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Dioxygen Activation by a Hexagonal SrMnO; Perovskite
Catalyst for Aerobic Liquid-Phase Oxidation

Shuma Kawasaki,” Keigo Kamata,”” and Michikazu Hara*® "

Heterogeneous catalysts, which allow a reductive activation of
dioxygen (O,) under mild reaction conditions, are promising
candidates for highly efficient aerobic oxidation. An effective
hexagonal SrMnO; (SMO) perovskite catalyst for liquid-phase
selective oxidation with O, was successfully synthesized by the
polymerized complex method. The activity of SMO for the
aerobic oxidation of alcohols was higher than those of typical
manganese oxide-based catalysts and was heterogeneous, so

Introduction

Selective oxidation of petroleum-based feedstocks into useful
oxygenated products is an important reaction because these
products are widely used as platform commodity and specialty
chemicals." In contrast to traditional oxidation that uses super-
stoichiometric amounts of toxic organic/inorganic reagents,
catalytic oxidation with environmentally friendly oxidants such
as hydrogen peroxide (H,0,), and molecular oxygen (O,) has
received much attention because of the high content of active
oxygen species with often only water as a by-product." De-
spite the advantages of using O, as the sole oxidant, it remains
a challenge to effectively activate O, for selective liquid-phase
oxidation. Active oxygen species bound on mono- and poly-
nuclear metal species (M,—O,”, M,—0,%>~, M,—0*") are formed
by reductive activation of O, with well-defined metal com-
plexes and enzymes can oxygenate various substrates (e.g., al-
kanes, alkenes, arenes, alcohols, amines, and sulfides).” How-
ever, heterogeneous systems that not only efficiently activate
0O, under mild conditions, but are also applicable to a wide
range of substrates are scarcely known.®!

Manganese oxides have attracted growing interest because
of their unique fundamental properties and wide applications
in the fields of catalysis, magnetism, supercapacitors, and
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that the recovered catalyst could be reused without heat treat-
ment under oxidative conditions while keeping its high catalyt-
ic performance. The reversible reaction on the surface Mn spe-
cies on SMO with O, leads to the formation of Mn-superoxo
species, which catalyze the selective oxidative transformation
of various types of organic substrates into the desired oxygen-
ated or dehydrogenated products.

batteries. Although various types of Mn-based solid catalysts
have been developed as alternatives to the stoichiometric oxi-
dant of MnO,, these systems have disadvantages such as ap-
plicability only to limited substrates and deactivation during
the recycling process (see the Supporting Information,
Table S1).5¢ These problems have prompted us to examine
the hexagonal Mn-based perovskite-type oxide SrMnO; (Fig-
ure 1a) as a potential catalyst because Mn" species are ther-
modynamically favorable owing to the low enthalpy of oxida-
tion of Mn" to Mn" for hexagonal SrMnO,_ s (—590 kJ per mole
0O,) compared with those for the cubic structure (—293 kJ) and
MnO, (from Mn,0,, —158 kJ).”? In addition, the face-sharing oc-
tahedra give rise to Mn,O, dimers with a Mn-Mn distance
close to that in metallic Mn and effective dinuclear oxidation
catalysts including [(tmtacn),Mn,(u-0),1** (tmtacn= (N,N',N"'-tri-
methyl-1,4,7-triazacyclononane) and complexes relevant to bio-
catalysis.*® However, hexagonal SrMnO; catalysts have been
investigated only for the gas-phase combustion of hydrocar-
bons and CO, and their low surface area (2-10 m*g™") often
leads to a problem that limits the overall performance of the
bulk catalyst” In this communication, we report that hexago-
nal SrMnO; (SMO) synthesized by the polymerized complex
method can act as an effective heterogeneous catalyst for the
aerobic oxidation of various types of substrates, including alco-
hols, amines, phenols, arenes, sulfides, and alkenes The SMO
catalyst can be recovered by simple filtration and recycled
without reactivation of the catalyst. This study provides the
first example of O, activation by SMO and its catalytic applica-
tion to liquid-phase selective oxidation.

Results and Discussion

The SMO catalyst was synthesized by the polymerized complex
method (see details given in the Experimental Section)."” The
powder X-ray diffraction (XRD) pattern for SMO is shown in
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Figure 1. (a) Structure of hexagonal SrMnO;. Pink, yellowish green, and red spheres represent the Mn, Sr, and O atoms, respectively. (b) XRD patterns for SMO
(upper) and SrMnO; (lower, JCPDS 084 1612). (c) Raman spectrum and (d) SEM image of SMO.

Figure 1b, which is in good agreement with that for the re-
ported hexagonal SrMnO; phase [space group P63/mmc]."
Impurity phases of other manganese oxides and SrCO; were
not observed (Figure S1). The Raman spectrum of SMO
showed bands at 634 and 433 cm™', assignable to the A, and
E,, modes, respectively, which are characteristic of a Mn,0q
moiety. The band positions are similar to those for the previ-
ously reported hexagonal SrMnO; (Figure 1¢)."" Elemental
analysis of SMO using inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) revealed that the molar ratio of
Sr/Mn is approximately 1/1. The average oxidation state of Mn
species in SMO was determined to be 3.94+0.1 by iodometry.
The specific surface area of SMO calculated from a Brunauer-
Emmett-Teller (BET) plot of the N, adsorption isotherm (77 K)
was up to 25m?g~", which was much larger than that of
SrMnO; (2 m?*g™") synthesized by the solid-phase method. A
scanning electron microscopy (SEM) image of SMO is shown in
Figure 1d. The nanoparticles have a spherical-like morphology
and the particle size was estimated to be 20-50 nm, which is
in reasonable agreement with that calculated from the (110)
diffraction lines using Scherrer’s equation (d=27 nm), and that
calculated from the BET surface area (25 m*g™") and density
(54gcm™) assuming that the particles are spherical
(d=44 nm).

First, the oxidation of 1-phenylethanol (1a) to acetophenone
(2a) under atmospheric pressure of O, (1 atm) at 323 K for 6 h
was examined in the presence of various manganese catalysts
(Table 1). The reaction did not proceed in the absence of a cata-
lyst (Table 1, entry 15). Among the catalysts tested, SMO gave
the highest yield of 2a at 83% (entry 1). The oxidation pro-
ceeded quantitatively if the reaction time was prolonged to
8 h or if the reaction temperature was increased to 353 K (en-
tries 2 and 3). The reaction proceeded even at room tempera-
ture without an induction period caused by the formation of
other active oxygen species (entry 4). The catalytic activity of
SMO was higher than those of activated MnO,'? and the
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cryptomelane-type octahedral molecular sieve material (OMS-
2),%% whereas the surface area of SMO was much lower than
those of activated MnO, (122 m*g™") and OMS-2 (96 m?’g™")
(entries 6 and 7). Other Mn?"- and Mn*"-containing manga-
nese oxides (Mn,0;, Mn;O, and MnO) and complexes
(Mn(acac);, Mn(NO,),-6H,0, and Mn,,0,,(0Ac),¢(H,0),) were
almost inactive under the present reaction conditions (en-
tries 8-10 and 12-14). LaMnO;_ 4 showed much lower catalytic

Table 1. Effect of catalysts on the oxidation of 1a with O,.!

OH o
+ 1120, catalyst + H0
toluene
1a 2a

Entry Catalyst Yield of 2a [%]
1 SMO 83
20 SMo >99
34 SMo >99
49 SMO 45
5tel SrMnO; (solid-state method) 2
6 Activated MnO, 59
7 OMS-2 35
gt Mn,0; 6
9 Mn;0, <1
10 MnO <1
1 LaMnO;, 5 2
120 Mn(NO,),6 H,0 <1
139 Mn(acac), 2
149 Mn,,0,,(0AC);4(H,0), 5
15 - <1

[a] Reaction conditions: catalyst (0.1g), 1a (1 mmol), toluene (2 mL),
0O, (1 atm), 323 K, 6 h. Yield was determined by GC analysis. Yield of 2a
(%) calculated as 2a (mol) per initial 1a (mol) times 100. [b] 8 h. [c] 353 K,
1.5 h. [d] Room temperature (/293 K), 96 h. [e] SrMnO; was synthesized
by the solid-phase method. [f] Mn,O; was synthesized by the polymerized
complex method in a similar way to that of SMO without the addition of
Sr(NO;),. [g] Mn (525 pmol, i.e., equivalent to the Mn content in SMO
(0.1 g)).
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activity than that of SMO, which indicates that the Mn valence

plays an important role in this oxidation system (entry 11)."
Next, the scope of the SMO-catalyzed system for the oxida-

tion of various alcohols with O, was investigated (Table 2).
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aldehydes in high yields (entries 9 and 10). The present system
showed low catalytic activity for the oxidation of aliphatic alco-
hols such as 2- and 1-octanol (1k and 11, entries 11 and 12),
and the present substrate scope of SMO was determined to be

similar to that of stoichiometric Mn reagents such as

Table 2. Oxidation of various alcohols with O, catalyzed by SMO at 353 K./

activated Mn0O,.!"?
To verify whether the observed catalysis is derived
from solid SMO or leached manganese and stronti-

1c 1 97 (90)

i
5

o
I

Entry Substrate t[h]  Yield [%] Product
oH o) um species, the oxidation of 1a was conducted
1 1a 1 99 (88) 2a under the conditions described in ent'ry 1 of Table 1,
and SMO was removed from the reaction mixture by
OH o] hot filtration at approximately 40% conversion of 1a
P /@2\ b 2 99 (95) /©)\ 2b (at t=3h). The filtrate was then heated again at
323 K. In this case, no further production of 2a was

OH o}

observed, as shown in Figure 2. No leaching of man-
2¢ ganese or strontium species in the filtrate was found
by ICP-AES. In addition, a first-order dependence of
the reaction rate on the amount of SMO was ob-

4 1d 1 99 (93) 2d served (Figure 3a). These results rule out any contri-
on o bution to the observed catalysis from manganese or
strontium species leached into the reaction solution,
[b] .
5 Q'O Tle 5 >99(%) Q'O 2e | and the nature of the observed catalysis was con-
oH o firmed as truly heterogeneous."”
The used SMO catalyst could readily be recovered
6 1f 2 >99(92) 2f . . . e
from the reaction mixture by simple filtration
oH o (>98% recovery). The recovered SMO catalyst could
74 EjA 1g 6 81 ©/\ 2g then be reused at least three times without any heat
. " 0H ) "0 " treatment under oxidative conditions while main-
8 1 10 87 (78) 2 taining high catalytic performance for the same re-
Ns N action: yield of 2a: >99% (fresh), 99% (1st reuse),
9e o 124 80 (70) | ° 2i
~ = 99%  (2ndreuse), and >99%  (3rd reuse)
s S Figure 4).*'% On the other hand, the catalytic activ-
101 @/\()H 1 6 8078 § 7 o 2j ( 9 )_ Y
ity of activated MnO, gradually decreased as the re-
1 /\/\/\.; 1K 4 24 /\AAg/ 2k cycle number increased (Supporting Information,
128 NSNN0H 1) 4 6 NN g Figure S2). There was no significant difference in

(0.2 g). [d] SMO (0.3 g).

[a] Reaction conditions: SMO (0.1 g), 1 (1 mmol), solvent (1 mL), O, (1 atm), 353 K, 1 h.
Yield was determined by GC analysis. Values in parentheses are isolated yields. Yield
of 2 (%) calculated as 2 (mol) per initial 1 (mol) times 100. [b] Toluene (8 mL). [c] SMO

XRD pattern, average oxidation state, and Raman
spectrum between the fresh and three-times-reused
SMO catalysts, which indicates the high durability of
SMO (Figure S1 and S3).

Reactions of 1-phenyethanols with electron-donating and elec-
tron-withdrawing para-substituents (1b and 1c) proceeded to
afford the corresponding ketones (2b and 2c) in high yields
(Table 2, entries 2 and 3). Activated alcohols such as diphenyl-
methanol (1d) and fluorenol (1e) were also quantitatively oxi-
dized to benzophenone (2d) and fluorenone (2 e), respectively
(entries 4 and 5). The oxidation of a-cyclopropylbenzyl alcohol
(1) proceeded selectively without opening of the cyclopropyl
ring (Table 2, entry 6). Not only secondary benzylic alcohols,
but also primary benzylic and allylic alcohols gave good yields
of the corresponding aldehydes (entries 7 and 8). The oxida-
tion of cinnamyl alcohol (1h) proceeded smoothly without in-
fluence on the C=C double bond (entry 8). Furthermore, the
present system effectively catalyzed the oxidation of alcohols
containing heteroatoms such as (2-hydroxymethyl)thiophene
(1) and 2-pyridinemethanol (1j) to the corresponding

ChemCatChem 2016, 8, 1-8
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Figure 2. Effect of SMO removal on the oxidation of 1a with O,. Without re-
moval of SMO (e), and where the arrow indicates the point of SMO removal

of (2). Reaction conditions: SMO (0.1 g), 1a (1 mmol), toluene (2 mL), O,
(1 atm), 323 K.
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Figure 3. Dependence of reaction rate on the concentration of (a) SMO,

(b) 1a, and (c) pO, for epoxidation of 1a with O, catalyzed by SMO. Condi-
tions: (a) SMO (0.025-0.10 g), 1a (0.47 m), toluene (1.0 mL), pO, (1.0 atm),
323 K; (b) SMO (0.050 g), 1a (0.12-1.27 m), toluene (1.0 mL), pO, (1.0 atm),
323 K; (c) SMO (0.05 g), 1a (0.47 m), toluene (1.0 mL), pO, (0.2-1.0 atm),
323 K.
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Figure 4. Reaction profiles for the oxidation of 1a with O, over fresh SMO
and recovered SMO. Reaction conditions: catalyst (0.1 g), 1a (1 mmol), tolu-
ene (2 mL), O, (1 atm), 323 K.
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Notably, the reactivity of SMO under O, and Ar atmospheres
is distinct from those of activated MnO, and OMS-2. The reac-
tion profile for each catalyst for the oxidation of 1a under O,
(1 atm) and Ar (1 atm) atmospheres is shown in Figure 5a.

(a) 1001 —e-smoinoO,
90 1 <~ SMO inAr
80 { ~® MnO,inO,
70 { O~ MnO,inAr
60 { & OMS-2in O,
—~ OMS-2 in Ar

50 1
40 1
30
20
10 1
0 &

0

yield (%)

3
time (h)

(b) 1152 1086

PR— 1602

1802

1250 1200 1150 1100 1050 1000
wavenumber (cm1)

Figure 5. (a) Reaction profiles for the oxidation of 1a under O, or Ar atmos-
phere catalyzed by Mn oxides. Reaction conditions: catalyst (0.1 g), 1a

(1 mmol), toluene (2 mL), O, or Ar (1 atm), 323 K. (b) Differential IR spectra of
1%0,- and '®0,-adsorbed SMO.

The yield of 2a was up to 39% and 20% with activated MnO,
and OMS-2, respectively, for 6 h under an Ar atmosphere. Such
phenomena are also observed for manganese oxide based cat-
alysts and are explained by substrate oxidation with oxygen
supplied from the solid (Mars—van Krevelen mechanism).’*<
On the other hand, the SMO-catalyzed oxidation of 1a was sig-
nificantly accelerated by the presence of O,, and oxidation did
not readily proceed under an Ar atmosphere, which indicates
that O, activation is most likely involved for the present SMO-
catalyzed oxidation. Differential infrared (IR) spectra for O,-ad-
sorbed SMO were measured to investigate the surface oxygen
species (Figure 5b). Upon exposure of SMO powder (dehydrat-
ed at 573 K) to an '°0, atmosphere (55 Torr) at room tempera-
ture, a new band appeared at 1152 cm™' and the band posi-
tion is in the range of v(O—0O) for typical metal-superoxo
species (1200-1100 cm™").'"" If the O,-adsorbed SMO was evac-
uated at room temperature, the band completely disappeared.
The IR spectrum of '®0,-adsorbed SMO showed a new band at
1086 cm™, and the shift of 66 cm™ was consistent with the
theoretical shift (66 cm™). However, the formation of such a su-
peroxo species was not observed for activated MnO, and
OMS-2 under the same conditions. These results suggest the
reversible formation of a Mn-superoxo species, which likely
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Mn3+

Mn3+ o: R

H20 + 1/202 <— H202

Scheme 1. Proposed reaction mechanism for the oxidation of alcohols with O, catalyzed by SMO.

plays an important role in the present oxidation. The isolation
of Mn-superoxo molecular complexes™ and computational
studies on O, reduction over La, ,Sr,MnO;" have been report-
ed; however, the detection of O, reduction over SMO and its
catalytic application have never been reported.””

We propose a possible mechanism for the SMO-catalyzed
oxidation of alcohols in Scheme 1. The reversible reaction of
surface Mn species on SMO with O, initially proceeds to form
a Mn-superoxo species. The active oxygen species then reacts
with an adsorbed alcohol to form the corresponding
ketone. Furthermore, the kinetics for the oxidation of

oxidative dehydrogenation of alkylarenes such as fluorene
(3 ¢), xanthene (3d), and 9,10-dihydroanthracene (3 e) also pro-
ceeded efficiently to give the corresponding oxygenated or de-
hydrogenated products (entries 3-5). Thioanisole (3f) and
cyclooctene (3g) were selectively converted into the corre-
sponding sulfoxide (4f) and epoxide (4g) in the presence of
isobutyraldehyde at ambient temperature in a similar manner
to that for a Mn-superoxo complex,'® whereas electrophilic
oxidation did not proceed without the additive.

1. a with O, catalyzed by SMO Were. investigated. A Table 3. Selective oxidation of various substrates with O, catalyzed by SMO.”
first-order dependence of the reaction rate on the
amount of SMO was observed (see Figure 3a), and Entry Substrate t[h]  Yield [%] Product
the reaction rate was almost independent of the NH, SN
concentration of 1a (Figure 3b). The dependence of 1 @ 3a 3 87 ©/\ 4a
the reaction rate on the O, pressure showed satura- OH t-Bu t-Bu
tion kinetics (Figure 3c). This dependence is ex- |, tBu FBU 3 g o CQ o b
plained by the Langmuir-Hinshelwood mechanism B "
. T . -Bu -Bu
through the non-dissociative adsorption of O, and al- o
cohol wi i . inetic iso-
without mutual displacement. A kinetic iso 3 0.0 3¢ 1 93 ' ac
tope effect (ky/kp) of 3.7+0.1 for the SMO-catalyzed O O
oxidation of 1a and 1-phenylethan-1-d;-ol (1a-d) at o
%2% K indicates that C-H bond cleavage is the rate- | 34 24 “ ad
limiting step. All of these results support the pro- o o
posed mechanism.*”
The SMO-catalyzed aerobic oxidation of various 5 3e 24 77 de
substrates was investigated to evaluate the effective- s o
~N
ness of the present O,-activation system (Table 3). 6 ©/ 3f 1 >99 @/S\ 4f
Oxidative homocoupling reactions of amines and
phenols also proceeded efficiently. Benzylamine (3a)
. . . 74 3g 4 70 0 4g
was selectively converted into N-benzylidenebenzyla-
mine (4a) in 87% yield (Table 3, entry 1). On the - — -

) . [a] Reaction conditions: SMO (0.02 g for entry 2 0.1 g for entries 1, 6, and 7, and 0.2 g
other hand, activated MnOz gave 4a and benzonitrile for entries 3-5); 3 (1 mmol); solvent (toluene, 2 mL, for entries 1, 2, 6, and 7, toluene,
in 33% and 51 % yields, respectively, under the same 4 mlL, for entry 5, and n-octane, 4 mL, for entries 3 and 4); O, (1 atm); reaction temper-
conditions.”” The coupling reaction of 2,6-di-tert-bu- ature (300 K for entries 6 and 7, 353 K for entries 1-4, and 383 K for entry 5). Yield was
tylphenol (3b) proceeded quantitatively under mild 2:13e:[r:::|r;ed by GC analysis. [b] Anthraquinone (12% yield). [c] Isobutyraldehyde
reaction conditions (entry 2). Aerobic oxygenation or :
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Conclusions

Hexagonal SrMnO; (SMO) could activate O, to form a superoxo
species, which resulted in an efficient heterogeneous catalyst for
the selective liquid-phase oxidation of various types of organic
substrates. This study shows the importance of developing hetero-
geneous catalysts that can activate O, under mild conditions, and
further elucidation of the catalytic mechanism is now in progress.

Experimental Section
Materials

Toluene (Kanto Chemical) was pretreated with molecular sieves (3 A)
that were evacuated at 250°C for 3 h.”? Substrates and products
(TCl, Kanto Chemical, and Aldrich) were used as-received, and 2g
and 3a were purified according to reported procedures.”” Oxygen-
%0, (97 atom%) was purchased from ISOTEC. Reagents such as
Sr(NO;), (Kanto Chemical), Mn(NO,),6H,0 (Kanto Chemical), citric
acid (Kanto Chemical), ethylene glycol (Kanto Chemical), NaBD,
(ACROS), and CDCl; (ACROS) were used as-received. OMS-2 and
Mn;,0,,(0Ac),4(H,0), were synthesized and characterized according
to procedures given in the literature.*¥ 1-Deutero-1-phenylethanol
was synthesized by the reaction of acetophenone with NaBD,.*”

Instruments

XRD patterns were recorded on a diffractometer (Ultima 1V, Rigaku;
Cuy, A=1.5405 A, 40 kV-40 mA) equipped with a high-speed 1-di-
mensional detector (D/teX Ultra, Rigaku). Diffraction data were col-
lected in the range of 20 =10-80° at 0.02° steps with a scan rate of
20°min~". Nitrogen adsorption-desorption isotherms were mea-
sured at 77 K with a surface-area analyzer (Nova-4200e, Quantach-
rome). Prior to measurement, the samples were heated at 423 K for
1 h under vacuum to remove physisorbed water. The BET surface
areas were estimated over the relative pressure (P/P,) range of 0.05-
0.30. FTIR spectra were obtained at a resolution of 4 cm™" by using
a spectrometer (FT/IR-6100, Jasco) equipped with an extended KBr
beam splitting device and a mercury cadmium telluride (MCT) detec-
tor. A total of 256 scans were averaged for each spectrum. Raman
spectra were recorded on a spectrometer (NRS-3200, Jasco) with ex-
citation at 532 nm using a green laser. ICP-AES analyses were per-
formed with a Shimadzu ICPS-8100 spectrometer. Differential ther-
mal analysis (DTA) and thermogravimetric (TG) measurements were
performed with a differential thermal analyzer (TG8120, Rigaku). lo-
dometric titration was performed with a Mettler Toledo Easy Pro Ti-
trator System. SMO (=~ 10 mg) was added to a mixture of 0.5m HCl
ag. (12 mL) and 2m Kl ag. (5 mL), and the resulting solution was ti-
trated with 0.01m Na,5S;0; aq.”’® X-ray photoelectron spectroscopy
(XPS) analysis was performed with JEOL JPC-9010 MC using Mgy, ra-
diation (1253.6 eV) at 10 kV and 25 mA. Samples were pressed into
pellet and fixed on a double-stick carbon tape. The binding energies
were calibrated using the C1s band at 284.6 eV. The spectrum was
fitted and evaluated by the XPS Peak 4.1 program, whereas the
background was subtracted using Shirley function. The deconvolut-
ed Mn2p spectrum of SMO shows three peaks with binding ener-
gies of 641.9, 642.9, and 644.6 eV, which corresponds to Mn", Mn",
and shakeup peak, respectively.””” The morphology of the samples
was examined using SEM (S5-5200, Hitachi). Liquid-phase catalytic oxi-
dation was

performed with an organic synthesizer (ALHB-80 & DTC-200HZ-3000,
Techno Applications) or a liquid phase organic synthesizer (CHEMIST

ChemCatChem 2016, 8, 1-8 www.chemcatchem.org
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PLAZA CP-1000, Sibata). Distillation of substrates or drying of sam-
ples were performed with a glass oven (B-585 Kugelrohr, BUCHI).
The isolation of products was performed with a single channel auto-
mated flash chromatography system (Smart Flash EPCLC Al-580S, Ya-
mazen). NMR spectra were recorded on a Bruker biospin Avance llI
spectrometer ('H, 400 MHz; *C, 100 MHz) using 5 mm tubes. Chemi-
cal shifts (8) were reported in ppm downfield from SiMe, (solvent,
CDCl;). GC analyses were performed on Shimadzu GC-2025
equipped with a Stabilwax capillary column (internal diameter=
0.25 mm, length=30 m) and with a flame ionization detector, or on
a Shimadzu GC-17 A with an InertCap 17 capillary column (internal
diameter=0.25 mm, length=30 m). Mass spectra were recorded on
a spectrometer (GCMS-QP2010 SE, Shimadzu) equipped with an In-
ertCap 17 MS capillary column (internal diameter=0.25 mm,
length=30 m) at an ionization voltage of 70 eV.

Synthesis and characterization of SMO

Hexagonal SrMnO; was synthesized by the polymerized complex
method. Citric acid (154 g, 80 mmol) and ethylene glycol (25.1 mL,
450 mmol) were added to an aqueous solution (50 mL) containing
Sr(NO;), (2.11 g, 10 mmol) and Mn(NO,),6H,0 (2.87 g, 10 mmol).
After complete dissolution was achieved, the resulting solution was
evaporated at 333 K to reduce the water content. The transparent
solution was heated at 463 K with continuous stirring to accelerate
polymerization, whereby it finally gelled into a transparent brown
resin. The resultant resin was heated at 523 K for 20 min and 573 K
for an additional 20 min to give a black powder, which is hereafter
referred to as the precursor. The precursor was calcined at 923 K for
5 h on an Al,O; plate in air. After cooling to room temperature, the
samples were collected and washed with water (=2 L) followed by
evacuation at room temperature for 3.5 h to give the hexagonal
SrMnO; catalyst. Yield: 1.70 g (89%). Elemental analysis calcd (%) for
SrMnO;: Sr 45.98, Mn 28.83; found: Sr 45.25, Mn 27.65.

Procedure for catalytic oxidation

The catalytic oxidation of various substrates was conducted in a
30 mL glass vessel containing a magnetic stirring bar. All products
were identified by comparison of the GC retention time, mass spec-
tra, and NMR spectra with those of authentic samples. A typical pro-
cedure for catalytic oxidation was as follows: SMO (0.1 g), alcohol
(1 mmol), toluene (2 mL), O, (1 atm), and an internal standard (naph-
thalene) were charged into the reaction vessel. The reaction solution
was heated at 353 K and periodically analyzed using GC. After the re-
action was completed, the catalyst was separated by filtration. The
analytically pure product was then isolated using a flash chromatog-
raphy separation system with silica gel (pore size 60 A, particle size
30 um) and n-hexane/ethyl acetate as an eluent. The products are
known and were identified by comparison of their 'H and "*C NMR
signals with the literature data. The separated SMO was washed with
acetone (40 mL) and water (500 mL), and then dried under vacuum
before recycling. The amounts of surface Mn species were estimated
assuming that the (110) plane is a surface structure because of the
abundant population of Mn species on the (110) plane. The
amounts of surface Mn were estimated using this hypothesis and
the BET surface area of SMO (25 m*g™") to be 193 umol-g~".

Procedure for IR measurements

Samples were pressed into self-supporting disks (20 mm diameter,
0.1 g), placed in an IR cell attached to a closed glass-circulation

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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system, and FTIR measurements were performed before (evacua-
tion at 573K for 1 h) and after O, adsorption onto the samples.
Two IR bands at 3800-2600 and 1700-1500 cm™', which were as-
signable to the OH stretching and bending modes of physisorbed
H,0, respectively, were absent after evacuation. The IR spectrum of
the sample at room temperature before O, adsorption was used as
the background for differential spectra obtained by subtracting the
background from the spectra measured for O,-adsorbed samples.
After the exposure to O, atmosphere (55 Torr) at room temperature
for 1 min, differential IR spectra were measured. The band at
1152 cm™', assignable to the Mn-superoxo species, appeared after
0, adsorption and the intensity did not change after 5 min. In ad-
dition, the 1152cm™' band completely disappeared after the
sample was evacuated at room temperature for 1 min. These re-
sults indicate that the reaction of SMO with O, is reversible.
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Dioxygen Activation by a Hexagonal
SrMnO; Perovskite Catalyst for
Aerobic Liquid-Phase Oxidation

Manganese hex: The reversible reaction which likely catalyze the selective oxida-

of surface manganese species on hexag- tive transformation of various types of

onal SrMnO; with O, leads to the forma- organic substrates into the desired oxy-

tion of manganese-superoxo species, genated or dehydrogenated products.
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