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This study deals with the unprecedented reactivity of a [(cyclam)Mn'(OTf),] (3-cis; OTf = CF3S03-) with Oy,
which, depending on the presence or absence of a hydrogen atom donor like 1-hydroxy-2,2,6,6-tetramethyl-
piperidine (TEMPO-H), selectively generates di-u-oxo Mn(IIDMn(IV) (1) or MnlzV (2) complexes, respectively.
Both dimers have been characterized by different techniques including single-crystal X-ray diffraction, X-ray
absorption spectroscopy, and electron paramagnetic resonance. Oxygenation reactions carried out with labeled
180, and Resonance Raman spectroscopy unambiguously show that the oxygen atoms present in the Mn'"YMn'!

dimer originate from O,. Experimental evidences are provided for a novel method of dioxygen activation
involving three Mn ions or two Mn ions and TEMPO-H to generate the bis(u-oxo)dimanganese(IV) or bis(u-0x0)
dimanganese(III, IV) cores, respectively.

1. Introduction

Dioxygen (O3) activation at transition metal centers is key to
achieving various metabolic functions, which often require the
controlled oxidation of organic substrates [1-4]. Oxidative trans-
formations facilitated by metal-mediated dioxygen activation are also
industrially relevant in the context of the efficient utilization of O3 as the
naturally abundant oxidant in oxidation reactions [5,6]. Great efforts in
the last decades have focused on understanding the mechanism of
dioxygen activation at biologically relevant iron and copper centers
[7-11]. A consensus mechanistic hypotheses has been established,
where Oj is sequentially reduced to metal-superoxides and (hydro)
peroxides, before being converted to high-valent metal-oxo cores.
Although the metal-oxo intermediates have been generally considered
as the reactive species responsible for oxygenation reactions [12,13],
arguments are also emerging regarding the involvement of metal-
—superoxo, —peroxo, or — hydroperoxo species as the key oxidants in
oxidation reactions [14-17]. A number of biomimetic iron- and copper
superoxide, (hydro)peroxide, and oxide moieties have also been gener-
ated via mechanisms reminiscent of the dioxygen activation mecha-
nisms in biology, which have provided vital insights into the

prerequisites necessary for the design of efficient catalytic systems
[14-17].

Notably, many biological processes also involve selective activation
of oxygen at manganese [18], another cheap and abundant metal.
However, knowledge of the factors that control dioxygen reactivity of
manganese is presently very limited. A number of manganese-dioxygen
or high valent manganese-oxo complexes have been reported over the
years [4,18-21]; however, their generation, in most cases, involve the
use of activated oxygen such as H,O5, iodosylbenzene (PhIO) or peracids
as oxidizing agents. Direct reduction of oxygen at Mn(II) or Mn(IIl)
centers has been reported only in rare cases, albeit in presence of
externally added reducing agents [22-25], substrates containing C—H
bonds, or redox non-innocent thiolate or semiquinonate donations. The
observed non-reactivity of Mn(II) centers towards dioxygen, as reported
in biomimetic studies, is also consistent with the Mn}J cofactor found in
class 1b ribonucleotide reductase [26,27], which is proposed to be
unreactive towards O, and requires a superoxide anion (O2- "), gener-
ated by reduction of Oy by a flavodoxin protein (flavodoxin hydroqui-
none, Nrdlyg), to assemble an oxo-bridged dimanganese(IIL,IV) species.

More relevant to the present study is the report from Brewer et al.
[28,29], where the generation of an oxo-bridged dimanganese(IILIV)
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species [(cyclam)zanOz]SJr (1) was demonstrated upon aerial oxida-
tion of an in situ generated [MnH(cyclam)]2+ (cyclam = 1,4,8,11-tet-
raazacyclotetradecane, Fig. 1) complex in presence of water. Although
Brewer et al. initially hypothesized water as the source of oxygen atoms
in the MnyO5, core, it was later contradicted by Nakamori et al. [31] in a
subsequent study, where the generation of 1 was shown by exposing a
dinuclear MnH—p—semiquinonato complex, [MnIzI’H(cyclam)z(p—SQ)g]2+
(SQ = p-semiquinonato} to dioxygen in the absence of water. Based on
this study Nakamori et al. proposed dioxygen as the source of oxygen
atoms in the MnyOy core formed by the aerial oxidation of an
[MnH(cyclam)]2+ in presence of water, although the roles of water and
the SQ ligand have not been explicitly defined in the reaction.

In the context of the controversy related to the conversion of
[(cyclam)MnH]2+ to 1 we report here the unprecedented reactivity of a
well-defined [(cyclam)MnH]2+ complex directly with Oy, in a pure N4
coordination environment, in the absence of any external reductant or
redox non-innocent ligands, to yield a high-valent bis(u-oxo)dimanga-
nese(IV) species, [(cyclam)gMnZOZ]4+ (2), which has been characterized
by single crystal X-ray crystallography. Notably, when the same reaction
is done in presence of a H-atom donor like 1-hydroxy-2,2,6,6-tetra-
methyl-piperidine (TEMPO-H), the corresponding one-electron
reduced oxo-bridged dimanganese(IILIV) species 1 is formed. A full
mechanism of O activation, starting from [(cyclam)MnH] 2tin presence
and absence of TEMPO-H is proposed based on experimental and
computational studies. In particular, we suggest a novel method of
dioxygen activation by the involvement of either three Mn ions or two
Mn ions and TEMPO-H in the transition state to generate the bis(u-0xo)
dimanganese(IV) or bis(u-oxo) dimanganese(IIl, IV) cores, respectively.

2. Results and discussion

As previously reported, combination of the tetradentate cyclam
ligand with [Mn'(OTf),] (OTf = CF3503) yields the manganese(II)
cyclam complex, [(cyclam)MnH(OTf)z] (3-cis; Scheme 1 inset), in cis-V
configuration of the macrocyclic ring (Fig. 1b) and two -cis triflates [30].
Characterization of 3-cis was performed by scXRD, cyclic voltammetry
(CV), electron paramagnetic resonance (EPR) and electrospray ioniza-
tion mass spectrometry (ESI-MS) (Supporting Information, SI; Fig. S1
& S2), based on which a high-spin S = 5/2 Mn" (d°) center can be
assigned, which is also supported by density functional theoretical cal-
culations (Table S1-S2a).

When an acetonitrile (ACN) solution of 3-cis was purged with
dioxygen, the colourless solution slowly turned brown over a period of
several hours, which then subsequently converted to a dark olive-green
solution. Efforts to crystallize the olive-green species via the diethyl
ether (Et;0) diffusion method resulted in fine needle-shaped olive-green
crystals of X-ray diffraction quality. The XRD structure (Fig. 2 and
Table S3) revealed the presence of two Mn-centres bound to two O-
atoms in a bis-u-oxo fashion (2) and retention of the cis-V configuration
with a centre of inversion in the unit cell. The presence of a symmetry
element ‘i’ in the crystal structure suggested both the Mn-centres to be
chemically equivalent, which is also reflected in the Mn—O bond
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distances. An unoxidized [(cyclam)MnH(OTf)z] complex in the trans-III
configuration (Fig. 1c) [30a] with two trans-OTf ligands also co-
crystallized with the MnyO5 unit. Based on the charge calculations,
species 2 can be best formulated to be a Mn(IV, IV) bis-u-oxo species.
The Mn—O bond distances and Mn—Mn separation are found to be
1.826 (2) A, 1.822 (2) A and 2.730 6) A, respectively, which correlate
with the reported bond distances of the rare examples of Mn(IV, IV) bis-
u-oxo complexes available in the literature (Table 1) [25,32-35]. DFT
calculations predict an antiferromagnetic coupling between the two Mn
(IV) states, providing a diamagnetic S = 0 ground state (Table S2a). The
calculated metrical parameters are found to be in good agreement with
the experiment (Table 1). The conversion of 3-cis to 2 was found to be
too slow (conversion in about 2 days at 25 °C) to be followed by UV-vis
spectroscopy. The Mny(p-O)2 unit of complex 2 is EPR silent, as ex-
pected; only the residual signal associated with the cocrystallized
[(cyclam)MnH(OTf)z] moiety is observed in the EPR spectrum of 2.
Interestingly, the dioxygen activation process by 3-cis can be
significantly facilitated by the presence of TEMPO-H (BDE of O-H = 70.6
kcalmol_l) [36] in ACN at room temperature, and the reaction becomes
amenable to be monitored by UV-vis spectroscopic techniques. The
UV-vis spectral feature of the new species formed upon O, activation
shows a sharp peak at 550 nm (¢ = 318 M-! cm-!) and another band at
640 nm (¢ = 288 M-! cm-l) with a shoulder at 375 nm (¢ = 680 M-! cm-l)
(Fig. 3a). The formation of this new species upon addition of TEMPO-H
and O, to 3-cis follows pseudo-first order kinetics (inset Fig. 3a, black
trace). By varying the TEMPO-H concentration in a saturated ACN so-
lution of O, the second order rate constants, kg = 0.24 M ! s~ were
determined. Interestingly by employing TEMPO-D the rate of reaction
got faster (inset Fig. 3a, red trace) with an increased rate constant (kp =
0.42 M~! s71), thereby demonstrating an inverse kinetic isotope effect
(KIE = 0.56) (Fig. 3b). The inverse KIE may demonstrate that the rate-
determining O—O bond cleavage is coupled to Mn'"VO-H bond forma-
tion and not TEMPO-H bond cleavage, so that the more stable Mn'VO-D
interaction compared to Mn'VO-H in the transition state will lower the
activation barrier for O—O bond cleavage in presence of TEMPO-D
(Scheme 1, Path B) [37,38]. The oxygenation of 3-cis in presence of
TEMPO-H is associated with the appearance of a S = 1/2 EPR signal
corresponding to TEMPO® (Fig. 4a) and another total spin S; = 1/2 EPR
signal centered at g ~ 2 with well-resolved 16 nuclear (*>Mn) hyperfine
lines (Fig. 4b). The anisotropic g (g5 = 2.003 g°f= 2.005) and hyperfine
coupling constant, |A| tensor (JA(Mna).| = [439, 204] MHz; |A
(Mng) i,H| = [225, 117] MHz) closely resemble the typical appearance of
the numerous reported Mn™"Mn'V centers, both synthetic and biological
[23,27,29,39]. The high stability of the generated species at room
temperature led us to grow X-ray diffraction quality crystals by the Et;0
diffusion method, confirming the generation of a mixed-valent Mn(III,
IV) bis-u-oxo species (1) (Fig. 5; Tables 1 and S4). A trend of two short
(Mn1-02; Mn1-01) and two long (Mn2-O2 and Mn2-0O1) Mn—O dis-
tances is observed, consistent with the presence of Mn'V and Mn'™ cen-
ters, respectively, in 1. The intermetallic distance of 2.731 (2) Ain1 is,
however, comparable to that observed for 2 (Table 1). The metrical
parameters of 1 and 2 are well reproduced in the calculations
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Fig. 1. (a) Chemical structure of cyclam ligand and (b), (c) the representative stereoisomers of the cyclam ligand relevant to this study.
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Scheme 1. Proposed reaction mechanism of O activation by 3-cis with and without TEMPO-H. The inset shows the atomic arrangement of 3-cis in the solid state.
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Fig. 2. (a) Single crystal XRD-determined molecular structure of 2 with co-crystallized 3-trans. Hydrogen atoms bonded with atoms other than nitrogen are removed
for clarity. Selected bond distances of 2: Mn1-O1 = 1.826 (2) A, Mn1-02 = 1.822 (2) A, Mn2-01 = 1.822 (2) A, Mn2-02 = 1.826 (2) A and intermetallic separation:
Mn1-Mn2 = 2.730 (6) A. Table S3 summarizes the crystallographic information. (b) Unit cell packing of the molecules in the crystal. Colour code: C: gray; N: blue; F:
green; O: red; S: yellow, Mn: purple. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Table S2a-S2b).

The resonance Raman spectrum of 1, excited at 406 nm in ACN so-
lution, exhibited isotope-sensitive bands at 608 cm ! and 686 cm™?,
which shifted to 579 ecm™ and 656 cm™?, respectively, upon 20
labelling (Fig. 6) [39,40]. Based on DFT -calculations (Fig. S3,
Table S2c¢), the bands at 608 and 686 cm ! are assigned as mixed valent
Mn(IlI) — O and Mn(IV) — O stretching vibrations, which were calcu-
lated at 610 cm ™! and 712 cm ™, respectively. The calculated 16A — 18A
values are also in good agreement with the experimental values of 29
em ™! and 30 em™L.

Further structural information for 3-cis, 1, and 2 was obtained from
X-ray absorption spectroscopy (XAS) studies carried out using both
deep-frozen solid (powder) or liquid (ACN solution) samples. The K-
edge energy close to 6546.5 eV of the X-ray absorption near edge
structure (XANES) spectrum of 3-cis in the solid state indicates Mn(II)
[41]. Simulation analysis results of the extended X-ray absorption fine
structure (EXAFS) spectrum of 3-cis are compatible with the crystal
structure, i.e., showing 4 N-ligands at Mn(II) (~2.25 }D\) and suggesting
two OTf ligands per manganese due to detection of respective Mn—O
bonds and 2nd-sphere Mn—S distances (Table S5, Fig. S4). According to
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Table 1
Comparison of selected bond lengths and intermetallic distances in different
Mn"™Mn" and Mn"VMn"V systems [34,39].

System Bond length/intermetallic distance (A) Reference
Mn1-Mn2 Mn1-01 Mn2-01
Mn1-02 Mn2-02
2.731(2) 1.791(2) 1.856(2) 1, this work
Mn"Mn"Y 272 (EXAFS)  1.793(2) 1.858(2)
1.79 (EXAFS)
2.734 1.769 1.860 1 (DFT), this work
2.741(1) 1.786(5) 1.855(2)  [29]
1.790(2) 1.868(2)
2.6483(8) 1.815(3) 1.815(3)  [23a]
1.812(3) 1.812(3)
2.648(2) 1.787(5) 1.835(6)  [23a]
1.767(6) 1.834(5)
2.730(6) 1.826(2) 1.822(2) 2, this work
MnVMn"Y 272 (EXAFS)  1.822(2) 1.826(2)
1.79 (EXAFS)
2.776 1.810 1.813 2 (DFT), this work
2.724(2) 1.794(4) - [35]
1.802(4)
2.672(1) 1.812 (2) - [32]
1.810 (2)
2.7821(16) 1.845(3) - [25]
1.809(3)

the shoulder in the XANES spectrum, the OTf ligands are in cis config-
uration. The overall structure with mainly Mn(II) was retained in ACN
solution, however, the steeper XANES shape may suggest formation also
of (some) 3-trans, i.e., with a more centro-symmetric metal site vs. 3-cis.
Furthermore, the sizeable coordination number of long Mn—Mn dis-
tances (~3.6 2’\) from EXAFS (Fig. S5) presumably shows small amounts
of Mn(III); species in solution. The K-edge energy (~6550 eV) of solid 2
matches with a mean Mn(III) oxidation level, in good agreement with
one Mn(IV), dimer per two Mn(II) monomers in the powder sample,
similar to the crystal data. A similar K-edge energy for 2 in ACN solution
indicates preservation of both the Mn(II) and Mn(IV, IV) species. The
EXAFS analysis revealed about 0.5 coordination number of Mn-O/S
distances in 2, due to detachment of OTf ligands from a fraction of the
metal centers, and an overall shortening of Mn-N/O by ca. 0.2 A (relative
to 3-cis), in agreement with the formation of high-valent manganese
species. In particular, the short Mn—O bonds (ca. 1.78 f\) are clearly
indicative of y-oxo bridges between the Mn(IV) ions. Sub-stoichiometric
amounts of Mn—Mn distances were detected, with a metal separation of
~2.72 A, which is similar to that obtained in the crystal structure
analysis. The EXAFS results were similar for solid and solution samples
of 2, with only minor alterations in the interatomic distances, mainly in
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the 2nd coordination sphere, indicating stability of the Mn(IV), species,
also in the concentrated (5 mM) XAS solution samples (Table S5,
Fig. S4). Notably, the results for 2 were reproduced in each of the two
independent samples for XAS. The K-edge energy for 1 was in the middle
between the Mn(II) and Mn(III) levels, in agreement with a mean Mn
oxidation state of ca. 2.75 due to the Mn(II)Mn(IV) dimer of 1 and
possibly residual Mn(II) of 3-cis (due to incomplete conversion of 3-cis to
1 in the concentrated XAS sample) and 3-trans (below). A slightly
steeper K-edge shape for 1 (i.e., the 3-cis and 1 mixture) in solution vs.
solid was presumably again explained by limited formation of 3-trans.
The respective EXAFS spectra were more dominated by the 3-cis con-
tributions compared to the samples of 2, as also reflected in the smaller
coordination numbers of short Mn—O bonds due to the bridging ligands
and larger coordination numbers of manganese-OTf distances, as well as
in the overall longer Mn-N/O bond lengths vs. 2. The Mn—Mn distance
of 1, however, was still observed (~2.72 /0\), although in lower amounts,
and, in agreement with the crystal structure analysis, is indistinguish-
able from the distance of 2 (within the uncertainty limits of EXAFS
simulation). In summary, the XAS data are in reasonable agreement with
preservation of residual Mn(II) species and of Mn(IV)Mn(III) and Mn
(IV)2 dimers in solution samples, which are similar to the structures in
powder (microcrystalline) material and in the single crystal structures.

3. Concluding remarks

The ligand architecture of metal-cyclam complexes has been previ-
ously demonstrated to play an important role in the dioxygen activation
reaction. For example in [(cyclam)Fe(CH3CN)2]2+ in trans-III configu-
ration, the N—H bonds of the tetramethylcyclam ligand were found to
aid the cleavage of the Fe-0-O-Fe' bond homolytically by forming
hydrogen bonds with the Oy moiety, leading to a significantly lowered
kinetic energy barrier for the high-valent oxoiron(IV) formation [10].
The O activation ability is unique for the trans-III configuration of the
cyclam macrocyclic ring; the corresponding iron complex with the cis-V
configuration only performed reactions with hydrogen peroxide [42]. In
the present study involving the manganese-cyclam complex, a different
selectivity is observed. Whereas, [(cyclam)Mn(OTf),] (3-cis) with cis-
bound OTf ligands activate O to form high-valent Mn(IV)-oxo centers,
the corresponding complex 3-trans with trans OTf ligands is stable
against oxidation even in presence of highly oxidizing Mn(IV) centers.
Furthermore, in contrast to trans—[(cyclam)Fe(CH3CN)2]2+, the strength
of the H-bonding interaction between the cyclam -NH groups and O in
the hypothetical manganese-dioxygen complex is presumably not strong
enough to result in an efficient bimolecular activation of O,. Indeed,
only weak H-bonding interactions are observed in the DFT calculated

(b)
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Fig. 3. (a) UV-vis spectral changes observed in the reaction of 3-cis (0.5 mM) with O in the presence of TEMPO-H (20 equiv.) in ACN at 298 K. The inset shows the
time traces at 640 nm of the reaction with TEMPO-H (20 equiv., black) or TEMPO-D (20 equiv. red). (b) Plot of pseudo first-order rate constant (kops) VS. con-
centration of TEMPO-H (black plot) or TEMPO-D (red plot). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 4. CW X-band EPR spectra recorded at 13 K (microwave power: 0.016 mW, 5 G modulation amplitude) in a 1:1 MeCN:Toluene solvent mixture for (a) after the
reaction of 3-cis with O, in the presence of TEMPO-H showing the formation of a TEMPO radical (TEMPOe) (inset: 100x magnified spectrum showing the >*Mn-
hyperfine signal of 1) and (b) isolated 1 (1.0 mM). Anisotropic g tensors: 2= 2.003, gﬁ“: 2.005 and hyperfine coupling constant, |A| tensors (MHz):|A(Mn,) J_,”l =

[439, 204], |A(Mng), || = [225, 117].

Fig. 5. (a) Single crystal XRD-determined molecular structure of 1. Hydrogen atoms bonded to atoms other than nitrogen are removed for clarity. Selected bond
distances: Mn1-O1 = 1.791 (2) A, Mn1-02 = 1.793 (2) A, Mn2-01 = 1.856 (2) A, Mn2-02 = 1.858 (2) A and intermetallic separation: Mn1-Mn2 = 2.731 (2) A. See
Table S4 for crystallographic information. (b) Unit cell packing of the molecules in the crystal. Colour code: C: gray; N: blue; F: green; O: red; S: yellow, Mn: purple.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

structure of 1 (Fig. $3). We rather propose an unprecedented trinuclear
mechanism of O, activation, as shown in Scheme 1, which is also
corroborated by the co-crystallization of a Mn(II) center together with
the Mnb' O, core in 2 (Scheme 1, Path A). The change of stereochemistry
from cis-V to trans-III for one of the manganese centers can be plausibly
attributed to steric requirements for bringing the three Mn centers suf-
ficiently close for O, activation. Further support of a trinuclear mecha-
nism comes from kinetic studies associated with the formation of the
mixed-valent bis(p-oxo)Mn™Mn!"" complex 1, upon O, activation by 3-
cis in presence of TEMPO-H (Scheme 1, Path B). The faster rate of re-
action in presence of TEMPO-D relative to TEMPO-H is consistent with
the presence of concerted/sequential MnO-OMn cleavage and MnO-H
bond formation in the rate-determining steps, where the MnO-D bond

in the transition state, an agostic interaction, is more stabilized relative
to the MnO-H bond.
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