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Abstract. Iron and manganese ions with terminal oxo and hydroxo ligands are discovered as key intermediates in several synthetic and biochemical catalytic cycles. Since many of these species possess vigorous catalytic abilities, they are extremely transient in nature and experiments which probe the structure and bonding
on such elusive species are still rare. We present here comprehensive computational studies on eight iron and
manganese oxo and hydroxo (FeIII/IV/V -O, FeIII -OH and MnIII/IV/V -O, MnIII -OH) species using dispersion corrected (B3LYP-D2) density functional method. By computing all the possible spin states for these eight species,
we set out to determine the ground state S value of these species; and later on employing MO analysis, we have
analysed the bonding aspects which contribute to the high reactivity of these species. Direct structural comparison to iron and manganese-oxo species are made and the observed similarity and differences among them are
attributed to the intricate metal–oxygen bonding. By thoroughly probing the bonding in all these species, their
reactivity towards common chemical reactions such as C–H activation and oxygen atom transfer are discussed.
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1. Introduction
Heme and non-heme high-valent metal-oxo, metalhydroxo species are gaining significance in recent years
as these species have been proposed as key intermediates in a variety of biological processes such as
photosystem-II,1 peroxidases,2 catalases,3 bleomycin4
and naphthalene dioxygenase.5 Apart from this, these
species are also capable of oxygenating a large variety
of organic and inorganic substrates.5 These metelloenzymes have inspired a range of biomimetic studies, as
these are expected to shed light on complex biological processes and will also help to design new catalysts
with increased efficiency and selectivity. These species
are also of high relevance to the pharmaceutical industry.7
Over the last decade, much attention has been paid to
high-valent manganese and iron species due to their
potent catalytic abilities and their striking resemblance
to enzymatic reactivities.8,9 With this motive, synthetic
effort to prepare complexes having high-valent metaloxo, peroxo and hydroperoxo units that mimic the catalytic activity of metalloenzymes are made and their
catalytic abilities are tested. As iron and manganese
atoms are commonly found in the active site of many
metalloenzymes, there is a growing interest to study the
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structure and reactivity of such species and this is evident from the large body of literature reported in the last
decade.8d,9a,b,10–12
Of particular relevance to our study is the reported
by Borovik13 and his co-workers who have parallelly
performed experimental investigation on manganese
and iron complexes with tripodal ligand in the formation of FeII/III/IV /MnII/III/IV -O(H) species. As this ligand exhibits unique characteristics to form protective
hydrogen bond cavity around the metal-(O/OH) units,
this avoids the formation of µ-oxo bridged dimers. In
one of their srudies,13c they have reported the reactivity of the MnIII -OH and FeIII -OH complexes towards
the X-H(X=C, N) bond dissociation energies (BDE)
and correlated their oxidative abilities to the BDEs.
Further, in another study,14 the formation of MnIV -oxo
complex and its spectroscopic features have been discussed and oxygen transfer reaction for the formation
of phosphine oxide by these model complexes was
tested. Apart from this, peroxo-manganese (III) species
and hybrid oxo/hydroxo-manganese (III) species from
Mn(II) precursor have also been synthesized and characterized with the XRD, EPR, FTIR and Mossbauer
spectroscopy.15
Quantum chemical studies are widely used to gain insight into the chemical bonding and reactivity of heme
and non-heme iron and manganese enzymes.16,17 In
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the high-valent iron-oxo regime, the most popular
species is the FeIV =O species as its reactivity and
structure has been accurately determined.10a,16b,17 However in recent years, interest in FeV =O has increased
and spectroscopic8,10b,c and theoretical characterization
of this species16a,c,d,18 undertaken were undertaken.
Besides these species, the presence of FeIII -O and
FeIII -OH has also been invoked in some catalytic
reactions.8c,9 Although MnIII -O dominates the highvalent manganese-oxo complexes regime, proposal of
MnIV =O performing several catalytic reactions such
as C-H activation and oxo transfer are evident.12e,19
Hydroxo counterparts of the species MnII -OH,20 MnIII OH,20 and MnIV -OH,21b have also been invoked at
some occasion to rationalize the reactivity differences.
Recently, a detailed computational study was undertaken by our group,16a in which the formation of
FeIV =O and FeV =O species with TPA ligand (TPA=
tris (2-pyridylmethyl) amine) has been discussed. Earlier, we have also compared the oxidizing ability of
FeIV =O with FeIV =NTs species and suggested that
the FeIV =NTs species are more reactive than the oxo
counterpart.16b Recently, a detailed study of hydrogen
atom abstraction by MnIII -O and MnIV =O complexes
was also undertaken to probe the role of basicity in
deciding the course of C-H activation reaction.12e
Growing interest on this kind of study encouraged
us to explore these high valent metal-oxo, hydroxo
species as a possible oxidant in various chemical reactions. We would like to compute and compare the
structure and bonding of FeIV =O with FeV =O along
with FeIII -O and FeIII -OH species. Besides, we want
to explore parallelly the structure and bonding in
MnIV =O with MnV ≡O along with MnIII -O and MnIII OH species. By probing the bonding scenario, we wish
to comment on its reactivity towards C-H bond activation and other chemical reactions. Since much of the
iron-oxo chemistry is carried out with tetramino pyridine TPA type ligand, calculations on iron complexes
are performed with this ligand backbone. Similarly
for manganese-oxo chemistry, H5 bupa ligand system
is chosen (bupa=bis[(N′ -tert-butylurealy)-N-ethyl]-(6pivalamido-2-pyridylmethyl)amine).

2. Computational Details
We have performed all the calculations using the
Gaussian 09,22 suite of program. The geometries were
optimized by using the B3LYP-D2 functional.23 The
B3LYP-D2 functional incorporates the dispersion proposed by Grimme23 Two different basis sets were used;
LanL2DZ encompasses a double ζ -quality basis set

with the Los Alamos effective core potential for Mn
and Fe24 and a 6–31G* basis set for the other atoms;25
optimized geometries were then used to perform singlepoint energy calculations using a TZVP26 basis set on
all atoms. Frequency calculations were performed on
the optimized structures to verify that they are minima
on the potential-energy surface (PES) and also to obtain
free energy corrections. The quoted DFT energies are
B3LYP-D2 solvation including free-energy corrections
with TZVP basis set at the temperature of 298.15 K,
unless otherwise mentioned. The optimized geometries
were verified by animating frequency by using Molden
software.27 The solvation energies were computed at the
B3LYP-D2 level by using polarizable continuum model
with acetonitrile as a solvent.28
3. Results and Discussion
Structure and bonding of iron-oxo species will be discussed and the details of manganese-oxo species will be
elaborated here. This will be followed by a discussion
on the cross-comparison of iron and manganese-oxo
species.
3.1 High-valent iron-oxo/hydroxo complexes:
Structure, bonding and contribution to reactivity
3.1a Structure and spin-state energetics of FeI I I -O
and FeI I I -OH species: Although the FeIII -O species
are extremely rare as they have tendency to dimerize and form dinuclear iron-oxo complexes,29 there are
some reports on iron(III)-oxo complexes where this
dimerization has been deliberately avoided.9 DFT calculations reveal that sextet state is computed to be
the ground state for FeIII -O species and this is consistent with the earlier reports.9c The quartet state lies
only at 17.9 kJ/mol higher in energy, while a low-spin
FeIII =O lies at 92.5 kJ/mol higher in energy. Optimized
structure of the hs FeIII -O and its corresponding spin
density plot are shown in figure 1a and b. The FeO bond length is computed to be 1.732 Å and correspond rather to a single Fe-L covalent bond character. Since all the d-orbitals are half-filled, this significantly limits the ability of strong σ - and π-donation and
this leads to a longer and weaker Fe-O bonds for the
FeIII -O species. With slightly different ligand architecture, a FeIII -O complex has been reported with the Fe-O
bond length of 1.813 Å9a,b and this is comparable to our
calculated values. The Fe-O bond length elongates to
1.802 Å for doublet and 1.657 Å for the quartet states.
Spin density of 3.95 has been detected on the iron centre
while oxygen gains ∼ 0.8 spin density. Similarly, all the
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Figure 1. B3LYP-D2 optimized structures and spin density plots of the ground state of
(a,b) FeIII -O, (c,d) FeIII -OH, (e,f) FeIV =O and (g,h) FeV =O species.

coordinated nitrogen atoms also gain spin density via
spin delocalization mechanism.
Significant spin density on the oxygen center reveals
that the formal FeIII -O species rather behaves as an FeIV oxyl-radical species. Reactivity of FeIV -oxyl-radical
species has been much debated in the recent literature.30
Since our calculations predict the formal FeIII -O as
a FeIV -radical complex, a very high reactivity can be

expected for this species, although no octahedral FeIII -O
complexes are reported so far. Compared to the FeIII -O
species, the FeIII -OH species are more abundant in the
literature,9,31 particularly as a product of C-H activation by the FeIV =O complexes.31 Optimized structure of FeIII -OH along with computed spin density plot
is shown in figure 1c and d. Similar to the oxo complex, S = 5/2 is found to be the ground state for
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this species with S = 3/2 and 1/2 lying at 41.1 and
21.1 kJ/mol, respectively. The Fe-O bond length elongates to 1.786 Å compared to the corresponding oxo
complexes and this is due to relatively weaker Fe-O π
bonding for the hydroxo species. A longer Fe-O bond
also facilitates a shorter axial Fe-N bond in the hydroxo
species. For the S = 5/2 state, the Fe-O-H bond angle
is computed to be almost linear, while it is bent for the
S = 3/2 and 1/2 states. This degree of bending is found
to directly correlate to the Fe-O π-bond character. Since
in the S = 5/2 state, the dxz and dyz orbitals are halffilled, the oxygen px and py orbitals overlap with them
in π-fashion forming strong π-bond (see scheme 1).
As both the orbitals are engaged, hydrogen atom
coordinates with pz orbital making Fe-O-H angle closer
to 180 degrees. However, for S = 3/2 (S = 1/2)
state, since one(two) t2g orbital(s) is(are) doubly occupied, this significantly hinders Fe-O π-bond leading to
availability of px /py orbital for hydrogen coordination
and hence leads to Fe-O-H bending. This suggests that
as the spin state S value decreases, the π-bonding
character of the Fe-O bond also decreases and this is
clearly visible in the elongation of Fe-O bond as we
move down from S = 5/2 to S = 1/2 species.
Spin density of the Fe atoms are found to be nearly
same compared to the FeIII -OH species, while a drastic
reduction on the spin density of oxygen is visible. The
supposedly excess spin density on Fe is found to be distributed to the coordinated nitrogen atoms, leading to
larger spin densities on the pyridine N-nitrogen atoms
for the FeIII -OH species compared to FeIII -O species
(see figure 1d vs. b).
3.1b Structure and spin-state energetics of FeI V =O
species: One electron oxidation of FeIII -O yields the
popular FeIV =O species. Numerous theoretical and
experimental studies have been undertaken on this

H

H

Scheme 1. Frontier π -orbitals of FeIII -OH species at
S = 5/2 spin surface.

species and even X-ray structures are available with
slightly different ligand backbone.18c For this species,
we computed all possible spin states such as quintet,
triplet and singlet states and triplet state is found to be
the ground state. This is consistent with earlier experimental reports.10a,18 The quintet and singlet states are
calculated to be 17.9 and 155.7 kJ/mol higher in energy
compared to the ground state triplet. Optimized structure of the triplet state along with its spin density is
shown in figure 1e and f. The Fe-O bond here is computed as 1.658 Å and this is in agreement with the Fe-O
bond length determined from the X-ray structure10a,18
(1.646 Å). A shorter bond length indicates a conventional double bond character between iron and oxygen
atom with one σ and one π bond character. Since for
the S = 1 Fe state, the electronic configuration is computed to be (δxy )2 (πxz )*1 (πyz )*1 (see figure 2) and a
strong π character between oxygen p-orbitals and Fe dxz
and dyz orbitals are detected for this species. The Fe-O
bond length in the quintet state is computed as 1.650 Å,
which is slightly shorter than that of the triplet state.
At ground state, a spin density of 1.026 been detected
at the iron center, while an equal amount of spin density is also detected at the oxygen atom and this suggests a FeV =O• rather than a formal FeIV =O type for
this species. The calculated energetics and bonding is in
agreement with previous theoretical results.16 A significant spin density (1.024) available on the oxygen atom
facilitates the C-H activation or electrophilic attack on
aliphatic/aromatic hydrocarbon.16a,30,32
3.1c Structure and spin-state energetics of FeV =O
species: Further, one electron oxidation of FeIV =O
generates a transient FeV =O species. Generally, the
FeV =O species are generated from the FeIII -OOH
species by heterolytic cleavage of the O. . .O bond.8a,b
Although, the detection of FeV=O species is rare as they
are extremely reactive, strong evidence for the existence of FeV =O species is documented.10b,c Optimized
structure of FeV =O species (S = 1/2) is shown in
figure 1g. Due to SCF convergence problem, the highspin S = 3/2 state could not be optimized. The ground
state for this species is S = 1/2 as detected in an
earlier EPR spectroscopy study.10b,c The Fe-O bond
length for the S = 1/2 state is computed to be 1.657 Å
and this is also consistent with previous theoretical
studies.10b,c,16a,19 and the X-ray absorption data reported
with a slightly different ligand backbone.10b The Fe-O
bond length in this species is strikingly similar to the
FeIV =O complex, suggesting that electron deficiency in
FeV=O does not induce a stronger Fe-O bond. Spin density is on the iron and oxygen are computed to be 1.733
and −0.588, respectively (see figure 1h). Significant
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Figure 2. DFT-computed eigenvalue plots along with DFT-computed d-based MOs for the
FeIII -O (left) and FeIV =O species.

reduction in the equatorial Fe–N distances is visible for
the FeV =O species compared to that of the FeIV =O
species. Spin densities on Fe and oxygen atoms are of
opposite signs. This species can simultaneously accept
spin-up and spin-down electrons from the substrates.
This feature is absent in all the computed species and
could be a possible reason for the vigorous oxidative
ability of the FeV =O species.16a,19

3.2 High-valent manganese-oxo/hydroxo complexes:
Structure, bonding and contribution to reactivity
3.2a Structure and spin-state energetics of MnI I I -O
and MnI I I -OH species: Unlike the iron counterpart,
the MnIII -O and MnIII -OH species are reported in literature, particularly with ligands possessing H-bonding
cavities to prevent dimerization.13a The optimized structure and spin density plot of the [MnIII H3 bupa(O)]−
and [MnIII H3 bupa(OH)]− are shown in figure 3a–d. For
both the cases, S = 2 is found to be the ground state
with the triplet and the singlet states lying much higher
in energy (105.9 and 160.5 kJ/mol for MnIII -OH and
127.2 kJ/mol for triplet MnIII -O species). The Mn-O
bond length in MnIII -O is found to be 1.731 Å, while
the same bond is elongated to 1.816 Å for the hydroxo
complex indicating variation in the degree of π-bonding
character. Although experimental structures for this particular ligand is unavailable, for a structurally similar ligand, X-ray structure for both the species is
reported; where the Mn-O bond lengths are estimated
to be 1.771 Å and 1.872 Å and this matches with the
computed results.13a Spin density on the Mn atoms for

the oxo and hydroxo species are estimated to be 3.681
and 3.762, respectively indicating that unpaired electrons are largely localized on the metal centers. The
oxygen atom has 0.157 and 0.050 spin densities for
the oxo and hydrooxo species, respectively; and this
illustrates that oxygen gains very little spin density
compared to it iron counterparts. The eigenvalue plot
along with orbital diagram for the MnIII -O is shown in
figure 4. For trigonal-bipyramidal (TBP) geometry, the
frontier orbitals are dxy and dx 2 −y 2 , while dxz and dyz
orbitals are the lowest lying within the d-block. This
stabilization of dxz and dyz in TBP geometry significantly reduces the Mn-O π character compared to that
of the Fe-O bond. For the MnIII -OH species, naturally
even weaker Mn-O π bonding is expected leading to
weaker and longer Mn-O bonds. It is to be noted here
that the H-bonding interaction present in the MnIII -O
and the MnIII− OH species are non-innocent and found
to influence the nature of the oxygen atoms in this
ligand architecture.13a There are three strong H-bonds
to the oxygen atom of the oxo group and these O-H distances are found to be 1.820, 1.806 and 1.522 Å. One of
the O. . .H bonds is found to be stronger than the other
two and this is due to differential donating abilities of
the corresponding nitrogen atoms.
In case of MnIII -OH species, the two MnO. . .H distances are found to be 1.844, 1.823 Å, while the third
(MnO)H. . .N hydrogen bonding distance is found to be
1.772 Å. For both the species, very strong intramolecular hydrogen bonding is detected and this is supported
by the X-ray structure (short N. . .O distances). Besides,
the hydrogen bonding strength in MnIII -O is found to be
stronger than that of the MnIII -OH species.
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Figure 3. B3LYP-D2 computed structures and spin density plots for the ground state of
(a,b) MnIII -O, (c,d) MnIII -OH and (e,f) MnIV =O species respectively.

3.2b Structure and spin-state energetics of MnI V =O
species: Optimized structure of [MnIV H3 bupa(O)]
along with the computed spin density plot is shown in
figure 3e and f. For this species as well a high spin,
S = 3/2 is computed to be the ground state with S =1/2
lying at 87.2 kJ/mol higher in energy. The Mn-O bond
length is computed to be 1.661 Å, although X-ray structure is unavailable for this complex, the calculated bond
length agrees well with earlier theoretical report on the
MnIV =O possessing similar structural motif. Further,
this Mn-O bond length is found to be shorter than the
MnIII -O species by 0.07 Å and this indicates a rather
conventional double bond character similar to that suggested for analogues of FeIV =O complexes.14 Besides,

for the TBP MnIV =O species, Jahn–Teller distortion13a
is operational, and here d2x −y2 orbital is found to be
lower in energy compared to dxy orbital leading to one
long and two short Mn-Neq bonds (see figure 3e). Spin
density on the Mn atoms is found to be 2.883 along
with a significant spin density also on the oxygen atom
(0.806). The Mn atoms donate significant spin density
to the oxygen atom via spin delocalization mechanism
and at the same time polarize the equatorial nitrogen
atoms to gain further spin density.
This dual role played by the Mn ion leads to ρMnO
group spin density of 3.689 which is larger than the
expected value of 3.0. Significant spin density on oxygen atom reveals a rather MnIV -oxyl radical character
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Figure 4. DFT-computed eigenvalue plots along with DFT-computed d-based MOs for the
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for the MnIV =O species and this is similar again to that
of the FeIV =O complex.
3.2c Structure and spin-state energetics of MnV ≡O
species: Optimized structure of the [MnV H3 bupa
(O)]+ complex for the S = 0 state is shown in figure 5.
The Mn–O bond length is very short here and amounts
to 1.579 Å suggesting a conventional triplet bond
between Mn and oxygen atoms (MnV ≡O). Unlike any
other metal-oxo species studied, the N–Mn–O bond is
found to be nonlinear and this might be associated with
the difference in the H-bonding strength. Although,
MnV ≡O species were detected using experimental
techniques33 earlier, X-ray structure is unavailable and
thus the computed structure cannot be correlated to

Mn
2.166

Figure 5. B3LYP-D2 computed structure for the MnV ≡O
species.

experimental findings. Besides, due to SCF convergence problem, S = 1 high spin state could not be
optimized for this species.
3.3 Fe-oxo vs. Mn-oxo complexes: Direct structural
relationship and diverse electronic requirements
Reactivity of the metal-oxo complexes is strongly correlated to the basicity of the oxo species, which in turn
correlates to the metal–oxygen bond lengths. Comparison of metal–oxygen bond lengths among the computed
species will unfold intriguing relationship between the
structure and electronic configurations. Although, both
FeIII -O and MnIII -O species possess electronically different states, the M-O bond lengths are comparable
(1.732 Å vs. 1.731 Å for Fe-O and Mn-O, respectively).
This is associated with the π-bonding abilities of these
two species. Since the additional unpaired electron in
the FeIII -O resides in δ-type dx 2 −y 2 orbital, no additional M-O bond characters are expected for Fe–O compared to the Mn–O orbital and this is reflected in the
computed structure. However, longer M-Neq distances
are expected for the FeIII -O species compared to the
Mn counterpart and this is again nicely reflected in the
computed results (average M-Neq 2.199 Å vs 2.110 Å
for FeIII -O and MnIII -O, respectively). The M–O bond
length comparison drastically changes as we move from
oxo to hydroxo counterparts. For the FeIII -OH and
MnIII -OH species, the M–O distances are 1.786 Å and
1.816 Å, respectively. The clues to these differences lie
in the M-O-H angles, where Fe-O-H angles are found
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to be linear, while Mn-O-H angles are bent. This suggests that the Mn-O π bonding characters are significantly influenced by the presence of the hydrogen atom
and this leads to longer than expected Mn–O bonds in
the MnIII -OH species.
Similar to the above context, the FeIV =O and
MnIV =O species M-O bond lengths also match each
other (1.658 Å vs. 1.661 Å Fe-O and Mn-O, respectively). The ground state electron configurations here
are FeIV =O (δxy )2 (πxz )*1 (πyz )*1 (see figure 2, right)
and MnIV =O (πxz )*1 (πyz )*1 (δxy )1 (see figure 4, right).
Again, the additional electron in Fe resides in δtype orbital leading to similar Fe-O bond lengths. For
the FeV =O and MnV ≡O, the M-O bond lengths differ significantly (1.657 Å vs. 1.579 Å). The computed
ground state electron configurations here are FeV =O
(δxy )2 (πxz )*1 and MnV ≡O (δxy )2 . An extra electron in
the Fe center adds to the π-antibonding dxz orbital
and this leads to a longer Fe-O bond in the FeV =O
species.
A second feature which is strongly correlated to the
C-H activation by these species are the spin densities on
the metal and the oxygen centers. The amount of spin
density on the oxygen center particularly reveals the
electrophilic/nucleophilic nature of the metal–oxygen
bonds. Generally, spin densities on the iron complexes are strongly delocalized compared to that of the
manganese complexes (see figures 1 and 3). Of particular interest here is the formation of oxyl-radical
character at the ferryl oxygen centers with all the
species computed, while the same behaviour is detected
only for the MnIV =O species. This invariably suggests
that all the Fe and MnIV =O complexes are nucleophilic
in nature while other Mn species such as MnIII -O, MnIII OH and MnV ≡O are electrophilic in nature. Several
experimental studies undertaken individually on these
species essentially support our claim.12e,16b,20a,
4. Conclusions
High-valent metal-oxo complexes are of great interest as they possess tremendous catalytic abilities and
are model complexes of several metalloenzymes. Here,
we have undertaken detailed density functional studies to probe structure, spin density and bonding in
FeIII -O, FeIII -OH, FeIV =O, FeV =O, MnIII -O, MnIII -OH,
MnIV =O and MnV ≡O species. The conclusions derived
from this study are summarized below.
(i) Dispersion corrected hybrid B3LYP-D2 functional yields Fe and Mn-oxo structures, which
are in excellent agreement with the available
X-ray structure.

(ii) Significant decrease in the M–O bond lengths
are encountered as the oxidation state of the
metal ions increases from +3 to +5. This
decrease in bond length is attributed to strong
π-bonding abilities of the species possessing
higher oxidation state.
(iii) This degree of bending in the FeIII -OH species
is found to directly correlate to the Fe–O
π-bond character, while in the MnIII -OH
species, the hydrogen atom is bent in all the
three spin states because of the hydrogen bond
cavity around the Mn–OH unit.
(iv) Spin densities on the oxygen atom in the ironoxo and manganese-oxo complexes reveal the
nature of these species during a course of the
reaction. Our study suggests that all the studied
iron-oxo/hydroxo and the MnIV =O species are
nucleophilic in nature while other manganese-oxo species such as MnIII -O, MnIII -OH and
MnV ≡O are electrophilic in nature.
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