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A side-on Mn(III)–peroxo supported by a non-
heme pentadentate N3Py2 ligand: synthesis,
characterization and reactivity studies†
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A mononuclear manganese(III)–peroxo complex [MnIII(N3Py2)(O2)]
+ (1a) bearing a non-heme

N,N’-dimethyl-N-(2-(methyl(pyridin-2-ylmethyl)amino)ethyl)-N’-(pyridin-2-ylmethyl)ethane-1,2-diamine

(N3Py2) ligand was synthesized by the reaction of [Mn(N3Py2)(H2O)](ClO4)2 (1) with hydrogen peroxide and

triethylamine in CH3CN at 25 °C. The reactivity of 1a in aldehyde deformylation using 2-phenyl propional-

dehyde (2-PPA) was studied and the reaction kinetics was monitored by UV-visible spectroscopy. A

kinetic isotope effect (KIE) = 1.7 was obtained in the reaction of 1a with 2-PPA and α-[D1]-PPA, suggesting

nucleophilic character of 1a. The activation parameters ΔH‡ and ΔS‡ were determined using the Eyring

plot while Ea was obtained from the Arrhenius equation by performing the reaction between 288 and

303 K. Hammett constants (σp) of para-substituted benzaldehydes p-X-Ph-CHO (X = Cl, F, H, and Me)

were linear with a slope (ρ) = 3.0. Computational study suggested that the side-on structure of 1a is more

favored over the end-on structure and facilitates the reactivity of 1a.

Introduction

Metal-dioxygen compounds are key intermediates formed
during the dioxygen activation by various metal-containing
enzymes.1 In the 3d metal series, manganese plays a vital role
in the active sites of several metalloenzymes, offering different
oxidation states in redox reactions.2 The manganese–peroxo
intermediates have been detected as the reactive species in
several enzymes like manganese superoxide dismutase (Mn-
SOD),3 manganese ribonucleotide reductase,4 manganese
homoprotocatechuate 2,3-dioxygenase (Mn-HPCD),5 and

oxygen-evolving complexes of photosystem II.6 The manga-
nese–peroxo adduct in Mn-SOD is the only structurally charac-
terized intermediate in biological systems where the peroxide
binds to the manganese by side-on binding mode instead of
the end-on way.7 Many manganese(III)–peroxo compounds
bearing flexible and rigid ligand environments have been now
reported and characterized by either spectroscopic methods or
by X-ray crystallography (Scheme 1, ESI Table S1†).8–13 The first

Scheme 1 Structurally characterized Mn(III)-O2
2− intermediates.13
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crystal structure of a side-on manganese(III)–peroxo species sup-
ported by a heme ligand tetraphenylporphyrin (TPP) was
[MnIII(O2)(TPP)]

− (structure a, Scheme 1).9 The structural charac-
terization and reactivity of Mn(III)–peroxo species bearing non-
heme tetramethylated cyclam ligands namely, 12-TMC, 13-TMC,
and 14-TMC were for the first time reported by Nam and co-
workers (structures b–d, Scheme 1).13a,b,c,15c The structures of
manganese(III)–peroxo species of trispyrazolyl based ligands
such as (hydrotris(3,5-diisopropylpyrazol-1-yl)borate (Tpipr2) and
tris(3,5-diphenylpyrazol)hydroborate (TpPh2) are also investi-
gated (structures e–g, Scheme 1).10 Studies on a large number of
Mn–peroxo intermediates have provided in-depth knowledge of
their molecular and electronic structures and such intrinsic pro-
perties have been correlated with the reactivity of active sites of
manganese-based enzymes.8 The manganese containing
enzymes usually react with oxidants like dioxygen, superoxides,
or peroxides to form Mn-peroxide intermediates.11 Several of
the reported Mn(III)–peroxo species were prepared by reacting a
Mn(II)-precursor compound with potassium superoxide,9,12

hydrogen peroxide,10 hydrogen peroxide in the presence of a
mild base,12c–e,13 or O2

•− generated by electrochemical
methods14 or O2

15 (see ESI Table S1†). It has been well docu-
mented that in the Mn–O2

2− species structure, the peroxo anion
can exist in two binding modes viz side-on (η2) or end-on (η1).8–13

The Mn(III)–peroxo intermediates bearing tetradentate ligands
bind to Mn(III) in a side-on (η2) peroxo species fashion,8 while
on the other hand, both side-on (η2) and end-on (η1) coordi-
nation modes are observed in Mn(III)–peroxo species bearing
pentadentate ligands.13c,e,13f,h–j Nam and co-workers have well
demonstrated the conversion of a side-on Mn(III)–peroxo species
to end-on peroxo bearing a tetradentate TMC ligand on the
addition of axial ligands at the fifth coordination site.13c

However, the computational studies have shown that Mn(III)–
peroxo species with pentadentate N5 ligands (mL5

2 and imL5
2,

N4Py, and Pro3Py) with a bispidine backbone can exist in only
side-on (η2) binding mode (Scheme 2).13e,f,13h–j

Apart from these two coordination modes (side-on (η2) or
end-on (η1)), the formation of bis(μ-oxo)dimanganese (III, IV)
wherein pentadentate ligands N4py and dpaq are bound to Mn
in an unusual tetradentate manner is also reported.16

The reactivity study of Mn(III)–peroxo species in the defor-
mylation of aldehydes is well documented13a–e and in these

reactions, Mn(III)–O2
2− species have nucleophilic character.

Interestingly, in recent reports, it was shown that the deformy-
lation of aldehydes by a Mn(III)–O2

2− species initially occurs via
H-atom abstraction at the α-position to the –C(H)vO group in
an electrophilic manner instead of nucleophilic attack on the
carbonyl group of aldehyde.13f,g,i Since there are only a few
reports on the electrophilic nature of an electron-rich manga-
nese–peroxo species, it is important to investigate more such
reactions using different ligands that stabilize manganese–
peroxo intermediates. Influenced by the dichotomic reactivity
of Mn(III)–peroxo intermediates (nucleophilic or electrophilic)
proposed by the Nam and Sastri groups, herein we report the
synthesis, characterization and reactivity studies of a new
manganese(III)–peroxo stabilized by a non-heme pentadentate
ligand N,N′-dimethyl-N-(2-(methyl(pyridin-2-ylmethyl)-amino)
ethyl)-N′-(pyridin-2-ylmethyl-)ethane-1,2-diamine (N3Py2) at
room temperature. Our literature studies show that very few
peroxo intermediates are kinetically stable at room tempera-
ture, and others are spectroscopically detected at low tempera-
tures (Table S1†).10,13b,f Many high valent metal–oxygen inter-
mediates of pentadentate ligands similar to our ligand N3Py2
are stable at room temperature.16a,17

Experimental
Materials and methods

All solid chemicals used in this work were purchased and used
as received without recrystallization. The solvents were dried
and distilled under a N2 atmosphere before their use. N3Py2
and [Mn(N3Py2)(H2O)](ClO4)2 (1) were prepared according to
our recent report.18,19 The deuterated 2-phenyl propionalde-
hyde was synthesized with a slight modification of the litera-
ture method.20 A dry powder of sodium hydride (0.3 g) was
taken in DMSO-d6 maintained under an Ar atmosphere, and
then the temperature was lowered to 0 °C. 2-Phenyl propion-
aldehyde (2-PPA) (1.335 mL) was then slowly added (this is an
exothermic reaction and hence precautions are required), and
the temperature of the reaction mixture was then slowly
increased to 25 °C. The solution was kept under stirring for
8 h and then neutralized with D2O, followed by extraction with
ethyl acetate. Purity of >99% deuteration in the product was
confirmed by 1H NMR spectroscopy (ESI, Fig. S1†). UV-visible
spectra and kinetic data were collected on an Agilent diode
array 8453 UV-visible spectrophotometer equipped with a cir-
culating water bath. Electrospray ionization mass spectra
(ESI-MS) of 1 and 1a were recorded on an Agilent mass spectro-
meter (6200 series TOF/6500 series Q-TOF B.08.00), by infusing
samples directly into the source using a manual method.
1HNMR spectra were measured with a Bruker model Ascend
400 FT-NMR spectrometer. The electron paramagnetic reso-
nance (EPR) spectra were recorded using an X-band Bruker
EMX-plus spectrometer equipped with a dual-mode cavity (ER
4116DM). Low temperatures were attained by using an Oxford
Instruments ESR900 liquid He quartz cryostat with an Oxford
Instruments ITC503 temperature and gas flow controller. The

Scheme 2 List of N5 pentadentate ligand supported Mn(III) peroxo
structures.
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experimental parameters for EPR spectra were as follows:
microwave frequency = 9.648 GHz, microwave power = 1.0 mW,
modulation amplitude = 10 G, gain = 1 × 104, modulation fre-
quency = 100 kHz, time constant = 40.96 ms, conversion time
= 85.00 ms and measurement temperature = 77 K. The product
analysis was performed using a Shimadzu GC 2014 gas chro-
matograph equipped an HP capillary column (30 m × 0.25 mm
× 2.5 μM) using an FID detector. The nitrogen gas was used as
a carrier gas. The retention time and peak areas of the pro-
ducts were compared with those of authentic samples using
decane as an internal standard.

Computational techniques

All the geometry optimization was performed using Gaussian
09, a program suite.21 In a similar work, several functionals
such as B3LYP, B3LYP-D, wB97XD, B97D, M06-2X, OLYP,
TPPSh, and MP2 were employed and B3LYP, B3LYP-D2, and
wB97XD were advocated to correctly predict the spin ground
state of the reactant and intermediates compared to experi-
mental data.22 Our calculations were restricted with two func-
tionals, B3LYP and a dispersion corrected functional B3LYP-D2,
for the geometry optimization of the Mn(III)–peroxo species
1a.23 Here, two different basis sets, LanL2DZ for Mn24 and a
6-31G basis set, were used for the C, H, N, and O atoms.25 The
optimized geometries were then used to perform single-point
energy calculations using a TZVP26 basis set on all atoms. The
quoted DFT energies are B3LYP-D2 solvation, including free-
energy corrections with a TZVP basis set at a temperature of
298.15 K. The optimized geometries were verified by animating
frequencies by using Chemcraft software. The solvation energies
were computed at the B3LYP-D level by using a polarizable con-
tinuum model (PCM) with acetonitrile as a solvent.

Synthesis of [Mn(N3Py2)(H2O)](ClO4)2 (1)

Compound 1 was prepared according to our recent work.18

N3Py2 (0.452 g, 1.38 mmol) in CH3CN (2 mL) was added to Mn
(ClO4)2·6H2O (0.5 g, 1.38 mmol) (2 mL CH3CN) at RT under a
N2 atmosphere. The reaction mixture upon stirring for 12 h
resulted in a brown solution. Addition of diethyl ether
afforded a white-buff powder which on work-up gave yield =
0.68 (82%). Calc. for C19H31N5Cl2O9Mn: C, 38.08; H, 4.91; N,
11.69%. Found C, 38.19; H, 4.91; N, 11.59%. IR (KBr, cm−1):
3412 ν(O–H); 1093, 621 ν(ClO4). Magnetic moment, μeff = 5.97
BM. ESI-MS: m/z = 191.18 (Calc. m/z = 191.21): [Mn(N3Py2)]

2+

and m/z = 481.08 (Calc. m/z = 481.86): [Mn(N3Py2)(ClO4)]
+.

Generation of a Mn(III)–peroxo intermediate (1a)

A light purple manganese(III)–peroxo complex [Mn(N3Py2)(O2)]
+

(1a) was generated by reacting Mn(II)-complex 1 (1 mM, 2 mL
CH3CN) with 10 equiv. of H2O2 (30% v/v) and 5 equiv. of tri-
ethylamine (TEA) at 25 °C. The formation of 1a and its stability
were analyzed by monitoring the spectral changes of the result-
ing solution with a UV-visible spectrophotometer. λmax, CH3CN/
nm (ε/L mol−1 cm−1): 572(254), 412(120); magnetic moment, μeff
= 2.91 BM, ESI-MS: m/z = 414.17 (Calc. 414.17) for [Mn(N3Py2)
(16O2)]

+ and m/z = 418.17 (Calc. 418.17) for [Mn(N3Py2)(
18O2)]

+.

Reactivity studies of 1a

The reactivity of [Mn(N3Py2)(
16O2)]

+ 1a was investigated in
deformylation of aldehydes such as 2-phenylpropionaldehyde
(2-PPA) and cyclohexanecarboxyaldehyde (CCA). The reactions
were performed in a 1 cm quartz cuvette and the kinetics of
the reactions were followed by monitoring the decay of the
572 nm band of 1a using a UV-visible spectrophotometer. Rate
constants were determined under pseudo-first-order con-
ditions (i.e., [substrate]/[1a] > 10), by fitting the changes in the
absorbance of the decay of the peak at 572 nm.

Results and discussion
Generation and characterization of 1a

The formation of [Mn(N3Py2)(
16O2)]

+ 1a intermediate in
CH3CN was monitored by UV-visible spectroscopy (Fig. 1a).
The UV-Vis spectrum of 1 in CH3CN exhibits bands only in the

Fig. 1 (a) UV-visible spectral changes after the addition of 10 equiv.
H2O2 in the presence of 5 eq. of TEA at 15 °C. The inset shows a time
trace monitored at 572. (b) ESI-MS spectrum of 1a recorded in CH3CN
showing a mass peak at m/z = 414.17 corresponding to [Mn(N3Py2)
(16O2)]

+ species. The insets show the observed distribution patterns
which correspond to the [Mn(N3Py2)(

16O2)]
+ 1a in black and [Mn(N3Py2)

(18O2)]
+ in red. A peak m/z = 164.62 corresponds to [N3Py2H2]

2+.
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UV region which are associated with intra-ligand transitions.
The absorption spectrum of 1 in CH3CN does not show any
band in the visible region,18 which is the typical characteristic
feature of high spin Mn(II) centers due to spin forbidden d–d
transitions as observed in similar Mn(II) complexes.27 On
addition of 10 equiv. of H2O2 to the 1 mM solution of 1 in
CH3CN in the presence of 5 equiv. of triethylamine (TEA) at
25 °C, the formation of a purple-colored intermediate (1a) was
observed (ESI, Fig. S2†) with the appearance of a new band at
572 nm (254 ε/L mol−1 cm−1) and a shoulder peak at 412 nm
(120 ε/L mol−1 cm−1) (Fig. 1a). The intermediate (1a) was
stable for a sufficient time which allowed us to characterize
and perform the reactions. The species (1a) was characterized
by ESI-MS (Fig. 1b) and EPR studies (ESI, Fig. S3†). The ESI-MS
of 1a in CH3CN shows a peak at m/z = 414.17 whose mass and
isotopic distribution pattern corresponded to [Mn(N3Py2)(O2)]

+

species (Calc. m/z = 414.17). When H2
18O2 was used in the

generation of 1a, the peak due to Mn-16O2 shifted by two units
to m/z = 418.17. Unlike the EPR spectrum of 1 which showed
six-line hyperfine signals (ESI, Fig. S3a†),18 the X-band EPR
spectrum of 1a was devoid of any active signals, suggesting the
EPR silent nature of 1a (ESI, Fig. S3b†). These EPR data thus
suggest that the Mn in 1a is Mn(III) with a d4 electron configur-
ation.13c Furthermore, we have determined the magnetic
moment of 1a, using Evans’ method,28 and found it to be 2.91
BM (ESI, Fig. S4b†), in agreement with our assumption of a
low spin Mn3+ complex compared to high spin Mn(II) (ESI,
Fig. S4a†). The ESI-MS, EPR and Evans method characteriz-
ation results unambiguously support the formation of Mn(III)–
peroxo intermediate 1a. On confirming the formula of Mn(III)–
peroxo species, the binding mode of 1a was elucidated by
using computational study (vide infra).

Reactivity of 1a in aldehyde deformylation

The reactivity of 1a was investigated by using different sub-
strates. The electrophilic character of 1a was initially tested in
the oxidation of triphenylphosphine (PPh3), thioanisole
(PhSCH3), cyclohexene and xanthene. However, we did not
observe any spectral changes upon the addition of these sub-
strates to the CH3CN solution of 1a and the band at 572 nm
remained the same. The product analysis of these reactions
did not show the formation of any oxygenated products. This
indicated to us that 1a does not show electrophilic character in
the above oxidation reactions. This is also in agreement with
the peroxo species of other first-row transition metals reported
earlier.29 The reactivity of 1a was then investigated in aldehyde
deformylation as the precedent study of first-row transition
metal–peroxo species showed the reactivity of Mn(III)–peroxo
species with aldehydes. Upon addition of 10 equiv. of 2-PPA to
the solution of 1a, the UV-visible band at 572 nm decayed with
a pseudo-first-order rate constant, kobs = 1.6 × 10−3 s−1, and
showed the isosbestic points at 501 and 778 nm (Fig. 2a).
Upon increasing the concentration of 2-PPA, the pseudo-first-
order rate constants increased proportionally, allowing us to
determine a second-order rate constant (k2) of 1.6 × 10−1 M−1

S−1 for the reaction at 25 °C (Fig. 2b).

The product analysis of the reaction mixture by the gas
chromatographic (GC) method revealed acetophenone as the
predominant product (88% (±2)) based on 1a 29b,c (Scheme 3).
We have also investigated the reactivity of cyclohexanecarbox-
aldehyde (CCA) with 1a; however, this reaction was very fast to
determine kinetic data using a UV-Vis spectrometer. The
product analysis of the final reaction mixture gave cyclohexene
in quantitative yields (75% (±4)) based on the amount of 1a
used.13b,c,29b,c The activation parameters for the aldehyde
deformylation reaction of 2-PPA were obtained from the Eyring
plot to give ΔH‡ and ΔS‡ by determining pseudo-first-order
rate constants from 288 to 303 K (Fig. 3a). The rates of reac-
tions were dependent on the temperature, and a linear Eyring
plot was obtained to give the activation parameters of ΔH‡ =
42 (±2) kJ mol−1 and ΔS‡ = −139 (±3) J mol−1 K−1. The acti-
vation energy (Ea) = 42 (±1) kJ mol−1 was obtained from the
Arrhenius equation from the plot of ln Kobs versus 1/T (ESI,
Fig. S5†).

It is reported that the proposed mechanism of aldehyde
deformylation by metal–peroxo species involves a nucleophilic
attack of peroxo species on the carbonyl group of an aldehyde
forming peroxyhemiacetal intermediate.13b,c,29 The O–O bond
homolytic cleavage of this intermediate then yielded deformy-

Fig. 2 (a) UV-visible spectral changes of 1a (1 mM) upon addition of 10
equiv. of 2-PPA in acetonitrile. The inset shows the time course of the
reaction monitored at 572 nm. (b) A plot of kobs against the concen-
tration of 2-PPA and 2-PPA-d to determine the second-order rate
constant.

Scheme 3 Upon deformylation of 2-PPA, acetophenone is obtained as
the major product.
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lated products.29c The ferric-peroxo porphyrin intermediate in
cytochrome P450 progesterone 17α-hydroxylase-17,20-lyase
(CYP 45017α) is reported to attack the carbonyl of progester-
one, leading to the formation of androstenedione and
acetate.30 Very recently, Sastri and co-workers have demon-
strated that the deformylation of an aldehyde such as 2-PPA by
a nonheme Mn(III)–peroxo complex occurs via initial H-atom
abstraction.13f Such an electrophilic abstraction was supported
based on evidence such as the observation of a large kinetic
isotope effect (KIE = 5.4) compared to KIE = 1 for the reaction
of Mn(III)–peroxo with 2-PPA/α-[D1]-PPA and computational
studies.13f,g,13i They also reported that Mn(III)–peroxo species
showed no reactivity with 2-methyl-2-phenyl propionaldehyde,
which lacks α-hydrogen atoms. In the present, when we per-
formed the reaction of 1a with α-[D1]-PPA, we obtained a
second-order rate constant (k2) of 9.3 × 10−2 M−1 S−1, giving us
KIE = 1.7 (Fig. 2b), and this value is slightly higher than the
expected KIE = 1 for the nucleophilic reactions.31 A slight
increase in the value of KIE in our work could be attributed to
the presence of a water molecule in the reaction mixture which
is generated through the release from the parent compound
[Mn(N3Py2)(H2O)]

2+ 1 on addition of H2O2. Such a wet reaction
in the presence of a trace amount of water is earlier reported
by Tolman and coworkers.32 Thus in comparison with the pre-
vious study, which showed a high kinetic effect (KIE = 5.4) for
the deformylation of 2-PPA via initial H-atom abstraction, in
our work we propose that the mechanism could still proceed
via nucleophilic pathway as reported in several other 3d metal
(III)–peroxo intermediates.13b,e,29b,c,33 Further to support our

notion of nucleophilicity of 1a, we measured the reactivity of
1a with different para-substituted benzaldehydes, p-X-Ph-CHO
(where X = Cl, F, H, Me, and OMe) substrates. Our results
suggest that the electron withdrawing para-substituents on the
benzaldehyde react at a faster rate with 1a compared to the
electron donating para-substituted aldehydes, following the
reactivity trend Cl > F > H > Me > OMe. The plot of log kobs
versus Hammett constants (σþp ) was found to be linear, giving a
slope (ρ) = 3.0 (Fig. 3b). These data thus provide additional evi-
dence for the nucleophilic reactivity of 1a with 2-PPA.
Certain properties of ligands such as steric properties can
affect the nucleophilic reactivity of Mn(III)–O2

2–.34 In our case
we feel that the flexible ligand N3Py2 may be tangling
around the Mn(III)–O2

2−, making the initial H-atom abstraction
process more difficult, thus following the nucleophilic
pathway. To gain more understanding of the mechanism
of deformylation of aldehydes and influence of ligand struc-
tures on reactivity, our efforts are underway to prepare new
ligands which can stabilize M(III)–O2

2− species at room
temperature.

Computational studies

The experimental characterization gave a formula of 1a as
[Mn(N3Py2)(η2-O2)]

+. However, two isomeric structures for 1a
are possible, end-on [Mn(N3Py2)(η1-O2)]

+ (1a1) and side-on
[Mn(N3Py2)(η2-O2)]

+ (1a2) (Scheme 4). To gain further insight
into the stability of the binding mode of the peroxo ligand
with Mn(III), we then performed a computational study on
Mn(III)–peroxo intermediate 1a.

End-on [Mn(N3Py2)(η1-O2)]
+ (1a1). All the possible spin states

of the end-on [Mn(N3Py2)(η1-O2)]
+ (1a1) species are optimized

using the B3LYP-D2 functional. Our DFT calculations reveal
that the quintet state (high spin) is computed as the ground
state, and this is consistent with the earlier reports on similar
ligand architectures.35 The triplet state lies at 107.6 kJ mol−1

higher in energy, while a low-spin singlet lies at 164.4 kJ mol−1

Scheme 4 Probable structure of the reactive intermediate 1a which
can exist as side-on (η2) or end-on (η1) peroxo.

Fig. 3 (a) Plot of ln (Kobs/T ) against 1/T to determine the activation
parameters for the reaction of 1a and 2-PPA. (b) Hammett plot for the
oxidation of para-substituted benzaldehydes p-X-Ph-CHO (X = Cl, F, H,
and Me) by 1a in CH3CN at 25 °C.
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higher in energy. The optimized structure of the high spin
end-on [Mn(N3Py2)(η1-O2)]

+ (1a1) species is shown in the ESI,
Fig. S6a.† The Mn–O1 and O1–O2 bond lengths of the ground
state of the Mn(III)–peroxo species are computed to be 2.004 Å
and 1.392 Å. The Mn–N(aq) bond length is found to be
2.401 Å. The O1–Mn–N3 bond angle is computed to be 157.3°.
The computed structural parameters of the quintet, triplet,
and singlet spin states of the Mn(III)–peroxo species are shown
in Table S2.† The ground state’s spin density plot is also
shown in Fig. S6b† and suggests the presence of four unpaired
electrons in the d-orbital of Mn(III)–peroxo species (Table S3†).

Side-on [Mn(N3Py2)(η2-O2)]
+ (1a2). The possible spin states of

the side-on [Mn(N3Py2)(η2-O2)]
+ (1a2) species are also opti-

mized. The B3LYP-D2 computed results show that the triplet
and the singlet lie at 99.6 and 152.6 kJ mol−1, respectively. The
optimized structure of the side-on [Mn(N3Py2)(η2-O2)]

+ (1a2)
species is shown in Fig. S6c.† The computed Mn–O1, Mn–O2,
and O1–O2 bond lengths of the ground state are 2.037 Å,
2.044 Å, and 1.443 Å. The axial Mn–N bond length is computed
to be 2.458 Å. The O1–Mn–N3 and O2–Mn–N3 bond angles are
found to be 154.0° and 150.3°. The computed structural para-
meters of side-on [Mn(N3Py2)(η2-O2)]

+ (1a2) species are shown
in Table S2.† The spin density plot of the ground state is
shown in Fig. S6d† and the spin density data is given in
Table S3.†

DFT calculations predicted that the side-on [Mn(N3Py2)(η2-
O2)]

+ (1a2) species is found to be the lowest in energy by
14.6 kJ mol−1 compared with the end-on [Mn(N3Py2)(η1-O2)]

+

(1a1) species. The B3LYP functional was also employed for
the optimization of the structural parameter (Table S4†),
which further suggests the side-on [Mn(N3Py2)(η2-O2)]

+ (1a2)
as the more stable intermediate than the end-on [Mn(N3Py2)
(η1-O2)]

+ (1a1) species. The DFT optimized structure of 1a is
shown in Fig. 4, and DFT results are in accordance with the
literature report wherein side-on (η2-O2) binding mode is
observed in Mn(III)–peroxo species bearing a pentadentate N5
ligand showing seven coordination around Mn(III).28–31,33 In
some other cases, to form the side-on peroxo complex, the
one arm of the pentadentate ligand is free; thus, a six-coordi-
nate Mn(III) complex is formed,34 unlike the present case. The
axial Mn–N bond length of the side-on [Mn(N3Py2)(η2-O2)]

+

(1a2) species is slightly longer than that of the six-coordinate
end-on [Mn(N3Py2)(η1-O2)]

+ (1a1) species (Table S2†), and

this is due to the presence of two ligated oxygen molecules.
A significant spin density on proximal oxygen (ESI, Fig. S6d†)
facilitates the reactivity of 1a. Since 1a is relatively stable at
room temperature, our efforts are underway to grow the
single crystal of 1a.

Conclusions

We have described the synthesis and characterization of a new
mononuclear non-heme Mn(III)peroxo species stabilized by a
pentadentate N3Py2 ligand. The species is metastable at room
temperature. The Mn(III)peroxo species depicts its reactivity in
aldehyde deformylation on reacting with 2-PPA. The kinetics
of reactions was monitored by following the decay of the peak
corresponding to Mn(III)–peroxo. The activation parameters
ΔH‡ and ΔS‡ for the aldehyde deformylation reaction were
obtained from the Eyring plot and activation energy Ea from
the Arrhenius equation by performing the reactions at a
different temperature ranging from 288 to 303 K. A KIE = 1.7
was obtained on carrying out the reaction with α-[D1]-PPA.
KIE = 1.7 and a positive (ρ) value of 3.0 suggest that the defor-
mylation reaction proceeds by nucleophilic attack on the
carbonyl group. DFT calculations were performed to provide
evidence for the side-on binding mode of the (O2)

2− ligand to
Mn(III).
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