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Abstract:



The tetrahedral triphenylsiloxy complex MoO2(OSiPh3)2 (1) and its Lewis base adduct with 2,2'-bipyridine, MoO2(OSiPh3)2(bpy) (2), were prepared and characterised by IR/Raman spectroscopy, and thermogravimetric analysis. Both compounds catalyse the epoxidation of cis-cyclooctene at 55 ºC using tert-butylhydroperoxide (t-BuOOH) is decane as the oxidant, giving 1,2-epoxycyclooctane as the only product. The best results were obtained in the absence of a co-solvent (other than the decane) or in the presence of 1,2-dichloroethane, while much lower activities were obtained when hexane or acetonitrile were added. With no co-solvent, catalyst 1 (initial activity 272 mol·molMo‑1·h‑1 for a catalyst:substrate: oxidant molar ratio of 1:100:150) is much more active than 2 (initial activity 12 mol·molMo–1·h–1. The initial reaction rates showed first order dependence with respect to the initial concentration of olefin. With respect to the initial amount of oxidant, the rate order dependence for 1 (1.9) was higher than that for 2 (1.6). The dependence of the initial reaction rate on reaction temperature and initial amount of catalyst was also studied for both catalysts. The lower apparent activation energy of 1 (11 kcal·mol–1) as compared with 2 (20 kcal·mol–1) is in accordance with the higher activity of the former.
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Introduction


Over the last twenty years or so, several tetracoordinate (tetrahedral) dioxomolybdenum(VI) complexes of the type MoO2(OR)2 (R = Me, Et, n-Pr, Ph [1], t-Bu, i-Pr, CH2t-Bu [2]) and MoO2(OSiR3)2 (R = t-Bu [3], Ot-Bu [4], Ph [5]) have been reported. The complexes with supporting siloxide ligands are of particular interest because they serve as models for isolated molybdenum atoms on a silica surface [6]. Surface-bound oxo-molybdenum species have attracted considerable attention in recent years because of their relevance to a variety of catalytic reactions, including the selective oxidations of alkanes, alkenes and alcohols [7,8]. Some of us recently reported on the catalytic activity of the triphenylsiloxy complex MoO2(OSiPh3)2 (1) for the liquid phase epoxidation of cyclic olefins using tert-butylhydroperoxide (t-BuOOH) as the mono-oxygen source [9]. Under homogeneous conditions (acetonitrile as co-solvent), the initial activity for the epoxidation of cyclooctene was about 170 mol molMo–1 h–1, and the corresponding epoxide was the only observed product. The tetracoordinate (tetrahedral) oxomolybdenum complexes can form stable adducts with coordinating solvent molecules and Lewis base ligands, giving pentacoordinate complexes such as MoO2(OSi(Ot‑Bu)3)2(THF) [4] and MoO2(OSiPh3)2(PPh3) [5], and hexacoordinate (distorted-octahedral) complexes such as MoO2(OPh)2(py)2 [1], MoO2(OSiMe2t-Bu)2(py)2 [1], MoO2(Ot‑Bu)2(py)2 and MoO2(Ot-Bu)2(bpy) [2] (py = pyridine, bpy = 2,2'-bipyridine). The catalytic performance of these distorted-octahedral complexes has not been well studied, in contrast to Lewis base adducts of the type MoO2X2L (X = Cl, Br, Me) bearing bidentate nitrogen-donor ligands (L). The latter complexes are generally stable and, depending on the nature of X and L, can exhibit high activities and selectivities for olefin epoxidation [10,11]. In the present work, the novel complex MoO2(OSiPh3)2(bpy) has been prepared and characterized, and its catalytic behaviour has been compared with tetracoordinate (tetrahedral) MoO2(OSiPh3)2 (Figure 1).


Figure 1.
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Results and Discussion


Synthesis and characterisation


The triphenylsiloxy complex MoO2(OSiPh3)2 (1) was prepared as described previously by the reaction of silver molybdate with two equivalents of Ph3SiCl [5]. The adduct MoO2(OSiPh3)2(bpy) (2) was obtained either by treatment of a solution of previously prepared and isolated 1 with one equivalent of 2,2'-bipyridine, or directly in one step by the addition of bpy at the end of the reaction used to prepare 1. Compounds 1 and 2 were characterised by elemental analysis, 1H-NMR, IR and Raman spectroscopy, and thermogravimetric analysis. The assignment of the vibrational spectra was supported by ab initio calculations (Table 1). Molybdenum(VI) complexes with the cis-dioxo unit typically show two very strong IR peaks in the range 905–940 cm–1 [11], assigned to the Mo=O stretching modes. In the case of the starting material, Na2MoO4∙2H2O, strong bands for the Mo=O stretching modes are observed in the IR spectrum at 897 and 834 cm–1. These bands are shifted to higher frequencies (948 and 932 cm–1) for compound 1, indicating a strengthening of the Mo=O bonds due to the formation of the O–SiPh3 bonds. For the Mo–O bond, only a very weak band at 356 cm–1 is observed, assigned to symmetric stretching. Compound 2 exhibits a pair of weak bands at 170 and 155 cm–1 in the Raman spectrum, attributed to Mo–N asymmetric and symmetric stretching, respectively. As expected, the bidentate coordination of 2,2'-bipyridine, which implies a change from distorted tetrahedral to distorted octahedral geometry, weakens the MoO4 bonds of the complex. As shown in Table 1, the Mo=O bands are shifted to lower frequencies and in the Raman spectrum the Mo=Osym is not observed. In contrast to compound 1, the asymmetric stretching band for the Mo–O bond appears with medium intensity at 377 cm–1, while the symmetric stretching band is not observed.



Table 1. Selected IR and Raman stretching frequencies of Na2MoO4∙2H2O, MoO2(OSiPh3)2 (1) and MoO2(OSiPh3)2(bpy) (2), and calculated (B3LYP) frequencies of the three compounds.







	
Compound

	
Calcda

	
IR (cm–1)

	
Raman (cm–1)

	
Assignment






	
Na2MoO4∙2H2O

	
838

	
897

	
896

	
νMoO4 unit




	

	
802

	
834

	
834

	




	
MoO2(OSiPh3)2 (1)

	
948

	
948m

	
949vw

	
νsym(Mo=O)




	

	
892

	
932m

	
933vw

	
νasym(Mo=O)




	

	
550

	
—

	
—

	
νasym(Mo–O)b




	

	
439

	
356vw

	
358w

	
νsym(Mo–O)b




	
MoO2(OSiPh3)2(bpy) (2)

	
944

	
933vs

	
—

	
νsym(Mo=O)




	

	
913

	
908vs

	
909vs

	
νasym(Mo=O)




	

	
361

	
377m

	
378w

	
νasym(Mo–O)




	

	
345

	
—

	
—

	
νsym(Mo–O)




	

	
143

	
—

	
170w

	
νasym(Mo–N)




	

	
141

	
—

	
155w

	
νsym(Mo–N)








a Scaled values (scale factor = 0.961). b Highly mixed with O–Si stretching and Mo–O–Si bending modes. Abbreviations: vs = very strong, vw = very weak, m = medium, w = weak.










Thermogravimetric analysis under air (Figure 2) showed that compound 2 is significantly more stable than 1. The tetrahedral complex 1 decomposes in two main steps from 80 to 440 ºC, with 45% mass loss in the temperature range 80–270 ºC, and 21% mass loss in the temperature range 270–440 ºC. The observed ceramic yield at 600 °C is 33.8%, which is 5.1% lower than the calculated yield for MoO3·2SiO2 (38.9%). The TGA results for 2 reflect a higher onset temperature of ca. 180 °C and a weight loss that is complete by 500 °C. The ceramic yield of 25% is 6.6% lower than that calculated for stoichiometric formation of MoO3·2SiO2 (31.6%).


Figure 2. TGA curves of MoO2(OSiPh3)2 (1) (  [image: Molecules 11 00298 i001]) and MoO2(OSiPh3)2(bpy) (2) (  [image: Molecules 11 00298 i002]).
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Catalysis


The performance of compounds 1 and 2 as epoxidation catalysts was studied using cis-cyclooctene as a model substrate and t-BuOOH as oxygen donor. In a control experiment, carried out without catalyst, no reaction occurred, whereas in the presence of compounds 1 or 2 the conversion of cyclooctene produced 1,2-epoxycyclooctane as the only product, confirming the catalytic role of these compounds (Figure 3). Catalyst 1 (initial activity 272 mol·molMo–1·h–1) is much more active than 2 (initial activity 12 mol·molMo–1·h–1), and after 3 h the epoxide was obtained in quantitative yield in the presence of 1, whereas for 2 the conversion was still only 22%. The observed catalytic activity of 2 is comparable to that of other distorted octahedral MoVI complexes of the type MoO2X2L (X = Cl, Br) bearing bidentate N-donor ligands (L) such as ethylenediimine [10], bipyridine [11] and bipyrimidine [12].


Figure 3. Kinetics of the epoxidation of cyclooctene with t-BuOOH in decane at 55 ºC, catalysed by compounds 1 (  [image: Molecules 11 00298 i003]) and 2 (  [image: Molecules 11 00298 i004]).
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For compound 1, the reaction rate decreases drastically with time. In general, the mechanisms proposed for t-BuOOH-based epoxidations of olefins with MoVI complexes are heterolytic in nature, involving coordination of the oxidant to the metal centre (by the terminal oxygen of –OOtBu in the case of the complexes MoO2X2L with X = Cl, Br or Me, and L = Lewis base N- or O-ligand), which acts as a Lewis acid thereby increasing the oxidising power of the peroxo group, and subsequently the olefin is epoxidised by nucleophilic attack on an electrophilic oxygen atom of the oxidising species [8,11]. The rapid decrease in the olefin conversion rate has been attributed to the formation of tert-butanol (t-BuOH), a by-product of the epoxidation, that acts as a competitor to t-BuOOH for coordination to the metal centre, leading to the formation of inactive species [11,12].



The solvent effect was studied for compounds 1 and 2 using 1,2-dichloroethane, n-hexane or acetonitrile, at 55 ºC. No dependence of product selectivity on the solvent was observed. For both catalysts, conversion after 24 h reaction followed the order: no co-solvent ≥ dichloroethane > hexane > CH3CN, and TOF (calculated at 30 min) of cyclooctene epoxidation was highest without a co-solvent or with dichloroethane (Table 2). Acetonitrile has a negative effect on initial catalytic activity, which may be related to its ability to coordinate to the molybdenum centre. According to the above mechanistic assumptions, the competition between solvent and oxidant molecules for coordination to the metal centre may retard the reaction. However, the coordinating power of the solvent molecules does not solely explain the observed catalytic activity since when hexane, a non-coordinating solvent, is added to the reaction medium the epoxidation rate decreases significantly for both catalysts. Indeed, the TOF for 1 (calculated at 30 min) in the presence of CH3CN is higher than that observed for hexane. Hence, the dependence of catalytic activity on the type of solvent may be related to solvent-oxidant competitive ligand effects as well as changes in the solubility of the catalyst. The somewhat higher activity of 2 in dichloroethane may be associated with the higher catalyst solubility in the reaction medium.



Table 2. Catalytic activity of compounds 1 and 2 for cyclooctene epoxidation at 55 ºC, using different co-solvents.







	
Solvent

	
Compound 1

	
Compound 2




	
TOFa (mol·molMo–1·h–1)

	
Conv.b (%)

	
TOFa (mol·molMo–1·h–1)

	
Conv.b (%)




	
none

	
170

	
100c

	
14

	
74




	
1,2-dichloroethane

	
135

	
100c

	
17

	
69




	
n-hexane

	
22

	
96

	
4

	
31




	
Acetonitrile

	
70

	
82

	
2

	
20








a Calculated at 30 min. b Calculated at 24 h. c Achieved within 4 h reaction.










The kinetics of the liquid-phase epoxidation of cyclooctene in the presence of 1 and 2 was further investigated using the method of initial rates (-r0), and keeping the total volume of the reaction mixture constant using decane (the solvent of the purchased t-BuOOH) as solvent.



For all experiments cyclooctene epoxide was the only product. The dependence of the initial rate of cyclooctene conversion (-r0) on initial amount of cyclooctene (nCy)0 was studied for initial concentrations of cyclooctene ≤ 2 mol·dm–3 at 55 ºC. For both compounds 1 and 2, the plot of (-r0) versus (nCy)0 is linear (R2 = 0.99), suggesting an apparent first order dependence with respect to cyclooctene concentration (Figure 4).


Figure 4. Dependence of the initial rate of cyclooctene epoxidation (with t-BuOOH in decane), catalysed by compounds 1 or 2, as a function of the initial charge of cyclooctene.
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The effect of the initial amount of oxidant (nox)0 on the initial reaction rate (-r0) was studied for initial concentrations of t-BuOOH ≤ 1.9 mol·dm–3 at 55 ºC. Under the applied operating conditions, the reaction does not take place in the absence of t-BuOOH. The observed initial reaction rate increases with t-BuOOH concentration (Figure 5).


Figure 5. Dependence of the initial rate of cyclooctene epoxidation (with t-BuOOH in decane), catalysed by compounds 1 or 2, as a function of the initial amount of peroxide.
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For both compounds the plot of ln(-r0) versus ln(nox)0 gives a straight line (R2 = 0.99) with slopes of 1.9 for 1 and 1.6 for 2, corresponding to the apparent reaction orders with respect to t-BuOOH in the studied concentration range (insets of Figure 5). These values suggest that the catalytic epoxidation process includes a number of simultaneous and consecutive elementary reactions, in agreement with the above mechanistic assumptions. Accordingly, a higher initial concentration of t-BuOOH should increase the reaction rate by enhancing the t-BuOOH/t-BuOH molar ratio in the reaction medium, and thus the molar ratio between active (formed with  t-BuOOH) and inactive (formed with t-BuOH) species.



The dependence of the initial conversion rate of cyclooctene on the reaction temperature (T) was studied in the temperature range of 35–70 ºC. For all experiments cyclooctene oxide was the only observed product. For both compounds the observed initial reaction rate (-r0) increases with temperature (plot not shown), following a linear Arrhenius plot of ln(-r0) vs 1/T (R2 = 0.99, at constant reagents and catalyst concentrations). The apparent activation energy of 1 (11 kcal·mol–1) is lower than that of 2 (20 kcal·mol–1), as would be expected considering the higher activity of 1.



The dependence of (-r0) on the initial amount of catalyst was studied in the range of 7–57 gcat·dm–3, at 55 ºC (Figure 6). For compound 1 the reaction rate increases with catalyst charge. For W/L < 30 gcat· dm–3, the plot of ln(-r0) versus ln(ncat)0 gives a straight line (R2 = 0.99) with a slope of 0.7 (not shown), corresponding to the apparent reaction order with respect to initial catalyst amount ((ncat)0) in the studied concentration range. However, for charges greater than 30 gcat·dm–3, the differential rate law tends to become independent of the amount of catalyst, which may be due to a change in the controlling mechanism or catalyst solubility. On the other hand, at higher complex concentrations the productive utilisation of t-BuOOH may be levelled off due to its decomposition into t-BuOH and molecular oxygen.


Figure 6. Dependence of the initial rate of cyclooctene epoxidation (with t-BuOOH in decane), catalysed by compounds 1 (  [image: Molecules 11 00298 i003]) or 2 (  [image: Molecules 11 00298 i004]), as a function of the initial amount of charged catalyst.
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Contrary to that observed for 1, (-r0) for compound 2 is independent of the initial amount of catalyst, that is, it exhibits an apparent zero-order rate law with respect to the catalyst amount. Given the low solubility of 2 in the reaction medium it is possible that the reaction rate is mainly governed by some soluble metal species and that increasing the concentration of catalyst does not further increase the amount of these active soluble species due to saturation of the solution.



Based on the above results, for the studied reaction temperature and intervals of initial concentrations, the initial rate (-r0) law of cyclooctene conversion in the presence of 2 may be expressed as (-r0) = k(nCy)0(nox)01.6, where k represents the reaction rate constant. In the case of 1, for W/L < 30 gcat·dm–3 and for the specified limits of initial concentrations of reagents and reaction temperature, the initial rate (-r0) law in the presence of 1 may be expressed as (-r0) = k(nCy)0(nox)01.9(ncat)00.7, where k represents the reaction rate constant.



We have previously reported that 1 can be recycled without significant loss of activity, originating the same kinetic profiles as the fresh catalyst [9]. In this work the stability of 2 was studied in a similar fashion. After the first reaction cycle the catalyst was separated by centrifugation, washed several times with n-hexane and dried at room temperature prior to its reuse. As found for compound 1, the conversion profiles for fresh and recovered 2 were similar, suggesting that these compounds are fairly stable under the applied reaction conditions.





Conclusions


The present study has fully explored the promising behaviour of the tetrahedral complex MoO2(OSiPh3)2 (1) as a catalyst for the epoxidation of cyclooctene, using tert-butylhydroperoxide as the oxidant. Future work will be directed towards the applicability of the system to the epoxidation of other olefins as well as studying the effect of replacing the phenyl substituent by different groups. The introduction of the bidentate ligand 2,2'-bipyridine, which expands the coordination number to six to give a distorted octahedral complex (2), has a drastic and detrimental effect on catalytic performance. This may be due, in part, to the lower solubility of the Lewis base adduct in the reaction medium, and also steric hindrance should be less relevant for compound 1. Coordination of one t-BuOOH molecule to compound 1, giving a pentacoordinate species, is likely to be much more favourable than coordination of one oxidant molecule to compound 2, which will necessitate the formation of a heptacoordinate species assuming that the Mo–N bonds remain intact.




Experimental


General


All preparations and manipulations were carried out under nitrogen using standard Schlenk techniques. Solvents were dried by standard procedures (n-hexane with Na/benzophenone ketyl; acetonitrile and 1,2-dichloroethane with CaH2), distilled under nitrogen and kept over 4 Å or (for CH3CN) 3 Å molecular sieves. Silver molybdate (Ag2MoO4) was synthesized from silver nitrate (José M. Vaz Pereira) and sodium molybdate (Merck) and dried in vacuum at 60 ºC for several hours prior to use. 2,2'-Bipyridine (Merck), triphenylchlorosilane (Aldrich), t-BuOOH (5.5 M in decane, Aldrich) and acetone-d6 (Aldrich) were purchased from commercial sources and used as received. Thermogravimetric analysis (TGA) was carried out under air using a Shimadzu TGA-50 system at a heating rate of 5 ºC min–1. IR spectra were obtained as KBr pellets using a FTIR Mattson-7000 infrared spectrophotometer. Raman spectra were recorded on a Bruker RFS100/S FT instrument (Nd:YAG laser, 1064 nm excitation, InGaAs detector). 1H-NMR spectra were obtained using a Bruker CXP 300 spectrometer. Gas chromatography was carried out on a Varian 3800 instrument equipped with a capillary column (SPB-5, 20 m × 0.25 mm) and a flame ionisation detector. Elemental analyses were performed at the University of Aveiro.




Ab initio calculations


Ab initio calculations were performed using the G03w program package [13]. The fully optimised geometry, the harmonic vibrational frequencies, and the infrared and Raman intensities were obtained at the B3LYP level, using the Effective Core Potentials of Hay and Wadt [14] for the Mo atom and the valence double-zeta basis set of Dunning and Huzinaga [15] for the remaining atoms (Lanl2DZ basis set of G03). In order to improve the description of the Mo–O bonds, a d polarisation function (ξ = 0.85) was added to the oxygen atoms. For the starting product, the calculations were performed using the fragment MoO42–. The calculated wavenumbers were scaled by a factor of 0.961 [16] before comparison with the experimental values.




MoO2(OSiPh3)2 (1)


Obtained in 86% yield using the published method [5]. IR (KBr): ν = 3067w, 3049w, 3022w, 1961vw, 1890vw, 1822vw, 1773vw, 1588w, 1566vw, 1484w, 1440w, 1428s, 1383vw, 1330vw, 1304vw, 1261vw, 1187w, 1158vw, 1119vs, 1067vw, 1027vw, 1015vw, 997m, 948s, 932s, 888vs, 835s, 738m, 712vs, 697vs, 619vw, 576vw, 556w, 536vw, 512vs, 454vw, 431w, 356vw cm–1; Raman: 3052vs, 1590s, 1568m, 1190w, 1158w, 1107w, 1030m, 1001vs, 949vw, 933vw, 684w, 619w, 238w cm–1.




MoO2(OSiPh3)2(bpy) (2)


A suspension of Ag2MoO4 (0.67 g, 1.80 mmol) in 1,2-dichloroethane (35 mL) and CH3CN (3 mL) was stirred for 15 minutes. Ph3SiCl (1.06 g, 3.60 mmol) was then added, and the mixture was refluxed under nitrogen for 5 h. The solution was filtered at room temperature and treated with 2,2'-bipyridine (0.28 g, 1.80 mmol). After stirring for 2 h at room temperature, the solution was evaporated to dryness, and the resultant product washed with n-hexane (3 × 15 mL) and diethyl ether (2 × 15 mL) at <35 ºC, and finally dried under reduced pressure for 3 h at 40 ºC to give compound 2 as a white solid (1.15 g, 77%). Anal. Calcd for C46H38MoN2O4Si2 (834.92): C, 66.17; H, 4.59; N, 3.36. Found: C, 65.39; H, 4.88; N, 3.53%; IR (KBr): ν = 3063m, 3021w, 1960vw, 1896vw, 1821vw, 1603m, 1595m, 1588m, 1575w, 1565w, 1491w, 1482w, 1473m, 1441s, 1428vs, 1383w, 1329vw, 1313m, 1261w, 1244w, 1221vw, 1190w, 1172w, 1156w, 1114vs, 1058w, 1026m, 999m, 933vs, 908vs, 760m, 737s, 707vs, 700vs, 650m, 631m, 620vw, 552vw, 529m, 510vs, 452m, 436s, 377m, 341w, 305m cm–1; Raman: 3073s, 3047vs, 3025w, 1596vs, 1590vs, 1566s, 1492m, 1312s, 1281w, 1266w, 1185w, 1158m, 1107w, 1058w, 1032m, 1007vs, 998vs, 909vs, 768w, 682w, 620w, 378w, 255w, 240m, 213w, 199w, 170w, 155w cm–1; 1H-NMR (300.13 MHz, 25 ºC, acetone-d6): δ = 9.09–9.08 (m, py-H), 8.70–8.69 (m, py-H), 8.52–8.49 (m, py-H), 7.98–7.92 (m, py-H), 7.67–7.64 (m, Ph-H), 7.48–7.38 (m, Ph-H), 7.31–7.14 (m, py-H + Ph-H) ppm.




Catalysis


The liquid-phase catalytic oxidations were carried out under air at 55 ºC and atmospheric pressure in a reaction vessel equipped with a magnetic stirrer and immersed in a thermostated oil bath. Typically, a 1% molar ratio of free complex/substrate and a substrate/oxidant (t‑BuOOH, 5.5 M in decane) molar ratio of 0.65 were used. The course of the reactions was monitored by GC.
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