the 
Kovacs group through the reaction of a MnII thiolate complex 
([Mn(LN4S)]+) with O2, and characterized by single crystal X-ray 
diffraction (Scheme S3). This complex slowly evolves into a 
dinuclear µ-oxo MnIII complex (Eqs 1 and 2).[11b]  

S
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2 [Mn(LN4S)]++ O2  à  [(LN4S)MnOOMn(LN4S)]2+                   Eq. 1 

2[(LN4S)MnOOMn(LN4S)]2+ à 2[(LN4S)MnOMn(LN4S)]2++O2   Eq. 2 
 
Although MnII

2 (or MnII
2SH) and [Mn(LN4S)]+ complexes contain 

a thiolate-based ligand, their reactivity patterns are significantly 
different. First, in the Kovacs’ system the peroxo MnIII species 
is the most stable intermediate, while in our case it is the di-µ-
oxo MnIV species (the peroxo intermediate is too reactive to be 
trapped). Secondly, to form the dinuclear µ-oxo MnIII complex, 
a comproportionation reaction is required with the LS2- system, 
while the Kovacs’ peroxo, [(LN4S)MnOOMn(LN4S)]2+, evolves 
directly into the [(LN4S)MnOMn(LN4S)]2+ species (Eq. 2).  
In principle, this “direct” pathway should also be considered for 
MnIII

2(OO)SH, but this reaction does not occur as observed 
experimentally in solution. Although the hypothetical 
dissociation of two MnIII

2(OO)SH complexes into two MnIII
2OH 

complexes and O2 (as in Eq. 2) should be preferred under 
thermodynamic control (the calculated energy gap of -64.6 kcal 
mol-1 is larger than that between MnIII

2(OO)SH and 
MnIV

2(O)2SH, which is of -41.5 kcal mol-1), the lifetime of 
MnIII

2(OO)SH is too short to allow the reaction with a second 
MnIII

2(OO)SH molecule and the peroxo species more readily 
evolves into MnIV

2(O)(OH). Such difference in reactivity 
between our system and the one of Kovacs et al. is consistent 
with the fact that the O-O bond is longer in the calculated 
structure of MnIII

2(OO)SH than in [(LN4S)MnOOMn(LN4S)]2+ 
(1.488 Å vs 1.452 Å, respectively). Indeed DFT shows that the 
O-O bond is more easily cleaved in MnIII

2(OO)SH. The lower 
stability of MnIII

2(OO)SH compared to [(LN4S)MnOOMn(LN4S)]2+ 
may be also rationalized in terms of differences in metal 
coordination sphere. First, the N2S2 ligand leads to a peroxo 
dimer with an unfavorable 5-coordinated geometry for a Jahn-
Teller MnIII ion, while a stable peroxo MnIII dimer with a suited 
6-coordinated geometry is obtained with the LN4S ligand. 
Secondly, the O-O bond cleavage of MnIII

2(OO)SH yields a 
stable 6-coordinated di-µ-oxo MnIV species, while formation of 
a similar species with the LN4S ligand features is unlikely since 
it should involve the formation of a 7-coordinated MnIV complex 
or the decoordination of a N-based donor atom. 
Although the reactivity of these two thiolate-based MnII 
complexes differs significantly, the role of the metal-bound 
thiolate to promote O2 activation is, however, once more 
highlighted. 
In summary, our work reports the unprecedented generation of 
non heme µ-oxo MnIV complexes from the reaction between 
thiolate MnII complexes with O2. We showed that, by 
conveniently tuning the experimental conditions (room 
temperature, ligand deprotonation, low precursor concentration 
and high O2 concentration), the process can be directed to 
fully-characterized high-valent µ-oxo and µ-hydroxo-µ-oxo MnIV 
dimers. 
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