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Chapter VI

Generation and Reactivity Study of Mononuclear Nonheme
Manganese (IV)-oxo Intermediate in Aqueous-acetonitrile Medium

Abstract
The

generation

of

mononuclear

nonheme

manganese

(IV)-oxo

species,

[(dpaq)MnIVO]+, with an anionic ligand (dpaq− = 2-[bis(pyridine-2-ylmethyl)]amino-Nquinoli-8-yl-acetamide) have been studied in aqueous medium.

The nonheme

manganese (IV)-oxo species is reactive towards the hydrogen atom abstraction
reaction (HAT) of deactivated aromatic alkanes with low C-H bond dissociation
energy (C-H BDE) such as 9, 10-dihydroanthracene (9, 10-DHA, C-H BDE = 77 kcal
mol-1), 1, 4-cyclohexadiene (1, 4- CHD, C-H BDE = 78 kcal mol-1). The manganese
(IV)-oxo species also shows high reactivity with thioanisoles. he negative ρ value (2.041) indicates the electrophilic nature of the MnIV-O species in oxygen atom
transfer reaction with thioanisoles.
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VI.1. Introduction
The generation of a mononuclear high-spin (S=3/2) nonheme oxo-manganese (IV)
species [(dpaq)MnIVO]+,

bearing

a pentadentate anionic ligand [dpaq = 2-

[bis(pyridine-2-ylmethyl)]amino-N-quinoli-8-yl-acetamide)] in acetonitrile has been
described in the preceding chapter (Chapter V). The MnIV-O species has been
prepared from the corresponding Mn(III)-OH complex (1) in presence of oxidants
and proton acceptors in acetonitrile medium at 293 K. The proton coupled electron
transfer (PCET) based formation of the MnIV-O species parallels the chemistry of
oxygen evolving complex (OEC) in Photosystem II (PS II). In PS II, the oxidation of
water by the OEC induces the generation of high valent Mn-oxo species via a protoncoupled electron transfer (PCET) mechanism, where the oxygen atom in the Mn-oxo
intermediates is derived from water [1, 2]. In biomimetic studies, a number of water
oxidation catalysts based on transition metals (Ru, Ir, Mn, Fe, Co, Ni and Cu) have
been developed in recent years to mimic the chemistry of OEC [3-7]. Easy access to
high-valent oxometal species is often considered to be one of the pre-requisite for
developing efficient water oxidation catalysts. However, limited stability of the
oxometal transients in aqueous medium is frequently encountered, particularly in
case of first-row transition metal systems, which, in turn, leads to catalyst
deactivation [8, 9]. In case of early transition metal complexes, metal-ligand bonds
become much more labile in water in comparison to the late transition metal
complexes. For example, several iron complexes bearing pyridyl-amine ligands, viz.
[Fe(N4Py)(CH3CN)]

(N4py

=

1,1-di-(pyridin-2-yl)-N,N-bis(pyridin-2-

ylmethyl)methanamine) [8], [Fe(BQEN)(OTf)2], (BQEN = N,N’-dimethyl-N,N’-bis(8quinolyl)ethane-1,2-diamine), undergo de-coordination at acidic pHs leading to the
formation of free ligand and [FeII(H2O)6]2+ [9]. On the other hand, instantaneous
formation of Fe oxide/hydroxide nanoparticles occurs at pH higher than 7.
Therefore, development of water-tolerant, rugged molecular water oxidation
catalysts is one of the most sought after areas of contemporary chemical research.
Since high-valent oxo transients play central role in artificial water splitting,
generation as well stability of such species in aqueous medium are absolutely
crucial.
Generation of a handful of iron (IV)-oxo complexes of non heme ligands by water as
an oxygen source and ceric(IV) ammonium nitrate (CAN) as one electron oxidant
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have been reported earlier [10-12]. More recently, Nam and his co-workers have
shown the photocatalytic generation of a manganese(IV)-oxo species with water as a
source of oxygen by irradiating in the visible region (> 450 nm) in a reaction of
[MnII(BQCN)]2+ [RuII(bipy)3]2+ (bipy = 2, 2-bipyridine), and [CoIII(NH3)5Cl]2+ [13].
In this background, the generation of a mononuclear MnIV-O species in aqueous
medium will be attempted from [(dpaq)MnIII(OH)](ClO4) (1) complex by a strong
one electron oxidant ceric (IV) ammonium nitrate (CAN). Following the success (as
detailed in Chapter V) of the generation of the high-valent oxomanganese (IV)
complex via proton coupled electron transfer (PCET) from the MnIII-OH complex, we
could expect that the oxo transient can be generated using ceric (IV) ammonium
nitrate (CAN) as a strong one-electron oxidizing agent in water-acetonitrile medium.
This work will describe the generation of the intermediate (2) using CAN as an
oxidant in acetonitrile-water (1:3, v/v) at 293 K. The stability of the oxo-transient
(2) and its reactivity in hydrogen ato, transfer (HAT) reaction of alkanes and oxygen
atom transfer (OAT) reactions of thioanisoles have will also be described.
VI.2. Results and discussion
VI.2.1. Generation of [(dpaq)MnIV(O)]+ (2) using ceric (III) ammonium nitrate
Addition of ceric (IV) ammonium nitrate (CAN; 2 mM) to a solution of
[(dpaq)MnIII(OH)](ClO4), (1; 0.5 mM) (dpaq = 2-[bis(pyridine-2-ylmethyl)]amino-Nquinoli-8-yl-acetamide) generates a green solution containing 2 (Scheme VI.1)
which absorbs at 690 nm in water-acetonitrile (H2O/CH3CN, 1:3, v/v) medium at
293 K.

Scheme VI.1. Formation of [(dpaq)MnIV(O)]+ (2) using [Ce(NH3)6](NO3)3 in acetonitrile-water (3:1)
medium at 293 K.

The electronic spectrum of MnIV-O (in situ) species is shown in Fig.VI.1. Addition of
CAN to the solution of 1 results in the formation of absorption features at 700 nm
with a shoulder at 500 nm. Comparing the electronic features with those obtained in
the preceding chapter, formation of the high-valent MnIV-O species can be
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ascertained. However, in the present case, the self-decay of MnIV-O intermediate has
been found to be significantly faster indicating less stability of the transient in
water-acetonitrile (Fig.VI.1 inset).

Fig.VI.1. UV-visible spectra of [(dpaq)MnIII(OH)](ClO4) (0.5 mM) after addition of 4 equivalents of
CAN (2 mM) in 3:1 acetonitrile water solution at 20 °C. Inset figure shows the change in absorbance
at 690 nm w.r.t. time.

The complex [(dpaq)MnIV(O)]+ obtained via CAN in water-acetonitrile medium has
been further characterized by EPR. The X-band EPR spectrum at 77K shows two
signals, one at g = 4.9 and the other at high field with g = 2.02 indicating a S = 3/2 Mn
(IV) species.
The formation of the intermediate has been followed by varying the concentration of
the oxidant; kobs values are shown in Table VI.1. The increase of kobs value with
increasing oxidant concentration shows the dependence of MnIV-O generation upon
the concentration of oxidant. Although a high rate of oxo generation was obtained
with increasing [CAN], a very fast decay of the transient intermediate is observed in
high concentration range. As evident from the Table VI.1, moderate stability and
high formation constant of MnIV-O species has been obtained when 4 equivalents of
CAN solution is added to the starting metal complex [(dpaq)MnIII(OH)](ClO4) (1).
Table VI.1. Dependence of rate of self decay on the oxidant concentration at 293 K.
Kobs

10─2 (S─1)

[CAN] mM

t1 (S)

2

2379

0.0291

4

1056

0.0656

6

662

0.1047

8

54.87

1.26

145

The low solubility of [(dpaq)MnIII(OH)](ClO4) makes the generation of 2 difficult in
pure water. The attempt to generate MnIV=O species in pure acetonitrile using CAN
results in failure due to precipitation. Mixtures of water-acetonitrile in different
ratios (from 1:9 to 1:3) have been examined to select the most suitable reaction
medium for generation of 2 by CAN. It has been found that at a very low percentage
of water (water-acetonitrile, 1:5, v/v), the generation of 2 becomes unfavourable
due to appearance of precipitate in the reaction medium. However, species 2 is
generated with moderate stability in water-acetonitrile medium (1:3) at 293 K.
Therefore, water-acetonitrile (1:3) medium has been used as the reaction medium
for the generation of MnIV=O species, 2 at 293 K.
VI.2.2. Characterization of [(dpaq)MnIV(O)]+ (2) generated in wateracetonitirle
The high valent MnIV-O species 2 (in situ), has been characterized by LC mass
spectrometry in water-acetonitrile medium. Mass spectrum of the generated MnIV-O
species shows a molecular ion peak at m/z 453.3533 (Fig.VI.2).

Fig.VI.2. LC mass spectrum of 2 (in situ) in water-acetonitrile (1:3, v/v) medium generated by CAN.

The signal appeared at m/z 453.3533 corresponds to the generation of a
mononuclear [(dpaq)MnIV(O)]+ species (Fig.VI.2). The complex [(dpaq)MnIV(O)]+
obtained via CAN in water-acetonitrile medium has been further characterized by
EPR spectroscpy. The X-band EPR spectrum at 77K shows two signals, one at g = 4.9
and the other at high field with g = 2.02 indicating a S=3/2 an Mn(IV) centre.
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VI.2.3. Reactivity of [(dpaq)MnIV(O)]+ (2) species generated by CAN
The reactivity of the MnIV-O species (2) (in situ) has been investigated for the
oxidative activation of the C-H bond in 9, 10-DHA to produce anthracene in wateracetonitrile (1:3) medium at 293 K. In chapter V we have discussed the reactivity of
[(dpaq)MnIV(O)]+ species with various deactivated alkanes of weak C-H bond
dissociation energies (such as xanthenes, 9, 10- dihydrogen anthracene (9, 10DHA), 1, 4-CHD and fluorene).
The absorbance of 2 (0.5 mM) at 690 nm decreases on addition of 20 equivalents of
9, 10-DHA (C-H BDE = 77 kcal mol-1) and the change in absorption spectra with time
is shown in Fig.VI.2. The inset in Fig.VI.2 represents the decay pattern of 2 in wateracetonitrile (1:3) medium at 293 K.

Fig.VI.3. Changes in UV-visible spectra for 2 upon addition of 20 equivalents of DHA (10 mM) at 293
K. Inset shows the pseudo first order decay pattern of 2 after addition of DHA.

The reaction between 2 and 9, 10-DHA follows a second order reaction pathway
with a second order rate constant (k2) value of 4.1 M−1 S−1 (Fig.VI.3), which is quiet
close to the value obtained for the MnIV-O species [(dpaq)MnIV(O)]+, generated in
acetonitrile described in previous chapter (3.7 M‒1 S‒1).
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Fig.VI.4. Plot of kobs (s-1) against substrate concentration (in mM) to determine second order rate
constant, k2 (M-1 S-1) for 9, 10-DHA at 293 K.

The MnIV-O species also reacts with 1, 4-CHD and the decay of 2 on addition of 1, 4CHD follows a pseudo first order kinetics (inset in Fig.VI.4). Upon addition of 50
equivalents of 1, 4-CHD (25 mM) to a solution of 2 (0.5 mM), the absorbance at 690
nm decreases and attains a minimum after 20 min (Fig.VI.5).

Fig.VI.5. Spectral changes of 2 after the addition of 50 equivalents (25 mM) of 1, 4-CHD at 20 °C; inset
figure shows the decay of absorbance at 690 nm with respect to time after the addition of 1, 4-CHD at
293 K.

The reaction between 2 and 1, 4-CHD also follows a second order reaction pathway
and the plot of kobs (S-1) value against the substrate concentration (mM) is shown in
Fig.VI.6.
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Fig.VI.6. Plot of kobs (s-1) against substrate concentration (in mM) to determine second order rate
constant, k2 (M-1 S-1) for 1, 4-CHD at 295 K.

In the reaction of 2 with 1, 4-CHD, the second order rate constant (k2) is found to be
2.46

10-1 M-1 S-1 at 293 K, which is higher than the reported k2 value for the

oxidation of 1, 4-CHD by [MnIV(BQCN)(OH2)(O)]+ in aqueous medium [14]. Oxidation
reaction of other hydrocarbons could not be studied due to low solubility of the
substrates in aqueous medium.
VI.2.4. Reactivity of 2 in oxygen atom transfer (OAT) reaction
The transient intermediate 2 reacts very fast with thioanisole. As the reaction
proceeds very fast, higher concentrations of thioanisoles could not be reacted with
the intermediate.

Fig.VI.7. Spectroscopic change of 2 upon addition of 10 equivalents of thioanisole (1: 1 mM, CAN: 4
mM) in acetonitrile solution at 293 K. inset shows the pseudo first order decay pattern of 2 upon
addition of thioanisole under the same reaction condition.

The kobs value calculated for thioanisole is 1.2

10−1 S-1 (Fig.VI.7) which is of the

same order of the second order rate constant for sulfoxidation reaction of
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thioanisole as observed for the high-valent MnIV=O intermediates of a neutral
pentadentate ligand shown by the group of C. V. Sastri [15].

Fig.VI.8. Hammett plot of log krel against σp of p-substituted thioanisoles for 2 (1 mM with ρ = -2.041
in Acetonitrile at 293 K.

The negative value of ρ (-2.041), which is obtained from the slope of Hammett plot
(Fig.VI.8) indicates that the sulphur oxidation reaction accomplished by 2 is
electrophilic in nature.
VI.3. Conclusions
1. The high valent MnIV=O species [(dpaq)MnIV(O)]+, can be generated in aqueousacetonitrile

(1:3)

medium

from

the

corresponding

MnIII-OH

complex

[(dpaq)MnIII(OH)]+ by a one electron oxidant i.e. ceric ammonium nitrate (CAN).
2. The MnIV=O species 2 (in situ) shows reactivity in activating the C-H bonds of
alkanes with low bond dissociation energy. The reaction between 2 and alkanes
such as 9, 10-DHA and 1, 4-CHD follows a second order reaction pathway and the
oxidation of alkanes is mediated by hydrogen atom abstraction reaction.
3. The high valent manganese (IV)-oxo species, 2 is also capable in oxidizing
thioanisoles to the corresponding sulfoxides. The reaction between 2 and
thioanisole follows oxygen atom transfer (OAT) pathway, which is established by the
formation of sulfoxide only, without any trace of sulfones.
4. The negative value of ρ (-2.041) obtained from Hammett correlation plot shows
the electrophilic nature of the MnIV=O species in sulfoxidation of thioanisole and psubstituted thioanisoles in aqueous-acetonitrile (1:3) medium.
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VI.4. Experimental
VI.4.1. Materials and Method
In all spectroscopic measurements the solvents were used of spectroscopic grade.
Water was distilled prior to use in reactivity study. The synthesis and
characterisation of the starting material [(dpaq)MnIII(OH)](ClO4] has been
discussed in earlier chapter. 9, 10-dihydroanthracene (9, 10-DHA), thioanisole and
4-substituted thioanisoles were acquired from Sigma Aldrich. The oxidant
ceric(IV)ammoniumnitrate was obtained from Sigma Aldrich and stored under inert
atmosphere. The UV-visible spectra and kinetics data were collected from Agilent
8543 UV-visible spectrophotometer. Throughout the study the temperature was
maintained at 20 °C.
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