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Abstract 

The oxidation of the sulfide function promoted by a variety of vanadium compounds has been largely 

explored, whereas the use of homogeneous catalytic systems based on the heavier group 5 metals remains 

less explored. We report the use of easily available niobium and tantalum carbamates, i.e. 

[M(O2CNMe2)5] (M = Nb, 1; M = Ta, 2), [Nb(O2CNMe2)4], 3, [NbO(O2CNEt2)3], 4, and 

[NbCl3(O2CNEt2)2], 5, as effective catalysts for the conversion of a series of alkyl aryl and aromatic 

sulfides into the corresponding sulfones. NMR investigations on the performant niobium catalyst 4 

unexpectedly revealed the substantial stability of this compound in the protic catalytic environment, and 

a plausible catalytic cycle was obtained by DFT studies. The two active catalytic species, i.e. 4 and its 

minor mono-methoxide derivative, presumably interconvert to each other exploiting the versatile 

coordination of the carbamato ligand. 

  

Keywords: homogeneous catalysis; sulfide oxidation; hydrogen peroxide; niobium and tantalum; metal 

carbamates. 

 

 

1. Introduction 

The selective oxidation of organic sulfides represents an important chemical transformation due to both 

the practical utility of sulfoxides and sulfones as high-value commodity chemicals and green chemistry 

issues (e.g., the oxidative desulfurization of fuels to remove benzothiophene derivatives). Indeed, 

sulfoxides and sulfones are versatile synthons which are incorporated in a variety of chemically and 

biologically active molecules, including chiral auxiliaries, drugs and agrochemicals [1]. In addition, a 

significant application is the selective detoxification of organosulfide-containing chemical warfare 

agents, wherein a high selectivity to the less toxic sulfoxide product is critical [2]. In the past, several 
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promising catalytic strategies for selective sulfur oxidation, using various oxidants, have been developed 

based on transition metal catalysts, particularly those from groups 4–7, in their highest oxidation states 

[3]. In this frame, many vanadium complexes in +V and +IV oxidation states have been employed as 

catalytic precursors for sulfide oxidation [4]. With reference to the heavier group 5 elements, high valent 

niobium- and tantalum-based catalytic systems have found significant applications in several metal-

directed organic transformations exploiting the Lewis acidic character of the metal centre [5]. 

Nevertheless, the use of niobium and tantalum species in homogeneous catalytic oxidation reactions has 

been significantly less developed [5a,6], and only few works have appeared in the literature regarding 

the oxidation of sulfur functions [7,8,9]. However, the great interest in exploiting the catalytic potential 

of niobium and tantalum compounds has increasingly aroused the attention of several researchers [5c,10]. 

Studies in this field are further encouraged by the substantial nontoxicity of niobium and tantalum as 

elements [11]. Regarding the current ecological concerns, the quest for safe oxidation processes 

employing benign solvent, green oxidants and reagents, thus affording harmless by-products, is growing 

fast. Within the multitude of available organic oxidants, H2O2 has been recognized as the best waste-

preventing and atom-efficient one, producing water as the only side product, featured by high oxygen 

content, low cost, safety and easy handling [12]. 

Metal N,N-dialkylcarbamates, [M(O2CNR2)n] (R = alkyl group), constitute a class of simple compounds 

accessible for a wide number of elements throughout the periodic table, from metal halide precursors 

(usually chlorides) by one-pot CO2 fixation at atmospheric pressure in the presence of dialkylamines (Eq. 

1) [13].  

 

MXn + n CO2 + 2n NHR2 → [M(O2CNR2)n] + n (NH2R2)X (1) 

 

The peculiar features of the carbamato ligand, i.e. the easy availability from commercial chemicals, the 

adaptability to both bi- and monodentate coordination modes, and the possible dissociation from the 
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metal coordination sphere in the presence of acidic species through favourable CO2 release, render metal 

carbamates intriguing candidates to play as homogeneous catalysts in organic synthesis. On the other 

hand, the general instability towards moisture and the reactivity towards protic solvents of the carbamato 

ligand, especially when coordinated to oxophilic metal centers, has limited the studies on the possible 

applications of metal carbamates [14,38a]. Notwithstanding, working under anhydrous conditions, a 

range of metal carbamates have been successfully investigated in the H2 hydrogenation of 1-octene [15], 

the polymerization of alkenes [5b,16], the polymerization of cyclic esters [17], and also the synthesis of 

small valuable molecules exploiting CO2-activation routes [18, 19]. In a number of cases, it has been 

found that mixed metal halide-carbamates perform better than the respective homoleptic counterparts 

[18b,19,20]. Targeted syntheses of such hybrid compounds have been reported for titanium(IV), 

zirconium(IV) and hafnium(IV), via metathesis reactions of the homoleptic metal carbamates with either 

the corresponding metal chlorides or sodium/ammonium salts [16b,21]. In this setting, the use of metal 

carbamates as promoters of oxidation reactions has not been explored heretofore: herein, we report a 

study on the use of a series of high valent niobium and tantalum carbamates, including non-homoleptic 

species containing oxido or chlorido co-ligands, in the H2O2-promoted mild and selective oxidation of a 

variety of sulfide substrates. 

 

2. Experimental section 

 

General details. Reactants and solvents were commercial products (Merck, TCI Europe or Strem) of the 

highest purity available, and stored under N2 as received. Commercially available aqueous solution of 

H2O2 were used after iodometric titration (9.6 ± 0.2 M H2O2 in water). IR spectra (650-4000 cm-1) were 

recorded on a Perkin Elmer Spectrum One FT-IR spectrometer, equipped with a UATR sampling 

accessory. IR spectra of solutions were recorded on a PerkinElmer Spectrum 100 FT-IR spectrometer 

with a CaF2 liquid transmission cell (2000−1200 cm−1 range). NMR spectra were recorded at 298 K with 

a Bruker Avance II DRX 400 instrument equipped with a BBFO broadband probe. Chemical shifts for 
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1H and 13C were referenced to the non-deuterated aliquot of the solvent [22]. CHN analyses were 

performed on a Vario MICRO cube instrument (Elementar). ESI-MS spectra were recorded on Waters 

Xevo © G2 instrument with electrospray ionization (ESI) and detection of positive ions. Sample 

concentration of 1mg/mL was prepared in methanol. Analysis was carried out under the following 

conditions: flow 0.02 mL/min, desolvation temperature 200 °C, source temperature 150 °C, drying-gas 

flow 13 L/min, voltage 6000 V and target mass from 50 to 1200. Gas chromatographic (GC) analyses 

were performed by means of a ThermoFischer Trace 1300 series instrument equipped with a mass 

spectrometer (MS) ThermoFischer ISQ 4000 (230 V) detector, using a J&W HP-5  30 m × 0.32 mm × 

0.25 μm film thickness fused silica column and chromatography grade helium, as carrier gas (1.5 

mL/min.). The injection volume was 1.0 L. The temperatures of the GC system were the following: 

injector temperature 250 °C; transfer line temperature 280 °C; oven temperature program: 72 °C (1.0 

min.); then, 20°C/min. till 180°C; then, 10°C/min. till 230 °C; lastly, 5°C/min. till 250 °C (5.0 min.). MS 

detector (quadrupole) was operated in the EI mode at 70 eV, with a mass scan range of 35–350 m/z. 

 

2.1 Synthesis and characterization of metal compounds 

Operations were conducted under N2 atmosphere using standard Schlenk techniques; the reaction vessels 

were oven dried at 140 °C prior to use, evacuated (10−2 mmHg) and then filled with N2. Compounds 1-3 

[23], 4 [24] and 5 [19] were prepared according to the respective literature procedures. 

 

2.2 Catalytic reactions 

General procedure. 0.5 mmol of sulfide and 1.0 mL of solvent (methanol or acetonitrile) were introduced 

into a 3 mL vial, then dinitrogen was fluxed for ca. 3 minutes. Then, while keeping the vial under a cone 

under N2 flux, the catalyst (1.0 mol %) and the appropriate amount (2.0 or 3.0 equiv.) of 30% aqueous 

solution of hydrogen peroxide were added to the mixture. The sealed vial was either thermostated at 45 

°C through an oil bath or left at room temperature, under stirring. After 1.5 or 2.0 h (in relation to the 
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substrate), additional equivalent of oxidant was added dropwise when necessary. At the end of the 

reaction, the mixture was treated with 5.0 mg of MnO2 to quench the excess of oxidant and, after 10 

minutes, filtered. The progress of the reaction was monitored through GC-FID analysis, by withdrawing 

an aliquot of 20 μL and adding 5 μL of n-hexadecane (internal standard). The oxidation products were 

identified by comparison of their GC retention times with those of authentic samples. 

 

2.3 Spectroscopic studies 

a) NMR and IR spectra of 4: 1H NMR (toluene-d8): δ/ppm = 3.03 (m, 2H, CH2); 0.86 (m, 3H, CH3). 

13C{1H} NMR (toluene-d8): δ/ppm = 162.0, 168.1 (C=O); 39.5, 41.7 (CH2); 12.1, 13.1 (CH3). 
1H NMR 

(CD3OD): δ/ppm = 3.03 (q, 2H, 3JHH = 7.2 Hz, CH2); 1.31 (t, 3H, 3JHH = 7.0 Hz, CH3). 
13C{1H} NMR 

(CD3OD): δ/ppm = 161.4 (C=O); 43.5 (CH2); 12.0 (CH3). IR (CD3OD, /cm1) = 1667s-sh, 1626vs 

(C=O), 1528m, 1507w-sh, 1478vw, 1458m, 1438vw, 1400w, 1391w, 1377w, 1339s, 1255w. IR (solid 

state, /cm1) = 2974w, 2935w, 2876w, 1620m, 1576s (C=O), 1558s (C=O), 1484m, 1433vs, 1380m, 

1321s, 1301s, 1209m, 1100w–m, 1074m, 1022 w, 977w-m, 929vs, 840s, 782s.  

b) In a Schlenk tube, a solution of 4 (98 mg, 0.21 mmol) in CD3OD (2 mL) was treated with a solution 

of H2O2 in water (71.4 µL, 1.26 mmol). After 6 hours, NMR analysis revealed the formation of a minor 

amount of N-ethylideneethanamine oxide, displaying signals as follows. 1H NMR (CD3OD): δ/ppm = 

7.27 (m, 1H, CH); 3.87 (q, 2H, 3JHH = 6.8 Hz, CH2); 2.00 (m, 3H, CH3); 1.42 (t, 3H, 3JHH = 7.3 Hz, CH3). 

13C{1H} NMR (CD3OD): δ/ppm = 141.1 (CH); 60.4 (CH2); 13.5 (CH3); 13.0 (CH3). 4 : N-

ethylideneethanamine oxide ratio = 6. The ratio did not substantially vary after 20 hours or when a large 

excess of H2O2 (50÷150 eq.) was used. The IR spectrum after 6 hours was as follow. IR (CD3OD, /cm1) 

= 1666m-sh, 1626vs (C=O), 1527vw, 1476w-m, 1457m, 1415w-sh, 1398m, 1378w-sh, 1339vs, 1261vw, 

1222w. 
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c) In a Schlenk tube, a solution of 4 (84 mg, 0.18 mmol) in CD3OD (2 mL) was treated with Me2S (65.8 

µL, 0.90 mmol). The resulting mixture was stirred for 20 hours at room temperature and then analysed 

by NMR. 1H NMR (CD3OD): δ/ppm = 2.09 (s, 6H, Me) ppm. Then a solution of H2O2 in water (180 µL, 

3.18 mmol) was added. The system was stirred for 20 hours at room temperature and then analysed by 

NMR revealing the almost quantitative formation of Me2SO2. 
1H NMR (CD3OD): δ/ppm = 3.01 (s, 6H, 

Me). 

d) In a Schlenk tube, a solution of 4 (84 mg, 0.18 mmol) in CD3OD (2 mL) was treated with Me2SO 

(63.9 µL, 0.90 mmol). The resulting mixture was stirred for 20 hours at room temperature and then 

analysed by NMR. 1H NMR (CD3OD): δ/ppm = 2.67 (s, 6H, Me). 

e) In a round bottom flask, a solution of H2O2 in water (357 µL, 6.30 mmol) was mixed to a solution of 

Me2S (132 µL, 1.80 mmol) in CD3OD (2 mL). The mixture was stirred for 20 hours and then analysed 

by NMR. Almost quantitative formation of Me2SO was detected. 

 

2.4 Theoretical studies 

All geometries were optimized with ORCA 4.1.0 [25], using the BP86 functional in conjunction with a 

triple-ζ quality basis set (ZORA-TZVP) and def2/J auxiliary basis. Relativistic effects were accounted 

by using the Zeroth Order Regular Approximation (ZORA) scalar correction. The dispersion corrections 

were introduced using the Grimme D3-parametrized correction and the Becke−Johnson damping to the 

DFT energy [26]. The polarity of the solvent was taken into account by using the conductor-like 

polarizable continumm (CPCM) model, as implemented in ORCA 4.1.0 (methanol). All the structures 

were confirmed to be local energy minima (no imaginary frequencies for intermediates, one imaginary 

frequency describing the reaction coordinate for TSs).  

 

3. Results and discussion 
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The catalysts investigated in the present work were synthesized according to the literature. Figure 1 gives 

a comparative view of the previously described solid-state structures of these catalysts. Thus, 1 and 2 are 

isostructural mononuclear complexes comprising three bidentate and two monodentate carbamates 

coordinated to the MV centre; 3 consists of four equivalent bidentate carbamates bound to NbIV; 4 is a 

dimer wherein each NbV is coordinated to one terminal oxido ligand, two terminal and two bridging 

coordinated bidentate carbamato moieties; 5 presents a pentagonal bipyramidal geometry with the two 

bidentate carbamato ligands occupying the equatorial positions around the NbV. 

 

Figure 1. Structures of complexes employed in the present catalytic study: [Nb(O2CNMe2)5], 1 [Error! 

Bookmark not defined.]; [Ta(O2CNMe2)5], 2 [Error! Bookmark not defined.]; [Nb(O2CNMe2)4], 3 

[Error! Bookmark not defined.]; [NbO(O2CNEt2)3]2, 4 [Error! Bookmark not defined.]; 

[NbCl3(O2CNEt2)2], 5 [19]. 

 

3.1 Oxidation of methyl aryl sulfides to the corresponding sulfones. 

In this study, our main goal was to evaluate the catalytic power of the metal carbamates 1-5 in promoting 

the oxidation of a selection of methyl aryl sulfides up to the corresponding sulfones, under mild 

conditions and using hydrogen peroxide as oxidant (Scheme 1). Thus, the performance of 1-5 was 

initially screened in the H2O2 promoted oxidation of 4-tolyl methyl sulfide (MTS), selected as a model 
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substrate. Methanol was employed as the solvent, being generally an optimal medium for the direct and 

selective oxidation of sulfides [8]. 

 

 

Scheme 1. Overview of sulfides studied in this work and their catalytic H2O2 oxidation affording 

sulfoxide (n = 1) and/or sulfone (n = 2) products. 

 

First, a blank test without catalyst evidenced that the oxidation of MTS with 5.0 equiv. of H2O2 at room 

temperature, affording the corresponding sulfoxide as the only product, even after a quite long reaction 

time (5.0 hours) [27]. The absence of any unproductive decomposition of hydrogen peroxide was 

confirmed by iodometric titration. The results obtained with catalysts 1-5, under optimized conditions, 

are shown in Table 1. Both pentacarbamates of Nb (1) and Ta (2) behaved as efficient catalysts, providing 

a complete conversion of the starting sulfide in less than 20 minutes, with a comparable higher selectivity 
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for the formation of the corresponding sulfone. Conversion into the latter was completed after 50 min. 

(Table 1, entries 1-2). Comparative time-conversion profiles for the oxidation of MTS with catalysts 1 

and 2 are showed in Figure 2.  

 

Table 1. Comparative catalytic activity for the MTS oxidation provided by niobium 

carbamates (1, 3-5) and [Ta(O2CNMe2)5] (2).a  

 

aExperimental conditions: substrate (0.5 M), MeOH (1.0 mL), catalyst: 1.0 mol % (0.5 mol % for 4), H2O2 (2.0 

eq.), RT. bResidual amount of substrate (MTS) and detected yields of sulfoxide and sulfone, respectively. cTON 

(Turnover number) = mmol of converted substrate/mmol of metal active species. dReaction performed in 

acetonitrile. 
 

 

 

Figure 2. Time-conversion profile for catalytic oxidation of MTS with catalysts 1 and 2. Reaction 

conditions are reported in Table 1. 

Entry Catalyst MTS (%)b Sulfox. 

(%)b 

Sulfone 

(%)b 

MTS 

(%)b 

Sulfox. 

(%)b 

Sulfone 

(%)b 

TONc 

 

  time = 30 min. time = 50 min.  

1 1 - 20 79 - - > 99 100 

2 2 - 24 75 - - > 99 100 

3 3 29 32 38 7 22 70 93 

4 4 - 2 97 - - > 99 100 

5 5 80 5 14 64 12 23 36 

6d 1 - 68 31 - 59 40 100 

7d 4 - 25 74 - 10 89 100 
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Using either 1 or 2 as catalyst, the concentration of the sulfoxide product rapidly increased at the 

beginning, reaching the maximum value at 10 minutes, and then slowly decreased. The volcano curve 

observed for the sulfoxide formation with tantalum complex 2 indicates that the sulfoxide is formed as 

intermediate in larger amount compared to the reaction involving the niobium complex 1. Besides, the 

concentration of sulfone increased with time, and more rapidly in the presence of 1. For the latter catalyst, 

the sulfone vs sulfoxide formation was much faster since the beginning of the reaction. Overall, the oxido-

niobium complex 4 showed an excellent activity, affording the corresponding sulfone almost 

quantitatively after only 30 min. It should be mentioned that the active role exerted by the oxido-metal 

species in the rapid activation of alkyl-hydroperoxide oxidants, like tert-butyl hydroperoxide (TBHP) or 

the same H2O2, has long been recognized for metal complexes of Ti, V, Mo or W, in their highest 

oxidation state, in various oxygen atom transfer processes [28]. In a different way, we observed that the 

niobium(IV) carbamate 3 is less active with respect to the niobium(V) complex 1, the former affording 

a 70% yield of sulfone after 50 minutes (Table 1, entry 3  vs. entry 1). This result highlights that the 

oxidation state of niobium may affect the efficiency of the catalytic system [10b]. On the other hand, the 

hybrid chlorido-carbamato complex 5 displayed a lower activity compared to 1, in fact prolonging the 

reaction time till 3.5 hours was required to accomplish the quantitative oxidation of MTS to sulfone 

(Table 1, entry 5). In order to evaluate the possible role of the solvent, we performed the MTS oxidation 

in acetonitrile, working with the two selected niobium complexes 1 and 4. In both cases, the catalytic 

activity was lower than in methanol (Table 1, compare entries 6 vs. 1, and entries 7 vs. 4). To reach the 

quantitative formation of sulfone, 2.5 h time was required for 1, while 1.5 h was required for 4. Anyway, 

4 confirmed to be the most active catalyst even working in acetonitrile, thus affording 89% of sulfone 

after only 50 minutes (Table 1, entry 7). In the case of 1, the acetonitrile medium modified also the 

selectivity between sulfone and sulfoxide products favouring the latter (Table 1, entries 6 vs. 1). This 
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difference is presumably ascribable to the influence of methanol on the chemical nature of the catalytic 

system (see onward), however, the detrimental effect arising from the lower solubility showed in 

acetonitrile by 2 and 4 should be also taken into account. In our hands, the catalytic oxidation of MTS 

with complex 1, working under the same conditions of Table 1 but with TBHP (70% aqueous solution) 

as main oxidant, did not afford satisfying results in comparison with H2O2 (less than 40% of substrate 

conversion after 3.0 hours). 

Encouraged by the preliminary results obtained during the catalytic studies performed on MTS, we then 

moved toward the evaluation of the effect of different substituents on the aryl ring of the sulfide reactant, 

otherwise maintaining the same conditions as those described in Table 1. In detail, we selected, as 

substrates, 4-methoxyphenyl methyl sulfide (MMS) and 4-bromophenyl methyl sulfide (BMS), see 

Scheme 1, containing, respectively, substituents able to increase or reduce the electron density on the 

sulfur atom (Table 2).  

 

Table 2. Complete catalytic oxidation of MMS and BMS to the 

corresponding sulfones by means of carbamato complexes 1-2 

and 4-5.a 

 

Entry Catalyst Sulfideb Time (h) TOFc 

1  1 MMS 1.2 83 

2  1 BMS 4.0 25 

3  2 MMS 0.5 200 

4  2 BMS 2.0 50 

5  4 MMS 1.2 83 

6  4 BMS 4.0 25 

7  5 MMS 2.0 50 

 

aExperimental conditions: substrate (0.5 M), MeOH (1.0 mL), catalyst: 1.0 

mol % (0.5 mol % for 4), H2O2 (2.0 eq.), RT. bSulfides: MMS = 4-

methoxyphenyl methyl sulfide; BMS = 4-bromophenyl methyl sulfide (see 

Scheme 1). cTOF (Turnover frequency) = mmol of converted 

substrate/(mmol of metal active species · h). 
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Actually, the electron releasing substituent of MMS enhanced the catalytic activity of the tantalum 

complex 2 with respect to what observed in the MTS oxidation, being the complete oxidation to sulfone 

reached after 30 min. instead of 50 min. (compare Table 2 entry 3 vs. Table 1 entry 2). Also for the 

niobium hybrid chlorido-carbamato complex 5, the quantitative formation of sulfone (2 h) was faster for 

MMS (Table 2, entry 7) in comparison with MTS (3.5 h). Otherwise, the oxidation of MMS was 

kinetically slightly slower when using the niobium carbamato complexes 1 and 4, whereby the complete 

conversion to sulfone was obtained within 70 min. (Table 2, entries 1 and 5), instead of 50 min. (Table 

1, entries 1 and 4). The complexes 1, 2 and 4 were also employed in the catalytic oxidation of BMS: the 

negative effect on the catalytic activity, due to the presence of the electron withdrawing Br-para 

substituent, was evident in the longer reaction times required for the quantitative oxidation to sulfone (in 

Table 2, compare entries 2 and 6 vs entries 1 and 5, for catalysts 1 and 4, respectively). Also with BMS, 

the tantalum pentacarbamate 2 behaved as an active system, affording quantitatively the corresponding 

sulfone within 2.0 h (Table 2, entry 4). 

 

3.2 Oxidation of aromatic sulfides to corresponding sulfoxides and sulfones. 

Aromatic sulfides such as benzothiophene (BT) and dibenzothiophene (DBT) and their derivatives are a 

class of hard to oxidize organic sulfur compounds present in high-boiling point petroleum fractions, in 

particular diesel fuel. Thus, searching for oxidant and catalytic systems ensuring a high degree of 

oxidative conversion of these compounds is of great importance, especially for what concerns the 

environmental point of view. As a matter of fact, oxidative desulfurization (ODS) is considered the most 

promising technology to drastically reduce the sulfur content in fuel [29]. In this process, recalcitrant 

organosulfur compounds are oxidized to the corresponding sulfoxides and sulfones, which are 

successively removed by extraction with polar solvents. In the light of the promising results obtained in 

the oxidation of methyl aryl sulfides, we decided to apply the selected carbamate complexes 1-2 and 4 

in the H2O2 oxidation of the most challenging aromatic sulfides BT, its alkyl substituted derivatives 2-
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methyl-1-benzothiophene (2-MBT) and 3-methyl-1-benzothiophene (3-MBT), and in addition DBT and 

4,6-dimethyldibenzothiophene (DMDBT), see Scheme 1.  

Initially, we focused on the evaluation of the performance of 4, either in methanol or acetonitrile. The 

moderate reactivity of the aromatic sulfides toward the complete oxidation to sulfones [30], along with 

the poor solubility showed by DBT and DMDBT in methanol, prompted us to work under moderate 

heating (45 °C) with 3.0 equiv. of H2O2, otherwise maintaining the conditions described above. As 

reported in Table 3, very good results in terms of quantitative conversion of substrates and yield of 

sulfones were obtained in all cases, in a range of time between 2.5 and 6 hours. The observed order of 

reactivity showed by the different sulfides, namely BT > 2-MBT > 3-MBT ≈ DBT > DMDBT, may be 

rationalized balancing the favourable effect provided by the increase of the electron density on the S 

atom, with the disadvantageous one caused by the increase of the steric hindrance influencing the 

accessibility at the same sulfur site [31]. Frequently, in the case of BT and DBT derivatives, shorter 

reaction times may be reached by increasing the excess amount of H2O2. Newly, the reaction performed 

in acetonitrile required a longer reaction time, in comparison to methanol, to reach quantitative 

conversion of the sulfide. In the case of DMDBT oxidation, the reaction was only realized in acetonitrile 

due to the modest solubility of the organic reactant in methanol at 45 °C. In terms of comparative 

evaluation of the catalytic activity between complexes 1, 2 and 4, for the DBT oxidation, the oxido-

niobium carbamate 4 showed to be the most active one in all cases. Otherwise, the tantalum derivative 2 

revealed the least active catalyst (Table 3, entry 10 vs. entries 7 and 9), although showing a satisfying 

performance. Finally, the oxidation of DMDBT gave good results with both the niobium complexes 1 

and 4 (Table 3, entries 12 and 11), on considering that the quantitative yield of sulfone may be obtained 

by briefly prolonging the reaction time (1-2 hours), the very modest excess of oxidant and the moderate 

temperature employed.  

Unfortunately, attempts to recycle catalyst 4, by means of extraction of this niobium compound from the 

reaction medium, led to prevalent decomposition. 
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Table 3. Quantitative catalytic oxidation of aromatic sulfides with selected carbamate 

complexes 1-2, 4.  

 

Entry Sulfide Solvent Catalyst Time (h) Sulfox. 
(%)b 

Sulfone 
(%)b 

TOFc 

1 BT MeOH 4 2.5 3 96 40 

2 BT CH3CN 4 3 2 97 33 

3 2-MBT MeOH 4 3 - > 99 33 

4 2-MBT CH3CN 4 3.5 10 87 29 

5 3-MBT MeOH 4 3.5 - > 99 29 

6 3-MBT CH3CN 4 4.0 9 90 25 

7 DBT MeOH 4 3.5 - > 99 29 

8 DBT CH3CN 4 4.0 - > 99 25 

9 DBT MeOH 1 4.0 - > 99 25 

10 DBT MeOH 2 5.0 10 88 20 

11 DMDBT CH3CN 4 5.5 13 86 18 

12 DMDBT CH3CN 1 6.0 18 80 17 

aExperimental conditions: substrate (0.5 M), catalyst: 1.0 mol % (0.5 mol % for 4), H2O2 (3.0 eq.), 45 °C. 
bIsolated yields of sulfoxide and sulfone. cTOF (Turnover frequency) = mmol of converted substrate/(mmol 

of metal active species · h). 

 

For sake of comparison, a brief outline of the catalytic activity and TOF values of previously described 

Nb and Ta complexes, in the H2O2 promoted oxidation of sulfides, is resumed in Table 4. Accordingly, 

the relatively high performance of niobium and tantalum carbamates described herein may be inferred, 

placing them within quite satisfying activity value ranges in comparison to the previously studied 

catalysts based on different metal species, especially if we concern to ODS processes.32 Thus, the higher 

reactivity showed by complexes 4 and 2 toward the complete oxidation of demanding aromatic sulfides 

like DBT, in comparison with Nb(OEt)5 and TaCl5 (see Table 4, entry 5 vs 4, and entry 7 vs 6), is 

remarkable. Moreover, as well as other peroxo complexes containing different d0 metals such as V(V), 
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Mo(VI) and W(VI), it is worth noting the high catalytic activity of either the preformed peroxo containing 

Nb(V) complexes, or the ionic liquid stabilized niobium oxoclusters, in the H2O2 promoted oxidation of 

selected sulfides (Table 4, entries 1 and 8 or 2, respectively) [33, 34, 7c]. 

 

Table 4. Comparison of catalytic activity of selected Nb and Ta complexes under different 

reaction conditions. 

 
Entry   Catalyst 

 

      Type          Amount 

Substr. Oxid./Solv. Time 

(h) 

Temp. 

(°C) 

Sulfone 

(Y. %) 

TOFa Reference 

       

1 Nb(O2)3L2 0.1 mol % MTS H2O2 (2.0 

eq.)/H2O 

1.1 RT 97 895 [33] 

2 Nb-

OC@[TBA]

[LA] 

2.7 ∙ 10-2 

mol % 

MTS H2O2 (2.5 

eq.)/MeOH 

4.0 50 > 99 926 [7c] 

3 4 0.5 mol% MTS H2O2 (2.0 

eq.)/MeOH 

0.5 RT 97 200 This work 

4 Nb(OEt)5 2 mol % DBT H2O2 (4.0 

eq.)/MeOH 

3.0 45 98 16.3 [9] 

5 4 0.5 mol % DBT H2O2 (3.0 

eq.)/MeOH 

3.5 45 > 99 29 This work 

6 TaCl5 10 mol % DBT H2O2 (20 

eq.)/MeOH 

20 45 98 0.49 [9] 

7 2 1.0 mol % DBT H2O2 (3.0 

eq.)/MeOH 

5.0 45 88 20 This work 

8 Nb(O2)L2 1.25 ∙ 10-3 

mol % 

BT H2O2 (0.07 

eq.)/CH2Cl2 

7.0 40 52 5943 [34] 

9 Nb(O2)L2 1.25 ∙ 10-3 

mol % 

DBT H2O2 (0.07 

eq.)/CH2Cl2 

7.0 70 0 0 [34] 

10 4 0.5 mol % BT H2O2 (3.0 

eq.)/MeOH 

2.5 45 96 40 This work 

aTOF (Turnover frequency) = mmol of converted substrate/(mmol of metal active species · h) 

 

3.3 Mechanistic investigation: NMR and DFT studies 
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With a view to mechanistic investigations, we selected the oxido-carbamato complex 4 as a promising 

catalyst, thus we carried out several studies on this compound in order to trace out a possible catalytic 

cycle. ESI-MS analysis (see Figure S1 in the SI) suggests that 4 turns to be a monomer in solution of 

methanol from the bottle, then NMR spectroscopy showed that 4 is indefinitely stable under that 

condition, despite the protic environment including the presence of water. Likewise 4, also 2 and 3 

revealed stable in non-anhydrous methanol solution, whereas NMR analysis on 5 evidenced fast 

decomposition with formation of diethylamine (consequent to a partial degradation of the carbamato 

ligands). The minor stability of 5 is presumably ascribable to the presence of NbV-chlorides, which 

represent acidic sites favouring the attack by protic species and the consequent rupture of the carbamato 

moieties [5c,35]. Note that the lower Lewis acidity and activating power of [NbOCl3] towards hard 

donors, compared to [NbCl5], has been clearly established previously [36]. 

The solution structure of 4 was investigated by DFT methods. The ethyl groups were replaced by methyl 

groups to reduce the computational effort of the study, without substantially affecting the electronic and 

steric factors. The polarity of the methanol was simulated by the conductor-like polarizable continuum 

(CPCM). The optimized geometries of both the monomeric form, 4mono-Me, and the dimeric one, 4dimer-

Me, were calculated (Figure 3). The enthalpy and Gibbs free energy differences ongoing from 4mono-Me to 

4dimer-Me are -17.2 and 1.7 kcal/mol, respectively: this means that the monomer is slightly more stable 

than the dimer in methanol solution, in agreement with the ESI-MS outcome, essentially due to the 

entropic cost of the dimerization. Given the small value of ΔG, the dimer (which represents the stable 

species in the solid state, see Figure 1) is still accessible in solution. 

The structure of 4mono-Me  (Figure 3A) shows that the Nb=O bond is 1.731 Å long and all the carbamate 

ligands are asymmetrically κ2-O,O coordinated to the metal centre, with two of them lying on the 

equatorial plane (Nb-O distances 2.136 and 2.191 Å), and the third one occupying the axial position trans 

to the oxide (Nb-O = 2.362 Å) and the remaining equatorial position (Nb-O = 2.104 Å). The trans effect 

of the oxide induces a relevant weakening of the axial Nb-O bond. This bond is so loose that, in solution, 
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the related carbamate may turn to monodentate, and the vacant site occupied by a molecule of solvent, if 

sufficiently coordinating (e.g., methanol or acetonitrile). Furthermore, the same site is susceptible to 

attack by a second molecule of 4mono-Me, giving back the dimer (Figure 3B, compare to Figure 1). In 

4dimer-Me, the Nb-O distances remain similar, with two carbamates bridging the two metals.  

 

 

Figure 3. Views of the DFT-optimized geometries of 4mono-Me (A) and 4dimer-Me (B). H atoms omitted for 

clarity. Thermodynamic parameters are given in parentheses (kcal/mol) and are relative to complex A, 

chosen as an arbitrary energy reference. 

 

When an excess of H2O2 (up to 150 equivalents) was added to the CD3OD solution of 4, decomposition 

occurred to a minor degree (ca. 15%). In fact, N-ethylideneethanamine oxide, Me(H)C=N(Et)O, was 

identified in the solution, reasonably generated by degradation of a fraction of carbamato ligands 

(approximately, 1:6), triggered by subsequent H2O2 oxidation of the released amine [37]. The NMR 

signals related to the carbamato moieties in the mixture were almost coincident with those ones of the 

starting complex 4 (Figures S5-S7), and no additional signals were found. This picture suggests that a 

fast equilibrium between 4 (major) and the in situ generated mono-methoxide derivative 

[NbO(OCD3)(O2CNEt2)2], 6 (minor), takes place. 
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Unfortunately, low temperature NMR and mass spectrometry analyses were not conclusive to confirm 

this hypothesis that, however, seems plausible. A similar decomposition pattern was detected with 2 and 

3. 

The substantial robustness exhibited by 2-4 even in the presence of hydrogen peroxide/water is a 

surprising feature since metal carbamates are known to be reactive towards protic species and routinely 

stored under inert atmosphere to prevent rapid degradation in contact with air moisture (see Introduction) 

[13,38]. 

When Me2S (as a model sulfide) was added to the solution containing 4, quantitative conversion into 

Me2SO2 was NMR detected, the signals related to the niobium compound being unchanged. Further 

NMR experiments pointed out that neither Me2S nor Me2SO enters the coordination sphere of 4, and that 

Me2S oxidation by means of H2O2 stops at the formation of Me2SO in the absence of 4 (see Figure S9-

S12). In alignment with the major activity furnished by 4 in the catalytic experiments, only a partial 

conversion of Me2S into Me2SO2 was detected using 2 or 3 in the place of 4. Furthermore, we repeated 

the catalytic oxidation of MTS with H2O2, in the presence of 4 and a stoichiometric amount of a radical 

scavenger, i.e. 2,6-di-tert-butyl-4-methylphenol (BHT), otherwise using the conditions reported in Table 

1: the result is well comparable with that one achieved in the absence of BHT. Overall, the experimental 

findings indicate 4 as a probable catalytic species involved in the related sulfide oxidation reactions, and 

that no radicals are involved in the catalytic cycle, as previously established for other niobium-catalysed 

processes [39]. Based on these observations, we carried out a computational study (Scheme 2). First, an 

adduct (RC) between the mononuclear, methyl-analogue of 4, i.e. 4mono-Me, and H2O2 was optimized, 

wherein two hydrogen bonds are established between the protons of H2O2 and the oxygen atoms of the 

carbamates. The enthalpy for the formation of RC is negative (-6.3 kcal/mol) but the Gibbs free energy 

is positive (+7.2 kcal/mol). Then, the oxide can abstract a proton from H2O2, assisting the coordination 

of the hydroperoxyl moiety to the metal. The two steps are concerted in TS1 (ΔHǂ = 7.9 kcal/mol, ΔGǂ = 

23.7 kcal/mol), leading to Int1, where the carbamates are still present as bidentate donors and hydroxyl 
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and hydroperoxyl groups coordinate the niobium in mutual cis position (ΔH = -3.5 kcal/mol, ΔG = 9.8 

kcal/mol) [40].  

The possible and alternative formation, in situ, of hydroxyperoxoniobate species [L3Nb(OH)(2-O2)] 

following H2O2 addition, should be ruled out, since the energy barrier for the following oxygen transfer 

reaction toward sulfide is ca. 9 kcal/mol lower for [L3Nb(OH)OOH] (Int1, Scheme 2) than for 

[L3Nb(OH)(2-O2)] [41]. 

The intermediate Int1 forms an adduct with SMe2 (Int2, ΔH = -10.3 kcal/mol, ΔG = 16.0 kcal/mol) 

through a hydrogen bond between the sulfur and the hydroxyl group. This system evolves with an 

intramolecular attack of the sulfur to one oxygen of the hydroperoxyl group. Attack to the metal-bound 

oxygen did not lead to any transition state or stable product, whereas attack to the distal oxygen led to a 

reasonable TS (TS2, ΔHǂ = -1.4 kcal/mol, ΔGǂ = 24.2 kcal/mol). It is interesting to note that the OÔS 

angle is 171.9°, quite close to 180°, whereas the OŜC angle is 96.1° (Figure S13 and Scheme 2). This 

suggests that the sulphur attacks the oxygen by one of its lone pair. Then, the proton migration from the 

incipient species Me2SOH+ to Nb-O- is barrierless, causing the release of Me2SO. The resulting 

intermediate Int3 bears two hydroxyl groups on the metal (ΔH = -43.7 kcal/mol, ΔG = -30.0 kcal/mol). 

Subsequently, these two –OH groups can interact with each other, to form water (TS3, ΔHǂ = -40.1 

kcal/mol, ΔGǂ = -26.8 kcal/mol) and regenerate 4mono-Me. The global activation energy for the catalytic 

cycle depicted in Scheme 2 is 24.2 kcal/mol, which is a reasonable value for a room temperature catalytic 

process.  

Regarding the SOMe2/SO2Me2 oxidation step, it is expected that it has a higher activation barrier, as the 

lone pair of the sulphur is likely less nucleophilic in SOMe2, due to the electron-withdrawing effect of 

the oxygen. As a confirmation, the DFT-computed activation barrier (ΔGǂ) is 28.8 kcal/mol (2nd_TS2 

structure, see Supporting Information), still feasible but higher than that of SMe2/SOMe2 oxidation. This 

is in agreement with Figure 2, which shows that the SMe2/SOMe2 oxidation is very fast and already 
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complete in some minutes, whereas the subsequent SOMe2/SO2Me2 step is slower and requires almost 

one hour. 

 

 

Scheme 2. Proposed mechanism for the dimethylsulfide oxidation catalysed by niobium(V) oxido tris-

carbamate (L = OOCNMe2 or OMe). 

 

For the sulfoxide/sulfone conversion, the mechanism is most likely similar to that discussed for the 

sulfide/sulfoxide oxidation (Scheme 2). Anyway, the lone pair of the sulfoxide is expected to be less 

nucleophile than that of the sulfide, because of the electron-withdrawing effect of the oxygen, leading to 

a higher activation barrier for TS2 (Scheme 2). This would explain why the second oxidation step is 

slower than the first one, as suggested by Figure 2. However, considering that 4 is not the only niobium 

compound present in the reaction environment (see above), we investigated by DFT the possible 

solvolysis of the model compound 4mono-Me to the methoxy-derivative 6mono-Me (Scheme 3). The 

consequent oxidation of the released dimethylamine to CH2=N(Me)O, water and dihydrogen gas make 

the global reaction very favoured both in terms of enthalpy (ΔHr = -20.5 kcal/mol) and Gibbs free energy 

(ΔGr = -1.9 kcal/mol). 
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Scheme 3. Methanolysis of one carbamato unit belonging to niobium(V) oxido tris-carbamate, according 

to NMR evidence, and subsequent amine oxidation by hydrogen peroxide. 

 

The catalytic performance of 6mono-Me was also computationally explored, analysing the same steps 

established for 4mono-Me (Scheme 2); here, the activation barrier (ΔGǂ) is 16.8 kcal/mol (relative to TS1bis: 

red line in Figure S14), therefore lower than in the case of 4mono-Me (23.7 kcal/mol). Briefly, the ethyl 

analogues of both 4mono-Me and 6mono-Me reasonably act as catalysts in the oxidation reactions involving 

4. It is possible that the two niobium structures, i.e. 4mono-Me and 6mono-Me (and, consequently, their ethyl 

analogues which have been experimentally employed), exist in solution in equilibrium with each other 

through an associative mechanism. The geometry of the resulting mixed dimer (4_6Me) was optimized 

(Figure S15). Its structure and bond lengths are quite similar to those of 4dimer-Me, with the obvious 

difference that one carbamate is replaced with a methoxy moiety. The adduct 4_6Me is slightly less stable 

than the sum of the isolated components (ΔH = -16.1 kcal/mol, ΔG = 2.9 kcal/mol). During the 

dissociation, the exchange of carbamato ligands presumably occurs, thus explaining the fast equilibrium 

and, consequently, the presence of only one set of NMR resonances. Note that relevant examples of fast 

intermolecular exchange of carbamato ligands, between transition metal centres, were previously 

reported in the literature [Error! Bookmark not defined.,42]. 

Finally, as the catalytic system contains also water and the molecular systems discussed here contain 

either acidic and basic sites, the effect of hydrogen-bonded molecules of water on the energy levels 

shown in Figure S14, has been tested. In particular, the adduct 6mono-Me-H2O has been optimized. Even 

if the formation enthalpy of the adduct is negative (-3.1 kcal/mol), the entropic cost makes the formation 

O

O

(Me2NCOO)2(O)Nb NMe2 + MeOH           Me2NH + CO2 + [(OOCNMe2)2(O)Nb-OMe]

Me2NH + H2O2               H2 + CH2=N(Me)O + H2O

4mono-Me 6mono-Me
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Gibbs energy positive (+6.6 kcal/mol), thus making these hydrogen bonded adducts kinetically 

unimportant in the mechanism. 

 

4. Conclusions 

The oxidation of sulfides is a challenging reaction with important industrial implications, and the 

development of new and effective metal catalysts able to promote the selective conversion up to sulfones 

has aroused a notable attention. In this specific research field, beside the largely explored activity of 

various vanadium complexes, only a few studies have regarded high valent niobium and tantalum 

complexes. Metal carbamates constitute a wide class of compounds which are easily available from 

inexpensive materials and for which the exploration of the catalytic potential has been limited by the 

“dogma” predicting facile degradation of the carbamato moiety in protic environments. The development 

of metal carbamates for catalytic applications is valuable due to their simplicity and cost effectivenessm 

the versatility and peculiar chemical behavior of the carbamato ligand, and the synthesis reaction 

involving the capture of carbon dioxide under ambient conditions. Here, we have found that a selection 

of high valent niobium and tantalum compounds are efficient catalytic precursors to convert a series of 

sulfides into the corresponding sulfones under mild conditions. In particular, niobium(V) oxido tris-

carbamate 4 emerged as a really efficient catalyst, related to the unexpected robustness of this complex 

in methanol/water/H2O2 ambient. Remarkably, the activity exhibited by niobium and tantalum 

carbamates in the conversion of aromatic sulfides into the corresponding sulfones exceeds that previously 

reported for the other high valent niobium and tantalum species [9], while the performance in the 

oxidation of linear alkyl aryl sulfides parallels that provided by the best high valent niobium and tantalum 

derivatives in the literature. 

Compound 4 was selected as a model to trace a plausible catalytic cycle. A joint DFT and NMR study 

reveals the presumable existence of two interconverting species catalytically active in the reaction 

medium, i.e. the starting complex and its mono-methoxide derivative. The mechanistic features confirm 
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the ability of high valent niobium derivatives to efficiently generate hydroxyl hydroperoxy reactive 

species upon contact with hydrogen peroxide [33], and outline the versatile role of the carbamato units, 

capable of readily switching from bidentate to monodentate and viceversa. These results encourage 

further progress in the in-depth assessment of the catalytic properties of valuable metal carbamates. 
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