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ABSTRACT

Mononuclear manganese(III) peroxido complexes are candidates for the reaction intermediates in manganese
containing proteins, such as manganese superoxide dismutase (Mn-SOD) etc. In this study, manganese(IIl)
peroxido complexes [Mn(O3)(L3)] and [Mn(O3)(L10)] ligated by anionic N3 type ligands with sterically
hindered substituents, hydrotris(3-tertiary butyl-5-isopropyl-1-pyrazolylborate (L37) and hydrotris(3-
adamantyl-5-isopropyl-1-pyrazolyl)borate (L107), respectively, were structurally characterized. These com-
plexes are the first examples of structurally characterized five-coordinate manganese(IIl) peroxido complexes.
Their characteristic (0—0) and ¥(Mn—O) stretchings were determined by using Hy'80, for the first time.
Theoretical calculations were performed to obtain further insight into their structural parameters. The decom-
posed products were obtained as [{Mn(j-0)(L3)}2Mn"V] and [Mn(OH){L10(0)}] from [Mn(0O5)(L3)] and
[Mn(02)(L10)], respectively.

1. Introduction

Manganese dioxygen intermediates have been suggested to form in
the catalytic cycle of manganese containing proteins such as manganese
superoxide dismutase (Mn-SOD) which catalyzes the dismutation (or
disproportionation) of the superoxide (05"") radical into molecular ox-
ygen (O2) and hydrogen peroxide (H,05) [1-8], manganese dependent
homoprotocatechuate 2,3-dioxygenase (Mn-HPCD) which catalyzes the
cleavage of aromatic ring of the substrate with incorporation of both
oxygen atoms from O5 [1,2,9,10], manganese catalase which catalyzes
the decomposition of Hy02 to O2 and water [1,2,11,12], manganese
ribonucleotide reductase which catalyzes the formation of de-
oxyribonucleotides (DNA) from ribonucleotides (RNA) [1,2,13,14],
manganese oxalate oxidase and oxalate decarboxylase which catalyze
the oxygen-dependent oxidation of oxalate to carbon dioxide in a re-
action coupled with the formation of HyO» [2,15-17] and the degra-
dation of oxalate into formate and carbon dioxide, respectively [2,15],
and water oxidation to Oz in the oxygen evolving center of photosyn-
thetic complexes [1,2,18-22]. In particular, the oxygen bound in-
termediates in Mn-SOD have been proposed based on density functional

theory (DFT) calculations and detailed experiments which have shown
the formation of manganese(Ill) end-on (nl-type) hydroperoxido
[23,24] and manganese(III) side-on (nz-type) peroxido [24,25] in-
termediates. Structural analysis of the peroxide intermediate in the Mn-
SOD (E. coli) generated by a peroxide-soak method revealed an asym-
metric side-on (n?-type) mode of Oy binding to the Mn [26].

Structural and functional models of the above-mentioned native
manganese containing proteins are important to elucidate the structures
and physicochemical properties of the active intermediates, which are
not yet fully identified. Overall structures based on coordinating ele-
ments, coordination number and geometry, secondary coordination
sphere and redox potential of the manganese center could be controlled
by an appropriate ligand design that can shed light on the manganese
dioxygen intermediates in these enzymes. Structural characterization
and spectroscopic properties of manganese(III) peroxido complexes re-
ported over past 30 years are listed in Table 1 and Fig. 1 [27-33].

The first structurally characterized side-on manganese(III) peroxido
complex [Mn(O2)(tpp)]™ (tppz’ = 1,4,7,10-tetraphenylporphinate) was
reported by Prof. Valentine and co-workers in 1987 [30]. Later, Prof.
Kitajima and co-workers reported a side-on manganese(III) peroxido
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complex, [Mn(O2)(L1)(pzH)] (L1~ = hydrotris(3,5-diisopropyl-1-pyr-
azolyl)borate, pzH = 3,5-diisopropylpyrazole) [27]. This complex has
additional pyrazole coordination to form a six-coordinate structure. The
pyrazole hydrogen is essential to construct their structures: the absence
of hydrogen bonding between the pyrazole hydrogen and peroxide ox-
ygen produced the brown form while the presence of such a hydrogen
bonding formed the blue form of the complex [27]. By using 2-methyl-
imidazole (Me-Im) as an additional ligand, the manganese(III) peroxido
complex [Mn(O2)(L1)(Me-Im)] without any intramolecular hydrogen
interactions was formed. Prof. Jackson and co-workers reported the
thermally stable manganese(III) peroxido complex [Mn(O3)(L5)(thf)]
(thf = tetrahydrofuran) by introduction of phenyl group in the hydrotris
(pyrazolyl)borate ligand [29]. Moreover, Prof. Nam and co-workers
reported manganese(IIl) peroxido complexes [Mn(02)(n-TMC)]" (n =
12: 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane, 13: 1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclotridecane, and 14: 1,4,8,11-tetra-
methyl-1,4,8,11-tetraazacyclotetradecane) with different sized N-
methylated cyclam ligands [31-33]. Until now, only 8 structures are
reported, and all have six-coordinate geometries without a vacant site to
interact with substrates.

In this study, we explored our ligand system to synthesize five-
coordinate manganese(IlI) peroxido complexes by introduction of
bulky substituents: tertiary butyl (L37) and adamantyl (L107) groups
(Fig. 1). From our previous research, copper(Il) superoxido complexes
were generated from these bulky ligands [34]. Moreover, some sec-
ondary coordination sphere effects were also observed in new manga-
nese(II) peroxido complexes. The peroxido complexes obtained in the
solid state are very thermally stable in dry condition, however, in humid
condition, they decompose gradually. The decomposed structures are
also characterized.

2. Experimental
2.1. Materials

The preparation and handling of all the complexes were performed
under an argon atmosphere using standard Schlenk tube techniques.
Dichloromethane was carefully purified by distillation from phospho-
rous pentoxide under an argon atmosphere [37]. Acetonitrile was
distilled from calcium hydride under an argon atmosphere [37]. Ultra-
dry acetone and methanol were purchased from Wako Pure Chemical
Ind. Ltd. and were deoxygenated by purging with argon gas. Deutero-
chloroform was obtained from Cambridge Isotope Laboratories, Inc.
1802 (95% atom 18O) was obtained from SHOKO CO., Ltd. Other re-
agents are commercially available and were used without further puri-
fication. The ligands of KL3 and KL10 were prepared by published
methods [36,38]. The manganese(Il) complexes [Mn(NO3)(L3)], [Mn
(CDH(L3)], [Mn(CD(L10)], and [{Mn(L1)}2(p-OH)2] were achieved by
literature methods [39-41]. Labeled hydrogen peroxide (H21802) was
prepared by a method using 2-ethylanthraquinone [42].

2.2. Spectroscopic measurements

IR spectra (4000-400 cm ') were recorded as KBr pellets using a
JASCO FT/IR-6300 spectrophotometer. Far-IR spectra (800-150 em ™)
were recorded as Csl pellets using a JASCO FT/IR 6700 spectropho-
tometer and a JASCO FT/IR-550 spectrophotometer. Raman spectra
(4000-200 cm™!) were measured as powders on a JASCO RFT600
spectrophotometer with a YAG laser with 450 or 600 mW. Abbreviations
used in the description of vibration data are as follows: vs, very strong; s,
strong; m, medium; w, weak. TH NMR data (500 MHz) were obtained on
a Bruker AVANCE III-500 NMR spectrometer at room temperature (298
K) in CDClg. 'H chemical shifts were reported as 5 values relative to
residual solvent peaks. UV-Vis spectra (solution and solid, 800-200 nm)
were recorded on a JASCO V-570 spectrophotometer. MALDI-TOF
(matrix assisted laser desorption/ionization-time-of-flight) mass

spectra were measured on Bruker solariX spectrometer using DCTB
(trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononi-
trile) as the matrix reagent. ESI (electrospray ionization) mass spectra
were measured on Bruker solariX spectrometer in CH,Cl,. The elemental
analyses (C, H, and N) were performed by the Chemical Analysis Center
of Ibaraki University.

2.3. Preparation of complexes

2.3.1. [Mn(OH)(L3)]

[Mn(OH)(L3)] was synthesized by a modification of a literature
method [39,43]. To a solution of [Mn(NO3)(L3)] (255 mg, 0.408 mmol)
in dichloromethane (25 mL) was added dropwise a 0.2 M degassed
aqueous NaOH solution (4.1 mL, 0.82 mmol). After stirring for 15 min,
the water layer was removed by a pipette. The dichloromethane phase
was dried over NaySO4 and then filtered. Evaporation of the dichloro-
methane under vacuum gave a white solid (206 mg, 0.355 mmol, 87%
yield). Recrystallization from dichloromethane/acetonitrile at —30 °C
gave a colorless crystalline solid.

IR (KBr / cm’l): 3690w (vO-H), 2965vs (vC-H), 2565 m (vB-H),
1533vs (bC=N), 1461vs, 1425s, 1363vs, 1300s, 1240s, 1176vs, 1127 m,
1062s, 1050s, 1025 m, 794vs, 753vs, 715w, 643 m, 519w.

Far-IR (GsI / cm™): 644 s (’Mn-N), 574w, 519 m (vMn-0), 479w,
404w, 378w, 353w, 333w, 261w, 237w, 187 s, 160w.

FT-Raman (solid, 450 mw / cm’l): 2968vs (vC-H), 2929vs (vC-H),
2907vs (vC-H), 2869 s (vC-H), 1464 m, 1448 m, 1429 m, 1347 m,
1208w, 841 m, 578w (vMn-0).

UV-Vis (A / nm (e / mol~*dm3ecm~?, CH,Cl,)): 300 (300).

2.3.2. [Mn(NO3)(L10)]

[Mn(NO3)(L10)] was synthesized by a modification of a literature
method [40]. The solids of KL10 and Mn(NOs3),e6H50 were dissolved in
methanol (15 mL) and dichloromethane (40 mL). After stirring for 90
min, the solvent was removed under vacuum. The residue was extracted
with dichloromethane (30 mL) and part of the organic solution was
separated by filtration. Evaporation of the dichloromethane under vac-
uum gave a white solid (844 mg, 0.983 mmol, 99% yield). Recrystalli-
zation from dichloromethane/acetonitrile at —30 °C gave a white
crystalline solid (331 mg, 0.385 mmol, 39% yield).

Anal. Calc. for C4gH70BMnN;O3: C, 67.13; H, 8.22; N, 11.42%.
Found: C, 67.04; H, 8.14; N, 11.25%.

IR (KBr / cm™1): 2965 s (vC-H), 2904vs (vC-H), 2849 s (vC-H), 2565
m (vB-H), 1519vs (UNOs3, g5ym and vC=N), 1460s, 1427 m, 1383 m, 1372
m, 1360 m, 1342w, 1314w, 1299 m, 1270s (vNO3, sym), 1251 m, 1186 m,
1168s, 1105w, 1062 m, 1038w, 1017w, 1006w, 808w, 791 m, 746w.

UV-vis (A / nm (e / mol 'dm®em ™, CH,Cl,)): 300 (120).

2.3.3. [Mn(OH)(L10)]

[Mn(OH)(L10)] was synthesized by a modification of synthesis of
[Mn(OH)(L3)]. To a solution of [Mn(NOs3)(L10)] (237 mg, 0.276
mmol) in dichloromethane (20 mL) was added dropwise a 0.2 M
degassed aqueous NaOH solution (2.6 mL, 0.52 mmol). After stirring for
15 min, the water layer was removed by a pipette. The dichloromethane
phase was dried over NaySO4 and then filtered. Evaporation of the
dichloromethane under vacuum gave a white solid (209 mg, 0.257
mmol, 93% yield). Recrystallization from dichloromethane/acetonitrile
at —30 °C gave a colorless crystalline solid.

Anal. Calc. for C4gH71BMnNgO: C, 70.84; H, 8.79; N, 10.33%. Found:
C, 70.90; H, 8.65; N, 10.16%.

IR (KBr / em™): 3689w (vO-H), 2965 s (vC-H), 2901vs (vC-H),
2848 s (vC-H), 2549 m (vB-H), 1529s (LC=N), 1460s, 1428 m, 1375s,
1363w, 1313w, 1298 m, 1186 m, 1166s, 1105w, 1058s, 1040w, 789 s,
742 m, 712w.

Far-IR (CsI/ cm™1): 676 s (vMn-N), 647w, 633 s, 563w, 520 m, 507w
(vMn-0), 469w, 434 m, 408w, 400w, 385w, 364w, 329 m, 284 m,
240w, 226w, 201 s, 177vs, 151w.



Table 1
Manganese(III) peroxido complexes: structural (from CCDC) and spectroscopic data.

Complex” d (Mn-0) d (0-0) v (0-0) v (Mn-0) Reference
/A /A /em' P /em 1P

[Mn(02)(L3)] 1.8436(19) 1.122(3) 913 (*0) 516(1°0) This work
2.225(2) 863 (1%0) 490 (*80)

[Mn(05)(L10)] 1.808(11) 1.231(17) 913 (*0) 518 (*°0) This work
1.856(7)

[Mn(0,)(L1)(pzH)] 1.851(5) 1.428(7) 891 (10) 504 (10) [271,

brown form 1.850(6) 841 (*%0) 483 ('%0) This work®
[Mn(0,)(L1)(pzH)] 1.841(9) 1.43(1) 891 (1°0) 502 (1°0) [271,
blue form 1.878(8) 842 (180) This work ©

[Mn(0,)(L1)(Me-Im)] 1.872(6) 1.42(1) 896 (1°0) - [28]
1.838(6)

[Mn(02)(L5)(thf)] 1.865(2) 1.432(3) 882 (1°0) - [29]
1.859(2)

[Mn(02)(tpp)]~ 1.888(4) 1.421(5) - - [30]
1.901(4)

[Mn(02)(14-TMC)]* 1.884(2) 1.403(4) - - [31]
1.884(2)

[Mn(0,)(13-TMC)]*+ 1.863(2) 1.410(4) - - [32]
1.855(2)

[Mn(0,)(12-TMC)]* 1.853 1.408 © - - [331

@ Abbreviations, L3~ = hydrotris(3-tertiary butyl-5-isopropyl-1-pyrazolyl)borate; L10~ = hydrotris(3-adamantyl-5-isopropyl-1-pyrazolyl)borate; L1~ = hydrotris(3,5-diisopropyl-1-pyrazolyl)borate; pzH = 3,5-diiso-
propylpyrazole, Me-Im = 2-methylimidazole; L5~ = hydrotris(3,5-diphenyl-1-pyrazolyl)borate; thf = tetrahydrofuran, tpp>~ = 1,4,7,10-tetraphenylporphinate; 14-TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclo-
tetradecane; 13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane; 12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane.

Y Means no data available.

¢ The averaged values due to high disorder.

d See Figs. S9 and S11.

¢ See Figs. S10 and S11.
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Fig. 1. The substituted pyrazolate derivatives used to synthesize manganese
complexes in this study and their abbreviations in parenthesis.

FT-Raman (Solid, 600 mW): 2917vs (vC-H), 2849 m (vC-H), 1435 m,
1257 m, 977w, 770 s, 563w (vMn-0).
UV-Vis (A /nm (g / mol’ldmscm’l, CH5Cly)): 300 (95).

2.3.4. [Mn(02)(L3)]

2.3.4.1. Method A: using H202. To a solution of [Mn(OH)(L3)] (239
mg, 0.412 mmol) in dichloromethane (10 mL) was added a 30% aqueous
H,03 solution (126 pL, 1.23 mmol) in an ice bath. After stirring for 10
min at the same reaction temperature, the dichloromethane phase was
dried over NaySO4 and then filtered. Recrystallization from dichloro-
methane/acetonitrile at —30 °C gave a brown crystalline solid (82 mg,
0.138 mmol, 33% yield).

2.3.4.2. Method B: using KO2. To a solution of [Mn(Cl)(L3)] (83 mg,
0.139 mmol) in dichloromethane (10 mL) was added KOy (66.7 mg,
0.938 mmol) dissolved in acetone (10 mL) in an ice bath. After stirring
for 60 min at the same temperature, the solvent was filtered to remove
the excess amount of KO,. Evaporation of the mixed solvents under
vacuum gave a brown solid. Recrystallization from dichloromethane/
acetonitrile at —30 °C gave a colorless crystalline solid (21 mg, 0.035
mmol, 25% yield).

Anal. Calc. for C3gHs55BMnNgO200.3(CHCly): C, 58.70; H, 8.55; N,
13.55%. Found: C, 58.98; H, 8.67; N, 13.89%.

IR (KBr / cnfl): 2963vs (vC-H), 2934 s (vC-H), 2869 s (vC-H), 2573
m (vB-H), 1535s (vVC=N), 1463vs, 1424 m, 1358s, 1239w, 1182vs,
1128w, 1062s, 1051s, 1025 m, 913 m (vO-0), 798 s, 755 m, 716 m.

Far-IR (CsI / em™!) 646 s (“Mn-N), 625w, 527 m, 516 m (vMn-O),
474w, 410w, 384w, 359w, 336w, 267w, 215 s.

UV-Vis (A / nm (e / mol *dm3®em !, CH,Cly)): 465(220), 570(90),
669(35).

MALDI-TOF MS (m/z, positive, DCTB): 812.51 ([{Mn
(L3)}**+DCTB+e 1), 594.36 ([{Mn(05)(L3)}-e~11), 578.36 ([Mn(O)
(L3)1M), 562.37 [{Mn(L3)}*"+e 1",

2.3.5. [Mn(0O2)(L10)]

To a solution of [Mn(Cl)(L10)] (139 mg, 0.167 mmol) in dichloro-
methane (20 mL) was added KO, (117 mg, 1.646 mmol) dissolved in
acetone (15 mL) in an ice bath. After stirring for 40 min at the same
temperature, the solvent was filtered to remove the excess amount of
KO,. Evaporation of the mixed solvents under vacuum gave a brown
solid. Recrystallization from dichloromethane/acetonitrile at —30 °C
gave a colorless crystalline solid (76 mg, 0.092 mmol, 55% yield).

Anal. Calc. for C48H70BMnNgO2e0.5{CH3CNeCH,Cl>}: C, 66.66; H,
8.19; N, 10.21%. Found: C,66.42; H, 8.47; N, 10.21%.

IR (KBr / em™1): 2965 s (vC-H), 2903vs (vC-H), 2848 s (vC-H), 2570
m(vB-H), 1529 m (vC=N), 1462 m, 1426 m, 1358 m, 1301w, 1186 m,
1169s, 1105w, 1054 m, 913 m (vO-0), 794 m, 743 m.

Far-IR (CsI / cm’l): 676 m (vMn-N), 634 s, 609w, 526 m, 518 m
(vMn-0), 469w, 436 m, 399 m, 364w, 330 m, 288 m, 250w, 219 m,
178w.

UV-Vis (A / nm (¢ / mol *dm3em ™, CH,Cl,): 380 (440), 450 (160),
600 (50).

MALDI-TOF MS (m/z, positive, DCTB): 828.50 [{Mn(O2)(L10)}-
e1", 811.50 [{Mn(0)(L10)]"-H*+e 1%, 796.51 [{Mn(L10)}**+e 1",
517.40 (499.39 + H,0), 499.39 [L10-L10pz~ + H™—2e"]".

2.3.6. [{Mn(u-0)(L3)},Mn]

During recrystallization of [Mn(02)(L3)] (method A), the purple-
colored crystal was obtained from the same dichloromethane/acetoni-
trile mixed solvents. The isolation of the bulk material was impossible;
therefore, the yield and its complete characterization could not be car-
ried out. Only X-ray structure was determined, and the IR spectrum was
measured.

IR (KBr / em™1): 3440 m (broad), 2965vs (vC-H), 2935 s (vC-H),
2868 m (vC-H), 2559 m (vB-H), 1536s (vC=N), 1463s, 1423 m, 1381w,
1362s, 1352s, 1302 m, 1240w, 1187s, 1060 m, 1024w, 795 m, 740vs
(vMn-O-Mn), 711w, 628vs.

2.3.7. [Mn(OH){L10(0)}]

To a solution of [Mn(OH)(L10)] (81 mg, 0.100 mmol) in
dichloromethane (15 mL) was added a 30% aqueous HO5 solution (101
pL, 0.99 mmol) in an ice bath. After stirring for 30 min at the same re-
action temperature, the dichloromethane phase was dried over NaySO4
and then filtered. Evaporation of the solvent under vacuum gave a
purple colored solid. Recrystallization from dichloromethane/acetoni-
trile at —30 °C gave a purple crystalline solid.

Anal. Calc. for C4gH7oBMnNgO2eCH,Cly: C, 64.40; H, 7.94; N, 9.20%.
Found: C, 64.11; H, 7.95; N, 9.25%.

IR (KBr / em™1): 3601 m (vO-H), 2965 s (vC-H), 2903vs (vC-H),
2848 s (vC-H), 2545 m (vB-H), 1529 m (vC=N), 1461s, 1423w, 1375w,
1363w, 1355w, 1299w, 1184w, 1168 m, 1105w, 1062s, 797w, 730w,
634w.

Far-IR(CsI / cm’l): 687 m (vMn-N), 673 m, 645w, 634 s, 607 m, 575
m (vMn-0), 557 m, 529w (vMn-0), 502w, 472 m, 450w, 438w, 404w,
391 m, 334w, 319w, 292 m, 276w, 255 m, 224 m, 199w.

UV-Vis (A / nm (e / mol*dm3em !, CHyCl,): 382(450), 479(640).

ESI-MS (m/z, positive, CHoCly): 827.49 (IMn(0){L10(0)}] —2e71),
811.49 [Mn{L10(0)}]", 759.58 ([{L10(0)}>~ + 3H"1*, 743.59 [L10~
+2HT]T.

2.3.8. [Mn(*°0x)(L1)]

Both (brown and blue) forms of normal 60 complexes were obtained
by the same synthetic methods such as reaction solvents and recrystal-
lization temperatures [27].

Brown form IR (KBr / cm’l): 3373 s (UN-H), 3117 m, 2963vs (vC-H),
2930 s (vC-H), 2869 m (vC-H), 2534 m (vB-H), 1562 m, 1534 m
(vC=N), 1474s, 1428 m, 1393s, 1380 m, 1363 m, 1348 m, 1298s, 1170s,
1135 m, 1106w, 1087w, 1059s, 1040s, 1028 m, 1018w, 1010w, 997 m,
890 s (11°0-1%0), 848w, 819w, 796 s, 786 s, 752 m,714w, 655 s.

Far-IR (CsI / cm™1): 640w, 631w, 617 s (vMn-N), 590 m, 528 s,
510w, 504w (vMn-1°0), 485w, 393 m, 363w, 327 m, 306 m.

Blue form IR (KBr / cm’l): 3331 s (uN-H), 2963vs (vC-H), 2929 s
(vC-H), 2868 s, 2544 m (vB-H), 1558 m,1534 m (vC=N), 1513w, 1473s,
1428 m, 1394s, 1380s, 1364s, 1344w, 1300 m, 1169s, 1136 m, 1105w,
1088w, 1059s, 10455, 1030 m, 1020w, 1008w, 995 m, 890 s (+160-160),
820w, 790 s, 754 m, 716w, 655 s.

Far-IR (CsI / crn’l): 644 m, 620 m, 588 m (vMn-N), 528 s, 502w
(vMn-1°0), 445w, 437w, 390w, 332w, 308 m.

2.3.9. 180, Samples

The ‘80 labeled samples were obtained as follows.

Mn("*02)(L3)]

To a solution of [Mn(OH)(L3)] (51 mg, 0.088 mmol) in dichloro-
methane (15 mL) was added 1840 mM aqueous Hz“‘oz solution (143 pL,
0.289 mmol) in an ice bath. After stirring for 5 min at the same reaction
temperature, the dichloromethane phase was dried over Na;SO4 and



then filtered. Evaporation of the solvent under vacuum gave a brown
solid with almost quantitative yield.

IR (KBr / Cmfl): 2965vs (vC-H), 2868 m (vC-H), 2569 m (vB-H),
1535s (vC=N), 1465s, 1423 m, 1362s, 1302 m, 1239w, 1178s, 1062 m,
1051 m, 1024w, 863w (+1%0-180), 797 s, 754 m, 716 m, 644 m.

Far-IR (CslI / cm’l): 647 s (vMn-N), 604 m, 576w, 523 m, 490w
(wMn-'20), 411w, 384w, 359w, 338w, 268 m, 213 s.

MALDI-TOF MS (m/z, positive, DCTB): 598.37 ([{Mn(}%05)(L3)}-
e71M), 580.37 ([Mn(*0)(L3)1), 562.37 [{Mn(L3)}* +e~1™.

[Mn(*30H){L10(*%0)}]

To a solution of [Mn(OH)(L10)] (31 mg, 0.038 mmol) in
dichloromethane (10 mL) was added 1840 mM aqueous H,'%0, solution
(62 pL, 0.13 mmol) in an ice bath. After stirring for 60 min at the same
reaction temperature, the dichloromethane phase was dried over
NaySO4 and then filtered. Evaporation of the solvent under vacuum gave
a purple solid (29 mg, 0.035 mmol, 92% yield).

IR (KBr / ecm™1): 3590w (v10-H), 2965 s (vC-H), 2904vs (vC-H),
2848 s (vC-H), 2546 m (vB-H), 1530s (vC=N), 1460s, 1426 m, 1377 m,
1362w, 1300w, 1186 m, 1169 m, 1105w, 1051s, 790 m.

Far-IR (CsI / cmfl): 630 s (WMn-N), 608w, 593w, 555 m, 543w
(vMn-'20), 519w (uMn-'80), 502w, 471 m, 449w, 435 m, 399 m, 385w,
364w, 331w, 289 m, 250 m, 218 m, 182w.

[Mn("®02)(L1)]

Both (brown and blue) forms of 180 labeled complexes were obtained
by the same synthetic methods, H,'%0, as an oxidant, such as reaction
solvents and recrystallization temperatures [27].

Brown form IR (KBr / cm’l): 3373 s (UN-H), 3317 m, 2962vs (vC-H),
2930 s (vC-H), 2869 m (vC-H), 2534 m (vB-H), 1562 m, 1533 m
(vC=N), 1474s, 1393 m, 1380 m, 1363w, 1349w, 1298 m, 1261w,
1170s, 1135 m, 1105w, 1087w, 1059s, 1040s, 1028 m, 1011w, 997w,
841 m (v'%0-1%0), 818w, 796 s, 786 m, 752w, 657w.

Far-IR (CsI / cm’l): 617 s (WMn-N), 590w, 526 s, 507w, 483 m
(wMn-'20), 396 s, 327w, 306w.

Blue form IR (KBr / cm ™ 1): 3370 m, 3129vs (WN-H), 2965 m (vC-H),
2869 m (vC-H), 2539 m (vB-H), 1535 m (vC=N), 1473 m, 1394 m, 1381
m, 1362w, 1300w, 1173s, 1059 m, 1044 m, 841w (+'80-120), 820w,
794 m, 797 s, 754 m, 716 m, 644 m.

2.4. Calculations

All DFT calculations were performed with the electronic structure
package Gaussian 09, D.01 [44]. B3LYP and BP86 functionals were used
with basis sets 6-311 g* on Mn atom, 6-311 + g* on O, N-atoms and 6-
31 g on B, C, H-atoms. All calculations were performed in the spin un-
restricted formalism with an ultrafine integration grid. Frequency cal-
culations were performed on geometry optimized structures at 120 K to
confirm they are minima and to obtain thermodynamic parameters.
Badger's rule was used to calculate O—O bond lengths based on 0—O
vibrational data [45]. Badger's rule constants used for the O—O bond are
taken from [46]. These constants are in close agreement with those re-
ported earlier by Herschbach and Laurie [47].
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- >N-0 -N=Mn'"—OH
PR 0 PR

R = tBu, [Mn(OH)(L3)]
R =Ad, [Mn(OH)(L10)]

Fig. 2. Schematic drawing of the synthesis of manganese(II) hydroxido com-
plexes [Mn(OH)(L3)] and [Mn(OH)(L10)].

Fig. 3. Crystal structure of [Mn(OH)(L3)] showing 50% displacement ellip-
soids and the atom labeling scheme. Hydrogen atoms were omitted for clarity.
Relevant bond lengths (A) and angles (°): Mn1-0O1, 1.9087(18); Mn1-N11,
2.152(2); Mn1-N21, 2.1615(18); Mn1-N31, 2.1585(19); 01-Mn1-N11, 127.50
(8); 01-Mn1-N21, 124.56(8); 01-Mn1-N31, 123.75(8); N11-Mn1-N21, 88.34
(7); N11-Mn1-N31, 87.89(7); N21-Mn1-N31, 93.80(7).

2.5. Crystal structure determination

Crystal data and refinement parameters for three manganese(Il)
complexes, two manganese(IIl) peroxido complexes, and two decom-
posed products are given in Tables S1, S2, and S3, respectively. All
crystallographic data have been deposited in the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK and copies can be obtained on request, free of
charge, by quoting the publication citation and the deposition numbers.
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Fig. 4. Schematic drawing of the synthesis of manganese(II) peroxido com-
plexes [Mn(0O»)(L3)] and [Mn(0O»)(L10)].



CCDC numbers: 2081404 for [Mn(OH)(L3)], 2,081,405 for [Mn(NO3)
(L10)] #2(CH2Cly), 2,081,406 for [Mn(OH)(L10)], 2,081,611 for [Mn
(02)(L3)], 2,081,612 for [Mn(O2)(L10)], 2,081,407 for [{Mn
(n-0)2(L3)}2Mn], and 2,081,408 for [Mn(OH){L10(0)}] ¢(CHCly).
Diffraction data were measured on a Rigaku XtaLAB P200 diffrac-
tometer using multi-layer mirror monochromated Mo Ka (A = 0.71075
A) radiation at —95 or — 150 °C. A crystal of suitable size and quality
was coated with Paratone-N oil (Hampton research) or LV CryoOil
(MiTeGen) and mounted on a Dual-Thickness MicroLoop LD (200 pM)
purchased from MiTeGen. The unit cell parameters were determined
using CrystalClear from 18 images [48]. The crystal to detector distance
was ca. 45 mm. Data were collected using 0.5° intervals in ¢ and @ to a
maximum 26 value of 55.0°. The highly redundant data sets were
reduced using CrysAlisPro (Rigaku Oxford Diffraction) [49]. An empir-
ical absorption correction was applied for each complex. Structures were
solved by direct methods (SIR2008) [50]. The position of the manganese
ions and their first coordination sphere in the complexes were located
from a direct method E-map; non-hydrogen atoms were found in alter-
nating difference Fourier syntheses and least-squares refinement cycles.
During the final refinement cycles the temperature factors were refined
anisotropically. Refinement was carried out by a full matrix least-
squares method on F2. All calculations were performed with the Crys-
talStructure [51] crystallographic software package except for re-
finements, which were performed using SHELXL [52]. Hydrogen atoms
were placed in calculated positions. The H atoms on OH group in [Mn
(OH)(L3)], [Mn(OH)(L10)], and [Mn(OH){L10(0)}]e(CH,Cl>)
could not be located from difference Fourier maps; thus, they were
placed in calculated idealized positions on oxygen atoms. Crystallo-
graphic data and structure refinement parameters including the final

Fig. 5. Crystal structure of [Mn(0O»)(L3)] showing 50% displacement ellip-
soids and the atom labeling scheme. Hydrogen atoms and disordered parts of
the complex (O41A and O42A) are omitted for clarity. Relevant bond lengths
(10\) and angles (°): Mnl-041, 1.8436(19); Mn1-042, 2.225(2); Mn1-N11,
2.0901(14); Mn1-N21, 2.1396(12); Mn1-N31, 2.1176(12); 041-042, 1.122
(3); 041-Mnl1-N11, 155.22(7); 041-Mn1-N21, 108.59(7); 041-Mn1-N31,
106.75(7); 042-Mn1-N11, 125.35(7); 042-Mn1-N21, 120.90(7);
042-Mn1-N31, 127.55(7); N11-Mn1-N21, 88.65(5); N11-Mn1-N31, 88.65
(5); N21-Mn1-N31, 95.22(5), 041-Mn1-042, 30.20(9).

discrepancies (R and Rw) are listed in Tables S1-S3. The CH,Cl; mole-
culesin [Mn(OH)(L10)], [Mn(O3)(L10)], and [{Mn(p-O)2(L3)}2Mn]
were too disordered to be modeled properly; thus, the program
SQUEEZE a part of the PLATON package of crystallographic software
[53], was used to calculate the solvent disorder area and remove its
contribution to the overall intensity data. The oxygen atoms of peroxide
ion in [Mn(O32)(L3)] were highly disordered; and two oxygen atoms
were modeled as disordered over two positions each: C41 — C41A,
0.7:0.3 and C42 — C42A, 0.7:0.3. Moreover, these disordered oxygen
atoms (O41A and O42A) were refined isotropically. Unresolved electron
densities around one of isopropyl group remained in [Mn(O3)(L10)],
therefore R and Rw values were extremely high. Moreover, both
isotropic thermal parameters of peroxide ion were very high due to the
disorder problem.

3. Results and discussion
3.1. Manganese(II) complexes

Manganese(II) hydroxido complexes were obtained by the reaction
of the corresponding manganese(Il) nitrato complexes with 0.2 M
aqueous NaOH solution at room temperature as shown in Fig. 2. The
manganese(Il) nitrato complex [Mn(NO3)(L3)] is reported in the liter-
ature [39]. The [Mn(NO3)(L10)] complex was synthesized in this
study. The crystal structure of [Mn(NO3)(L10)] is shown in Fig. S1. The
coordination mode of the nitrate ion in this complex is asymmetric
bidentate mode (Mn1-01 = 2.160(2) A, Mn1-02 = 2.308(3) A; AMn-O
= 0.148(3) fo\). This asymmetric mode would come from the sterically
hindrance [40]. The manganese(II) hydroxido complexes were obtained
by recrystallization from dichloromethane/acetonitrile mixed solution.
Evidence for the presence of a hydroxy group was obtained by the
v(O—H) band observed in the FT-IR spectra of [Mn(OH)(L3)] at 3690
cm ! and [Mn(OH)(L10)] at 3689 cm™!. Further, both structures were
determined by the X-ray crystallography, as shown in Fig. 3 and Fig. S2,
respectively. These tridentate N3 type ligands L3~ and L10~ were bound
facially to the manganese(II) center. Both coordination environments
around manganese(II) center is Cs,-distorted tetrahedral geometry,
which is typical for the four-coordinate hydrotris(pyrazolyl)borate
complexes. The Mn1-Nx (x = 11, 21, and 31) bond lengths ranging from
2.147(3) to 2.1649(19) A are normal values for high-spin Mn(II) com-
plexes [29,39,40], and are consistent with the distorted tetrahedral
geometry. The Mn1-01 distance of 1.9087(18) A in [Mn(OH)(L3)] is
slightly shorter than that of 1.922(3) Ain [Mn(OH)(L10)]. This small
difference comes from the steric hindrance at the manganese(II) center:
tertiary butyl versus adamantyl groups. This difference was also
observed in manganese(II) chlorido complexes: Mn—Cl distance of
2.287(1) A in [Mn(CD(L3)] [39] versus 2.2969(6) A in [Mn(CI)(L10)]
[40]. The Mn—O distance of 1.9087(18) A in [Mn(OH)(L3)] is
compared with the corresponding metal(II) hydroxido complexes: 1.830
(8) A in [Fe(OH)(L3)] [54] and 1.918(4) A in [Cu(OH)(L3)] [35]. The
permutation at these ambiguous bond distances is due to the disordered
oxygen atom in the four-coordinate structure, showing larger isotropic
thermal parameters. From these observations, the hindrances of the
substituents close to the manganese center are very small in the coor-
dination environments of the four-coordinate structures.

3.2. Manganese(IIl) peroxido complexes

The manganese(III) peroxido complexes [Mn(0O2)(L3)] and [Mn
(02)(L10)] were obtained by the reaction of manganese(II) hydroxido
complexes [Mn(OH)(L3)] and [Mn(OH)(L3)] with HyO, (method A)
and by the reaction of manganese(II) chlorido complexes [Mn(Cl)(L3)]
and [Mn(Cl)(L10)] with KO, (method B), as shown in Fig. 4. Method A
was carried out for [Mn(O2)(L1)(pzH)] [27], [Mn(O2)(L1)(Me-Im)]
[28]1, [Mn(O2)(N-TMC)]" (N = 12,13,and 15) [31-33] and the method B
was carried out for [Mn(O2)(L5)(thf)] [29], and [Mn(O2)(tpp)]~ [30].



Table 2

XRD and DFT structural parameters of [Mn(0)(L3)]. (XRD bond lengths incorrect due to disorder in bold).

Mn-041 / Mn-041 / Mnl-N11 / Mnl-N21 / Mnl-N31 / 041-042 / AE/kcal/mol AH/kcal/mol AG/ kecal/mol
A A A A A A
XRD structure 1.843(2) 2.225(2) 2.090(2) 2.140(2) 2.117(2) 1.122(3) - - -
B3LYP-Gas Fully 1.853 1.853 2.09 2.218 2.089 1.42 0
S =2 optimized
Frozen 1.859 1.86 2.106 2.093 2.102 1.418 1.13 1.17 0.92
Mn1-N21

Note that none of the structurally characterized mononuclear manga-
nese(II) peroxido complexes are reported from the direct reaction of a
reduced manganese(I) complex with Oy [55]. During the reaction with
the oxidants, the color of the solution turned from colorless to brown
(Fig. S3) with new absorption bands at ~380 nm and ~ 450 nm that are
very similar to those found in other manganese(IIl) peroxido complexes
[2,27-33,55-57]. Based on time dependent-DFT (TD-DFT) calculations
the former band is assigned as a charge transfer (022’ to Mn(III)) and the
latter as d-d transitions [29].

After recrystallization, the single crystals were obtained for [Mn(O2)
(L3)] and [Mn(03)(L10)], and their structures were determined by X-
ray crystallography, as plotted in Fig. 5 and Fig. S4, respectively. Both
structures revealed neutral mononuclear five-coordinate manganese(III)
peroxido complexes with a side-on (n%-type) O, bonding mode. The
manganese(III) ion adopts a distorted tetragonal pyramidal geometry

with an axial elongation: longer Mn1-N21 bond length, 2.1396(12) Ain
[Mn(05)(L3)] and 2.166(2) Ain [Mn(0O5)(L10)] and with short dis-
tances between Mn(III) ion and NyO5 atoms in the basal plane: 0.40 Ain
[Mn(05)(L3)] and 0.39 Ain [Mn(O3)(L10)]. The five-coordinate ge-
ometry angular parameter 7> [58] also supports a distorted tetragonal
pyramidal geometry in these complexes: 0.46 for [Mn(02)(L3)] and
0.23 for [Mn(03)(L10)]. The O—O bond distances are 1.122(3) Ain
[Mn(O2)(L3)] and 1.231(17) Ain [Mn(O2)(L10)] which are too short
compared to typical 0—O bond distances in peroxide complexes and the
Mn—0O distances are 1.8436(19) and 2.225(2) Ain [Mn(0O3)(L3)] and
1.808(11) and 1.856(7) A in [Mn(02)(L10)]. These structures have
highly disordered O atoms and [Mn(02)(L10)] has unresolved electron
densities. Therefore, we performed FT-IR spectroscopy to obtain
v(0—O0) for these complexes and performed DFT calculations and a
Badger's rule analysis to obtain further insights into their geometric

Table 3
The ©(0—O0), XRD, Badger, and DFT O—O bond lengths in [Mn(03)(L3)] and other known complexes.
Experimental XRD Badger DFT
Y(0—0) /em™? d(0—0) /A d(0—0) /A d(0—0) /A
[Mn(02)(L3)] 913 1.122(3) 1.425 1.420
[Mn(0,)(L1)(pzH)] 892 1.43(1) 1.434 -
[Mn(0,)(L5)(thf)] 882 1.432(3) 1.439 -

Fig. 6. Crystal structure of [{Mn(p-0)2(L3)}>Mn] showing 50% displacement ellipsoids and the atom labeling scheme. Hydrogen atoms and CH5Cl, molecules were
omitted for clarity. Relevant bond lengths (;\) and angles (°): Mn1-01, 1.834(3); Mn1-02, 1.840(4); Mn2-03, 1.840(2); Mn2-04, 1.838(4); Mn3-01, 1.771(3);
Mn3-02, 1.750(3); Mn3-03, 1.774(4); Mn3-04, 1.766(3); Mn1l---Mn3, 2.6824(9); Mn2---Mn3, 2.6796(9); 01-Mn1-02, 81.26(15); 03-Mn2-04, 81.71(14);
01-Mn3-02, 85.61(15); 01-Mn3-03, 128.26(15); 01-Mn3-04, 122.20(17); 02-Mn3-03, 118.05(18); 02-Mn3-04, 121.55(16); 03-Mn3-04, 85.61(15);
Mn1-01-Mn3, 96.14(15); Mn1-02-Mn3, 96.67(17); Mn2-03-Mn3, 95.72(14); Mn2-04-Mn3, 96.06(16).



Fig. 7. Crystal structure of [Mn(OH){L10(0)}] showing 50% displacement
ellipsoids and the atom labeling scheme. Hydrogen atoms and CH>Cl, mole-
cules were omitted for clarity. Relevant bond lengths (10\) and angles (°):
Mn1-01, 1.829(3); Mn1-02, 1.842(3); Mn1-N11, 2.002(3); Mn1-N21, 2.166
(3); Mnl-N31, 2.110(3); 02-C2, 1.439(5); 0O1-Mnl-02, 90.26(13);
01-Mn1-N11, 177.43(12); O1-Mn1-N21, 97.28(12); O1-Mn1-N31, 93.88
(12); 02-Mnl-N11, 88.11(12); 02-Mnl-N21, 124.75(12); 02-Mnl-N31,
141.58(12); N11-Mnl-N21, 85.29(11), N11-Mnl-N31, 86.16(11);
N21-Mn1-N31, 92.58(11); Mn1-02-C2, 125.4(2).

structures. Moreover, to our best knowledge, we carried out the first
labeling experiments for the structural characterization of manganese
(IT1) peroxido complexes listed in Table 1.

FT-IR spectra in the mid-IR region recorded at room temperature
exhibited a peak at 913 cm~! in the [Mn(O2)(L3)] prepared with
H,'%0, (Fig. S5) which shifted to 863 cm™! in the complex prepared
using H,'%0,. Thus, these peaks can be assigned as the v(0O—O0). The
observed vibrational change between two isotopomers is as expected
based on a harmonic O—O oscillator (v(l(’Oz)/ u(lsoz) = 1.06; caled
1.07) [55]. The O—O stretching energy of 913 em lin [Mn(05)(L3)] is
higher than that reported for other complexes: 891 cm Lin [Mn(O2)(L1)
(pzH)] [271, 882 cm ™! in [Mn(O2)(L1)(Me-Im)] [28], and 896 cm™! in
[Mn(O2)(L5)(thf)] [29]. This difference could be due to the difference in
coordination numbers: five-coordinate in [Mn(O2)(L3)] and six-
coordinate in the others. FT-IR spectra in the far-IR region has a peak
at 516 cm™! in [Mn(1602)(L3)] which shifted to 490 em™! in [Mn
(1802)(L3)] and can be assigned as v(Mn—O), (Fig. S6). The v(Cu—O0O)
frequencies were observed at 572 cm ™! in side-on copper(II) p-peroxido
complex [{Cu(L5)}2(p-02)]1 [59] and 554 cm~! in side-on copper(Il)
superoxido complex [Cu(O2)(L10)] [60]. The »(Mn—O) frequency in
manganese(IlI) trans-p-1,2-peroxido complex [{Mn(SMezN4(6—Me—
DPEN))}2(p-02)1%"  (SM2N4(6-Me-DPEN =  bis(2-methyl-3-((2-(((6-
methylpyridin-2-yl)methyl)((6-methylpyridin-2-yl)methyl)amino)
ethyl)imino)butane-2-thiolate)) [61] was 611 cm™ L. Similar frequencies
were also observed in [Mn(1602)(L10)] : u(**0—1%0) at 913 ecm ! and
y(Mn—'%0) at 518 cm™! (Figs. S7 and S8). Moreover, we carried out the
180 labeling experiments for L1 complexes [Mn(O3)(L1)(pzH)] as shown
in Table 1 and Figs. S9-S11. The MALDI-TOF mass spectrum of [Mn
(1602)(L3)] exhibits small ion with a mass to charge ratio (m/z) of

594.36, and that of [Mn(1802)(L3)] was shifted by 4 mass units to
598.37 (Fig. S12). The same small ion was observed in [Mn(1602)
(L10)] at 828.50 (m/z) (Fig. S13).

To obtain further insights into the geometric and electronic struc-
tures of these complexes we performed DFT calculations. The manga-
nese(Ill) peroxido complex [Mn(O3)(L3)] was geometry optimized
with three possible spin states, S; = 2, Sy = 1, and S; = 0. The S; = 2 was
found to be the most stable spin state using the B3LYP functional (Table
S4). To evaluate any functional dependence of the relative energy of spin
states, we also performed the calculations with BP86 functional and
found that S; = 2 is still the most stable spin state of the complex by AG
= 20.6 kcal/mol (AH = 20.4 kcal/mol) (Table S5). We also studied the
effect of solvation on the relative energies of three spin states using
polarized continuum model (PCM) with methanol as solvent using BP86
functional and S; = 2 was again found to be the ground spin state (Table
S6). Thus, the most stable spin state of the manganese(III) peroxido
complex [Mn(0,)(L3)] was found to be S; = 2 irrespective of density
functional used and with or without a solvation model. This conclusion
is consistent with the other reported manganese(III) peroxido complexes
[29,55,56].

The fully optimized structure obtained for the S; = 2 structure has
two similar Mn1-N21 and Mn1-N3 bond lengths and slightly longer
Mn1-N21 bond length, whereas XRD (X-ray diffraction) studies revealed
all three Mn—N bond lengths to be similar. Thus, we performed geom-
etry optimization on the fully optimized structure by constraining the
longer Mn—N bond to a length similar to other Mn—N bond lengths.
This structure was found to be 1.13 kcal/mol higher energy (AE) than
the fully optimized geometry (Table 2). Thus, we obtained a structure
which agrees well with the XRD structure with respect to M-L bond
lengths. Importantly, the DFT calculations gave an O—O bond length of
1.42 A, significantly larger than that obtained for the crystal structure
that has disorder.

A Badger's rule analysis was employed to calculate the O—O bond
lengths using experimentally determined O—O frequencies [46]. We
compared bond lengths predicted by normalized Badger's rule reported
by Tolman and co-workers for related manganese(Ill) peroxido com-
plexes, with those obtained from XRD structures. For the structurally
characterized six-coordinate complexes, good agreement was found
between O—O bond lengths from XRD studies and that calculated using
Badger's rule (L1 and L5-based complexes in Table 3). Extending this
Badger's rule analysis to [Mn(O32)(L3)] the O—O stretching frequency
of 913 em ™! gave an O—O bond length of 1.425 A (Table 3). This agrees
well with the O—O bond length of 1.420 A in the DFT calculated
structure but not that of the XRD structure.

The reported copper(Il) superoxido complex [Cu(O3)(L3)] also had a
disorder problem in the crystal structure [62]. The XRD O—O bond
distance of 1.22(3) A is shorter compared to that expected for transition
metal coordinated superoxide. This was later discussed by Profs. Cramer
and Tolman [63]. The O—O bond distance from structures of [Mn(O3)
(L3)] and [Mn(O2)(L10)] having disordered atoms is thus not reliable.
Hence, the stretching frequency from FT-IR spectroscopy is more reli-
able for insight into the geometric structure of these complexes.

3.3. Decomposed complexes from manganese(Ill) peroxido complexes

During the recrystallization of [Mn(02)(L3)] at low temperature,
purple-colored differently shape crystals were found. The X-ray data
revealed a trinuclear complex [{Mn(p-0)2(L3)}2Mn] (Fig. 6). Aver-
aged Mn1-On (n =1 and 2) and Mn2-Om (m = 3 and 4) distance is 1.838
(C)) A, in the range 1.834(3)-1.840(4) A, which are typical Mn—O bond
distances for manganese(III)-p-oxido bonds [1,12,41,64,65]. Moreover,
both Mn---Mn separations of 2.6824(9) and 2.6796(9) A are typical for
the bis(p-oxido) binuclear complexes having a Mn(p-O)oMn moiety
[1,12,41,64,65]. On the other hand, the averaged Mn3-Op (p = 1-4)
distance is 1.765(4) A in the range of 1.750(3)-1.774(4) Io\, which is
clearly shorter than the above-mentioned Mn(III)-p-oxido bond



distances. Therefore, the oxidation state of Mn3 should be IV [66]. These
oxidation numbers are also consistent with the overall neutral charge of
the complex. However, this complex was only characterized by XRD and
IR spectroscopy, therefore, the reaction mechanism of its formation is
unclear. It is important to note that a Mn(IV) is formed from [Mn(O3)
(L3)1, showing the possibility of further oxidation of the [Mn(02)(L3)]

complex.

Similarly, purple-colored and differently shape crystals were also
found during the recrystallization of [Mn(0O2)(L10)] at room temper-
ature. X-ray structure was determined which showed that one of ada-
mantyl group was hydroxylated and coordinated to manganese(III)
center as shown in Fig. 7. The Mn1-02 distance of 1.842(3) A is typical
of Mn—O bond distances for manganese(IlI)-alkoxido bonding, 1.88(1)
and 1.89(1) A in [{Mn(L1(0)}2(p-O)1 [67]. The Mn1-O1 distance of
1.829(3) A in [Mn™(OH){L10(0)}] is shorter than the Mn(II)-OH
distance in [Mn'(OH)(L3)] by 0.08 A (1.9087(18) A) [66]. The pub-
lished Mn"-OH distance is 1.806(13) Ain [Mn(OH)(dpaq)1(OTf) (dpaq™
= 2-[bis(pyridin-2-ylmethyl)]Jamino-N-quinolin-8-yl-acetamidate, OTf
= trifluoromethanesulfonate), in the range of 1.81-1.86 A [68,69]. The
Mn(III) oxidation state is also consistent with the overall neutral charge
of the complex. The ESI-TOF mass spectrum of [Mn(OH){L10(0)}]
exhibits small ion with a mass to charge ration (m/z) of 827.49, which is
consistent with this formulation (Fig. S14).

The Mn'"O-H stretching frequency of 3601 cmLin [Mn(OH){L10
(0)}] is lower than the Mn""O-H stretching energy of 3689 cm~in [Mn
(OH)(L10)] (Fig. S15). This O—H group comes from the O—O bond as
revealed by ‘%0 labeling experiments, where a shift to 3590 cm ™! was
observed in [Mn(lsoH){LIO(lso)}] . We also assigned the Mn-OH and
Mn-OAd stretchings in the far-IR region by the comparison with the
related complex [Mn(OH)(L10)] and the 180 labeled complex [Mn
(*®oH){L10(*®0)}] (Fig. S16 and Table S7).

Both manganese(II) peroxido complexes [Mn(02)(L3)] and [Mn
(02)(L10)] were thermally stable in the solid state. As shown in Fig.
S17, the intensities of both v(O—O) stretching at 913 cm ! did not
change over 10 days in the dry air condition. However, in the normal air
condition, the intensities changed dramatically (Fig. S18). We did not
perform any kinetic experiments in the solid state as well as in the so-
lution states. However, even in the solid state both complexes decom-
pose gradually. In the higher energy region of the time-dependent IR
spectral changes, as shown in Fig. $19, a new peak found at 3601 cm ™
upon decomposition of [Mn(02)(L10)] has the same value as the
v(O—H) of [Mn(OH){L10(0)}]. Therefore, [Mn(0O2)(L10)] gradually
converted to [Mn(OH){L10(0O)}] in both solution and solid states.
However, the new peak at 3596 cm ™! from the decomposition of [Mn
(02)(L3)] could not be assigned. Note that the above mentioned [{Mn
(n-0)2(L3)}2Mn] has no v(O—H). Therefore, a new complex is formed
during the decomposition. We are now underway to characterize the
unknown product(s) and understand the reaction mechanism of for-
mation of the decomposed products.

4. Conclusion

Thermally stable mononuclear manganese(IIl) peroxido complexes
[Mn(02)(L3)] and [Mn(O32)(L10)] were synthesized by the reaction of
manganese(Il) hydroxido complexes [Mn(OH)(L3)] and [Mn(OH)
(L10)] with H20; and the corresponding manganese(II) chlorido com-
plexes with KOg. Both structures were characterized well by X-ray
crystallography, IR and far-IR spectroscopy with 120 labeled complexes.
The decomposed products were also determined by X-ray crystallog-
raphy as [{Mn"(p-0)(L3)}sMn'"] and [Mn(OH){L10(0)}]. The
manganese(IlI) peroxido complexes [Mn(O3)(L3)] and [Mn(O3)
(L10)] were stable in the solid state over 10 days under dry air condi-
tions, however, they gradually decompose under normal air conditions.
The formation of Mn(IV) ion and hydroxylation and coordination of
adamantyl group to Mn(IIl) starting from manganese(IlI) peroxido
complexes indicate the potential for external substrate oxidation of these

complexes. Experiments are underway to trap reaction intermediates in
the formation of these decomposed products and make new manganese
dioxygen complexes.
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Appendix A. Supplementary data

CCDC 2081404-2081408 and 2081611-2081612 contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. ~Supplementary data
including X-ray crystallographic data for all complexes, and additional
figs. (X-ray structures of [Mn(NO3)(L10)], [Mn(OH)(L10)], and [Mn
(02)(L10)], UV-Vis, FT-IR/far-IR, MS-spectra, and summary of DFT
calculations, and DFT coordinates of complexes in this article can be
found on-line at https://doi.org/10.1016/j.jinorgbio.2021.111597.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jinorgbio.2021.111597.
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