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Proton-assisted activation of a MnIII−OOH for aromatic C−H 
hydroxylation through a putative [MnV=O] species
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Adding HClO4 to the [(BnTPEN)MnIII-OO]+ in MeOH generates a 
short-lived MnIII-OOH species, which converts to a putative MnV=O 
species. The potent MnV=O species in MeCN oxidizes the pendant 
phenyl ring of the ligand in an intramolecular fashion. The addition 
of benzene causes the formation of (BnTPEN)Mn(III)-phenolate. 
These findings suggest that high valent Mn species have the 
potential to catalyze challenging aromatic hydroxylation reactions.

Nature has primarily employed transition metals, particularly 3d 
metals, in the metalloenzymes as they are relatively abundant, 
biocompatible, and redox-active.1-3 Among all 3d metals, iron 
and manganese exhibit versatile oxidation states, which nature 
exploits in biological catalysis to achieve many vital chemical 
transformations.4-6 These include Cytochrome P450, Bleomycin, 
manganese superoxide dismutase (MnSOD), and catalase, to 
name a few.3,5-7 Inspired by such fascinating metalloenzymes, 
synthetic models are being developed involving M-superoxo, 
M-peroxo, M-hydroperoxo, and M-oxo as active intermediates, 
capable of carrying out the activation of inert C-H bonds of 
substrates.8,9 Bleomycin exhibits good anti-cancer activity and 
is recognized as a robust oxidant that initiates the cleavage of 
double-stranded DNA. A low spin FeIII-OOH (activated 
Bleomycin) species is responsible for its activity.10-12 However, 
synthetic nonheme, both low spin and high spin FeIII-OOH 
complexes, on the other hand, are documented to be sluggish 
oxidants.12 In contrast to iron, MnIII-OOH hydroperoxo species 
have not been well explored as the attempts involving their 
formation by adding H2O2 to MnII complexes resulted in the 
formation of either MnIII-(OO) species or Mn2

III,IVO2 dimeric 
species.6,13 In contrast, iron analogs under similar conditions 
generate FeIII-OOH species, according to the literature.14,15 

Mallart and coworkers synthesized (MeTPEN)MnIII side on 
peroxo (MeTPEN = N1-methyl-N1,N2,N2-tris(pyridine-2-
ylmethyl)ethane-1,2-diamine) complex upon the reaction of 
excess H2O2 with (MeTPEN)MnII in MeCN. Further, they 
proposed the formation of MnIII-OOH species upon the addition 
of acid, however, spectroscopic evidence for the same is 
unavailable.13 In 2014, Nam and coworkers reported the 
formation and characterization of [(14-TMC)MnIII-OOH]2+ (14-
TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane) species after the protonation of an 
isolated (14-TMC)MnIII side on peroxo species. This [(14-
TMC)MnIII-OOH]2+ species can perform electrophilic sulfide 
oxidation to sulphoxide.16 Later, the same group reported [(13-
TMC)MnIII-OOH)]2+ (13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-
tetraazacyclotridecane) species, which shows amphoteric 
reactivity in both electrophilic (hydrogen and oxygen atom 
transfer) and nucleophilic (aldehyde deformylation) reactions.17 
Recently, Lee's group reported the formation of mononuclear 
Mn-superoxide complexes, [(BDPP)MnIII(O2

•−)] (H2BDPP = 2,6-
bis((2-(S)-diphenylhy-droxylmethyl-1-
pyrrolidinyl)methyl)pyridine) and [(BDPBrP)MnIII(O2

•−)] 
(H2BDPBrP = 2,6-bis((2-(S)-di(4-bromo)phenylhydroxylmethyl-
1-pyrrolidinyl)methyl)-pyridine). They assert that the MnIII-
superoxide complexes are capable of abstracting H atoms from 
2,2,6,6-tetramethyl-1-hydroxypiperidine (TEMPO-H) to form 
the corresponding MnIII−OOH species.18 Jackson and coworkers 
demonstrated the formation of (dpaq2Me)MnIII(OOH) species by 
adding H2O2 in the presence of HClO4 to [(dpaq2Me)MnIII(OH)]+ 
(Hdpaq2Me = 2-[bis(pyridin-2-ylmethyl)]aminoN-2-methyl-qui-
nolin-8-yl-acetamidate) species.19 From these studies, it is 
fascinating to learn how a similar species has been diverging 
mechanistically by minimal modifications in the ligand 
framework. In the present work, to synthesize a MnIII-OOH 
intermediate, we used pentadentate BnTPEN (N1-benzyl-
N1,N2,N2-tris(pyridine-2-ylmethyl)ethane-1,2-diamine) ligand 
frameworks. In MeOH, [(BnTPEN)MnII(OClO3)]+ (1) with H2O2 in 
the presence of Et3N generates a (BnTPEN)MnIII side on peroxo 
species, which upon addition of perchloric acid converts into 
[(BnTPEN)MnIII-OOH]2+, subsequently into a putative 
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[(BnTPEN)MnV=O]3+ species. The potent [(BnTPEN)MnV=O]3+ 
species is highly reactive and can oxidize MeOH into 
formaldehyde. Surprisingly, switching the solvent to MeCN 
resulted in the hydroxylation of the pendant phenyl ring of the 
BnTPEN ligand. The hydroxylation of the pendant ring is not 
favored in the presence of external substrates such as 
thioanisole, xanthene, MeOH, and benzene. The current study 
demonstrates the key reactivity of a putative [MnV=O]3+ and its 
generation from a MnIII-OOH species. 

Fig. 1. (a) UV/Vis absorption spectral changes showing the formation of 3A upon adding 
10 eq. of HClO4 to 2 in MeOH at -40 oC. Conditions to generate 2: 1 mM 1 in MeOH + 2 
eq. of Et3N + 10 eq. of H2O2 at room temperature. (inset) The decay profile of 3A followed 
at 440 nm with time. (b) UV/Vis absorption spectral changes show acid-base equilibrium 
between 2 and 3A.

1 was synthesized by using our previously reported procedure.20 

According to the reported literature, the suitable way of generating 
MnIII-OOH is via the protonation of MnIII-(OO) species.4 We prepared  
[(BnTPEN)MnIII-(OO)]+ species, by the treatment of 1 with 10 eq. of 
H2O2 and 2 eq. of Et3N in MeOH, which resulted in a blue-colored 
species (2) (Fig. 1 and S1). A similar absorption spectrum was 
reported for [(MeTPEN)MnIII-(OO)]+ in MeCN at -25 °C.13 In addition, 
ESI-MS studies on the formed species 2 revealed a signal at m/z = 
510.17 with the formulation of [(BnTPEN)MnIIIO2]+, confirming its 
presence in the solution (Fig. S1-S5). Based on the similarities in the 
UV/Vis spectrum of [(MeTPEN)MnIII-(OO)]+ along with ESI-MS data, 
we assigned 600 nm species to be a [(BnTPEN)MnIII-(OO)]+ (2) 
species. The addition of 10 eq. of HClO4 to 2 in MeOH at -40 °C 
generated a short-lived species 3A with an absorption band at 
420 nm, which decayed in 40 s with t1/2 of 15 s (Fig. 1a and S6). 
The observed 440 nm band is closely related to the absorption 
spectrum of [(14-TMC)MnIII-OOH]2+, which shows a band at 384 
nm.16 Interestingly, addition of 4 eq. of Et3N to 3A, leads to the 
formation of 2, which reverts to 3A upon adding HClO4. The 
presence of acid-base equilibrium between 3A and 2 (Fig. 1b 
and S7) adds to our understanding of assigning the 440-nm 
species to be a [(BnTPEN)MnIII-OOH]2+ (3A). A similar 
observation was reported by Nam and coworkers, where 
[(13-TMC)MnIII-(OO)]+ and [(13-TMC)MnIII-OOH]2+ exhibited 
acid-base equilibrium.17 The transient nature of 3A in the 
present case restricts its analysis via ESI-MS and resonance 
Raman studies. Additionally, trapping 3A using NMR 
spectroscopy proved challenging at -40 °C. Despite this, very 
weak yet distinct paramagnetically shifted signals were 
observed for 3A, is consistent with the Mn oxidation state of +3 
(Fig. S8). Given the instability of 3A, even at a lower 

temperature of -60 °C, it probably suggests its reaction with 
MeOH. Favorably, the presence of formaldehyde in the decayed 
solution of 3A further strengthens our hypothesis (Fig. S9).21 
Additionally, when CD3OD was used to generate 3A, a kinetic 
isotope effect of 2.2 was observed (Fig. S10), suggesting the 
hydrogen atom abstraction involved in the reaction. 

Fig. 2. (a) UV/Vis absorption spectral changes showing the formation of 3B upon adding 
10 eq. HClO4 to 2 in MeCN at -40 oC. Conditions to generate 2: 1 mM 1 in MeCN + 2 eq. 
of Et3N + 10 eq. of H2O2 at RT. Inset: UV/Vis absorption spectra of 3A (brown) and 3B 
(red). (b) ESI-MS analysis of 3B (top) and 18O- 3B (bottom) in MeCN. (c) Resonance Raman 
spectra of 3B in MeCN using λexc = 405 nm at -40 oC. * Indicate solvent peaks.

To increase the stability of 3A, we shifted the solvent system 
from MeOH to MeCN. Firstly, we synthesized 2 by reacting 10 
eq. of H2O2 and 2 eq. of Et3N with 1 in MeCN at room 
temperature (Fig. S11). Upon adding 10 eq. of HClO4 to 2 in 
MeCN at -40 °C distinct from 3A, a stable orange-colored 
species formed, with absorption bands at 400 nm (Ԑ400 nm = 1000 
M-1cm-1), 480 nm (Ԑ480 nm = 580 M-1cm-1), and 720 nm (Ԑ720 nm = 
180 M-1cm-1) (Fig. 2a and S12). In the first instance, the change 
in the absorption spectrum by switching the solvent from MeOH 
to MeCN could be thought of due to the solvatochromic effect. 
Surprisingly, no evidence of an acid-base equilibrium was found 
with 2 in this case, suggesting the formation of a different 
species in MeCN, which we labeled as 3B. 3B is unstable at room 
temperature and decays over time to a colorless species (Fig. 
S13). Surprisingly, upon varying the condition from MeCN to 1:1 
or 9:1 MeCN/MeOH (vol/vol) mixtures, the species formed was 
3A, not 3B (Fig. S14 and S15). These studies suggest that MeOH 
favors the formation of 440 nm species (3A) over 3B. Besides, 
adding MeOH to 3B did not cause any changes in the absorption 
band, further indicating the inability of 3B to oxidize MeOH. We 
further tested the formation of the transient intermediates 2, 
3A, and 3B in water. Treatment of 1 in water with 10 eq. of H2O2 
and 5 eq. of Et3N resulted in 2 at room temperature (Fig. S16). 
Further addition of 20 eq. of HClO4 at 5 °C generates 3B not 3A 
(Fig. S16) like the chemistry observed in MeCN. 
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Positive mode ESI-MS analysis of 3B depicted signals at m/z 
values of 493.16 and 593.12, which are formulated as [(BnTPEN-
O)MnII]+ and [(BnTPEN-OH)MnII(ClO4)]+, respectively (Fig. 2b 
and S17). The signals shifted to two mass units, i.e., m/z values 
of 495.16 and 595.12, when H2

18O2 was used (Fig. 2 and S18). 
The mass and isotopic pattern suggested the hydroxylation of 
the pendant phenyl ring on the BnTPEN ligand (Fig. 2). However, 
the strong chromophoric nature of 3B indicates its formulation 
as [(BnTPEN-O)MnIII]2+.22 Mn(III) reduction to Mn(II) might occur 
during mass data acquisition due to its inherent instability. 3B 
exhibited sharp paramagnetically shifted NMR signals in the 
range of -50 to 100 ppm, resembling those of the 
(BnTPEN)MnIII-O-CeIV species, indicating the +3 oxidation state 
of Mn in 3B (Fig. S19).20 This notable change could be attributed 
to the presence of coordinated phenolate, leading to a stronger 
coupling between the manganese electron spin and the 
phenolate protons. However, the decayed sample of 3B 
exhibited no signals due to the faster relaxation of MnII species 
(Fig. S19), which is in line with our ESI-MS analysis. ESI-MS data 
on the decayed sample of 3A in MeOH did not show signals 
indicating the ligand's hydroxylation. The resonance Raman (rR) 
spectrum of 3B shows two resonantly enhanced signals at 653 
cm-1 and 1246 cm-1, which shifted to 641 and 1232, respectively, 
upon using H2

18O2 (Fig. 2c). Que and coworkers recently 
reported the hydroxylation of the pendant benzyl ring of 
BnTPEN ligand, i.e., [(BnTPEN-O)FeIII]2+, upon the treatment of 
Bronsted acid with [(BnTPEN)FeIII-OOH]2+ through a putative 
[FeV=O]3+ species in MeCN at -40 °C.23 The reported rR signal at 
600 cm-1 is attributed to Fe―O mode, and 1100-1600 cm-1 
signals correspond to phenolate ring deformation modes.23 In 
the current study, the signal at 653 cm-1 is assigned to MnIII―O 
stretch, and 1246 cm-1 has been assigned to C―O stretch of 
bound phenolate moiety. Thus, ESI-MS, resonance Raman 
analysis, and literature precedence support the hydroxylation 
of the pendant benzyl ring of the BnTPEN ligand in MeCN. 

In addition, no intramolecular ligand hydroxylated product was 
observed when we used external substrates such as benzene, 
thioanisole, xanthene, etc. The product analysis of thioanisole 
and xanthene was carried out using mass spectrometry, and 
thioanisole oxide and xanthone were observed as products (Fig. 
S20-S23). When benzene is added as a substrate to 2, followed 
by adding HClO4 in MeCN at -40 °C led to the formation of a 
distinct band at 390 nm (ɛ390 nm ~ 1400 M-1 cm-1) (Fig. S24  and 
S25). The rR data of 390 nm species depicted multiple bands 
between 1650 and 500 cm-1 (Fig. S24). Usage of benzene-d6 
shifted all the bands to lower wavenumbers compared to 
benzene, suggesting that their origin is from the manganese 
bound benzene derived oxidized product, i.e., (L)MnIII-OPh (390 
nm species).22

However, there was no evidence of pendant benzyl ring 
hydroxylation in MeOH. In addition, the presence of external 
substrates such as benzene, thioanisole, and xanthene did not 

alter the chemistry observed in MeOH. To corroborate the 
current study, we have carried out [(BnTPEN)FeIII-OOH]2+ 
reaction with acid in MeOH. To our surprise, the treatment of 
[(BnTPEN)FeIII-OOH]2+ in MeOH with 1 eq. of HClO4 caused its 
decay (Fig. S26), without the formation of a band at 600 nm, 
typical for [(BnTPEN-O)FeIII]2+ species.23 This experiment 
showed that no hydroxylation of the ligand occurs in the 
presence of MeOH, similar to the present study. From all these 
experiments, we concluded that in MeCN, a potent MnV=O 
species is generated upon the reaction of 2 with acid, which can 
hydroxylate the pendant phenyl ring of the ligand BnTPEN (in 
the absence of MeOH and substrates). However, in the 
presence of MeOH, the same reaction yields formaldehyde due 
to MeOH's ease of oxidation. 

Fig. 3 (a) Computed TS and the free energy barrier for the HAT step involving the putative 
MnV=O species and methanol. (b) Mechanistic pathway of the formation of putative 
[MnV=O]3+ from [MnIII-OOH]2+ species in MeOH and MeCN at -40 oC. 

This was further supported by computational modeling of key 
transition states (TS) involving the putative MnV=O 
intermediate. B3LYP24,25 functional with Grimme's D3 
dispersion and Becke-Johnson correction was paired with def2-
SVP basis set and polarized continuum model with acetonitrile 
as the solvent was used for these optimizations. MnV=O 
geometries were also optimized across different electronic 
states at the same level of theory. Single point corrections were 
performed at B3LYP-D3(BJ)/6-311+G(d,p)26 level of theory, and 
free energy corrections were performed using quasi rigid rotor 
harmonic oscillator approximation. Isotope effects were 
predicted using Paneth's isoeff code27 with Wigner tunneling 
corrections. To probe the effects of methanol on MnV=O 
species, TS search for the hydrogen atom transfer (HAT) step 
(TSMethanol, Fig. 3a) was located at the aforementioned level of 
theory. This TS was energetically accessible and has a barrier of 
only 5.6 kcal/mol compared to the separated reactants (MnV=O 
and methanol). Furthermore, the predicted kH/kD for this TS was 
found to be 2.69 and is in good agreement with the 
experimental value of 2.2. These two observations support a 
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facile HAT step acting as the quench step for MnV=O species in 
the presence of methanol. 

Figure 3b summarizes the reaction of MnIII-OO (2) with HClO4 in 
methanol and acetonitrile. In methanol, the reaction of 2 with 
acid produces a transient MnIII-OOH (3A) species that exhibits 
acid-base equilibrium with 2. Analysis of the resultant reaction 
mixture revealed the formation of formaldehyde due to the 
oxidation of methanol. However, in acetonitrile, a distinct 
species 3B, which is the product of intramolecular hydroxylation 
of the pendant phenyl ring, occurs. It is worth noting that the 
[(BnTPEN)MnIV=O]2+ species in TFE is incapable of oxidation 
pendant phenyl ring and external benzene even in the presence 
of HClO4 (Fig. S27 and S28). Similarly, the (BnTPEN)MnIV-OH 
species generated upon the addition of HClO4 to the 
(BnTPEN)MnIII-O-CeIV complex in MeCN is also not capable of 
conducting the aromatic hydroxylation reaction (Fig. S29).20 

Furthermore, the potential formation of hydroxyl radicals 
through homolytic cleavage of MnIII-OOH is ruled out by 
employing terephthalic acid as a radical trap (Fig. S30).28 Finally, 
TS search on the benzyl group of BnTPEN yielded two 
mechanistic alternatives, viz. (i) A direct HAT (TSHAT) followed by 
a barrierless radical recombination (ii) A SRN1 type attack of 
oxygen on the benzyl group of BnTPEN (TSSRN1), followed by a 
HAT step (TSHT) as shown in SI (Fig. S31). Unsurprisingly, the 
direct HAT transition state was found to be unfavorable 
compared to TSSRN1 by 10.9 kcal/mol owing to hard to oxidize 
aromatic C-H bonds. The lack of easily oxidizable methanol 
altered the reaction to proceed via an SRN1 type pathway leading 
to the decay of MnV=O, lending credence to our hypothesis that 
the intramolecular aromatic hydroxylation in the present work 
can be intercepted by external substrates like MeOH, benzene, 
thioanisole, xanthene, etc. A putative [MnV=O]3+ is proposed to 
be responsible for the observed reactivity. However, all our 
attempts to trap the high valent [MnV=O]3+ species have been 
unsuccessful thus far. Our proposal is further strengthened by 
its parallel reaction with [(BnTPEN)FeIII-OOH]2+ and HClO4, 
where similar reactivity is witnessed.23 The current study 
highlights the similarities of high valent [(BnTPEN)MnV=O]3+ and 
[(BnTPEN)FeV=O]3+ species within the same ligand systems and 
thereby augmenting our comprehension of their reactivities.
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