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Abstract 
Oxygenation of sulfides to sulfoxides and/or sulfones is an important transformation, and the 

development of efficient heterogeneous catalysts for the oxygenation, which can utilize O2 as the 

terminal oxidant, is highly desired. In this study, we have successfully developed manganese 

oxide-based efficient heterogeneous catalysts for aerobic oxygenation of sulfides. Firstly, we 

prepared four kinds of manganese oxides possessing different crystal structures, such as α-MnO2, 

β-MnO2, γ-MnO2, and δ-MnO2, and their structure-activity relationships were examined for the 

aerobic oxygenation of thioanisole. Amongst them, α-MnO2 showed the best catalytic performance 

for the oxygenation. Moreover, α-MnO2 was highly stable during the catalytic oxygenation possibly 

due to the tunnel K+ ions. In order to further improve the catalytic performance of α-MnO2, 

substitutional doping of transition metal cations, such as Mo6+, V5+, Cr3+, and Cu2+, into the 

framework was carried out. Undoped α-MnO2 possessed a fibrous morphology. When doping of 

high-valent transition metal cations, especially Mo6+, the lengths of fibers drastically shortened to 

form grain-like aggregates of ultrafine nanocrystals, resulting in increasing the specific surface areas 

and the numbers of surface catalytically active sites. In the presence of Mo6+-doped α-MnO2 

(Mo-MnO2), various kinds of sulfides could efficiently be oxidized to the corresponding sulfoxides 

as the major products. The observed catalysis was truly heterogeneous, and Mo-MnO2 could 

repeatedly be reused with keeping its high catalytic performance. Besides sulfide oxygenation, 

Mo-MnO2 could efficiently catalyze several aerobic oxidative functional group transformations 

through single-electron transfer oxidation processes, namely, oxygenation of alkylarenes, oxidative 

α-cyanation of trialkylamines, and oxidative S-cyanation of benzenethiols.  
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Introduction 
The development of highly efficient catalytic systems for oxygenation of sulfides has attracted much 

attention because the corresponding oxygenation products, both sulfoxides and sulfones, have widely 

been utilized as oxygen-transfer reagents, ligands in asymmetric catalysis, and important synthetic 

intermediates for natural products, biologically important molecules, and functional materials.1 In 

addition, oxidative desulfurization has emerged as a promising method for removal of sulfur 

compounds from fuels and industrial effluents.1g,1h Generally, oxygenation of sulfides has been 

performed using metal oxide-, peracid-, or oxoacid-based stoichiometric oxidants. Instead of using 

such stoichiometric oxidants, the choice of greener oxidants, such as H2O2 and O2, in combination 

with suitable catalysts has recently become the mainstream for oxygenation of sulfides. 

 Up to the present, a number of efficient transition metal catalysts have been developed for 

H2O2-based oxygenation of sulfides.2 Importantly, the use of ubiquitous and the greenest O2 is more 

desirable from the standpoint of green chemistry. Although several catalytic systems for aerobic 

oxygenation of sulfides have been reported to date,3 they have several disadvantages in some cases; 

for example, (i) sacrificial reductants, e.g., aldehydes, are required, (ii) photo-irradiation is required, 

and/or (iii) most of them are homogeneous systems, and recovery and reuse of catalysts are very 

difficult.3 As far as we know, there are only a few reports on heterogeneously catalyzed oxygenation 

of sulfides using O2 as the terminal oxidant without any additives and photoirradiation; 

polyoxometalates,4a MoS2/Ta3N5,
4b and Au/MnO2‒x 

4c are the examples of the reported heterogeneous 

catalysts. However, they have quite a bit of room for improvement of their catalytic activities, 

selectivities, substrate scopes, and in particular reusabilities. Therefore, the development of reliable 

heterogeneous catalysts is still an important and challenging research subject. 

 Manganese oxides, including mixed oxides, have attracted tremendous research interests 

because of their potential use as electrode materials, magnetic materials, adsorbents, oxidants, 

catalysts, electrocatalysts, and catalyst supports.5 In laboratory scale organic synthesis, manganese 

oxides have traditionally been utilized as stoichiometric oxidants. In recent years, the use of 

manganese oxides as heterogeneous catalysts for aerobic oxidation reactions has been receiving a lot 

of attention, and several efficient systems have been developed to date.6 For example, α-MnO2, 

including a manganese oxide octahedral molecular sieve (OMS-2), has typically utilized for 

oxidative dehydrogenation and single-electron transfer oxidation processes, such as oxidative 

dehydrogenation of alcohols and its related transformations,6c‒6e oxygenation of alkylarenes,6f 

oxidative α-cyanation of tertiary amines,6g and oxidative homocoupling of thiols and its related 

transformations.6h,6i We have recently developed aerobic oxidative amidation of primary alcohols 

using aqueous NH3 as the nitrogen source.6j‒6l For the oxidative amidation, α-MnO2 (OMS-2) 

showed the high catalytic performance, while β-MnO2, γ-MnO2, and δ-MnO2 were not effective. For 

the oxidation of formaldehyde, the structure-activity relationships were carefully examined using 

α-MnO2, β-MnO2, γ-MnO2, and δ-MnO2, and amongst them, δ-MnO2 was found to be the most 

active catalyst.6m In these manners, dramatic differences in catalytic performances among manganese 
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oxides with different crystal structures have been observed with considerable frequency. Thus, the 

choice of kinds of manganese oxides for the target reaction is very crucial. In addition, the redox 

stability is also a very important factor for the catalytic use and repeated reuse of manganese oxides. 

 In this study, we prepared four kinds of manganese oxides with α-, β-, γ-, and δ-phase 

structures, and their structure-activity relationships were examined for the aerobic oxygenation of 

thioanisole. The difference in the catalytic performance was clearly observed among them, and 

α-MnO2 showed the best catalytic performance and was highly stable during the oxygenation under 

aerobic and even anaerobic conditions. Furthermore, the performance of α-MnO2 could be much 

improved by the substitutional doping of Mo6+ into the octahedral framework. In the presence of 

Mo6+-doped α-MnO2 (Mo-MnO2), various kinds of structurally diverse sulfides including aromatic 

and aliphatic ones could efficiently be oxidized to the corresponding sulfoxides as the major products. 

The observed catalysis was truly heterogeneous, and Mo-MnO2 could be reused for the oxygenation 

of thioanisole at least four times without an appreciable loss of its high catalytic performance. The 

structure of Mo-MnO2 was intrinsically preserved after the repeated reuse for the oxygenation. 

Besides sulfide oxygenation, Mo-MnO2 could act as an efficient heterogeneous catalyst for several 

aerobic oxidative functional group transformations through single-electron transfer oxidation 

processes, such as oxygenation of alkylarenes, oxidative α-cyanation of trialkylamines, and oxidative 

S-cyanation of benezenethiols. 

 

Results and discussion 

Structure-activity relationships for thioanisole oxygenation 

To begin with, we prepared four kinds of manganese oxides with α-, β-, γ-, and δ-phase structures 

according to the previously reported procedures with minor modifications (see the Experimental 

section).6k,6m,7 Their X-ray powder diffraction (XRD) patterns are shown in Fig. 1. The XRD pattern 

of α-MnO2 could be well indexed to a cryptomelane-type manganese oxide with a 2 × 2 tunnel 

(4.6 Å × 4.6 Å) (JCPDS 29-1020). The XRD patterns of β-MnO2 and γ-MnO2 were in good 

agreement with those of pyrolusite-type (JCPDS 24-0735) and nsutite-type (JCPDS 14-0644) 

manganese oxides, respectively. The XRD pattern of δ-MnO2 was characteristic of a birnessite-type 

manganese oxide with a layered structure (JCPDS 43-1456). Therefore, four types of manganese 

oxides with different crystal structures were successfully prepared. The peak widths and intensities 

of these XRD patterns imply that α-MnO2 and β-MnO2 possess relatively high crystallinities in 

comparison with γ-MnO2 and δ-MnO2. The specific surface areas of α-MnO2, β-MnO2, γ-MnO2, and 

δ-MnO2 were 80 m2 g–1, 18 m2 g–1, 73 m2 g–1, and 124 m2 g‒1, respectively (Table 1). The manganese 

contents in α-MnO2 (52.5 wt%) and δ-MnO2 (47.4 wt%) were somewhat lower than those in β-MnO2 

(64.3 wt%) and γ-MnO2 (62.0 wt%) (Table 1), which is mainly due to the accommodation of K+ ions 

into the 2 × 2 tunnel of α-MnO2 or into the interlayer of δ-MnO2.
8 The average oxidation state (AOS, 

determined by redox titration) of α-MnO2 was 3.77 and slightly lower than those of the others 
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(3.90‒3.92) (Table 1), suggesting the compensation of the mixed valency of manganese by the tunnel 

K+ ions (or H+).8 

 By using these manganese oxide catalysts, their structure-activity relationships were examined 

for the oxygenation of thioanisole (1a). The reactions were performed in o-dichlorobenzene at 

150 ºC (bath temperature) under aerobic (O2: 5 atm) or anaerobic (Ar: 1 atm) conditions. The results 

are summarized in Table 2. Under aerobic conditions, the oxygenation selectively proceeded to 

afford methyl phenyl sulfoxide (2a) with trace amounts of methyl phenyl sulfone (3a) in all cases, 

and the order of the catalytic performances from the viewpoint of the product yields was as follows; 

α-MnO2 (41%) ≈ γ-MnO2 (42%) > δ-MnO2 (29%) > β-MnO2 (12%) (the values in the parentheses 

are the total yields of 2a and 3a; Table 2, entries 1, 3, 5, and 7). The yields did not simply increase 

with increasing in their specific surface areas. The low catalytic performance of β-MnO2 is probably 

owing to its low specific surface area. Under anaerobic conditions, the oxygenation hardly proceeded 

when using α-MnO2 and δ-MnO2 (Table 2, entries 2 and 8), indicating that O2 is effectively utilized 

as the terminal oxidant in these cases. In other words, the electron-transfer from the reduced 

manganese species to O2 can smoothly proceed in the case of α-MnO2 and δ-MnO2. In the case of 

γ-MnO2, 2a was produced in a significant amount (11%) even under anaerobic conditions (Table 2, 

entry 6), thus suggesting that γ-MnO2 can effectively utilize its lattice oxygen species for the 

oxygenation of 1a in addition to the use of O2. 

 The XRD patterns of these manganese oxides retrieved after the oxygenation of 1a under the 

conditions described in Table 2 were measured in order to confirm their redox stabilities. With regard 

to α-MnO2, the peak positions, widths, and intensities were almost unchanged after the use for the 

oxygenation under both aerobic and anaerobic conditions, as shown in Fig. 2. Thus, the crystal 

structure and crystallinity of α-MnO2 were specifically preserved after the oxygenation. Moreover, 

α-MnO2 could be reused for the oxygenation of 1a without an appreciable loss of its catalytic 

performance (Table 2, entry 9). Although the peak positions were almost unchanged after the use of 

δ-MnO2 for the oxygenation, the peak intensities much decreased, suggesting that the crystallinity of 

δ-MnO2 was lowered after the oxygenation (Fig. S1). In contrast, the different phases and the 

significant peak shifts were observed after the oxygenation in the case of β-MnO2 and γ-MnO2 

(Fig. S1). In particular, γ-MnO2 was partly converted into a redox inactive manganite phase 

(MnO(OH), JCPDS 41-1379) after the use under anaerobic conditions (Fig. S1). Even when γ-MnO2 

was utilized for the aerobic oxygenation, the XRD peaks significantly shifted toward lower angle 

(Fig. S1), suggesting the lattice enlargement due to the reduction of manganese species. In addition, 

we confirmed that the AOS of γ-MnO2 much decreased from 3.90 to 3.42 even after the use for the 

aerobic oxygenation (Table S1). These analyses imply that the redox stabilities for the oxygenation 

of 1a decrease in the order of α-MnO2 > δ-MnO2 > β-MnO2 > γ-MnO2. Manganese oxides 

possessing the accommodated K+ ions, such as α-MnO2 and δ-MnO2, showed relatively high redox 

stabilities. The temperature-programmed reduction (TPR) measurements using H2 were performed 

for these manganese oxide samples. The peaks in these TPR profiles correspond to the sequential 
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reduction of MnO2, that is, MnO2→Mn2O3→Mn3O4→MnO. The TPR measurements revealed that 

the reduction temperature increased in the order of γ-MnO2 < β-MnO2 < δ-MnO2 < α-MnO2 (Fig. S2). 

This result showed that the reducibility sequence is γ-MnO2 > β-MnO2 > δ-MnO2 > α-MnO2, which 

is closely correlated with the redox stabilities.  

 As above-mentioned, γ-MnO2 can act as an effective "oxidant" likely because its lattice oxygen 

species can effectively be utilized for the oxygenation of 1a (Table 2, entry 6). The result of TPR 

analysis of γ-MnO2 also supports the idea (Fig. S2). From the data of the oxygenations under aerobic 

and anaerobic conditions (Table 2, entries 5 and 6), the AOSs of γ-MnO2 before and after the 

oxygenation (Table S1), and the elemental analysis (Table 1), we estimated that the production of 2a 

via the "stoichiometric" oxygenation using the lattice oxygen species was 12 % and the production of 

2a via the "catalytic" oxygenation using O2 was 29 % in the case of γ-MnO2. However, once the 

active lattice oxygen species were consumed for the oxygenation, their regeneration (reoxidation) 

using O2 was quite difficult under the present conditions, resulting in the formation of the reduced 

redox inactive phases, e.g., manganite phase. In addition, when reusing γ-MnO2, a significant 

decrease in the performance was observed; the yield of 2a dropped to 25% (Table 2, entry 11). 

Therefore, the catalytic use and repeated recycling of γ-MnO2 for the oxygenation are difficult. We 

consider that the redox stability of manganese oxides is one of the most important factors for the 

catalytic use for this type of oxygenations and that the accommodated K+ ions would play an 

important role on the stabilization of the manganese oxide framework structures. Indeed, in the case 

of stable α-MnO2, the yield of 2a for the reuse experiment was almost the same as that of the first run 

with as-prepared fresh α-MnO2 (Table 2, entries 1 and 9). As above-mentioned, α-MnO2 gave 2a 

mostly through the catalytic oxygenation using O2. Consequently, α-MnO2 was the best catalyst for 

the oxygenation of 1a among manganese oxides examined from the viewpoints of both the product 

yield (catalytic activity) and the redox stability. In order to further improve the performance of 

α-MnO2, substitutional doping of additional transition metal cations into the framework was next 

carried out. 

 

Substitutional doping into the framework of α-MnO2 

Substitutional doping of additional metal cations into the metal oxide framework is one of the most 

commonly utilized strategies to improve their catalytic properties. To date, substitutional doping of 

various transition metal cations into the framework of α-MnO2 (including OMS-2) has been studied.9 

Doping of metal cations into α-MnO2 possibly occurs in the octahedral framework and/or in the 

tunnel, which is largely dependent on the crystal radii (CR) and the coordination geometries of 

dopant cations. Six-coordinated cations with the similar sizes as those of Mn4+ (the Shannon‒Prewitt 

CR10: 0.67 Å) and Mn3+ (0.72 Å for low spin species, 0.785 Å for high spin species) can readily be 

introduced into the octahedral framework, while relatively larger cations tend to be introduced into 

the tunnel.11a,11b,11e,11g In this study, we attempted to introduce several transition metal cations with 

different CRs and valences, that is, Mo6+, V5+, Cr3+, and Cu2+. According to the previous reports, the 
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following substitution patterns can be expected.9j,11 With regard to six-coordinated high-valent 

dopant cations, such as Mo6+ (0.73 Å) and V5+ (0.68 Å), the framework substitution may occur, 

which likely causes the formation of manganese vacancies.9j,11c,11d On the other hand, when doping 

of six-coordinated low-valent cations, such as Cr3+ (0.755 Å) and Cu2+ (0.87 Å), is performed, the 

net negative charge of the α-MnO2 octahedral framework increases, and thereby protonation of 

oxygen atoms to form surface OH species and/or increasing the amounts of the tunnel cations would 

occur for the charge compensation.9j,11a There is some possibility of introducing relatively larger Cu2+ 

(0.87 Å) into the tunnel of α-MnO2.
11f,11g 

 Four kinds of metal-doped α-MnO2 catalysts (given in the format: M-MnO2) were prepared 

essentially by the same procedure for α-MnO2; 5 mol% (with respect to total metals) precursor 

solutions of K2MoO4, NaVO3, Cr(CH3COO)3∙H2O, and CuSO4∙5H2O were utilized for the 

preparation of Mo-MnO2, V-MnO2, Cr-MnO2, and Cu-MnO2, respectively (see the Experimental 

section). As shown in Fig. 3, the XRD patterns of M-MnO2 were specifically the same as that of 

α-MnO2, and no additional peaks attributed to segregated phases of MoO3, V2O5, Cr2O3, and CuO 

were observed. The XRD peak intensities of Mo-MnO2 were slightly weaker than those of the others 

(Fig. 3), suggesting the low crystallinity and/or the formation of smaller crystals of Mo-MnO2. Fig. 4 

shows the Raman scattering spectra of α-MnO2 and M-MnO2. All the observed Raman bands could 

be attributed to the Mn‒O lattice vibrations within the MnO6 octahedral double chains in α-MnO2, 

and the strong bands typically observed for segregated phases of MoO3 (around 820 cm‒1), V2O5 

(around 990 cm‒1), Cr2O3 (around 550 cm‒1), and CuO (around 290 cm‒1) were not detected.12 The 

Raman band around 390 cm‒1 was assignable to the Mn‒O bending vibrations.8a The intense two 

bands around 575 cm–1 and 635 cm–1 were attributed to the symmetric Mn‒O vibrations, thus 

indicating the formation of a well-developed tetragonal structure with an interstitial space consisting 

of 2 × 2 tunnels in these M-MnO2 samples.8a It has been reported that the Raman band around 

635 cm‒1 is related to the Mn‒O vibrations perpendicular to the direction of the MnO6 octahedral 

double chains and that the band is significantly damped by the presence of heavy tunnel cations.8a As 

shown in Fig. 4, the relative intensities of the bands around 575 cm–1 and 635 cm‒1 for M-MnO2 

were almost the same as those for α-MnO2, indicating that these dopant cations are introduced not 

into the tunnels but mostly into the octahedral frameworks. From these XRD and Raman analyses, 

we consider that all four M-MnO2 samples possess pure cryptomelane-type phases with dopant 

cations in their octahedral frameworks. The contents of the dopant cations in Mo-MnO2 and V-MnO2 

were 5.0 mol% and 5.2 mol% (Table 3), respectively, and the same as those of the precursor 

solutions (5 mol%). In contrast, the contents of the dopant cations in Cr-MnO2 and Cu-MnO2 were 

2.0 mol% and 2.5 mol%, respectively (Table 3), and smaller than those of the precursor solutions 

(5 mol%). This is likely because of the difference in the substitution patterns of dopant cations, as 

above-mentioned. The contents of potassium in these M-MnO2 were 3.52–4.14 wt% (Table 3). 

 The specific surface areas of Mo-MnO2, V-MnO2, Cr-MnO2, and Cu-MnO2 were 212 m2 g–1, 

120 m2 g–1, 91 m2 g–1, and 109 m2 g–1, respectively (Table 3), and larger than that of undoped 
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α-MnO2 (80 m2 g–1). The significantly large surface area of Mo-MnO2 (212 m2 g‒1) is likely 

attributed to its small crystalline size (Fig. 5b). The XPS spectra in the Mn 2p region showed no 

significant difference among α-MnO2 and M-MnO2 (Fig. S3). This indicated that the AOSs on these 

surface were almost the same. The XPS spectra in the O 1s region are shown in Fig. S4. Each O 1s 

spectrum can be deconvoluted into three peaks corresponding to the three types of surface oxygen 

species; the low (around 530 eV), medium (around 531 eV), and high binding energy peaks (around 

532 eV) are ascribed to the coordinatively saturated lattice oxygen species (described as Osat), the 

coordinatively unsaturated oxygen species (e.g., OH and adsorbed oxygen species on the surface, 

described as Ounsat), and adsorbed molecular H2O on the surface, respectively.6d The curve-fitting 

analyses of these XPS spectra showed that the Ounsat/(Osat + Ounsat) values for α-MnO2, Mo-MnO2, 

V-MnO2, Cr-MnO2, and Cu-MnO2 were 0.24, 0.18, 0.25, 0.26, and 0.31, respectively (Table S2). In 

addition, the content of potassium in Cu-MnO2 was significantly lower than those in the others 

(Table 3). Thus, the surface concentration of coordinatively unsaturated oxygen species (possibly OH 

species) in Cu-MnO2 was somewhat larger than those in the others. 

 The transmission electron microscopy (TEM) images indicated that undoped α-MnO2 

possessed a fibrous morphology (Fig. 5a). The average length and width of the fibers were 

500 ± 100 nm and 20 ± 5 nm, respectively, and the lattice fringe spacing of 4.9 Å attributed to the 

(200) plane was observed throughout the α-MnO2 sample. The similar fibrous morphologies were 

also observed when doping of low-valent metal cations, such as Cr3+ and Cu2+, and in these cases the 

lattice fringe spacings of 6.9 Å due to the (110) planes were clearly observed (Fig. 5d,e). The average 

lengths of the fibers in Cr-MnO2 and Cu-MnO2 were almost the same as that in α-MnO2, while these 

widths (15 ± 5 nm) were somewhat thinner than that in α-MnO2 (20 ± 5 nm). As shown in Fig. 5b,c, 

when doping of high-valent metal cations, such as Mo6+ and V5+, the lengths of fibers drastically 

shortened, especially in the case of Mo-MnO2, resulting in the formation of grain-like aggregates of 

ultrafine nanocrystals. Their larger specific surface areas (Table 3) are possibly caused by the 

formation of the aggregates of nanocrystals. Such morphologies were also observed in Mo-MnO2 

and V-MnO2 samples possessing lower dopant contents (2.5 mol%) (Fig. S5). The TEM image of 

Mo-MnO2 displayed clear lattice fringes throughout the sample. Fortunately, we could successfully 

observe the c-axis view (2 × 2 tunnel view) of Mo-MnO2, which was well consistent with the 

simulated structure (Fig. 5b).  

 

Catalytic performance and scope of metal-doped α-MnO2 

The catalytic activities of Mo-MnO2, V-MnO2, Cr-MnO2, and Cu-MnO2 were compared for the 

aerobic oxygenation of 1a under the conditions described in Table 4. Among the M-MnO2 catalysts 

examined, Mo-MnO2 showed the highest catalytic performance, and the performance was much 

superior to that of undoped α-MnO2; the oxygenation of 1a using Mo-MnO2 gave the corresponding 

sulfoxide 2a and sulfone 3a in 75% and 3% yields, respectively (Table 4, entry 2), while undoped 

α-MnO2 gave 2a and 3a in 40% and 1% yields, respectively (Table 4, entry 1). The total yield of 2a 
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and 3a obtained with V-MnO2 (46%) were slightly higher than that with α-MnO2 (41%) (Table 4, 

entry 3). The substantial improvement of the catalytic activity of α-MnO2 by doping of low-valent 

metal cations, such as Cr3+ and Cu2+, was hardly observed (Table 4, entries 4 and 5), thus suggesting 

that increasing the surface concentration of OH species is not crucial for the oxygenation. Therefore, 

the substitutional doping of high-valent metal cations, especially Mo6+, was an effective strategy for 

improvement of the catalytic performance of α-MnO2 for this type of oxygenation reactions.  

 K2MoO4 (precursor for Mo-MnO2) showed no activity for the oxygenation of 1a (Table 5, 

entry 4). The catalytic activities of simple physical mixtures of K2MoO4 and α-MnO2 (Table 5, 

entry 5) as well as MoO3 and α-MnO2 (Table 5, entry 6) were intrinsically the same as that of 

α-MnO2 (Table 5, entry 1). Moreover, a supported catalyst, Mo6+/α-MnO2, prepared by impregnation 

of Mo6+ species onto α-MnO2 was not effective for the oxygenation of 1a (Table 5, entry 3). Thus, 

molybdenum compounds themselves are essentially inactive for the oxygenation. Again, we 

emphasize that the substitutinal doping of Mo6+ into the framework is crucial for improvement of the 

catalytic performance of α-MnO2. As above-described, the α-MnO2 structure showed the best 

performance among examined manganese oxides with various crystal structures. This is principally 

owing to the highly stabilized structure by the tunnel K+ ions. We consider that the manganese 

vacancies formed by the doping of high-valent cations,9j,11c,11d especially Mo6+, may prevent the 

growth of α-MnO2 crystals along the c-axis direction. Although the c-axis growth was significantly 

suppressed, the local crystallinity was intrinsically preserved, as evidenced by the above-mentioned 

XRD, Raman, and TEM analyses. As a result, the grain-like aggregates of ultrafine nanocrystals of 

metal-doped α-MnO2 were formed, and the specific surface areas increased in these cases. This kind 

of morphology possibly provides a large number of surface catalytically active sites in α-MnO2, e.g., 

vacancy sites, effective for the oxygenation, that is, electron-transfers from a substrate to the catalyst 

and from the reduced catalyst to O2. 

 By using the most effective Mo-MnO2, the scope of aerobic oxygenation with respect to 

various kinds of structurally diverse sulfides was next investigated. The results are summarized in 

Table 6. Thioanisole (1a) and its derivatives, which possess electron-donating as well as 

electron-withdrawing substituents at each position of the benzene rings (1b–1e), could efficiently be 

converted into the corresponding sulfoxides in moderate to high yields as the major products with 

concomitant formation of the corresponding sulfones (Table 6, entries 1‒5). Diphenyl sulfide (1f) 

afforded the corresponding sulfoxide in a high yield (Table 6, entry 6). It should be noted that not 

only aryl sulfides but also a less reactive alkyl one (1g) could efficiently be oxygenated (Table 6, 

entry 7). In order to verify whether the observed catalysis was derived from solid Mo-MnO2 or 

leached metal species (manganese and/or molybdenum), Mo-MnO2 was removed by filtration during 

the reaction at 3 h, and then the reaction was again carried out with the filtrate under the same 

reaction conditions. As shown in Fig. S6, the production of 2a was completely stopped by the 

removal of Mo-MnO2. In addition, we confirmed by the inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) analysis that manganese and molybdenum species were not present in the 
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filtrate (below 0.1%). These experimental evidences can rule out any contribution to the observed 

catalysis from metal species that leached into the reaction solution, and the observed catalysis for the 

present oxygenation is truly heterogeneous.13 After the reaction of 1a was completed, Mo-MnO2 

could readily be retrieved from the reaction mixture by simple filtration. The XRD analysis revealed 

that the crystal structure and crystallinity of Mo-MnO2 were intrinsically preserved after the repeated 

reuse for the oxygenation of 1a (Fig. 6). Furthermore, Mo-MnO2 could be reused for the same 

reaction at least four times with keeping its high catalytic performance (Fig. 7). 

 The Mo-MnO2-catalyzed oxygenation of 1a was strongly suppressed by the presence of a 

radical scavenger of 2,6-di-tert-butyl-4-methylphenol (40 mol%) (9% yield of 2a under the 

conditions described in Table 5), indicating that radical intermediates are possibly involved in the 

present sulfide oxygenation. It is known that manganese oxides can generate cation radical species 

from heteroatom-containing compounds, such as thiols and amines, through single-electron transfer 

(SET) oxidation. Similarly, in the present case, cation radical species are possibly generated by SET 

oxidation of sulfides. Then, the reduced Mo-MnO2 is reoxidized by the SET to O2, and a superoxide 

anion radical species is likely formed.6f,6g By the reaction of the sulfide cation radical and the 

superoxide anion radical species, the corresponding sulfoxides are successively obtained as the final 

products.14 

 Besides sulfide oxygenation, Mo-MnO2 could efficiently catalyze several aerobic oxidative 

functional group transformations through SET oxidation processes. Benzylic oxygenation of 

alkylarenes, such as xanthene, fluorene, and diphenylmethane, efficiently proceeded to give the 

corresponding ketones in moderate to high yields (Fig. 8a). The oxygenation proceeds through SET 

oxidation/deprotonation, followed by oxygen insertion.6f Mo-MnO2 could act as an efficient 

heterogeneous catalyst for oxidative α-cyanation of trialkylamines using trimethylsilyl cyanide 

(TMSCN) as the cyano source and O2 as the terminal oxidant. The cyanation regioselectively took 

place at the α-methyl positions, giving the corresponding α-amino nitriles in high yields (Fig. 8b). 

The cyanation possibly proceeds through the following mechanism.6g Firstly, an amine cation radical 

is formed by SET. Then, deprotonation of the cation radical to form an α-aminated carbon radical. 

This step is stereoelectronically controlled and determines the above-mentioned regioselectivity to 

the α-methyl position.6g Then, the second SET proceeds to form an iminium cation, followed by 

nucleophilic trap by CN– species to afford the corresponding α-amino nitrile. Moreover, in the 

presence of Mo-MnO2, thiocyanates could be synthesized in almost quantitative yields starting from 

benzenethiols under very mild conditions (Fig. 8c). The present cyanation proceeds through the 

Mo-MnO2-catalyzed oxidative homocoupling of benzenethiols to the corresponding disulfides 

through SET oxidation, followed by nucleophilic bond cleavage to produce the desired thiocyanates 

and thiolate species.6i Mo-MnO2 can catalyze oxidative homocoupling of the thiolate species, thus 

resulting in quantitative production of thiocyanates formally from benzenethiols.6i 
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Conclusion 

In this work, we have obtained several important findings for the manganese oxide-based catalyst 

design and the application of manganese oxide catalysts to several aerobic oxidation reactions. 

Firstly, we prepared four kinds of manganese oxides possessing different crystal structures, namely 

α-MnO2, β-MnO2, γ-MnO2, and δ-MnO2, and examined their structure-activity relationships for the 

aerobic oxygenation of thioanisole. Amongst these manganese oxides, α-MnO2 showed the best 

catalytic performance and was highly durable during the catalytic oxygenation possibly due to the 

stabilization of its framework structure by the tunnel K+ ions. The performance of α-MnO2 could be 

further improved by the substitutional doping of Mo6+ into the octahedral framework. By the doping 

of Mo6+, manganese vacancies were likely formed, which would prevent the growth of α-MnO2 

crystals along the c-axis direction. Although the c-axis growth was suppressed, the local crystallinity 

was essentially preserved. Consequently, the grain-like aggregates of ultrafine nanocrystals were 

formed in the case of Mo6+-doped α-MnO2 (Mo-MnO2), resulting in increasing the specific surface 

area. This kind of morphology would afford a large number of surface catalytically active sites, for 

example, vacancy sites, effective for the oxygenation. In the presence of Mo-MnO2, various kinds of 

structurally diverse sulfides including aromatic and aliphatic ones could be oxidized to the 

corresponding sulfoxides as the major products using O2 as the terminal oxidant. The observed 

catalysis of Mo-MnO2 was shown to be a truly heterogeneous fashion, and Mo-MnO2 could be 

reused for the oxygenation of thioanisole at least four times with keeping its high catalytic 

performance. The structure of Mo-MnO2 was intrinsically preserved after the repeated reuse for the 

oxygenation. The present sulfide oxygenation was likely initiated by single-electron transfer (SET) 

oxidation process. Aside from sulfide oxygenation, Mo-MnO2 could efficiently catalyze several 

aerobic oxidative functional group transformations through SET oxidation processes, such as 

oxygenation of alkylarenes, oxidative α-cyanation of trialkylarenes, and oxidative S-cyanation of 

benzenthiols. 

 
Experimental section 

Materials 

KMnO4, NaVO3, concentrated HNO3, and KOH were purchased from Kanto Chemical. MnSO4∙H2O 

was purchased from Aldrich. K2MoO4 and MoO3 were purchased from Wako Pure Chemical 

Industries. Cr(CH3COO)3∙H2O was purchased from Nacalai Tesque. (NH4)2S2O8 was purchased from 

Tokyo Chemical Industry. Substrates, solvents, and naphthalene (internal standard for GC analysis) 

were purchased from Tokyo Chemical Industry, Kanto Chemical, or Aldrich. All reagents were used 

as received without further purification. TBA2MoO4 (TBA = tetra-n-butylammonium) was prepared 

according to the reported procedure with modification.15 Manganese oxide catalysts were prepared 

by the procedures described below. 

 

Page 10 of 26Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



Submitted to Catalysis Science & Technology as an article (revised) 
 

11 
 

Preparation of manganese oxide catalysts 

α-MnO2 was prepared according to the following procedure.6k An aqueous solution (100 mL) of 

KMnO4 (5.89 g) was added to an aqueous solution (30 mL) of MnSO4∙H2O (8.8 g) and concentrated 

HNO3 (3 mL). The resulting mixture was refluxed at 100 °C for 24 h. Then, the dark brown solid 

formed was filtered off, washed with a large amount of water, and dried under open air at 150 °C, 

affording 7.5 g of α-MnO2. Metal-doped α-MnO2 catalysts (M-MnO2) were prepared intrinsically the 

same procedure for non-doped α-MnO2. For the preparation of M-MnO2, a dopant metal source 

(K2MoO4, NaVO3, Cr(CH3COO)3∙H2O, or CuSO4∙5H2O) was initially added to the MnSO4∙H2O 

solution (2.5 or 5 mol% with respect to total metals), then followed by the above procedure, 

affording 7‒8 g of M-MnO2. In the case of α-MnO2, the mixed valency of manganese can be 

compensated by K+ (or H+). 

 β-MnO2 was prepared according to the following procedure.6m An aqueous solution (80 mL) 

containing MnSO4∙H2O (1.69 g) and (NH4)2S2O8 (2.28 g) was stirred at room temperature for 30 min. 

Then, the mixture was transferred to a Teflon vessel. The vessel was attached inside an autoclave, 

and the solution was heated at 140 °C for 12 h. The dark brown solid formed was filtered off, washed 

with a large amount of water, and dried under open air at 150 °C, affording 0.8 g of β-MnO2. 

 γ-MnO2 was prepared according to the following procedure.6m An aqueous solution (80 mL) 

containing MnSO4∙H2O (3.375 g) and (NH4)2S2O8 (4.575 g) was stirred at room temperature for 

30 min. Then, the mixture was transferred to a Teflon vessel. The vessel was attached inside an 

autoclave, and the solution was heated at 90 °C for 24 h. The dark brown solid formed was filtered 

off, washed with a large amount of water, and dried under open air at 150 °C, affording 1.5 g of 

γ-MnO2. 

 δ-MnO2 was prepared according to the following procedure.7 An aqueous solution (200 mL) 

containing ethanol (92 mL) and KOH (33.6 g) was added dropwise to an aqueous solution (150 mL) 

of KMnO4 (9.48 g). The mixture was stirred at room temperature for 1 h, followed by heating at 

80 °C for 48 h. The dark brown solid was formed was filtered off, washed with a large amount of 

water, and dried under open air at 80 °C, affording 9.0 g of δ-MnO2. It is possible that K+ and OH‒ 

can be introduced into the interlayer of δ-MnO2. 

 A supported catalyst, Mo6+/α-MnO2, was prepared by impregnation of Mo6+ species onto 

α-MnO2. α-MnO2 (1.0 g) was dispersed in an acetonitrile solution (30 mL) of TBA2MoO4 (0.337 g). 

After stirring for 30 min, acetonitrile was evaporated to dryness, affording 1.0 g of Mo6+/α-MnO2. 

The molybdenum content in Mo6+/α-MnO2 was 2.7 wt%. 

 

Characterization of manganese oxide catalysts 

The contents of manganese and dopant metals in manganese oxide samples were determined by 

ICP-AES analyses using a Shimadzu ICPS-8100 apparatus. The contents of potassium in manganese 

oxide samples were determined by atomic absorption spectrometry analyses using a Hitachi Z 2000 
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apparatus. The AOSs of manganese were determined by redox titration, during which manganese in 

the sample was reduced with excess Fe(NH4)2(SO4)2, and unreacted Fe2+ was titrated with an 

aqueous solution of KMnO4. This redox titration was repeated three times for each sample, and the 

AOSs were defined as average values. BET surface areas were measured by N2 adsorption at 

−196 °C using a micromeritics ASAP 2010 instrument. XRD patterns were recorded using a Rigaku 

SmartLab instrument under Cu Kα radiation (λ = 1.5418 Å, 45 kV, 200 mA). XPS analyses were 

performed using a JEOL JPS-9000 apparatus under Mg Kα radiation (hν = 1253.6 eV, 8 kV, 10 mA). 

The peak positions were calibrated by Au 4f 7/2 peak (84 eV) of deposited on the grid. The baselines 

were subtracted by the Shirley method. Raman spectra were measured on a Nippon Bunko 

NRS-5100 Raman apparatus using a 532 nm laser. TEM images were obtained using a 

JEM-2000EX II apparatus at an acceleration voltage of 200 kV. TEM specimens were prepared by 

dispersing manganese oxide samples in ethanol and sonicating them for 30 min before deposition on 

carbon-coated copper grid. TPR profiles were measured on a BELCAT apparatus with a quadrupole 

mass spectrometer. The sample was pretreated at 150 °C in a flow of Ar (30 mL min‒1) for 20 min. 

After the pretreatment, a mixed gas of H2 and Ar (H2: 7 vol%) was allowed to flow into the sample 

(30 mL min–1) with progress of temperature from 100 to 550 °C at a rate of 10 °C min–1. The amount 

of consumed H2 was quantified by a mass spectrometer with the fragment of m/z = 2. 

 

Catalytic reactions 

GC quantitative analyses were performed on a Shimadzu GC-2014 apparatus with a FID detector 

equipped with a TC-1 or TC-5 capillary column. GC-MS analyses for product identification were 

performed on a GCMS-QP2010 apparatus at an ionization voltage of 70 eV equipped with a 

Inert-Cap 5 capillary column. 

 Oxygenation of sulfides was typically carried out as follows. Manganese oxide catalyst 

(25–50 mg), sulfide (0.5 mmol) o-dichlorobenzene (1 mL), and naphthalene (internal standard, 

0.2 mmol) were placed in a Teflon vessel. The Teflon vessel was attached inside an autoclave, and 

the reaction was performed at 150 °C (bath temperature) in 5 atm of O2 for 3–96 h. After the reaction 

was completed, the spent catalyst was separated by filtration and washed with acetone. Then, the 

filtrate was analyzed. The products were confirmed by comparison of their GC retention times and 

GC-MS spectra with those of authentic data. The spent catalyst was washed with acetone and water, 

and dried under open air at room temperature before being used for the reuse experiment. As for 

oxygenation of sulfides under anaerobic conditions and other oxidation reactions were carried out 

using a Schlenk-type reactor. These procedures were essentially the same as that for aerobic sulfide 

oxygenation.  
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Table 1  Properties of manganese oxides 

 

 

 

 

Table 2  Oxygenation of 1a using various manganese oxides 

 

 

 

  

Entry Catalyst 
BET surface 

area (m2 g–1) 

Content (wt%) 
AOS 

Mn K 

1 α-MnO2 80 52.5 4.07 3.77 

2 β-MnO2 18 64.3 – 3.90 

3 γ-MnO2 73 62.0 – 3.90 

4 δ-MnO2 124 47.4 7.78 3.92 

Entry 
Catalyst 

(mol%)a 
Atmosphere b Time (h) 

Conv. of 1a 

(%) 

Yield (%) 

2a 3a 

1 α-MnO2 (9.8) O2
 24 45 40 1 

2 α-MnO2 (9.8) Ar 96 4 4 <1 

3 β-MnO2 (2.3) O2
 24 15 12 <1 

4 β-MnO2 (2.3) Ar 96 6 1 <1 

5 γ-MnO2 (9.0) O2 24 43 41 1 

6 γ-MnO2 (9.0) Ar 96 18 11 <1 

7 δ-MnO2 (14.1) O2
 24 34 24 5 

8 δ-MnO2 (14.1) Ar 96 9 <1 <1 

9c α-MnO2
 O2

 24 41 36 1 

10c β-MnO2
 O2

 24 17 13 <1 

11c γ-MnO2
 O2

 24 47 25 <1 

12c δ-MnO2
 O2

 24 36 30 2 

Reaction conditions: Catalyst (25 mg), 1 (0.5 mmol), o-dichlorobenzene (1 mL), 150 °C (bath temp.). a The values in 
the parentheses are based on the surface exposed manganese species estimated from the specific surface areas and
the crystal structures. b O2 (5 atm) or Ar (1 atm). c Reuse experiments. These experiments used the retrieved catalyst.
Conversions and yields were determined by GC analysis using naphthalene as an internal standard. 

S

1a

S

2a

S

3a

O O O
Catalyst
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Table 3  Properties of M-MnO2 

 

 

 

 

Table 4  Oxygenation of 1a using M-MnO2 

S

1a

S

2a

S

3a

O O O
Catalyst

 

 

  

Entry Catalyst 
BET surface 

area (m2 g–1) 

Content (wt%) 
M/(Mn+M) (mol%) 

Mn K 

1 α-MnO2 80 52.5 4.07 – 

2 Mo-MnO2 212 51.1 3.60 5.0 

3 V-MnO2 120 55.3 4.15 5.2 

4 Cr-MnO2 91 57.6 4.04 2.0 

5 Cu-MnO2 109 56.9 3.53 2.5 

Entry 
Catalyst 

(mol%)a 
Conv. of 1a (%)

Yield (%) 

2a 3a 

1 α-MnO2 (9.8) 45 40 1 

2 Mo-MnO2 (25.9) 82 75 3 

3 V-MnO2 (14.6) 46 45 1 

4 Cr-MnO2 (11.1) 47 40 1 

5 Cu-MnO2 (13.3) 40 38 1 

Reaction conditions: Catalyst (25 mg), 1a (0.5 mmol), o-dichlorobenzene (1 mL), 150 °C (bath temp.), O2 (5 atm), 
24 h. Conversions and yields were determined by GC analysis using naphthalene as an internal standard. a The 
values in the parentheses are based on the surface exposed manganese species estimated from the specific surface
areas and the crystal structures. 
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Table 5  Oxygenation of 1a using various catalysts 

S

1a

S

2a

S

3a

O O O
Catalyst

 

 

 

  

Entry Catalyst 
Mo/(Mn+Mo)

(mol%) 
Conv. of 1a (%)

Yield (%) 

2a 3a 

1 α-MnO2 – 27 24 1 

2 Mo-MnO2 5.0 40 37 1 

3 Mo/α-MnO2 4.7 9 3 <1 

4 K2MoO4 – 6 <1 <1 

5a α-MnO2 + K2MoO4 5.0 28 25 1 

6b α-MnO2 + MoO3 5.0 25 25 <1 

Reaction conditions: Catalyst (25 mg), 1a (0.5 mmol), o-dichlorobenzene (1 mL), O2 (5 atm), 150 °C (bath temp.), 
3 h. Conversions and yields were determined by GC analysis using naphthalene as an internal standard. a α-MnO2

(25 mg) + K2MoO4 (2.8 mg). b α-MnO2 (25 mg) + MoO3 (1.8 mg). 
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Table 6  Scope of the Mo-MnO2-catalyzed oxygenation of sulfides 

 

 

  

Entry Substrate  Product  Time (h) Yield (%) a 

1 
S

 
1a S

O

 

2a 6 73 (4) 

2 
S

H3CO  
1b 

S

H3CO

O

2b 6 91 (6) 

3 
S

H3C  
1c 

S

H3C

O

2c 24 76 (4) 

4 
S

Br  
1d 

S

Br

O

2d 24 77 (11) 

5 
S

O2N  
1e 

S

O2N

O

2e 24 40 (11) 

6 
S

 
1f S

O

2f 24 90 (10) 

7 S  1g S

O

 
2g 24 53 (1) 

Reaction conditions: Mo-MnO2 (50 mg), 1 (0.5 mmol), o-dichlorobenzene (1 mL), 150 ºC (bath temp.), O2 (5 atm). 
Yields were determined by GC analysis using naphthalene as an internal standard. a The values in the parentheses 
are the yields of the corresponding sulfones. 
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Fig. 1  XRD patterns and polyhedral representations of α-MnO2, β-MnO2, γ-MnO2, and δ-MnO2. 
Purple octahedra represent {Mn3+O6} or {Mn4+O6}. Red spheres represent oxygen atoms. White 
spheres represent accomodated K+ ions or water molecules. 
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Fig. 2  XRD patterns of (a) as-prepared α-MnO2, (b) α-MnO2 retrieved after the oxygenation of 1a 
under aerobic conditions, and (c) α-MnO2 retrieved after the oxygenation of 1a under anaerobic 
conditions. 
 

 

 

 

 
Fig. 3  XRD patterns of α-MnO2 and M-MnO2. 
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Fig. 4  Raman spectra of α-MnO2 and M-MnO2. 
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Fig. 5  TEM images of (a) α-MnO2, (b) Mo-MnO2, (c) V-MnO2, (d) Cr-MnO2, and (e) Cu-MnO2. 
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Fig. 6  XRD patterns of as-prepared Mo-MnO2 and the retrieved Mo-MnO2 after the use for the 

oxygenation of 1a under the conditions described in Table 6 for 6 h. 

 

 

 

 

 

Fig. 7  Reuse experiments of Mo-MnO2 for the oxidation of 1a. The reactions were carried out under 
the conditions described in Table 6 for 6 h. Yields were determined by GC analysis using 
naphthalene as an internal standard. The retrieved catalyst was washed with acetone and water, and 
then dried at room temperature prior to being used for the next reuse experiment. 
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Fig. 8  Several oxidative functional group transformations using Mo-MnO2: (a) Oxygenation of 
alkylarenes, (b) oxidative α-cyanation of trialkylamines, and (c) oxidative S-cyanation of 
benzenethiols. 
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Graphical abstract 

 
In the presence of Mo

6+
-doped α-MnO2 (Mo-MnO2), various sulfides could efficiently be 

oxidized to the corresponding sulfoxides as the major products. In addition, Mo-MnO2 could 

repeatedly be reused. 
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