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The Mn;, complex [MnIZI(TPDP)(OZCPh)Z](BPh4) (1, TPDP = 1,3-bis(bis(pyridin-2-ylmethyl)amino)propan-2-ol,
Ph =phenyl) was prepared and subsequently characterized via single-crystal X-ray diffraction, X-ray absorption,
electronic absorption, and infrared spectroscopies, and mass spectrometry. 1 was prepared in order to explore its
properties as a structural and functional mimic of class Ib ribonucleotide reductases (RNRs). 1 reacted with
superoxide anion (037) to generate a peroxido-Mn"Mn™! complex, 2. The electronic absorption and electron
paramagnetic resonance (EPR) spectra of 2 were similar to previously published peroxido-Mn'Mn'! species.
Furthermore, X-ray near edge absorption structure (XANES) studies indicated the conversion of a Mn¥ core in 1
to a Mn'Mn'" state in 2. Treatment of 2 with para-toluenesulfonic acid (p-TsOH) resulted in the conversion to a
new Mn"Mn'" species, 3, rather than causing O—O bond scission, as previously encountered. 3 was charac-
terized using electronic absorption, EPR, and X-ray absorption spectroscopies. Unlike other reported peroxido-
Mn"Mn™ species, 3 was capable of oxidative O—H activation, mirroring the generation of tyrosyl radical in class
Ib RNRs, however without accessing the Mn'Mn' state.

1. Introduction

Ribonucleotide reductase (RNRs) are metalloenzymes that catalyze
the conversion of ribonucleotides to the corresponding de-
oxyribonucleotides. [1-4] This represents the initial and rate limiting
step in deoxyribonucleic acid (DNA) synthesis and repair in all organ-
isms. RNRs are divided into five subclasses depending on the metals in
their active site, their activating oxidants, and the radical species
generated during the catalytic cycle. [4] The sub-class Ib RNRs contain a
dimanganese (Mny) cofactor, which is putatively activated using su-
peroxide (03 as an oxidant, and generates a tyrosyl radical species
upon oxidation of a nearby tyrosine. The tyrosyl radical triggers a long-
distance thiyl radical generation that facilitates ribonucleotide activa-
tion. In the proposed catalytic cycle for the Mny core in class Ib RNRs
(Scheme 1), O, reacts with a nearby flavodoxin protein (a hydroquinone
- NrdlIpg) to form O3, [5] O3 is postulated to react with the reduced MnJ
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core yielding a peroxido-Mn'Mn'" species that converts to a bis(u-0x0)
Mn™™Mn" entity. The Mn™Mn'V species is postulated to be the oxidant
that activates tyrosine to produce a tyrosyl radical which subsequently
initiates ribonucleotide reduction.

The role of H*-donors in this cycle is not clear — it is possible that
peroxide and/or oxo-ligands are protonated, or that H™-donors trigger
0O—O0 and/or O—H bond activation. Stubbe and co-workers postulated
that O3 may react with the Mn} core as HO$ rather than the free 0%
anion, which would yield a hydroperoxido-Mn™n™. [5] It has also
been proposed that proton-mediated O—O bond activation occurs at a
Mn-bound peroxide ligand to yield the putative bis(u-oxo)Mn"Mn"Y
oxidant. However, in this case HyO5 was reacted (in silico) with class Ib
RNRs, rather than O, and no experimental support for this postulate
was available. [6]

The postulated peroxido-Mn"Mn" intermediate in class Ib RNRs has
not been trapped and no spectroscopic evidence exists to support its
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Scheme 1. Postulated catalytic cycle for class Ib RNRs.

formation (to the best of our knowledge). Furthermore, electron para-
magnetic resonance (EPR) provides limited evidence for the formation
of a bis(u-oxo)Mn™Mn'V species that was deemed responsible for tyro-
sine oxidation. [5] Fortunately, our group and others have developed
synthetic Mny complexes that replicate the structural and functional
properties of class Ib RNRs. [7-9] We reported the Mny complexes,
[Mn3(N-Et-HPTB)(02CCH3)1(ClO4)2  and  [Mn3(BPMP)(02CCH3)]
(ClO4), (N-Et-HPTB = N,N,N’,N-tetrakis(2-(1-ethylbenzimidazolyl))-2-
hydroxy-1,3-diaminopropane; BPMP = 2,6-bis[(bis(2-pyridylmethyl)
amino)methyl]-4-methylphenol) reacted with O3 to form peroxido-
Mn"™Mn™ adducts (Fig. 1). Neither peroxido-Mn"Mn™ complex was
capable of O—H bond activation and both were found to likely be pre-
cursors to a high-valent oxidant that would activate O—H bonds.
Indeed, [an(Og)(BPMP)]2+ was activated either by reaction with an
H"-donor or thermally to yield a bis(u-oxo)MannIV entity that was
capable of phenol oxidation. [10] These complexes represented some of
the first experimental support for the formation of a peroxido-Mn'Mn™"
and a bis(y—oxo)MannIV species in the catalytic cycle of Ib RNRs.
Herein, we probe the formation of a peroxido-Mn"Mn™ complex sup-
ported by an alternative ligand and probe the H'-activation of the
peroxide-core further, demonstrating the formation of a Mn"Mn™
moiety that was capable of oxidative O—H activation.

2. Results and discussion

The polypyridine ligand TPDP (1,3-bis(bis(pyridin-2-ylmethyl)
amino)propan-2-ol) was synthesized according to a reported procedure.
[11] [MnY(TPDP)(05CPh),1(BPhs) (1) was prepared by reaction of
TPDP with [MnH(02CCH3)2(H20)4], benzoic acid, and triethylamine in
methanol, followed by cation exchange with sodium tetraphenylborate
(NaBPhy, see supporting information for details, Scheme 2). [12] Crys-
tals of 1 suitable for X-ray diffraction measurements were grown from
cold CH3CN (—30 °C) under inert conditions. The molecular structure of
1 showed two distorted 6-coordinate pseudo-octahedral Mn' centers
coordinated by TPDP and two benzoate ligands (Fig. 2). The structure
was comparable to that obtained for [MnJ(BPMP)(0,CCHs),1(Cl04) and
[Mng(BPMP)(OZCPh)Z](C104) which both displayed two bridging
carboxylate ligands coordinate to two Mn ions supported by an analo-
gous polypyridine ligand. [13,14] The Mn/Mn separations in 1,
[MnJ(BPMP)(0,CCHs),1(Cl04), [Mn3(BPMP)(0,CPh);](ClO4) were
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Fig. 1. Previously prepared peroxido-Mn"Mn' complexes [Mny(O2)(N-Et-
HPTB)]?" (left) and [Mn,(05)(BPMP)]?" (right).
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3.3782(3), 3.41, and 3.48 /o\, respectively (Table 1). [13,14] In contrast
the Mn/Mn separation in the polybenzimidazole complex [Mnj(N-Et-
HPTB)(0,CCH3)](Cl0O4), was 3.6 A. [8] The differences in Mn/Mn dis-
tances between the polypyridine and polybenzimidazole ligands are
presumably as a result of the nature of the chelation of the pyridine
donors versus the imidazole donors. Alternatively, [MnIZI(N-Et-HPTB)
(02CCH3)1(Cl04) had just one bridging carboxylate ligand, while 1 and
[MnIZI(BPMP)(OZCR)Z](ClO4) contained two. 1 displayed a Mn/Mn dis-
tance shorter than that found in the native class Ib RNR enzymes, when a
fully-reduced MnlzI oxidation state was identified (3.7-3.9 A, Table 1).
When a MnJ! oxidation state was observed, the Mn/Mn separation (3.3
A) was closer to those of 1 and [Mnlzl(BPMP)(02CCH3)2](ClO4). This can
be rationalized as the higher oxidation state causing a contraction of the
first coordination sphere. 1 is thus a reasonable structural mimic of the
Mny core of class Ib RNRs, albeit with a somewhat shorter inter-Mn
distance.

High-resolution electrospray ionization mass-spectrometry (ESI-MS)
analysis of 1 revealed a peak at m/z = 805.1790 that could be assigned
to the [Mn3(TPDP)(O2CC¢Hs)2]" cation (expected m/z = 805.1743,
Fig. S1). Comparison of the Fourier transform infra-red (FT-IR) spectra
of the free TPDP ligand and 1 revealed noticeable differences that
indicated complexation had occurred (Figs. S2-S3). A broad feature at v
= 3300 cm ! assigned to vgp_y in TPDP was absent in the spectrum of 1.
Furthermore, signals that could be attributed to symmetric and asym-
metric stretches of the carboxylate groups of the bridging benzoates
were visible at ¥®yg_g = 1567,/1381 cm ™.

1 was dissolved in a mixture of CH3CN/tetrahydrofuran (THF) (1:9,
1.5 mM) and cooled to —90 °C. Addition of a solution of KO3 (0.04 M, 1
equiv.) solubilized with 2,2,2-cryptand (0.08 M, 4,7,13,16,21,24-hex-
aoxa-1,10-diazabicyclo[8.8.8]hexacosane) resulted in an immediate
reaction according to electronic absorption spectroscopy (Fig. 3, S4).
New absorption features were observed at Apax = 450, 590 nm and the
new species was defined as 2. Addition of >1 equiv. of KO3 resulted in
less-than optimal yields of 2 and indicated the formation of other
products as evidenced by new broader features according to electronic
absorption spectroscopy (Fig. S5). 2 was a metastable species, with a
half-life of t; » = 2000 s at —90 °C.

The electronic absorption spectrum of 2 was similar to those of
previously reported peroxido-Mn™n™ complexes (Fig. 4). [7,8,17]
[MnZ(OZ)(N-Et-HPTB)]2+ displayed almost identical features at Apmax =
460, 610 nm, while [Mny(02)(BPMP)]** presented an intense peak at
Amax = 440 nm and a weaker feature at A = 590 nm. Therefore, due to the
similarities with the two previously published species, we believe 2
should be assigned as a peroxido-Mn"Mn' complex. In analogy to
previously studied mononuclear peroxido-Mn™ complexes, it was
postulated that the origin of the intense feature of Apax ~ 440-460 nm
was a peroxide-to-Mn'" charge transfer band and the less intense Apax ~
600 nm feature was derived from d-d transitions. [7,8,17] The high-
energy features associated with peroxido-Mn"™Mn'" species displayed
molar absorption coefficients (¢) in the range of 300-500 M1 ’1,
while the lower-energy features displayed ¢ = ~200 M~ em™!. Such
e-values have been previously observed as typical for mononuclear
peroxido-Mn™ complexes. [7,8,17] This pair of spectroscopic features
appears to be a fingerprint for peroxido-Mn™Mn™" complexes. The red-
shift of the electronic features of polypyridine [an(Oz)(BPMP)]2+
with respect to that of polypyridine 2 and polybenzimidazole [Mny(O5)
(N-Et-HPTB)]%** was indicative that the electronic environment of the
peroxido—MnHMnIII core of [Mny(O2)(BPMP)] 2+ was different. It is worth
recalling that the XRD determined Mn/Mn separation in the Mn}
starting materials did not agree with this trend, with the poly-
benzimidazole donor engendering a larger Mn/Mn separation. We
postulate that this indicates that the bridging-alkoxide/phenoxide
ligand, rather than the terminal pyridine/benzimidazole ligands, may
have a greater influence over the electronic structure in such complexes.

ESI-MS analysis of a just-thawed solution of 2 showed a peak at m/z
= 296.561 that was consistent with the dictation [Mng(Og)(TPDP)]2+
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Scheme 2. Preparation of complexes 1, 2, and 3.

Fig. 2. ORTEP of 1. Hydrogen atoms, BPh, counterion, and two CH3CN mol-
ecules were omitted for clarity. Ellipsoids depicted at 50% probability.

(expected m/z = 296.5526, Fig. S6). In the observed mass ion, both of
the benzoate ligands were absent. A similar observation was found for
[Mn2(02)(N—Et—HPTB)]2+ and [Mn2(02)(BPMP)]2+, where the bridging
carboxylate ligands found in the precursor complex was absent in the
ESI-MS spectrum of the peroxido-MnHMnIII entity. [7,8] Based on this,
we surmise that the benzoate ligands are no longer bound in 2. It is
important to note that the m/z = 296.561 feature was not observed in
the ESI-MS of 1. This shows that this mass peak is associated with 2 and
is not simply an adduct of the starting material and adventitious Os.
Electron paramagnetic resonance (EPR) spectroscopy measurements
of 2 at 2 Krevealed a 22-line signal centered at g ~ 2 (Fig. 5, S7). This led
us to assign 2 as a mixed-valent Mn"Mn™ complex. In a system with two
SSMn equivalent centers and a S = ¥ ground state, 11-lines would be
expected in an isotropic environment based on the number of resonances
being defined as 2nI + 1 (n = #Mn ions, >>Mn I = 5/2). In a system
where the two Mn atoms are non-equivalent, such as a formally
Mn"™n™ complex, this could potentially yield a 36 line isotropic signal
((2nl; + 1)(2mI, + 1) = 6*6 = 36). [10,18,19] The number of lines

would increase further should the signal be anisotropic. In practice, for
Mn"™™Mn™ complexes ~20-30 features are observed due to overlap of the
lines. EPR spectra of Mny complexes with >20 lines and a wide spectral
width are generally indicative of the formation of a mixed valent
Mn™™Mn™ species, rather than a mixed-valent Mn™Mn!" complex, which
typically displays fewer features (normally 16) over a narrower spectral
width (100-150 mT). The yield of 2 was determined by EPR integration
to be 65% + 20% (using a cul salt as a reference). We observed similar
yields for [Mny(02)(N-Et-HPTB)]?* and [Mny(05)(BPMP)]%*.

Curiously, the EPR of 2 was remarkably similar to that of
polybenzimidazole-supported Mn"Mn™ complex [Mny(O2)(N-Et-
HPTB)]?*, despite having different supporting ligands. [8] In contrast,
the more closely related polypyridine supported [Mny(O2)(BPMP)]%*
displayed a broader spectral width than 2 and [MnZ(Oz)(N-Et-HPTB)]2+.
[71 This contrast in properties mirrored the electronic absorption spec-
troscopy observations, where 2 and [an(Oz)(N-Et-HPTB)]2+ were
comparable, and [Mng(Oz)(BPMP)]2+ was an outlier. These observa-
tions support the postulate that the electronic structure of the peroxido-
Mn™™Mn™ core appears to be influenced more by the nature of the
bridging alkoxide/phenoxide ligands than the N-donors.

Mn K-edge X-ray absorption near edge spectroscopy (XANES) was
performed on frozen samples of 1 and 2 in order to understand the Mn
oxidation states and local electronic structure (Fig. 6). The low-valent
complex 1 showed a rising edge with a first inflection at 6547.2 eV.
For 2, the first inflection point of the rising edge was determined to be
6549.3 eV, thus indicating an edge energy shift of 2.1 eV upon con-
version of 1 to 2. Typically, an increase of one in the formal oxidation of
Mn is associated with an edge energy shift of 2-4 eV. [20-22] A shift of
2.1 eV, is therefore consistent with the average + 0.5 increase in Mn
oxidation state on the conversion of a Mn} species to a mixed-valent
Mn"™n™" species and agrees with the EPR data of 2. Similar edge
shifts were observed for [Mr12(02)(BPMP)]ZJr and [Mny(O5)(N-Et-
HPTB)]*" (Table 2). [7,8]

The pre-edge areas for features found at ~6540 eV in 1 and 2 were
calculated to be 15.2 and 8.8 units, respectively (Figs. S8-S9). The pre-
edge is associated with a symmetry-forbidden crystal field transition
from the core 1 s orbitals to the 3d levels, which can gain some 4p
character and thus intensity depending on the deviation from cen-
trosymmetry. [23] This results in complexes with more distorted ge-
ometries displaying larger pre-edge areas than those with less distorted
ones. The pre-edge peak areas imply that the Mn centers in 2 had a more
centrosymmetric geometry in comparison to those of 1. One possibility
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Table 1
Comparison of Mn"/Mn" distances (;\) and Mn coordination numbers for class Ib
RNRs and synthetic models (supporting ligands listed).

Mn/Mn (A) Coordination # Reference
1 3.378 (3) 6,6 This work
Et-N-HTBP* 3.60 55 [81
BPMP" 3.41 6,6 [13,14]
BPMP¢ 3.48 6,6 [13,14]
B. subtilis 3.7 6,5 [15]
E. coli 3.9 6,6 [16]
C. ammoniagenes’ 3.3 6,5 [6]

2 [MnY(N-Et-HPTB)(02CCH3)1(ClO4)-.
b [MnJ(BPMP)(0,CCH3),1(ClO,).

¢ [Mn3(BPMP)(0,CCPh),](ClO4)

d MnlzII core.

is that the two benzoate bridges in 1 lead to larger distortions around the
Mn" centers - upon conversion to 2 the bridging benzoates appear to be
displaced by an 0%~ ligand according to ESI-MS, presumably resulting in
greater symmetry at Mn. It is also notable that both 1 and [Mn3(N-Et-
HPTB)(0,CCH3)]1%* displayed relatively large pre-edge areas, while that
of [Mnlzl(BPMP)(OZCCHg)Z]+ was relatively small (Table 2). Upon con-
version to their corresponding Mn"Mn™ complexes, the pre-edge area
dropped for both 2 and [MnIZI(OZ)(N-Et-HPTB)]2+ but increased for
[Mnh(05)(BPMP)1%". As with the electronic absorption and EPR ana-
lyses, the bridging ligand (alkoxide versus phenoxide) thus appears to
play a determining role in electronic structure at the Mn; core, inducing
lower centrosymmetry for the alkoxide bridged complexes and greater
centrosymmetry for those with a phenoxide bridge. Finally, the rising
edge of 1 also exhibited a feature at ~6552 eV that was characteristic of
the presence of MnlgI (previously identified in Mny RNRs). [24] Notice-
ably, this shoulder decreased in intensity in the spectrum of 2, consistent
with the loss of MnJ. In summary, a combination of electronic absorp-
tion, EPR, and X-ray absorption spectroscopies and mass spectrometry
allow us to assign the conversion of a Mn3 complex (1) to a new per-
oxido-Mn"™™Mn'" (2) upon reaction with superoxide.

The previously studied peroxide complexes [Mng(O2)(N-Et-
HPTB)]?* and [Mny(O2)(BPMP)]?* were determined to be poor oxi-
dants, incapable of reacting with substrates with weak O—H bonds such
as 2,2,6,6-tetramethylpiperidin-1-ol (TEMPO-H) or phenols. [7,8] As
with those complexes, 2 displayed no reaction when exposed to TEMPO-
H (Fig. S10). The lack of reactivity observed for all peroxido-Mn''Mn'"
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Absorbance (A.U.)
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0.0 T T T
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Fig. 3. Electronic absorption spectra of 1 (black trace, 1.5 mM) and 2 (blue
trace, formed upon exposure of 1 to KO, (1 equiv.)) in 1:9 CH3CN/THF at
—90 °C. (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. Electronic absorption spectra of 2 (blue trace), [Mn'Mn"(02)(N-Et-
HPTB)]** (purple), and [Mn"Mn™(0,)(BPMP)]** (red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

(in our hands) appears to be intrinsic to this type of complex. As
mentioned, it has been postulated that a proton donor is critical to class
Ib RNR turnover, either to activate O3 anion, facilitate O—O bond
scission, or simply to enhance O—H bond activation reactivity. Criti-
cally, when both [Mny(O2)(N-Et-HPTB)]?>* and [Mny(02)(BPMP)]%*
were exposed to H'-donors, phenol and/or ferrocene were oxidized
through presumed interception of a transient intermediate.

We previously identified para-toluenesulfonic acid (p-TsOH) as
effective for the activation of peroxido—MnHMnHI cores. [10] To a solu-
tion of 2 (1.5 mM, 1:9 CH3CN/THF) at —90 °C was added p-TsOH (2

200 300 400

Field (mT)
Fig. 5. X-Band EPR spectrum of 2 (blue trace), [Mn4(05)(N-Et-HPTB)]%*
(purple trace), and [Mn,(02)(BPMP)]?* (red trace) all measured at 2 K, 9.65

GHz, 0.2 mW microwave power. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

100 500
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Fig. 6. Normalized XANES spectra of 1 (black trace) and 2 (red trace). Inset:
Expansion of pre-edge region. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

equiv.). A slow reaction was observed that took 2000 s to complete,
resulting in the formation of a new species (defined as 3) according to
electronic absorption features that tailed from the UV into the near-IR
region (Fig. S11). The EPR spectrum of 3 revealed two new signals
(Fig. 7), a broad feature centered at g = 6.05 and a 23-line signal
centered at g = 2. The broad signal at a high g-tensor has been observed
previously for Mn"Mn™ complexes and was assigned to transitions from
the S = 3/2 state. [7,8,19,25] The 23-line signal at g = 2 was indicative
of a Mn"Mn™ species (as described above), due to the high number of
lines and broad spectral width. However, 3 displayed a relatively larger
spectral width (200 mT) when compared to that measured for 2 (160
mT), indicating the formation of a novel Mn"™Mn'! species. As with the
previous Mn"Mn™" species trapped in our labs, the EPR spectra of 3 was
not resolved and broadened significantly when measured at tempera-
tures >10 K (Fig. S12). The yield of 3 was determined by EPR integration
to be 50% + 20% (using a Cu" salt as a reference), with respect to the
starting concentration of 1 in the reaction mixture. 3 displayed EPR
features closer to those of [an(Oz)(BPMP)]2+, rather than 2 and
[Mng(Og)(N-Et-HPTB)]2+ (Fig. 7, S13). As stated above, we postulate
that the alkoxide/phenoxide bridge in these ligands appears to influence
the electronic structure. We therefore conclude that the protonation
event upon reaction between 2 and p-TsOH resulted in electronic
structure changes comparable to replacing an alkoxide bridge in 2 and
[Mn2(02)(N-Et-HPTB)]2+ with a phenolate bridging ligand in [Mny(O2)
(BPMP)]%*. We therefore tentatively suggest that the site of protonation
is either the peroxide ligand or the alkoxide bridge linking the two
manganese ions. This conclusion is based on our observations that the

Table 2
Comparison of the XANES parameters of complexes 1, 2, 3, and related com-
plexes. [7,8].

Complex Edge energy Pre-edge area Pre-edge energy
(eV) (units) (eV)

1 6547.2 15.2 6540.3

[Mn3(N-Et-HPTB) 6547.7 19.5 6540.4
(02CCHa)1**

[Mn3(BPMP) 6548.4 5.9 6540.3
(02CCH3),]*

2 6549.3 8.8 6540.8

[Mny(O,)(N-Et- 6548.7 14.1 6540.5
HPTB)]**

[Mny(O2)(BPMP)]?* 6548.9 9.4 6540.3

3 6549.4 3.9 6540.4

Journal of Inorganic Biochemistry 257 (2024) 112583
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Fig. 7. X-Band EPR spectrum of 3 (red trace) and 2 (black trace) measured at 2
K (9.65 GHz, 0.2 mW microwave power). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

electronic structure of the Mny core appears to be influenced predomi-
nantly by bridging ligands, rather than pyridine/benzimidazole donors
of the supporting ligands.

To further analyze the Mn oxidation states and their local geome-
tries, Mn K-edge XANES was performed on 3 (Fig. S14, Table 2). 3 dis-
played a rising edge with the first inflection at 6549.4 eV and a pre-edge
peak centered at 6540.4 eV with an area of 3.9 units (Fig. S15). On first
inspection, the XANES spectra of 2 and 3 appear very similar. The shift
in edge energy was negligible (0.1 eV); as stated above, when an
oxidation number increases by +1 at Mn, typically results in an edge
energy shift between 2 and 4 eV. This indicated that 2 and 3 shared the
same Mn oxidation states. Likewise, 2 and 3 displayed pre-edge peak
energies of 6540.8 and 6540.4 eV, respectively. There was a modest
decrease in the pre-edge area of 3 by 4.9 units relative to that of 2, which
supports increased centrosymmetry for the Mn centers of 3 compared to
2. [23] Nam and co-workers described a hydroperoxido-Mn™ species
generated from protonation of a peroxido—MnIII that also exhibited a
decrease in pre-edge area upon addition of the acid. [26] Therefore, we
conclude that 3 contains the same Mn"Mn'™" oxidation state as the
Mn''Mn"-peroxide 2, and tentatively ascribe the decrease in pre-edge
area to protonation of the alkoxide ligand or peroxide bridge in 3
(Scheme 2).

Extended X-ray absorption fine structure (EXAFS) analysis on 2 and 3
was not carried out due to the poor solubility of 1 and the consequent
low concentrations of 2 and 3. The optimal conditions for the prepara-
tion of 2 and 3 were at [Mn] = 1.5 mM. At higher [Mn], relatively low
yields of 2 were obtained. We observed the same for [Mny(O3)
(BPMP)]*" and [Mny(O2)(N-Et-HPTB)]*". [7,8] Such [Mn] concentra-
tion is less-than-ideal for EXAFS data collection. Furthermore, we
observed photo-bleaching of these samples after periods of exposure to
the beam, requiring us to perform relatively rapid data-collections on
multiple spots. Again, this prevented collection of reliable EXAFS data.
We were unable to measure the vibrational properties (through infra-red
or Raman spectroscopies) of 2 and 3. We were hindered in this effort
because resonances of interest (Vo_o, Vmn-0) Were likely covered by
solvents (CH3CN and THF), and/or 2,2,2-cryptand, and/or ligand sig-
nals. We attempted Raman analysis of 2 and 3 using a variety of lasers
with differing excitation wavelengths, however, we only identified
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Fig. 8. Electronic absorption spectra of the reaction of 3 (black trace, 1.5 mM
in 1:9 CH3CN/THF) with TEMPO-H (30 equiv., red trace) at —90 °C. Inset: X-
Band EPR of the post-reaction mixture showing the formation of TEMPO radical
(9.34 GHz, 2.00 mW microwave power, 77 K). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

features that could be attributed to the solvent. Furthermore, the ther-
mal instability of 2 and 3 prevented IR measurement.

The peroxido-MnHMnIII species 2, [an(Oz)(N-Et-HPTB)]”, and
[Mng(Oz)(BF‘MP)]2+ were found to be unreactive towards external
substrates. In contrast, 3 (1.5 mM, CH3CN/THF) reacted readily with a
substrate containing a weak O—H bond (TEMPO-H (30 equiv.)) at
—90 °C as evidenced by a slow bleaching of the electronic absorption
features associated with 3 (Fig. 8). EPR analysis on the post-reaction
mixture revealed a rhombic signal with g, = 2.02, g, = 2.00, and g, =
1.97, that was assigned to the TEMPO (2,2,6,6- tetramethyl-piperidin-1-
yDoxyl) radical. This signal has been observed previously following the
oxidation of TEMPO-H by other oxidants. [10,27,28] The TEMPO
radical yield was calculated to be 40 + 15% by comparison to a TEMPO
standard by EPR. Importantly, no signals that could be associated with
Mn were identified in the post-reaction EPR. A control reaction resulted
in a TEMPO radical yield of <5% (Fig. S16), implying that 3 was
responsible for the oxidation.

We previously observed that the reaction between peroxido-Mn"M-
n'™ complex [Mny(02)(BPMP)]?* and a H*-donor (p-TsOH) resulted in
O—O bond scission and conversion to a bis(p-O)MnIHMnIV species. [10]
This bis(u-0)Mn"™Mn'V complex was capable of the oxidation of a va-
riety of substrates that contained a weak O—H bond (such as phenols).
In contrast, addition of p-TsOH to peroxido-Mn"Mn™ complex 2 resulted
in conversion to a new Mn"Mn'" species with no evidence for O—O bond
scission. 3 was capable of O—H bond activation, albeit at considerably
lower rates than the bis(p—O)MannIV species, with a more activated
substrate (TEMPO-H). Interestingly, 2 and other peroxido-MnMn™
complexes showed no reactivity with the same substrates. This would
suggest that class Ib RNRs likely rely on H'-donors to facilitate tyrosyl
radical generation, either via a (hydro)peroxido-MnHMnIII adduct or a
bis(p—O)MnHIMnIV.3 Due to the turgid rate of oxidation by 3, we
conclude that a bis(u-0oxo)Mn™Mn'V species is likely employed in tyro-
sine activation by class Ib RNRs, although the current example demon-
strates that a Mn™Mn'" entity is a plausible oxidant.

3. Conclusions

[Mnlzl(TPDP)(02CC6H5)2] (BPhy) (1) was prepared and subsequently
characterized via single-crystal X-ray diffraction, X-ray absorption,
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electronic absorption, and infrared spectroscopies, and mass spectrom-
etry. 1 was a reasonable structural mimic of the Mn; core found in class
Ib RNRs, displaying a comparable coordination environment and Mn/
Mn separation. 1 was reacted with O3 yielding a peroxido-Mn"Mn™
entity, 2, that displayed electronic absorption, EPR, and XAS properties
comparable to reported peroxido-Mn"Mn™ species. Reaction of 2 with
an H*-donor yielded another Mn"™Mn™ species, 3, rather than causing
0O—O bond scission according to electronic absorption, EPR, and XAS
spectroscopies. 3 was deemed to contain a protonated alkoxide or hy-
droperoxide Mn"Mn™ core. Unlike all previous Mn"Mn™ species, 3 was
capable of oxidative O—H activation, mirroring the generation of
tyrosyl radical in class Ib RNRs. We conclude that class Ib RNRs rely on
H-donors to facilitate tyrosyl radical generation, either via (hydro)
peroxido—MnHMnIII or bis(p—O)MnHIMnIV adducts - the current example
demonstrates that a Mn"Mn'" entity is a credible oxidant.
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