
Metal-Peroxide Reactivity

Ligand-Constraint-Induced Peroxide Activation for Electrophilic
Reactivity
Anirban Chandra, Mursaleem Ansari, In8s Monte-P8rez, Subrata Kundu, Gopalan Rajaraman,*
and Kallol Ray*

Abstract: m-1,2-peroxo-bridged diiron(III) intermediates P are
proposed as reactive intermediates in various biological
oxidation reactions. In sMMO, P acts as an electrophile, and
performs hydrogen atom and oxygen atom transfers to
electron-rich substrates. In cyanobacterial ADO, however, P
is postulated to react by nucleophilic attack on electrophilic
carbon atoms. In biomimetic studies, the ability of m-1,2-
peroxo-bridged dimetal complexes of Fe, Co, Ni and Cu to act
as nucleophiles that effect deformylation of aldehydes is
documented. By performing reactivity and theoretical studies
on an end-on m-1,2-peroxodicobalt(III) complex 1 involving
a non-heme ligand system, L1, supported on a Sn6O6 stannox-
ane core, we now show that a peroxo-bridged dimetal complex
can also be a reactive electrophile. The observed electrophilic
chemistry, which is induced by the constraints provided by the
Sn6O6 core, represents a new domain for metal@peroxide
reactivity.

Introduction

Binuclear non-heme metalloenzymes activate O2 to carry
out a variety of important biological processes.[1] These
processes often involve the formation of a m-1,2-peroxo-
bridged bimetallic intermediate P, which is either further
reduced to a bridging oxo intermediate or more generally
directly involved in both electrophilic and nucleophilic
reactions with various substrates.[2] In the diiron form of
cyanobacterial aldehyde-deformylating oxygenases,[3] a per-
oxo-bridged diiron(III) complex is suggested to perform

a nucleophilic attack on the carbonyl carbon of the substrate
to form a Fe2

III/III@peroxyhemiacetal complex, which under-
goes reductive O@O bond cleavage that leads to C1@C2
radical fragmentation and formation of the alkane/alkene and
formate products. In soluble methane monooxygenase
(sMMO),[4a,b] on the other hand, the intermediate P under-
goes a proton-promoted O@O bond scission and rearrange-
ment of the diiron core to form a bis(m-oxo)diiron(IV) unit,
termed Q, that is directly responsible for the oxidation of
methane to methanol. Detailed reactivity studies have
suggested that P in sMMO also exhibits a unique ability to
initiate electrophilic oxidation reactions (Scheme 1) directly
via a two-electron or a hydride abstraction pathway,[4c–e] which
is in contrast to the one-electron oxidation processes that are
preferred by Q. In the arylamine oxygenase of the chloram-
phenicol biosynthesis (CmlI),[5] toluene 4-monooxygenase
(T4MO),[6] D9 desaturase (D9D)[7] and 4-aminobenzoate N-
oxygenase (AurF),[8] on the other hand, the m-1,2-peroxo P
intermediates are inactive towards substrates and require
further activation for electrophilic reactions. In T4MO an
intramolecular electron transfer in P leads to the formation of
an FeIIFeIII@superoxide species as the active intermediate.[9]

In D9D, CmlI or in AurF, on the other hand, the activation
process seems to involve the conversion of P to a new
intermediate P’’,[2, 8c,10] whose structure has been controver-
sially discussed as possessing either a m-1,1- or m-1,2-hydro-
peroxo bridge or a non-protonated peroxo structure having
an additional water ligand. Overall, although the role of

Scheme 1. Proposed peroxo intermediates for electrophilic reactivity in
sMMO and T4MO.
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enzymatic m-1,2-peroxo-bridged bimetallic intermediate P
intermediates for the oxidation of substrates containing C@H/
O@H bonds has been suggested, the factors that lead to
peroxide activation for electrophilic reactions are not prop-
erly understood.

In biomimetic studies, a number of mono- and di-nuclear
metal–oxygen model complexes have been trapped and
characterized allowing an assessment of the reactivity of the
metal-bound oxo, (hydro)peroxo, and superoxo ligands.[11]

These complexes displayed the ability to initiate a number
of electrophilic and nucleophilic oxidative transformations
that mimic the reactivity of the enzymatic systems. Whereas
electrophilic reactions are generally associated with metal@
oxo, hydroperoxo, and superoxo cores, metal@peroxo cores
can mainly account for the nucleophilic reactivity. Metal@
peroxo mediated electrophilic oxidation reactions are ob-
served in extremely rare cases.[11o, 12,13] For example, a mono-
nuclear side-on manganese(III)@peroxo complex[12] is pro-
posed to react with aldehydes through electrophilic hydrogen-
atom transfer (HAT) reactions instead of the commonly
proposed nucleophilic addition reaction. Additionally, side-
on peroxo-bridged dicopper(II) cores[13] can also initiate
oxidation of substrates containing C@H/O@H bonds; how-
ever, these intermediates are known to be in equilibrium with
the bis(m-oxo)dicopper(III) species in solution and the exact
nature of the reactive intermediate responsible for the
electrophilic reactions has proved to be ambiguous. To the
best of our knowledge, no evidence for a m-1,2-peroxo-
bridged bimetallic intermediate that performs electrophilic
C@H bond oxidation reactions has been reported to date. As
such, no experimental verification of the postulated electro-
philic reactivity of m-1,2-peroxo-bridged diiron(III) inter-
mediate P in sMMO exists. Herein, we describe our
investigations into the electrophilic reactivity of a m-1,2-
peroxo-bridged bimetallic model complex toward intermo-
lecular C@H and O@H bond activation reactions.

Results and Discussion

In a previous study, we reported the synthesis of a novel
hexanucleating non-heme ligand system L1 (Scheme 2),[14]

supported on a stannoxane core along with its iron(II)
complex {[L1Fe6]

12+}, which performed a rare O@O bond
formation upon reaction with iodosobenzene to yield a super-
oxo complex, {[L1(FeIII(O2C@)FeII)3]

12+}. The involvement of
a m-1,2-peroxo-bridged diiron(III) species was proposed,
whose transient nature prevented its isolation. The replace-
ment of the iron centers by cobalt led to a significant increase
in the stability of the M-O-O-M core, which allowed the
isolation of the {[L1(CoIII(O2)CoIII)3]}

12+ complex
1 (Scheme 2) upon dioxygen activation of the hexanuclear
cobalt complex {[L1Co6]

12+} in the temperature range @50 to
25 88C.[15] UV/Vis, resonance Raman, X-ray absorption spec-
troscopy, magnetic circular dichroism, and theoretical studies
confirmed the presence of an antiferromagnetically coupled
m-1,2-peroxodicobalt(III) core in 1 with an S = 0 ground state,
where the O2

2@ units act as intramolecular bridge between the
cobalt centers in {[L1Co6]

12+}. The possibility of intermolec-

ular dioxygen binding was excluded based on the non-
dependence of the rate of formation of 1 on the concentration
of {[L1Co6]

12+}, as well as the O2-titration experiments, which
showed that three equivalents of O2 were necessary for the
complete formation of 1. The formation of an intramolecu-
larly bridged m-1,2-peroxo-dicobalt(III) core was demonstrat-
ed to impose significant restraints on the conformational
flexibility of the Co-binding arms of the stannoxane core,
which made O2-binding an entropically unfavorable process.
This increasingly favored the dissociation of O2 with increas-
ing temperature.[15] The temperature dependence of the
stability of 1 was reflected in the change in selectivity of the
{[L1Co6]

12+}-catalyzed O2 reduction reaction from a preferen-
tial 4e@/4H+ dioxygen reduction (to water) at@50 88C to a 2 e@/
2H+ process (to hydrogen peroxide) at + 25 88C. In the present
study, we demonstrate that the constraints imposed by the
stannoxane core of L1 also activate the peroxide core in 1 for
electrophilic reactivity, thereby making 1 the only example of
a m-1,2-peroxo-bridged bimetallic complex known to date that
is capable of C@H and O@H bond activation reactions.

The electrophilic character of 1 was tested by the addition
of 1-benzyl-1,4-dihydronicotinamide (BNAH), xanthene, di-
hydroanthracene (DHA), 1,4-cyclohexadiene (CHD), and
fluorene to the preformed solutions of 1 in deaerated acetone
at 25 88C, which resulted in the disappearance of the character-
istic absorption band at 470 nm with a pseudo-first order
decay profile (Figures 1a,b for xanthene reaction; see SI
Figures S1–S5 for the other substrates); the linear depend-
ence of the pseudo-first order rate constants (kobs) on
substrate concentrations led us to determine the second-
order rate constants (k2). The k2 values decrease with an
increase in the C@H bond dissociation energies (BDE)[16] of
the substrates. Figure 2A shows a linear correlation between
the logk2’ (where k2’ values are obtained by dividing the
second-order rate constant k2 by the number of equivalent
target H atom in the substrates)[17] and the C@H BDE values
of the substrates (Table S1), which supports C@H bond
activation via a rate-determining HAT process. An analysis
of the reaction mixture with GC–MS and/or NMR showed the

Scheme 2. The structure of the ligand and complexes used in the
present work.
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formation of xanthone, anthracene, benzene, and 9-fluore-
none, respectively, as the oxidation products (Figure S6–S9).
Complex 1 also performed oxygen atom transfer (OAT) to
PPh3 to form Ph3PO in 58% yield (Figure S10). The source of
oxygen in the xanthone and Ph3PO products turned out to be
the Co-O-O-Co unit in 1, which was shown by an 18O-labeling
experiment using 18O-labeled 1. Furthermore, the resultant
solution is silent in the X-band EPR, which is consistent with
the formation of CoIII products. Thus, each of the three Co-O-
O-Co units in 1 acts as a one-electron oxidant; the incomplete
mass balance may presumably be attributed to the non-
involvement of all the three Co-O-O-Co units in oxidation
reactions mediated by 1.

Notably, cobalt@peroxo species are known to be nucleo-
philic oxidants[18a–e] and dicobalt@peroxo compounds are
proposed as potential intermediates in water oxidation[18f,g]

and dioxygen reduction reactions.[18h,i] However, no prece-
dents of Co@peroxo-mediated intermolecular C@H and O@H
bond activation reactions are known in the literature. Further
mechanistic studies were therefore performed in order to
confirm whether the CoIII-O2-CoIII cores in 1 are directly
responsible for the observed HAT and OAT reactions, or
whether they can be attributed to minor amounts of CoIV/V@O
cores present in solution in equilibrium with the peroxo
species. First, deuterium kinetic isotope effects (KIE) on the
second-order rate constant k2(C@H)/k2(C@D) were measured
for xanthene and DHA. The determined KIE values of 3.02
and 2.45, respectively, (Figure 1c,d) for DHA and xanthene
are smaller than the KIE values obtained for most metal@oxo-
mediated HAT reactions (7–25);[11,19] in particular, large KIE
values of 13 and 8 have been recently reported for
[(TAML)CoIV(O)(Sc(CF3SO2)3] (TAML = tetraamido mac-
rocyclic ligand)- and [(13-TMC)CoIV(O)]2+ (13-TMC =

1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane)-mediat-
ed HAT reactions.[20] One indirect method frequently used to
confirm the involvement of a metal@oxo core in solution is to
carry out the oxidation reactions in the presence of 18O-
labeled water (H2

18O), since metal@oxo complexes can
exchange their O-atom with 18O-labeled water prior to the
O-atom transfer to organic substrates.[21] In order to deter-
mine whether or not a CoIV/V@O species was forming in
solution and was responsible for the observed electrophilic
reactivity, 2 was set to react with PPh3 in acetone in the
presence of 0.01 mL of H2

18O. Although OAT to PPh3 also
occurs in the presence of H2

18O (Figure S10), the analysis of
the reaction mixture showed no incorporation of 18O into the
OPPh3 product.

For a better understanding of the electrophilic reactivity
of 1, we investigated its reactivity with different substituted
phenols (Figures S11–S21) and provide deeper insights into
the O@H bond activation mechanism towards substituted
phenols by applying the Brønsted/Tafel analogy published by
Ram and Hupp[22] for electron transfer processes. Kinetic
isotope labeling studies on the oxidation of 2,6-Di-tert-butyl-
4-methoxy phenol (4-OMe-2,6-DTBP) and phenol by 1 yield-
ed KIE values of 3.09 and 2.93, respectively, corroborating the
involvement of proton transfer in the rate-determining step
(Figure S11). Furthermore, k2 values (Table S2) were deter-
mined for the reactions of 1 with different substituted phenols
(ArOH), which when correlated to the ArOH/ArOH+

potentials (Eox) of the phenols afford a good linear correlation
for the (RT/F)lnk2 versus Eox plot with a slope of @0.29
(Figure 2, right). A one-step HAT mechanism (Scheme 3) can

Figure 1. a) UV/Vis changes associated with the reaction of
1 (1.5 W 10@5 m) with xanthene (80 equiv); in the inset is shown the
time trace of the decay of the 470 nm band and the pseudo-first order
fit. b) Variation of the pseudo-first order rate constants with varying
substrate concentrations and the linear plot to obtain the k2 value.
c) Determination of the KIE value for the reaction of 1 with DHA at
25 88C. d) Determination of the KIE value for the reaction of 1 with
xanthene at 25 88C. The y-intercept in (b)–(d) corresponds to
2.8 W 10@4 s@1, which is the self-decay of 1 at 25 88C.

Figure 2. Left: plot of the logk2’ vs. BDE for the reactions of 1 with
different substrates at 25 88C; although the products in Table S1
correspond to more than one HAT reaction, the first HAT is approxi-
mated to be rate determining. Right: plot of (RT/F)lnk2 against the
oxidation potentials (Eox

0) of the substrates for the reaction of
substituted ArOH with 1 at 25 88C.

Scheme 3. Possible reaction pathways for the oxidation of phenols.
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be excluded based on the dependence of k2 on Eox. The
observed slope of @0.29 is also inconsistent with a concerted
proton-coupled electron transfer (PCET) mechanism, for
which a slope between @0.5 and @1.0 is expected.[23,24] The
stronger than expected dependence on oxidation potential
may imply uncoupled proton (PT) and electron (ET) transfers
(Scheme 3) with a partial transfer of charge from hydrogen
donors to the Co-O-O-Co unit in 1, as reported previously in
the literature.[23b, 24] This would also be consistent with the
observed weak correlation of the KIE values to the O@H/C@
H BDEs (Figure S11).

Analysis of the reaction mixtures for 2,6-di-tert-butylphe-
nol (2,6-DTBP), 4-OMe-2,6-DTBP, and 2,4,6-tri-tert-butyl-
phenol (2,4,6-TTBP) demonstrated the formation of the
corresponding benzoquinone products in 30–40% yield
(Table S2; Figures S22–S24). When 18O-labeled 1 was used,
significant 18O-atom incorporation occurred in the resulting
benzoquinone, so that the oxygen atom incorporated into the
oxidized product originates from 1 (Figures S22, S24). Fur-
thermore, in the case of the reactions of 1 with 2,4,6-TTBP
and 4-Br-2,6-DTBP the formation of the corresponding
phenoxyl radicals (yield: 22% for 2,4,6-TTBP and 15 % for
4-Br-2,6-DTBP)[25] with UV/Vis absorption bands at approx-
imately 400 and 420 nm (Figures S13 and S20) and sharp EPR
signals (Figure S25) at g = 2.00 were detected. Based on these
results, the reaction of 1 with phenols may be explained by
a mechanism depicted in Scheme S1, which is reminiscent of
the reaction path proposed previously for selected cobalt@,
nickel@ and copper@superoxo systems.[23b, 26] The phenoxyl
radical formed after the initial transfer of hydrogen atom to
the Co-O-O-Co unit in 1 may react with a second Co-O-O-Co
core to generate a cobalt(III)aryl peroxo species, which upon
O@O bond cleavage will yield a benzoquinone product
incorporating a new oxygen atom coming from the peroxo
moiety. Although the present study lacks any direct evidence
of the formation of the cobalt(III)aryl peroxo species, its
involvement is tentatively assigned based on the detection of
formaldehyde by employing the Nash assay[27] in the reaction
of 1 with 4-OMe-2,6-DTBP (Figure S26). Furthermore, the
resultant solution lacks any cobalt-based signal in the X-band
EPR, which is consistent with the formation of the CoIII

products.
DFT calculations were performed to obtain insights into

the origin of the unique electrophilic reactivity of 1. In order
to approximate the constraints provided by the stannoxane
core, we designed a simplified end-on m-1,2-peroxodicobalt-
(III) system (1con), where the distance between the two ligand
carbonyl carbons was fixed to 4.044 c, based on the structure
of L1 (Figure 3). The second structure (1uncon) is optimized
without any constraints, and may model the large number of
previously reported m-1,2-peroxodicobalt(III) systems,[18a,f–i]

for which no electrophilic reactivities were observed. The
CoIII atoms in both 1con and 1uncon are five-coordinate with
a bound triflate anion (SCo = 1) and found to be antiferro-
magnetically coupled leading to a ST = 0 ground state as
estimated earlier,[15] and hence we focused our attention
particularly on these broken-symmetry states corresponding
to a ST = 0 ground state. Calculations reveal that 1con is
thermodynamically more stable than 1uncon by 13.6 kJmol@1.

Notably, the calculated O@O bond length in 1con is signifi-
cantly shorter than 1uncon (Figure 3, top; 1.387 c vs. 1.422 c;
see also Figure S27). A closer look at the HOMO of 1con

reveals a strong donation of p*(O@O) bond to the Co-based d-
orbitals. As explained previously[11n,o] this donation strength-
ens the O@O bond and increases the electrophilicity of the
O2

2@ unit. Notably, the calculated vibrational frequency for
1con with ñ(O@O) at 894 cm@1 is in good agreement with the
experiment (ñ(O@O) of 878 cm@1). For 1uncon, the computed
ñ(O@O) vibration is found to be 865 cm@1, supporting
a weaker O@O bond. To quantify this p*(O@O)!Co(d)
donation, we have performed natural bond orbital (NBO)
second-order perturbation theory analysis (Figure S28),[28]

which reveals two strong p*(O@O)!Co(d) donations stabi-
lized by 144.7 kJmol@1 and 46.8 kJmol@1, respectively, for 1con.
For 1uncon, on the other hand, only one p*(O@O)!Co d-based
orbital interaction at 48.5 kJ mol@1 is detected. Notably, the
donation from p*(O@O) to Co-d based orbitals, and the O@O
distances in 1con and 1uncon can be correlated to their CoIII@N-
imidazolidinyl amine and Co@O distances of the amineN-Co-O-
O-Co-Namine core. The constraint provided by the stannoxane
core in 1con makes the CoIII@Namine bond at 2.277 c and Co@O
distance at 1.949 c longer relative to that in 1uncon (2.240 c
and 1.910 c, respectively); this makes the CoIII center in 1con

more Lewis-acidic, thereby accounting for the stronger p*(O@
O) to Co(d) donation. NBO population analysis also affirms
that the {O2} moiety in 1con possesses approximately 0.43
electrons less as compared to 1uncon (see Table S3). The
difference in electronic structure imposed by the structural
constraints is also reflected in various observables such as spin
density and charges. Although the spin density (Figure 3,
bottom) at the metal center is similar for both 1con and 1uncon,
there is some subtle difference in the spin density at the {O2}

Figure 3. Top: optimized structures of 1con (left) and 1uncon (right).
Bottom: the corresponding spin density plots of 1con (left) and 1uncon

(right). The values given in parenthesis are the corresponding NPA
charges on the particular atoms.
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moiety. Particularly in 1con, the net {O2} moiety spin density is
estimated to be@0.43 (@0.06 at O1 and@0.37 at O2), while in
the case of 1uncon, it is found to be @0.19 (0.10 at O1 and@0.29
at O2), suggesting a higher radical character of the bridging
oxygens in 1con and hence a greater ability to abstract
a hydrogen atom from C@H/O@H bonds (see Figure 3,
bottom).[29] Additionally, we have also carefully looked at
the NPA charges, which are very important for understanding
the electrophilic and nucleophilic character of the {O2}
moiety. The oxygen atoms were found to have a significant
negative charge in 1uncon compared to 1con (QC(OO) =@0.633
(@0.335 at O1 and @0.298 at O2) for 1con and QC(OO) =

@1.058 (@0.533 at O1 and @0.525 at O2) for 1uncon ; Figure 3,
bottom), further confirming the more electrophilic character
of 1con.

The space-filling models of the optimized structures are
shown in Figure S29. The {O2} moiety in 1uncon is sterically
hindered and less accessible to the substrates than that in 1con,

where the clear approach of the substrate to the {O2} moiety is
feasible. Furthermore, in 1uncon, the pyridine rings are tilted
towards the {O2} moiety due to the presence of two strong C@
H···O interactions between the {O2} moiety and the hydrogen
atoms of the pyridine rings and the amine groups (Fig-
ure S27). To further understand the electrophilic reactivity of
1, we investigated the formation of the reactant complex 1-
RC for the reactions of 1con/1uncon with DHA (Figures S30–
S32). It was found to be exothermic in both cases, with 1con-
RC being more stable (@47.7 kJ mol@1) than 1uncon-RC
(@26.7 kJmol@1) with respect to the free reactants. Further-
more, in 1con-RC, the DHA approaches the {O2} moiety very
closely with the C@H···O@O distance of 2.577 c (Figures S30
and S31) that leads to a very strong interaction of the s(C@H)
bond with the p*(O@O) and Co(d) orbitals, as also revealed
by the nature of the HOMO (Figure S32). In 1uncon-RC, on the
other hand, the closest C@H···O@O distance is found to be
5.038 c with no major interaction between the p*(O@O) and
Co(d) orbitals. A closer look at the Mulliken charges (Fig-
ure S33) reveals a decrease in the charges of the carbon and
hydrogen atoms of DHA that are involved in interaction with
the {O2} moiety compared to free DHA in 1con-RC (from
a value of@0.156 in free DHA to a value of@0.082 in 1con-RC
for C and from 0.105 in free DHA to 0.049 in 1con-RC for H).
This interaction also alters the spin density at the interacting
oxygen atom (O2, Table S4) from @0.37 in 1con to + 0.31 in
1con-RC. In contrast, for 1uncon-RC the observed changes
relative to 1uncon are very small or negligible (see Figure S33
and Table S4). This is consistent with a partial transfer of
charge from DHA to the Co-O-O-Co unit in 1con-R (and not
in 1uncon-RC), which is in line with the experimentally
observed mechanism for complex 1-mediated O@H bond
activation reactions (Figure 2B).

Conclusion

The m-1,2-peroxo P intermediates in diiron enzymes are in
general inactive towards substrates and require activation by
protonation for electrophilic oxidation reactions like HAT
and OAT reactions. However, P from sMMO has been shown

to oxidize electron-rich substrates like ethyl vinyl ether,
diethyl ether, and propylene, and the peroxide activation
mechanism is not well understood. In the present work, we
now report a m-1,2-peroxo dicobalt(III) complex 1 that is
capable of performing HAT from substrates containing C@H
and O@H bonds and OAT to PPh3. The electrophilic reactivity
of 1 is in sharp contrast to the previous reports of biomimetic
m-1,2-peroxo dimetal complexes of Fe, Co, Ni, and Cu that all
act as nucleophiles and effect the deformylation of aldehydes.
DFT studies suggest that a strong O2

2@-to-CoIII p-donation,
which can be attributed to the constraint provided by the
stannoxane core that makes the CoIII centers Lewis acidic,
contributes to the unique electrophilicity of 1. Whether or not
a similar peroxide activation mechanism for electrophilic
oxidation reactions is applicable for the m-1,2-peroxo diiron-
(III) intermediate in the catalytic cycle of sMMO is now
a particularly intriguing question.
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